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24

25 TRANSLATIONAL RELEVANCE: Subcutaneous and intracardiac mouse xenografts
26  of human brain metastases exhibit a spontaneous dissemination pattern that resembles
27  patients’ metastatic disease. The preclinical testing of targeted anticancer drugs using
28  patient-derived cultures and patient-derived xenografts of brain metastasis showed an
29 effective therapeutic response. These translational models represent an outstanding tool to
30 advance the understanding of the biology of brain metastases and to foster the rapid
31 discovery of novel therapeutics.
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55 ABSTRACT

56  Purpose: Dissemination of cancer cells from primary tumors to the brain is observed in
57  the great majority of cancer patients, contributing to increased morbidity and being the
58 main cause of death. Most mechanistic and preclinical studies have relied on aggressive
59  cancer cell lines, which fail to represent tumor heterogeneity and are unsuitable to validate
60 therapies due to fast cancer progression in vivo. Experimental design: We established a
61 unique library of subcutaneous and intracardiac patient-derived xenografts (PDXs) of brain
62  metastases (BMs) from eight distinct primary tumor origins. Cancer progression in mice
63  was compared to the matched patient clinical outcome, metastatic dissemination pattern
64 and histopathological features. Preclinical studies with FDA approved drugs were
65 performed. Results: In vivo tumor formation of flank-implanted BMs correlated with
66  patients’ poor survival and serial passaging increased tumor aggressiveness. Subcutaneous
67  xenografts originated spontaneous metastases in 61% of the cases, including in the
68  leptomeningeal space (21%). The intracardiac model increased the tropism to the brain and
69 leptomeninges (46%). Strikingly, 62% of intracardiac PDXs shared metastatic sites with

70  the donor patients, including the primary cancer organ and the central nervous system
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71 (CNS). Of therapeutic relevance, PDX-derived cultures and corresponding mouse
72  xenografts can be effectively treated with targeted anticancer drugs. Conclusions: Patient-
73 derived models of BMs recapitulate the biology of human metastatic disease and can be a
74  valuable translational platform for precision medicine.

75

76  INTRODUCTION

77  Metastases are the main cause of cancer morbidity and mortality. Metastatic cancer cells
78  can arise within the brain parenchyma (~40% of cancer patients)[1, 2] or spread to the
79  leptomeninges to coat the brain and the spinal cord (~5-8% of cancer patients)[3, 4]. Both
80 clinical conditions are associated with a dismal outcome with a median survival rate of 4—
81 6 weeks for untreated patients and 8-16 weeks after standard of care therapies (palliative
82 radiotherapy and chemotherapy)[5-7]. The primary tumors with the highest predisposition
83  todevelop brain metastases (BMs) include lung (40-60%), breast (15-30%) and melanoma
84  (5-15%)[2, 8-11]. Despite the recent medical advances in the treatment of primary tumors,
85  the incidence of fatal BMs has increased. This augmented incidence is most likely due to
86  improved patient survival and thus time for dissemination, inefficacy of primary tumor
87  therapies in treating BMs[12, 13], lack of available drugs that penetrate the blood—brain
88  barrier (BBB)[14-17], and to the selection of chemoresistant metastatic clones upon
89 treatment with DNA damaging agents[14, 15, 18, 19].

90  Although specific genes have been associated with BMs[20-24], the biological processes
91 underlying the dissemination of cancer cells into the brain are not fully understood and
92  there is a tremendous unmet medical need for the development of targeted therapies. One

93  of the main caveats in advancing the treatment of BMs is the lack of appropriate biological
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94  models to study the disease. Most published studies have used cancer cell lines in vitro,

95  minimizing tumor heterogeneity and not considering the complex host/cell interactions.

96  Additionally, conventional preclinical cancer models, such as xenografts with

97  immortalized cell lines, do not fully resemble the human tumor biology and thus have

98 limited predictive power[25-29]. Genetic mouse models also fail to recapitulate the

99  heterogeneity of primary human cancers and are limited by complex breeding schemes,
100 incomplete tumor penetrance and variable tumor onset[30]. The recent generation of
101  patient-derived xenografts (PDXs), by transplantation of patient tumor fragments
102  subcutaneously or orthotopically into immune-deficient mice[31], emerged as a promising
103  tool to better model human disease. These models recapitulate the main histological and
104  genomic features of the parental tumors[25, 27, 32] at a relatively low passage[33],
105 increasingly attracting interest to study disease mechanisms and therapeutic resistance[25,
106 27, 34]. They have also been used to identify and screen new drugs[32], and as a platform
107  for personalized medicine, allowing patient’s tumor characterization and treatment
108  selection. The ability of PDXs to maintain the phenotypic and molecular signature of
109  human tumors has been described for different types of cancer, namely neuroblastoma[30,
110  35], glioblastoma[36], gastric cancer[37], breast cancer[38-40], lung cancer[41-43],
111  pancreatic ductal adenocarcinoma[44-46], colon cancer[47, 48], melanoma[49], ovarian
112  carcinoma[50, 51] and renal cancer[52, 53]. However, few publications have reported data
113  from PDXs developed upon implantation of human BMs, which were derived from only a
114  limited spectrum of cancer types, namely non—small cell lung cancer (NSCLC)[41] and

