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BACKGROUND. Various research groups have attempted to grow fresh, histologically intact
human prostate cancer tissues in immunodeficient mice. Unfortunately, grafting of such tissues
to the sub-cutaneous compartment was found to be associated with low engraftment rates.
Furthermore, xenografts could only be established using high-grade, advanced stage, but not
low- or moderate-grade prostate cancer tissues.

METHODS. This paper describes methods for xenografting both benign and malignant
human prostate tissue to severe combined immunodeficient (SCID) mice. We examine the
efficiency and histopathologic consequences of grafting to the sub-cutaneous, sub-renal
capsule, and prostatic orthotopic sites.

RESULTS. Sub-renal capsule grafting was most efficient in terms of take rate (>90%) for both
benign and malignant tissue. Orthotopic grafts consistently exhibited the best histopathologic
differentiation, although good differentiation with continued expression of androgen receptors
(AR) and PSA was also seen in the sub-renal capsule site. Sub-cutaneous grafting resulted in low
take rates and the lowest level of histodifferentiation in surviving grafts. Grafted benign tissues
in all sites appropriately expressed AR, PSA, cytokeratins 8, 18, and 14 as well as p63; carcinoma
tissues did not express the basal cell markers. Grafting of tissues to castrated hosts did not affect
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the graft take rates (but was not practical in the case of the orthotopic site). Grafting followed by
host castration resulted in epithelial regression with loss PSA and reduced AR expression at all

three sites.

CONCLUSIONS. These data suggest that sub-renal capsule and orthotopic grafting of human
prostate tissue can be used for many basic scientific and translational studies. Prostate 64: 149—

159, 2005. © 2005 Wiley-Liss, Inc.
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INTRODUCTION

Translational research into the progression and
treatment of prostate cancer has been hampered by
the relative paucity of in vivo models of the disease. The
processes of carcinogenesis and tumor progression
are complex and are the result of changes within the
epithelial cells; interactions occurring both between
the stromal and epithelial tissues of the tumor; and,
between the tumor as a whole and the many local and
systemic influences found in the host. Systemic
influences include factors such as immune response
to the tumor and hormonal status of the host. Local
influences include factors such as the tissue type in
which the tumor is developing, adjacent tissues and, in
metastasis, interactions between the metastasizing cell,
and the tissue type into which it is invading.

Any model system will, by its very nature, be limited
in its ability to address all of these complex relation-
ships. In vivo xenografting of tissue fragments allows
many issues to be examined. This methodology has
been used by a number of groups but has historically
proven unreliable when applied to human prostate
cancer tissues [1-7]. While a number of transplantable
human prostate tumor lines have been successfully
established, these have represented a small fraction of
the total number of tissue fragments which have been
grafted [2,3]. The purpose of the present study was not
to establish transplantable tumor lines (although we
certainly recognize that these approaches can be modi-
fied in this direction) but rather to determine whether a
highly efficient method could be devised for maintain-
ing individual low- to mid-grade human prostate
tumors in vivo while maintaining a differentiation
profile consistent with the originally grafted tissue.
Such a model would allow many new investigations to
proceed, these include: studies on the effects of po-
tential therapeutic agents on human prostate tumor
tissues in vivo; pharmacogenomic and proteomic stu-
dies; fundamental studies on basic aspects of tumor
biology; and investigation of genes regulated in human
prostate tissue by androgenic stimulation in vivo.

Xenografting studies have historically used three
major graft sites; sub-cutaneous, sub-renal capsule,
and orthotopic [4,8-10]. Each of these has its own
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advantages and disadvantages. The sub-cutaneous site
is easily accessible and has a high capacity, however the
site is poorly vascularized and reported take rates for
primary tumors have generally been low [7]. The sub-
renal capsule site is highly vascularized with an
associated very high take rate for most grafted tissues
including benign human prostate tissue [10]. However,
the surgery is more technically demanding than for the
sub-cutaneous site and the xenograft carrying capacity
is lower than for sub-cutaneous grafting. Orthotopic
grafting has the perceived advantage that the site is
representative of the environment in which the tumor
originated [11-14]. In the case of human prostate tu-
mors grafted into rodents, a strong case could be made
either for or against this contention. However, at a
practical level, the main disadvantages of orthotopic
grafting into the prostate of rodents are surgical access
to the site and limited xenograft carrying capacity.
Androgen ablation of rodents results in such extreme
prostatic shrinkage that subsequent orthotopic xeno-
grafting becomes impractical, limiting the use of this
site in some applications. Despite these considerations,
the orthotopic site of the intact mouse was examined in
this study.

Xenografting requires the use of immunocompro-
mised hosts. The absence of an immune system is one of
the major inherent limitations of this class of model.
Given concerns that have been expressed over the
ability of athymic animals to generate a limited
immunologic response to some human tumors, it was
decided to utilize severe combined immunodeficient
(SCID) mice as hosts for the present study [15].

