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Abstract

Introduction.—Sarcoma clinical outcomes have been stagnant for decades due to heterogeneity 

of primaries, lack of comprehensive preclinical models, and rarity of disease. We hypothesized 

that engineering hydrogel-based sarcoma organoids directly from the patient without xenogeneic 

extracellular matrices (ECMs) or growth factors is routinely feasible and allows rare tumors to 

remain viable as avatars for personalized research.
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Methods.—Surgically resected sarcomas (angiosarcomas, leiomyosarcoma, gastrointestinal 

stromal tumor, liposarcoma, myxofibrosarcoma, dermatofibrosarcoma protuberans [DFSP], and 

pleiomorphic abdominal sarcoma) were dissociated and incorporated into a hyaluronic acid and 

collagen-based ECM hydrogel and screened for chemotherapy efficacy. A subset of organoids 

was enriched with a patient-matched immune system for screening of immunotherapy efficacy 

(iPTOs). Response to treatment was assessed using LIVE/DEAD staining and metabolic assays.

Results.—Sixteen sarcomas were biofabricated into three-dimensional (3D) patient-specific 

sarcoma organoids with a 100% success rate. Average time from organoid development to 

initiation of drug testing was 7 days. Enrichment of organoids with immune system components 

derived from either peripheral blood mononuclear cells or lymph node cells was performed in 

10/16 (62.5%) patients; 4/12 (33%) organoids did not respond to chemotherapy, while response to 

immunotherapy was observed in 2/10 (20%) iPTOs.

Conclusions.—A large subset of sarcoma organoids does not exhibit response to chemotherapy 

or immunotherapy, as currently seen in clinical practice. Routine development of sarcoma 

hydrogel-based organoids directly from the operating room is a feasible platform, allowing for 

such rare tumors to remain viable for personalized translational research.

Sarcomas are rare cancers with an expected incidence of 0.7% of all adult malignancies.1 

Their pathology classification incorporates heterogeneous cohorts of at least 50 subtypes 

with major differences in biological behavior and prognosis, hindering the development 

of effective drug-based therapies.2 Surgery remains the main treatment modality for the 

majority of sarcomas, complimented in selected cases with radiation and or systemic 

chemotherapy.3–5 Unfortunately, the rarity of these diseases is an obstacle for clinical trial 

accrual in evaluating chemotherapies and immunotherapies, while lack of reliable preclinical 

models has been an equal limitation for research.6

We have previously generated patient tumor organoids (PTOs) from surgically resected 

specimens of several tumor types, including lung, peritoneal mesothelioma, melanoma, 

colorectal, appendiceal, and glioma, utilizing a unique three-dimensional (3D) extracellular 

matrix (ECM)-derived hydrogel that is less potent than basement membrane extract 

(BME)-derived gels.7–11 Additionally, we have enriched PTOs with patient-matched 

immune cells (iPTOs) in an attempt to generate a reproducible personalized platform 

to assess immunotherapy efficacy.10–14 These PTOs provide results within 2 weeks 

from surgery, with support by a hydrogel scaffold that bypasses any interference from 

uncharacterized cytokines, mRNAs, and exosomes present in animal tumor-derived ECM 

materials (BME biomaterials).9–11,13,15–18 We employ a simple, yet supportive hydrogel 

ECM microenvironment based on chemically modified hyaluronic acid (HA) and denatured 

collagen (gelatin) utilizing a safe high-throughput manufacturing method.

In this study, we demonstrate the benefits of redirecting use of surgical specimens away 

from traditional tumor banks to support personalized sarcoma PTO biofabrication for a wide 

variety of sarcoma subtypes, eliminating the time-consuming need of cell expansion. While 

chemotherapies remain the primary drug-based treatment for most sarcomas, we explored 

the use of iPTOs to evaluate the personalized preclinical efficacy of immunotherapy where 

sufficiently powered clinical trials are likely not feasible. Furthermore, the benefits of testing 
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non-expanded organoids developed from fresh specimens were exhibited by comparing them 

with organoids created from expanded cells and organoids from a new sarcoma cell line 

developed from the same patient.

