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Abstract

Patient-derived orthotopic xenograft (PDOX) models have been verified as a useful method for 

studying human cancers in mice. Previous studies on the extent of metastases in these models have 

been limited by the necessity of welfare euthanasia (primary tumors reaching threshold size), at 

which point metastases may only be micrometers in diameter, few in number, and solely identified 

by step-sectioning of formalin-fixed paraffin-embedded tissue. These small micro-metastases are 

less suitable for many downstream molecular analyses than macro-metastases. Resection of the 

primary tumor by survival surgery has been proven to allow further time for metastases to 

grow. Although PDOX models of triple-negative breast cancer (TNBC) shed circulating tumor 

cells (CTCs) into the bloodstream and metastasize, similar to human TNBC, little data has been 

collected in these TNBC PDOX models regarding the association between CTC characteristics 

and distant metastasis following excision of the primary tumor xenograft. This study assembles 
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a timeline of PDOX tumor shedding and metastatic tumor progression before and after tumor 

excision surgery. We report the ability to use tumorectomies to increase the lifespan of TNBC 

PDOX models with the potential to obtain larger metastases. CTC clusters and CTCs expressing 

a mesenchymal marker (vimentin) were associated with metastatic burden in lung and liver. The 

data collected through these experiments will guide the further use of PDOX models in studying 

metastatic TNBC.
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Introduction

Breast cancer accounts for the highest percentage of all new cancer diagnoses in women 

and is responsible for the second largest number of deaths from cancer in the United States 

[1]. Triple-negative breast cancers (TNBCs) are distinguished as lacking or having low 

expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal 

growth factor 2 (HER2) expression [2]. TNBCs make up 10–17% of breast cancer 

occurrences and cause more aggressive tumor growth, larger tumors, and a greater likelihood 

of metastasis when compared to other breast cancers [2–5]. Unfortunately, there are 

currently no targeted therapies for the treatment of TNBC. Higher mortality rates and shorter 

disease-free survival are both seen in TNBCs, with the majority of these deaths being a 

result of metastatic disease [4–7]. Distant metastases are usually seen in the bone, brain, 

lung, liver, or distant lymph nodes [5, 8, 9].

Accurate models of TNBC and its metastatic pathway are needed to better understand this 

subtype and develop new therapies. Human cancers can be studied in vivo through the 

successful transplantation and propagation of human cells and tissues into several strains of 

immunodeficient mice [10–13]. NOD scid gamma (NSG) mice lack the IL-2 γ-chain and 

therefore do not develop functional natural killer (NK) cells. They are also “non-leaky” and 

have longer lifespans than NOD/SCID mice due to the absence of thymic lymphomas [14]. 

The lack of functional B cells, T cells, and NK cells, in addition to the non-leakiness and 

increased lifespan of NSG mice, make them ideal recipients of xenografts and have been 

shown to have higher engraftment rates and faster tumor growth than other strains [15–17].

Patient-derived xenograft (PDX) models are advantageous because tumor tissue is taken 

from the human patient and directly implanted subcutaneously into the mouse, allowing for 

the convenient study of patient tumors and the ability to anticipate treatment response [18]. 

However, subcutaneous implantation of human tumor tissue rarely leads to metastasis and 

fails to recapitulate the original tumor microenvironment [19, 20]. Patient-derived orthotopic 

xenograft (PDOX) models differ from PDX models in that the patient-derived tissue is 

implanted into the mouse in the same anatomical location from which the tumor was derived 

in the patient, rather than subcutaneously [12]. As well described by Hoffman in xenograft 

models of breast and other cancers, orthotopic implantation better recapitulates the natural 

course of disease and metastasis when compared to subcutaneous implantation [20–23]. 
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PDOX models retain characteristics, such as histopathology, gene expression, and copy 

number variation, of the human primary tumor, even through multiple passages [16, 24, 25].