Androgenic stimulation is a key component of
prostatic biology. Without androgens the prostate does
not develop. Androgen ablation during adulthood
leads to the induction of apoptosis and a rapid invo-
lution of the gland [16]. We have previously demon-
strated that benign human prostatic tissue xenografted
to the renal capsule of athymic mouse hosts undergoes
such an apoptotic response following castration of the
host [10]. Given that concerns have been expressed
relating to the ability of endogenous levels of andro-
gens seen in mice to support the growth of xenografted
human prostate cancer, it was decided to perform
these studies (except where specifically indicated) in
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castrated mice supplemented with testosterone
implants [17]. This provides a uniform high androgen
titer in the mice.

The present communication describes the efficiency
and histologic consequences of grafting benign and
malignant human prostate cancer tissues into the sub-
cutaneous, sub-renal capsular, and orthotopic sites.
The effects of androgen regulation on tissues at the
three sites are also described. We demonstrate here that
it is possible to graft low-grade human prostate tumor
samples at extremely high efficiency to SCID mouse
hosts opening the way for new pharmacologic, phar-
macogenomic, and biological studies.

MATERIALS AND METHODS

ProstateTissues

In order to determine the general applicability of this
technique, we utilized tissues from three sources. In
particular this was to test the efficacy of this method
with both radical prostatectomy and needle biopsy
samples. Twelve cases of benign prostatic hyperplasia
(BPH) and 12 specimens of prostate tissue containing
low-grade, Gleason score 6 (3+3), prostate cancer
lesions were obtained from radical prostatectomies
(untreated primary carcinoma) supplied by Depart-
ment of Pathology, UCSF. Nine prostate cancer and
three benign samples were obtained from the VUMC,
Department of Pathology via the Vanderbilt-Ingram
Cancer Center Tissue Acquisition Core. Five additional
low-grade specimens (Gleason score 6) from needle
biopsies were supplied by the Department of Urology,
Gulf View Medical Center, La Romaine, Trinidad.
Histology of the tissue prior to grafting was established
by analysis of H&E stained frozen sections adjacent to
the samples to be grafted.

Xenografting

Tissues were collected in DME H16 50% /Ham’s F12
50% media mix (Life Technologies), containing peni-
cillin (100 units/ml; Life Technologies), and strepto-
mycin (100 mg/ml; Life Technologies) within 60 min of
removal from the patients. Depending upon the source
of the tissues (UCSF, Vanderbilt or Trinidad) and the
site of grafting (UCSF, Vanderbilt or BCCA) tissues
were used directly on site or shipped overnight on wet
ice. Tissues were cut into small (3 x 3 x 3 mm) pieces
with a scalpel. Representative fragments were fixed in
formalin and processed to paraffin to confirm histol-
ogy. The needle biopsies were cut into 3 mm blocks
(3 mm long x 1 mm in diameter) and processed in the
same manner as the prostatectomy samples. Note that
since individual samples were cut into multiple
fragments before grafting the number of grafts re-
corded differs from the number of patients.

One group of specimens was grafted under the renal
capsule, another group was grafted sub-cutaneously,
and a third orthotopically into the anterior prostate of
the same male SCID mice (Charles River, Wilmington,
MA). An illustrated tutorial for the performance of
sub-renal capsule grafting, with illustrations of the
appearance of representative grafts can be found
at: http: /mammary.nih.gov/tools/mousework/Cunha
001/index.html. Sub-cutaneous grafting was per-
formed via a midline dorsal incision. Tissue samples
were inserted beneath the dorsal skin and the wound
sealed with clips. For orthotopic grafting a 1-cm
midline ventral incision was made starting above the
bladder. The seminal vesicles and anterior prostate
were exteriorized The two main ducts of the anterior
prostate running inside the coil of the seminal vesicle
were identified. A 2—3 mm incision was made between
the ducts. Using a fire-rounded glass pipette tip, a
pocket was formed to receive the graft. The graft was
inserted, the organs replaced, and the body wall and
skin closed. Figure 1 illustrates the gross appearance of
orthotopically and sub-cutaneously grafted tumor
samples. The hosts were castrated and routinely
supplemented with a 1-cm silastic capsule (Catalog
no. 602-305, Dow-Corning Co., Midlands, MI) filled
with 6 mg testosterone. Grafts were collected after
growth for 30 or 90 days. In cases where the effects of
androgen ablation were studied, the silastic implants
were removed.

