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Brain metastases are an increasing burden among breast cancer patients, particularly for those with HER2+ and triple negative (TN) subtypes. Mechanistic insight into the pathophysiology of brain metastases and preclinical validation of therapies has relied almost exclusively on intracardiac injection of brain-homing cells derived from highly aggressive TN MDA-MB-231 and HER2+ BT474 breast cancer cell lines. Yet, these well characterized models are far from representing the tumor heterogeneity observed clinically and, due to their fast progression in vivo, their suitability to validate therapies for established brain metastasis remains limited. The goal of this study was to develop and characterize novel human brain metastasis breast cancer patient-derived xenografts (BM-PDXs) to study the biology of brain metastasis and to serve as tools for testing novel therapeutic approaches. We obtained freshly resected brain metastases from consenting donors with breast cancer. Tissue was immediately implanted in the mammary fat pad of female immunocompromised mice and expanded as BM-PDXs. Brain metastases from 3/4 (75%) TN, 1/1 (100%) estrogen receptor positive (ER+), and 5/9 (55.5%) HER2+ clinical subtypes were established as transplantable BM-PDXs. To facilitate tracking of metastatic dissemination using BM-PDXs, we labeled PDX-dissociated cells with EGFP-luciferase followed by reimplantation in mice, and generated a BM-derived cell line (F2-7). Immunohistologic analyses demonstrated that parental and labeled BM-PDXs retained expression of critical clinical markers such as ER, progesterone receptor, epidermal growth factor receptor, HER2, and the basal cell marker cytokeratin 5. Similarly, RNA sequencing analysis showed clustering of parental, labeled BM-PDXs and their corresponding cell line derivative. Intracardiac injection of dissociated cells from BM-E22-1, resulted in magnetic resonance imaging-detectable macrometastases in 4/8 (50%) and micrometastases (8/8) (100%) mice, suggesting that BM-PDXs remain capable of colonizing the brain at high frequencies. Brain metastases developed 8–12 weeks after ic injection, located to the brain parenchyma, grew around blood vessels, and elicited astroglia activation characteristic of breast cancer brain metastasis. These novel BM-PDXs represent heterogeneous and clinically relevant models to study mechanisms of brain metastatic colonization, with the added benefit of a slower progression rate that makes them suitable for preclinical testing of drugs in therapeutic settings.
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INTRODUCTION

Brain metastases are the most common form of brain cancer, exceeding the number of primary brain tumors by at least four times, and occurring in about 25% of all patients with cancer (1). Breast cancer is the second most common primary tumor responsible for brain metastasis (2, 3), especially from women with HER2+ and triple negative [TN, estrogen receptor negative (ER−), progesterone receptor negative (PR−), and HER2−] tumors (4–6). Brain metastases remain incurable and more than 80% of patients will die within a year of their brain-metastasis diagnosis (7, 8). Treating brain metastases has been particularly challenging due to unique anatomical and functional features in the brain. Therapies used to treat systemic metastases [e.g., trastuzumab for the treatment of breast tumors overexpressing HER2+, or chemotherapies used to treat triple negative breast cancers (TNBCs)] have limited ability to cross the blood–brain barrier (BBB) at effective doses, and often fail to decrease brain metastatic burden (8, 9). Thus, there is an urgent need for improved therapeutic approaches for breast cancer brain metastases.

A critical limitation to achieve better therapeutic strategies for brain metastasis has been the narrow set of experimental models to study brain metastasis pathophysiology. Development of symptomatic brain metastasis requires cancer cells to disseminate from the primary tumor, intravasate into blood vessels, survive in circulation, extravasate through the BBB, survive the neuroinflammatory response in the brain, and outgrow into large metastasis (10–12). Studying this complex process requires in vivo animal models that mimic early and late stages of brain metastatic colonization, produce brain metastases at high frequencies, and demonstrate moderate tumor progression necessary for the preclinical screening of drugs that could be used in preventive and therapeutic settings (13, 14). Until recently, brain metastasis studies relied primarily on intracardiac (ic) injection of brain-homing cells derived from murine 4T1 (4T1BR5), human TN MDA-MB-231 (231Br, 231/LM2-4) (15–17), and HER2+BT474 (BT474BR) cell lines (18). These models were developed by performing successive rounds of ic injection of breast cancer cell lines, which were then reisolated, cultured in vitro and then reinjected into nude mice (19). Although these brain metastatic cell lines are well characterized and produce brain metastases at high frequencies (20, 21), the rapid progression of metastatic burden in these models limits their usability for therapeutic testing of drugs. More importantly, these models do not fully represent the heterogeneity observed in breast tumors and their metastasis, which have emerged as critical factor in defining populations of patients that are likely to respond to a particular therapy.

