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In brief

Point-of-care functional diagnostic tests

are unavailable for lung cancer. Talwelkar

et al. present a pharmacological assay

that uses fresh uncultured tumor cells

(FUTCs) to guide personalized therapy for

lung cancer patients. Besides identifying

genotype-matched drug sensitivities,

FUTC profiling also predicts clinical non-

responses and can be used to expose

resistance mechanisms.
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SUMMARY
Functional profiling of a cancer patient’s tumor cells holds potential to tailor personalized cancer treatment.
Here, we report the utility of fresh uncultured tumor-derived EpCAM+ epithelial cells (FUTCs) for ex vivo drug-
response interrogation. Analysis of murine Krasmutant FUTCs demonstrates pharmacological and adaptive
signaling profiles comparable to subtype-matched cultured cells. By applying FUTC profiling on non-small-
cell lung cancer patient samples, we report robust drug-response data in 19 of 20 cases, with cells exhibiting
targeted drug sensitivities corresponding to their oncogenic drivers. In one of these cases, an EGFR mutant
lung adenocarcinoma patient refractory to osimertinib, FUTC profiling is used to guide compassionate treat-
ment. FUTC profiling identifies selective sensitivity to disulfiram and the combination of carboplatin plus eto-
poside, and the patient receives substantial clinical benefit from treatment with these agents. We conclude
that FUTC profiling provides a robust, rapid, and actionable assessment of personalized cancer treatment
options.
INTRODUCTION

The concept of precision medicine means giving the right drug to

the right individual at the right time. In this context, genotype-

guided pairing of tumors with drugs that target tumor-selective

driver mutations has been in clinical practice for >2 decades.

For non-small-cell lung cancer (NSCLC) patients, inhibitors target-

ing EGFR, KRAS (G12C), ALK, BRAF, MET, and ROS are

approved for genotype-guided indications that match for �40%

of patients.1 However, even with the genetic matches, only

50%–70% of treated patients benefit from these treatments.

When attempting to use genotype-guided therapies beyond

currently approved indications, trials have shown that only 10%

of patients can be paired with genomics-matched targeted treat-

ments, and at best one-third of these receives clinical benefit.2,3

Hence, the prediction of successful precision anticancer treat-

ments at the individual level remains challenging, largely because

of extensive genomic and phenotypic heterogeneity of many can-

cer types, including NSCLC. Therefore, to identify precision med-

icines for themajority of NSCLCpatients, we need additional tools

beyond those that are currently used in the clinic.
Cell Rep
This is an open access article under the CC BY-N
Combining static genetic measurements with pharmacolog-

ical interrogation of patient-derived cancer cells can provide a

more comprehensive approach for predicting effective treat-

ments4–6; however, proof of its clinical utility is lacking, particu-

larly for solid tumors. For patients with hematological malig-

nancies, we and others have successfully implemented

individualized treatment strategies guided by ex vivo drug-

response testing of patient biopsies.7,8 Based on these early

successes of ex vivo testing to tailor patient treatments, multiple

clinical trials were initiated for leukemia patients (e.g.,

NCT01620216, NCT04267081). For solid tumors, similar func-

tional diagnostic methodologies can, however, not readily be

adopted; the reasons include the fragile and short-lived nature

of tissues (e.g., those observed in organotypic tumor slice cul-

tures9,10) and a general lack of robust methods to isolate and

propagate primary epithelial cells.

In promising recent developments, new culture and organoid

approaches enabling the long-term expansion of primary epithe-

lial cells have been introduced.4,11,12 Toward translational appli-

cations, the use of conditionally reprogrammed (CR) cultures

derived from clinical lung tumors successfully identified novel
orts Medicine 2, 100373, August 17, 2021 ª 2021 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:krister.wennerberg@bric.ku.dk
mailto:emmy.verschuren@helsinki.fi
https://doi.org/10.1016/j.xcrm.2021.100373
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2021.100373&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Article
ll