Histopathology and Immunohistochemistry

The original samples and the harvested grafts were
fixed in 10% neutral buffered formalin, and processed
to paraffin. Sections were cut on a microtome and
mounted on glass slides. Sections were de-waxed in
Histoclear (National Diagnostic, Atlanta, GA) and
hydrated in graded alcoholic solutions and distilled
water. For histopathology, routine H&E staining was
carried out. For immunohistochemistry, endogenous
peroxidase activity was blocked with 0.5% hydrogen
peroxide in methanol for 30 min followed by washing
in phosphate buffered saline (PBS) pH 7 4. Five percent
normal goat or donkey serum in PBS (as appropriate)
was applied to the sections for 30 min to bind non-
specific sites. The sections were then incubated with the
primary antibodies overnight at 4°C or with non-
immune mouse IgG. A rabbit polyclonal anti-AR
antibody (PA1-111A) was purchased from Affinity
BioReagents (Golden, CO). Anti-cytokeratin antibo-
dies, all mouse monoclonals (LE41, LE61, LP34, and
LLO01 against keratins, 8, 18, 5, and 14, respectively,
[18—20]) were generously provided by Dr. E.B. Lane,
University of Dundee. (Note that LP34 recognizes a
broad spectrum of keratins, however, it most strongly
reacts with keratin 5 and is basal cell-specific in normal
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Fig. I. Orthotopicand sub-cutaneous xenografts of human prostate tissue in a SCID mouse. a: Wholemount showing the anterior prostate
orthotopic graft in place. The anterior prostate is seen in the “crook” of the seminal vesicle (SV). The graft (arrow) can be clearly seen nestled
between the two main ducts of the anterior prostate (AP). b: Gentle microdissection reveals the graft which has clearly become extensively
vascularized. c:Wholemount view of a sub-cutaneous graft beneath the skin of a SCID mouse.

human and rodent prostate.) An antibody raised
against smooth muscle a-actin (clone 1A4) was pur-
chased from Sigma. A polyclonal rabbit antibody raised
against PSA was purchased from Dakopatts (Carpin-
teria, CA). Anti-p63 antibody (clone N-16) was pur-
chased from Santa Cruz Biotech (Santa Cruz, CA). Anti-
Ki67 antibody (clone MIB-1) was purchased from
Immunotech (Westbrook, ME). Purified rabbit and
mouse IgGs were obtained from Zymed Corp. (So. San
Francisco, CA). Biotinylated anti-rabbit and anti-
mouse IgGs were obtained from Amersham Interna-
tional (Arlington Heights, IL). Biotinylated anti-goat
antibody was purchased from Sigma. Peroxidase
linked avidin/biotin complex reagents were obtained
from Vector Laboratories (Burlingame, CA). Following
incubation with the primary antibodies, sections were
washed with PBS and incubated with the appropriate
biotinylated secondary anti-mouse immunoglobulin
diluted with PBS at 1:200 for 30 min at room
temperature. After incubation with the secondary
antibody, sections were washed in PBS (three 10 min
washes), and then incubated with avidin—biotin com-
plex (Vector laboratories, Foster City, CA) for 30 min
at room temperature. Following a further 30 min of
washing in PBS, immunoreactivity was visualized
using 3,3'-diaminobenzidine tetrahydrochloride (DAB)
in PBS and 0.03% H,0O,. Sections were counterstained
with hematoxylin, and dehydrated in graded alcohols.
Control sections were processed in parallel with mouse
or rabbit non-immune IgG (Dako) at the same con-
centration as the primary antibodies.

Ki 67 Labeling Indices

Before and after grafting tumor and benign samples
were stained for Ki67 immunoreactivity and examined
to determined the proliferation index. The Ki67 label-

ing index, as a measure for proliferation, was assessed
by counting labeled and unlabeled epithelial cells in
each sample at 20x magnification microscopic field.
The percentage of Ki67 positive cells was calculated as
the proliferation index.

Histology of Grafted Tissues

The samples were assessed by light microscopy to
determine percentage of glands and stroma, extent and
severity of atrophy, presence of inflammation in glands
or stroma, presence or absence of basal cell hyperplasia,
presence and type of metaplasia (squamous or transi-
tional), and the percentage and grade of the tumor
present in the graft. Atrophy was considered when the
epithelial cells were flattened, and the glandular lumen
was dilated.

The histologic features were assessed as percentage
and semi-quantitatively as follows: 0 =absent; 14 =
<25% of the sample (mild); 2+=>25% to 50%
(moderate); 3+ = >50% (severe).

RESULTS

Efficiency of Viable Graft Recovery

In line with our previous experience for benign
tissues [10], the sub-renal capsule site was found to be
extremely efficient with nearly 95% of grafts recovered
(Table I). This reflects to some extent the experience
level of the various individuals performing the surgery
but does make the point that it is possible to recover the
vast majority of grafts into this site. Efficiency at the
anterior prostatic orthotopic site was also high (in
excess of 70% of grafts were recovered). In contrast to
the sub-renal capsular and orthotopic sites the take
rate of sub-cutaneously grafted tissues was around
50%, a rate higher than previously reported for human



Development and Characterization of Xenograft Models 153

TABLE I. Overall Recovery Rates of Grafted Human
ProstateTissues at the Sub-Renal Capsule, Prostatic
Orthotopic, and Sub-Cutaneous Sites

Total grafts  Total grafts Take rate
Grafting sites implanted harvested (%)
Sub-renal capsule 122 114 93.4
Sub-cutaneous 86 50 58.1
Orthotopic 57 41 71.9

Recovery rates of benign versus malignant tissues were not
significantly different at any given site.

prostate cancer tissue but still lower than that see in the
other sites. The recovery rates of grafts of benign and
malignant tissues were essentially identical.

