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Abstract

Background: Serially-transplantable patient-derived xenografts (PDXs) are
invaluable preclinical models for studying tumor biology and evaluating therapeutic
agents. As these models are challenging to establish from prostate cancer specimens,
the ability to preserve them through cryopreservation has several advantages for
ongoing research. Despite this, there is still uncertainty about the ability to
cryopreserve PDXs of prostate cancer. This study compared three different
cryopreservation protocols to identify a method that can be used to reproducibly

cryopreserve a diverse cohort of prostate cancer PDX models.

Methods: One serially-transplantable prostate cancer PDX from the Melbourne
Urological Research Alliance (MURAL) cohort was used to compare three
cryopreservation protocols: slow freezing in fetal calf serum with 10% DMSO, fetal
calf serum with 10% DMSO supplemented with the ROCK inhibitor Y-27632 and
vitrification. The efficiency of the slow freezing protocols were then assessed in 17
additional prostate cancer PDXs. Following cryopreservation, PDXs were re-
established in host mice that were either intact and supplemented with testosterone or
castrated. Graft take rate, tumor growth, histological features and transcriptome

profiles before and after cryopreservation were compared.

Results: Slow freezing maintained the viability and histological features of prostate
cancer PDXs, and the addition of a ROCK inhibitor increased their growth following
cryopreservation. Using the slow freezing method, we re-established 100% of PDXs
grown in either testosterone-supplemented or castrated host mice. Importantly, the
long-term tumor growth rate and transcriptome profile were maintained following

cryopreservation.
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Conclusion: This study has identified a protocol to reliably cryopreserve and re-
establish a diverse cohort of serially-transplantable PDXs of prostate cancer. This
work has the potential to significantly improve the practicality of maintaining PDX
models. Cryopreservation may also increase the accessibility of these important
resources and provide new opportunities for preclinical studies on a broader spectrum

of prostate tumors.

Key words

Patient-derived xenografts, freezing, castration-resistant prostate cancer, localized

prostate cancer

Introduction

Patient-derived xenografts (PDXs) are crucial preclinical models for studying tumor
biology and testing new therapies. PDXs retain the features of the original tumor,
represent diverse tumors from different stages of disease progression and reflect the
heterogeneity of tumors seen in the clinic. Although serially transplantable PDXs are
available for many tumor types [1], they are challenging for prostate cancer. This is
evident by the low numbers of prostate cancer PDXs in international consortia,
including the EurOPDX Consortium, JAX Laboratories and BioMedical Research
PDX encyclopedia, where prostate cancer PDXs constitute only 1% of the collection
in some cases [1-3]. To address this problem, academic groups developed a repertoire
of serially-transplantable PDX of prostate cancer [4], resulting in over 100
authenticated PDXs, including those from the Living Tumor Laboratory, the LuCaP
series, the MDA PCa series, the Johns Hopkins University cohort, our recently
published collection from the Melbourne Urological Research Alliance (MURAL),

and others [4-7]. The take rates for establishing these serially-transplantable PDX
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were 10-40% and they often had long latency times of up to 12 months after initial
grafting [4]. Therefore, given the difficulty in establishing serially transplantable
PDXs, it is important to maximize their preservation and maintain them for ongoing

prostate cancer research.

As the number of prostate cancer PDXs increases, the process of maintaining them
becomes more laborious and time-consuming. PDXs are often maintained by
continually re-passaging them into new host mice, which can be as often as every few
weeks for fast growing tumors [5-7]. Therefore, the ability to store PDXs through
cryopreservation would decrease the workload of maintaining them. It could also
provide backup stocks of low-passage PDXs in case tumor features begin to diverge
over time or grafts become contaminated. Cryopreserved PDXs may also be faster
and easier to transport than host mice, increasing the opportunities for collaborative
research and expanding the diversity of tumors available for preclinical testing.
Despite these potential benefits, there is still uncertainty about the ability to re-
establish prostate cancer PDXs after cryopreservation. There has been some reports of
successfully cryopreserving prostate cancer PDXs [7,8]; however, no formal
comparison of different cryopreservation protocols and their success rates has been

published.