115  breast cancer[54-56].
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116  Taking advantage of the privileged access to BM samples of patients with detailed clinical
117  annotation, we have successfully developed a unique library of PDXs of BMs from eight
118  distinct primary tumor origins. We have developed subcutaneous and intracardiac models,
119  performed a histopathological characterization of the tumors and thoroughly evaluated the
120  pattern of cancer cell dissemination with particular emphasis in the central nervous system
121 (CNS). To further validate our patient-derived models of BMs as a tool for precision
122 medicine, we demonstrated the efficacy of FDA approved drugs in treating patient-derived
123 cultures and the correspondent mouse xenografts. To our knowledge, this is the first study
124  describing a spontaneous metastatic phenotype in PDXs of BMs, faithfully recapitulating
125  human disease, and with an effective response to targeted anticancer therapies. We believe
126  our patient-derived models of BMs constitute a clinically relevant platform for preclinical
127  drug discovery and a powerful tool for personalized medicine.

128

129

130 RESULTS

131

132  Patient-derived tumor models reflect the clinical spectrum of human brain metastatic
133  disease

134 Thirty-four surgical specimens were consecutively collected from patients with metastatic
135 disease in the brain, skull and orbit, from ten different primary cancers (Table 1), in the
136  Department of Neurosurgery at Hospital de Santa Maria (CHULN, Lisbon, Portugal).
137  Tumor fragments from each specimen were implanted in the flank of NSG mice within 1

138  hour after surgery. Subcutaneous tumors were serially passaged in vivo until passage four
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139 and, in parallel, cancer cells were dissociated from tumor specimens to generate PDCs of
140 BMs and intracardiac PDXs upon injection of cancer cells into the heart (left ventricle) of
141  mice (Figure 1A). Upon reaching the humane endpoint, animals were euthanized, and all
142  organs were collected for histopathological analysis and to evaluate the presence of
143  metastases. PDCs were successfully generated from 61% of the engrafted tumors (Table
144 1)

145  The cohort of patients that generated the BMs tumor models had a median age of 64 years
146  (25-81 years) (Figure S1A), with a male predominance (n=21; 62%) (Figure S1B). The
147  most common primary tumor origins were lung (47%), colon (15%) and breast (12%)
148  (Figure S1C), reflecting the tumor types with highest predisposition to originate BMs.
149  Within the 16 lung cancer samples, 14 were classified as non-small cell carcinomas. Most
150 BMs were located in the supratentorial compartment, in the frontal or temporal lobes
151  (Figures S1D-S1E). Although all primary cancer types disseminated to the supratentorial
152 compartment, only few were found in the posterior fossa (Figures S1F-S1G). The patients’
153  median survival after the diagnosis of BMs was 6.4 months (Figure S1H) and a trend
154  towards a worse outcome was seen in patients with BMs within the infratentorial
155  compartment (Figure S1I).

156

157 In vivo tumorigenicity and clinical aggressiveness of subcutaneously implanted
158  human brain metastases

159  Among multiple BMs samples, from 10 different primary cancer origins, implanted in the
160  flank of NSG mice, we successfully grew tumors from 8 distinct cancer types. In vivo

161  tumorigenicity was defined as tumor formation within 6 months after flank implantation,
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162  confirmed by histopathological analysis. The overall take rate for establishing PDXs of
163  BMs was 65% (Figure 1B). Latency time, defined as the time between the subcutaneous
164  implantation of the tumor fragment and the detection of a measurable lesion, decreased
165  through passaging (Figure 1C). Notably, the ability of transplants to form tumors in vivo
166  correlated with the donor patient’s clinical outcome. Engrafted BMs (n=22) derived from
167  patients with an overall survival of 6 months, in contrast with BMs unable to originate
168 tumors (n=12) whose patients had an overall survival of 10.75 months (Figure 1D;
169 p=0.0021). A correlation between the in vivo tumorigenic potential and other clinical
170  factors such as age, gender and location of the BMs was not observed (data not shown).
171

172  Spontaneous dissemination of cancer cells in subcutaneous xenografts

173 The value of subcutaneous xenografts of BMs as a model to study human metastatic disease
174  would be greatly increased if they recapitulated the dissemination pattern of the patient’s
175  original tumor. To elucidate the metastatic potential of the implanted human BMs, we
176  performed histopathological analysis of all the organs in each mouse. Remarkably, of the
177 22 tumors engrafted in the flank of NSG mice, 64% (n=14) originated spontaneous
178  metastases to different sites, suggesting that cancer cells derived from BMs maintain their
179  original metastatic potential. Moreover, we observed homing of cancer cells to the primary
180  tumor site in 78% (7/9) of lung cancer BMs (Figure 2A and Figure S2). The sites of
181  metastases across serial in vivo passaging varied with different human samples and
182  occurred both at early and late passages. Interestingly, the spontaneous metastatic
183  phenotype to the CNS (3/14; 21%) was observed in early passages and presented as

184  leptomeningeal dissemination. The number of metastatic sites decreased with in vivo
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185  passaging (Figure 2B), possibly due to loss of heterogeneity by selection of more
186  proliferative clones.

