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METHODS FOR INTROTWJCING GENES INTQ
MAMMALIAN SURJECTS

Cross-Reference io Related Application

This application claims priority under 35 U.8.C. § 119{e) from provisional
application serial no. 60/170,166, filed [0 Decermber 1949, the contents of which
are incorporated hercin by reforence.
Technicul Figld

‘The invention relates to modifying mammalian subjects to contein

heterologeus genes. More particularly, the invention concerus treating
histoculiured tissue, including hair follicles, ex wvo and re-implanting tissue or

hair folticles into a recipient.

Backeround An

Somatic imodification of the genetic complement of mammalian subjects,
including harnans, has been attempied using a variety of techniguss, For
example, adenoviral vectors containing a desired gene can he used dircctly 1o
infect tissues and organs fn sine. More typically, perhaps, call enlturcs or
suspensions of celis are modified ex vive and then retumed to the intact subject
v1a the binedstream.  For example, an RNA-DNA cligonuclentide (REO)
designed to commect the albing poiot mutation in the mouse fyrosinase gene Was
able o carrect this condition in cultured albino melanocytes (Alexeed, D., et al.,
Nature Biotechnof (1998) 16:1343-1346), This work was extended 1o in vive
correction of the same defect by delivering the RDQ i Jiposomes or by
intradermpal injection as reported by the same group (Alexeed, D., of ol Nature
Bivtechnol (1099} 16:1343-1346. Earlier work had deseribed sclective pene
therapy of kair follicles using & liposome-entrapned fue Z (Li, U, o of., Mafore
Med (1995) 1:705-706). Preferred recipients of the bposomal conipositions were
endogenous hair follicles in the aragen phasc (Domashenko, A., er al, J. Mmvest

Dermatol (19907 112:552).
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Thus, it has been possible io modify bair follicle cells individually in
culture and to modify intact hair foilicles iz vive. It has also becn shown that
culiured mutant skin keratinocytes from patients witk lamellzr ichthyosis can be
safely modified genetically in witro and then transplanted into nude mice to obtain
a normal epidermis (Choate, K.A.. et al., Natire Med {1996) 2:1263-1267.)
Similarly, keratinoeytes cultured individually in vitro can be medified genetically
and then transplanted into nude mice 16 oblam re-lormed tssuc (Deng, H., ef o,
Nature Biotecknol (1997) 13:1388-1391). It has also been shown that hair
follicles will form from hair foljicle dermal sheath cells taken from the scalp of a
differant individual (Reynolds, [, ef &l Mature (1999) 402:33-34),

In short, it has heen shown that individual cells can be modified
genetically and then iransplanted to an intact organism and that individual cells,
when Lransplanted cun, under appropriate conditions, form an organized lissue.

Direct application of genes or DNA in general lo fiuman skin has also been
shown to be cfiective, al least in terms of isununization with respect to an
enceded antigen. This has been reported by a number of groups including Tang,
D-C, et al., Natere (1997) 388:729-730; Yu, W-H, et al, .1 fvest Dermatol
(199%) 112:370-375: Falo, L.D. Jr., Proc Assec Am Physicians (1989) 111:211-
219, 3hi, Z,, et ol., Vocecire (1999) 17:2136-2141, and Tuling, P., et al., S frvesi
Dermarol (1998) 111:183-188. Fan, 1L, er of.. Nature Biotechnod (1999) 17:8370-
§72 further showed that to elicit a response to 2 hepatitis B surface antigen, the
gene encoding this antigen was effective when applicd to nonmal skin containing
hair follicles. However, skin lacking hair follicles was nol 2 suitable target for

vaccination.

Disclosurce of the Invenbion

The invention resides in the discovery that histocultured tissues, including
tissues containing hair follicles, can be successfully modified genetically ex viva
and then transplanted successlully into ao inlact mammalian subject. The success
of the modificatinr is enhanced by treating the histacultered issues with

collagenasc prior to genctic modification.

o
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Thus, in one aspect, the invention is direcrzd to a method 10 deliver a
nucleic seid to a tissue which method comprises treating a histoculiure of said
tissue with said nucleic acid, optionally preceded by the step of treating said tissue
with collagenase. A preferred tissue is tissue containing hair foilicies.

In zdditonal aspects. the invention s directed io methods to miroduce a
nucleic acid molecule inte 2 mammalian subject wiich comprises trensplanting
into the dermis of said subject at least one hair follicle that has been modified ex
vivo lo contain the nuelcic acid molecule, or transplanting into the correspending
tissue of the subject a histocultored tissue that has boen madified ex vive to
comain the nucleic acid molecule. In both cases, the histoculiure is treated with
collagenyse prior to the step of modifying with the desired nucleic acid.

In sull another aspect, tie invention is directed 1o histocultured tissue

miodified to contain heterologous nucleic acids.

Brief Description of the Drawings

Figure 1 is a diagram of a typical hair follicle.

Figures 24 and 2B are a graphic representation of adenoviral-delivered
GFP in histocultured skin with and without treatment with collagenasc, as a
function of virus titer and of virus incubation time, respectively.

Figures 3A and 3B show the persistence of GFP in histoculture and gratted

skin, respectively.