Various protocols are used to cryopreserve human cells and tissues. The most
common method of cryopreservation, including for cultured prostate cancer cells [9],
is slow freezing using the traditional cryoprotectant dimethyl sulfoxide (DMSO). This
method may be improved by the addition of the Rho-associated kinase (ROCK)
inhibitor Y-27632, as adding it to cryopreservation media during or after

cryopreservation improves the recovery of embryonic stem cells, breast cancer cells
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and intestinal organoids, likely by preventing anoikis [10-15]. Another method of
cryopreservation is vitrification, where tissues are briefly immersed in high
concentrations of cryoprotectants before being rapidly frozen in liquid nitrogen.
Vitrification maintains the viability and proliferative capacity of ovarian and testicular
tissue [16-18], so may be another approach for cryopreserving prostate cancer PDXs.
In this study, we compared slow freezing and vitrification to establish a protocol for
reproducibly cryopreserving and regenerating established PDXs. We found that slow
freezing maintains the viability of prostate cancer PDXs, and the addition of the
ROCK inhibitor increases their growth following cryopreservation. Using these
protocols, we could re-establish 100% of the diverse PDXs that were cryopreserved.
Therefore, these methods have the potential to significantly improve the practicality

of maintaining and disseminating prostate cancer PDXs.

Materials and Methods

Patient specimens

Prostate cancer tissue was collected from four sources: 1) localized prostate cancer
specimens from patients undergoing radical prostatectomy; 2) surgical specimens of
symptomatic metastases from patients with castrate-resistant prostate cancer (CRPC),
3) biopsies of metastases from patients with CRPC and; 4) rapid autopsy samples
from patients with CRPC through the CASCADE program [19]. Informed, written
consent was obtained from participants prior to tissue collection according to human
ethics approval from the Cabrini Institute (03-14-04-08), Monash University (1636),
Peter MacCallum Cancer Centre (15/98, 97_27) and the Johns Hopkins University

School of Medicine IRB.
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Patient-derived xenografts

In conducting research using animals, the investigators adhered to the laws of the
United States and regulations of the Department of Agriculture. Experiments with the
MURAL cohort of PDXs were conducted according to animal ethics approval from
Monash University (MARP/2014/085 and MARP/2018/087). Serially-transplantable
PDXs of localized and metastatic prostate cancer were established and characterized
by MURAL, as previously reported [5,20]. In brief, tumor tissue was implanted under
the renal capsule of 6-8 week old male non-obese diabetic severe-combined immune-
deficient gamma (NSG) mice. At the time of grafting, a 5 mm testosterone pellet was
implanted subcutaneously to supplement host testosterone levels. The abdomens of
the mice were palpated weekly to monitor tumor growth. Grafts were transplanted
into new host mice if they reached approximately 1 cm?® or due to animal ethics
welfare considerations. PDXs were defined as serially transplantable if they could be
grown for at least three generations with at least a 10-fold increase in graft volume
each generation. Once serially transplantable lines were established, they were
maintained subcutaneously or under the renal capsule. Whilst all PDX lines were
initially established in host mice supplemented with testosterone, four sublines have
been established by serially-passaging the tumors in castrated host mice. The identity
of PDXs was periodically authenticated by profiling short tandem repeats with the
GenePrint 10 System (Promega) using germline DNA or early generation PDXs as
controls. Immunohistochemistry was also performed using the human-specific
antibody for the luminal cell marker cytokeratin 8/18 to confirm tumor was of human

origin.

The PDXs of Supplemental Table 1 were established at Johns Hopkins School of

Medicine, Baltimore MD, except CWR22 and its androgen independent CWR22-CR
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variant. The original androgen-responsive CWR22 tumor was established at Case
Western Reserve and its androgen independent CRR22-CR variant was established
at Hopkins by serial passage in castrated male nude mice, as previously described
[21,22]. The other PDXs were established from tumor specimens from metastatic
CRPC patients with signed, informed consent. Specimens were obtained from either
resection of distant metastases at rapid autopsy to limit warm ischemic time as much
as possible (aiming for 4-8 h after death) or from biopsy of a metastasis before death.
Harvested tumor tissues were evaluated by pathologists and tumor pieces were then
prepared for implantation. All animal procedures were approved by the Johns
Hopkins University School of Medicine Institutional Animal Care and Use Committee.
NOD-SCID, triple immune-deficient NOG or NSG adult male mice, obtained from the
Sidney Kimmel Comprehensive Cancer Center (SKCCC) Animal Core Facility, were
used for tissue implantation. Grafts were implanted at subcutaneous sites as

indicated in Supplemental Table 1.
Cryopreservation of patient-derived xenograft lines