OPEN ACCESS
actionable treatments and molecular mechanisms underlying

drug resistance.4,13,14 Similarly, NSCLC organoids have been

shown to recapitulate oncogenic addictions and the tissue archi-

tecture of the original tumors, offering an optional model for

exploring inter- and intratumoral functional heterogeneity.15,16

While the implementation of CR or organoid cultures in principle

permits drug-response profiling of patient-derived cells, these

models take a long time to be established, and, more important,

do not guarantee the expansion of malignant cells.4,15,17 Their

functional interrogationwill therefore unlikely lead to significant ef-

fects on personalized diagnostics and patient care.11 To circum-

vent the challenges associated with ex vivo cultures, we tested

the utility of fresh uncultured tumor-derived cells (FUTCs) for

drug-response assessment. Using this approach, we present a

diagnostic assay for the rapid identification of actionable treat-

ments using patient-derived tumor cells.

RESULTS

Tumor-derived epithelial cultures often do not
represent malignant cells
With the aim of identifying individualized treatment options, and

to understand genetic driver-drug-response relationships, we

established NSCLC patient-derived primary cultures to allow

for pharmacogenomic screening. Patient-derived primary cul-

tures were established using CR methodology, which allows

ex vivo establishment and indefinite propagation of epithelial

cells from both normal and malignant specimens.18 To confirm

the identity of the tumor-derived cultures, we performed tar-

geted next-generation sequencing for 578 cancer-related genes

in 11 primary cultures, as well as matched tumor and adjacent

normal lung tissues. Altogether, 71 nonsynonymous somatic

mutations in 47 genes were detected in tumor tissues (Table

1). Of the 11 tested cultures, 9 lacked the oncogenic mutations

detected in the reference tumor. Notably, the two cultures that

showed a concordance of mutations with their respective source

tissue were derived from different regions from the same tumor

(Table 1). The success rate of establishing patient-derived malig-

nant cultures was therefore limited to�10%. In accordance with

previous findings,17,19,20 our results argue that CR culture estab-

lishment is not an effective approach for the generation of phar-

macogenomic screening data from NSCLC patient samples.

Murine FUTCs capture drug responses of other ex vivo

cell culture systems
To address the challenge of cell culture adaptation, we investi-

gated whether freshly isolated epithelial cell adhesion molecule

(EpCAM)-expressing epithelial cells can directly be used for

drug-response assessment. We performed functional profiling

of FUTCs and CR cultures derived from murine NSCLC tumors

obtained from KrasG12D;Lkb1fl/fl (KL) and KrasG12D;p53fl/fl (KP)

models. These models were selected because (1) they represent

tumors with common genetic drivers and histopathological di-

versities detected in clinical specimens,21 (2) they allow CR cul-

ture establishment with relative ease, permitting comparisons of

tumor-matched FUTCs and cultures (Figure 1A), and (3) we have

gained understanding on their tumor subtype-selective drug

sensitivities.22
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First, we confirmed that FUTCs survive and grow during cul-

ture by measuring cellular ATP levels using CellTiter-Glo (CTG).

FUTCs from the different tumor groups exhibited significantly

higher CTG readouts after 3 days of culture (Figure 1B). Second,

we assessed the utility of FUTCs to predict known genotype-se-

lective drug sensitivities. We confirmed that only p53-expressing

FUTCs responded to the Mdm2-p53 interaction inhibitor idasa-

nutlin (Figures 1C and 1F). Moreover, KL-derived FUTCs ex-

hibited selective responses to HSP90 inhibition (Figures 1D

and 1F), corroborating findings from cultured lung cancer

models.22–24 Lastly, we confirmed that gemcitabine, an

approved chemotherapeutic agent for NSCLC treatment,

potently inhibited the viability of both KL and KP cells (Figures

1E and 1F), matching previous findings in CR cultures.22 In

further agreement with published data,25,26 a synergistic interac-

tion was detected between MEK and ERBB receptor family inhi-

bition in KL, but not in KP FUTCs (Figure 2A). We also could

confirm adaptive reactivation of the mitogen-activated protein

kinase (MAPK) and phosphatidylinositol 3-kinase (PI3K)

signaling pathways, detected by the re-phosphorylation of

ERK and AKT after extended MEK inhibition, described in

many other NSCLC studies, including our murine CR cultures

(Figures 2B–2D and S1).