Modes of Carrying Out the invention

The use of histacultured lissue as the substrate for genetic modification
has several advantages over direct in vive application and over ex vive
maodification of individually cultured cells for subsequent transplant sz vive. The
tissue retaing its three-dimensional integrity and is thus mote readily reconstituted
when transplared into the recipient. By manipolatiog the tissne ax vivo, the level
of genetic modification can be controlled and success measured prior 10 invasive
treamment of the subject. Although it is advamageous 10 reat the cultured Lissne

with collagenass in order to enhance the ability of the tissus to accept

3
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heteralogous nueleic acids, the salment is not se severs as to destroy completely
the integnity ol 1he throe-dimensionu) array.

The three-dintensional histocuture can be assembled from any tissue,
inetuding skin, especially skin containing hair follicles, Lymphoid iissue, or tumor
tissue. The choice of tissue will depend on the nature of the treatment
contemplated. The histoculture maintuins the organization of the tissue sample
which is provided as an intact fragment. By “intac(” is meant that the three-
dimensional organization of the Ussuc 15 preserved in the histoculture both before
and aficr medifving the cells to confain a heterelogous nucleic acid.  As described
helow, the histaculture may be treated with collagenase prior to supplying the
appropriate nueleic acid-conlaining veclor or formulation containing the nucleic
acid. However, the treatmont with eollagenase must be sufficiently mild to
preserve the essential elements of organization. Thus by “infact” tissue, or
“intact” fragment is meant the fragment of tissue as obtained from a denor subject
bath before and alter treatment with collagenase accordiug 1o the mcthod of the
invention.

For example, hafr follicles are usefl) recipienis of genes intended 1o sffect
the wrowth or quality of hair, but also are able 1o produce immunogens and other
products that may be useful to the organism taken as a whole. Thus, a
transformation of hair follicles can readily be used as an tntenmediate step in
genctic therapy directed to the whole organism. Immunization, for example,
through maditying the hair follicles to produce the required antigen 1s consistent
with the observation, reporied above, that only skin containing hair follicles is
ahle to accept DMA Jor eliciting an immune response against an antigen, whereas
skin devord of hair follicles is incapable of doing so.

Thus, hair follicles or skin containing hair follicles would be removed
from a non-critical arca of u subject to be weated and culuwed i vivo. Preferably,
the skin containing hair follicles would he histocultared, The histoesltured skin is
then treated with collagenase in an amount and for a time sufficicnt to cnhance the
ability of the hair follicles (i 1ake up heterclogous nucleic acid, but the treatment
is regulated so as not to result in disintegration of the histocuimire. The intact hair
follicles in culture or in histoculivre are then treated with a snitable veetor to

4
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deliver desired nucleic acids. Such vectors include viral vectors such as
adenoviral vectors or retroviral vectors or the supernatents from packaging cells.

In general, in one aspect the invention relates to the use of hair fiullicles as
a delivery system for gene expressiom vecrors or (or naked ONA. In order to
practice the invention, proper methods to harvest and ircat the hair (ollicles should
be empioyed; various means are available to modify the hair follicics, the follicles
can then be re-implasted imo the recipient.

Eor harvegting the hair follicles, preferably skin containing the follicies is
tentoved in small pieces from a suitable donor. 1fthe follicles are already in
anagen phase, they can directly be histoculwred. However, if the donor contains
hair follicles that are nat in anagen phass, they can be resynchronized by
depitating the skin using, for example, 3 wax provedure, and then removing the
hair feilicle-containing skin pieces at an appropriate later time when anagen has
been established. Typically, this is after 3-10 days, nore preferably 5-7 days, and
most preferably 6 days in murine subjects; other mammatian subjects will exhibit
varying time periods to reesiablish anagen. An optimum waiting period can
readily be dotermined.  The skin contaiming hair (ollicles in anagen phase is then
embedded in a three-dimensional matrix, typically coliagen based. It has been
found by the present inventars that subsequent madification with the desired
heleralogous gene is improved if the histocnlture is then treated with collagenase
or other appropriate lytic enzyme to facilitate infecton or transduction.

The treatment with collagenasc should be sufficient (o enhance the
subsequent genelic modi fication, but not se scvere 2s to destroy the integrity of
the bistaculture. The extent of collagenase digestion can be regulated by
centrolling the coneentration of collagenase, the lemperature of incubation, and
the tme of incobation. Thesc arc intcrdependent faclors wnd optimum levels can
reudily be dotermined empirically. Typical suitable conditions are about 2 mg/inl
ecllagenase sofulion for 1-2 hours xf 37°C.

Afler “loosening” the supporting matrix. the histoculture is in an

appropriate condilion 1o avcept genetic akteration. The factors to be considered in

[
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this step are the nature of the method of medification - 7. the vector system or
methodology used und ihe nature of the genes lo be inseried,

{Gepetic aheration is typicaily accomphished by treating with Jiposomal
based systems or lipefection i gencral, ineluding commercial systems. Vieal
vectors such as adenoviral vectors and retroviral voetors, and, in the casc of viral
vectors in general, supernatants from packaging celis for such vectors
Transduction under suitable conditions with naked DMA can glso be
accomplished.