MATERIALS AND METHODS

Sarcoma Biospecimen Acquisition and Processing

All biospecimens were obtained from surgically treated patients in adherence to Wake 

Forest Baptist Medical Center Institutional Review Board protocols. Upon resection, tumor 

specimens were transferred by a dedicated procurement agent to the central pathology suite 

within the surgical operating suites area. Specimens were inked for margins and reviewed 

prior to providing a piece from the center of the tumor mass. In this way, margins were not 

compromised. In cases where margins were not important (e.g. stage IV patients undergoing 

metastasectomy), our protocols allow for direct acquisition of tumor directly from the 

operating suite to the laboratory. The specimens were placed in RPMI (Hyclone, Logan, UT, 

USA) and transferred within a 2-h window post-resection.

The tumors were washed in phosphate-buffered saline (PBS; Hyclone), with 2% penicillin–

streptomycin (Thermo Fisher Scientific, Waltham, MA, USA). Tumor tissues were minced 

and transferred to a 15 mL conical tube with Dulbecco’s modified eagle medium (DMEM) 

low glucose (Hyclone), supplemented with 80,000 collagenase degrading activity (CDA) 

collagenase HA and 22,000 neutral protease assessment (NPA) BP protease (Vitacyte, 

Indianapolis, IN, USA), with 3cc solution per 1cc minced tumor volume. The digestion 

solution was agitated at 37°C until tissue was dissolved. The digested tumor solution was 

neutralized using cold high glucose DMEM (Hyclone), supplemented with 10% fetal bovine 

serum (FBS; Thermo Fisher Scientific) then filtered through a 100-micron steriflip cell 

filter (Millipore Sigma, Burlington, MA, USA) and centrifuged. The resulting cell pellet 

underwent red cell lysis (RBC; BD Pharm Lyse, San Diego, CA, USA) according to the 

manufacturer’s protocol. Cell count was performed, and dead cells were removed using a 

dead cell removal kit (Miltenyi Biotec, Bergisch Gladbach, Germany). Lymphocytes were 

isolated from lymph node tissue as described above, or from patient whole blood through 

Ficoll-Paque Plus (Cytiva, Marlborough, MA, USA) density gradient isolation, followed by 

RBC lysis. The cell suspension was then prepared for organoid fabrication.

Extracellular Matrix Hydrogel Preparation and Tumor Organoid Biofabrication

The HA/gelatin system (HyStem HP, ESI-BIO, Alameda, CA, USA) was utilized as 

previously described.7,8,10,11,17,19,20 All components were dissolved in sterile water 

containing 0.05% w/v Irgacure 3959 (Sigma, St. Louis, MO, USA) to make 1% w/v 

solution of thiol-modified heparin (Heprasil®), thiol-modified denatured collagen (Gelin-S), 

and thiol reactive crosslinker, PEGDA (Extralink). All components were mixed with the 

cell suspension at a cell density of 10 million cells/mL hydrogel precursor solution in 

a 2:2:1 ratio, respectively. iPTOs were created at a ratio of 1:3 tumor cells to immune 

cells. Organoids were formed by pipetting 5 μL of hydrogel precursor cell suspension into 

96-well plates previously coated with polydimethylsiloxane (PDMS) to form round droplets, 

which were subsequently photo-crosslinked by ultraviolet light exposure (365 nm, 18 W 
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cm2) for 1 s. The organoids were maintained in DMEM with 10% FBS with 1% penicillin–

streptomycin, and 1% L-glutamine.

Therapy Screening Studies

Therapy screening was initiated on day 7 following organoid biofabrication. Treatments 

were tailored for each sarcoma subtype based on preoperative biopsies or final surgical 

pathology. The number of therapies and doses involved varied based on available cells. 