During the past several years, researchers have developed transplantable models to grow primary breast tumors in the mammary fat pad of NOD/SCID/ILIIrg−/− (NSG) mice, with the long-term goal of personalizing medicine (22–24). These PDXs retain intratumoral heterogeneity and have become a clinically relevant alternative to cell lines (23, 25, 26). Here, we report the development and characterization of eight novel human breast cancer patient-derived xenografts (BM-PDXs) from ER+, HER2+, and TN subtypes and a matching TN cell line, which retain tumor heterogeneity and brain metastatic potential. We demonstrate that ic injection of cells dissociated from BM-PDXs produce brain metastases at high frequencies, with metastases that elicit astroglia activation and growth around vessels in a similar fashion to breast cancer brain metastasis. These novel BM-PDXs represent heterogeneous and clinically relevant models to study mechanisms of brain metastatic colonization, with the added benefit of a slower progression rate that makes them suitable for preclinical testing of drugs in therapeutic settings.

MATERIALS AND METHODS

Brain Metastases Transplantation and Establishment of Patient-Derived Xenografts

De-identified brain metastases and their clinical-pathological information (age, ER, PR, and HER2 status at the time of metastases resection, prior therapies, and survival) were obtained from consenting breast cancer patients undergoing neurosurgery. These samples were collected under approved IRB protocols at University of Colorado Anschutz Medical Campus. All animal studies were performed under approved University of Colorado Institutional Animal Care and Use Committee (IACUC) protocols.

Freshly removed brain metastasis samples were placed on sterile ice-cold DMEM and transported to the laboratory for transplantation into mice. Specimens that could not be immediately implanted were maintained at 4°C for no longer than 8 h. Female NSG mice, 6–8 weeks old were purchased from Jackson laboratories or bred at the UC Denver Center for Comparative Medicine breeding facility. Brain metastases were partitioned into 5–10 mm3 pieces, dipped into cultrex, and implanted in the fourth mammary fat pad of anesthesized mice using a 10-gage trochar. In one case, brain metastatic cells were collected from cerebrospinal fluid from a patient diagnosed with meningeal carcinomatosis. Here, cancer cells were collected by centrifugation and divided into two aliquots. One mouse was injected ic with cancer cells suspended in 100 μl PBS, another recipient was injected into the mammary fat pad with cancer cells resuspended in 50 μl cultrex. All mice were implanted with a silastic pellet providing slow release of 17β-estradiol (E2), as prior experience showed that E2 increases tumor uptake of breast cancer PDXs irrespective of tumor subtype. Tumors were palpated weekly to assess tumor take for up to 8 months postimplantation. Once palpable, tumor size was assessed weekly using caliper and volume estimated as length × width2/2. When tumors reached ~1.5 cm in any direction, mice were euthanized and tumors removed. Tumors were divided into several 10 mm3 pieces and reimplanted in the mammary fat pad of NSG mice, cryopreserved in 10% DMSO/90% FBS in liquid nitrogen, stored in trizol RNA extraction, and fixed in 10% formalin for paraffin embedding. BM-PDXs were considered established if they grew over two generations.

Labeling of BM-PDXs

A subset of BM-PDXs were labeled with lentiviral particles expressing EGFP-luciferase as we described previously (27). Briefly, >1 cm3 tumors were resected from euthanized mice and digested in Accumax (Stemcell Tech) for 3 h at 30°C. Human cancer cells were separated from mouse stromal cells using a lineage cell depletion kit (MACS) and isolated breast cancer cells were plated in six-well ultralow attachment plates in DMEM-F12 media. Tumor cells were transduced with 30 MOI of lentiviral pHAGE-EF1aL-luciferase-UBC-GFP-W and GFP expression monitored for up to 48 h. Labeled tumor cells were then collected, washed, resuspended in 100 μl Cultrex basement membrane extract and injected in the mammary fat pad of NSG mice. Efficiency of transduction was assessed using luciferase activity imaging (IVIS) or GFP expression when tumors reached >1 cm3. Labeled BM-PDX were cryopreserved, fixed for immunohistological analysis, stored in trizol for RNA extraction, or transplanted into a new recipient.