Patient-derived FUTCs are amenable for
pharmacological profiling
To test a FUTC-based approach with patient-derived cells, we

conducted a drug sensitivity and resistance testing (DSRT) study

on 19 clinical NSCLC samples (Table S1). Tumor tissue analysis

by immunohistochemistry (IHC) revealed inter- and intratumor

heterogeneity for EpCAM expression levels, 13 of 19 tumor sam-

ples (68%) showed high EpCAM expression, while 11% and

21% samples showed moderate and low EpCAM expression,

respectively (Table S2). To identify drug responses selective to

tumor-derived EpCAM+ cells, responses were compared to tu-

mor-derived non-epithelial EpCAM– cells, and also to healthy

lung tissue-derived EpCAM+ cells as tissue-matched controls

(Figure 3A). Similar to the murine FUTCs, the patient-derived

FUTCs exhibited good viability in culture (Figures 3B, S2A, and

S2B). Furthermore, analysis of KRASmutations in 6 patient sam-

ples revealed an average 3.7-fold enrichment of cancer cells in

tumor-derived EpCAM+ cell fractions compared to matched

bulk tumor tissues (Figures 3C and S2C). Similarly, EpCAM+

fractions derived from samples carrying an ALK rearrangement

exhibited enrichment of ALK fusion-carrying cells (Figure S2D).

Next, we performed screening with 66 lung cancer-selective

drugs on 14 samples, or with smaller compound sets on 5 sam-

ples in which only limited EpCAM+ FUTCs could be isolated, and

for 18/19 samples, we observed robust drug screening data (Z0 >
0.2). Unsupervised hierarchical clustering of the drug sensitivity

scores revealed that technical replicates from the same patient

sample cluster together, thus confirming robustness of the

screening data generated using FUTCs (Figures 3D and 3E).

Through multifactorial analyses, we showed that the robustness

of the screening data correlated with the cancer cell fraction in

the tumor tissue (Figures 3F and S2E). Moreover, samples with

higher percentages of Ki-67+ cancer cells exhibited higher

CTG activities ex vivo (Figures 3G and S2E). These results



Table 1. Genomic analysis of NSCLC tumor tissue and tumor-derived CR cultures

Sample no. Sample ID Gender/age Tumor type

Tumor tissue (variant allele

frequency)

Tumor-derived CR culturea

(variant allele frequency)

1 PLT26;

region-3

F/55 AC TFG (0.10), CBFA2T3 (0.10),

SMARCA4 (0.08), TP53 (0.07),

TMPRSS2 (0.07), PPP2R1A

(0.04), ALK+

TFG (0.66), CBFA2T3 (0.73),

SMARCA4 (0.45), TP53 (0.99),

TMPRSS2 (0.54), PPP2R1A

(0.50), ALK+

2 PLT26;

region-5

F/55 AC TFG (0.15), CBFA2T3 (0.28),

SMARCA4 (0.15), TP53 (0.28),

TMPRSS2 (0.17), PPP2R1A

(0.12), ALK+

TFG (0.64), CBFA2T3 (0.66),

SMARCA4 (0.49), TP53 (0.98),

TMPRSS2 (0.50), PPP2R1A

(0.58), ALK+

3 PLT30 M/75 AC NKX2-1 (0.33), ERB B4 (0.26),

WASF 3 (0.25), KRAS (0.18),

TP53 (0.15), HERPUD1 (0.14)

All wild type

4 PLT36 F/62 AC GNAS (0.72), TP53 (0.40), LTBP2

(0.34), LCP1 (0.3), MAP2K1

(0.27), PDGFRB (0.25),

GUCY1A2 (0.19), KMT2D (0.16),

HECW1 (0.15), KMT2C (0.10)