Figure | shows a diagram of a typical haiv follicle. As seen, the hair eanal
is coupled 1o a sebaceous gland which secretes lipids. It has been found by
gpplicants herein that selective delivery of compositions in general 1o the hair
(oliicle cun he accomplished using liposomal compositions. See, for example,
V.S, Patent 3,214,126, incomperated herein by reference. Thus, in the
histocultrured szmple, meated optionelly with collagenase, selective delivery to the
hair follicle of mucleic acids intended for hair follicle-specific effects can be
accomplished.

In the alternative method of the invention, especially where generalized
lorcal, or systemic delivery of the nucleic acid molecule is desired, a histocultured
sample of the dennis or other tissue of the subject can be used. In this instance,
selective delivery is not required. Suitable techniques for histoculwring samples
generally are well known; those disclosed, for example, in U.S. Patent 5,849,579,
and T1.5. Fatent 5,726,009, incorporated herein by reference are prefermred.

The genes to be inscrted can be provided operably linked to their own
control sequences or naked DNA may be supplied which will co-upt promoters
cndogenous to the hair [vllicie cells. The coatrol sequences typically include
promoters which may be a constitutive or inducible (hat are compatible with
mammalian cells. Such promaoters include, hut are not limited to, the UMY
promoter, the HEV promoter, the LTR from adenovirus, and the metallothionine
promater.

Suitable nucleotide open reading frumes tnclude those encoding protens
which clicit immune responscs, regalate hair growth, madify hair color, or which
arc hormones or therapeutic compaunds. The chodee of nuelcotide sequence will

&
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depend on the circumstances and the desived result. Thus, for example, if the end
result desired 1s to supply the recipient with hair having certain characteristics of
coler and density, nucleotide apen reading Frames encoding proteins such as
tyrosinase which participate in the generation of melanin might be included; slse
included might be nucleotide sequences encading proteins that stimulate hair
erowth. The suitable method in this case would include implantation of hair
follicles which had been modificd aceording to the methed of the invention inta
the dermis of the recipient. If the purpess is to effecl immunization of an
individual with regard io a pathogen such as a protozean, a bacterium, or a virus,
an appropriate immunogen, such as hepatitis B surface antigen, a viral coat
profein, a peptide subunit of bacteriai or protozeal surface antigen, or other
peplide hased immunogen would be encodad by the nuclectide sequence. i this
Instance, either implantation of hair fellicles that had been medified zecarding to
the method of the ipvention, or 2 histacultured iissue sample generally conld be
employed. As noted above, ihe histocultured sample could include, in addition to
skin, lymphoid tissue or tumor tissue. In addition, it is ineluded within the scope
of the inveniion {0 modify tbe metabolism of the subjecl by, in effect,
administering hormones or therapeutic agents soch as FSI, LH, human growth
hormone, thyroid stimulating hormone, oxytoein, caleitonin, tisane plasminogen
activator, crythapoieting various cytokines such as the interleuking and the like by
providing nucleotide sequences that encode them. Both u local and systemic
effect will vesult. Either implantation of modified hair follicles or histeculturad
sections in general may be used.

As described above, the nucleotide sequences encoding the desired
proteins may be provided as naked DNA; however, it is preferable to provide
these nucleotide sequences m the forra of constructs which provide control
sequences for expression. The construels may further provide the mechnism for
tansduction of the cells in the hair fallicke or tissue sample by infection such as
realized with viral voetors or altemative means to transduce the target cells. such
as lipofection, use of liposomes. electroporation and the liks may zlso be

eroployedl.
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When the hair follicles or tissue have been modificd 1o contain the genetic
conslructs deseribed above, these arc then implanted into a suitable recipient.
Techniques for implaniation of hair follicles and implantation of tisshe, including
tissue containing hair follicles, into recipient subjacis are well known in the art.
The hair fallicle or tissue which has been histocultured are provided as intact,
organized implants.

The subjerts thar are the recipients of the implants ars mammalian
subjects. In order lo prevent rejection of the implanted tissue , Tt is preferable that
the recipient be syngeneic with the danor of the hair follicle or cuttured tissue, or
that the recipient be immunocompromised. Implantation of hair follicles in
allograft settings in humans is well known. Simitarly, in human subjects, the
individual’s own dermal tissue, for example. is the clzarly preferted sclection for
eenetic modification prior to reimplaniation into the sume subject. If, howsver,
for some rcason, the dermis of the same individual cannot be employsd, the
implamation of tissue from another donor would be, as is conventional,
accompanied by administration of immunosuppressants.

Similar considerations apply with regard 1o velerinary use for
administration of nucleic acid consiructs which will produce immunogens,
hormones or therapcutic compeunds.

For use in laboratory context, the implantation techniques arg useful in
generating modified subjects such that the effect of the prateins introduced by this
zene terapy method can be evalualed. In effect, the technique produces 2
(ransgenic subject which can then be used as ap experimental model to evalvate
the effects of edministering cther substances to the model system. In this contexl,
the dssue modified may be derived from the same or syngeneic subject, or an
immunocompramised recipient such as a SCID mouse or nude mause can be used
as a recipient for tissuc derived from an arhitrary source. In addition (o these
muring immunuvconpronmsed subjeets, other mammals can be
tomunocompromised by radigtion or immunosuppressanls & has been described,
for exaropie, in horses by Hodgin, E.C., er af.. M.J. Vet Res. (1978} 39:1161-
1167, Porryman, LE., er al., Thwes (1984) 6:263-272; in dogs, by Roth, LA, et
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al, M. Vel Res. (1984) 45:1151-11535, and in monkeys by Raskin, G.B., Am. J.
Parhel (1987) 129:345-352,

Thus, atty mamrmalian sebject 1s appropriate as a resipient of the
transplanted modificd organized tissue or hair follicle. Subjecis ¢an inclode, in
addition to hemans, veterinary subjects such as horses, cows, pigs, sheep, dogs
and cats, as well as labaratory animals such as rabbits, mice and rats.