Patient-derived tissue engraftment has been proven to be a reliable model of human cancers 

including lung cancer, pancreatic cancer, colorectal cancer, prostate cancer, ovarian cancer, 

and breast cancer [19, 24]. Mouse models of cancer using patient-derived tissue can be used 

to test new therapies, study tumor progression in depth, find biomarkers of drug response 

and resistance, and provide an individualized assessment of chemosensitivity of a patient’s 

tumor [19, 21, 24–26]. However, these models do come with challenges, such as relatively 

low rates of primary tumor establishment [27]. Additionally, the study of metastases is 

restricted by the growth of primary tumors and the need to euthanize mice when primary 

tumor burden exceeds established welfare criteria, i.e. largest tumor diameter reaches 1.75 

cm. Therefore, euthanasia may be required prior to the detection of metastases [28]. This 

restriction has been circumvented by resecting primary tumors, thus removing the primary 

tumor burden and allowing the metastases to continue growing in a living model [29]. 

However, primary tumor regrowth at the excision site has limited the ability to study distant 

metastases in previous studies [30].

Circulating tumor cells (CTCs) are one mechanism through which metastases form. Their 

presence is clinically significant in patients with metastatic breast cancer [31]. CTCs 

are cancer cells that are shed from primary tumors or metastases, travel through the 

bloodstream, and potentially form metastases at distant sites [32, 33]. They are a clinically 

useful tool, in part because of the correlation between CTCs and disease progression as 

well as the ability to track CTCs serially in minimally invasive patient blood draws [33, 

34]. CTCs can be an accurate predictor of overall survival and progression-free survival in 

women with metastatic breast cancer, including TNBC [31, 35].

Epithelial-to-mesenchymal transition (EMT) is one method through which epithelial 

circulating tumor cells can invade and metastasize. During EMT, epithelial cells lose their 

cell-to-cell adhesions and other epithelial characteristics and gain mesenchymal features 

that confer increased motility and invasive potential, thus enabling them to invade through 

endothelial cell tight junctions and enter the circulatory system [36–38]. Eventually, the 

cancer cells may then undergo a reverse process, called mesenchymal-to-epithelial transition 

(MET), to form metastases in distant sites [36–38]. The ability to undergo these transitions is 

thought to be an essential characteristic of successful metastatic cells [38].

Our study aimed to investigate the effect of interval tumor excision in PDOX models of 

TNBC on CTCs and metastases. We aimed to further characterize the timeline of tumor 

shedding and its correlation with CTC enumeration and characteristics. We have previously 

shown that metastases in multiple TNBC PDOX models, if present, are microscopic at 

the time of welfare euthanasia [39]. The lack of gross metastases limits the interrogation 

of metastases to histological analyses. Surgical removal of the primary tumor may allow 

metastases to develop longer and grow larger, potentially enabling far more extensive 

downstream molecular studies, including analysis of mutations, copy number alterations, 

and gene and protein expression among potentially heterogeneous metastases in the same or 

in multiple metastatic sites. These downstream molecular studies could then be correlated 
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with the evolution of single CTCs and CTC clusters to better understand the progression of 

TNBC and determine accurate methods of detection, prognosis, and treatment.

Results

1. Validation of the TNBC Model

A single-cell suspension of tumor SUTI151, previously obtained from a human TNBC 

patient, was injected into the mammary fat pad of 30 mice. Two weeks following injection 

of SUTI151 tumor cells, 23 of 30 mice had palpable primary tumors. Of the seven 

mice that lacked palpable primary tumors within two weeks, one failed to grow tumor 

throughout the study duration; two had late-growing tumors that only became palpable 

11 weeks post-injection and too late for a tumorectomy at week six; and four developed 

peritoneal carcinomatosis, likely due to deep injection of the tumor cell suspension with 

inadvertent intra-abdominal seeding. Thus, in all, 25 of 30 mice (83.3%) had mammary 

fat pad engraftment of human TNBC, but only 23 had tumors at week two and eligible 

for randomization into no treatment and treatment groups at week 6. As a control, five 

age-matched mice were injected with 100μl of pure PBS and 100μl of Matrigel combined. 

None of these control mice developed tumors.

2. Tumor Excision and Primary Tumor Analysis

Primary tumors were measured twice a week with primary tumor volume plotted as a 

function of time (Figure 1A).