The therapies used for sarcoma organoids were doxorubicin (0.1, 1, 10 μM) [S1208, 

Selleckchem, Houston, TX, USA], ifosfamide (2, 20, 200 μM) [I4909, Sigma-Aldrich], 

temozolomide (10, 100, 1000 μM) [T2577, Sigma-Aldrich], imatinib mesylate (1, 10, 100 

μM) [STI571, Selleckchem], regorafenib (0.1, 1, 10 μM) [S1178, Selleckchem], gemcitabine 

(1, 10, 100 μM) [G6423, Sigma-Aldrich], olaparib (0.1, 1, 10 μM) [S1060, Selleckchem], 

100 nM pembrolizumab (A2005, Selleckchem,), 100 nM nivolumab (A2002, Selleckchem), 

and 100 nM ipilimumab (A2001, Selleckchem). Drug containing-media was added to 

organoid wells for 72 h, followed by viability assays.

Organoid Viability Assays

At therapy treatment cessation, organoid viability was assessed using Promega CellTiter-

Glo® (Promega, Madison, WI, USA) according to company protocol, and read on a 

Veritas Microplate Luminometer (Turner BioSystems). Viability was also assessed using 

LIVE/DEAD staining (Thermo Fisher Scientific) according to manufacturer’s instructions. 

Fluorescent imaging was performed using a Leica TCS LSI macro confocal microscope 

(Leica Microsystem Inc, Buffalo, NY, USA), with red and green channels overlaid.

Immortalization

Hygromycin B Antibody Selection—DFSP1 passage 1 tumor cells were cultured at 

2×105 per well in a 24-well plate. At 80% confluence, hygromycin B (S2908, Selleckchem) 

was added at 0, 50, 100, 250, and 500 μg/mL, replacing the treated media every 3 days for 

1 week. The culture was examined for toxicity and the lowest dose for which all cells were 

dead for positive selection of transfected gene was 100 μg/mL.

Virus Production—For virus particle expression, HEK-293 (ATCC® CRL-1573™) was 

plated overnight in a 10 cm tissue culture plate with DMEM-10. The plasmid DNA, 

packaging, and envelope plasmids were obtained as gifts from Dr. Baisong Lu’s laboratory 

(Lentiviral vector pLVHtert-IRES-hydro, plasmid #85140, pMD2.G plasmid #12259, and 

psPAX2 plasmid #12260; Addgene, Watertown, MA, USA). The lentiviral transfer vector 

DNA, together with psPAX2 packaging and pMD2.G envelope plasmid DNA were 

combined at 3:2:1, respectively, and the 18 μg DNA mix was added to 250 μL of Opti-

MEM media. Similarly, 196 μL of Opti-MEM media is added to 54 μL of FuGENE® 

HD Transfection Reagent (Promega). The DNA mix and FuGENE® mix was combined 

and added to the plate with 7 mL of Opti-MEM. Twelve hours later, media was replaced 

with 8 mL of OptiMEM media. Twenty-four hours later, the virus-containing supernatant is 

collected and filtered. The supernatant was either used to transfect cells or frozen at −80°C 

for future use.
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Transfection of Cells from DFSP with Sarcomatoid Changes—Patient-derived 

DFSP passage 1 were plated at a density of 5 × 104 cells/well in 6-well plates and cultured 

overnight. Media was replaced with a combination of 400μL viral supernatant and 2 mL 

of OptiMEM in four wells overnight, with two wells maintained as controls. The medium 

was changed with 1:1 DMEM-10 and Opti-MEM. The cells were maintained for three days, 

then 100 μg/ mL of hygromycin in DMEM-10 was used for selection and propagation of 

immortalized cell line.

RNAseq of Dermatofibrosarcoma Protuberans (DFSP) Cells—Immortalized and 

non-immortalized DFSP1 cells were collected at passages 4, 8, and 12 and snap frozen. 