187  We have compared the pattern of dissemination of each PDX with the patient whom the
188  sample derived from. We found that the pattern of spontaneous cancer dissemination in
189  some subcutaneous PDXs recapitulated the metastatic phenotype of the patients’ disease
190 (Table S1). Mouse xenografts and matched patients shared metastatic sites in 7 samples
191  (50%). For example, MET-CF78 exhibited metastatic deposits in the same organs as the
192  patient with stage IV lung cancer from where it originated (Figure 2C). MET-CF69 was
193  derived from a patient with metastatic melanoma and a diffuse lung infiltration, a pattern
194  also observed in the corresponding xenograft (Figure S3). Importantly, three animal
195  models (21%) showed spontaneous leptomeningeal dissemination to the CNS (Figures
196 2C-2D and Figure S4).

197

198 Intracardiac PDXs increase the metastatic potential of cancer cells to CNS and mimic
199  human disease

200  The injection of cancer cells in the left cardiac ventricle of mice has been previously
201  validated as a good animal model for the study of BMs. We have isolated tumor cells from
202 15 BMs, which were consecutively passaged (up to passage 3) by intracardiac injection
203  into NSG mice (Figure 3A). The most common primary tumors were lung cancer (40%)
204  and colon cancer (27%). Mouse survival decreased with passaging (Figure 3A, B), likely
205  reflecting the selection of more aggressive cancer cells. The survival of the animals also
206  varied according to the primary tumor type (Figure 3C) and the location of the BMs in the

207  intracranial compartment (Figure S5). Interestingly, intracardiac PDXs derived from
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208 infratentorial metastases showed a trend towards a worse outcome, mimicking the BMs
209  patient cohort (Figure S1l).

210  All the intracardiac PDXs we analyzed developed systemic metastases. As expected from
211  the delivery of cancer cells into the blood stream, the number of metastatic sites increased
212  when compared to subcutaneous tumor implantation (Figure 4A). The intracardiac model
213  also increased the tropism of cancer cells to the CNS (6/13; 46%), either focal metastases
214  inthe parenchyma or leptomeningeal dissemination, particularly at later passages (Figure
215  4B).

216  When we compared the pattern of cancer cell dissemination in the intracardiac xenograft
217  models with the respective patient metastatic disease (Table S2), we observed that 8 PDXs
218  (62%) disseminated to the same organs as their respective donor patients and, interestingly
219 3 PDXs (23%) presented metastases in the organ correspondent to the primary tumor.
220  (Figure S6 and S7). Of notice, MET-CF29, derived from a patient with metastatic bladder
221 carcinoma, exhibited metastases exclusive to the CNS and the same pattern of
222 immunostaining as the corresponding patients’ BM (Figures 4C-G).

223  Altogether, our results demonstrate that intracardiac PDXs of BMs recapitulate human
224  metastatic disease and may constitute good models to study CNS dissemination from
225  diverse primary cancers.

226

227  Effective therapeutic response of patient-derived models to targeted anticancer drugs
228  To assess the potential of our patient-derived models in evaluating the response to targeted
229  therapies, we preclinically tested the FDA approved drugs buparlisib (pan-PI13K inhibitor)

230 and everolimus (MTOR inhibitor), targeting the PI3BK/AKT/mTOR pathway. These drugs

10
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231 have previously demonstrated efficacy in orthotopic models of BMs from breast
232 cancer[55]. Moreover, it has been reported that BMs have genomic alterations associated
233 with sensitivity to PI3K/AKT/mTOR inhibitors[21]. Both compounds effectively inhibited
234 their expected targets at low concentrations in a PDC of a lung cancer BM (MET-CF78).
235  This is shown by reduced AKT and S6 phosphorylation upon buparlisib treatment and by
236  downregulation of S6, but not AKT phosphorylation in the case of everolimus (Figure
237  5A). Accordingly, both drugs significantly reduced cell proliferation in a dose-dependent
238  manner (Figure 5B-5C).

239  To further evaluate the utility of our models for precision medicine, we treated the
240  subcutaneous PDX of MET-CF78 with three cycles of oral therapy with buparlisib or
241  everolimus (four days on and 2 days off). We have used a subcutaneous model to better
242  assess treatment efficacy in vivo. Both compounds effectively reduced tumor growth
243  (Figure 5D) and, by the end of the therapeutic protocol, tumor size and tumor weight were
244  significantly lower in the treated tumors (Figure 5E-5G). Our patient-derived models
245  provide a relevant tool for preclinical testing of anticancer therapies.