To account for variation in tumor size at the time of tumor excision at week 6, mice 

with small, medium, and large tumors were randomly assigned to three groups. Of the 23 

mice undergoing randomization at week six, four were excluded from further study due 

to regional extension of primary tumor within the abdominal cavity that precluded tumor 

resection (n=2) or because of rapid and aggressive regrowth of primary tumor following 

tumorectomy (n=2), with all four mice requiring early humane euthanasia. The remaining 

19 mice were divided into three groups: the no-tumorectomy Group A (n=7) and mice who 

underwent tumor resections at week 6. Mice receiving tumorectomies were further divided 

into two groups based on the time at which they were euthanized (Group B: 13–14 weeks 

post-implantation, n=6; Group C = 15–16 weeks post-implantation, n=6) (Figure 2). Of the 

12 mice undergoing tumorectomy, 11 had tumor regrowth at the excision site requiring early 

euthanasia. Six mice had tumor regrowth that appeared between 16 and 20 days following 

surgery and were euthanized between 13 and 14 weeks post-implantation; these mice are 

categorized as Group B (Figure 1B, Figure 2). The remaining mice were euthanized between 

15 and 16 weeks and labeled as Group C (Figure 1B, Figure 2). Within Group C, tumor 

regrowth occurred more slowly and appeared between 30 and 40 days following surgery. 

One mouse did not show local tumor regrowth following excision.

3. CTC Analysis

To study the application of tumor excision surgery in PDOX models of TNBC, we analyzed 

the CTCs and metastases of mice across all groups. In total, 23 experimental (n=18) and 

control (n=5) mice underwent CTC analysis. CTC-like baseline counts in naïve age-matched 
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control mice ranged from 21–40 CTCs/ml, with 40 CTC-like cells/ml serving as a lower 

limit threshold. One mouse (C4) did not have an adequate blood sample to perform CTC 

enumeration. One mouse (A3) did not exceed the criterion CTC threshold of 40 CTCs/ml. 

The highest number of CTCs was 3349 CTCs/ml in mouse A1 from Group A (Figure 1B, 

Figure 3A). The median number of CTCs/ml increased as the mice aged, with the median 

increasing by more than 50 cells in each subsequent group (Figure 3A). However, there was 

no significant correlation between the number of CTCs/ml and metastatic variables. CTC 

clusters were found in 12 of the 18 mice, all of whom had metastases in both the lung and 

the liver (Figure 1B). No CTC clusters were found in control mice.

We chose to characterize EMT in CTCs using human cytokeratin (CK) and vimentin 

(VIM) markers. CK staining is a commonly used and accepted marker for epithelial CTC 

classification and enumeration and VIM has been shown to be among the most frequent 

and representative marker of EMT in human tumors and CTCs [40–42]. The proportion 

of CTCs expressing cytokeratin, vimentin, or both, varied between groups (Figure 1B, 

Figure 3B). The presence of cytokeratin expression was highest in Group A, combined 

phenotype expression (cytokeratin- and vimentin-positive) was highest in Group C, and 

vimentin expression was highest in Group B. Neither cytokeratin expression nor combined 

vimentin and cytokeratin expression had a significant correlation to metastatic variables. 

Overall, vimentin expression had a moderately positive correlation with both the number of 

lung slides with metastases (Pearson correlation coefficient: r=0.5633) and the number of 

liver slides with metastases (Pearson correlation coefficient: r=0.4958).

4. Metastasis analysis

Hematoxylin and eosin (H&E) analysis showed metastases in both the lung and the liver 

(Figure 4 and Figure 5). Overall, 14 out of 19 (73.7%) mice had metastases, with 12 of 

those having metastases to both the lung and the liver (Figure 1B). Two of the 12 mice 

(16.7%) that received tumor excision surgery had gross metastases found during necropsy at 

14 weeks post-implant. One mouse had a grossly-visible hepatic metastasis while the other 

mouse had hepatic and pulmonary metastases. Grossly visible tumors were less than 2mm in 

diameter. Both mice were in Group B and had regrowth at the primary tumor site following 

excision.