In a small study grafting to the renal capsule and
sub-cutaneous sites of castrate animals the take rate
was in line with that seen in testosterone implanted
hosts. Orthotopic grafting to castrate animals was
found to be impractical due to the small size of the
castrate mouse prostate.

Histopathology of the Recovered
Benign ProstaticTissues

To compare histologic responses to the graft site,
benign prostate tissues were used as a first comparison.
These tissues have less intrinsic internal heterogeneity
than prostate cancer tissues enabling a more rigorous
comparison. Tissues were harvested and compared at
1 and 3 months post-grafting.

In benign tissues, the extent and severity of atrophic
changes was very mild at the orthotopic site at 1 month;
mild to moderate at the sub-capsular site and moderate
to severe at the sub-cutaneous site. There was increase
in atrophic changes in the orthotopic site at 3 months to
the mild to moderate range. The sub-capsular and sub-
cutaneous sites did not show significant increase in
atrophic changes at 3 months post-grafting.

The ratio of glands to stroma in tissues grafted to the
different the sites was not significantly different at one
month post-grafting. At 3 months post-grafting in
castrated T-supplemented hosts significantly more
glands were seen at the orthotopic site, compared to
the renal capsule and sub-cutaneous sites (P = 0.06 and
0.02, respectively, by t-test comparison).

A composite photomount illustrating typical benign
grafts at the three sites is presented in Figure 2. Mild to
moderate basal cell hyperplasia was noted in the
orthotopic and sub-cutaneous sites at 1 month post-
grafting with mild decrease of hyperplastic change at
3 months in castrated and T-supplemented hosts. The

renal sub-capsular site showed minimal basal cell
hyperplasia at 1 and 3 months post-grafting.

Stromal inflammation was very mild in the ortho-
topic site and was mild to moderate in the sub-capsular
and sub-cutaneous grafts at 1 and 3 months post-
grafting. Gland inflammation was rare in all sites at any
time post-grafting.

Onein 10 (1/10) orthotopic samples at 1 month post-
grafting showed transitional metaplasia. The sub-
cutaneous graftsat 1 (7/10) and 3 months (3/4) showed
squamous epithelial metaplasia. The orthotopic grafts
at 3 months and the renal grafts at 1 and 3 months did
not show epithelial metaplasia.

Histopathology of the Recovered ProstateTumors

Clearly it is possible that benign and malignant
tissues will behave differently in graft sites and for this
reason we also compared grafts of tumor tissue to
sections of adjacent source tissue obtained prior to
grafting. Histopathology of human prostate cancer
xenografts was assessed prior to grafting and after
growth in SCID mouse hosts. Seventeen human
prostate tissue samples containing low-grade human
prostate cancer (Gleason grade 3) were examined
following growth under the renal capsule of castrated
SCID mice supplemented with testosterone. These
samples were obtained from either needle biopsies or
from radical prostatectomies (each graft tissue is about
1 x 3 x 3 mm). Figure 3 shows a human prostate cancer
specimen of low Gleason grade before and after sub-
renal capsule grafting. The histopathology of the
human prostate cancer graft did not change during
the growth period in the mouse host (Fig. 3a,b). The
proliferation rate, as judged by Ki67 immunoreactivity,
was similar in the carcinoma samples before
2.49% £0.40% (n=9) and after grafting 2.28% =+ 0.48%
(n=28) (Fig. 3c,d). PSA, a differentiation marker, was
strongly expressed in the human prostate cancer graft
(Fig. 3f) grown in T-supplemented hosts as well as in
the specimen before grafting (Fig. 3e). Thus, human
prostate cancer transplants maintained a similar
histopathology, differentiation status, and prolifera-
tion rate to that of the corresponding donor tissue, even
after being passaged three times through new hosts
over a 6-month growth period.