Although it is possible 1o utilize fissue from arbitrary sources for
transplantation into the recipient provided steps are taken to assure a sufficiently
immunocorapromised state on the part of the tecipient, one of the advantages of!
the present invention is that by using dermat tissue snd/or hair follicles as vohicles
for defivery of genetic construcls, it is frequently passible to wiilize an zllograft.
This bypasses the complicatiens thal might otherwisc accompany efforts at

Immunacompromise.

Examiples

The lollowing examples are imended to illustzate, but not to limit, the

invention.

Methods to Assges GEP-transduced hair tollicles and shafis

The number of hair follicles and GFP-pesitive hair follicles was
determined under bright-nckd mictoscopy and Tluerescent-feld microscopy. The
calculations were based on average mumbcr of hairs from 3 rundomly chosen
microscopic fields covering an area of (1381 mm® (1 field of 200x magnification).
At least SO0 hairs per group were counted to generate the percentuge of GFP-
positive hair follicles. Hair follicles in which GFP was visualized anywhere in the
hair bulb or shaft wore scored as GFP positive.

A Nikon (Tokyo, Japan) fluorescent microscope and 2 Leica fluorescence
stereo microscope modet LZ12 (Leica Inc., Deerfield, IL) equipped with 2

mercury 30W lamp power supply were used. Emitied fluorescence was collected
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ihrough 2 long-pass filter GG475 (Chroma Technology, Bratileboro, VT3 on a
Hamamatsu C5810 3-chip cooled color CCTr camera {(Hamamatse Photonics
Systems, Bridgewater. NJ).

After viral GFP transduction, skin pieces were taken at several time points
for histological study te determine the location of GFP expression. Picces of
histocuitured skin or skin grafis were incubuted in a 2 mg/ml type [ collagenase
solution in culture medium for 2 br at 37° C, and rinsed in culrare medium n
order to release hair follicles. Alternativety, for histalogical studies, pieces of
histocultured skin or skin grafls were stored -30° . Frozen specimens were
sectioned on 2 cryostat (Hacker Instruments, Inc.. Frirficld, NJ) and eolleeted
onto glass slides {(Fisher Scientific, Pittsburgh, PA).

In addition, RNA was isolated from histocultured or grafted skin
subjected to RT-PCR. Skin samples (100me) were homogenized in 1 mi of TR]
REAGENT (Sigma, 1. Louis, ME) Lo extract RNA (13,14). For RT-PCR,
approximately 10 pg of RNA was reversely transeribed 1o first cDNA chains.
Reverse transcription was carried out in 20 ul of (irsi-strand buffer, 500 uM of
each ANTP, and 20 urits of AMV reverse transcriplase (Strategenc, San Diego,
CA). The pnmer for the first strand was pGFP antisense. Incubation was at 42° C
for 50 min. The products of the reverse transcriplion were then amplified by the
PCR. Mouse B-actin mEMNA was used as the standard. As a control, monse 3-
actin {514 bp) was amplified by the RT-PCR in cxtracted RNA from botb the
GEP-positive and -negative skin. The sequence of the GFP upstream primer was
5-ATG GCT AGC AAA GGA GAA GAA CT-3'. The downstream primer was
5-TCA GTT GTA CAG TTC ATC ACT G-3'. The PCR conditions for both GFP
and B-actin were a5 foflows: first denaturation ar 97° C for 30 scconds; anncaling
at 35° ¢ for 30 seconds; and cxtonsion at 72° C for 45 sceonds; then  final

extension al 72° C for 18 minutes.
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Example 1
Genetic modifieation of hair follicles of histoculiured skin

C57BL/10 and albine mice were uscd in this study. The hair follicles
when modified were in anagen phase. The hair follicles of six-day-cld mice used
it the study were nuturally in anagen phase. Eight-week-old mice used in the
study, judged lo be in telogen by their pink color, were ancsthetized and treated to
place the hair follicles in syuchronized anagen by depilation with wax in 3% 5
cm dorsal area; i ¢, the bair follicles in eighi-week-old mice were natively jn
telogen phase, but converied 10 anagen phase six days after depilation from the
dorsal area.