All wild type

5 PLT41 M/56 AC MYB (0.15), NSD3 (0.14), TP53

(0.14), KMT2C (0.11), ALK+

All wild type

6 PLT42b F/63 AC PDGFRB (0.05), TYK2 (0.04),

ARID1A (0.03), IDH2 (0.03), TCL6

(0.03), ITK (0.03), NTRK3 (0.02),

KRAS (0.02), WT1 (0.02)

All wild type

7 PLT62; region-1 F/50 AC BCL6 (0.66), STK11 (0.43), KRAS

(0.38), PRF1 (0.33), KIT (0.22),

NEF 2L2 (0.20), CBFA2T3 (0.19),

CLTCL1 (0.17)

All wild type

8 PLT62; region-2 F/50 AC BCL6 (0.34), STK11 (0.26), KRAS

(0.23), PRF1 (0.17), KIT (0.10),

NEF2L2 (0.04), CBFA2T3 (0.07),

CLTCL1 (0.10)

All wild type

9 PLT63 F/68 AC CDKN2B (0.11), ALK+ All wild type

10 PLT64 F/25 AC ALK+ All wild type

11 PLT66 M/71 AC CIC (0.42), KRAS (0.36), CBF

A2T3 (0.23), AKAP9 (0.22), NIN

(0.22), AFF4 (0.21), PML (0.20),

FGFR1OP (0.20), ABL1 (0.19),

FLT3 (0.19), LTBP2 (0.19),

PDGFRB (0.18), HEY1 (0.18),

EPHA10 (0.17), UNC13D (0.16),

CDH6 (0.16), ARID4B (0.14),

BCL11B (0.14), UNC13D (0.11),

CYP1B1 (0.10)

All wild type

aPassage #4.
bAll mutations identified with variant allele frequency <0.1.
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indicate that FUTCs are relevant ex vivo models of tumor tissue

and that this single-cell population can be diagnostically profiled

before culture establishment.

Responses to approved targeted therapies are exposed
with patient-derived FUTCs
To further validate the diagnostic use of the FUTC assay, re-

sponses towell-established targeted receptor tyrosine kinase in-

hibitors were analyzed. Tumor-derived EpCAM+, but not Ep-

CAM–, cells from 4 EGFR mutant patient samples (L858R and
E746-A750del) responded to several classes of EGFR inhibitors.

Third-generation mutant-selective osimertinib selectively and

most effectively reduced the viability of EGFR mutant EpCAM+

tumor cells (drug sensitivity score [DSS] > 10), while the sec-

ond-generation pan-ERBB inhibitor afatinib (AF) reduced the

viability of both tumor and normal EpCAM+ cells (Figures 4A

and 4B). These results are consistent with the known superior

selectivity of osimertinib toward mutant EGFR.27–30 Similarly, in

FUTCs derived from a clinical sample carrying an activating

exon 14 skipping mutation in the MET gene, the ALK/MET
Cell Reports Medicine 2, 100373, August 17, 2021 3



Figure 1. Murine FUTCs exhibit functional profiles comparable to conditionally reprogrammed cultures

(A) Schematic of comprehensive drug testing of KP and KL tumor-derived cultures to validate the ability of FUTCs to identify subtype-selective treatments.

(B) Viability assessment of FUTCs at 0 and 72 h.

(C–E) Dose-response curves of tumor-matched FUTCs and CR cultures treated for 72 h with (C) idasanutlin (MDM2 antagonist), or (D) tanespimycin (HSP90

inhibitor), or (E) gemcitabine (nucleoside analog).

(F) DSS calculated for (C)–(E) and compared between KL and KP subtypes for both FUTCs and CR cultures.

Data are represented as means ± SEMs. Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001.

Article
ll

OPEN ACCESS
inhibitor crizotinib showed the strongest sensitivity (DSS > 10),

and this was selective for EpCAM+ tumor cells (Figures 4C and

4D). Importantly, genotype-matched sensitivities were only

observed in EpCAM+ cells, not in bulk tumor-derived cell popu-

lations, indicating that EpCAM enrichment is required for identi-

fication of cancer-specific vulnerabilities (Figures S3A and S3B).