To compare cryopreservation methods, PDX 27.1 was cryopreserved using three
different cryopreservation protocols. PDX tissue was harvested at the end of
generation one and dissected into 4 mm? pieces. As freshly grafted controls, three
pieces were immediately re-grafted under the renal capsule of host mice with
testosterone implants. The remaining tissue pieces were cryopreserved using three
cryopreservation protocols. For two protocols, up to six pieces of tumor were placed
in 1 ml of cryopreservation media and frozen at a rate of 1°C/minute in a Nalgene™
Mr Frosty Cryo 1°C Freezing container (Thermo Scientific) at -80°C.
Cryopreservation media was supplemented with either fetal calf serum (FCS) and

10% DMSO, designated FCS or with FCS, 10% DMSO and 5 uM of the ROCK
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inhibitor Y-27632 (Sigma Aldrich), designated FCS-R, as previously described [11].
The FCS protocol was used for all PDXs in Supplemental Table 1 from Johns
Hopkins University. The third protocol, vitrification, was previously described [18].
In brief, tissue was pre-treated with an equilibrium solution of RPMI 1640 containing
10% FCS, 7.5% DMSO, 7.5% ethylene glycol (Sigma Aldrich) and 0.25 M sucrose
(Sigma Aldrich). Each 4 mm? tissue piece was placed in a 1.5 ml cryovial containing
1 ml of equilibrium solution for 10 minutes at room temperature. The equilibrium
solution was aspirated and replaced with 1 ml of a vitrification solution of RPMI 1640
containing 20% FCS, 15% DMSO, 15% ethylene glycol and 0.5 M sucrose.
Following incubation for 5 minutes at room temperature, the vitrification solution was
aspirated, and the tumors were snap frozen in liquid nitrogen. Once frozen, all
cryopreserved tissue was stored in liquid nitrogen for three weeks before being
rapidly thawed at 41°C. Cryopreservation media was slowly diluted with RPMI 1640
supplemented with 10% FCS, 1% penicillin-streptomycin, 25 mM HEPES sodium
salt and 10 nM testosterone (Sigma Aldrich) and tissue pieces were grafted into host

mice.

To compare the growth of PDX lines after cryopreservation, 9 PDX lines were
cryopreserved at generation 1 to 16 before being re-grafted into host mice either
subcutaneously or under the renal capsule. Tissue was cryopreserved in FCS-R frozen
at a rate of 1°C/minute in a Nalgene™ Mr Frosty Cryo 1°C Freezing. Tissue was
stored in liquid nitrogen for between 48-940 days before being rapidly thawed at

41°C and re-grafted into host mice.
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Graft analysis

At collection, grafts were fixed in 10% formalin and embedded in paraffin. Tumor
pathology was determined by hematoxylin and eosin staining. Staining was also
performed for androgen receptor (A9853, Sigma Aldrich, Rabbit IgG, 2.0 pug/ml),
cytokeratin 8/18 (NCL-L-5D3, Novocastra, Mouse IgG1, 0.26 pug/ml), cleaved
caspase 3 (9661, Cell Signalling, Rabbit IgG, 0.16 pg/ml), Ki67 (MM1, Novocastra,
Mouse IgG1, 0.2 pg/ml) and prostate specific antigen (A0562, DAKO, Rabbit IgG, 1
ug/ml). All immunohistochemistry was performed by the Leica BOND-MAX-TM
automated system (Leica Microsystems). The BOND Refine Red Detection Kit (Leica
Microsystems) was used for cytokeratin 8/18, whilst the BOND Refine Detection Kit
(Leica Microsystems) was used for all other antibodies. Antigen retrieval was
performed using BOND TM epitope retrieval 1 for androgen receptor and BOND TM
epitope retrieval 2 for all other antibodies, with the exception of prostate specific

antigen which had no epitope retrieval.