In cach case, subcutangous tissue was removed and cuf into pieces of
1 mmx 2 mm. The skin pieces were histocuhured, Some of the histecultured
specumens were (reated with collagenasc by incubating in 2 mg/ml collagenase
solution in culture medivm (RPMI 1640, 10% FBS) for 1-2 hours at 37°C. The
histaceltures treated with collagenase were then rinsed in PBS,

Iu more detail, animals were sacrificed by cervical dislocation on the [
dav after depilation. The back skin was dissected at the level of the subcuitis.
Subcytaneous tissue was removed and the skin was rinsed in calcium- and
tagnesiumn-free phosphate butfered saline {CMF-PBS, pH 7.4). The skin samplcs
were cul into small picees (1 mm ¢ 1 mm 2 cm =< 2 cm}. A fraction of the
specimens were dircctly used as untreated controls cultured in RPMI 1640
conizining 1% fetal bovine serumn (FBS). The remazinder of the specimens were
incubzied in a 2 mg/ml type [ collagenasc (Sigma, 81 Louis, M) solution in
medium from 45 min o 3 hr 43 min at 37° C and rinsed in CME-PBS.

Both untreated and treated cultures were incubated at 37° in humidified
3% CO/95% air and then infected with pQBI-AACMVSGFP (Quantum,
Manireal, Quebec) at 2.4 x 10* to 5.0 x 107 plague fonning units (FUY per ! in
the colture medium for 90 minutes then incubated in fresh RPM] 1640 (10% FRS)

at 37" for 1-6 hours. The expression of grecn Muorescent protein (GFP) wus then

obscrved over several days. The results wre shown in Table 1. Tt is scen that
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successiul genetic modification is achieved beth with and without collagenase but
that this is improved by treatment with collagenase.

Table 1

Expression of Adenovirus-delivered GFP in IRair Follicles of Histoculiured Skin

With collagenase Without collagenase
Number of MNunber of Percent of Number of MNumber of Percent of
hair follicles GEP-pusilive  GFP-posilive Bair foflicles  GFP-positive  GFP-positive
bair follicles e follieles hair follicles  hair folticies
Dayl  95+3.446 57+ 13.08 58005129 51£283 I1£283 21982095
Day2  w421)5) Gt 1249 64.73£507 S 1208 131140 2284+ 20
Day3 §2+3.46 33653 G67.03 + 7.28 52787 161140 28.16: 4.82
§ In similer experiments, both coliagenase-treated and untreated skin

histoculiures were Lreated with adenoviral GFF at a range of 2.4 x 10° 1o 5.0 = 10°
pfu/ml for 2.5 hrat 37° C. On day-3 after GFP transduction. the nummber of GFP
positive hair follicles in collagenase-treated histocuhures increased up to 80%
with higher virus titer. In unireated histocultures, the number of GFP positive hair

) follicles was very small and increased only slightly with figher titer and was 4
times less than collagenase-treated histocuitures. These results are shown in
Figure 2A, indicating the dependence on virus titer,

In edditranal similar expeniments, both coliagenasc-treated and untreated

hislocultures were incubated with adenoviral GFP at 3.4 x 10° pfusml for 1 hrto 6

15 hr at 37° C. The number of GFP-positive hair follicles in collagenase-treated
histocuhures increased up W 80% with time of virus incubation for up to 4 hr.
After 4 hr, no further increase was observed. In untreated histoculturcs, the
number of GEP-positive hair folticles was very small snd increased only slightly
with time. These results are shown in Figure 2B.

20 The number of GFP-positive hair lollicles increased with (ke time of
coilagenasc treatment of skin histocuitures far up to | br 30 nun, afier which the
number decreased with time.

12
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In these experiments, GFP was visualized in hair matrix eclls of
histoculturid skin on day-1 afier adenoviral- GFP reatmerd, On day-3 after
adenoviral-GFP treatment, hatr follicles were isolated frem histoculred skin to
determine the location of GFP fuorescence. GFP was extensively visnalized n
the majotity of the cells in the hair bulbs and dermal papillae. On day-7 afler
adenoviral GFP treatment, GFP was visualized in hair shafts of histocultured skin.
See Figurs 3A. GFP-posilive and negative hair shafs and partially GEP-positive
hair shafis were clearty distinguished by the specific GFP fluarescence, on day-3
aller ex-vivo adenoviral-GFT' gene treatment, GFP {luorescence was visualized tn
9% of the hair {ollicles in collagenase-treated histocultured skin, In contrast,
only 12% of hair foilicles had GFP fluorescence in the untreated histocultured
skin. SeePigure 3A. High GFP flucrescence was maintained in hair follicles for
at least 335 days in hiswoculture.

In order to confirm the expression of the GFP gene in the hair follicles at
different time poinls, BT-PCR analysis was used to dotect GFF-specific mRNA in
the adenoviral-GFP gene transduced histocultured skin at day-3, -6, -9, -12, -15,
and -17. The RT-PCR products demonsated that the GFP cDNA was
specifically amplificd from the total RINA al the above time poinls.
Elcetrophoretic analysis demonstrared that amplified products from the
adenoviral-GFP-transduced histocultured skin had the predicted size of 720 bp.
RT-PUR with total RNA extracted from uninfected histocultured skin did not
amplify this sequence.

In all cases, visual observation showed that the hair follicles, hair bulbs,

and dermal papilte of the histoculiured skin showed cxpregsion of GFP.

Example 2
Transfer of madified histoculture (o a recipient
Eight-week-old fernale C578L 10 mice whose hair follicles were in
telogen phasz were used as donara, The dorsal arca was depiiated with wax to
inducc anagen which occurred six days wfler depilation. Tissue was removed
from the dorsal area and cut inte small picces, cultured, treated with collagenasc.
andt infected with adenovicus containing GFP as described i Example 1. The

13
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skin picoes were then transplanted Lo the dorsal area of seven-week/three-day-ald
female nude mice. Observation of the grafted skin after transplant showed
extensive expression of GFP in the hair follicles whicl: expression was enhanced
by the pretreatment with collagenase.