246

247

248 DISCUSSION

249  PDX models have recently emerged has good preclinical platforms for drug discovery in
250  oncology[32, 57]. However, the development of PDXs from BMs has been limited to few
251  studies using samples from the most common cancer types (breast and lung cancers).
252  Contreras-Zarate et al. successfully generated 8 PDXs of breast cancer BMs upon

253  implantation in the mammary fat pad[54]. Lee et al. established subcutaneous and

11
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254 orthotopic PDXs from non-small cell lung cancer (NSCLC) primary tumors and BMs,
255  which maintained the histopathological similarities and the molecular profiling signatures
256  of the parental tumors. The intracardiac injection of three primary cultured human cancer
257  cells in mice originated systemic tumors but failed to recapitulate the metastatic phenotype
258  of the patients’ disease[41]. Using intracranial implantation of patient-derived BMs
259  tumorspheres from lung cancer, Nolte el al. showed that those cells could reproduce the
260 original patients’ tumors[58]. A recent study described spontaneous metastases in
261 melanoma subcutaneous PDXs but no correspondence with patients’ disease was
262  reported[59]. To our knowledge, our study is the first to describe the full spectrum of
263  human’s metastatic disease mirrored in subcutaneous and intracardiac xenograft models of
264  BMs. Furthermore, we demonstrate the value of these models for preclinical testing of
265  targeted anticancer therapies.

266  We have built a unique collection of 22 well-established PDXs of BMs from 8 distinct
267  primary cancers, which were phenotypically characterized over time and compared to the
268  original patients’ metastatic disease. A noteworthy observation from our subcutaneous
269  xenograft models is their capability to spontaneously disseminate to distinct organs in mice,
270  namely to the location of the patients’ primary tumor and to the CNS where the surgical
271  sample was collected. More importantly, mouse subcutaneous xenografts and their human
272  counterpart shared metastatic sites in 7 samples (50%) reinforcing the relevance of our
273  model to study human disease.

274  The intracardiac injection of cancer cells has been extensively studied and validated as a
275  good model to study BMs. However, the published studies relied on immortalized cancer

276  cells derived from murine[23] or human[20] cell lines, generated through successive

12
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277  rounds of intracardiac injection in mice for the selection of brain-tropic cells. The rapid
278  progression of the brain metastatic disease in these models limits their utility for drug
279  testing and, more importantly, they do not fully portray the heterogeneity of human tumors.
280  The systematic intracardiac injection of patient-derived brain metastatic cells and the
281  thorough assessment of cancer cell fate in different organs have not been addressed. The
282  results from our study have identified advantages of the intracardiac PDX model for the
283  study of human metastatic cancers when compared to the subcutaneous model including:
284  a) high incidence of spontaneous metastases (100% in intracardiac PDXs vs 64% in
285  subcutaneous PDXs); b) increased CNS dissemination (46% in intracardiac PDXs vs 21%
286 in subcutaneous PDXs); and c) higher number of metastatic sites shared between
287  xenografts and donor patients (62% in intracardiac PDXs vs 50% in subcutaneous PDXs).
288  Importantly, the library of xenograft-matched PDCs we generated constitutes an excellent
289  tool for streamlined drug discovery: in vitro high-throughput drug screens to identify
290  promising compounds can readily advance into in vivo preclinical trials. Together, these
291  features make our patient-derived models of BMs suitable to study the biology of human
292  metastatic cancers and to perform preclinical drug testing of patient-tailored therapies,
293  which we illustrated with the use of buparlisib and everolimus.

294  Recent studies using mouse models of cancer provided evidence of polyclonal seeding of
295  cancer cells, which often disseminate in parallel to form metastases, and of cooperation
296  between subclones to enhance tumor progression[60-63]. Phylogenetic analysis of matched
297  samples from metastatic cancer patients corroborated those findings and demonstrated that
298  metastasis-to-metastasis spread is a common event[64]. These mechanisms likely enhance

299  tumor heterogeneity and may potentially contribute to drug resistance. Although future
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300 genomic studies need to confirm the clonal identity of each metastatic site in our PDXs,
301 the observed pattern of cancer dissemination over serial passaging in mice, particularly
302  with the intracardiac injection, might reflect the conservation of inter- and intra-tumoral
303  heterogeneity. To develop our xenografts, we either used tumor fragments or dissociated
304  cancer cells from fragments of subcutaneously grown BMs, thereby avoiding artificial
305 clonal selection.

306  The absence of mouse models that accurately reflect the human metastatic disease to the
307  brain has been a barrier to the investigation of disease drivers and to the identification of
308 site-specific targeted treatments. Since cancer patients’ survival is dramatically decreased
309 upon the establishment of BMs, the development of such tools is an urgent need. Our
310 translational models (using BMs of diverse primary cancer origins that recapitulate the
311 dynamics of cancer cell dissemination, mirror patient metastatic disease and respond to
312  anticancer therapies) represent outstanding tools to advance the understanding of the
313  biology of BMs and to foster the rapid discovery of novel therapeutics.

314

315

316 MATERIALS AND METHODS

317

318  Specimen collection, annotation and biobanking

319  Samples were collected in accordance with the Hospital de Santa Maria (Centro Hospitalar
320  Universitario Lisboa Norte, CHULN, Lisbon, Portugal) Ethics Board and a written
321 informed consent was obtained from all patients prior to study participation. Specimens

322 and detailed clinical annotations were obtained from 34 patients with BMs from diverse

14
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323  primary tumors submitted to surgical resection at the Department of Neurosurgery of
324  Hospital de Santa Maria (CHLN, Lisbon, Portugal) from 2015 to 2017. Surgical BMs
325  samples not needed for diagnostic purposes were divided into four portions within 1 hour
326  after surgery: for implantation into immune-deficient mice, DNA/RNA extraction,
327  pathologic assessment, and storage. Samples were stored at Biobanco-iMM CAML
328 (Biobank of the Lisbon Academic Medical Center, Lisbon, Portugal).