RNA isolation was performed using the RNeasy Plus Mini Kit (Qiagen, Germantown, 

MD, USA) following the manufacturer’s protocol. RNA concentration was assessed using a 

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

RNA (200 ng) was treated with DNase prior to constructing sequencing libraries using 

an NEBNext Ultra II Directional RNA Library preparation kit in conjunction with 

polyA mRNA selection beads. Paired-end 150-bp reads were generated on an Illumina 

NovaSeq 6000 to obtain >15 million reads per sample. Low-quality reads (q < 10) and 

adaptor sequences were eliminated using bbduk version 37.64. Reads were aligned to 

the GRCh38.p9 assembly of the human reference genome from the National Center for 

Biotechnology Information (NCBI) using version 2.6.0c of the aligner STAR.21 Features 

were counted using featureCounts software22 against a GFF file from Gencode (v28) and 

used for DESeq223 to generate a normalized count file, with all samples compared with the 

originating tumor biospecimen as the ‘control.’ Normalized counts were used as input for all 

RNA-seq analyses.

Definition of Treatment Response

Efficacy in PTOs treated by chemotherapy was defined by two criteria: (1) post-treatment 

adenosine triphosphate (ATP) viability of <50%; and (2) a statistically significant reduction 

in viability for treated organoids compared with controls. Immunotherapy efficacy required 

three criteria to be met by iPTOs: (1) demonstrate a statistically significant reduction in 

cell viability compared with iPTO control organoids (Ex: iPTO control vs. iPTO treated); 

(2) demonstrate a statistically significant reduction in cell viability when comparing treated 

organoids from immune-enhanced counter conditions and non-immune-enhanced counter 

conditions (Ex: nivolumab-treated iPTO vs. nivolumab-treated PTO); and (3) exhibit a 

post-immunotherapy ATP viability <50%. This approach was used to reduce the probability 

of a type 1 error occurring, which would be 0.125%, or 12.5 in 10,000. By using a similar 

standard, chemotherapy treatment probability of a type 1 error would be 2.5%, or 25 

in 1000. In this study, we arbitrarily selected 50% killing of the tumor as the threshold 

suggestive of treatment response. This number is customizable according to investigators’ 

demands.

Statistical Analysis

All data are expressed as mean ± standard deviation for each experimental group. Each 

treatment and condition combination consisted of three or more organoids. Upon review 
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of the CellTiter-Glo® results, some organoid replicates were excluded in the final analysis 

as their ATP levels were considered as outliers (more than two standard deviations from 

the mean). ATP assay values of treated organoids were standardized to condition-matched 

(iPTO or PTO) controls prior to statistical analysis. Two sample t-tests were used to assess 

differences in treatment conditions. Drug screen studies were determined to be successful 

if patient control PTOs demonstrated adequate viability at day 10 of culture. Adequate 

viability is described as blank value <1% of the control condition. Statistical analysis was 

performed using GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA) and a p 
value <0.05 was used as the threshold for statistical significance.

RESULTS

Sarcoma Biospecimen Procurement to Organoid Biofabrication

Sixteen tissue specimens were procured from April 2018–July 2021 (Fig. 1). Matched blood 

was provided for 15/16 (93.8%) specimens and lymph tissue was provided for 2/16 (12.5%) 

specimens. Organoid fabrication was performed for all specimens. However, due to low 

yield of either tumor or immune cells, chemotherapy screening was performed for 12/16 

(75%) PTO sets, while immunotherapy screening was performed in 10/15 (66.7%) of PTO 

and iPTO matched sets (Fig. 1). Average time from organoid development to initiation of 

drug testing was 7 days.