BM-F2-7 Cell Line Derivation and Culture

A cell line (F2-7) was derived from triple-negative BM-PDX. For this, tumor cells were dissociated from BM-PDX F2-7 using Accumax, and dissociated cells were plated in ultralow attachment six-well plates in DMEM-F12 supplemented with 10% of FBS, 1 μg/ml hydrocortisone, 100 ng/ml of cholera toxin, and 1 nM of insulin. After 4 weeks of growth in suspension, human cells free of fibroblasts were plated in collagen-I coated dishes, and purity validated by immunohistochemistry. F2-7 cells were labeled with GFP-luciferase as described for BM-PDXs. Short-Tandem Repeat analysis was performed in the established cell line and deposited at University of Colorado Tissue Culture Core facility for validation and future reference.

RNA Sequencing of BM-PDX and F2-7 Cell Line

High-throughput RNA sequencing from a cell line derivative (F2-7) and a selected set of BM-PDXs before and after labeling with EGFP-luciferase was performed. RNA was isolated from tumor samples using trizol followed by RNA cleanup using RNEeasy MinElute Cleanup kit (Qiagen), and RNA concentration was measured in a Nanodrop 2000 (Thermo Scientific). The Genomics and Microarray core facility at the University of Colorado AMC performed RNA quality control using an Agilent 2100 Bioanalyzer, and prepared RNA-seq libraries using the Illumina TruSeq Stranded mRNA LT Sample Prep Kit. The resulting libraries were sequenced on an Illumina HiSeq 2500 system (1 × 125 bp). After demultiplexing, the resulting reads were trimmed with cutadapt to remove 3′ adaptor sequences and low quality 3′ bases (Q < 10). The trimmed reads were then aligned to both the human (hg19/GRCh37) and mouse (mm10) genomes using Tophat2 (28). Reads were then assigned to either the human or mouse genome using disambiguate (29) and ambiguous reads were discarded. Unambiguous reads were assigned to features using Rsubread (30) and normalized read counts were produced using the rlog function in DESeq2 (31). The GEO Accession number for this data is GSE104020.

Experimental Brain Metastasis Using BM-PDXs

Two tumors from E22-1 BM-PDXs grown in the mammary fat pad were excised at necropsy, cut into 2 mm2 pieces and dissociated using Accumax for 3 h. The digestion was stopped using DMEM/F12 10% FBS, and single cells isolated by filtering through 100 and 70 μm mesh filters. Viable cells were counted using trypan blue exclusion and 250,000 cells resuspended in 100 μl PBS were injected in the left cardiac ventricle of recipient female NSG mice (n = 8). Brain metastatic burden was assessed using T1/T2 contrast magnetic resonance imaging (MRI) 8 weeks after ic injection, and mice were euthanized under CO2 asphyxiation at 8 or 12 weeks after ic injection as mice developed signs of CNS metastatic burden. In all cases, brains were removed at necropsy and brain hemispheres embedded in OCT and stored at −80°C until sectioning. Micrometastases were visualized with H&E and/or pan cytokeratin (PanCK) staining in six serial sections (10 μm thick), one every 300 μm in a sagittal plane through the right hemisphere of the brain.

Magnetic Resonance Imaging

To non-invasively detect and quantify brain metastatic colonization, brain MR scans were acquired using a Bruker 4.7 T PharmaScan and a bird-cage radio frequency 36 mm coil (Bruker Medical, MA, USA). Animals were injected via tail vain with 0.4 mmol/kg gadolinium contrast Multihance (gadobenate dimeglumine, Bracco Diagnostic) and anesthetized with 2–2.5% isoflurane. High-resolution rapid acquisition with relaxation enhancement (RARE) T2-weighted images with fat suppression were obtained (TR/TE = 4,000/80 ms) followed by a multislice multiecho (MSME) T1-weighted sequence (TR/TE = 700/11 ms). All images were obtained in the axial plane, with the field of view of 3 cm, slice thickness 1 mm, number of slices 16, matrix size 256 × 256. In-plane resolution was 90 μm. T1-weighted MSME images were acquired as well to confirm metastatic lozation. All images were acquired and analyzed (T2-MRI for lesion numbers and diameters) using Bruker ParaVision (v4.3) software.