329

330 Establishment of subcutaneous patient-derived xenografts (PDXs) of BMs

331 In accordance with Directive 2010/63/EU (transposed to Portuguese legislation through
332  Decreto-Lei No. 113/2013, of August 7th), all animal procedures were approved by the
333 institutional animal welfare body (ORBEA-iMM), in order to ensure that the use of animals
334  complies with all applicable legislation and following the 3R's principle, as well as licensed
335 by the Portuguese competent authority (license number: 012028\2016). All animals were
336  kept in specific pathogen-free (SPF) conditions, randomly housed per groups under
337  standard laboratory conditions (at 20-22°C under 10 hour light/14 hour dark), and given
338  free access to food (RM3, SDS Diets, Witham, UK) and water (Ultrapure). Invasive
339  procedures were performed with animals under volatile anesthesia (isoflurane)
340 administered using a RC? Rodent Circuit Controller Anesthesia System (VetEquip®,
341  California, USA). Humane endpoints were established for tumor volume of 2000mm3 10%
342  body weight loss, paralysis and abdominal distension. Animals were euthanized using
343  anesthetic overdose.

344  NOD.Cg-Prkdcs® 112rg™™il/Sz) (NSG) mice were purchased from Charles River

345  Laboratories (Massachusetts, USA) and used as hosts for PDXs production. Human BMs

15
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346  samples were divided into small fragments (ca. 4x4x4mm) and implanted into the
347  subcutaneous tissue of each mouse flank (1 fragment per mouse, n=2
348 mice/sample/passage). All mice were monitored for tumor growth, body weight,
349  discomfort and distress every other day. Once palpable, tumor size was measured twice a
350  week using a caliper (VWR, Pennsylvania, USA), and the volume was estimated using the
351 formula (AxB?)/2 where A is the antero-posterior measure and B is the dorsoventral
352  measure. When tumors reached 1000mm?, mice were euthanized, the flank tumors were
353  removed and serially passaged in vivo. Histopathologic analysis was also performed in
354  other organs, namely CNS, femur and tibia, liver, lungs, spleen, pancreas, adrenal and
355  reproductive systems, lymph nodes, thymus, heart and kidneys. Tumors were serially
356  passaged until passage (P) 4.

357

358  Establishment of patient-derived cultures (PDCs)

359  Freshly harvested PDX tumors were minced using sterile scalpel blades and enzymatically
360 dissociated using trypsin, hyaluronidase, kynurenic acid, DNase (Sigma-Aldrich, Missouri,
361 USA) in artificial cerebrospinal fluid, at 37°C with agitation for ~30min. Enzymatic
362  dissociation was halted by adding trypsin inhibitor (Sigma-Aldrich, Missouri, USA). Cell
363  suspension was further centrifuged at 1000rpm for Smin. Supernatant was then discarded,
364  pelleted cells were washed in DMEM/F12 (Gibco, California, USA) and filtered through a
365  70um cell strainer. Dissociated cells were cultured in DMEM/F12 supplemented with 10%
366 FBS (Biochrom, Berlin, Germany), 2% B27, 1% HEPES, 1% L-Glutamine and 1x
367  Antibiotic-Antimycotic (Gibco, California, USA) at 37°C with 5% CO,. Growth factors

368  were supplemented every 2/3 days.
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369

370  Establishment of intracardiac PDXs of BMs

371  Freshly dissociated viable cells were counted using trypan blue exclusion and 50,000 cells
372  re-suspended in 80ul PBS were injected in the left cardiac ventricle of recipient NSG mice
373  (n=2/sample/passage). Intracardiac injections were performed under volatile anesthesia
374  (Isoflurane). After injection mice recovered on a heating pad while being observed for
375 adverse events, such as cardio-respiratory failure. All mice were monitored for
376  neurological disabilities, body weight, discomfort and distress every other day. Mice were
377  euthanized when presented more than one of these manifestations and the organs were
378  collected for histopathological analysis, as described above.

379

380 Histological and immunohistochemical analysis

381  Tissue samples were fixed immediately in 10% neutral buffered formalin solution,
382  dehydrated and embedded in paraffin, serially sectioned at a thickness of 4um using a
383  microtome, mounted on microscope slides and stained with hematoxylin and eosin (H&E)
384  for morphological examination. Tissue sections were also used for immunohistochemical
385 (IHC) staining following conventional protocols, using the following primary antibodies:
386  CKT7 (Invitrogen 180234, California, USA, Thermo Fisher Scientific Cat# MA1-80234,
387 RRID:AB_928715), CK20 (Dako Hs20.8, California, USA, Agilent Cat# M7019,
388 RRID:AB_2133718), AE1AE3 (Invitrogen 180132, California, USA, Thermo Fisher
389  Scientific Cat# MA5-13203, RRID:AB_10942225), and mitochondria (Merck MAB1273,
390 Massachusetts, USA, Millipore Cat# MAB1273, RRID:AB_9405). Briefly, for antigen

391 retrieval slides were treated in a PT Link module (DAKO, California, USA) at low-Ph,
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392 followed by incubation with the primary antibodies. EnVision Link horseradish
393  peroxidase/DAB visualization system (Dako, California, USA) was used, and sections
394  were then counterstained with hematoxylin and mounted. H&E and IHC slides were
395 examined by a specialized pathologist, and representative photomicrographs were taken
396 using Leica DM2500 microscope coupled to a Leica MC170 HD microscope camera
397  (Wetzlar, Germany).