Viability, Histology, and Immunohistochemical Characterization of Sarcoma Organoids

To confirm viability in PTO culture, multiple viability assays were performed. LIVE/DEAD 

staining demonstrated robust cell viability in PTO cultures at day 7, with high numbers of 

viable cells (green) and few dead cells (red) [Fig. 2a]. Immunohistochemistry was performed 

on day 10 PTOs to analyze cell markers. By hematoxylin and eosin (H&E) stain, both the 

organoids and matched tumor tissues showed atypical spindle cell proliferation in LMS, 

PLS and DFSP patients. While organoids lost the tumor architecture, their cytomorphologies 

were identical to matched tumor tissues. Similarly, organoids stained positive for Ki67, 

indicating maintained cell proliferation in PTO culture after isolation from tissues. Tissue 

and organoids were stained with markers indicative of sarcoma subtypes. When compared, 

these patient-matched tissues and organoids displayed similar expression of markers, 

including CD34, PARP1, vimentin, and matrix metalloproteinases (MMP)-9 (Fig. 2b–d). 

Positive expression of vimentin demonstrates mesenchymal tissue origin, while highly 

positive expression of CD34 is an identifying marker of DFSP (Fig. 2d).24,25 Similarly, 

MMP9 expression has been linked to angiogenesis and metastatic behavior, while PARP1 

expression suggests therapeutic sensitivity towards PARP inhibitors.26,27

Sarcoma Organoid Drug Response in Chemotherapy Screens

Sarcoma PTOs were treated with a variety of chemotherapeutics based on clinically 

approved treatments and number of cells. PTOs demonstrated different responses based 

on dose and treatments administered, with doxorubicin being the most effective tested (Table 

1 and Fig. 3a, c). LIVE/DEAD assays demonstrated a decrease in viable cells, with an 

increase in dead cells for PTO set LMS3 (Fig. 3b) and MFS2 (Fig. 3d).
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Immune-Enhanced Sarcoma Organoid Response to Immune Checkpoint Inhibitors

To analyze the effect of immune checkpoint blockade, iPTOs were developed using immune 

cells from either patient blood or resected lymph tissue. These iPTOs were tested with three 

agents: pembrolizumab, ipilimumab and nivolumab. Response to immunotherapy that was 

drug-, type of tumor-, and patient-specific was observed in a minority of specimens. More 

specifically, two iPTO sets (DFSP1 and leiomyosarcoma LMS3) demonstrated sensitivity 

towards nivolumab (2/9, 22.2%), with post-treatment iPTO viability of 7.6% and 49%, 

respectively (Fig. 4a, b). No iPTOs were sensitive to ipilimumab (0/9).

In addition, four pembrolizumab-treated iPTOs (angiosarcomas AGS1/2 and 

leiomyosarcomas LMS2/3), demonstrated attenuated post-immunotherapy viabilities when 

compared with their PTO counterparts or their iPTO controls, without achieving all 

parameters for immunotherapy efficacy.

Genetic Drift in Sarcoma Cells Through Expansion and Immortalization—To 

analyze the chemotherapy response drift over time between cells obtained from the same 

patient, we tested cells obtained directly from a DFSP with sarcomatoid changes versus 

expanding cells, as well as cells from a cell line developed through hTERT immortalization. 

We compared the response of immortalized and post-expansion cells with the same 

chemotherapies used in the initial screening of the DFSP1 PTOs, immediately after tumor 

dissociation. The original DFSP1 tumor PTO cells responded to imatinib, doxorubicin, 

and regorafenib (Fig. 5a), while the immortalized tumor cells maintained imatinib and 

doxorubicin response through the passages but were resistant to regorafenib until passage 

12 (Fig. 5b–d). Resistance to regorafenib in immortalized cells may be conferred due 

to increased telomerase activity through Notch-1 signaling.28 Non-immortalized cells 

maintained sensitivity to imatinib but became resistant to doxorubicin at passage 8 and 

regorafenib in passage 12. Furthermore, while both populations maintained the expression of 

CD34, the cellular morphology of immortalized cells retained the mesenchymal phenotype 

of the original tumor, whereas non-immortalized cells developed an epithelial phenotype 

(Fig. 6a).