Immunohistochemistry in PDXs and Experimental Brain Metastasis

Tumors were removed from animals and fixed in 10% buffered formalin. Tissue was processed, paraffin embedded, and cut into 5-μm sections. After high-temperature antigen retrieval in citrate buffer, sections were stained with rabbit anti-epidermal growth factor receptor (anti-EGFR, Cell Signaling), rabbit monoclonal anti-C-erB-2 (SP3, Neomarkers), mouse monoclonal antibody anti-cytokeratin 5 (anti-CK5, Vector), rabbit polyclonal anti-PR (DAKO, Carpinteria, CA, USA), and rabbit polyclonal anti-ERα (SP1, Thermofisher). Sections were counterstained with hematoxylin and mounted. Representative photographs were taken under a light microscope at ×20 magnification.

Dual immunofluorescence of brain metastasis was performed 10-μm sections from frozen unfixed-OCT embedded brains. Sections were fixed in acetone and stained with a mouse monoclonal antibody specific for human cytokeratins (Pan-CK, MNF116, Dakocytomation, Glostrup Denmark); in combination with rat anti-GFAP (Invitrogen, CA, USA); rabbit anti-collagen IV (Millipore). Secondary antibodies were anti-mouse Alexafluor-488 or anti-rabbit Alexafluor-565 or anti-Rat-Alexafluor-594 (all from Invitrogen/Thermofisher, CA, USA). Nuclei were stained with 1 μg/ml 4′,6-diamidino-2-phenylindole (DAPI) in methanol for 10 min at room temperature. Photographs were taken under ×20 magnification for the same field using the UV, FITC, and TRITC filters.

RESULTS

Establishment of BM-PDXs in Relation to Breast Cancer Subtypes

We implanted a total of 14 brain metastases specimens from TN (n = 4), ER+HER2− (n = 1), ER+HER2+ (n = 2), and ER−HER2+ (n = 7) breast cancer subtypes. From these, 8 (57.2%) successfully established as BM-PDXs, defined as those tumors that grew as xenografts in NSG mice at least in one consecutive passage and maintained expression of clinical markers from original patient sample. The frequency of BM-PDXs uptake varied among subtypes with a non-significant trend toward highest take rate in TNBC (3/4 BM-PDXs, 75%) and lower take rate in ER−HER2+ (3/7, 43%) (Figure 1A). The overall clinical–pathological characteristics of the brain metastases successfully established as BM-PDXs are presented in Table 1. Among HER2+BM-PDXs, two specimens had prior history of TNBC but their brain metastasis were diagnosed as HER2+; these were classified as HER2+BM-PDXs. Time to xenograft tumor formation for each BM-PDX at initial implantation ranked between 28 and 223 days, with an average of 84 days (Figure 1B). Similar to prior reports, in vivo tumorigenic potential of explanted brain metastases (tumors that grew as BM-PDXs) was correlated with decreased survival of their donor patients (P = 0.0011) (Figure 1C). Tumor progression in initial PDX (P0) and subsequent in vivo passaging (P1 to P3) for a TN and HER2+BM-PDXs is shown in Figures 1D,E. In one case, an ER-HER2+ brain metastases was implanted but an inguinal tumor developed suddenly after 70 days, away from the implantation site. This tumor lacked HER2, EGFR, or CK5 and upon transplantation grew into a large mass within 2 weeks (data not shown). As this suggested either loss of human epithelial markers or most likely, outgrowth of a murine tumor, we did not consider this a successful PDX and excluded it from further analysis.
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FIGURE 1 | Establishment of brain-metastases-patient-derived xenografts (BM-PDXs) from breast cancer. PDXs were established in NOD/SCID/ILIIrg−/− mice, and subsequently propagated via direct transplantation of solid tumor pieces into new recipient mice. Tumors were grown under continuous estrogen supplementation. (A) BM-PDXs established as a function of breast cancer subtypes. Graph depicts the number (bars) and percentage of BM-PDXs established (BM-PDXs+) per tumor subtype compared to tumors that did not grow after 8 months of implantation. (B) Time in days from initial implantation to outgrowth as measurable tumors (~62.5 mm3) for all PDXs, colors indicate breast cancer subtypes. (C) Survival (months) after brain metastases diagnosis of patients with breast cancer whose surgical samples had in vivo tumorigenic potential (n = 6), or not (n = 7). Log-rank (Mantel-Cox) test P value is shown. (D,E) Tumor growth after implantation (P0, red lines), and subsequent passaging (P1, P2, P3, black/gray lines) in (D) TN and (E) ER−HER2+ BM-PDXs. For P0, 1–2 tumors were implanted in a single recipient. For P1-P3, data shows average tumor volume from two tumors in 1–2 recipient mice.