Metastases were not seen or detected histologically in the brain sections of any mice for 

this particular PDOX model SUTI151, similar to our previous findings [39]. Overall, the 

number of lung slides with metastatic foci was similar to the number of liver slides, 103 out 

of 210 (49%) and 95 out of 210 (45%) respectively. The number of lung and liver slides 

with metastases present was greatest in Group B, with pulmonary and hepatic metastases 

found in all six mice. The median number of lung and liver metastases was also greatest in 

Group B (Figure 3C), with one mouse having over 500 lung metastases. The median area of 

metastases in the slide with the most metastatic burden was greatest in Group B and lowest 

in Group A for both the lungs and livers (Figure 3D). No correlation was found between the 

size of the original tumor at six weeks (either small, medium, or large), and the number of 

CTCs, CTC marker expression, number of slides with metastases, number of metastases, or 

area of metastases. Within individual metastases, there was a moderate amount of cellular 
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and nuclear pleomorphism. Nuclei were large and irregularly shaped with relatively frequent 

mitotic figures. Several metastases had large areas of ischemic necrosis, which is indicative 

of rapid growth (Figure 5B).

Discussion

Our study reports the ability to use tumor excision surgery to increase the lifespan of 

PDOX models of TNBC and follow disease progression through EMT marker expression in 

CTCs and metastatic characteristics. By removing primary tumor burden, we successfully 

increased the lifespan of the mice from six weeks post implant to 16 weeks post implant and 

saw rare incidences of gross metastases in both the lung and the liver. Groups of mice were 

compared using the number of CTCs/ml, presence of CTC clusters, cytokeratin and vimentin 

expression, the number of organ sections with metastases, the area of metastases, and the 

number of metastases.

While the median number of CTCs/ml generally increased with time, CTC expression 

of vimentin proved to possibly be a better predictor of metastatic burden than CTCs/ml 

and was considerably greater in mice with higher metastatic burden. Though CTCs have 

meaningful prognostic potential, 30–70% of patients with tumor cells in their bone marrow 

or lymph nodes never develop metastases [43]. Metastasis is an inefficient process with 

many obstacles that may stop a cancer cell from successfully forming a metastasis [9]. 

Metastasis-initiating cells make up an extremely small percentage of the total CTCs [44], 

meaning the large majority of cells in circulation never become metastases and may not have 

the ability to form metastases. This could be the reason why CTCs/ml generally increased as 

time increased but did not correlate with metastases in this study. This is also consistent with 

the results of our prior study showing that some mice with CTCs did not have metastases 

[39]. It should be noted that because mice in both Groups B and C had local tumor regrowth, 

a portion of the CTCs could have been shed from the tumor regrowth rather than from the 

original primary tumor or metastases, and may have altered CTC counts.

The advancement of CTC isolation technologies has allowed for the capture of CTC clusters 

as well as single CTCs and led to studies showing that CTC clusters have a dramatically 

higher potential to become metastases compared to single CTCs in PDOX models of breast 

cancer [45, 46]. In human breast cancer patients, CTC clusters add prognostic value and are 

more strongly correlated with decreased progression-free survival than single CTCs [45, 47]. 

Similarly, our own study showed that all mice with both pulmonary and hepatic metastases 

had CTC clusters present in the blood. Mice without metastases did not have clusters, 

which is consistent with previous studies indicating that over 97% of metastases were the 

result of multicellular seeds rather than single cells [48]. The absence of CTC clusters in 

mice with metastases to a single organ defends the ability of single CTCs to develop into 

metastases, but this route may be a slower and more inefficient process. It is necessary to 

note that, in the present study, CTCs were isolated from terminal blood rather than serial 

survival blood draws - making it possible that clusters or variable expression profiles were 

present prior to the euthanasia timepoint. Additionally, CTC clusters increase significantly 

as cancer progresses [49], so it follows that CTC clusters would be seen in mice with greater 

disease progression. Mesenchymal markers have also been associated with CTC clusters, 
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indicating that EMT could be occurring in clusters within the bloodstream [50]. Our own 

study found that both vimentin-expressing CTCs and CTC clusters were associated with 

more widespread metastases in the lung and liver, supporting the role of EMT and group 

dissemination in the metastatic process.