RNAseq Analysis of Immortalized Versus Non-immortalized DFSP Cells—To 

evaluate the impact of immortalization on the genomic profile of DFSP cells, we performed 

bulk RNAseq on cells from the original tumor and after 4, 8, or 12 passages in immortalized 

and non-immortalized cells. First, an untargeted cluster analysis was performed on the 100 

most variably expressed genes (Fig. 5e). This analysis shows a stark difference between 

immortalized cells and non-immortalized cells at each passage assessed. Next, we used 

a targeted analysis of 29 genes implicated to ECM composition (vitronectin, laminins, 

MMPs), Wnt pathway, TP53, and tumor progression (Fig. 5f). This analysis indicates the 

non-immortalized cells exhibit a decreased expression, while the immortalized cells exhibit 

an increase of these genes. Figure 5g further shows a boxplot analysis of the gene expression 

relative changes in relation to originating tumor biospecimen.

Next, we quantified relative expression of Wnt family genes, MMP family genes, and 

laminin family genes (Fig. 6b).29,30 Visualization of relative expression of each Wnt gene 
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indicated large differences between expression levels, with Wnt2, Wnt5A, and Wnt 5B being 

expressed at higher levels in immortalized cells, better resembling the original tumor (Fig. 

6b).

As with Wnt, MMP expression is crucial for tumor progression and metastasis through 

degradation of ECM components. MMP14, MMP 2, and MMP9 varied significantly 

between immortalized versus non-immortalized cells (Fig. 6c). Laminin is comprised of 

alpha, beta, and gamma subunits and is important in ECM remodeling. The combinations 

of alpha and beta subunits account for major differences in specificity for cell adhesions.31 

In Fig. 6d, we see a clear divergence between laminin alpha subunit genes, with LAMA1, 

LAMA2, and LAMA4 nearer to original tumor tissue, while LAMA5 is in the converse 

relationship. In terms of laminin beta (Fig. 6e), we see little differences in expression 

between all groups in LAMB1, LAMB2, LAMB4; however, we see a striking difference 

in LAMB3, where the immortalized cells show decreased expression compared with the 

elevated profile of non-immortalized cells.

DISCUSSION

The rarity and heterogeneity of sarcoma subtypes have proven to be impeding factors in 

clinical trial accrual, as demonstrated by the almost stagnant sarcoma clinical outcomes 

after multimodality treatment. The above is unfortunately true for most rare primaries. We 

have previously shown the ability to test both clinically available and experimental therapies 

utilizing PTO cultures in a variety of tumors, including rare primaries.7–11,13,14,17 In this 

study, we describe the generation of PTOs derived from a variety of surgically resected 

sarcoma subtypes to be applied in personalized translational research. In addition, a new 

DFSP cell line was generated and applied to demonstrate differences between PTOs and 

traditional research tools such as cell line or expanded cells when all three cell construct 

types were developed from tissue from the same patient.

In the current work, 33% of sarcoma PTOs exhibited no response to chemotherapy, 

while a smaller minority showed response to immunotherapy that is aligned with clinical 

observations. Personalized iPTO efficacy with immune checkpoint inhibitors (ICIs) was 

observed in angiosarcoma, leiomyosarcoma, and DFSP subtypes. Immunotherapy has 

become an increasingly effective therapeutic option in many cancers, and its application 

in sarcomas is being explored but is currently recommended only for the treatment of tumors 

with increased PD-1, PDL1 expression, deficiency in mismatch repair proteins, or increased 

tumor mutational burden (TMB).32 The Alliance A0911401 study recently demonstrated 

responses with combination immunotherapy in unresectable or metastatic angiosarcoma and 

leiomyosarcoma subtypes that is aligned with our findings.33 Extensive clinical data on 