To determine the number of proliferative and apoptotic cells, immunohistochemistry
was conducted for Ki67 and cleaved caspase 3 respectively on three sections per
graft. Slides were imaged using ScanScope AT Turbo Slide Scanner (Aperio). The
number of Ki67-positive and cleaved caspase 3-positive cells was determined using
ImageScope analysis software (Aperio) and expressed as a percentage of the total

number of cells counted.

RNA analysis

RNA was isolated using the miRNeasy Mini Kit (Qiagen). RNA quality was assessed
using the RNA 6000 Nano Kit on the BioAnalyser (Agilent) and the Nanodrop was

used to determine RNA quality and quantity. RNA sequencing libraries were prepared
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using NEBNext Ultra Il Directional RNA library preparation kit and paired end 75 bp
RNA sequencing reads were generated using IHlumina NexSeq. 500. Raw sequencing
reads were processed using “Seqliner” (http://www.seqliner.org). In brief, CASAVA
1.8.2 (Illumina) was used for base calling. Reads were quality checked by FastQC.
Reads were aligned to both the human (GRCh37) and mouse (mm10) references
genomes using HISAT2 (version 2.0.4)[23]. Aligned human and mouse reads were
separated using Xenomapper (version 1.0.1)[24]. The primary human specific bam
files from Xenomapper were kept. Expression counts for each gene were determined
using featureCounts from Rsubread package (version 1.30.9)[25]. Genes that did not
have greater than 1 CPM reads across at least two samples were filtered out. Data was
normalized using edgeR (3.22.5)[26]. We calculated the Pearson correlation between

the log2 counts per million for all genes after filtering.

Statistical analysis

All data were expressed as mean + standard error of the mean. Statistical significance
was determined using one-way analysis of variance with post hoc Dunnett’s test.
Statistical significance was set at p < 0.05. Statistical analysis was conducted using

GraphPad Prism 6 software (GraphPad Software Inc).

Results

We have previously established serially-transplantable PDXs of prostate cancer
through the MURAL platform [5]. To determine whether these PDXs could be
cryopreserved and then re-established from thawed tissue, we compared the
effectiveness of different cryopreservation techniques. For these experiments, we
selected PDX 27.1, a tumor with moderate growth rate established from the dural

metastasis of a patient with CRPC. PDX tissue at generation one was cryopreserved
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using three protocols: slow freezing in fetal calf serum with 10% DMSO (FCS), fetal
calf serum with 10% DMSO supplemented with a ROCK inhibitor (FCS-R) and
vitrification (Fig. 1A). All cryopreserved tissues were thawed using a rapid-thaw
protocol before being re-grafted into host mice. The take rate and graft volume of
cryopreserved tissues were compared to fresh tissue controls, which were directly re-
grafted and grown in host mice for six weeks (Fig. 1A). Both slow freezing protocols
maintained the viability of prostate cancer cells, with 100% take rate of grafts after
cryopreservation in FCS or FCS-R (Table 1). Notably, the average graft volume was
not significantly different following slow freezing in FCS (16.3 + 2.9 mm®; P = 0.09)
nor FCS-R (25.1 + 5.1 mm®; P = 0.8) compared to freshly grafted controls (29.4 + 3.0
mm?®) after six weeks in host mice (Fig. 1B). However, among these cryopreservation
protocols, average graft volume was highest following cryopreservation in FCS-R
(Fig. 1B), suggesting that the addition of the ROCK inhibitor to the cryopreservation
media improved PDX growth. Vitrification was less successful than slow freezing,
with only 50% take rate (Table 1) and significantly reduced graft volume compared
to control (2.3 + 0.9 mm® vs 29.4 + 3.0 mm?>; P < 0.001; Fig. 1B). Thus, slow freezing
maintains the viability of prostate cancer PDXs, and the addition of the ROCK

inhibitor increases their growth following cryopreservation.