While it is relatively straightforward to sample
either benign or tumor tissue, the grafting of small
pre-malignant lesions requires a degree of luck and is
presented here to demonstrate that this is possible.
Figure 4 shows an example of a PIN lesion before
(Fig. 4a) and after 90 days of growth in a T-
supplemented castrated SCID host (Fig. 4b). This
particular PIN lesion before grafting (Fig. 4c) had a
partially disrupted basal cell layer, as judged by loss of
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Fig. 2. Histology of benign human prostate at the orthotopic, sub-renal capsule, and sub-cutaneous graft sites of castrated T-supplemented
SCID mouse hosts. Morphologic features at the orthotopic @ and b), sub-capsular (c and d), and sub-cutaneous (e and f) sites at | (a, ¢, €) and
3 months post-grafting (b, d, f). The glands at the orthotopic site appear well preserved with no atrophic changes. The glands at the sub-capsular
site demonstrate slightly more developed atrophic changes with flattening of the epithelium and scant stromal inflammation. The glands in the
sub-cutaneous site have more marked atrophy with dilated glands, flattened epithelium, and significant stromal fibrosis. The changes are slightly
more prominent 3 months post-grafting. (H&E stain 20 x). In theinset picturesin the inferior corners, a higher magnification of the morphologic

features of the epithelial changes are seen.

p63 immunostaining that was continuous with normal
prostatic epithelium having a continuous p63 positive
basal cell layer. The disrupted basal cell layer was also
observed in this particular PIN lesion after 3 months of

growth in a T-supplemented host (Fig. 4d). PSA was
detected in this PIN lesion by immunohistochemistry
before (Fig. 4e) and after in vivo growth under the renal
capsule (Fig. 4f).
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Fig. 3. Gleasongrade 3 human prostate cancer specimen before (@, ¢, and €) and after 3 months of growthin aT-supplemented castrate male
SCID host (b, d, andf).Gleason grade histopathology (a, b), proliferation asindicated by Ki67 (c, d), and differentiation asindicated by PSA (e, f) of

grafted tumors resemble the original lesion (a, c,ande).

Pathology of Tissues to
Intact Versus Castrated Hosts

Figure 5 illustrates the effects of androgen depriva-
tion on benign and malignant human prostate tissue
grafted to SCID mouse hosts. Benign human prostate
tissue grafted beneath the renal capsule of castrated
mice regressed demonstrating flattening and meta-

plastic changes of the sort associated with androgen
ablation in human patients (Fig. 5b). Secretory differ-
entiation was maintained in matched samples grafted
to testosterone supplemented animals (Fig. 5¢).

The response to androgen ablation seen with benign
tissue grafts was paralleled with cancer tissue. Panel 5d
shows part of the original cancer tissue core from which
the grafted samples in panels 5e and 5f were derived.



156 Wang et al.

Fig. 4. Prostatic tissue with prostaticintraepithelial neoplasia (PIN) lesions before (@, ¢, and ) and after growth for 3 monthsunder the renal
capsule of T-supplemented castrate male SCID hosts (b, d,andf); (aand b) hematoxylinand eosinstaining; (cand d) pé3 staining; and (eand f) PSA
staining. Note the discontinuity of the p63-positive basal cell layer (arrows in c and d). PSA staining is similar in the PIN lesion before and after

growthinaT-supplemented male SCID host.

Histologically, fused glands indicative of Gleason
pattern 4 (bottom left and center) are shown admixed
with larger circumscribed cribriform formations com-
patible with intraductal carcinoma (IDCa), a lesion
recently recognized as constituting the spread of inva-
sive carcinoma within ducts and conferring adverse
prognosis [21-24]. Panel 5e shows tissue which has
been grown for 1 month to a castrated SCID mouse,

showing regression of the tumor, with a shrunken
cribriform focus demonstrating pyknotic nuclei and
absence of conspicuous nucleoli. In contrast, the tissue
grown for 1 month in a testosterone supplemented
castrated SCID mouse has a histopathologic appear-
ance similar to the core from which it was derived
(Fig. 5f). Other more usual acinar forming prostate
carcinomas (i.e., Gleason pattern 3) have shown glands
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with clear cytoplasm and pyknotic nuclei when im-
planted in androgen ablated hosts. Similar phenotypic
changes in response to androgen ablation were also
seen in tissues grafted to the orthotopic (Fig. 5g) and
sub-cutaneous (Fig. 5h) sites. This is similar to well-
described alterations of Gleason pattern 3 (Gleason
score 3 + 3 = 6) tumors in response to standard neoad-
juvant hormone deprivation treatment in patients
[25,26], without such changes evident in testosterone
supplemented hosts (not shown). These data demon-
strate that human prostate cancer tissue can be effi-

ciently grown in SCID mouse hosts where it can
respond to the hormonal environment provided by
the host.

DISCUSSION

In order to perform pharmacogenomic and drug
response studies it is extremely useful to have in vivo
xenograft models in which the response of specific
patient samples to a given therapeutic regimen can be
monitored in vivo and then compared to molecular
characteristics, such as genomic or proteomic profiles,
of the source tissue taken directly from the patient. In
this regard in vivo models of human tissues which
retain appropriate stromal-—epithelial interactions
clearly present a more accurate picture of organ and
disease biology than isolated cultured cell populations.
Many of the most important systemic influences on
prostate tissue are the result of paracrine interactions
acting under the overall control of the endocrine system
[27]. This study characterizes a highly efficient method
by which benign and malignant human prostate tissues
can be maintained allowing new approaches for
studying human prostate biology especially that of
low-grade prostate cancer in an in vivo environment.

