CELL CULTURE SUBSTRATES AND METHODS.COF USE FI ELD OF THE | NVENTI ON The
preseﬂt’inventipn rel ates tq invitro cell culture. .In particular, the
invention relates to collagen substrates for in vitro cell cul pATEND

met hods forppi@moting differentiation of cultured epithelial celTs.
BACKGROUND OF THE I NVENTION In vivo, several types of differentiated =~ - !
epithelial cells exhibit polarized norphol ogy. consistent with their
function. For exanple, intestinal enterocytes (the absorptive cells of the
intestine) are responsible for the uptake of material fromthe inntestine
and are norphol ogically polarized when fully differentiated. That is, the
api cal (lunenal) surface facing the interior of the gut conprises nunerous

mcrovilli which increase the surface area for transport. On the
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cultured epithelial cells.
BACKGROUND OF THE INVENTION

In vivo, several types of .diﬁ'érentiated epithelial cells exhibit polarized morphology
consistent with their function. For example, intestinal enterocytes (the absorptive cells of the
intestine) are responsible for the uptake of material from the intestine and are morphologically
polarized when fully diﬁ'étentiated. That is, the apical (lumenai) surface facing the interior of
the gut comprises numei'dus microvilli which increase the surface area for transport. On the
basal (ablumenal) surface which faces away from the interior of the gut the cells are in contact
with the extracellular matrix. The extracellular matrix plays a corﬁplex role in a diverse group
of cellular functions, including biogenesis of cellular polarity, cell migration and cell

differentiation. Differentiated intestinal epithelial cells have therefore been used extensively in

culture as a model system for studying intestinal transport (e.g., of drugs and metabolic

products), mechanisms of infection (e.g., interactions between infectious agents and cellé) and
enzyme induction and regulation. The majority of studies being done on transport, infection
and metabolism utilize established intestinal epithelial cell lines such as Caco-2 (W. Rubas, et
al. 1993. Pharmaceutical Research 10, 113-118; G. Ranaldi, et al. 1992. Antimicrobial
Agents and Chemotherapy, 36, 1374-1381; W. Bement, et al. 1993. J. Cell Biology 121,
565-578; M. Bernet, et al. 1993. Applied and Environmental Microbiology 59, 4121-4128),
IEC-18 (T. Ma, et al. 1992. J. Lab. Clin. Med. 120, 329-341), IEC-6, T84 (B. McCormick,
et al. 1993. J. Cell Biol. 123, 895-907) and RIE-1. In contrast, studies on the prbcess and

nature of epithelial cell differentiation generally use prirﬁary cell cultures. The epithelial cells
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differentiated exhibit characteristic phenotypes and functions (e.g., transport, enzyme induction
and membrane interactions).
The cells of established epithelial cell lines and primary epithelial cell cultures are

generally initially undifferentiated. Therefore, in order to study the functions of differentiated

epithelial cells or the mechanisms by which the cells become differentiated, they must first be

induced in cﬁlture to differentiate. The established cell lines exemplified above undergo
spontaneous differentiation in culture some period of time after the cells have reached
confluence. At the | present time, the conventional method for producing cultures of
differentiated enterocytes is simply to culture the undifferentiated cells under normal cell-
growth conditions until they'spontaneously differentiate, either on cell culture substrates such
as collagen or on solid surfaces without any substrate (e.g., on the surface of a tissue culture
dish or on a porous membrane). |

The degree of differentiation of intestinal epithelial cells in culture can be determined by
measuring the electrical resistance across the cell moriolayer (Trans Epithelial Electrical
Resistance - TEER). Increased resistance correlates with a higher degree of differentiation in
the enterocyte. Resistance is measured in ohms and is inversely proportional to the area being
measured, therefore: TEER = ohms X area measured = ohms*cm2 Caco-2 cell cultures must
be maintained for approxxmately 14-30 days post confluence in order to differentiate fully and
develop the TEER of mature cells. TEC-18 cells require approximately 4 days in culture. i:efore
they differentiate fully and develop thé TEER of mature intestinal epithélial cells. The
‘permeability coefficient is another means for measuring the degree of differentiation of
intes:inal epithelial cells in culture. The pétmeability coefficient is a measure of how readily a
material (e.g., mannitol, rifampin or d-cyblosedne) will pass through the cell monolayer. A
larger permeability coefficient indicates that more material passes through the cell monolayer
and .a low permeability coefficient indicates that less material is able to pass thrbugh. Fully

diff_‘g_rentiated enterocytes with fully develdped barrier function exhibit different permeability
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5 laborious. It requires planning research studies as much as 2-4 weeks in advance so that

differentiated cells will be available at the time they are needed for transport, infection and _
metabolic studies.
Epithelial cells and many other cell types are often cultured on collagen substrates to
improve cell attacliment and provide an environment more similar to that found_ih vivo. In
10  conventional methods to form the subétraies, extracted, solubilized collagen is simply dried on
or adsorbed onto a surface, forming an amorphous collagen layer or film. Alternatively,
soluble collagen in acid solution may be polymerized on a surface by exposure- to ammonium
hydroxide vapors or by neutralization. In other methods, collagen is precipitated by salting out
of solution. The collagen may be chemically cross-linked for structural stability b); exposure to
15  ultraviolet light or chemical agents such as formaldehyde or glutaraldehyde. The structure and.
properties of the collagen substrate varies depending on the process by which it is made. In
genefal, the native fibrillar structure of collagen which is found in vivo is not reproduced, and
diffusion of materials thr_ough the collagen substrate is often significantly reduced as compared
to native collagen. The collagen cell culture subst-ratt_:s' currently available are generally
20  produced under non-physiologic conditions and comprise either a layer of amorphous collagen
having little organized fibrillar structure or 2 membrane composed of chemically cross-linked
collagen fibers. Amorphous collagen substrates are produced by drying an acid solution of
solu.{)le collagen on a surface. Collagen films are generally produced by treatment of soluble
collagen with alkali (usually ammonia vapor) to induce polymerization on the desired surface.
25  Chemical cross-links introduced by cross-linking agents such as glutaraldehyde are often
employed to stabilize polymerized or amorphous collagen on surfaces and, in addition, to

provide _sites for attachment of proteins such as growth factors. Both of these non-native
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5 ends of the collagen fibers (the teleopeptides), which have been removed during the extraction
process by digestion with pepsir_x.. These preparations also result in non-native collagen
structures when polymerized, and although some fibrillar structures are formed they are poorly
organized due to the absence of teleopeptides.
Amorphous, chemically cross-linked and alkali denatured collagen films for use as cell
10 culture substrates are often dried to improve shelf life and to eliminate the need to prepare the
cell culture substrate prior to each use: Native fibrillar collagen cell culture substfates reported
in the prior art, however, are prepared and uéed only in the form of firm, adherent gels of
native fibrils. These are most often produced by Mng a cold, neutralized solution of
soluble collagen to indﬁcé polymerization and precipitation of native fibrils. They are not dried
15  for storage, as previous éttempts to collapse and dry the gels have resulted in loss of the native
structure, suboptimal fiber formation and poor permeability characteristics. Native fibrillar
collagen cell culture substrates must therefore be made just prior to use, increasing the labor
and inconvenience associated with studies involving cell culture on native fibrillar coilagen.
Kemp, et al. (U.S. Patent No. 5,256,418) disclose methods of making collagen
20 constructs such as tissue equivalents. The method first requires formation of a collagen
concentr'até by means of development of an osmotic gradient across a semipermeable
merrlbrane. The semipetmeable membrane allows only the passage of solute, and is not
permeable to collagen. The collagen is then polymerized onto the semipermeable membrane to
_ foﬁn the collagen construct and, typically, cross-linked. In contrast, the methods of the
25 invention concentrate after polymerization rather than prior to polymerization. That is the
fibrils and ﬁbers polymerize from the collagen solution directly onto the porous surface.
Concéntra_i__i_én follow-s. bblymerizatio’n and. is not accomplished' by osmosis, but rather by
5 -
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di fferentiated enterocytes wi t h fully devel oped barrier function exhibit
different perneability 3 coefficients for different materials. In
general, Caco-2 cells also require about 14-30..( ~ct-tarenbef or @-1ldy
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I nfection an
forming dried collagen films which retain the fibrillar structure of native collagen.

"The present invention for the first time provides methods for making dﬁed collagen

5 films for cell culture in which the collagen is in native fibrillar form. These cell culture
substrat.es are formed using native soluble collagen monomers and conditions which maintain

the native configuration during polymerization, i.e.; without pepsin.digestion, chemical cross-
linking or denaturation. Also provided are the native fibrillar collagen substrates for cell
culture and methods for using them in cell culture, particularly culture of morphologically

10 polarized epithelial cells. It has been discovered that the native fibrillar collagen cell culture
substrates of the invention promote the development of diffferentiated functions in cultured
epithelial cells, and therefore significantly reduce the time requﬁed to obtain differentiated
cultures for studies which require the functions of mature polarized epithelial cells.

As used herein, the following terms are defined as follows:

15 Native fibrillar collagen refers to collagen exhibiting organized fibrillar structure similar.
to that found in vivo,' with large fibers composed of multiple fibrils as well as the striations and
banding patterns characteristic of native collagen. This is in contrast to the collagen films and
membranes of the prior art, in which fibrils (if present) are poorly organized with few fibers
and striations.

20 Differentiation of intestinal epithelial cells refers to devglpbment of barrier functions
characteristic of mature enterocytes, as evidenced by electrical resistance across a monlayer of
intestinal epithelial cells and permeability coefficients.

Cell culture substrate refers to the native fibrillar collagen films of the invention when

_ they are used as substrates for attachment and growth of cells in vitro.

25
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met abol,i ¢ studies. Epithelial cells and many other cell types are often
cultured on collagen substrates to inprove cell attachment and _provide an
environnent nore simlar to that found in viv i t hogs3 118
formthe substrates, extracted, solubilized c Itra@a%‘i%“sﬁ‘%ﬁﬁ“d |ed on or
adsorbed onto a surface, form ng an anorphous |col | a@@ﬁ%&%@r Qr

Al ternatively, soluble coll agen in acid soluti ruy be polyneri zed on a
surface by exposure to ammoni um hydr oxi de va ors or neutralization. In
ot her nethods, collagen is pr ecsgm be sol ution. The

col | agen may be chemically cross-1inked for struct ural stability by
exposure to ultraviolet light or chemical agents such as fornal dehyde or

gl utaral dehyde. T%ﬁ{:}&n&% Q&b%tre@g oe.wﬁgg Hﬁédl gi‘ms @en&fauﬂwﬁ& c;ttﬂg a{]m been

vari es depending on the process I n gener e native
fibrillar strpeiuded idm MehdnidR %omlgbﬁ Berived fui\ébllagen\iibéss sofubiligéd ihapid €8 Gikered

and S  to remove aggregates. Native collagen fibrils and fibers are then reformed as gels on porous
surfaces under conditions which pfoduce large, organized fibers with the striations
characteristic of native coilagen fibers found in vivo. The gels are collapsed onto the porous
surfaces by drawing the interfibril fluid out of the gel through the underside of the porous
surface and then dried to form films. Dried collagen films made in this manner retain native
10  fibrillar collagen structure and excellent diffusion characteristics. Native fibrillar collagen films
produced according to the methods of the invention are useful as cell culture substrates and
have paﬁicularly advantageous properties for growth and differentiation of morphologically
polarized epithelial cells. They significantly reduce the time required to achieve ekpression of
differentiated functions in epithelial cells in culture as compared to the collagen cell culture
15  substrates of the prior art. In addition, this effect is synergistically enhanced by addition of

'butyric acid to the cell culture.

DESCRIPTION OF THE DRAWINGS

20 Fig. 1 is an electron micrograph showing the structure of the native fibrillar collagen of
the invention (Control), as compared to the amorphous collagen structure produced by
methods of the prior art (AMO).

Fig. 2 is a graph showing the development of mannitol permeability coefficients in cells
cultured on axﬁorphous collagen (BIOCOAT Collagen I), native fibrillar collagen (Fibrillar

25  Collagen) and native fibrillar collagén with butyric acid inductionl (Environment).
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di ffusion of materials through the collagen substrate is often
significantly reduced as conpared to native collagen. The collagen cell
culture substrates currently avail abl e are genfesatdy—pr er p3ii4
non- physi ol ogi ¢ conditions and conprise either aHlsasnﬁETqﬁA@ggggh us

col l agen having little organized fibrillar stijucturBepraggpenbrafe conposed
of chemcally cross-linked collagen fibers. Ah ' bstrates
are produced by drying an acid solution of soluble collagen on a surface.
Col I agen fil ns - arkig.geiser gtaphyshowing the detgjopmestof TEEER @rf calls iculbired Q@hh@g@d ogil t h
al kal i (usuall apmoni a_vap or} to induce polymerization on the_ desir

surface. Che ‘H% "lé?ré?s §Unconted),  native dbalay Wa&q“oﬁﬁhﬂ ar oliggenh and Sadvse Eb.@&“

doi'l agen on el i BFon BibaneEli fe Lites for attachmont of

proteins such as gjopsh éxﬁ;ﬁ{ SHoWing b ﬂe&iop‘xﬂéﬁ%fm'ﬁ?‘&élw Qultured on uncoated cell

| S culture inserts (Uncoated), amorphous collagen (RTC), rgative' ﬁbrillar collagen (Fibrillar
Collagen) and human fibronectin (HFN).