TABLE 1 | Clinical–pathological characteristics of BM-PDXs.
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Preservation of Clinical Markers in BM-PDXs Over Multiple Passaging, Cell Dissociation, and Viral-Mediated Transduction

To determine whether outgrowth of BM-PDXs in the mammary fat pad retained key clinical features of brain metastases donors, we stained sections of BM-PDXs (P0-P1) for ER, PR, and HER2, and—when available—we compared them to clinical specimens at the time of implantation. TNBC brain metastases lack these markers but frequently express EGFR and CK5 (32). Thus, we added these to our validation panel. As show in Figure 2A, TN BM-PDXs expressed EGFR and CK5. For these samples there was no matching donor sample to compare, but lacked ER, PR, and HER2 as expected from TN tumors. ER-HER2+BM-PDXs retained HER2, EGFR, and CK5 (Figure 2B), and ER+BM-PDXs retained ER, HER2, EGFR, and CK5 expression similar to the donor sample (Figure 2C). Surprisingly the two ER+BM-PDXs (G7-1, G13-1), showed increased PR expression as compared to the donor samples (Figure 2C), suggesting that ER is functional in these BM-PDXs and that E2-supplementation in mice upregulates PR in ER+BM-PDXs.
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FIGURE 2 | Retention of estrogen receptor (ER), progesterone receptor (PR), HER2, epidermal growth factor receptor (EGFR), and cytokeratin (CK) expression in brain-metastases-patient-derived xenografts (BM-PDXs). Sections of BM-PDXs were stained by IHC for ER, PR, HER2, EGFR, and CK5 at first passage (P0) and compared to donor tumor (when available). (A) Expression of EGFR, HER2, and CK5 in triple negative (TN) BM-PDXs (ER, PR, negative, not shown). (B) Expression of HER2, EGFR, and CK5 in HER2+BM-PDXs in donor and BM-PDXs P0. (C) Expression of ER, PR, HER2, EGFR, and CK5 in ER+HER2+BM-PDXs and their donor counterparts. Scale bars, 100 μm.



To assess whether GFP and luciferase labeling would allow in vivo imaging of these BM-PDXs, we dissociated cells from >1 cm3 xenografts BM-PDXs F2-7, CSF-1, and G5-3 and transduced them with high titer viral particles of a GFP-luciferase vector as described (27). Labeled cells were regrown in the mammary fat pad of NSG mice and tumor labeling was assessed by measuring luciferase activity (IVIS) and GFP expression (Figure 3A). Spontaneous metastases to surrounding areas were detected in some mice during tumor excision (Figure 3B), but without spontaneous metastases to brain or other organs. Since tumor cell dissociation and cell transduction with lentiviral vector might results in selection of subclones of the original tumor, we assessed whether labeled PDXs recapitulated the heterogeneity observed in parental PDXs. IHC staining showed that labeled BM-PDXs retained expression of EGFR, CK5, and HER2 (Figure 3C), suggesting that dissociated/labeled cells are capable of reconstituting tumor heterogeneity of BM-PDXs.
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FIGURE 3 | GFP-Luciferase-labeled brain-metastases-patient-derived xenografts (BM-PDXs) retain expression of epidermal growth factor receptor (EGFR), cytokeratin 5 (CK5), and HER2. (A) Luciferase imaging (IVIS) of NSG mice carrying GFP-luciferase BM-PDXs F2-7, CSF-1, and G5-3 in the mammary fat pad. (B) Spontaneous metastases to lymph node in G5-3 GFP-luc carrying mice. (C) Expression of EGFR and CK5 in sections of F2-7, CSF-1, and G5-3 BM-PDXs before (P1, P2) and after GFP-luciferase labeling (P2-I1, P1-I1). Scale bars, 100 μm.