In more detail, to visutalize the expression of the transgenc /# vivo,
histocullured skin was grafted to nude mice or C57BLY10 mice after viral GFP
transduction. Histeculred specimens were grafted within 24 hirs of harvest.
Gralting surgery was performed in a Jaminar-flow hood using steirle procedures,
Mice were anesthetized with Ketamine. 1 x 1 cm pieces of skin were grafted to a
bed of similar size that was prepared by romoving recipient mouse skin down to
the faseia. Skin gralls were fixed in place with 6-0 nonabsarbable monofilament
sutures,

More extensive GFP (luoresconce of hair follicles was visualized in the
collagenase-treated hustocultured skin after grafiing than in untreated skin. On
day-8 after grafling, GFP was visualized in 75% of bair fofliclss in the arca of
maximum fluoreseence in the skin graft. After grafiting, the percentage of hair
fellictes with GFP fluarescence in collagenase-treated skin was 5.7 times greater
than m hair follicles of unteated skin. See Figure 3B. GFP was visuafized for
similar time periods at sienilar efficiencics in GFP-adenoviral treated skin grafled
to immune-compstent C57BL1) mice as describerd zhove for skin grafted o
immune-deficient nude mice,

RT-PCR was performed at day-6, -8, and -10 on GFP-transiuced grafied
skin. GFP-specific mRNA was amplificd at each point as well. These data
confirm GFP gene expression for at least 17 days in histoeullure and for at Joast

10 days after grafting of skin Lo mice.

Example 3
Cloning of the Srepiomnces 1vosinase gene, the upstroam ORF-438
ind the intemal Ribosome Eniry Site (IRES

The sequences encoding the Strepromyces anithioticus 1yrosinase gene and
ORF-438 were amplificd by PCR from plasmid pl1702 obtained from the

14
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American Type Culture Collection (ATCC #35287). Katz, E.. e ul,. J. Gen.
Microbio!. (1983) 129:2703-2714.

Oiigomers for PCR amplification were designed gecording to the seyuence
of 5. antibioticus tyrosinase gene and ORF-438 cONA. Beman, V., et al., Gene,
(1985) 37:101-110, In order to erhance cxpression of the bacterial gene in
mammalian cells, the ORF-438 and tyrosinase-gene TGA termination codons
were aitered to TAA. The Kovak censensus sequence, GCCGCCACC, was added
upstream, immediately preceding the ATG inttiator codon in each case to
facililate translation efficiency.

The sequence of the ORF-438 upstream primer, which included the Kozak
CONSEnsuUs SeqUeTce Was

S CGGAATTCGCOCGCCACCATGCCGGAALTCACCCGTE-3".

The downstream primer sequence was
3-GGCTGATCATTAGTTGGAGGGGAAGGGGAGGAGC-3".
The sequence of the tyrosinase upstream primer, which includes the Kozak
COTSENSUS SEYUENCe Was
5-CTUGAGGCCGCCGCCATGACCGTCCGCAAGAACTA-Y .
The downsiream primer sequence was
5"-GGATCCTTAGACGTCGAAGGTGTAGTGC-3".
The PCR reaction conditions for both ORJF-438 and (yrosinase were as follows:
Tirst denmpuration at 97 °C tor 10 min.; then 14 cycles of denaturation al $7 °C for
30 5; annealing &1 66 °C for 30 s; and extension at 72 °C fov 45 s; then a finat
extension at 72 °C for 10 min.

PCR oligamers were designed according to the sequence of the intemal
nbosome entry site (IRES) contained in the retroviral veclor pLISN, obtained
from Clonetech (Palo Alle, CA). The sequeitce of the upstream prinier was

S-GGCTGATCATTCGUCCCTCTCCCTCLCC-2 .
The dowustream primer sequence was
5-AGCGGCCATTATCATCGTSTITTICAAAGGY .
The IRES gene was amplitied by PCR from pLXTN as the template. The

PCR reaction conditions were as follows: first denaturation at 96°C for 10 min;
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then 30 cyeles of denaturation al 94 °C for 30 s; auncaling a1 50 °C for 30 5; and

extension at 72 °C for 43 &; then a {inal extension wt 72 °C lor 10 min.
Electrophoretic analysis demonstrated that the amplified praducts had the

predicted sizes of 438 bp, 800 bp and 580 bp for ORF-438, tyrosinase and [RES,

respectively.