We found that the percent of vimentin expression, a mesenchymal marker suggestive of the 

occurrence of EMT, was correlated with a greater distribution of metastases in the lung and 

liver. The expression of combined vimentin and cytokeratin increased with time and was 

greater in mice that lived the longest. This would indicate that mesenchymal expression 

is a possible prognostic factor in predicting metastasis and is consistent with available 

data showing that disease progression is correlated with an increase in mesenchymal 

CTCs in human patients with TNBC [50]. In this particular study, it is important that 

tumor regrowth could affect CTC phenotype, as cells that regrow following resection are 

biologically invasive and may be more likely to shed CTCs that have undergone EMT 

with increased vimentin expression. Association between mesenchymal CTCs and more 

aggressive characteristics is generally seen across breast cancers, with TNBC patients 

having CTCs that are predominantly mesenchymal [50]. More invasive breast cancers are 

associated with higher levels of vimentin, while epithelial marker expression is associated 

with more weakly invasive breast cancers [51].

Mice receiving tumorectomies were divided into two groups, Group B and Group C. Though 

mice in Group C lived slightly longer, mice in Group B had larger percent areas of 

metastases, higher number of metastases, and greater distributions of metastases in organ 

sections. Faster local tumor regrowth in Group B compared to Group C may point to the 

tumors being more aggressive and account for the differences in metastatic burden. Through 

the process of self-seeding, CTCs can leave the metastatic site and enter circulation with 

the ability to re-infiltrate the original tumor or new sites [52]. The process self-selects for 

more aggressive cells that have already been able to disseminate and could therefore lead to 

increased tumor growth [52]. This may explain why regrowth at the site of original primary 

tumor resection was faster and grew larger than the original primary tumors, especially in 

Group B. It is also interesting to note that mouse C5 in Group C is the only mouse that 

did not develop tumor recurrence and did not have any metastases. This may suggest that 

regrowth is a symptom of systemic disease in PDOX mouse models rather than due to 

limitations of the tumor resection.

In total, mice with a larger number of metastases in the lung had larger areas of lung 

metastases, but the number of metastases and the size of metastases did vary (Figure 4 and 

Figure 5). For example, mouse B3 had 210 individual metastases that took up over 4% of the 

lung section, but mouse B4 had less than half that area and over 500 individual metastases. 

Mouse B2 had just 22 lung metastases which accounted for 0.15% of the tissue but was 

the only mouse with grossly visible metastases to the lung. The reason that mice with gross 

metastases might have a lower number of micro-metastases or area of micro-metastases 

than mice that did not have gross metastases could be due to tumor mass latency. Tumor 

latency describes when small colonies of cancer cells exist as micro-metastases and, due to 

competing rates of proliferation and cell death, never become macro-metastases unless they 

acquire the ability to colonize by possibly gaining genetic or epigenetic changes [9, 53]. 
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Some of the micro-metastases seen in this study may be oscillating in the tumor latency 

state and will never become gross metastases or may take much longer to grow. Gross 

metastases are generally rare, as seen in a similar study which resected primary tumors of 

mice implanted with human TNBC tissue and only found overt metastases in the lungs of 3 

of 144 mice examined (2.1%) [30]. This is somewhat less than our own study, which found 

gross metastases in 2 of 12 mice (16.7%) that received tumor excision surgery and were 

euthanized 14 weeks post-implant due to local tumor regrowth. More gross metastases may 

have been found if the mice in this study were able to live longer.

One of our challenges was the high incidence of tumor regrowth after resection, which 

has also been seen in other studies of breast cancer mouse models [30, 54, 55]. Local or 

regional recurrence of breast cancer occurs in 5–30% of patients who receive radical or 

modified radical mastectomy [53]. A higher rate of locoregional recurrence after undergoing 

mastectomy is seen in women with TNBC compared to other subtypes [56]. In the context 

of an aggressive cancer such as TNBC, there is likely a higher risk of recurrence in PDOX 

models as well. A possible causal factor for the recurrence of primary tumors is lympho-

vascular invasion, the spread of cancer cells into the lymphatics or blood vessels. TNBC 

has comparable or lower rates of lymphatic invasion and nodal involvement compared to 

other subtypes, but lympho-vascular invasion is still a significant risk factor for decreased 

disease-free survival and is linked to greater possibility of local recurrence and poorer 

prognosis in human patients with TNBC [57–59]. In this study, skin overlying the tumor 

was replaced after the excision and may have had dermal lympho-vascular invasion and/or 

residual tumor cells, so removing overlying skin during a tumorectomy may decrease the 

incidence of local recurrence. However, this technique would not have been possible in 

many of these xenograft tumors without imposing undue tension on the remaining skin 

surrounding the tumor.