Contrasting with the above target-matched responses, Ep-

CAM+ cells derived from three ALK fusion+ tumors showed low

sensitivity to the ALK inhibitors ceritinib and crizotinib (Figures

4E and 4F). Since the epithelial-to-mesenchymal transition

(EMT) can explain resistance to ALK inhibitors,31,32 primary tu-

mor tissues were stained with epithelial E-cadherin and mesen-

chymal vimentin markers (Table S2; 6 of 18 patient samples

showed vimentin staining-positive tumor cells). This confirmed

EMT in all three ALK+ samples tested in the FUTC assay (Figures
4 Cell Reports Medicine 2, 100373, August 17, 2021
4G and S2E), possibly explaining why these samples demon-

strated a poor response to ALK inhibition. Thus, FUTC-based

profiling can gauge targeted kinase inhibitor responses and

non-responses in patient samples that carry the respective

driver mutations.

Pharmacological profiling of KRAS mutant patient-
derived FUTCs demonstrates inter- and intratumoral
heterogeneity
We next asked how FUTC-based profiling captures sample-se-

lective functional heterogeneity in KRASmutant samples, which

overall represent 25%–30% of NSCLC, yet stratify further due to

differences in, among others, histopathology, metabolism, or co-

occurring mutations. Comparison of drug responses of 7 KRAS

mutant and 11 KRAS wild-type samples identified the MEK



Figure 2. Murine FUTCs show treatment-adaptive signaling mechanisms

(A) Graphic model for subtype-selective adaptive activation of MAPK and PI3K-AKT pathways in murine Kras mutant NSCLC cultures.

(B) Dose-response curves of FUTCs and CR cultures treated trametinib (TR), afatinib (AF), and combination treatment. For the combination screen, 5 nM TR was

used together with a dose series of AF.

(C) DSS calculated for (B) and compared between KL and KP subtypes for both FUTCs and CR cultures.

(D) Immunoblots of KL and KP FUTCs treated with vehicle (C; DMSO) and or treated with 50 nM TR for various time points (4, 24, 48, and 72 h), and probed with

indicated antibodies.

Error bars represent ±SEMs. Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001.
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inhibitor trametinib (TR) as the most KRAS mutant-selective

compound, but also otherMAPK inhibitors showed KRAS-selec-

tive responses, albeit with a less stringent statistical difference

(Figure 5A; Table S3). This aligned with the analysis of lung can-

cer cell lines in the Genomics of Drug Sensitivity in Cancer

(GDSC) database,33 revealing MAPK inhibitors as the most

KRASmutant selective (Figure S3A). Moreover, TR selectively in-

hibited KRAS mutant cells without affecting tumor-derived Ep-

CAM– and normal tissue-derived EpCAM+ control cells (Fig-

ure 5B). Correlation analysis of the drug sensitivities of

individual KRAS mutant samples to average drug sensitivities

of KRAS wild-type samples indicated intertumoral heterogene-

ity; eachKRASmutant sample exhibited a unique drug-response

profile, and even for shared hits such as TR, the actual efficacies

varied between samples. As anticipated, of a total of 27 hits, 14

compounds selective for KRAS mutant FUTCs either targeted

the MAPK or the PI3K-AKT pathways (Figures 5C and S3B).

To assess intratumoral functional heterogeneity, drug re-

sponses in FUTCs derived from two different regions from the

same patient sample (PLT62) were compared. Both tumor re-

gions carried identical genetic alterations (Figure S4A), including

STK11 and NFE2L2 mutations known to confer resistance to

MEK inhibition in KRASmutant lung cancer.24,34 A combinatorial

screen of 66 drugs in combination with TR showed that region-2
cells exhibited a relatively higher sensitivity to MAPK inhibitors