Fig. 5 is a graph showing the development of mannitol permeability coefficients in cells
cultured on native fibrillar collagen with butyric acid induction (Environment), amorphous
collagen coated on 0.45 um poly_carbonate membmneé (Costar RTC) and amorphous collagen

10  with butyric acid induction (Costar RTC & Buty.). _ |
Fig. 6 is a graph showing the development of mannitol permeability coefficients in cells
.cultured on native fibrillar collagen with butyric acid induction according to the invention -
(Environment) as comparea to prior art cell culture on amorphous collagen substrates (RTC
Costar) and uncoated membranes (Uncoated Costar).
15 Fig. 7 is a graph showing the development of manﬁitol pennéability coefficients in cells
cultured on uncoated po[yethyleneterephfhalate membranes {Uncoated Falcon), uncoated
polycarbonate membranes (Uncoated Costar) and on native ﬁbxi_llar collagen with butyric acid

induction according to the invention (Environment).
20 DETAILED DESCRIPTION OF THE INVENTION

. The native fibrillar collagen cell culture substrates of the invention are produced_ as
dried films on porous surfaces. They retain the native fibrillar collagen structure in dried form
and therefore have fhe improved permeability characteristics of cast collagen gels and the _

25  storage stability of amorphous or ctoss-linked collagen films. The dried membrane may be
removed from the porous surface for cell culture if desired, but it is generally preferable to use

the native fibrillar collagen cell culture substrate on its porous surface for added structural

This Sheet Has Been Rep

T




4 col | agen®structures have satlsfactory structural stability but poor
di ffusi on characteristics which reduce the av ' Lents and

other materials to cultured cells. Anorphous ;OhMQMEfriHA@BB_aV P-3114
particularly poor diffusion characteristics dljje to gi@AcEk of fjj bril
organi zation. In addition,” in many cases the coH m t he

substrate is devoid of the non-helical ends of the collagen fibers (the
t el eopeptides), which have be ved during the e ra n process b
di gestion wi tﬁ’%%é‘f“ﬂ Eé@dﬁ%p %We uan'é'éuffé%eLﬂ Eithe FF(ih%&?F“ pipeate may be
col l agen stru p r th
g se%s & V\'{H}%ae %rm fagtgfj S/ 88 Zxé\gtlég%l%%?gaﬁﬁgr( el thr gh the

structures ar&Fr orne are poo € absence 0 |
tel eopept i desypderside of the porous surface and the cell culture substrate, as the cell culture films of the

invention exhibit excellent diffusion properties.
5 Type I, Type I, Type II and Type V collagens are very similar structurally. All of
these and any other collégen which has a similar structure may be used to produce the native
- fibrillar collagen films of the invention. Collagen may be prepared from any suitable source
(e.g., rat tail, bovine achillesltendon, pig tendon, etc.) using any of the conventional methods
for preparation of solubilized collagen. See, for exampie, R. Grinnell, et al. 1981. J. Cell Sci.
10 48, 19-34; B. R. Williams, et al. 1978. J. Biol. Chem. 253, 6578-6585; R. A. Gelman, et al.
1979. J. Biol. Chem. 254, 11741-11745; P. L. Iversen, et al. 1981. [n Vitro 17, 540-552; H.
K. Kleinman,-et al. 1979. Anal Biochem. 94, 308-312. In a preferred metﬁod, a collagen -
source is extracted in 0.5 M acetic acid._ This solution is dialyzed against a lower concentration
of acid, preferably 0.1% (about 0.02 M) acetic acid, so that the collagen fibers are completely
1S solubilized. The solubiliied collagen solution is then sterile filtered to remove any remaining
aggregates, e.g., using a 0.2 um filter, - .
Salt concéntrations which are about physiclogic or higher, preferably about 0.15 M to
about 1 M, are used to promote formation .of large native collagen fibers. At salt
concentrations below physiologic there is little, if any, collagen fiber formation. However, as
20 salt is increased to approximately physiologic concentrations fiber formation becomes
essentially complete, with little amorphous collagen being present. As salt is increased above
phyiiologic concentrations, larger and larger fibers are formed. However, when the salt
concentration reaches about 1.1 M, fiber formation is again essentially completely absent.
When the solubilized collagen'is in acidic solution, fhe pH may be raised to approximately 6-8,
25 preferably about 7.0-7.4, concurrently with adjustment of the salt concentration by addition of
cold NaOH in a buffer such as phosphate buffered saline (PBS) to give a final salt
;oncent:ation of abdut_ 0.15 M-1 M, preferably at least about 0.6 M (about 4X physiologic
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Anmor phous,* chem cal |y cross-1inked and al kali denatured collagen films for
use as cell culture substrates are often dried to inprove shelf |ife and to

elimnate the need to prepare the cell cultur ea®r3llde.
Native fibrillar collagen cell culture substr gtEdS TthAB BREMKE pri or
art, however, are prepared and used only in the_ for ,B'FA'?’FPm adherent gels

of native fibrils. These are nost often produced by warmng a col d,
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native structure, suboptiml fiber formati on and poor perneability

char act eri st értieal fonfontatién bf thelnativecllageefivess Ibut B Wréferablysdboat 25560 ugiea? of
therefore be made just prior to use,. increasing the |abor and inconveni ence
associ at ed warbusutfa¢ecshenrintended for use s a cell qulmee substratet, moee preferablyl about 50-200
col I agen. _Kenp, ft al. (U S Patent No. 5,256,418) .disclose nethods of
maki ng col | algem* _
| The native fibrillar collagen films of the invention are prepared from the solutions of
solubilized collagen as follows. The cold collagen solution is pipetted onto the desired surface.
When the native fibrillar collagen films are to be used as cell culture substrates, porous surfaces
are preferred. Suitable porous surfaces for formation of native fibrillar collagen substrates
10 include natural or synthetic polymers such as cellulose membranes, porous polycarbonéte,
porous polytetrafluoroethyelene (g.g.; TEFLON mesh membranes such as Millipore CM), .
nylon membranes and meshes, glass filters, porous polyethyleneterephthalate, and various types
of filters (e.g., ANOPORE aluminum crystal filters). The porous surf#ce should have a pore
size which is small enough to prevent the collagen solution from flowing through prior to
15  polymerization but large enough to allow passage of fluids such as ‘media and the interfibril
| fluid. In general, membranes having pore sizes of about 0.2 - 8 um provide the desired
properties. A surface comprising a membrane with pores approximately 1 um in size is
preferred for most general cell culture applications such as material transport studies. Pore
sizes of ab_out 3 um-8 um are preferred for cell migratioh studies such as tumor cell migration
20  and leukocyte trafficking. | _

While native ﬁbﬁllar collagen will form on any membrane material using the methods of
the invention, there may be positive or negative effects of the selected membrane in certain
biolggical applications. Some of thése effecté are discussed in more detail below as they relate
to development of permeability coefficients in cultured cells. While etched membranes are

25  preferred for transport studies, cast membémes may also be used if the permeability coefficient
of the material being tested does not exceed the permeability coefficient of the membrane (i.e.,

the permeability coefficient of the membrane is not a limiting factor). For convenience in cell

10
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constructs such as tissue equivalents. The method first requires formation
of a‘collagen concentrate by neans of devel opment of an.os =6 gradi ent
across a sem perneabl e nenbrane. The semi per; T'a, X k[&gﬁ){;@nﬁm llows @4t he
passage of solute, and is not permeable to cplll %

iAseesol | aden is then
pol yneri zed onto the sem perneabl e nmenbrane ' construct
and, typically, cross-linked. In.contrast, the nethods of the invention
concentrate after polynerization rather than prior to polynerization. That

i s the fi brictltireapplicatiansscyliwre platei inserts rvdhicht ineorporatesppreussembranas ate peafarred
onto the porous . trati foll ] ' | t
O e Polhs BOHORE GameT oIl CBfuleo b REITRIAZ iRl boal

TRANSWELL, Costar; MILLICELL Culture Plate Insert, Millipore Corporation). PET

membranes are preferred over materials such as hlgh density polycarbonate for applications

s involving microscopy due to their higher transparency. For these reasons, different membranes

may therefore be preferred for different applications and can be routinely selected by one
skilled in the art. -

‘Upon applicatibn to the porous surface, the temperature of the cold, neutralized

collagen solution is allowed to increase to about 15°-35°C to initiate pative collagen fibril and

10 fiber formation. Temperatures at approximately room te'mperature' are preferred. As the

temperature of the ®llagen solution increases, native fibrils begin to polymerize and gel on the

: pbrous surface, coating the upper side thereof. The gel comprises large, organized fibers of

collagen with the striations characteristic of native collagen as well as entrapped fluid from the

collagen solution (interfibril ﬂdid). In general, about 0.5-3 hours at room t;emper_ature is

15 sufficient to obtain complete polymerization on a porous surface such as the m_embrané of a

cell culture insert. The interfibril fluid of the polymerized collagen is then drawn out of the gel

through the underside of the pofous surface. This process collapses the gel ;)nto the porous

. surface and forms a thin membrane of native collagen fibers and fibrils. The fluid may be

removed by any suitable means, such as placing the underside of the porous surface on an

20  absorbant material for 3 min. to overnight or applying a gentle vacuum to the underside of the

porous surface. It is important for optimum native fiber formation to thoroughly remove

interﬁPril fluid from the polymerized collagen gel through the underside of the poroﬁs surface

prior to drying the film. While not wishing to be bound by any particular means by which the

invéntion works, Applicants beﬁeve that drawing interfibril fluid through the underside of the

25  porous surface allows retﬁoval of salts and other materials which would otherwise remain in

the final collagen film and crystallize during drying, thus disrupting formation of an

uninterrupted, continuous membrane of fibers; Disruption of the collagen film results in

11
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drawing fluid out of the polynerized collagen gel through a macroporous
mat eri‘al whi ch woul d be perneable to unpol yneri zed col | agen. ‘These

i nventive process steps are essential to fopmAgdred= g filmp_hkch
retain the fibrillar structure of native colll BYySSHEERd4S BERML|| i nvent i on
for the first time provides nmethods for making drRERLAED.agen Jfilms for

cell culture in which the collagen is in nattve f1brittar form These cell
culture substrates are forned using native sol uble collagen nononers and
condi ti ons wiismptioreefithecamtinticy ofihe call niamolayenaultuied on dhu rihe gmprovsdwsrictuae phithe

i.e., without pepsin digestion, chencal cross- |inking or denafurat
Al so provi degrliagen filmds apmpegtantjadyance providsd by therinvention, aglossofras ittleas peoficelly ¢

i on.

and net hods for ,usi g_&erthem'

mor phol ogi calPYoRSF
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late unctions |
The collagen gels are then dried on the porous surfaces to form films of native fibrillar

collagen. They may be air dried, oven dried or dried under vaccuum at a temperature between
room temperafure and about 40°C for about O.S hr. to overnight. Preferably, drying is at room
temperature for approximately 16-20 hr. After drying, the films may be sterilized, for example
by irradiation (e.g., ultraviolet light, electron beam or gamma irradiation) or exposure to-
ethylene oxide gas. The haﬁve fibrillar collagen films of the invention, in contrast to the
collagen cell culture substrates of the prior art, retain their native fibrillar structure when dried
and therefore more closely resemble an in vivo collagen substrate. The electron micrographs
of Fig. 1 demonstrate the differerice in structure between the native fibrillar collagen films of
the invention (Control) and the amorphous collagen films of the prior art which show no
formation of native collagen ﬁbers. (AMO). One embodiment of the invention is therefore a
dried native fibrillar collagen film, including such films for use as cell culture substrates.
Organizational entropy drives the polymerization reaction of the invention. As the
physical mechanism is. the same for other proteins which undergo a similar type of self-

assembly, any protein or proteins which spontaneously form organized polymeric structures in

vitre will produce native constructs when substituted for collagen in the foregoing production - '

process. These include proteins which form homopolymers (e.g., fibronectin or laminin) and

heteropolymers (e.g., laminin with collagen IV or laminin with proteoglycans). Mixtures of

extracellular matrix components which comprise proteins which undergo self assembly, such as
MATRIGEL (Collaborative Biomedical'Products, Inc.), may also be polymerized and dried
according to the methods of the invention to produce :iative_ constfucts. MATRIGEL forms a
sticky, loose gel which blots well to form a glassy membrane. Although all such proteins may

not produce gels which collapse and form a film in'the same manner as collagen gels when the

12
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epithelial cells, and therefore significantly reduce the tine required to
obtain differentiated cultures for studi es wWhieh-+eqai+e=tIE, fiunctions of
mature pol arized epithelial cells. As used |hergs BHEEREABSTOWNG t er psy gz e
defined as follows: Native fibrillar collaggen refRER- n exhi biting
organi zed fibrillar structure simlar. tot —Tn vivo, wth large
fibers conposed of nultiple fibrils as well as the striations and banding
patterns characteristic of native collagen. This is in contr?st to the

col l agen fi | interfhrdl fhaidisrramevedp withdawgl plothe dnterfibrilyflwigh ifiom thepobmagriged substrate
present) are '

] j.zed with,f fib and strj at. :
Differentiat r%’f’g Fl?f{“g‘gﬁuz Pw\émﬁf?tf?&eq\elél?el '@gfr’és?a’l’fgt@l'% F’géh?mgg%qugpnent of

e et LA oneShaE S5id el MNP uERLEE LTS S RSP

per meabi | i t yyeo@fihgen SthinSorporated into the film by adsorption to the collagen, as desired for a

5  particular cell cﬁlture system. These include, but are not limited to, cells, antibodies, enzymes,

receptors, growth factors, additional components of the extracellular matrix, cytokines,

hormones and drugs. Thése materials may be added .to the cold collagen solution at the

appropriate concentration for the selected cell culture application. Polymerization of the native

collagen fibrils as described above binds the material.to or copolymerizes the material with thé

10 collagen fibers. Due to the open fiber structure of the cell culture substrate, biologically active

added materials are readily available to the cultured cells to moderate or regulate their
properties or behavior.

As a result of the tﬁethod used to remove the interfibril solution, less than 10% remains

entrapped in the collagen membrane prior to drying. A variety of polymerization conditions,

15  including nonphysiological conditions, may therefore be used to produce the cell culture films

without concern for negative effects of r'lon—collagenou's. residuals such as salts or organic

materials on the cell environment. Collapsing the gel onto the porous surface and drying to

form the fibrillar collagen film provides a uniform surface for e;ren distribution of cells and, if

desired, a high concentration of collagen (about 5-10 mg/mf). The native fibrillar coﬂagen

20 structure provides the in vivo spatial orientation for binding of cell receptors not found in

amorphous collagen cell culture substrates. The fibrillar collagen nétwork' also provides a

texttired surface which results in a higher collagen surface area on each film than is found on

the essentially two-dimensional surfaces of other collagen cell culture substrates. The native

fibrillar collagen cell culture substrates bind cells more avidly and uniformly to their surfaces

25  than do the collagen substrates of the prior art. That is, rﬁany diverse cell types applied to the

surface bind to it répidly and completely (e.g., epithelial cells, endothelial cells and fibroblasts).