Over the past two to three decades, large numbers of
clinical prostate cancer samples have been grafted sub-
cutaneously into athymic or SCID mice [7]. Most
implants of low-grade human prostate cancer speci-
mens have failed to survive [1-5]. Even for advanced
prostatic lesions, the take rate in the sub-cutaneous site
of immunodeficient mice has been very low [2]. A
limited number of mostly advanced human prostate

Fig. 5. Effects of androgen ablation on benign and cancer xeno-
grafts to the renal capsule site. a: Benign tissue core from which (b)
and (c) were derived. b: Benign human prostate tissue grafted
beneath the renal capsule of castrated and castrated, testosterone
supplemented (c) SCID mice.Note the regressedstate of the graft to
the castrate host with flattening and metaplastic changes associated
with androgen ablation in human patients. In contrast secretory dif-
ferentiation was maintained in the testosterone supplemented ani-
mal (c). d: It shows part of the original tissue core from which the
grafted samples shown in (€) and (f) were derived. Fused glands indi-
cative of Gleason pattern 4 (bottom left and center) are shown
admixed with larger circumscribed cribriform formations compati-
ble with intraductal carcinoma (IDCa). e: It shows tissue which has
been grown for | month in a castrated SCID mouse, demonstrating
regression of the tumor, with a shrunken cribriform focus demon-
strating pyknotic nuclei and absence of conspicuous nucleoli. In con-
trast (f) was grown for | month in a testosterone supplemented
castrated SCID mouse.The tumor has a histopathologic appearance
similar to the core fromwhichit wasderived (d).Grafts to the ortho-
topic (g) and sub-cutaneous (h) sites also responded to androgen
withdrawal with regression consistent with that seen at the renal
capsule (e).
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cancers (stages C and D) have been successfully pro-
pagated to generate xenograftlines [3,6,7,28-30]. While
many aspects of prostate cancer biology can be suc-
cessfully modeled in such transplantable tumor mod-
els, they have limited applicability in determining the
variability of responses to treatment regimens, which
can be expected across wider populations or in the
development of individual patient-based pharmacoge-
nomics. Therefore the aim of this study was not
specifically to generate transplantable lines, although
the methods employed here can be modified to be used
as a basis for generating such lines.

The use of various grafting sites by different groups
has been based largely upon the experience of those
groups. In the present study, we provide side by side
comparison of the relative efficiency of three graft sites
(sub-cutaneous, renal capsule, and orthotopic). This
study demonstrates, using matched samples in the
same host, the high efficiency of the sub-renal capsular
site in the hands of experienced operators as compared
to the technically much simpler sub-cutaneous graft
site. We have previously speculated that the high
efficiency of the sub-renal capsular site is results
from its high degree of vascularity as compared to the
relatively low level of blood vessels found sub-
cutaneously. The use of the orthotopic prostatic site
for xenografting of tissues (as distinct from injections of
cell suspensions) has not been widespread, due largely
to the technical difficulties in reaching and implanting
tissue in this location [8]. The present study demon-
strates that, at least in skilled hands, it is possible to
graft human prostate tissue to the mouse anterior
prostate with acceptably high efficiency. The major
limitation of this site is the small volume of tissue which
can be placed here.

Since prostate cancer tissue is, by its very nature,
highly heterogeneous, we initially assessed the effects
of graft site on tissue histology using benign prostate
tissue, which has a much more consistent phenotype.
The histology of the harvested tissues was found to be
best in the orthotopically grafted samples and was also
good in the renal capsule implants. Sub-cutaneously
grafted tissues had the poorest profile of histopatholo-
gic differentiation. Analysis of tumor samples also
showed strong similarities between the source tumor
and grafts to either the orthotopic or renal capsule site.
Given the inherent variability of human prostate
tumors it is difficult to determine which of these two
sites is superior in reflecting the tumor biology seen in
the patient.

The use of orthotopic graft sites has been suggested
to represent the best approach to modeling as the site is
thought to provide the key characteristics of the organ
of origin which may well be important in establishment
and progression of disease. In particular, the use of

orthotopic sites versus other sites may well be im-
portant in the metastatic spread patterns of any
advanced malignant graft. No metastasis has been seen
in the model systems representing low-grade prostate
cancer presented here. This likely reflects the slow
growth and spread of low-grade human prostate
cancer. It is also important to consider in a hypothetical
metastatic model whether the difference between a
rodent and human host are important. For example itis
possible that the pre-dilection of human prostate cancer
to metastasize to bone may reflect some unique
property of the human bone environment which is
not recapitulated in a mouse host as suggested
previously [31,32]. Thus studies of metastasis in such
xenograft models might require the incorporation of
human bone targets.