Example 4
Retroviral Vecior pLme/SN Construction and Packaging

The construction of pLmalSN is described. Retroviral vector pLXSN
{Clonctech, Pale Alto, CA) is a murine leukemia virrs-based vector containing
two prometers: the $’-long termical repeat (5'-LTR) te control the inserted genes
and lhe $V40 premoter to condrel neomycin phosphotransferase (neoR). The
B0-bp rvrasinase PCR product was digestad by Xhol and inserted into the
Hapl/Xhol cloning site of pLXSN to obtain pLiwSN. The ORF-433 and IRES
PCR products wers ligated a1 the Bel 1 site and then inserted into the EcoRVXhol
cloning site of pLyrSN 10 abtuio pLme/SN. Bolk the ORF-438 and tyrosinase
genes are driven by the Moloney muring leukemia vims 3°-LTR in pLmelSN.
The bicistronie sequence containing the ORF-438, TRES and tyrosinase genes
under cantrol of the 5°-LTR promoter is present in the vectar.

pLmelSN was transfected into the PT67 packaging cell line using
ipoTAXT (Clonetech, Palo Alwo, CA; Stratagens, San Diego, CA). The
transfceted PTG7 cell line was setected in DMEM medium contatning .4 mg/ml
G418 (Gibca BRL). The G418-resistant cells were cloned and expanded. After
(wo weeks of selective culraring with G415, positive transfected cells, PTo7-me/,

were ghtained.

Example 5
Expressioi in PT67-mei Cells

In order to confirm the expression of both the ORF-438 and he tyrosinase
gene, RT-PCR analysis was used 1o detect their mRNA in the transfecied
packaging cells. The RT-PCR products demonstrated that the tyrosinase and
ORF-438 genes from . antibioticus were speciticaily amplificd produets from the

16
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total RNA of pLmelSN-transduced PT7-cells. As a control, mouse R-actin from
both PT67-mel and PT67 cells was amplified by the RT-PCR. Electrophoretic
aralysis demanstrated that the amplified preducts from PT67-mel cells had the
predicted sizes of 800 bp and 438 bp for tyrosinase and DRF-438, respectively.
The RT-PCR teaction with total RMA from unintected PT47 eells did not ampliry
these fragments.

In more detail, FTG7-mef cells were digested with trypsin and pelleted by
centrifugation. Total RNA was oxtracted by the guanidium thiocyanate method
{MicroRNA Reagent Kit, Stratzgene, San Dicgo, CA). RNA was quantified by
measuring the absorbance at 260 nm. Approximately 10 pg of total RNA was
reverse franscribed to first cDNA chains, Reverse transcription was carried out in
20 11 of first-strand buf{er, 500 pM of cach dNTP, and 20 units of AMV reverse
transeriptase (Stratagenc, San Diego, CA). The PCR primer for the first strand
was pORF-43R anrisense and pTyT antisense. Samples were incubated at 42 °C
for 50 min. The products of the reverse wanseripiion were amplified by the PCR
reaction. Mouse B-actin was used as a standard to control the gueality of the RNA
(Stratagene, San Diego, CA).

Example 6
Tyrasinase Activity Assay

The trausfceted packaging cells were screensad for the expression of active
Tyrosinase protoin hy measuring tyresinasc activity in the lysates of clones of
G418-resistant packaging cells. Tyrosinase activity was assessed by the method
deseribed by Nakajima ef of. Pigment Celi Res (1998) 11:12-17, The pLme/SN-
infected PT6Y packaging cells were plated at a density of 2,080 cells'well in 96
well plates. After 24 hours of culture, the packaging cells were washed with PBS
and lysed with 1% Triton-100 (45 pl/well). Afier mixing the Jysates by shaking,
5 piof 10 mM L-DOPA were added to each well. Following incubation of the
culture at 37 °C for 30 min., the absorbanee was spectrophotomerttically measured
&t 490 nm.
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The DOPA-oxidase reaction was alsa nsed to deteer melanin production in
intact transfected PTG7 cells. The cells were incubated with | mgiml of DOPA
and 2 mg/ml of tyresinc in PBS (pH 7.4) for 12 hr at 37 °C as proviously
desenibed. See Kugelman, T. ef al. J. lnvest Dermatol (1961) 37:66-73.

Using the same conditions, cell supernatants were measured for melanin
content at 490 ym. Figure 3 shows PTS7 clones 1-4 gentrate more melanin than
control PT67. The tyrosinasc-positive cells wore identified by production of
brown-colored melanin granuies observed with brightfisid microscopy. The

brown pigment granules werc observed only in pLmelSM-transfected celis.

Example 7
Culiure of Albino-Mouse Anapen Hair Follicles

Female albino mice C57BL/GI-Tyrosinase (c-2J), 8 week old, were
purchased ffom the Jackson Laboratory. The growth phase of the hair cycle
{anagen) was induced in the back skin, which had all follicies in the resling phase
of the hair eycle (telogen). Aler general anesthesia, a wanm wax/rosin mixture
was applied and then pecled off the skin, depilating all telogen hair shafts and
therehy inducing Lhe follicles to cnter anagen. Ses Schilli J favesr Dermatol
(1998) 111:598-604.

Cn day-6 post-depilation, whea all hair follicles were in anager, hack
skons of the mice wers collected alter sacrifice. Small pieces of the mousc skin
(2 x 5 x 2 mm) were cut with a scissors, and washed ihree times in HBSS. The
harvesicd skin was incubaied at 37 °C in MEM with antibiotics {100 pg
Femtamycin per ml, 10 pg ciprofroxacin per ml, 2.5 g emphotericin B per ml,
100 TU-100 g penicsllin-streptotycin per ml) for 30 min. (Sigma). The skins
were washed thres rintes with HESS mcdium 1o remove residual antibioties and
put into coilagen-contuining gels for histoculture in Eagle's minimum essential
rmedium (MEM) supplemented with 10% fetal hovine senim and sepramysin.