AS_ described below, the native fibrillar collagén-cell culture substrates of the invention also

13
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Cell culture substrate refers to the native fibrillar collagen filnms of the.
i nventi on when they are used as substrates fof wt h of
cells in vitro. 6 SUMVARY OF THE | NVENTI ONf|Crbis sHeeruigs BEBGL at eP-3114
conprising dried films of native fibrillar co Iagennbmymmen pripduced from
mononeric col | agen derived from col |l agen fibe zeg—n-ati d and
filtered to renpbve aggregates. Native collagen fIbI’I|S and fibers are then

ref o med as. gel g Ol oROLUSULLAGE S lERH i Yella RO Bich ! B

organi zed fibers w
example of this property is the development of barrier functlon in cultured intestinal epithelial

.

cells, as measured by development of mannitol permeability coefficient and electrical
resistance. |
5 Dried native fibrillar collagen cell culture films may be substituted for conventional
Collagén cell culture subsfrates in any of the cell culture profocols and methods known in the
art. In a preferred embodiment, the native fibrillar collagen cell culture substrate on the poroﬁs
surface is placed in the well of a tissue culture plate with the underside of the porous surfac;e in
contact with an appropriate culture medium. This allows the culture medium to flow through
10 the porous surface into contact with the cell culture substrate. The culture medium and other
materials which may be present in it diffuse through the cell pulture substrate into contact with
cells seeded on its surface. For ease of handling, the cell culture substrate may Se prepared on
the microporous membrane of a cell culture insert. The cells to be cultured may be seeded at
subconfluence or confluence on the upper surfacé of the substrate and placed under
15 environmental conditions appropriate for cell growth. “For example, when the cell culture
substrate is prepared on the surface of the membrane of an insert for the well of a culture dish,
a small ambunt of growth medium is placed in the well. The insert is place'd in the well so that
the culture medium contacts the underside of the porous membrane and diffuses through the
cell culture substrate into contact with cells seeded on the substrate surface. As described
20 below, the native fibrillar collagen cell culture substrates of the invention have been found to
have particularly advantageous properties fér induci_ng development of diffferentiated functions
in ctﬂtured epithelial cells.
) For example, the native fibrillar collagen films of the invention have particularly
advantageous properties when used as substrates for culturing intestinal epithelial cells to
25  obtain differentiated enterocytes. The inventive cell culture substrates enhance expressioﬁ of
' barrier function in these cells as compared to the collagen cell culture substrates of. the prior

art.  One embodiment of the invention is therefore a method for pro'ducing differentiated
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characteristic of- native collagen fibers found in vivo. The gels are
col l apsed onto the porous surfaces by drawi ng the interfibei-k=£|uid out of

t he gel through the underside of the porous r:é’fgﬁ]d:,;jmrd i ed tRe3fldr m
filns. Dried collagen films made in this nman "

eIP & b i ve i brill ar

! . {ad

col l agen structure and excellent diffusion char eiéé . ve '
fibrillar collagen filnms produced according t© the nethods of the invention

o apor 11 o5 FRUERCTeUah s, By SR FSeS A BRoTRSP RO A | RS el e
oper ¢ e W o Ghaol e s BT G2 _
cpr ossi on YU of ek, Hgbial Binckal (B Gl Kb Gl SRRodinBicafly

conpar ed t 0oh ke fdtive RBANar &Blldger déll slil@resBSHLES han B chhiRntinaDéoligdn substrates
addition, this effect is synergistically enhanced by addition of butyric

acid to theeeel in thelhbsenee of MHrRItRATibAOIMJIOEIng ldfenBRAWbNEEr, an inducing agent may be -

5 employed to reduce the time required for differentiation even further. Butyric acid is one
material which has been used to modify the growth and differentiation properties of cells in
culture (A. Souleimani, et al. 1993, FEBS Lett. 326, 45-50). It has now been found that
butyric actd acts synergistically with the native fibrillar collagen cell culture substrates to
further enhance the rate of differentiation over culfuring on the substrate alone. Cells which on

10  conventional collagen cell culture substrates or on surfaces without substrates require a
minimum of about 2 weeks to d_evelop. mature barrier function (e.g., Caco-2) differentiate in
uhder four days when Eultured on the cell culture substrates of the invention with butyric acid
induction. Cells which require at least four days post seeding under conventional conditions to
fully differentiate (e.g., IEC-18) do so within about 48 hours using the inventive cell culture

15  substrates with butyric acid induction. The butyric acid inducing agent may be added to the
cells by addition to the culture medium at a concentration of about 4-20 mM, preferably about
5 mM butyric acid. |

| Any cell culture medium appropriate for growth and differentiation of epithelial cells

may be used in cell cultures employing the present collagen cell culture substrates. These

-20  include, but'are not limited to, DMEM, MEM, M-199 and RPMIL. Supplements, as are known

in the art, may be added to the culture medium and include serum (e.g., FBS or calf serum),

serum-containing supplements (NU-SERUM), and serum-free supplements (MITO+). A

prefer;ed cell cﬁlture medium for intestinal epithelial cells is DMEM supplemented with

_—: MITO+ Serum Extender (Collaborat_;ive Biomedical Products, Bedford, MA) to provide a fully
25 déﬁned, serum-free cell culture environment. ' |

_The components for use in the abdve method for promoting expression of differentiated

functions in Cultut'éd_ epithelial cells, preferably 'fg_:ff:.promoting expression of barrier function in

15
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Fig. | is'an electron m'crog'raph ‘showi ng the structure of the native
fibrillar collagen of the invention (Control), as conpared to _the anorphous

col l agen structure produced by methods of the art TAVC IT% g.- 4842
graph show ng t he devel opnent of mannitol per ' hts in
cells cultured on anorphous col |l agen (Bl OCOAT{ Col | p fibrillar

collagen (Fibrillar Collagen) and native fibriTTar collagen with butyric

acid induction (Environnent). 7 Fig. 3 is a graph showing the .

devel opment  elturedtntestinal epithelial gelisumay %9 gornenigatlyeppckager in the form of a kit. The kit
may include, for example, 1) a cell culture medium such as DMEM, 2) serum or a serum-free
media supplement, 3) native ﬁbl_'illar.collagen cell culture subsfrates on porous sﬁrfa.ces for use
in the wells of a tissue culture dish (e.g., on culture dish well inserts), and 4) optionally, a

5  differentiation medium comprising a differentiation inducing agent such as butyric acid. The

kit may also optionally include a tissue culture dish or ofher cell culture accessories and
reagents which may be required to carry out the epithelial ceﬁ culture and diﬁ'erentiation
method. |

The following examples are given to illustrate certain embodiments of the invention and

10 are not to be construed as limiting the invention as defined by the appended claims and

equiValents thereof.
| EXAMPLE 1
PREPARATION OF NATIVE FIBRILLAR COLLAGEN

15 CELL CULTURE SUBSTRATES

The following experimental example describes the preparation of native fibrillar
collagen cell culture substfates on I um polyethyleneterephthalate (PET) membranes in PET
" cell culture inserts. In this example, about 200 pg of collagen were added per cm? of the

20  membrane.
‘Soluble collagen in acid solution was prepared from rat tail tendon as ldescribed by
Bomnstein (1958. Lab. Ihvest. 7, 134-137), with dialysis against dilute acid and sterile filtration
to remove aggregates. The cold acid solution of rat tail collagen was adjusted to 674 pg/ml by
addition of 10X DPBS/NaOH to obtain a final concentration of 4X DPBS, pH 7.4, and the
25 . mixture was kept on ice until use. Insert holders were placed in tissue culture dishes. The cell
culture inserts Wérg placed in the insert holders with sterile forceps 'an_d lids were placed on the

dishes until use. The collagen coating solution (0.10 ml) was dispensed onto each membrane,

16
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culture inserts (Uncoated), native fibrillar collagen (F| br|IIar Col | agen)

and native fibrillar collagen with butyric aci (rrductt ==CERvi-rennent ) .

Fig. 4 is a graph showing the devel opnent of TRE H‘“iSI"SHIEﬁﬂm&BEENI’ d gi3y14
uncoated cell culture inserts (Uncoated), anorfhous BEPLAQEBR (RTQ, native
fibrillar collagen (Fibrillar Collagen) and human fTpromect . Fig. 5

Is a graph show ng the devel opnent of mannitol perneability coefficients in
cells cultured on native fibrillar collagen with buti;Jrlc acid induction

( Envi r onment )the aufgrefigh lid was replaced and theglishayas gocksd pently|t ¥ distribuse theecoating
nb Co RTC d h | th but ct

(Cost ar RrC-@owlpy - the’ Grengbrane!  the. e, Hiohfanif Wi, e Hg 0t 18900

permeability 8‘9?%{ Of‘ércla?lﬁw'tﬂe 8(91 ;ﬁl}iﬁ%ﬁzg? fisnaid K&rf k&&rh}gltﬁé mefblaRGSA a

Wi th butyric ac 'on acco I'nventi o
humid environment to prevent premature drying.

5 When the collagen had polymerized, the insert holder was placed on a sheet of blotting

paper so that all of the membranes were in contact with the blotting paper. A polypropylene

sheet was placed 6n top of the insert holder and downward pressure was applied for about 10-

15 sec. For convenience when multiple insert holders were being handléd, the insert holders

were stacked by placing a sheet of blotting paper on the polypropylene sheet and a second

10 insert holder on top of the blotting paper covered with a second polypropylene sheet, etc. until

the stack of insert holders was four to five high. The last element oh top of the stack was a

polypropylene sheet. After the last insert holder was in place, the stack was weighted down

and .30 min. was allowed for completion of blotting. When all substrates were completely
blotted the insert holders were replaced in the tissue culture dishes and covered.

15 The tissue culture dishes with the blotted cell culture substrates were transferred to a

laminar flow hood and air dried overnight. Alternatively, the suBstmtes were oven dried. The

native collagen cell culture substrates were then sterilized in the tissue culture dishes by

exposure to 0.05-0.06 Joules of ultraviolet light and stored at 4°C in sealed bags until use.

20 . EXAMPLE 2
' - ELECTRICAL RESISTANCE ASSAY

™ Native fibrillar collagen cell culture substrates on 1 um PET membranes in cell culture
inserts were prepared as in Example 1 and used to culture Caco-z cells for measurement of the

25  development of electrical resistance (TEER), an indication of cell diﬁ'er_eﬁtiation.
The culture medium was aspirated from one 80-100% confluent T-75 flask of Caco-2

cells. The flask was rinsed with 12 ml of DPBS, which was also aspirated. The cells were
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(Environnent) as conpared to prior art cell culture on anorphous collagen
substrates (RTC Costar) -and uncoat ed nenbranes (Uncoated Costar). Fig. 7 is
a graph showi ng the devel opnent of mannitol pe bent sphiyg
cells cultured on uncoated pol yet hyl enet er epht fjaltii8 SHigmryABIEN Yhcoat ed
Fal con), uncoated pol ycarbonate nenbranes (Uncpated mmqo and native
fibrillar collagen with butyric aeid induction—accorarmng to the-rnvention
(Environnent),. DETAI LED DESCRI PTI ON OF THE | NVENTI ON The native fibrillar
col | agen cel |ingipted 2k 33 6L with sypsin 610 mhampih gl prerecdetaghed B’P@dﬂﬁé’&f% of theflask.

St ot ore. i n ARG ORI of APV RGPS, 5F mide Bl By s
amor phous or SRS by SEERRRE 0T ?@‘?’%ﬁ#ﬁé‘%ﬁﬁ“ﬁ‘%ﬁ% O Serum

Extender at 400,000 cells/ml.

S Culture medium (1 mbi/well) was added to the wells of a tissue culture dish, each well
containing a cell culture substrate. Approximately 0.5 ml of cell suspension (2 X 103 cells)
was pipetted onto the surface of éach cell culture substraté and the cultures were incubated at
37°C in 5-10% CO,, 100% humidity for 24 hrs. After 24 hrs. the medium was aspirated from
‘each well and replaced with 1 ml of DMEM with 5 mM butyric acid in the well and 0.5 ml of

10  the same medium on top of the cell culture substrate. The cultures were incubated at 37°C, 5-
10% CO,, 100% humidity. Each day follbwing inductioﬁ by addition of butyric acid,. the
electrical resistance of the cell monolayers was measured using an ENDOHM tissue resistance
measurement chamber (World Precision Instruments, Inc., Sarasota, FL).

TEER 2 150 ohmem? is indicative of complete differentiation of Caco-2 cells in

15  culture. Caco-2 cells cultured on the native fibrillar ¢ollagen cell culture substrates with

" induction by butyric acid achieved TEER > 150 ohmem? by the third day in culture (two days
after addition of butyric acid). In contrast, differentiation of Caco-2 cells cultured on
- conventional collagen substrates or surfaces without substraté requires 14-30 days of culture
as reported in the literature. Butyric acid has not previously been used to induce differentiation

20  in cultured Caco-2 cells. Promotion of differentiation in this experiment, however, is not due
solely to the presence of butyric acid, as expression of barrier function in Caco-2 cells is also
significantly promoted when they are cultured on native fibrillar collagen cell cultufe substrates
in the absence of this inducer (see Example 4). It is therefore believed that the the inventive
nati‘}e fibrillar collagen cell culture substrate itself has differentiation-promoting properties

25  which are absent from prior art collagen suﬁstrates. Thése properties interact synergistically
with butyric acid to fuirther promote cell differentiation and further decrease the .culture time

required to achieve differentiated intestinal epithelial cell cultures.

18
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renoved fromthe porous surface for cell culture if desired, but it is
generally preferable to use the native fibrillar collagen ceII culture

substrate on its porous surface for added stru gE Efé 3' an@#-ddde
of handling. Cells on the upper surface of th ‘@t’;j J %L rate my
be exposed to nedia, growh factors, and ot her ffdlsi on

t hereof through the underside of the porous surface and the cel | culture

substrat e,

as thescell culturefllms of the i.nv exc
di ffision propert é ,“‘F‘S‘;"b‘é“ﬁ"ffepf?ﬁguﬂ‘& 'dgfﬁgse % lﬁ%ﬁ‘e

very simlar 2§6ﬁhﬁﬁ% dst afi!hla idfcator of compléte differentiation. When cultured on the native

10

15

20

25

fibrillar collagen béll culture substrates of the invention, with butyric acid induction, IEC-18

cells achieved this level of electrical resistanée by the second day in cuiture (one day after

. addition of butyﬁc acid). Literature reports for IEC-18 cells cultured on conventional collagen

substrates or on surfaces without substrates disclose that four days of culture are required to
achieve TEER = 28 ohmcm2. As discussed above, the enhanced rate of differentiation
observed is partially the result of the unique properties of the native fibrillar .collagen cell
culture substrate itself, but in addition a synergistic effect between the substrate and induction

with butyric acid has been observed.

EXAMPLE 3 |
PERMEABILITY COEFFICIENTS

Caco-2 cell monolayers on native fibrillar collagen cell culture substrates were prepared

. as described in Example 2. Following the addition of media containing 5 mM butyric acid, cell

culture inserts with the cell culture substrates were removed daily from the tissue culture well

and placed in a well containing 1 mi of PBS to monitor the development of barrier function.

The material to be tested for penﬁeability (300 i 3H-mannitol, rifampin or d-cycloserine) was

added to the lumenal (upper) side of the cell culture substrate and the substrate was incubated
at room temperature for about 10 min. to 3 hr. The cell culture insert was then removed with
fo.rceps to a well containing fresh PBS and the concentration of the test material in the PBS on
the ablumenal (well) side of the substrate was measured by scintillation counting or
spectrophotometry. |

Caco-2 cells required three dayé in culture (two days after addition of butyric acid) to
achieve permeability coefficients indicating full differentiation. These permeability cdefﬁcients

were < 4 X 106 cmsec for mannitol, 13.1 X 10 cmsec for rifampin and 34.0 X 106 cmsec

19
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t hese and any ot her collagen which has a simlar structure may be used to
produce the native fibrillar collagen filns of the.invention. Collagen may

be prepared fromany suitable source (e.qg., |F i 7 fghil | 314
tendon, pig tendon, etc.) using any of the ﬁvghgﬁﬁﬁﬁﬁfﬁé¥ﬁﬁb f or
preparation of solubilized collagen. See, fdr_exaff&ACRE Grinfell, et al.