398

399 Invitro drug assay

400 PDCs from MET-CF78 BM sample, were seeded in 96-well plates, 1000 cells per well,
401 and incubated up to 96h with either 1uM or 10uM buparlisib (NVP-BKM120 PI3K
402 inhibitor, Selleckchem, Munich, Germany), and with either 20nM or 1uM of everolimus
403 (RADO001, mTOR inhibitor, Selleckchem, Munich, Germany).

404  Cell viability was determined by MTS (CellTiter 96 Aqueous One Solution Reagent,
405  Promega, Wisconsin, USA) as previously described[65]. Briefly, cells were incubated for
406  2h with MTS and the absorbance was measured at 490nm. Two independent experiments
407  were performed with 3 technical repetitions each.

408  For Western blot analysis, cells were seeded in 6-well plates at 0.5 x 108 cells per well and
409 incubated for 2h with the above-mentioned drug conditions. Cell lysates used for
410 immunoblotting were prepared as previously described[66]. Cells were lysed in lysis buffer
411  supplemented with 1x phosphatase inhibitors (PhosStop, Roche Diagnostics, Basel,
412  Switzerland) and a 1x protease inhibitor cocktail (Complete Mini, Roche Diagnostics,
413  Basel, Switzerland). After centrifugation at 10,0009 for 15 minutes at 4°C, the supernatant

414  was harvested. Protein concentration was determined using the Bradford protein assay

18


https://doi.org/10.1101/2020.11.26.400036

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.26.400036; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

415 (BioRad, California, USA). Equal amounts of protein were subjected to SDS-PAGE and
416  transferred onto nitrocellulose membranes (BioRad, California, USA), which were blocked
417  with 5% skim milk for 1 hour at room temperature, incubated with the primary antibodies
418  overnight, and then blotted with the appropriate secondary antibodies. Antibodies against
419  p-S473-AKT (Cell Signaling Technology Cat# 4060, RRID:AB_231504), AKT (Cell
420  Signaling Technology Cat# 9272, RRID:AB_329827), p-S235/236-S6 (Cell Signaling
421  Technology Cat# 2211, RRID:AB_331679) and S6 (Cell Signaling Technology Cat# 2217,
422  RRID:AB_331355, Massachusetts, USA) and actin (Santa Cruz Biotechnology Cat# sc-
423 47778 HRP, RRID:AB_2714189, California, USA,) were used[67]. Two independent
424  experiments were performed.

425

426  Invivo drug treatment of subcutaneous PDX

427  Invivo drug response evaluation was performed using NSG mice injected subcutaneously
428 in the flank with MET-CF78 cells (1.5x10° cells/mouse). The MET-CF78 culture was
429  derived from a patient with lung cancer BM. When all tumors were measurable (50-150
430 mm?d), animals were randomized into three treatment groups (N=7 mice/group): untreated
431  control (DMSO/PEG400), mTOR inhibitor everolimus (3mg/kg/day) and PI3K inhibitor
432  Dbuparlisib (30mg/kg/day). Both compounds were purchased from Selleck Chemicals
433 (Munich, Germany), dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich, Darmstadt,
434  Germany) and stored at -80°C. Drugs were freshly diluted in polyethylene glycol 400
435 (PEG400, Sigma-Aldrich, Darmstadt, Germany) (30% v/v) immediately before
436  administration by oral gavage. Mice received three cycles of therapy (four days on and two

437  days off). The animals were monitored daily, body weight variations were recorded
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438 throughout treatment, and tumor volume was measured using a caliper. Mice were
439  euthanized by the end of the treatment (day 34) and tumor samples were collected for
440 histopathological analysis, as described above.

441

442  Statistical analysis

443  Statistical differences were determined with non-parametric Kruskal-Wallis (Dunn’s
444  Multiple Comparison tests) and Mann-Whitney tests using GraphPad Prism v6.0
445  (GraphPad, California, USA, GraphPad Prism, RRID:SCR_002798). Survival curves were
446  analyzed using log-rank tests (Mantel-Cox). Differences were considered statistically
447  significant for p<0.05.