As tumor-dissociated cells survived short-term in vitro culture during labeling, we sought to determine whether dissociated brain-metastatic cells could be cultured as cell lines. We cultured dissociated cells from F2-7, E22, and G5-3 BM-PDXs in plates coated with collagen-I or ultralow attachment plates. In either condition, only cells from F2-7 BM-PDXs survived in vitro culture and remained proliferative after multiple passages of repeated freezing and thawing (Figure 4A). This F2-7 cell line-derivative retained expression of EGFR as its BM-PDXs counterpart (Figure 4B), and retained tumor initiating capability in vitro (measured as ability to form colonies in the absence of extracellular matrix in mammosphere assays, not shown). To further assess whether BM-PDXs labeling or cell line derivation maintained features of parental BM-PDXs, we performed RNA sequencing followed by hierarchical gene clustering analysis of BM-PDX before and after GFP-luciferase labeling, and F2-7 BM-PDX and its cell line-derivative (Figure 5). Key genes (EGFR, KRT5, NTRK2) were expressed at similar levels in parental PDXs (i.e., E22-1 PDX-P0) compared to its labeled counterpart (E22-1 PDX-P0-I1), and in the F2-7 cell line (F2-7 CL) compared to its BM-PDXs parental (F2-7 P5). Taken together, these data suggests maintenance of clinical markers through passaging and manipulation of BM-PDXs.
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FIGURE 4 | Characteristics of F2-7 BM-cell line in vitro. (A) F2-7 cells were labeled in vitro with GFP-luciferase and cultured in collagen-I coated plates. Left: Brightfield, right: GFP expression of live cells. (B) Immunofluorescence staining shows epidermal growth factor receptor (EGFR) (red) expression in F2-7 cells grown in coverslips. 4′,6-diamidino-2-phenylindole (DAPI) labels nuclei. Scale bars are 100 μm.
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FIGURE 5 | RNA expression profiles of F2-7 cell line and brain-metastases-patient-derived xenografts (BM-PDXs) before and after labeling. RNA sequencing of BM-PDX E22-1 prior to (E22-1-PDX-P0) and after GFP-luciferase labeling (E22-1 PDX-P0-I1), BM-PDX CSF-1 P3, and F2-7 cell-line compared to F2-7 BM-PDX-P5. (A) Unsupervised hierarchical clustering of samples using the 500 most variable genes across all samples. (B) Normalized expression (log 2) plots of clinically relevant genes (ESR1, EGFR, PGR, ERBB2, NTRK2, KRT5). Differential expression was calculated using cufflinks (cuffdiff), and hierarchical clustering was performed in R.



BM-PDXs Retain Their Ability to Colonize the Brain at High Frequencies

Breast cancer PDXs grown in the mammary fat pad rarely metastasize to distant organs, but dissociated cells can colonize lung, bones and brain after ic injection (27). To assess whether BM-PDXs retain their ability to colonize the brain, we induced experimental brain metastasis using dissociated cells from TN E22-1 BM-PDX. For this, 250,000 dissociated cells were injected in the left ventricle of 8–week-old female NSG mice (n = 8) supplemented with estradiol, and metastases were allowed to grow until mice showed >15% weight loss or neurological impairment. Nine weeks after ic injection mice were imaged using T1/T2 MRI and mice without symptomatic metastases were left alive for 3 additional weeks. MRI-detectable brain metastases were found in 4/8 (50%) of injected mice, with metastatic lesions ranking from 0.29 to 0.62 mm in size (Figure 6A, top). One additional mouse was injected with E22−BM-PDX dissociated cells but MRI was performed 14 weeks after ic injection. This mouse showed multiple large MRI-detectable metastases (Figure 6A, bottom). Histological analysis showed 8/8 mice (100%) harboring micrometastases (defined as >50 μm cancer cell foci counted in six sagittal brain sections 300 μm apart) with a 10.25 median number of micrometastasis per mouse (Figure 6B). To determine whether brain metastases formed by BM-PDXs showed pathophysiological features similar to those encountered in humans, we performed double immunofluorescence staining of brain metastatic cells (pan-cytokeratin+, green) and reactive astrocytes (GFAP+, red) or blood vessels (Col-IV, red) in brain sections from mice injected with E22-1 BM-PDXs. Brain metastatic clusters were located to the brain parenchyma (Figure 6C), were associated with blood vessels (Figure 6D) and were surrounded by GFAP+ reactive astrocytes (Figure 6E); all of these characteristics of breast cancer brain metastases. Taken together, these studies demonstrate that BM-PDXs retain their ability to form large brain metastases and micro metastases at high frequencies, making them suitable models for studies of brain metastatic colonization and preclinical testing of drugs in preventive and therapeutic settings.
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FIGURE 6 | Experimental metastases using brain-metastases-patient-derived xenografts (BM-PDXs). (A) Dissociated cells (250,000/100 μl PBS) from BM-PDX E22-1 were injected intracardially in female NSG mice (n = 8). Representative T2-weigthed rapid acquisition with relaxation enhancement (RARE) magnetic resonance imaging (MRI) image shows large metastases in 4/10 mice, 8 weeks after injection (top panel). Lower panel shows large and multiple metastases brain metastases in one mouse at 13 weeks postinjection. The summed diameter of all metastases in this mouse was 3.7 mm. (B) Median number of micrometastases per mouse, counted in six brain sections, 300 μm apart. (C) H&E staining shows micrometastasis in brain section from mice injected with E22-1 BM-PDX. (D) Double immunofluorescence staining shows metastatic E22-1 cells (Pan-cytokeratin, PanCK, green) surrounded by reactive astrocytes (GFAP+, red) (20×). (E) Double immunofluorescence staining shows PanCK+E22-1 cells outside of blood vessels (Col-IV) (20×).