Culturss were maintained al 37 °C in s gassed incubator with 5% GOy,

JP 2004-500809 A 2004.1.15



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

20

25

30

(35)

WO 01/42449 FCTE/USO0A3645

Exumple §
Infection of Coltured Albino-Mouse Hair Poilicles

The histocultured albino-mouse skin of Example 7 was co-coltured wilh
FT67-me! cells as follows:

The PT67-mel cells from the highest producing clone were counted,
seeded in 24-well plates, and grown at 37 °C until 80% confluence, and co-
caltursd with the histocultered albino skin in 24-well plates for 12, 24 znd 72
hours. The histacultored skins were then mono-culiured in 24-well plates with
{resh MEM medium and incubated for an additional 4-6 days. Small pieces of
virus-infected skin were sampled al random. Fresh and frozen scctions were
prepared by standard tecknigues.

Melanin was observed in the hair matrix deep in the hatr bulbs of the
histocultures four days afler retroviral infection. Melanin was also found in the
upper part of he hair fullicles and could be observed tn both the hair matrix and
hair shaft six days after infection.

In the initial experiments which involved co-cultuting histocultured albine
mouse skin with PT67-mef cells for 24 hours, approsimately 2.5-15% oF the skin
histocultures contained melanin-producing hair fallicles. No melanin was
observed in histocultured albino-mouse skin not co-cultured with PT67-mel.

A hme-course experiment was then carried out to determine if longer
incubation times of the co-culiurcs of the albina skin and PT67-mef increased the
efliciency of tyrosinasc infection. The cfficicney of infection of the histaculiured
skin was significuntly increased with time of co-culture. Afier 12 hours co-
culture, 7% {2 of 30 pieces) of skin produced melanin. and 15% of hair foliicles (6
ol 40) produced melanin. After 24 hours co-culture, 25% of skin pieces (3 of 20)
produced melanin, as did 35% (28 of 803 of hair follicles. After 72 hours co-
culture, 60% of skin pisces {12 of 20) produced melanin as did 53% (42 of 80) of
hair (ollicles.

These resulis suggest that the vitus titer and time expaosure 1o vires can

affect the transduction freguency.

19
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CLAIMS

1. A method 10 introduce a nucleic acid malecule into a mammalian
subjcet which method comprises
trahgplanting inte the dermis of said subject at least one hair follicle

that has been medificd ex wive to contain said nucleic acid molecule.

2. The method of claim 1 whercin said hair follicle bas been modifted

2% vive in & hisroonlture.,

3. The mathed of ¢laim 2 wherein satd histoculture has been treated with

collagenase prior to modifying soid haiv foliicle.

4. The methed ef claim | whercin said hair follicle is in anagen.

5. The methed of claim 1 whesein said follicle has been modified (e
contain said mucleie zcid molecule by ttanaducing with sald nucleic acid er by

lipofection.

6. The method of claim 1 whersin said foilicie has been modified io

contain said nucleic acid molecule by treating with a viral vectar.

7. The method of claim 6 wherein said viral vecter comprises the
supernatant of a viral packaging cell, and/or wherein said viral vector comprises a

retroviral vector, and/or wherein said viral vector comprises an adenoviral vector,
8. The method of claim 1 whercin said mammal is a novse or 2 human.
9. The method of elaim 1| wherein said nocleic acid encodes an

immunegen, or wherein said nucleic acid encodes & hormone, or wherein said

nuclcic acid encodes a product that sffeets hair growth or quality.

20
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10. A histocultured hair foilicle, in anagen phase, modified to contain 2

heterelagous nucleic acid molecule.

11. A method to introduce a nucleie acid molecule o a2 mammalian
subject which method comprises transplanting into the corresponding tissus of
said mammal a histocultured intact tissue that has been modified ex vivo o

contain said nucleic acid molecule.

12. The method of claim 11 whevein said histoculture has been treated

with collagenase prior to modifying said tissue with the nucleic acid.

13. The method of claim 11 wherein said modifying with micleic acid
comprises lreating said tisspe with a liposornal composition, or wherein said
modifving comprises transducing the cells of said tissue with said nucleic acid, or

wiherein said rodifying comprises treating said tissue with a viral vector,

14. The methed of claim 11 wherein said intact tissue is dermis, or

wherein said tissue is lymph tissus.

15. A method of delivering a nucleic 2cid 1o a hair follicle which method
comprises maintaining said hair follicle in histoculture and treating said

histoculture with a nucleic acid.

16. The method of claim 15 wherein said treating with a nucleic scid is

preceded by the step of trealing said histoculture with collagenase.

17. A method of delivering a nucleic acid to a an intact tissue which
methed comprises treating a histoculture of said intact tissue with suid nucletc

acid.

1&. The method of claim 17 wherein szid treating with # nucleic acid s

preceded by the sep of treating said histoculture with collagenasc.

21
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19. The method ol ¢laim 18 wherein szid tissuc is skin or lvmphoid.
20. A histoculture modified to contam a heterclogous nuclec acd.

21. The histoculre of claim 20 which 15 an intact fragment of skin or
lymph nodc.
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