1981. J. Cell Sci. 48, 19-34; B. ‘R Wllians, et al. 1978 J. Biol. Chem

b, L. Tver saft o-gfttogftind’ g TBhast hlusatitd i ChoBa ety PR i fhad b At
1979. Anal . Bl REHRE o Gonvéftimallollagdh SbRFRLsSH! GiflsufLEOWithokt GMstA@AB aRMeVes e

IS extracteci1 In 0.5 Macetic acid. This solution is dialyzed against a

| ower conceniniilt ipefinabiligC tebffidienes: e Kad X 10-561ohsea foumafinidf 184 3 40P cemset dor SO
that the collagen fibers are conpletely solubiliZzed. The solubilized

col | agen solrifampin and 382X Wréeemses fr Hicyelostrine (Rebesves dnyurraraad Rangldi, et al,

aggregates, e.g,, using a 0.2 [errImfilter.
5  supra).

IEC-18 cells were tested in 5. similar” experiment These cells achieved a mannitol
pénneability coefficient of <7 X 10 cmsec' after two days in culture (one day after addition
of butyric acid). The literature reports that five days in culture on convenﬁonal collagen
substrates or on surfaces without substrate are required to achieve this degree of differentiation

0  inIEC-18 cells (Ma, et al., supra). | _ "

EXAMPLE 4
DIFFERENTIATION OF INTESTINAL EPITHELIAL CELLS
ON COLLAGEN CELL CULTURE SUBSTRATES

15 |
The nati.ve fibrillar collagen cell culture substrates’ of the invention were compared to
commercially available collagen cell culture substrates and to uncoated membranes customarily
used for cell culture: 1) BIOCOAT Collagen I Cell Culture Inserts (Collaborative Biomedical
Products, Bedford, MA - amorphous- rat tail collagen on 1 um PET membranes), 2)
20 TRANSWELL cell culture inserts (0.45 um polycarbonate membranes; Costar, Cambridge,
MA) coated with amorphous collagen, 3) BIODCOAT Control Cell Culture Inserts (uncoated 1
1 um PET membranes), and 4) uncoated Costar 0.45 pm polycarbonate membranes
(TRéNSWELL). Native fibrillar collagen cell culture substrates were prepared as in Example
1 and the cell culturing protocol used was as described in Examples 2 and 3, evaluating
25 de\}elopment of mannitol permeability coefficients ‘with and without butyric acid induction.
The results of the comparisons between 6ommercial cell culture substrates and the

native fibrillar collagen cell culture substrate are shown in Figs. 2 and 3. Although neither the

20 -
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Salt concentrations which are about physiol ogic or higher, preferably about
0.15 Mto about 1 M are used to pronote formption-of large pative coll agen
fibers. At salt concentrations bel ow physi ol Eg‘i’;@lgtg}g@ w&s REEL e, 1B-3akYy,
col l agen fiber formation. However, as salt is}li ncreagedad®papprgki mately
physi ol ogi ¢ concentrations fiber formati on beEormes=esssentialty—dbnpl et e,
with little anorphous col |l agen being present. As salt is increased above

physi ol ogi c ratd.ons r lhers -
when the sal W& n@éﬂg??n()% ¢§a§ﬁl ‘gggg%eﬁ B?ifﬁie. M&E i @bed;ﬁ 5?8%’%@%%“@@%‘%%
essentially jcaibeh %?élagmfeh@&flﬁemm'ﬁﬁy ORIV, 498 160! chBEE RelisSoultived 6h Gheé
solution, the pH nay be raised to approxi mately 6-8, preferably about -
7.0-7.4, congative abillay colldgbn a€lj ¢iturestibstediest developéd marmitobpérmadbiility cbsflicietds bf on
of cold NaCH in a buffer such as phosphate buffered saline §PBS) to give a
final salt capposimatelyidoX 161 comecimofe fapidiy than/cellsrcultencd ioh\the,BIOCQAT Gallagen D. 6
M (about 4X 8h?/5i ol ogi c . . . - . .

5 ell Culture Insert (approximately 7 days vs. approximately 14 days, Fig. 2). Induction with

butyric z';lcid (referred to herein as the "native fibrillar collagen/butyric acid environment")
significantly enhanced the effect of the native fibrillar collagen cell culture insert on
development of mannitol permeability coefficients, with the permeability coefficient falling to
significantly less than 4 X 106 cmsec within 3 days after addition of butyric acid

10  (“Environment," Fig. 2). Native fibrillar collagen cell culture substrates also promoted more
rapid development of mature TEER values as compared to uncoated memﬁranes (about 5 days
vs. >10 days, Fig. 3), and the effect éf the native fibrillar collagen was further enhanced by
induction with butyric acid (within 3 days vs. > 10 days, “"Environment," Fig. 3). The native
fibrillar collagen celi culture substrates similarly enhanced development of mature TEER values

15 when compared to amorphous collagen substrates (about-5 days, Fig.. 4). In this expériment,
cell cultured on arhorphous collagen substrates and uncoated membranes nevef reached TEER
> 150 ohmcm? (Fig. 4). Comparison of TEER with cells cultured on-fibronectin substrates

o (HFN, Fig. 4) demonstrated that the differentiation-promoting effects of butyric acid are
| collagen-specific.

20 . The Costar uncoated membrane, the Costar amorphous .collagen-coated cell culture
substrate (Costar) and the native fibrillar coflagen cell culture substrate with butyric acid
induction are compared in Fig. 6. Cells cultured on the amorphous collagen substrate
exhil;ited less variability over the course of the experiment than did cells cultured on uncoated
membranes, but still required 14-16 days to approach permeability coefficient values in the 4 X

25 100 cmsec range. Cells cultured in the native fibrillar collagen/butyric acid environment
developed permeability coefficients below 4 X 10 cmsec by 3 days and maintained these

levels for over 10 days with little variability. It is believed that the initial permeability
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9 salt). The collagen is nai nta| ned in solution by storaqu_ the cold
(usual |y about 4[err]C) until polynerizati TUO -fA%N il s and fibers
is desired. The collagen concentration is n@tﬂ'ﬁ% ﬁﬁﬁ%&%g r\mat i onpafii4 he
native collagen fibers, but is preferably apout QH:}_—q/crr[err] of
porous surface when |ntended for use as a c8lT culture substrate, nore
preferably about 50-200 [err] g/cnferr]. The native fibrillar collagen filns

of the inventign are pre d from the sol utions of sol ubjl |zfed col I a en as
fol | ows. TheCqeHicientpgar égg 0% gmsacisen ip his,expesiment lwﬂedomrecz’ée'sq

collagen cell culture substrate alone, as cells were cultured for 24 hrs. on the cell culture

substrate prior to addition of butyric acid. Fig. 7 illustrates the effect of the native fibrillar

‘collagen/butyric acid environment ‘on cultured cells as compared to the two uncoated

S membranes. Again, the uncoated membranes were associated .with significant variability in

permeability coefficients over the course of the experiment. Variability in permeability

coefficient was significantly reduced in cell_s cultured in the nﬁtive fibrillar collagen/butyric acid

environment, howé?er; With the native fibrillar collagen/butyric acid environment, the

permeability coefficient was inifially close to 4 X 10 cmsec, dropped below this value within

10 3 days, and wasl maintained at < 4 X 106 cmsec for the duration of the experiment. In

- contrast, cells cultured on the uncoated membranes did not develdp permeability coefficients
below 4 X 10 cmsec and did not approach this value until about 14-16 days.

The synergistic énhancemént of development of barrier function when butyric acid is

added to cells cultured on the native fibrillar collagen cell culture substrates represents a

15  specific interaction between the two componenté. Fig."5 shows the comparison between

development of permeability coefficients in cells cultured on amorphous collagen substrates

alone ("Costar RTC"), ceﬂs cultured on amorphous collagen substrates with butyric acid

induction ("Costar RTC & Bufy. ") and cells cultured in the native fibrillar collagen/butyric acid

environment ("Environment"). Addition of butyric acid had little, if any, effect on the.

20 development of permeability coefficients when amorphous collagen was the cell culture

substrate. Permeability éoefﬁcients were initially high and only gradually decreased over 16

'days never falling below 4 X 106 cmsec. The native fibrillar collagen/butyric acid

enwronment, however, induced initial permeability coeﬁicnents of about 4 X 106 cmsec (1

day) which fell well below this value within 3 days. Permeability coefficients < 4 X 10-6 cmsec

25 were maintained for between 10 and 14 days in the native fibrillar collagen/butyric acid

environment,

22
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When the native fibrillar collagen films are to be used as cell culture
substrat es, porous surfaces are preferred. Suitable-patcus=sarfates for
formation of native fibrillar collagen substra efpisBHERTEHARBEEN |l or p 41,4
synt hetic pol yners such as cel |l ul ose nmenbr anes, poranPpM?@ar bont e,
porous pol ytetrafl uoroethyel ene (e.g., TEFLON nes N as
MIlipore CM, nylon nenbranes and neshes, glass fil ters por ous

pol yet hyl eneterepht hal ate, and various types of filters (e 9., ANOPORE '
al umi num cryst al Inj gackeof jthe Txperiments s whiclt acrmesbilityl eoeffigieatsainptbe mative, brillar c h

Is small enough t revent the coll agen ition fromflow ng ough_pri or
to pol ymeri z < agid LAVIEPRITRE WeEF & ‘-B{ﬁldp&§ light incgrasq 'I“LHCHE&;’E‘% Qefficienti a

and the 'nte‘ivzg Bhlckvelt! gmgwféﬁga,gmper RE RE Tl B4 RERBS BF T ulflR"

0.2 - 8 [err mprow esire face

membrane wi { fdigha 6 BAfRERL iy indreb & thdyTbd BucSio?the cBedts sﬁ Shd s&ﬁs oPlorgfm

general cell culture applications such as material transport studies
5 exposure to butyric acid, e.g., changes in the cell monolayer or the cell membrane which

nonspecifically increase permeability. HoWever, cells which are being cultured for permeability
studies are used for the intended purpose soon after mature permeability coefficients have been

reached, i.e., well before the observed increase in the permeability coefficient at 14-16 days.
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sizes of :about 3 [err]m8 [err]mare preferred for cell mgration studies
such ‘as tunor cell mgration and | eukocyte trafficking. Wile native
fibrillar collagen will formon any menbrane_paterial using the nethods of
the invention, there may be positive or neg W -L-he sel ected
menbrane in certain biological applications. rr% FET Haseas s ct s are_3i4
di scussed in nore detail below as they rel att éﬁéﬁ&ﬁent o]

per neabi | i tywrpoetd ctigMeED 19 cul tured cells. Wile etc anes are
preferred for transport studies, cast nenbarnes may al so be used if the
pernmeability coefficient of the material being tested does not exceed the
permeability coefficient of the nmenbrane (i.e., the perneability
coefficientl.of tAenevkodbfoapeomatingaxpeessiomdf diffgrentaed fynctids inepithedial adlis &1 vimro
cell

comprising culturing undifferentiated epithelial cells on a dried native fibrillar collagen cell
5  culture substrate under conditions appropriate for cell growth, and maintaining the culture for

a period of time sufficient to allow differentiation of the epithelial cells.

2. The method of Claim | wherein the cell culture substrate comprises about 25-500
ng/cm? collagen.
10

3. The method of Claim 1 further comprising adding about 4-20 mM butyric acid to the

culture.

4 A method for makihg a dried native fibrillar collagen film comprising the steps of:
15 a) preparing solubilized collagen in liquid solution; |
b) polymerizing the collagen on a porous surface in t_he presence of aﬁput 0.15-1.0 M salt,
the porous surface having an upper side and an uﬁderside and the collagen polymerizing on
the upper side of the porous surface to form a collagen gel;
c) collapsing the gel by removing entrapped 'liquid therefrom through the underside of the -
20 porous surface, and; | '
H) drying the collapsed gel to form a film on the porous surface.
5. The method of Claim 4 wherein the collagen i1s bolymerized by neutralizing a cold.
acidic solutioﬁ of soluble cdllagen and warming the solution such that collagen fibril formation

25 is initiated.
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10 culture applications, culture plate inserts which incorporate porous

menbrianes are preferred (e.g., Bl OCOAT Contr re,
Col | abor ati've Bionedical Product s: TRANSVELL| TaStSHEETNMIAS PEEl Cul ture
Plate Insert, MIlipore Corporation). PET meftor aneBEBKACERef er rlbd over

materi als such as high density pol ycarbonate=or appliications invol Vvipgjig
m croscopy due to their higher transparency. For these reasons, different

menbranes” ray t MEfLHRERADEE RIBKEY Rilelehl thll HhRISNur@BOlil CRleRASHaMINRARRP
routinely selected by one skilled.in the ar Upon application to the

porous sur fagstidghef tERMRE ahsthlamds, bbﬁ:ueqio«ycafb@ua:eabomd pbweue}mmes@huwm
Is allowed to increase to about . 15[err] 35[err]Cto initiate native
col | agen f igorbods pobgtetrafluoroethylene, nylon membranes and meshes, and filters.

5 7 | A dried film of native fibrillar collagen produced by the process of
a) preparing solubilized collagen in liquid solution;
b) pofymerizing the collagen on a porous surface in the presence of about 0 lS-.I O M salt,
the porous surface having an upper side and an underside and the collagen po.lymerizing on
the upper side of the porous surface to form a collagen gel; | |
10 ¢) collapsing the gel by removing entrapped liquid therefrom through the underside of the
porous surface, and; | |

d) dryihg the collapsed gel to form a film on the porous surface.

8.  The dried native fibrillar collagen film of Claim 7 which comprises about 25-500 -

15 pglem? co.llagen.

9. The dried collagen film of Claim 7 further conn;ﬁrising at least one additional component

selected from the group consisting of cells, bioactive proteins, antibodies, enzymes, receptors.

growth factors, extracellular matrix components, cytokines, hormones and drugs.