immunotherapy efficacy in these specific sarcoma subtypes do not exist and are unlikely 

to be generated from cohort analysis. Our work herein builds on our previous work with 

integrating immune cells into melanoma and appendiceal cancer PTOs to enable assessment 

of likelihood of response to ICIs.10–12 The implications of a platform to test therapies for 

not only T-cell targeting but also other components of the immune-tumor microenvironment, 

such as natural killer (NK) cells, antigen-presenting cells, B cells, and regulatory T cells, 
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can revolutionize treatment of tumors not previously targeted through immunotherapy due to 

lack of indication of actionable targets.34,35

In addition, our studies describe PTOs that do not utilize BME-derived biomaterials, such 

as Matrigel. The decision to not utilize Matrigel like most laboratories lies within the 

confidence of the hydrogel platform with which we have generated viable organoids or 3D 

cultures across cancer types.7–11,14,17,19,20,36

Surgical specialties have a major advantage in incorporating similar work within already 

existing clinical practice line frameworks, resulting in the generation of results within 

10 days from resection. As demonstrated here, avoiding expansion of cells preserves the 

characteristics of the resected specimens without the genetic drift observed in expanding 

cells or cells lines even after a limited number of passages. Redirecting specimens away 

from traditional ‘dead tissue’ tumor banks into personalized living tissue repositories 

fits well in the clinical setting where decisions on appropriate treatment needs to be 

implemented within 2–4 weeks. The presented PTO establishment rate of 100% and 

therapeutic testing of 85% is above reported values, ranging from 50 to 80% for 

organoids from more common tumors, including breast, colon and gastric.37,38 Although 

the differences in establishment rate are due to many factors, the hydrogel employed for 

cellular encapsulation and support is vitally important. Creating collagen and HA-based, 

tissue-specific ECM with the accurate physical and chemical properties allows for cells to 

maintain ex vivo properties similar to human tissue.39,40

There is a rapidly increasing volume of data where organoids employed either in the setting 

of prospective randomized trials or retrospective analysis demonstrated 100% negative 

predictive value in a variety of different primaries.9,11,37,41–46 In other words, when the 

organoid does not respond to chemotherapy the patient also does not respond. Whether or 

not the same is true for positive predictive value is too early to say due to the impact of 

intra-tumor heterogeneity and sampling that may miss a non-responding malignant clone. 

However, it is logical that the survival of any cancer patient is ultimately determined by 

non-responding cells. Therefore, we ask if the time has arrived to develop and test a 

framework (especially in tumors such as sarcomas with a high percentage of poor response 

to chemotherapy), where organoids will be used to pre-emptively identify patients who will 

not respond to chemotherapy or immunotherapy, so they can be spared from the morbidity 

and costs associated with non-effective and unnecessary treatments.

To our knowledge, this is the first study utilizing sarcoma PTOs to study personalized 

treatment responses, yet it comes with several limitations. More specifically, clinical 

correlation with patient outcomes was not feasible, especially for immunotherapy, because 

it is not currently within sarcoma treatment algorithms due to a paucity of clinical efficacy 

data. Thus, it is uncertain to what degree the PTOs in this study correlate with patient 

results, although others have shown promising efforts in relating PTO response to patient 

outcomes.10,37 Finally, radiation in PTOs is an emerging field, but our study was not 

designed to incorporate this therapy.47
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CONCLUSION

Despite the apparent benefits of incorporating organoid technology in transforming tissue 

biobanks into a library of living tissue, we do not claim organoids are ready to be applied 

in clinical practice without the backing of sufficiently powered correlative data with patient 

outcomes. However, this work shows the potential benefits and challenges ahead of us. 