Conclusion

This study reviews the use of survival surgery to extend the lifespan of PDOX models of 

TNBC by removing the primary tumor burden. Single-cell suspension of an aggressive 

patient-derived TNBC tumor was injected orthotopically and resulted in an overall 

engraftment rate of 83.3%. CTC expression of the mesenchymal marker vimentin, an 

indication of the occurrence of EMT, and the presence of CTC clusters were associated 

with metastases and may be better indicators of metastatic burden than enumeration of 

single CTCs as a continuous variable. To our knowledge, this study is the first to report a 

correlation between mesenchymal expression in CTCs and metastases in PDOX models of 

TNBC after use of tumor excision surgery to extend the lifespan of the models. However, 

due to the high rate of primary tumor recurrence following resection, further investigation 

is recommended to substantiate these associations. This data support a significant role of 

EMT and CTC clusters in the metastatic process and has the potential to guide future use of 

PDOX models to study TNBC.
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Methods

Patient-Derived Orthotopic Xenografts

This study was completed according to the ethical protocol approved by Stanford’s 

Administrative Panel on Laboratory Animal Care (APLAC Protocol #12809). Female, 4-

week-old NSG mice were obtained from The Jackson Laboratory – JAX stock #005557 

[14, 60]. Mice were kept in pathogen-free housing and permitted to acclimate for three 

weeks prior to the implantation procedure. At experimental endpoints, or when the largest 

diameter of the tumor reached 1.75cm, mice were humanely euthanized with CO2 and 

cardiac exsanguination.

A single-cell suspension of tumor SUTI151, previously obtained from a woman’s aggressive 

TNBC and sterilely frozen [25], was thawed and resuspended in sterifiltered PBS. Live cells 

were then counted using a hemocytometer and volume adjusted so that approximately 1.1 

million live cells were present per 100μl. The 100μl of tumor cell suspension was mixed 

with 100μl of Matrigel (Corning® Matrigel® Matrix High Concentration (HC), Phenol-Red 

Free *LDEV-Free) and drawn into a syringe for injection into the fourth mammary fat pad of 

30 experimental mice at seven weeks of age. Matrigel is a matrix of proteins which increases 

the take rate, decreases the latency period, and increases tumor growth rate [61, 62]. Five 

control mice were injected with 100μl of pure PBS and 100μl of Matrigel combined. Mice 

were briefly placed in 1–3% of isoflurane before injection of the single-cell suspension 

into the mammary pad. Primary tumors were measured using calipers and their volume 

was calculated using the formula: (a2b)/2, where a is the shortest diameter and b is the 

longest diameter. Large tumors were considered those with a volume greater than 2000mm3, 

medium tumors had volumes between 1000mm3 and 2000mm3, and small tumors had 

volumes less than 1000mm3.

Of the 30 mice initially injected with the single-cell tumor suspension, only 19 mice were 

eligible for tumor follow-up or resection at week six and included in our experimental 

group analyses. Eleven mice were excluded for the following reasons: four had peritoneal 

carcinomatosis without mammary fat pad tumor growth, indicating possible injection depth 

error (the mammary fat pad in a non-pregnant mouse is only 1–2mm thick and tumor cells 

may have been injected intraperitoneally); two had primary tumors growing through the 

abdominal wall and resection could not be performed; two mice had immediate aggressive 

regrowth of tumor at the tumorectomy site requiring early euthanasia prior to the length 

of post-surgical survival time needed to be included in experimental groups; two mice had 

extremely slow-growing tumors that did not become palpable until well after the week six 

tumorectomy timepoint; and one mouse never grew a primary tumor.

Tumor Excision

At week six, mice in Groups B and C were anesthetized by inhalation of 1–3% isofluorane 

and given one subcutaneous dose of Carprofen (5–10 mg/kg) for analgesia. Lubricant was 

applied to the eye to avoid corneal desiccation. Hair was removed using an electric shaver 

and the surgical area was disinfected with alternating iodine and alcohol scrubs. Toe-pinch 

reflex was confirmed negative before incision, and the procedure was done using the tips-
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only aseptic technique. A skin incision was made over the mass, and the tumor was bluntly 

dissected away from surrounding tissue. After excision, half of the tumor tissue was fixed 

in formalin for histological analysis while the other half was placed into sterile Eppendorf 

tubes and stored at −80C for use in future studies. The incisions were closed using either 

sutures or surgical staples, which were removed one week after the procedure.