20
10. A method for making a dried substrate cor'npris'ing a self-assembling protein in native
form, the method comprising the steps of:
a) preparing the self-assembling protein in liquid solution;
b) polymerizing the self-assembling protein on a porous surface in the presence of about
25 0.15-1.0 M salt, the porous éurface having an upper side and an underside and the self-

_assembling protein polymerizing on the upper side of the porous surface;
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fiber formation. Tenperatures at approxi mately roomtenperature are.

bemgamrere
preferred. As the tenperature of the collagen sol ut CT e
fibrils begin to polynerize and gel on the porous s rﬁﬁ%@HEEg%a%g%ﬁx
R

upper side thereof The gel conprises large, organizgd fi i
with the striations characteristic of natlve collagen as well as entrappe

fluid fromt h@) (}Qllnh@g TnfQbdtd! ftid 'ﬁ%hf %l%lerueﬁ'%?f-aséeﬂ\b@ﬁg%'rgtlem ﬁTlP&HDIh the

0. 5-3 hours roomt nperature’ls s tain co

pol yneri zat i ogn&?s,@emhgygm%g@ﬁ%g sgeh as the menbrane of a cell culture
insert. The interfibril Tluid of the polymerized collagen is then drawn out

of the gel thapuiing e tHe geKfletlLedoelfladceniiing pEotéid'dnaBeporbls surficocess
col | apses the gel onto the porous surface and fornms a thin menbrane of
native collagen fibers and fibrils. The fluid nay be renoved by any

sui tabl e neans, such as placing the underside of the porous surface on an
absor baft nidt er iAkitffor peomatmg deyelopeeni Wlffgrrenagpd yiinegion iy enltured maﬁhﬂllm cadls

t he underside of the
comprlsmg

a) acell culture medium for growth of epithelial cells:
b) a dried collagen film comprising organized native collagen fibers on a porous surface,
the fibers exhibiting the striations characteristic of collagen fibrils in vivo, and;

10 c) optionally, a differentiation inducing agent comprising about 4-20 mM butyfic acid.
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porous surface. It is inportant I&éﬁ :'hunihétive fiber formation to
¥

t horoughly renmove interfibril flu

om t he: pol yneri-zed col | agen gel

t hrough the undersi de of the porous surface prior to drying the film Wile

not wi shing to be bound by any particul ar

means by whi

Bterial s

T ; Y
wor ks, Applicants believe that drawing interfibril flujd 'E%%é ﬁ*Vﬁ%BEE§ib

under si de of the porous surface allows renmoval of salt!

whi ch woul d otherwise renmain in the final

D et iy ———

collagen filmand crystartize—

during drying, thus disrupting formation of an uninterrupted, continuous
menbrane of fibers. Disruption of the collagen filmresults in 11

FIG-1A
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di sruption of the continuity of the cell nonolayer cultured on it. The

i nproved structure of the collagen filmis an inportant advance provided by
the invention, as loss of as little as 5% of cell nonol ayer integri

result in as much as a 95% 1l oss in barrier properties. BEEN
barrier function nodel systens are difficult to set up éﬁﬂ@ 5 &ééﬁSlng
prior art nethods. The collagen gels are then dried on tthe QF b REES
to formfilns of native fibrillar collagen. They may be & r dried, oven
dried or dried under vaccuum at a tenperature between roomtenperature and
about 40[err]C for about 0.5 hr. to overnight. Preferably, drying is at

roomtenperature for approximately 16-20 hr. After |[drying, the filns nay be
sterilized, for exanple byjirradiation (e.g., ultrgviglet light, electron
beam or gamma irradiation)| or exposu t t hyl ene jJoxx-de gas. The native
fibrillar collagen filns of the inventio in contrlast to the collagen cel
culture substrates of the fprior art,[retdin their n&t‘f_’ve fibrillar
structure when dried
-
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and. therefore nore closely resenble an in vivo collagen substrate. The
el ectron mcrographs of Fig. 1 denonstrate the differe
bet ween the native fibrillar collagen filns of the inv
t he anorphous collagen filns of the prior art which sh
native collagen fibers (AMD. One enbodi nent of the in
a dried native fibrillar collagen film including such filnms for use as

cell culture substrates. Organi zational entropy drives the polynerization
reaction of the invention. As the physical nmechanismis the sane for other
protei ns which undergo a simlar type of self- assenbly, any protein or

NTrHSEHEDNEAD BEENNY
no FEPIACEBN of |

proteins which spont gneously torm organi zed polyneric strygctures in vitro
wi || produce native gonstructs when substituted for colla eEBin t he
f oregoi ng production]process.”These 4ncl ude proteins whic rm
honmopol ymers (e.g., fibronectiAn or |3l nin) and heteropol yners (e.qg.,
lam nin with collagep IV or Igmnin W\th proteoglycans). M xtures of
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extracel tular matrix conponents whi ch conprise proteins which undergo self
assefbly, such as MATRI GEL (Col | aborative Bi onedi cal Products

al so be polynerized and dried according to the nethods of
produce native constructs. MATRIGEL fornms a sticky, |oose
well to forma glassy nenbrane. Although all such proteins loay
gel s which collapse and forma filmin the sanme manner as col |l agen gels
when t he 12 interfibril fluid is renoved, withdrawal of the interfibri
fluid fromthe polynerized substrate and drying should still allow
retention of the native construct in the final product.
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A wide variety of materials, including bioactive proteins, my be
co-polynerized with the collagen or incorporated into the film by ey
adsorption to the collagen, as desired for a particul ar e REEN
system These include, but are not limted to, cells, ant h@nﬂ,ésu——@rﬁ? ]
receptors, growth factors, additional conponents of the e tracéfﬂ%i&;:;z:r——i
matri x, cytokines, hornones and drugs. These nmaterial s nay addéd to the
cold collagen solution at the appropriate concentration for the sel ected

cell culture application. Polynerization of the native collagen fibrils as
descri bed above binds the material to or copolynerizes the material with

'
\
I
i

the collagen fibers. Duejto the open fiber structurejof the cell culture
substrate, biologically fctive added materials are readily available to the
cultured cells to noderaje or regul ate thei%propert fes—or behavior. As a
result of the nethod usefl to renove the ingpgrfibril golution, |less than 10%
remai ns 10
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entrapped in the collagen nenbrane prior to drying. A variety of

pol yrreri zati on condi tions, including nonphysiological conditions, may
therefore be used to produce the cell culture filnms w t hest—coneern-for
negati ve effects of non-coll agenous residuals such as sa| {Tsi®BHEEYHRASBEEN 5
materials on the cell environnment. Collapsing the gel onio th&HrABOED
surface and drying to formthe fibrillar collagen fiIn1pr6€Fﬁ§%‘a=HﬁF#HFﬁF*
surface for even distribution of cells and, if desired, a high
concentration of collagen (about 5-10 ng/m ). The native fibrillar collagen
structure provides the in vivo spatial orientation for binding of cel

receptors not found in anorphous collagen cell culture subsgirates. The
fibrillar collagen netjwork al so provides a textured surface wﬁsch results
in a higher collagen surface area on each filmt is found—Qnh the
essentially two-di mensj onal surfaces of other colffAgen cell jculture
substrates. The nativel fibrillar collagen cell cylture subsﬂ;é@es bi nd
cells nore avidly and uniformy to their surface
<
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t han do-~the coll agen substrates of the.prior art. That is, many dlverse

epithelial cells, endothelial cells and fibroblasts). As §dﬁi§%ﬁ£béﬁ&@E:N

celI” types applied to the surface bind to it rapidly and %"n et
the native fibrillar col l agen cell culture substrates of tEe i nFERLAGADA| so

REPLACEMENT SHEET 13 pronote nore rapid devel opnent of di fferentrated

functions in epithelial cells in culture. One exanple of this property is
t he devel oprment of bag—-er—dhreteor—A—ct-ttred—+ntesttmaly epit hel i al

.cells, as neasured by devel opnent of mannitol perneability} coefficient and
el ectrical gg
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reststance. Dried native fibrillar collagen cell culture film nmay be
substituted for conventional collagen cell culture substrates in any of the
cell culture protocols and nethods known in the art. In a pj . e
enbodi nent, the native fibrillar collagen cell culture subs,r%wﬂﬁEMTSHEET
porous surface is placed in the well of a tlssue culture pl Ate Wt?[ﬁbﬁ
under si de of the PCRIDUSUISURE TRATES MEWODE G ygppr opr i ___%a_t%ia-r- LN AL 1995
medium This allows the culture %?&%ﬁ#@rnnh t he porous

into contact wwth the cell cultuf®&” : TNt ur e medi um and ot her
materials which may be present in it diffuse through the cell culture
substrate into contact with cells seeded on its surface. For ease of
handling, the celjneitbdeh Rvetba rditbioTRYin cdl ciltdes t Pﬂti&hﬁ—, fHe GAVRRAS M fhtes
menbrane of a cell culture insert. The cells to be cultured my be seeded

at subconf | ugnestlagin sbstkdtercde én Ofird Sl ¢UdRAY aRlmbthods B froMotingddiffe@htativn cof

pl aced under .

cultured epithelial cells.

BACKGROUND OF THE INVENTION

In vivo, several types of differentiated epithelial cells exhibit polarized morphology
consistent with their function. For example, intestinal enterocytes (the absorptive cells of the
intestine) are responsible for the uptake of material from the intestine and are morphologically
polarized when fully differentiated. That is, the apical (lumenal) surface facing the interior of
the gut comprises numerous microvilli which increa_§e the surface area foi' transport. On the
basal (ablumenal) surface which faces away from the interior of the gut the cells are in contact
with the extracellular matrix. The extracellular matrix plays a complex role in a diverse group
of cellular functions, including biogenesis of cellular polarity, cell migration and cell

: diﬁ‘erentiation. Differentiated intestinal epithelial cells have therefore been used extensively in
culture as a model system for studying intestinal transport (e.g., of drugs and metabolic
products), mechanisms of infection (e.g., interactions between infectious agents and cells) and
enzyme induction and regulation. The majority of s.tudies being done on transport, infection
and metabolism utilize established intestinal epithelial cell lines such as Caco-2 (W. Rubas, et
al. 1993. Pharmaceutical Research 10, 113-118; G. Ranaldi, et al. 1992, Antimicrobial
Agents and Chemotherapy, 36, 1374-1381; W. Bement, et al. 1993. J. Cell Biology 121,
565-578; M. Bernet, et al. 1993. Applied and Environmental Microbiology 59, 4121-4128),
IEC-18 (T. Ma, et al. 1992. J. Lab. Clin. Med. 120, 329-341), IEC-6, T84 (B. McCormick,
etal. 1993. J Cell Biol. 123, 895-907) and RIE-1. In contrast, studies on the process and

nature of epithelial cell differentiation generally use primary cell cultures. The epithelial cells



envi ronnent al condi tions appropriate for cell growth. For exarrpl e, when _the
cell culture substrate is prepared on the surface of the n-
insert for the well of a culture dish, a snmall anount of
placed in the well. The insert is placed in the well so hat th.z EIUYBED

medi um contacts the underside of the porous nenbrane andlldyfié s é‘p rvu
the cell culture substrate |nto contact wth cells seeded-ea=the=sui qDSTT ¢

Substrai eo. dPone OB ‘Rs Vo0 Y S ToorBLPRAY, st bt e
advant ageou syttt ¢kfibl Bharkdatlsht BRer8bEd aHTaALkioRd (o.M, etk indyction

functions in cultured epit cells exanpl e, the natrve fibrilla

col I agen fi |48 nfeinbrdne interdetivnsen have part i cularly advant ageous propert | es
when used as substrates for culturing intestinal epithelial cells to obtain
differentiated erfthercetlyofestalilished epithelidl\cell divle$ aod|primary epithetial adell sculturesrare

expr essi on of
generally initially undifferentiated. Therefore, in order to study the functions of dlﬂ’erenttated

epithelial cells or the mechanisms by which the cells become differentiated, they must first be
induced in culture to differentiate. The established cell lines exemplified above undergo
spontaneous differentiation in culture some period of time after the cells have reached
confluence. At the present time, the conventional method for producing cultures of
differentiated enterocytes is simply to cuiture the undifferentiated cells under normal celi-
growth' conditions until they spontaneously differentiate, eitl_\er on cell culture substrates such
as collagen or on solid surfaces without any substrate (e.g., on the surface of a tissue culture
dish or on a porous membrane). .

The degree of differentiation of intestinal epithelial cells in culture can be determined by
measuring the electrical resistance across the cell moriolayer (Trans Epithelial Electrical
Resistance - TEER). Increased resistance correlates with a higher degree of differentiation in
the enterocyte. Resistance is measured in ohms and is inversely proportional to the area being
measured, therefore: TEER = ohms X area measured = ohms*cm2. Caco-2 cell cultures must
be maintained for approximately 14-30 days post confluence in order to differentiate fully and
develop the TEER of mature cells. IEC-18 cells require approximately 4 days in culture before
they differentiate fully and develop the TEER of mature intestinal epithelial cells. The
permeability coefficient is another means for measuring the degree of diﬁ'e;entiation of
intestinal epithelial cells in culture. The permeability coefficient is a measure of how readily a
material (e.g., mannitol, rifampin or d-cycloserine) will pass through the cell monolayer. A
larger permeability coefficient indicates that more material passes through the cell monolayer
and a low permeability coefficient indicates that less material is able to pass through. Fully

differentiated enterocytes with fully developed barrier function exhibit different permeability



bar:r i er functlon in these cells as conpared to the col | agen cel | cul ture

substrates of the prior art. One enbodi nent of the invent e a
met hod for producing differentiated 14 intestinal epit &E’&F\Céﬂlﬁf“g ﬁ"*FET
culture using the inventive native fibrillar collagen celjl cult e 0CT 19

substrates. Further, intestinal epithelialgcells in cult @a@(pgess baTr1 er

functions nore rapidly on the natirve fibrftlar collagen ceft_cufture

SiPsLrates, helsohFRPRILERAeR AR BRLE AR SHhalh 45 BSTRER L

to reduce th@uxwrmefo?a Wiely SEknlbRt” tneli JehrRtaitty hdrRReHED of ttmyhmreﬁeatw oAl
epithelial cells. TEC-18 cells require about S days in culture to reach full differentiation as
evidenced by permeability characteristics. Such long term culturing is time consuming and
laborious. It requires planning research studies as much as 2-4 weeks in advance so that '
differentiated cells will be available at the time they are needed for transport, infection and
metabolic studies.