448
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659 TABLE AND FIGURE LEGENDS
660 Table 1. Summary of the clinical data of BMs patients and experimental results from PDX
661 and PDC models.
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Patient PDX PDC

Pt.  Sample Sex Age Primary Location Specific I\(I)c;. 25?2332 SOLXSir\?gI Subcutan‘eous IntraCérd|ac Yes/No
No ID ’ tumor (ST/T) location BMs (RT/RS) (months) Engrafted Latency time Metastases Engrafted Survival Metastases
(days) (days)
1 MET-CF29 F 70 Bladder ST Skull 1 No 7.4 Yes 31 (24-67) No Yes 45 (42-67) Yes Yes
2 MET-CF30 M 72 Lung IT Cerebellar hemisphere 2 No 5.8 Yes 69 (58-76) No Yes 144 (130-158) Yes Yes
3 MET-CF32 M 80 Bladder ST Temporal 2 No 16.7 Yes 70 No - - - No
4 MET-CF38 M 49 Lung IT Cerebellar hemisphere 1 No 10.4 Yes 20 (18-29) Yes - - - No
5 MET-CF58 M 65 Lung ST Parietal 2 No 7.4 Yes 22 (18-47) Yes - - - No
6 MET-CF63 F 44 Breast ST Frontal 2 No 10.1 No - No - - - No
7 MET-CF65 M 25 Osteosarcoma ST Frontal 1 No 25 Yes 20 (22-30) No Yes 64 (61-72) Yes Yes
8 MET-CF66 F 66 Lung ST Frontal 1 No 15 Yes 31 (24-35) Yes Yes 175 Yes No
9 MET-CF67 M 54 Lung IT Cerebellar hemisphere 1 RS 20.3 No - No - - - No
10 MET-CF68 M 59 Lung ST Frontal 1 No 19.3 Yes 26 (24-35) Yes Yes 65 (63-141) Yes Yes
11 MET-CF69 M 76 Melanoma ST Frontal 3 No 1.2 Yes 33 (38-46) Yes Yes 70 (60-75) Yes Yes
12 MET-CF70 F 80 Colon IT Vermis 1 No 8.1 Yes 34 (28-39) Yes Yes 83 (80-95) Yes Yes
13 MET-CF71 F 41 Nasosinusal ST Skull 1 No 17.8 No - No - - - No
14 MET-CF73 M 60 Renal ST Occipital 1 No 16.9 No - No - - - No
15 MET-CF74 M 59 Renal ST Orbita 1 No 4.1 No - No - - - No
16 MET-CF75 F 58 Colon IT Cerebellar hemisphere 1 No 2.4 Yes 46 (46-183) No Yes 10 NA Yes
17 MET-CF76 F 62 Lung ST Frontal 3 RT 16.8 No - No - - - No
18 MET-CF78 M 61 Lung IT Cerebellar hemisphere 2 No 6.5 Yes 26 (21-37) Yes Yes 77 (61-88) Yes Yes
19 MET-CF79 F 64 Lung ST Occipital 1 RS 10.3 Yes 62 (58-74) No Yes 145 (11-289) Yes No
20 MET-CF80 M 64 Lung IT Vermis 1 No 3.5 Yes 61 (40-102) Yes - - - Yes
21 MET-CF81 F 67  Endometrium IT Cerebellar hemisphere 9 No 15 Yes 33 (29-44) Yes Yes 131 (76-163) Yes Yes
22 MET-CF82 M 72 Colon ST Temporal 1 No 6.1 Yes 62 (47-74) Yes Yes 186 (72-199) Yes Yes
23 MET-CF83 F 68 Breast IT Vermis 1 No 11.7 No - No - - - No
24 MET-CF84 F 54 Breast IT Cerebellar hemisphere 2 No 6.3 No - Yes - - - No
25 MET-CF85 M 73 Lung ST Frontal 2 RS 11.4 No - Yes - - - No
26 MET-CF87 M 67 Lung ST Temporal 1 No 11.3 Yes 45 (43-100) Yes Yes 114 (10-144) Yes Yes
27 MET-CF88 M 55 Prostate ST Frontal 2 No 4.9 Yes 92 (64-166) No Yes 4 (4-10) NA Yes
28 MET-CF89 M 81 Colon IT Cerebellar hemisphere 3 No 4.9 Yes 26 (22-34) No Yes 83 (64-92) Yes Yes
29 MET-CF90 M 68 Lung IT Vermis 1 No 1.1 Yes 78 Yes - - - No
30 MET-CF93 M 63 Lung IT Cerebellar hemisphere 1 No 6.2 No - No - - - No
31 MET-CF94 M 47 Lung ST Frontal 2 RS 6.1 No - No - - - No
32 MET-CF95 M 65 Lung ST Temporal 2 No 4.9 No - No - - - No
33 MET-CF96 F 55 Breast ST Parietal 3 No 3.4 Yes 65 (58-72) NA - - - No
34 MET-CF97 F 81 Colon ST Temporal 2 No 3.0 Yes 75 NA - - - No

682

27


https://doi.org/10.1101/2020.11.26.400036

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.26.400036; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

683  PDX: Patient-derived xenograft; PDC: Patient-derived culture; ST: Supratentorial; IT:
684 Infratentorial; RT: Radiotherapy; RS: Radiosurgery; NA: Not applicable.
685  All values are presented as median with interquartile range.
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Figure 1. Subcutaneous xenografts derived from BMs surgical samples.
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702  (A) Experimental workflow for patient-derived models. Samples were implanted in the
703  flank of immuno-compromised NSG mice and serially expanded until passage four. Flank
704  tumors were dissociated into single cell suspensions that were primarily cultured or injected
705 inthe left cardiac ventricle of NSG mice. (B) Take rate and latency time of subcutaneously
706  implanted human BMs from diverse primary cancers. (C) Tumor latency time decreases
707  upon in vivo serial passaging. (D) The in vivo tumorigenic potential of BMs surgical
708 samples correlates with patient poor survival. Data is expressed as median with
709 interquartile range. Differences were considered statistically significant for p-values<0.05,
710  according to the Kruskal-Wallis with Dunn’s multiple comparisons and Log-rank (Mantel-
711  Cox) tests.