Since PDX growth was maintained after slow freezing in FCS and FCS-R, we
assessed whether they retained their histopathological features. Hematoxylin and
eosin staining showed that grafts cryopreserved in FCS and FCS-R retained the
morphology of the original PDX (Fig. 1C). The expression of cytokeratin 8/18,
androgen receptor and prostate specific antigen were also consistent (Fig. 1C). The
percentage of proliferating cells, marked by Ki67, was significantly increased in FCS

(69.3 £ 1.1%; p < 0.05) and FCS-R (71.3 + 3.4%; p < 0.01) cryopreserved grafts
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compared to freshly grafted controls (57.7 + 2.9%; Fig. 1C,D), possibly due to the
slightly smaller volume of grafts that were re-established after slow freezing (Fig.
1B). There was no significant difference in the number of apoptotic cleaved caspase
3-positive cells (Fig. 1C,E). Thus, prostate cancer viability and histopathology were

maintained in PDXs following slow freezing.

We next examined whether the FCS-R protocol was effective for a diverse range of
other prostate cancer PDXs by measuring their take rates after cryopreservation. Nine
PDXs from the MURAL collection were cryopreserved, including the PDX used in
the previous experiments. The cohort included three PDXs of castrate-sensitive
localized prostate cancer and six PDXs of metastatic CRPC growing in intact host
mice supplemented with testosterone [5]. Three of the CRPC PDXs were also serially
passaged in castrated host mice (Table 1). PDX tissues were cryopreserved
generations 1-16 and stored in liquid nitrogen for 48-940 days before being rapidly
thawed and re-grafted into host mice (Table 1). All PDXs were successfully re-
established after cryopreservation with an average take rate of 86% (range 13-100%)
(Table 1). Notably, all PDXs had a 100% take rate except two PDXs of localized
prostate cancer, where only 13% (PDX 156) and 17% (PDX 167.1) of grafts re-grew
tumor following cryopreservation (Table 1). The PDXs of CRPC had the same take
rate in testosterone-supplemented and castrated host mice. Collectively, these data
show that the FCS-R protocol can be used to re-establish a diverse range of PDXs

from localized and metastatic prostate cancer.

Since the traditional FCS protocol was also effective for PDX 27.1, we verified that
other PDXs could be re-established after being cryopreserved with this technique.

Nine PDXs of localized and metastatic prostate cancer were cryopreserved at Johns
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Hopkins University (Supplemental Table S1). This cohort included seven PDXs of
metastatic CRPC and the classical CWR22 and CWR22-CR PDXs originally
established from a primary prostate tumor [4,27]. Every PDX could be re-established
under standard grafting conditions in either intact or castrate host mice, with an
average take rate of 65% (range 20-100%) versus 95% (range 80-100%) for fresh
tissues (Table S1). This confirms that slow freezing is a reliable method of

cryopreservation for prostate cancer PDXs.

In addition to engraftment take rate, it is important that PDXs maintain the same
growth rate across time. To assess long-term growth, PDXs cryopreserved using the
FCS-R protocol and grown in testosterone-supplemented conditions were serially-
transplanted between host mice (Fig. 2A-1). The average time per generation before
cryopreservation was compared to the first transition generation following
cryopreservation and all subsequent generations after cryopreservation (Fig. 2A-J).
Out of the nine PDXs, only two PDXs of localised prostate cancer, PDX 156 and
PDX 167.1, had a lag in their growth rate after cryopreservation, demonstrated by a
longer transition generation (Fig. 2G,H). This is consistent with their decreased
engraftment rate following cryopreservation (Table 1) and suggests that certain PDXs
may take longer to re-establish than others. However, this was only transient, and no
significant difference was observed in the average time per generation before and
after cryopreservation across the nine PDXs (Fig. 2J). Thus, the FCS-R

cryopreservation protocol maintained the long-term growth rate of PDXs.