Epithelial cells and many other cell types are often cultured on collagen substrates to
improve cell attachment and provide an environment more similar to that found in vivo. In
conventional methods to form the substrates, extracted, solubilized collagen is simply dried on
or adsorbed onto a surface, t'orminé an amorphous collagen layer or film. Alternatively,
soluble collagen in acid solution may be polymerized on a surface by exposure to ammonium
hydroxide vapors or by neutralization. In other methods, collagen is precipitated by salting out
of solution. The collagen may be chemically cross-linked for structural stability by exposure to
ultraviolet fight or chemical agents such as formaldehyde or glutaraldehyde. The structure and
properties of the collagen substrate varies depending on the process by which it is made. In
general, the native fibrillar structure of collagen which is found in vivo is not reproduced, and
diffusion of materials through the collagen substrate is often significantly reduced as compared
to native collagen. The collagen cell culture substrates currently available are generally
produced under non-physiologic conditions and comprise either a layer of amorphous collagen
having little organized fibrillar structure or a membrane composed of chemically cross-linked
collagen fibers. Amorphous collagen substrates are produced by drying an acid solution of
soluble collagen on a surface. Collagen films are generally produced by treatment of soluble
collagen with alkali (usually ammonia vapor) to induce polymerization on the desired surface.
Chemical -cross-links introduced by cross-linking agents such as glutaraldehyde are often
employed to stabilize polymerized or amorphous collagen on surfaces and, in addition, to

provide sites for attachment of proteins such as growth factors. Both of these non-native



mat.eri al whi ch has been used to nodify the growh and differentiation
properties of cells in culture (A Souleimani, et al. 1993. =3 -
45-50). It has now been found that butyric acid acts synergi sf IREREAGEMENT SHEET
the native fibrillar collagen cell culture substrates to furtlher enggcgm' 1995
the rate of differentiation over culturing on the substrate
whi ch on conventional collagen cell cultureg4substrates or on SuUrfaces
Wi t hout substrates require a m ni num of aboUT 2 weeks to devel op mature
barrier functcolaget struptyreChave s@tjsfadtary stretiralostabilitnbutrpoer diffusion chayactepisties which
cultured on the cell culture substrates of the invention with butyric aC|d
i nduct i on. Catduse ¢he availabiligy, pf sutdents andsethergnaterals/to pruredcellyi Agombigus collagen
conventional con |t|ons full i.fferentiate do so within
Sbout | 48 hourtlmt e perralerty poes dighson. FHartitpritivestud f he pcof Bkl Pubgion, In
acid inductiqQngs.The ri u d t

gdl{l l?v%ﬂ{hi aé:es golfag% &ieQQO Ehe%stﬁ? f’sageggltd c%'_ t&%ﬁ%ﬁéﬂcﬁl

by addition 4 | am a concentration o
preferably aRguy of the collagen fibers (the teleopeptides), which have been removed during the extraction

process by digestion with pepsin. These preparations also result in non-native collagen
structures when polymerized, and although some fibrillar structures are formed they are poorly
organized due to the absence of t_eieopeptides.

Amorphous, chemically cross-linked and alkali dené.tured collagen films for use as cell
culture substrates are often dried to improve shelf life and to eliminate the need to prepare the
cell culture substrate prior to each use. Native fibrillar collagen cell culture substrates reported
‘in the prior art, however, are prepared and used only in the form of firm, adherent gels of
native fibrils. These are most often produced by warming a cold, neutralized solution of
soluble collagen to induce polymerization and precipitation of native fibrils. They are not dried
for storage, as previous attempts to collapse and dry the gels have resﬁlted in loss of the native
structure, suboptimal fiber formatibn and poor permeability characteristics. Native fibrillar
collagen cell culture substrates must therefore be made just prior to use, increasing the labor
and inconvenience associated with studies involving cell culture on native fibrillar collagen.

Kemp, et al. (U.S. Patent No. 5,256,418) disclose methods of making collagen
constructs such as tissue equivalents. The method first requires formation of a collagen
concentrate by means of development of an osmotic gradient across a semipermeable
membrane. The semipermeable membrane allows only the passage of solute, and is not
permeable to collagen. The collagen is then polymerized onto the semipermeable membrane to

_ form the collagen construct and, typically, cross-linked. In contrast, the methods of the
invention concentrate after polymerization rather than prior to polymerization. That is the
fibrils and fibers polymerize from the collagen solution directly onto the porous surface.

Concentration follows polymerization and is not accomplished by osmosis, but rather by
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function in The present invention for the first time provides methods for making dried collagen

films for cell culture in which the collagen is in native fibrillar form. These cell culture
substrates are formed using native soluble collagen monomers and conditions which maintain
the native configuration during ;iolymerization, i.e., without pepsin digestion, chemical cross-
linking or denaturation. Also provided are the native ﬁbﬁlla_r collagen substrates for cell
culture and methods for using them in cell culture, particularly culture of morphologically
polarized epithelial cells. It has been discovered that the native fibrillar collagen cell culture
substrates of the invention promote the development of diffferentiated functions in cultured
epithelial ‘cells, and therefore significantly reduce the time required to obtain differentiated
cultures for studies which require the functions of mature polarized epitilelial cells.

As used herein, the following terms are defined as follows:

Native fibrillar collagen refers to collagen exhibiting organized fibrillar structure similar,

* to that found in vivo, with largé fibers composed of multiple fibrils as well as the striations and .

banding patterns characteristic of native collagen. This is in contrast to the collagen films and
membranes of the prior art, in which fibrils (if present) are poorly organized with few fibers
and striations.

Differentiation of intestinal epithelial cells refers to development of barrier functions
characteristic of mature enterocytes, as evidenced by electrical resistance across a monlayer of
intestinal epithelial celis and permeability coefficients.

Cell culture substrate refers to the native fibrillar collagen films of the invention when

they are used as substrates for attachment and growth of cells in vitro.
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porous surfaces for use in the wells of g tissue culture di she—g——0oH
culture dish well inserts), and 4) optiomally, a differentiation nedium

conprising a differentiation iggduai yric acid. The kit
may al so optionally include a W%@gﬁ%‘%ﬁﬁmﬁﬁ her cell culture

accessori es and

Cell culture substrates comprising dried films of native fibrillar collagen have been

- produced from monomeric collagen derived from collagen fibers solubilized in acid and filtered

to remove aggregates. Native collagen fibrils and fibers are then reformed as gels on porous
surfaces under conditions which produce large, organized fibers with the striations
characteristic of native collagen fibers found in vivo. The gels are collapsed onto the porous
surfaces by drawing the interfibril fluid out of the gel through the underside of the pdrous
surface and then dried to form films. Dried collagen films made in this manner retain native
fibrillar collagen structure and excellent diffusion characteristics. Native fibrillar collagen films
produced according to the methods of the invention are useful as cell culture substrates and
have particularly advantageous properties for growth and differentiation of morphologically
polarized epithelial cells. They significantly reduce the time required to achieve expression of
differentiated functions in epithelial cells in culture as compared to the collageh cell culture
substrates of the prior art. In addition, this effect is synergistically enhanced by addition of

butyric acid to the cell culture.

DESCRIPTION OF THE DRAWINGS

Fig. 1 is an electron micrograp'h showing the structure of the native fibrillar collagen of
the invention (Control), as compared to the amorphous collagen structure produced by
metPods of the prior art (AMO).

- Fig. 2 is a graph showing fhe development' of mannitol permeability coefficients in cells
cultured on amorphous cé;llagen (BIOCOAT Collagen I), native fibrillar collagen (Fii:»rillar

Collagen) and native fibrillar collagen with butyric acid induction (Environment).



reagents which nmay be required to carry out the epithelial cell culture and
differentiation nethod. The foll ow ng exanples are given to il
certain enmbodi ments of the invention and are not to be constrUp@EREACEMENT SHEET
limting the invention as defined by the appended cl ai ns and ui val e tSﬂCT \995
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collagen with butyric acid induction (Environment).

Fig. 4 is a graph showing the development of TEER in cells cultured on uncoated cell
culture inserts (Uncoated), amorphous collagen (RTC), native fibrillar collagen (Fibrillar
Collagen) and human fibronectin (HFN).

Fig. 5 is a graph showing the development of mannitol permeability coefficients in cells
cultured on native fibrillar collagen with butyric acid induction (Environment), amorphous
collagen coated on 0.45 um polycarbonate ﬁembrmm (Costar RTC) and amorphous collagen
with butyric acid induction (Costar RTC & Buty.). |

Fig. 6 is a graph showing the development of mannitol permeability coefficients in cells
cultured on native fibrillar collagen with butyric acid induction according to the invention
(Environment) as compared to prior art cell culture on amorphous collagen substrates (RTC
Costar) and uncoated membranes (Uncoated Costar).

Fig. 7isa graph showing the development of mannitol permeability coefficients in cells
cultured on uncoated polyethyleneterephthalate membranes (Uncoated Falcon), uncoated
polycarbonate membranes (Uncoated Costar) and on native fibrillar collagen with butyric acid

induction according to the invention (Environment).
'DETAILED DESCRIPTION OF THE INVENTION

. The native fibrillar collagen cell culture substrates of the invention are produced as
dried films on porous surfaces. They retain the native fibrillar collagen structure in dried form
and therefore have the improved permeability characteristics of cast collagen gels and the
storage stability of amorphous or cross-linked collagen films. The dried membrane may be
removed from the porbus surface for cell culture if desired, but it is generally preferable to use

the native fibrillar collagen cell culture substrate on its porous surface for added stl;uctural
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underside of the porous surface and the cell culture substrate, as the cell culture films of the
invention exhibit excellent diffusion properties.

Type I, Type II, Type III and Type V collagens are very similar structurally. All of
these and any other collagen which has a similar structure may be used to produce the native
fibrillar collagen films of the invention.  Collagen may be prepared from any suitable source
(e.g., rat tail, boﬁne achilles tendon, pig tendon, etc.) using any of the conventional methods
for preparation of solubilized collagen. See, for example, R. Grinnell, et al. 1981. J. Cell Sci.
48, 19-34; B. R. Williams, et al. 1978. J. Biol. Chem. 253, 6578-6585; R. A. Gelman, et al.
1979. J. Biol. Chem. 254, 11741-1 17.45; P. L. Iversen, et al. 1981. In Vitro 17, 540-552; H.
K. Kleinman, etal 1979. Anal. Biochem. 94, 308-312. In a preferred method, a collagen
source is extracted in 0.5 M acetic acid. This solution is dialyzed against a lower concentration
of acid, preferably 0.1% (about 0.02 M) acetic acid, so that the collagen fibers are completely
solubilized. The solubilized collagen solution is then sterile filtered to remove any remaining
aggregates, e.g., using a 0.2 pm filter.

Salt concentrations which are about physiclogic or higher, preferably about 0.15 M to
about 1 M, are used to promote formation of large native collagen fibers. At salt
concentrations below physiologic there is little, if any, collagen fiber formation. However, as

salt is increased to approximately physiologic concentrations fiber formation becomes

essentially complete, with little amorphous collageri being present. As salt is increased above

phyiiologic concentrations, larger and larger fibers are formed. However, when the salt
concentration reaches about' 1.1 M, fiber formation is again essentially completely absent.
When the solubilized collagen is in acidic solution, the pH may be raised to approximately 6-8,
preferably about 7.0-7.4, concurrently with adjustment of the salt concentration by addition of
cold NaOH in a buffer such as phosphate buffered saline (PBS) to give a final salt
concentration of about 0.15 M-1 M, preferably at least about 0.6 M (about 4X physiologic
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porous surface when intended for use as a cell culture substrate, more preferably about 50-200

pg/cm?2.

The native fibrillar collagen films of the invention are prepared from the solutions of

solubilized collagen as follows. The cold collagen solution is pipetted onto the desired surface.
When the native fibrillar collagen films are to be used as cell cultilre substrates, porous surfaées
are preferred. Suitable porous surfaces for formation of native fibrillar collagen substrates

include natural or synthetic polymers such as cellulose membranes, porous polycarbonate,
porous polytetrafluoroethyelene (e.g., TEFLON mesh membranes such as Millipore CM),
nylon membranes and meshes, glass filters, porous pblyethyieneterephtha.late, and various types
of filters (e.g., ANOPORE aluminum crystal filters). The porous surface should have a pore
size which is small enough to prevent the collagen solution from flowing through prior to
polymerization but large enough to allow passage of fluids such as media and the interfibril
fluid. In general, membranes having pore sizes of about 0.2 - 8 um provide the desired
properties. A surface comprising a membrane with pores approximately 1 um in size is
preferred for most general cell culture applications such as material transport studies. Pore
sizes of about 3 pm-8 um are preferred _for cell migration studies such as tumor cell migration
and leukocyte trafficking.

While native fibrillar collagen will form on any membrane material using the methods of
the invention, there may be positive or negative effects of the selected membrane in certain
biok;gical applications. Some of these effects are discussed in more detail below as they relate

to development of permeability coefficients in cultured cells. While etched membranes are
preferred for transport studies, cast membarnes may also be used if the permeability coefficient
of the material being tested does not exceed the permeability coefficient of the membrane (i.e.,

the permeability coefficient of the membrane is not a limiting factor). For convenience in cell
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substrates on ranes 1n ce
membranes are preferred over materials such as high density polycarbonate for applications

involving microscopy due to their higher transparency. For these reasons, different membranes
may therefore be preferred for Idiiferent applications and can be routinely selected by one
skilled in the art.

| Upon application to the porous surface, the temperature of the cold, neutralized
collagen solution is allowed to increase to about 15°-35°C to initiate native collagen fibril and
fiber formation. Temperatures at approximately room temperature are preferred. As the ‘
temperature of the collagen solution increases, native fibrils begin to polymerize and gel on the
porous surface, coating thé upper side thereof. The gel comprises large, organized fibers of
collagen with the striations characteristic of native collagen as well as entrapped fluid from the
collagen solution (interfibril fluid). In general, about 0.5-3 hours at room t-emperature is
sufficient to obtain complete polymerization on a porous surface such as the membrane of a
cell culture insert. The interfibril fluid of the polymerized collagen is then drawn out of the gel
through the underside of the porous surface. This process collapses the gel <.)nto the porous
surface and forms a thin membrane of native collagen fibers and fibrils. The fluid may be
removed by any suitable means, such as placing the underside of the porous surface on an
absorbant material for 3 min. to overnight or applying a gentle vacuum to the underside of the
porous surface. It is important for opti-mum native fiber formation to thoroughly remove
interﬁPril fluid from the polymerized collagen gel through the underside of the porous surface
prior to'drying the film. While not wishing to be bound by any particular means by which the
invention works, Applicants believe that drawing interfibril fluid through the underside of the
porous surface allows removal of salts and other materials which would otherwise remain in
the final collagen film and crystallize during drying, thus disrupting formation of an

uninterrupted, continuous membrane of fibers. Disruption of the collagen film results in



inserts were prepared as in Exanple 1 and used to culture Caco-2 cells for
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i ndi cation of cell differentiation. The culture nedi um was HhFPLACEMENTBHEET
one 80-100% confluent T-75 flask of.- Caco-2 cells. The fl askjjwas riZ;QGGCJWIQ%
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37[err]Cwith trypsin (10 m) until all welk detached fromTthe surtrace of
the flask. Approximately 10 ml of DVEMw th 10% FCS was added to neutrali ze
the trypsi fisrupsionof thecentinuity of the cel moaelayer tultyiredhomit. Thoinpreved strycture of the
resuspe nde%o{langen ml\/}s%tlrnpyna-lr-l?;dvggéeuprpovided by the invention, as loss of as little as 5% of cell
monolayer integrity may result in as much as a 95% loss in barrier properties. For this reason,
barrier function model systems are difficult to set up reproducibly using prior art methods.