DISCUSSION

The increased incidence of brain metastasis in breast cancer patients and its dismal prognosis, has prompted the urgency to better understand the pathophysiology of brain metastases and to test novel therapeutic strategies for these patients. PDXs have emerged as required tools to validate in vitro studies in cells lines and to decipher the role of tumor heterogeneity in tumor progression and response to treatments (33–35). Therefore, we addressed whether PDX derived from brain-metastatic breast cancer are suitable models to study the pathophysiology of brain metastasis and to provide clinically relevant platforms for therapeutic drug testing. A diagram showing the overall procedure to achieve this from tumor implantation to ic injection of labeled cells is presented in Figure 7. By implanting fresh tumor samples in the mammary fat pad of NSG mice, we developed BM-PDXs from TN, ER−HER2+, ER+HER2+, and ER+HER2− subtypes. Consistent with the diverse incidence of brain metastasis among breast cancers subtypes (36–38), most specimens collected for implantation originated from TN and HER2+ tumors, and 6 of 8 established BM-PDXs were from TN and ER−HER2+ subtypes. Similarly, BM-PDXs from ER+ patients (who show the lowest incidence of BMs) (39) showed the slowest progression when implanted as xenografts (Figure 1B), despite the fact that mice were supplemented with estradiol. Of clinical importance, two specimens had prior history of TNBC but their brain metastasis were reclassified as HER2+ by either immunohistochemistry or FISH. This is in agreement with recent reports of ERBB3/HER2 amplifications and mutations in breast cancer brain metastasis that are absent in primary tumors (40). This also highlights how changes in cancer cells occurring within the brain microenvironment modify tumor progression and impact their therapeutic alternatives.
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FIGURE 7 | Diagram of procedures used to develop brain-metastases-patient-derived xenografts (BM-PDXs) in this study.



Our BM-PDXs share characteristics of PDX models derived from primary tumors and other cancers. For example, our engraftment rate of 57.3% was similar to rates reported for engraftment of brain metastases from lung cancer (41). We also observed that the in vivo tumorigenic potential of patient-derived cancer cells was correlated with worse clinical outcome of patients. This is consistent with the idea that more aggressive/proliferating tumors are more likely to engraft as PDXs (24, 35). Unfortunately, these data also suggest that the potential use of personalized BM-PDX to test drug responses and guide clinical treatment, will not be feasible given the extremely short survival of those brain metastatic patients whose tumors grew as BM-PDXs (Figure 1C).