We also investigated whether these PDXs maintained the same histopathological and
transcriptional profile across time. The histopathological features of the PDXs

cryopreserved with FCS-R and grown in host mice supplemented with testosterone
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were maintained, as determined by hematoxylin and eosin staining (Fig. 3A). RNA
sequencing was performed on four generations of tissue from PDX 167.2, which is
maintained in host mice supplemented in testosterone and was re-established after
cryopreservation at generation 12 (Table 1). RNA sequencing was performed on
samples from before cryopreservation (generations 1, 5 and 8) and two passages after
cryopreservation (generation 14). There was a high level of similarity between the
transcriptome profile at generation 14 compared to generations 1, 5 and 8, with
correlation coefficients of r =0.91, r=0.98 and r=0.99 respectively (Fig. 3B,C). This
was consistent with variability between the transcription profiles of generations prior
to cryopreservation (Fig. 3C). Therefore, the FCS-R method of cryopreservation
maintains the viability, growth rate, histopathology and transcriptome profile of

prostate cancer PDXSs.

Discussion

Serially-transplantable PDXs of prostate cancer are technically challenging models
that are a valuable resource for pre-clinical testing [4]. The ability to reproducibly
cryopreserve and re-establish PDXs would considerably improve their maintenance
and distribution within the research community. Therefore, we formally compared
three cryopreservation protocols to determine suitable methods for freezing PDXs of
prostate cancer. We found that traditional slow freezing with DMSO maintained
tissue viability and histopathology and that adding a ROCK inhibitor enhanced the
initial re-growth of tumors compared to other cryopreservation methods. These slow
freezing protocols were effective for a diverse cohort of PDXs, grown either
subcutaneously or under the renal capsule, including those grown in castrated host

mice. Importantly, after the cryopreserved PDXs were re-established, their long-term
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tumor growth rate was maintained, including PDXs of localized prostate cancer. We
have therefore shown that prostate cancer PDXs can be reproducibly re-established
after cryopreservation. This provides new opportunities for sharing these precious

resources and reducing the time and costs of continuous passaging.

Despite the increasing use of PDXs for preclinical prostate cancer research, there are
only a few reports of cryopreserving them. From the Living Tumor Laboratory series
of prostate cancer PDXs, Lin et al. (2014) reported a 95% recovery rate for small
pieces of xenograft tissue frozen in DMSO and stored in liquid nitrogen [7]. Another
study reported that a PDX derived from metastatic CRPC, designated ‘C5’, can be re-
established with a 90% success rate following cryopreservation in CryoSafe Medium
[8]. Although these studies did not describe the precise cryopreservation protocols,
including the rates of freezing, there are likely to be several methods for successfully
cryopreserving PDX tissue. This prompted us to compare different cryopreservation
protocols. Using PDX 27.1, established from the dural metastasis of a patient with
CRPC, we found that slow freezing was more effective than vitrification.
Furthermore, slow freezing maintained the viability of a wide variety of PDXs across
two research institutes. By tracking the growth of PDXs for multiple generations, in
several cases for over 500 days, we also confirmed that the long-term tumor growth

rate of PDXs is maintained after cryopreservation.

Whilst both FCS and FCS-R slow freezing protocols could be used to successfully re-
establish PDXs, adding the ROCK inhibitor increased the initial growth of PDX 27.1
compared to other cryopreservation methods. ROCK inhibitors have been used to
improve culturing of numerous cell types, because they promote increased cell

survival, proliferation and adhesion, predominantly by altering actin/myosin
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cytoskeleton activity and the E-cadherin-dependent apoptotic pathway [11,13-15,28].
These effects are reversed following removal of the ROCK inhibitor from the culture
medium, allowing for the temporary modulation of cell behaviour [13,29]. Since
several studies have shown that ROCK inhibitors do not alter the gene expression,
pluripotent phenotype and differentiation potential of human embryonic and induced
pluripotent stem cells, and they are routinely used in stem cell cultures [12-14,28]. In
our study, the long-term growth rates, histopathology and transcriptomic profile of
PDXs were concordant before and after cryopreservation. This suggests that slow
freezing with the ROCK inhibitor does not cause long-term changes to the phenotype

of prostate cancer PDXs.