The collagen gels are then dried on the porous surfaces to form films of native fibrillar
collégen. They may be air dried, oven dried or dried under vaccuum at a temperature between
room temperature and about 40°C for about 0.5 hr. to overnight. Preferably, drying is at room
temperature for approximately 16-20 hr. After drying, the films may be sterilized, for example
by irradiation (e.g., ultraviolet light, electron beam or gamma irradiation) or exposure to
ethylene oxide gas. The native fibrllar collagen ﬁims of the invention, in contrast to the
collagen cell culture subsfrates of the prior art, retain their native fibrillar structure when dried
and therefore more closely resemble an in vivo collagen substrate. The electron micrographs
of Fig. 1 demonstrate the difference in structure between the native fibrillar collagen films of
the invention (Control) and the amorphous collagen films of the prior art which show no
formation of native collagen fibers (AMO). One embodiment of the Iinvention is therefore a
dried native fibrillar collagen film, including such films for use as cell culture substrates. |

Organizational entroby drives the polymerization react_ion of the invention. As the
physical mechanism is the same for other proteins which undergo a similar type of self-
assembly, any protein or proteins which épontaneously form organized polymeric structures in
vitro will produce native constructs when substituted for collagen in the foregoing production
process. These include proteins which form homopolymers (e.g., ﬁbronecﬁxi or 1aminin) and
heteiopolymers' (eg, .lamininl with collagen IV or laminin with proteoglycans). Mixtures of
extracellular matrix components which comprise proteins which undergo self assembly, such as
MATRIGEL (Collaborative Biomedical Products, Inc.), may aiso be polymerized and dried
according to the methods of the invention to produée native constructs. MATRIGEL forms a
sticky, loose gel which blots well to form a glassy membrane. Although all such proteins may

not produce gels which collapse and form a film in the same manner as collagen gels when the

PO 3
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particular cell culture system. These include, but are not limited to, cells, antibodies, enzymes,
receptors, growth factors, additional components of the extracellular matrix, cytokines,
hormones and drugs. These materials may be added to the cold collagen solution at the
appropriate concentration for the selected cell culture application. Polymerization of the native
collagen fibrils as described above binds the material to or copolymerizes the material with the
collagen fibers. Due to the open fiber structure of the cell culture substrate, biologically active
added materials are readily available to the cultured cells to moderate 6r regulate their
properties or behavior.

As a result of the method used to remove the interfibril solution, less than 10% remains
entrapped in the collagen membrane prior to drying. A variety of polymerization conditions,
including nonphysiological conditions, rﬁay therefore be used to prodﬁce the cell culture films
without concern for negative effects of non-collagenous residuals such as salts or organic
materials on the cell environment. Collapsing the gel onto the porous suiface and drying to
form the fibrillar collagen film provides a uniform surface for even distribution of cells and, if
desired, a high concentration of collagen (about 5-10 mg/ml). The native fibrillar collagen
structure provides the in vivo spatial orientation for binding of cell receptors not found in

- amorphous collagen cell culture substrates. The fibrillar collagen network also provides a
texufred surface which results in a higher collagen surface area on each film than is found on
the essentially two-dimensional surfaces of other collagen cell culture substrates. The native
fibrillar collagen cell culture substrates bind ceils more avidly and uniformly to their surfaces -
than do the collagen substrates of the pﬁ_or art. That is, many diverse cell types applied to the
surface bind to it rapidly and .completely (e.g., epithelial cells, endothelial cells and fibroblasts).

As described below, the native fibrillar collagen celi culture substrates of the invention also
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coilagen cell culture substrates in any of the cell culture protocols and methods known in the

art. In a preferred embodiment, the native fibrillar collagen cell culture substrate on the porous
surface is placed in the well of a tissue culture plate with the underside of the porous surface in
contact with an appropriate culture medium. This allows the culture medium to ﬂow through
the porous surface into contact with the cell culture substrate. The culture medium and other
materials which may be present in it diffuse through the cell culture substrate into contact with
cells seeded on its surface. For ease of handling, the cell culture substrate may be prepared on
the microporous membrane of a cell culture insert. The cells to be cultured may be seeded at
subconﬂuenée. or confluence on the ﬁpper surface of the substrate and placed under
environmental conditions appropriate fof cell growth. ‘For example, when the cell cuiture
substrate is prepared on the surface of the membrane of an insert for the well of a culture dish,
a small amount of growth medium is placed in the well. The insert is placed in the well so that
the culture medium contacts the underside of the porous membrane and diffuses through the
cell culture substrate into contact with cells seeded on the substrate surface. As described
below, the native fibrillar collagen cell culture substrates of the invention have been found to
have particularly advantageous properties for inducing development of diffferentiated functions
in cultured epithelial cells.

i For example, the native fibrillar collagen films of the invention have particularly
advantageous properties when used as substrates for culturing intestinal epithelial cells to
obtain differentiated enterocytes. The inventive cell culture substrates enhance expression of
barrier function in these cells as-compared to the collagen cell culture substrates of the prior

art. One embodiment of the invention is therefore a method for producing differentiated
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on the native fibrillar collagen cell culture substrates than on conventional collagen substrates
even in the absence of differentiation inducing agents. However, an inducing agent may be
employed to reduce the time required for differentiation even further. Butyric acid is one
material \.avhich has been used to modify the growth and differentiation properties of cells in
culture (A. Souleimani, et al 1993. FEBS Lett. 326, 45-50). It has now been found that
butyric acid acts synergistically with the native fibrillar collagen cell culture substratés to
further enhance the rate of differentiation over culturing on the substrate alone. Cells which on
conventional collagen cell culture substrates or on surfaces without substrates require a
minimum of about 2 weeks to develop mature barrier function (e.g., Caco-2) differentiate in
under four days when cultured on the cell culture substrates of the invention with butyric acid
induction. Cells which require at least four days post seeding under conventional conditions to
fully differentiate (e.g., [EC-18) do so within about 48 hours using the inventive cell culture
substrates with butyric acid induction. The butyric acid inducing agent may be added to the
cells by addition to the culture medium at a éoncentration of about 4-20 mM, preferably about
5 mM butyric acid. |

Any cell culture medium appropriate for growth and differentiation of epithelial cells
may be used in cell cultures employing the present collagen cell culture substrates. These
include, but are not limited to, DMEM, MEM, M-199 and RPMI. Supplements, as are known
in the art, may be added to the culture medium and include serum (e.g., FBS or calf serum),
serum-containing sﬁpplements (NU-SERUM), and serum-free supplements (MITO+). A
prefer:ed cell culture medium for intestinal epithelial cells is DMEM supplemented with
MITO+ Serum Extender (Collaborative Biomedical Products, Bedford, MA) to provide a fully
defined, serum-free cell culture environment.

The components for use in the above method for promoting expression of differentiated

functions in cultured epithelial cells, preferably for promoting expression of barrier function in
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differentiation medium comprising a differentiation inducing agent such as butyric acid. The
kit may also optionally include a tissue culture dish or other cell culture accessories and
reagents which may be required to carry- out the epithelial cell cuiture and differentiation
method. | |

The following examples are given to illustrate certain embodiments of the invention and
are not to be construed as limiting the invention as defined by the appended claims and

equivalents thereof.

EXAMPLE 1 |
PREPARATION OF NATIVE FIBRILLAR COLLAGEN
: CELL CULTURE SUBSTRATES

The following experimental example describes the preparation' of native fibrllar
collagen cell culture substrates on 1 um polyethyleneterephthalate (PET) membranes in PET
cell culture inserts. In this example, about 200 ug of collagen were added per cm? of the
membrane.

Soluble collagen in acid solution was prepared from rat tail tendon as described by
Bornstein (1958. Lab. Invest. 7, 134-137), with dialysis against dilute acid and sterile filtration
to remove aggregates. The cold acid solution of rat tail collagen was adjusted to 674 pg/mi by
addition of 10X DPBS/NaOH to obtain a final concentration of 4X DPBS, pH 7.4, and the
mixture was kept on ice until use. Insert holders were placed in tissue culture dishes. The céll
culture inserts were placed in the insert holders with sterile forceps and lids were placed on the

dishes until use. The collagen coating solution (0.10 ml) was dispensed onto each membrane,



The material to be tested for perneability (300 [err]] [err]Hmannitol,
rifanpin or d-cycloserine) was added to the | unmenal (upper)
cell culture substrate and the substrate was incubated at ro F@h‘b@?’%ﬂ?@ﬁﬂ |
for about 10 min. to 3 hr. The cell culture insert was then ved \%QCT
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humid environment to prevent premature drying.

When the collagen had polymerized, the insert holder was placed on a sheet of blotting
paper so that all of the membranes were in contact with the blotting paper. A polypropylene
sheet was placed on top of the insert holder and downward pressure was applied for about 10-
15 sec. For convenience when multiple insert holders were being handled, the insert holders
were stacked by placing a sheet of blotting paper on the polypropylene sheet and a second
insert holder on top of the blotting paper covered with a second polypropylene sheet, etc. until
the stack of insert holders was four to five high. The last element on top of the stack was a
polypropylene sheet. After the last insert holder was in place, the stack was weighted down
and 30 min. was allowed for completion of blotting. When all substrates were completely
blotted the insert holders were replaced in the tissue culture dishes and covered.

The tissue culture dishes with the blotted cell culture substrates were transferred to a
laminar flow hood and air dried overnight. Alternatively, the substrates were oven dried. The
native collagen cell culture substrates were then sterilized in the tissue culture dishes by

exposure to 0.05-0.06 Joules of ultraviolet light and stored at 4°C in sealed bags until use.

EXAMPLE 2
ELECTRICAL RESISTANCE ASSAY

* Native fibrillar collagen cell culture substrates on 1 um PET membranes in cell culture
inserts were prepared as in Example 1 and uséd to culture Caco-2 cells for measurement of the
development of electrical resistance (TEER), an indication of cell differentiation.

The culture medium was aspirated from one 80-100% confluent T-75 flask of Caco-2

cells. The flask was rinsed with 12 ml of DPBS, which was also aspirated. The cells were
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Culture medium (1 ml/well) was added to the wells of a tissue culture dish, each well
containing a cell culture substrate. Approximately 0.5 ml of cell suspension '(2 X 105 cells)
was pipetted onto the surface of each cell culture substrate and the cultures were incubated at
37°C in 5-10% CO,, 100% humidity for 24 hrs. After 24 hrs. the medium was aspirated from
each well and replaced with 1 ml of DMEM with 5 mM butyric acid in the well and 0.5 mi of
tﬁe same medium on top of the cell culture substrate. The cultures were incubated at 37°C, 5-
10% CO,, 100% humidity. Each day following induction by addition of butyric acid, the
electrical resistance of the cell monolayers was measured using an ENDOHM tissue resistance -
measurement chamber (World Precision Instruments, Inc., Sarasota, FL).

TEER: > 150 ohmem? is indicative of complete differentiation of Caco-2 cells in
culture. Caco-2 cells cultured on the native fibrillar collagen cell culture substrates with
induction by butyric acid achieved TEER > 150 ohmcm? by the third day in culture (two days
after addition of butyric acid). In contrast, differentiation of Caco-2 cells cultured on

- conventional collagen substrates or surfaces without substrate requires 14-30 days of culture
as reported in the literature. Butyric acid has not previously been used to induce diﬁ'erentiation
in cultured Caco-2 cells. Promotion of differentiation in this experiment, however, is not due
‘solely to tﬁe presence of butyric acid, as expression of barrier function in Caco-2 cells is also
significantly promoted when they are cultured on native fibrillar collagen cell culture substrates
in the absence of this inducer (see Example 4). It is therefore believed that the the inventive
native fibrillar collagen cell culture substrate itself has differentiation-promoting properties
which are absent from prior art collagen substrates. These properties interact synergistically
with butyric acid to further promote cell differentiation and further decrease the culture time

required to achieve differentiated intestinal epithelial cell cultures.
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menbr anes fibrillar collagen cell culture substrates of the invention, with butyric acxd induction, IEC-18

cells achieved this level of elgctrical resistance by the second day in culture (one day after
addition of butyric acid). Literature reports for IEC-18 cells cultured on conventional collagen
substrates or on surfaces without substrates disclose that four days of culture are required to
achieve TEER = 28 ohmem2. As discussed above, the enhanced rate of differentiation
observed is partially the result of the unique properties of the native fibrillar collagen cell
culture substrate itself, but in addition a synergistic effect between the substrate and induction

with butyric acid has been observed.

EXAMPLE 3
PERMEABILITY COEFFICIENTS

Caco-i cell monolayers on native fibrillar collagen cell culture substrates were prepared
as described in Example 2. Following the addition of media containing 5 mM butyric acid, cell
culture inserts with the cell culture substrates were removed daily from the tissue culture well
and placed in a well containing 1 ml of PBS to monitor the development of barrier function.
The material to be tested for permeability (300 pl 3H-mannitol, rifampin or d-cycloserine) was
added to the lumenal (upper) side of the cell culture substrate and the substrate was incubated
at room femperature for about 10 min. to 3 hr. The cell culture insert was then removed with
forceps to a well containing fresh PBS and the concentration of the test material in the PBS on
the ablumenal (well) side of the substrate was measured by scintillation counting or
spectrophotometry.

Caco-2 cells required three days in culture (two days after addmon of butyric acid) to
achieve permeability coefficients indicating full differentiation. These permeability coefficients

were < 4 X 106 cmsec for mannitol, 13.1 X 10-6 cmsec for rifampin and 34.0 X 106 cmsec



(TRANSWELL). Native fibrillar collagen cell culture substrates were
prepared as in._Exanple 1 and the cell culturing protocol us ==
described in Exanples 2 and 3, eval uating devel opnent of MEFUACERMENT SHEET
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are required on conventional collagen substrates or on surfaces without substrate to achieve
similar permeability coefficients: < 4 X 10 cmsec for mannitol, 13.4 X 106 cmsec for
rifampin and 38.2 X 106 cmsec for d-cycloserine (Rubas, et al.,, supra and Ranaldi, et al.,
supray).
IEC-18 cells were tested in a similar experiment These cells achieved a mannitol
permeability coefficient of < 7 X 106 cmsec after two days in culture (one day after addition
~ of butyric acid). The literature reports that five days in culture on conventional collagen

substrates or on surfaces without substrate are required to achieve this degree of differentiation

in IEC-18 celis (Ma, et al,, supra). )

EXAMPLE 4
DIFFERENTIATION OF INTESTINAL EPITHELIAL CELLS
ON COLLAGEN CELL CULTURE SUBSTRATES

The native fibrillar collagen cell culture substrates of the invention were compared to
commercially available collagen cell culture substrates and to uncoated membranes customarily
used for cell culture: 1) BIOCOAT Collagen I Cell Culture Inserts (Collaborative Biomedical
Products, Bedford, MA - amorphous rat tail collagen on | um PET membranes), 2)
TRANSWELL cell culture inserts (0.45 um polycarbonate membranes;, Costar, Cambridge,
MA) coated with amorphous collagen, 3) BIOCOAT Control Cell Culture Inserts (uncoated 1
um PET membranes), and 4) uncoated Costar 0.45 um polycarbonate membranes
(T R}:NSWELL). Native fibrillar collagen cell culture substrates were prepared as in Exan;ple
1 and the cell culturing protocol used was as described in Exaxnpies 2 and 3, evaluating
'development of mannitol permeability coefficients with and without butyric acid induction.