Similar to other studies, once established as PDXs, tumor cells appear to gain the ability to grow in vivo (22, 35), as demonstrated by the shorter time for BM-PDXs to develop into palpable tumors (Figures 1D,E). While no apparent gain or loss of critical cell makers were observed between donor and TN and ER−HER2+BM-PDXs (Figures 2 and 5), it is possible that the increased growth rate represents differences in the initial number of cancer cells that proliferated to give rise to a PDX, rather than the selection of a subset of rapidly proliferating tumor cells. While we observed a high proportion of cells expressing the basal marker CK5 (a marker associated with a stem-like phenotype in breast cancer) (32, 42, 43), we did not observe enrichment of CK5+ after passaging or cell dissociation, which could be interpreted as a selection of a more aggressive tumor clone. However, only genetic tracing of clonal populations within the tumors would allows to answer this question definitively. Our RNA sequencing data showing conserved expression of critical genes after PDX-cell dissociation (Figure 5) suggests that BM-PDXs can be manipulated in vitro (i.e., using CRISPR-cas9). This opens the window to use PDXs in mechanistic studies previously limited to cell line models.

Despite being expanded in the mammary fat pad, our BM-PDXs remain capable of colonizing the brain at high frequencies, suggesting that passaging tumors in the mouse does not decrease their brain metastatic potential. While the incidence of MRI-detectable metastases and micrometastases after ic injection were only measured in a cohort of mice injected with the E22-1 BM-PDXs, ongoing experiments in our laboratory suggest that this finding can be extended to the F2-7 cell line and G3-5 BM-PDXs (not shown). Importantly, brain metastases from E22-1 BM-PDX elicit astroglia activation (marked by expression of GFAP+ astrocytes) and brain metastatic outgrowth around vessels in the brain parenchyma. Therefore, experimental metastases with BM-PDXs recapitulate interactions with the brain microenvironment recognized as critical for brain metastatic success. Since we can genetically manipulate BM-PDXs dissociated cells or our F2-7 cell line, these novel models are now available to mechanistically assess how diverse breast tumors subtypes adapt to the brain microenvironment. More importantly, since PDXs show a slower progression rate than cell lines, these models are better suited for preclinical testing of drugs in a therapeutic setting, a task difficult to achieve in models where mice become moribund 3–4 weeks after injection.

It has been shown that breast cancer PDXs from primary tumors can colonize the brain if injected ic, suggesting that the intrinsic ability of tumor cells to colonize multiple organs is present in all PDXs regardless of site of origin. While our results indicate that BM-PDXs retain brain tropism, we observed spontaneous metastases of BM-PDXs from the orthotopic site to nearby vessels (Figure 4B) and in a few cases, metastases to bone and lungs after ic injection of BM-PDXs dissociated cells (not shown). This suggests, that similar to brain-homing cell lines and other PDXs, BM-PDXs maintain their ability to disseminate and colonize multiple metastatic sites (44). This also implies that ic injection of BM-PDXs might result in “undesired” metastases to other organs, which will limit our ability to measure brain-metastases-associated survival in these models. Recently, brain-metastatic PDX from lung cancer (41), melanoma (45) and HER2+ breast cancer (46) were developed by direct intracranial injection of tumor samples in the brains of mouse or rats. Therefore, direct injection of dissociated cells from BM-PDXs might be an alternative to induce a high frequency of brain metastases while minimizing the confounding effects of peripheral metastases in therapeutic studies. However, direct injection of cancer cells in the brain bypasses critical stages of brain metastastic colonization (hematogenous dissemination, intravasation, neuroinflammatory response, growth around vessels), which are hallmarks of breast cancer brain metastases. Intracarotid artery injection of cancer cells is a suitable alternative to ic injection for the production of brain-only metastasis-bearing mice with similar growth rates and mortality (47). Thus, we propose that intracarotid artery delivery of F2-7 cell line or BM-PDXs dissociated cells will enable the use of these heterogeneous models of brain metastatic breast cancer in mechanistic studies relevant to the pathophysiology of brain metastases, as well as to testing drug efficacy in preventive and therapeutic settings.

In conclusion, we developed and characterized eight novel PDX from breast cancer brain metastases from ER+, HER2+, and TN subtypes, derived a matching cell line from one TN BM-PDX and demonstrated their brain metastatic potential. While all animal models harbor advantages and limitations, these novel BM-PDXs represent clinically relevant models that can be used to study how the heterogeneity of cancer cells affects brain colonization as well as for validation of therapies.
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Numbers represent % of positive cells followed by intensity score (in brackets). HER2*
is defined as >10% and 2(2+). ER" is defined as > 1%.

*Primary tumors with history of TNBC that had converted to HER2" at brain metastass.
“Sample obtained from cerebrospinal flid, no pathology report at metastatic site.

All patients had been treated with taxanes by the time of brain metastases.
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