We have previously described responses of human
benign prostate tissue to androgen ablation in both sub-
cutaneous and sub-renal capsule grafting models
[10,33]. The present study confirms that similar
changes also occur at the orthotopic site. This observa-
tion confirms the ability of human prostate cancer
xenografts to respond appropriately to hormonal
stimuli in these in vivo models, and raises the
possibility that these models will respond to pharma-
cologic agents in a manner which parallels the response
profile seen in human patients.

The ability to grow samples of human prostate
cancer with high efficiency as described here opens the
doors to many new possibilities. These include inves-
tigations of basic biological aspects of human prostate
cancer in an in vivo environment, and especially the
development of translational and pharmacogenomic
studies across expanded patient population bases.

ACKNOWLEDGMENTS

This work was supported by funding from the
National Institutes of Health, grants CA89520 to G.R.C,,
DKO063587 and CA96403 to S.W.H.; and by the Depart-
ment of Defense Prostate Cancer Research Program
grants DAMD 17-03-1-0047 to S.\W.H., W81XWH-04-1-
0290 to Y.W.; and by NCI Canada grant 014053 to Y.W.
The VICC Tissue Acquisition core is supported by the
Vanderbilt-Ingram Comprehensive Cancer Center
through NIH grant P30 CA68485

REFERENCES

1. Pretlow TG, Delmoro CM, Dilley GG, Spadafora CG, Pretlow TP.
Transplantation of human prostatic carcinoma into nude mice in
matrigel. Cancer Res 1991;51:3814-3817.

2. van Weerden WM, de Ridder CM, Verdaasdonk CL, Romijn JC,
van der Kwast TH, Schroder FH, van Steenbrugge GJ. Develop-
ment of seven new human prostate tumor xenograft models
and their histopathological characterization. Am J Pathol 1996;
149(3):1055-1062.



Development and Characterization of Xenograft Models 159

10.

11.

12.

13.

14.

15.

16.

17.

. Klein KA, Reiter RE, Redula J, Moradi H, Zhu XL, Brothman AR,

Lamb DJ, Marcelli M, Belldegrun A, Witte ON, Sawyers CL.
Progression of metastatic human prostate cancer to androgen
independence in immunodeficient SCID mice. Nat Med 1997;
3(4):402-408.

. Lubaroff DM, Cohen MB, Schultz LD, Beamer WG. Survival of

human prostate carcinoma, benign hyperplastic prostate tissues,
and IL-2-activated lymphocytes in scid mice. Prostate 1995;
27(1):32-41.

. Wainstein MA, He F, Robinson D, Kung HJ, Schwartz S, Giaconia

JM, Edgehouse NL, Pretlow TP, Bodner DR, Kursh ED.
CWR22: Androgen-dependent xenograft model derived from a
primary human prostatic carcinoma. Cancer Res 1994;54(23):
6049-6052.

. Stearns ME, Ware JL, Agus DB, Chang CJ, Fidler IJ, Fife RS,

Goode R, Holmes E, Kinch MS, Peehl DM, Pretlow TG IInd,
Thalmann GN. Workgroup 2: Human Xenograft models of
prostate cancer. Prostate 1998;36(1):56—58.

. van Weerden WM, Romijn JC. Use of nude mouse xenograft

models in prostate cancer research. Prostate 2000;43(4):263-271.

. Corey E, Quinn JE, Vessella RL. A novel method of generating

prostate cancer metastases from orthotopic implants. Prostate
2003;56(2):110-114.

. Rubenstein M, Saffrin R, Shaw M, Muchnik S, Guinan P.

Orthotopic placement of the Dunning R3327 AT-3 prostate
tumor in the Copenhagen X Fischer rat. Prostate 1995,27(3):148-
153.

Staack A, Kassis AP, Olshen A, Wang Y, Wu D, Carroll PR,
Grossfeld GD, Cunha GR, Hayward SW. Quantitation of
apoptotic activity following castration in human prostatic tissue
in vivo. Prostate 2003;54(3):212-219.

Naito S, Giavazzi R, Fidler IJ. Correlation between the in vitro
interaction of tumor cells with an organ environment and
metastatic behaviorin vivo. Invasion Metastasis 1987;7(1):16—29.

Natio S, Von Eschenbach AC, Giavazzi R, Fidler IJ. Growth and
metastasis of tumor cells isolated from a human renal cell
carcinoma implanted into different organs of nude mice. Cancer
Res 1986;46(8):4109-4115.

Giavazzi R, Campbell DE, Cleary K, Fidler I. Metastatic
behaviour of tumor cells isolated from primary and metastatic
human colorectal carcinomas implanted into different sites in
nude mice. Cancer Res 1986;46:1928—-1933.

Gohji K, Nakajima M, Dinney CP, Fan D, Pathak S, Killion JJ, Von
Eschenbach AC, Fidler IJ. The importance of orthotopic
implantation to the isolation and biological characterization of
a metastatic human clear cell renal carcinoma in nude mice. Int ]
Oncol 1993;2:23-32.