712

713

30


https://doi.org/10.1101/2020.11.26.400036

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.26.400036; this version posted November 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Pattern of dissemination

Metastases location 100+
0] L] -

80 : l

Primary
Sample
(MET-CF#)
Soft tissues
Gonads

Passage
CNS
Lungs
Liver
Spleen
Kidney
Intraperitoneal
Lymph nodes

Bone/ Bone marrow
Metastases (%)
n
g

104
ol N e | , ,
PO P1 P2 P3 P4
Passage
[ Gonads 1 Spleen
Bl Soft tissues Liver

[
- - Lymph nodes [ Lungs
— . - . 7 Intraperitoneal EE CNS
[ Kidney El Bone/Bone Marrow

MET-CF78

#38

#58

#66

Lung
#68

= Patient Xenograft

#78

#80

#85

#87

#90

Mela
noma
#69

#70

Colon

Breast #84

EE
S.
-]
w

#81

riul

WwNmololrpwNnsOobwNmO|bwN OOl R O|OWNCOE N, ORWNSO|EWN OB WN OB WN O

et

714

715  Figure 2. Spontaneous dissemination of subcutaneously implanted tumors.

716  (A) Metastatic sites observed during human BMs expansion in mice. (B) Pattern of
717  dissemination of cancer cells across in vivo passages. (C-H) Representative clinical case
718  of a 61 years-old male patient with metastatic lung carcinoma to the brain and to the liver,
719  whose PDX mimicked the donor patient disease. (C) Magnetic Resonance Imaging (MRI)

720  of the brain, coronal T1 contrast-enhanced, showing a right cerebellar hemisphere BM. (D)
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H&E staining of the mouse lumbar spinal cord with leptomeningeal dissemination (arrow).
(E) Computed Tomography (CT) scan of the patient’s thorax showing a primary lung
cancer on the right lung and (F) H&E staining of the matched mouse lung with a metastasis
(arrow). (G) Patient abdominal CT scan showing a liver metastasis (arrow) and (H) the

matched liver metastasis in the xenograft.
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a
Survival time (days)
Pri No.
rimary tumor of samples
IC1 Ic2 IC3 Total
Lung 6 167 (126-259) 77 (39-114) 63 (10-69) 88 (59-160)
Colon 4 80 (39-141) 88 (77-199) 72 (71-89) 83 (71-95)
Bladder 1 45 87 (56-77) 38 45 (42-67)
Melanoma 1 114 75 (68-75) 61 (58-63) 70 (60-75)
Osteosarcoma 1 64 66 (58-79) 64 (61-72)
Endometrium 1 163 (153-173) 131 76 131 (76-163)
Prostate 1 10 4 4 (4-10)
Total 15 94 (46-169) 76 (57-98) 71 (60-75) 72 (57-101)
b c
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Figure 3. Intracardiac xenografts derived from human BMs samples.

(A) Survival of mice submitted to intracardiac injections of cancer cells derived

from human BMs of diverse primary cancers. (B) Kaplan-Meier survival curves in early

(IC1) and late (IC3) intracardiac xenografts. (C) Mice overall survival according to the

primary tumor. Data is expressed as median with interquartile range. Differences were

considered statistically significant for p-values<0.05, according to the Log-rank (Mantel-

Cox) test.
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750  Figure 4. Metastatic phenotype in intracardiac xenograft models of human BMs.

751  (A) Systemic location of metastases during serial injection of human BMs in mice. (B)
752  Pattern of dissemination of cancer cells upon intracardiac injections. (C-G) Intracardiac
753 mouse xenograft from a 70 years-old female patient with a bladder carcinoma. Contrast-
754  enhanced coronal T1 MRI sequence of a parietal skull metastasis with adjacent dural and
755  subcutaneous tissue invasion (C). Representative H&E stained sections of the
756  correspondent mouse xenograft revealing exclusive CNS metastases, in the supratentorial
757  compartment (D), in the infratentorial compartment (E) and in the spinal cord (F).
758  Comparison of the immunohistochemical markers for bladder carcinoma between human
759  parental BM sample and corresponding xenografted tumor (G).
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766  Figure 5. Patient-derived models of lung cancer BMs respond to PI3K and mTOR
767 inhibition. (A) Representative Western blot demonstrating AKT and mTOR pathway
768 inhibition by buparlisib and everolimus, respectively. Inhibition of cell proliferation upon
769  treatment with increasing doses of buparlisib (B) and everolimus (C). Cell viability was
770  measured by MTS assay. Data represents median of triplicates with interquartile range. (D)
771 Inhibition of flank tumor growth upon three cycles of therapy with buparlisib and
772  everolimus. Significant reduction in tumor size (E) and tumor weight (F) by the end of
773  treatment. (G) Representative photographs of flank tumors in each experimental group by
774  the end of treatment.
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