CTC Isolation, Enumeration and Expression Analysis

At the time of euthanasia, approximately 750μl of blood was collected via cardiac puncture 

for analysis of CTCs. A small skin incision was made to open the skin over the xyphoid 

process prior to blood draw to avoid contamination of skin epithelial cells. Cardiac blood 

was inserted into EDTA tubes and immediately taken to Vortex Biosciences laboratory so 

that blood processing could begin within 2–3 hours. Cardiac blood (500μl) was diluted 40x 

in PBS, transferred to a Vortex VTX-1 cartridge, and inserted into the VTX-1 Liquid Biopsy 

System [63] (Vortex Biosciences, Inc.). The VTX-1 system is an automated label-free 

platform which efficiently isolates CTCs based on physical characteristics such as size and 

deformability, without the use of biomarkers [63]. The blood underwent 3 cycles, and the 

resulting cells were collected in a cell culture-treated 96-well plate (Nunc), fixed with 4% 

paraformaldehyde (Electron Microscopy Sciences) for 10 minutes, permeabilized with 0.4% 

v/v Triton X-100 (Sigma Aldrich) for 7 minutes, blocked with 10% goat serum (Invitrogen) 

for 30 minutes, and labeled for 1 hour at room temperature (RT) with 4,6-diamidino-2-

phenylin- dole (DAPI; Life Technologies), anti-CD45–phycoerythrin antibody (CD45-PE, 

clone HI30, BD Biosciences), a cocktail of primary antibodies labeled with fluorescein 

isothiocyanate to identify human cytokeratin (CK) positive cells (clone CK3–6H5, Miltenyi 

Biotec, and clone CAM5.2, BD Biosciences), an anti-CK-AlexaFluor (AF) 488 antibody 

(clone AE1/AE3, eBioscience) and an anti-vimentin-AF647 antibody reactive to human 

vimentin and not to mouse vimentin (clone V9, Abcam) [39, 63]. Cells were then imaged 

using a Zeiss Z1 microscope and counted manually by two different observers to account 

for inter-reader variability. The average difference between reader counts was less than 4 

CTCs/ml and the maximum difference was 12 CTCs/ml (Supp. Figure 1). CTC counts were 

averaged between the two readers and calculated per ml (Figure 1B). Cells were identified 

as CTCs if they stained positive for DAPI, negative for CD45 (to rule out white blood cells), 

and positive for cytokeratin and/or vimentin [39, 63, 64]. CTC clusters were identified as 

groups of two or more CTCs; some clusters showed only CTCs and other clusters showed 

CTCs and WBCs. All CD45− and DAPI+ CTCs, whether single CTCs or CTCs in clusters, 

were counted and placed into one of three groups: those expressing only cytokeratin, those 

expressing only vimentin, and those expressing both cytokeratin and vimentin. Note that 

the cytokeratin and vimentin antibody stains used were previously shown to detect human 

but not mouse antigens [39- Figure S1]. Marker expression was calculated as a percent of 

the total number of CTCs/ml (Figure 1B, Figure 3B). Age-matched control mice had 40 or 

fewer CTC-like cells/ml, and 40 was used as the healthy threshold. Any mouse with CTC 

counts that fell below the threshold was designated as having zero CTCs/ml during statistical 

analysis, the counts of mice with greater than 40 CTC-like cells/ml were not changed (Supp. 

Figure 1).
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Histology

After humane euthanasia via CO2, a necropsy was performed to identify any gross 

metastases. Upon identification of gross metastases, tissue was removed and placed into 

sterile Eppendorf tubes for future studies. Lungs, livers, and brains were extracted and 

placed into 10% neutral buffered formalin (NBF). Lungs were inflated with 10% NBF 

prior to submersion. After at least 48 hours, tissues and organs were processed routinely, 

embedded in paraffin, and sectioned at 5μm. For each paraffin-embedded block, 10 step 

sections were taken 100μm apart before routine staining with H&E. Each mouse had 30 

slides screened for tumor metastases, 10 slides from each of the three organs. Since the 

number of organ sections that had metastases varied between mice, the number of slides 

containing metastases was counted out of the 10 examined (Figure 1B). In order to quantify 

the size and number of metastases in a single slide, while also considering the variation in 

the area of tissue present in the section, area of metastases was measured as a percent of the 

tissue area on the slide. Groups of 8 or more cancer cells were identified as metastases. The 

slide with the largest metastatic burden was used for enumeration and area analysis (Figure 

1B).