Reid LM, Minato N, Gresser I, Holland ], Kadish A, Bloom BR.
Influence of anti-mouse interferon serum on the growth and
metastasis of tumor cells persistently infected with virus and of

human prostatic tumors in athymic nude mice. Proc Natl Acad
Sci USA 1981,78(2):1171-1175.

Hayward SW, Donjacour AA, Thomson AA, Cunha GR.
Endocrinology of the prostate and benign prostatic hyperplasia.
In: DeGroot L, Jameson JL, editors. Endocrinology, 4th edn.
Volume 3. New York: W.B. Saunders; 2000. pp 2357-2367.

van Weerden WM, van Steenbrugge GJ, van Kreuningen A,
Moerings EP, de Jong FH, Schroder FH. Assessment of the
critical level of androgen for growth response of transplantable

human prostatic carcinoma (PC-82) in nude mice. J Urol
1991;145(3):631-634.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Lane EB. Monoclonal antibodies provide specific intramolecular
markers for the study of epithelial tonofilament organization. J
Cell Biol 1982;92:665-673.

Purkis PE, Steel ]B, Mackenzie IC, Nathrath WB], Leigh IM, Lane
EB. Antibody markers of basal cells in complex epithelia. J Cell
Sci 1990;97:39-50.

Perkins W, Campbell I, Leigh IM, MacKie RM. Keratin
expression in normal skin and epidermal neoplasms demon-
strated by a panel of monoclonal antibodies. ] Cutan Pathol
1992;19(6):476—-482.

McNeal JE, Yemoto CE. Spread of adenocarcinoma within
prostatic ducts and acini: Morphologic and clinical considera-
tions. Am J Surg Pathol 1996;20:802-814.

Rubin MA, de La Taille A, Bagiella E, Olsson CA, O'Toole KM.
Cribriform carcinoma of the prostate and cribriform prostatic
intraepithelial neoplasia. Incidence and clinical implications.
Am ] Surg Pathol 1998;22:840-848.

Wilcox G, Soh S, Chakraborty S, Scardino PT, Wheeler TM.
Patterns of high-grade prostatic intraepithelial neoplasia asso-
ciated with clinically aggressive prostate cancer. Hum Pathol
1998;29:1119-1123.

Dawkins HJ, Sellner LN, Turbett GR, Thompson CA, Redmond
SL, McNeal JE, Cohen R]. Distinction between intraductal
carcinoma of the prostate (IDC-P), high-grade dysplasia (PIN),
and invasive prostatic adenocarcinoma, using molecular mar-
keres of cancer progression. Prostate 2000;44:265-270.
Civantos F, Marcial MA, Banks ER, Ho CK, Speights VO, Drew
PA, Murphy WM, Soloway MS. Pathology of androgen
deprivation therapy in prostate carcinoma. A comparative study
of 173 patients. Cancer 1995;75:1634-1641.

Vaillancourt L, Tetu B, Fradet Y, Dupont A, Gomez J, Cusan L,
Suburu ER, Diamond P, Candas B, Labrie F. Effect of
neoadjuvant endocrine therapy (combined androgen blockade)
on normal prostate and prostatic carcinoma. A randomized
study. Am ] Surg Pathol 1996;20:86—-93.

Hayward SW, Cunha GR. The prostate: Development and
physiology. Radiol Clin North Am 2000;38(1):1-14.

Hoehn W, Schroeder FH, Reimann JF, Joebsis AC, Hermanek P.
Human prostatic adenocarcinoma: Some characteristics of a
serially transplantable line in nude mice (PC 82). Prostate
1980;1(1):95-104.

Hoehn W, Wagner M, Riemann JF, Hermanek P, Williams E,
Walther R, Schrueffer R. Prostatic adenocarcinoma PC EW, a
new human tumor line transplantable in nude mice. Prostate
1984;5(4):445-452.

Ellis W], Vessella RL, Buhler KR, Bladou F, True LD, Bigler SA,
Curtis D, Lange PH. Characterization of a novel androgen-
sensitive, prostate-specific antigen-producing prostatic carci-
noma xenograft: LuCaP 23. Clin Cancer Res 1996,2(6):1039—
1048.

Nemeth JA, Roberts JW, Mullins CM, Cher ML. Persistence of
human vascular endothelium in experimental human prostate
cancer bone tumors. Clin Exp Metastasis 2000;18(3):231-237.
Nemeth JA, Harb JF, Barroso U Jr., He Z, Grignon DJ, Cher ML.
Severe combined immunodeficient-hu model of human prostate
cancer metastasis to human bone. Cancer Res 1999;59(8):1987—
1993.

Hayward SW, Del Buono R, Hall PA, Deshpande N. A functional
model of human prostate epithelium: The role of androgens and
stroma in architectural organisation and the maintenance of
differentiated secretory function. J Cell Sci 1992;102:361-372.