A limitation of cryopreservation is the lower re-engraftment rate of some PDXs. For
example, among the PDXs cryopreserved with FCS-R, two PDXs of treatment naive
localized prostate cancer had lower take rates than the other tumors and reduced
growth rates in the first-generation following cryopreservation. This is consistent with
our experience that it is often more difficult to establish and maintain PDXs from
treatment naive primary prostate cancer compared to metastatic specimens [30,31]. It
is therefore promising that we could re-establish these localized prostate cancer PDXs
following cryopreservation, albeit with a lower re-engraftment rate. Yet, it is possible
that some prostate cancer PDXs may be too difficult to cryopreserve. Therefore, for
new PDX models it would be prudent to cryopreserve multiple samples and confirm

that they can be re-established.

The focus of this study was to cryopreserve established, actively-growing PDXs;
however, an alternative approach would be to cryopreserve patient tissue before

engraftment at the time of specimen collection. This strategy has only been reported
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in a few cases for prostate cancer specimens, with limited success rates. CRPC
specimens obtained from autopsy were snap-frozen using liquid nitrogen before
xenografting, but the subsequent graft survival rate was only 5% [32]. Another study
reported that tumor tissue from one specimen was maintained in xenografts for up to
one month following cryopreservation prior to engraftment; however, these grafts
were not serially-transplanted [33]. Unfortunately, we have not been able to establish
PDXs from cryopreserved fresh specimens (data not shown), although we have only
attempted a limited number of samples that were predominantly from low-grade
localised prostate cancer. Since a crucial aspect of establishing PDXs of prostate
cancer is obtaining viable tumor tissue [6,20,34], our standard protocol is to graft
specimens as soon as possible after collection to maximize their success rate.
However, once the tissue is actively growing in host mice, we are able to

cryopreserve the PDX tumor for long-term storage as early as the first generation.

Conclusion

This study identified a cryopreservation protocol for reproducibly freezing and re-
establishing serially-transplantable PDXs of prostate cancer. Slow freezing maintains
the viability of a diverse cohort of PDXs grown in different host conditions, while
adding a ROCK inhibitor increases the initial growth rate. The ability to cryopreserve
PDXs of prostate cancer will improve their maintenance and provide frozen biobanks
of these important preclinical models. The ability to reliably cryopreserve PDXs will
foster collaborative exchange between researchers, providing new opportunities to use

a broader spectrum of prostate tumors in preclinical studies.
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Figure Legends

Fig. 1. Patient-derived xenografts (PDXs) of prostate cancer can be re-
established following cryopreservation using slow freezing protocols. (A) PDX
27.1 was established as a serially-transplantable PDX from a prostate cancer dural
metastasis. PDX tissue was either re-grafted directly into host mice as fresh tissue or
cryopreserved using one of three cryopreservation protocols: slowing freezing in fetal
calf serum supplemented with dimethyl sulphoxide (DMSO; designated FCS), slow
freezing in fetal calf serum supplemented with DMSO and Rho-associated kinase
inhibitor (designated FCS-R) or vitrification. (B) The volume of grafts harvested six
weeks after implantation. Samples were grafted into host mice as fresh tissue (n = 3)
or following cryopreservation with FCS (n = 6), FCS-R (n = 6) or vitrification (V; n =
6). (C) Hematoxylin and eosin (H&E) staining and immunohistochemical staining for
luminal cell marker cytokeratin 8/18 (ck8/18), androgen receptor (AR), prostate
specific antigen (PSA), Ki67 and cleaved caspase 3 (CC3) in xenografts. (D,E)
Average percentage of Ki67-positive cells (D) and cleaved caspase 3-positive (CC3)
cells (E) in freshly grafted controls (n = 3) or in grafts cryopreserved with FCS (n =
6), FCS-R (n = 6) or vitrification (V; n =6). *P < 0.05, ** P <0.01, *** P <0.001 as
determined by one-way ANOVA with post hoc Dunnett’s test. All data are expressed

as mean = SEM. Scale bars = 50 uM.
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Fig. 2. Patient-derived xenografts maintain the same growth rate following
cryopreservation. (A-1) Growth rate of nine PDXs grown in host mice supplemented
with testosterone before cryopreservation (grey), in the first transition generation
immediately after being re-established from cryopreserved tissue (orange) and
subsequent generations after cryopreservation (black). Each step represents a new
generation where graft volume increased by at least 10 fold between tissue
implantation and collection. PDXs were cryopreserved using the slow freezing
protocol in fetal calf serum with 10% DMSO and Rho-associated kinase inhibitor
(FCS-R) before being re-established in host mice (arrow). (F) The average number of
days per generation in nine PDX lines before cryopreservation (n = 9), in the first
transition generation after cryopreservation (n = 9) and after cryopreservation (n = 8)
in FCS-R. Data are expressed as mean + SEM, one-way ANOVA with post hoc