The results of the comparisons between commercial cell culture substrates and the

native fibrillar collagen cell culture substrate are shown in Figs. 2 and 3. Although neither the
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butyric acid (referred to herein as the "native fibrillar collagen/butyric acid environment")
significantly enhanced the effect of the native fibrillar collagen cell culture insert on
development of mannitol permeability coefficients, with the permeability coefficient falling to
significantly less than 4 X 10% cmsec within 3 days after addition of butyric acid
'("Environment,“ Fig. 2). Native fibrillar collagen cell culture substrates also promoted more
rapid development of mature TEER values as compared to uncoated membranes (about S days
vs. >10 days, Fig. 3), and the effect of the native fibrillar collagen was further enhanced by
induction with butyric acid (within 3 days vs. > 10 days, "Environment," Fig. 3). The native
fibrillar collagen cell culture substrates similarly enhanced development of mature TEER values
when compared to amorphous collagen substrates (about-5 days, Fig. 4). In this experiment,
cell cultured on amorphous collagen substrates and uncoated membranes never reached TEER
> 150 ohmcm? (Fig. 4). Comparison of TEER with cells cultured on ﬁbronectin substrates
(HFN, Fig. 4) demonstrated that the diﬁ'érentiation—promoting effects of butyric acid are
collagen-specific.

The Costar uncoated membrane, the Costar amorphous collagen-coated cell culture
substrate (Costar) and the native fibrillar collagen cell culture substrate with butyric acid
induction are compared in Fig. 6. Cells cultured on .the amorphous collagen substrate
exhibEted less variability over the course of the experiment than did cells cultured on uncoated
membranes, but still required 14-16 days to approach permeability coefficient values in the 4 X
106 cmsec range. Cells cultured in the native fibrillar collagen/butyric acid environment
developed permeability coefficients below 4 X 106 cmsec by 3 days and maintained these

levels for over 10 days with little variability. It is believed that the initial permeability
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membranes. Again, the uncoated membranes were associated with significant variability in
permeability coefficients over the course of the experiment. Variability in permeability
coefficient was significantly reduced in cells cultured in the native ﬁbrilla't"collagen/butyric acid
environment, however. With the native fibrillar collagen/butyric acid environment, the
permeability coefficient was initially close to 4 X 10-6 cmsec, dropped below this value within
3 days, and was maintained at < 4 X 106 cmsec for the duration of the experiment. In
contrast, cells cultured on the uncoated membranes did not develop permeability coefficients
below 4 X 10-6 cmsec and did not approach this value until about 14-16 days.

The synergistic enhancement of development of barrier function when butyric acid is
added to cells cultured on the native fibrillar collagen cell culture substrates represents a
specific interaction between the two components. Fig.'5 shows the comparison between
development of permeability coefficients in cells cultured on amorphous collagen substrates
alone ("Costar RTC"), cells cultured on amorphous collagen substrates with butyric acid
induction ("Costar RTC & Buty.") and cells cultured in the nativ;.a fibrillar collagen/butyric acid
environment ("Environment"). Addition of butyric acid had little, if any, effect on the
develt;pment of permeability coefficients when amorphous collagen was the cell culture
substrate. Permeability coefficients were .initially high and only gradually decreased over 16
days, never falling below 4 X 106 cmsec. The native fibrillar collagen/butyric acid
envir;nment, however, induced initial permeability coefficients of about 4 X 10-6 cmsec (1
day) which fell well below this value within 3 days. Permeability coefficients <4 X 106 cmsec
were maintained for between 10 and 14 days in the native fibrillar collagen/butyﬁé acid

environment.



menbranes, but still required 14-16 days to approach perneability

coefficient values in the 4 X 10[err] cnsec range. Cells culptied-in the
native fibrillar collagen/butyric acid environnment devel ope BB’HR@EMEN?%HEET
coefficients below 4 X 10[err] cnmsec by 3 days and mai ntai ngd these |evel's
for over 10 days with little variability. Jt is believed thgtpase. 2 OCF! 1995
permeability 21 coefficient near 4 X 102-[-.err] cnsec seen |t ' ”
experinment is due to the effect of the native fibrillar collagen cell

cul ture substr at eIméaheof the expérintentseinewhich tpernsebilityr céeffidients innthet fative dibtillar
culture substrate prior to addition of butyric acid. Fig. 7 illustrates the
ef fect of t heollagen/Rusyriq asid envigonment were evaluated, a slight increase in permeability coefficient

was observed at about 14-16 days. Because the butyric acid remained in the culture

throughout the experiment, this increase may be due to the effects on the cells of long term
exposure to butyric acid, e.g., changes in the cell monolayer or the cell membrane which
nonspecifically increase permeability. However, cells which are being cultured for permeability
* studies are used for the intended purpose soon after mature permeability coefficients have been

reached, i.e., well before the observed increase in the permeability coefficient at 14-16 days.
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culture substrate under conditions appropriate for cell growth, and maintaining the culture tor

a period of time sufficient to allow differentiation of the epithelial cells.

2. The method of Claim 1 wherein the cell culture substrate comprises about 25-500

pg/cm? collagen.

3. The method of Claim 1 further comprising adding about 4-20 mM butyric acid to the
culture.
4. A method for making a dried native fibrillar collagen film comprising the steps of:

a) preparing solubilized collagen in liquid solution;
b) polymerizing the collagen on a porous surface in the presence of about 0.15-1.0 M salt,
the porous surface having an upper side and an underside and the collagen polymerizing on
the upper side of the porous surface to form a collagen gel;
¢) collapsing the gel by removing entrapped liquid therefrom through the underside of the
porous surface, and,;
d) drying the collapsed gel to form a ﬁlm on the porous surface.

5. The method of Claim 4 wherein the collagen is polymerized by neutralizing a cold.

acidic solution of soluble collagen and warming the solution such that collagen fibril formation

is initiated.
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mai nt ai ned for between 10 and 14 days in the native fibrillar
col | agen/ blt yr i & dsied dilm of native fibrillar collagen produced by the process of
a) preparing solubilized collagen in liquid solution;
b) polymerizing the collagen on a porous surface in t'he,presence of about 0 15-1 0 M sak.
the porous surface having an upper side and an underside and the collagen polymerizing on
the upper side of the porous surface to form a collagen gel;
'c) collapsing the gel by removing entrapped liquid therefrom through the underside of the

porous surface, and;

d) drying the collapsed gel to form a film on the porous surface.

8. The dried native fibrillar collagen film of Claim 7 which comprises about 25-500

pg/cm? collagen.

9. The dried collagen film of Claim 7 further comprising at least one additional component
selected from the group consisting of cells, bioactive proteins, antibodies, enzymes. receptors.

growth factors, extracellular matrix components, cytokines, hormones and drugs.

10. A method for making a dried substrate comprising a self-assembling protein in native
form, tke method comprising the steps of:
a) preparing the self-assembling protein. in liquid solution;
" b) polymerizing the self-assembling protein on a porous surface in the presence ot about
0.15-1.0 M salt, the porous surface having an upper side aﬁd an underside and the self-

assembling protein polymerizing on the upper side of the porous surface:

A
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d) drying the the polymerized self-assembling protein on the porous surface.

1. A kit for promoting development of differentiated function in cultured epithelial cells
comprising:
a) a cell culture medium for growth of epithelial cells;
b) a dried collagen film comprising organized native collagen fibers on a porous surface,
the fibers exhibiting the striations characteristic of collagen fibrils iz vivo, and:

-c) optionally, a differentiation inducing agent comprising about 4-20 mM butyric acid.

'___—‘______________—————-—_—'_'—
Sheet Has Been Reﬁaoed

R

—_—

M



studi es are used for the intended purpose soon after mature permeabilit

‘coefficients have been reached, i.e., well before the obsery
the perneability coefficient at 14-16 days. REPLACENMENT }
CLAIMED | S: 1. A method for pronoting expression of diffi

functions in epithelial cells in vitro conprising a) C




gromﬁh on a dried collagen cell culture substrate produced by a process
conprising i) preparing solubilized collagen in liquid saolution, i)

pol ymeri zing the collagen on a porous surface in the preseng “ﬁgﬁﬁ
salt, the porous surface having an upper side and an unders ?Z an éN{kh&ET
Dté:. fPWUET 1985.

(\

col l agen pol yneri zing on the upper side of the porous surfags
col l agen gel, iii) col l apsing the gel by renoving entrapp

t herefrom t hrough the undersi de of the pefous surface, and iv) drylng
the coll apsed gel to forma filmon the porous surface, and b)

mai ntai ning the culture for a period of tine sufficient to allow
differentiation

| _©
-
L 0
ol
<t
™
|~
-
o o
[ - W
7
Sy, Y-
0
o
o o
"
L~ %
Pa
L—CD 4
z
5z
. 23
- O O
EE Q
— = ?; >
. O <
e ® =2 O
S x Q
Zz @ O
e i W m
H n n
T T T 1T T 1 o+ <
OO N O I ETM N ™
N = id
o
| <2
| ¥1|
fa.
(@) = L
—_— xo
o
L 0.



of the epithelial cells. 2. The met hod of Claim1 wherein the cel
culture substrate conprises about 25-500 [err]g/cnferr] collagen. 3.

The nethod of Claim1 further conprising addi ng about 4-20 nNIbutyrlc acid
to the culture. 4. A method for making a dried native f|; o=
filmconprising the steps of a) prepaBi ng sol ubilized c
i quid solution; b) pol ymeri zi ng the Tol | agen on a poro
the presence of about 0.15-1.0 Msalt, the porous surface
si de and an underside and the collagen pol ymeri zi ng on the upper
the porous surface to forma collagen gel; c) col | apsi ng the gel by
renovi ng entrapped |iquid therefromthrough the underside

DAYS POST SEED

-

240
220
200
180
160
140
120
100
80—
60—
40-
20—
0
FIBRILLAR COLLAGEN

ENVIROMENT
UNCOATED

TEER

FIG-3

X
¢
o



of the porous surface, and; d)
on the porous surface. 5.

pol yrmeri zed by neutralizing a cold, acidic solution of sol
formation i
renovi ng ent rapped liquid from

warm ng the solution such that collagen fibri
REPLACEMENT SHEET 25 c)
sel f-assenbling protein through

drying the col.l apsed gel
The nmethod of Claim4 wherein the collagen is
hI e (‘DL| aq

to forma film

en _and

q
H

Date :

the aJﬁ%qFr

CEVRENT SHEET
| Ze

---------------------------

<Y

¢ [\

«»

N\

— I~

T T T 1
o (- o o o (»}
o0 (o] <t ~N Qo 00
-— - - L -
I oz
Lad
: L)
O -~
Lo

60—

40

20—

UNCOATED
RTC

O
+
Y
X

DAYS POST SEED

FIBRILLAR COLLAGEN

HFN
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devel opnent of differentiated function in cultured epither=at—cells

conprising: a) a cell culture nediumfor growth of ep hﬁbLﬂbEM@NH%

pronoti ng

a dried collagen cell culture substrate produced by a prgcess conpr|5|ng |)
preparing sol ubilized collagen in liquid solution, ii) i p@kyné@

col l agen on a porous surface in the presence of 0.15- 1.
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porous surface having an upper side and an undersi de and the collagen

pol.ynmeri zing on the upper side of the porous surface to forma coll agen

gel ,
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i) col l apsing the gel by renoving entrapped |iquid therefromthrough
t he undersi de of the porous surface, and iv) drying the coll apsed gel to
forma filmon the porous surface, and c) optionally, ' =t
I nduci ng agent conprising about 4-20 nM butyric acid.
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CELL CULTURE SUBSTRATES AND METHODS OF USE

REPLACEMENT SHEET

Date ;.24 OCT 1995

-----------------------

ABSTRACT

Cell culture substrates comprising dried films of native fibrillar collagen produced by a
method in which collagen fibers are hydrolyzed in acid, solubilized, and reformed as gels on
porous surfaces under non-physiologic salt conditions to produce large fibers w1th the
striations characteristic of collagen fibers found in vivo. The gels are collapsed onto the
porous surfaces by drawing the interfibril fluid out of the gel through the underside of the
porous surface and then dried to form films. Dried collagen films made in this manner retain
native fibrillar collagen. structure and excellent diffusion characteristics. Native fibrillar
collagen films produced according to the methods of the invention are useful as cell culture
substrates. They have particularly advantageous properties for growth and differentiation of
epithelial ceils. This effect is synergistically enhanced by addition of butyric acid as'a

differentiation inducing agent.
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WHAT IS CLAIMED IS:

1. A method for promoting expression of differentiated functions in epithelial cells iz vitro

. comprising
a)

| culturing undifferentiated epithelial cells under conditions éppropriate for cell

growth on a dried collagen cell culture substrate produced by a proéess
comprising -
iy prepéring solubilized collagen in liquid solution,

ii)  polymerizing the collagen ona porous surface in the presence of 0.15-
1.0 M salt, the porous surface having an upper side and an underside and the
collagen polymerizing on the upper side of the porous surface to form a collagen
gel,

iii) collapsing the gel by removing entrapped liquid therefrom through the
underside of the porous surface, and o

iv) drying the collapsed gel to form a film on the porous surface, and
maintaining the culture for a period of time sufficient to allow differentiation

of the epithelial cells.
2. . The method of Claim 1 wherein the cell culture substrate comprises about 25-500

pglcm? collagen. .
3. The method of Claim 1 further comprising adding about 4-20 mM butyric acid to the

culture.

4, A method for making a dried native fibrillar collagen film c_omprising'the steps of

a)

b)

preparing solubilized collagen in liquid solution;
polymerizing the collagen on a porous surface in the presence of about 0.15-1.0

M salt, the porous surface having an upper side and an underside and the collagen

polymerizing on the upper side of the porous surface to form a collagen gel;

9

collapsing the gel by removing entrapped liquid therefrom through the underside

of the porous surface, and;

d)

drying the collapsed gel to form a film on the porous surface.

5. The method of Claim 4 wherein the collagen is polymerized by neutralizing a cold;
acidic solution of soluble collagen and warming the solution such that collagen fibril formation

is initiated.
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c) removing entrapped liquid from the polymerized self-assembling protein through
the underside of the porous surface, and; |
d) drying the polymeﬁzed self-assembling protein on the porous surface.
11. A kit for pi'omoting development of differentiated function in cultured epithelial cells
comprising: '
a) a cell culture medium for growth of epithelial cells, _
b) a dried collagen cell culture substrate produced by a process comprising
i) preparing solubilized collagen in liquid solution, '
ii) polymerizing the collagén ona porous surface in the presence of 0. 15- _
" 1.0 M salt, the porous surface having an uppér side and an underside and the _
collagen polymerizing on the upper side of the porous surface to form a cdllagén
gel,
i) collapéing the gel by removing entrapped liquid therefrom through the
underside of the porous surface, and
iv) drying the collapsed gel 'to form a film on the porous surface, and
c) optionally, a differentiation inducing agent comprising about 4-20 mM butyric

acid. .
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