There is only one way to proceed: to incorporate PTOs as a correlative companion tool 

into existing prospective randomized trials along with extensive genomic and proteomic 

characterization. Until then, we will continue to apply cohort analysis data on individual 

patients who often will not respond to systemic therapy.
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FIG. 1. 
Study design and flowchart of specimen processing and the biofabrication approach. a–g 
PTO and iPTO construction and subsequent analyses. h–k Generation of an immortalized 

DFSP cell line and analyses of organoids
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FIG. 2. 
Characterization of sarcoma PTOs. a Cells in organoids demonstrated robust viability in 

both tumor and tumor-immune organoids when utilizing LIVE/DEAD viability staining 

at day 7. H&E, ki67, PARP1, CD34, MMP9, and vimentin immunohistochemistry 

staining of patient-matched tissues and day 10 organoids for b leiomyosarcoma patient 

2, c pleiomorphic sarcoma patient 1, and d dermatofibrosarcoma protuberans patient 1 

demonstrate similar cytomorphologies and expression of markers. All images taken at ×40 

magnification.
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FIG. 3. 
Evaluation of post-chemotherapy tumor viability in leiomyosarcoma LMS3 and 

myxofibrosarcoma MFS2 PTOs. a Drug screening performed on PTO set LMS3 

demonstrated dose-dependent increases in drug efficacy for (i) doxorubicin (7.5% viability), 

(iii) doxorubicin combined with ifosfamide (10%), and (vi) regorafenib (49%), while 

demonstrating lack of efficacy to (ii) ifosfamide (65%), (iv) olaparib (126%), and 

(v) gemcitabine (74%). b LIVE/DEAD analysis further confirmed drug efficacy when 

comparing number of alive (green) cells with dead (red) cells. c Drug screening performed 

on PTO set MFS2 demonstrated dose-dependent increases in drug efficacy for (ii) 

doxorubicin (28%), (iii) doxorubicin combined with ifosfamide (22%), (iv) gemcitabine 

(47%), and (vi) gemcitabine combined with vinorelbine (44), while demonstrating lack of 

efficacy to (i) ifosfamide (87%) and (v) vinorelbine (57%). d LIVE/DEAD analysis further 

confirmed drug efficacy when comparing total number of alive (green) cells with dead (red) 

cells. Scale bar = 250 μM. Statistical significance: *p < 0.05. Post-treatment PTO viabilities 

are shown in parentheses
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FIG. 4. 
Immune system enhancement of sarcoma PTOs enables responses to immune checkpoint 

inhibitor treatments. a Immunotherapy screening performed on matched PTO and iPTO 

sets. Nivolumab (green) was effective in 2/9 (22.2%) PTO sets [(vi) DFSP1 and (ix) 

Leiomyosarcoma LMS3]. b LIVE/DEAD analysis further confirmed immunotherapy 

efficacy in DFSP1 when comparing number of living cells (green) with condition-matched 

controls. Scale bar = 250 μM. Statistical significance indicated within. Response to 

immunotherapy defined as statistical significance between condition-matched control, PTO 

treatment-matched condition, and >50% cell killing
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FIG. 5. 
Evaluation of drug screening of immortalized versus non-immortalized cells versus 

originating PTOs. Drug response to imatinib, regorafenib, and doxorubicin in a original 

PTOs, passage b 4, c 8, and d 12 organoids prepared with immortalized or non-immortalized 

cells. e–g Genomic analysis of immortalized versus non-immortalized DFSP cells via 

RNAseq. e Untargeted cluster analysis of the top 100 variably expressed genes. f Targeted 

cluster analysis of a subset of genes of interest. g Boxplot analysis of the same subset of 

genes of interest. Statistical significance: *p < 0.05
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FIG. 6. 
Evaluation of immortalized and non-immortalized DFSP1 organoids showing a viability 

(green—calcein AM-stained viable cells; red—dead ethidium homodimer-stained nuclei), 

morphology, and expression of CD34 (green), F-actin (red), and DAPI (blue). Relative gene 

expression values of b Wnt family genes, c MMPs, and laminin d alpha and e beta subunits. 

MMPs matrix metalloproteinases
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