Tukey’s test, not significant).
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Fig. 3. Histological features and the transcriptome profile of patient-derived
xenografts (PDXs) are maintained following cryopreservation. (A) Hematoxylin
and eosin staining of nine PDXs, grown in testosterone-supplemented host mice,
before and after slow freezing cryopreservation in fetal calf serum with 10% DMSO
and Rho-associated kinase inhibitor. Scale bars = 50 um. (B) Scatter plots displaying
the log2 normalized transcript counts (in counts per million) per gene in three
generations of PDX tumor tissue prior to cryopreservation (generation 1, 5 and 8)
compared to one generation of PDX tumor tissue collected after cryopreservation
(generation 14) for PDX 167.2, based on RNA sequencing. (C) Heatmap showing the
Pearson’s correlation coefficient between the transcriptome profiles of all pairs of

samples for PDX 167.2, based on RNA sequencing.
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Table 1. Re-establishment of patient-derived xenografts after cryopreservation.

Tumor take rate

PDX . )
. - Host . Time following
PlDDX S?nggle Spsrclzlm ﬁ:lsl?;;f: conditio gfnoeg?:soe? cryopreser _ cryopreservation
y ns yved ved (days) FC FCS v
S -R
100
%
271 Dural Ca:trat X X 100 (6b/_6 ) E/S
. = . C . Cc )
a Autopsy metasta resistan +T 159 217 212 (6é6 100 (3/6
sis i ) % )
(5/5)
100
c c %
Lymph Castrat T 6 159 n/a (6/6) n/a
212 ) tops node e- ¢
a PSY metasta resistan 100
i 0,
SIS t Castrate Ccx4%? 65° n/a /0 n/a
(4/4)
C
Radical Primar Hormo 13%
156  prostatecto tumory ne- +T 2° 940° nfa (1/8) nla
my naive ¢
Radical . Hormo 17%
167. prostatecto Primary ne- +T 7° 374° nla (1/6) nla
1 my tumor naive c
Spine Castrat 100
. - 0
16a7 - Palliative metasta € +T 12°¢ 48° n/a /0 n/a
2 surgery sis resistan (4/4)
t Cc
100
c c %
Sura Castrat +T 16 819 n/a (6£6) n/a
205‘1[ ) Autopsy metasta e
1 sis resistan 100
t c,d c %
Castrate Cx7 91 n/a (4£4) n/a
100
c c %
Lung Castrat +T 8 144 n/a (7é7) n/a
201. e-
28 Autopsy me;;assta resistan 100
t cd c %
Castrate Cx1 90 n/a (4/4) n/a
)C
Radical Primar Hormo 1(2)0
287 prostatecto Y ne- +T 1° 294° nla nla
my tumor naive (5/5)
C
Liver Castrat 100
a . e- c c %
382 Biopsy mestiassta resistan +T 2 325 n/a (717) n/a
Cc

t

®Previously published in Lawrence et al. 2018 [5].

Comparison of cryopreservation protocols.

‘Re-establishment of patient-derived xenograft lines following cryopreservation.
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INumber of generations in castrated host mice.

1.1 Tumor take rate shows the percentage of xenografts which successfully re-
established following cryopreservation and contained viable tumor tissue. The
number of xenografts containing tumor/total number of xenografts implanted
is shown in brackets. Abbreviations: Cx, castrate; FCS, slow freezing
cryopreservation protocol in fetal calf serum with 10% DMSO; FCS-R, slow
freezing cryopreservation protocol in fetal calf serum with 10% DMSO and
Rho associated kinase inhibitor; n/a, not applicable; PDX, patient-derived
xenograft; +T, supplemented with testosterone; V, vitrification
cryopreservation protocol.
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