Statistics

Number of CTCs/ml, percent of CTCs staining for cytokeratin and/or vimentin expression, 

number of organ sections with metastases, area of metastases, and number of metastases 

across all groups were analyzed. The strength of a linear relationship between continuous 

variables was determined by the Pearson Correlation Coefficient using JMP Pro (JMP®, 

Version 13. SAS Institute Inc., Cary, NC, 1989–2019). R-values less than 0.3 were 

considered to have negligible correlation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Primary tumor, CTC, and metastasis data for mice engrafted with a single-cell suspension 

from TNBC patient SUTI151(N=19). (A) Tumor volume is graphed as a function of 

days post-implant. Each graph corresponds to a single group with each line representing 

a separate mouse. (B) Raw data for primary tumors, metastatic tumors, and CTCs for 

individual mice. Mice in Group A did not receive tumorectomies, and therefore did not have 

tumor regrowth. Mouse C5 was the only mouse that received a tumor excision surgery and 

did not have regrowth at the site of tumor resection - days until regrowth has thus been 

indicated as N/A. For the one mouse from which we were unable to collect cardiac blood 

(ID: C4), N/A has been indicated in columns for CTC clusters and characteristics. Control 

mice did not grow primary or metastatic tumors, relevant values have been marked as N/A. 

Large tumors were considered those with a volume greater than 2000mm3, medium tumors 

had volumes between 1000mm3 and 2000mm3, and small tumors had volumes less than 

1000mm3. CK+ -cytokeratin positive, VIM+ -vimentin positive, CK+VIM+ -cytokeratin and 

vimentin positive.
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Figure 2. 
Workflow schematic of the study. Experimental mice (N=30) were injected with single-cell 

suspension of patient SUTI151 and primary tumors were allowed to grow. Age matched 

control mice (N=5) were injected with PBS. At six weeks post-implant, seven mice with 

intact primary tumors were euthanized (Group A). The remaining mice (N=12) received 

tumorectomies and were euthanized at 13–14 weeks post-implant (Group B) and 15–16 

weeks post implant (Group C) respectively. For each cohort, at the time of euthanasia, blood 

was drawn for CTC immunostaining and enumeration, while organs were collected for H&E 

analysis of metastases.
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Figure 3. 
CTC and metastasis data for PDOX models of TNBC. (A) The number of CTCs/ml for 

each mouse studied. The median for each group is represented by solid horizontal lines. The 

control threshold of 40 CTCs/ml is represented by a dashed horizontal line. (B) Percent of 

total CTCs/ml expressing different phenotypes in each group. Control mice had between 

21 and 40 cells that stained similarly to CTCs, so a threshold of 40 CTCs/ml is set 

and represented by a dashed horizontal line. CK+ -cytokeratin positive, VIM+ -vimentin 

positive, CK+VIM+ -cytokeratin and vimentin positive. (C) The number of metastases found 

on the organ section with the largest metastatic burden for each mouse. Blue bars indicate 

lung data and red bars indicate liver data. (D) Percent area of metastases for each mouse 

studied. Areas were calculated as a percent of the organ tissue on the section with the largest 

metastatic burden.
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Figure 4. 
Representative H&E images of metastases in the lung. Each row of images represents a 

separate mouse. Images in the left column were taken at 10x magnification and images in 

the right column were taken at 40x magnification. Dashed lines encircle metastases. (A) 

Mouse A1, Group A. (B) Mouse B4, Group B. (C) Mouse C4, Group C.
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Figure 5. 
Representative H&E images of metastases in the liver. Each row of images represents a 

separate mouse. Images in the left column were taken at 4x magnification and images in the 

right column were taken at 20x magnification. Dashed lines encircle metastases. (A) Mouse 

A1, Group A. (B) Mouse B3, Group B. (C) Mouse C2, Group C.
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