(Figures 5D and 5E), while region-1 cells showed selective sensi-

tivity to combinatorial treatment with TR plus PI3K-AKT pathway

inhibitors (Figures 5F and 5G). Consistent with the drug sensi-

tivity data, cancer cells from region-1 exhibited a higher percent-

age of pERK+ and p4EBP1+ cells, as well as cells dually stained

for these markers, jointly indicating a potential tumor region-se-

lective codependency on MAPK and PI3K-AKT pathways (Fig-

ures S4B and S4C). Interestingly, FUTCs from both tumor re-

gions showed combinatorial response to TR plus the BCL-2/

BCL-xL inhibitor navitoclax (NA) (Figure 5H), a combination

described to convey synthetic lethality in KRAS mutant

tumors.35

These data show that FUTC profiling can expose inter- and in-

tratumoral functional heterogeneity inKRASmutant NSCLC (Fig-

ures 5C–5G; Table S2), and tentatively indicates their use in iden-

tifying tissue-selective drug combinations. As inmurine samples,

feedback activation of the MAPK and PI3K-AKT pathways,

measured by rebound ERK and AKT phosphorylation, was de-

tected following TR treatment in KRAS mutant FUTCs from

PLT87 (Figure 5I). Although analysis of more samples is war-

ranted, these preliminary results suggests that deeper functional

profiling of FUTCsmay further help to identify drug combinations

that target adaptive signaling mechanisms.
Cell Reports Medicine 2, 100373, August 17, 2021 5



Figure 3. Application of patient-derived FUTCs for pharmacological screening

(A) Schematic of FUTC-based drug sensitivity and resistance testing from clinical specimens.

(B) Viability assessment of patient-derived cells at days 0 and 3 after seeding in 384-well plates. Heatmap showing percentages of total cancer cells and Ki-67+

cancer cells normalized to total cancer cells in the tumor tissue.

(C) Heatmap representing percentage of cancer cells and KRAS mutation variant allele frequencies in patient-matched tumor tissues versus tumor-derived

EpCAM+ cells.

(D) DSS (66 compounds) of tumor-derived EpCAM+ cells were clustered by using a complete linkage method, coupled with Euclidean distance measurement.

(E) Heatmap of Pearson’s correlation coefficient values between technical replicates of the same sample, or samples from different patients (left). Representative

correlation plots of DSS values, comparing technical replicate screens of PLT68 (right).

(F) Correlation plot comparing the association between the percentage of cancer cells in the tumor tissue and Z0prime factors obtained from respective DSRT

screens.

6 Cell Reports Medicine 2, 100373, August 17, 2021
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Figure 4. NSCLC FUTCs predict genotype-matched therapeutic responses

(A) Dose-response curves of gefitinib, osimertinib, and AF in patient-matched tumor-derived EpCAM+ and EpCAM– cells.

(B) DSS for gefitinib, osimertinib, and AF compared between EGFRmutant EpCAM+, EGFR wild-type EpCAM+, tumor EpCAM–, and normal EpCAM+ cells. Each

dot represents an independent sample.

(C and D) Bar graph representing the DSS of crizotinib (C) and (D) ceritinib and crizotinib across all of the patient samples.

(E) Dose-response curves of crizotinib in patient-matched tumor-derived EpCAM+ or normal tissue-derived EpCAM+ cells.

(F) Dose-response curves of ceritinib in patient-matched tumor-derived EpCAM+ and EpCAM– cells.

(G) Representative IHC images of E-cadherin and vimentin staining in patient (PLT64)-derived EML4-ALK+ lung tumor tissues. Scale bars correspond to 200 or

20 mm for low or high magnifications, respectively. Boxes indicate areas shown in the higher magnification in a lower row.

Error bars represent ±SEMs. Two-tailed unpaired Student’s t test: *p < 0.05, **p < 0.01, ***p < 0.001.
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Compassionate implementation of a FUTC-based
functional diagnostic assay
Finally, we report a case in which FUTC-based drug-response

assessments were used to implement compassionate treatment
for a patient with refractory metastatic lung cancer. This patient

had been diagnosed with EGFRmutant stage IV lung adenocar-

cinoma (AC) 3.5 years earlier and had since been treated with

both erlotinib and osimertinib, yet experienced disease
Cell Reports Medicine 2, 100373, August 17, 2021 7



Figure 5. Functional profiling of KRAS mutant FUTCs reveals inter- and intratumoral heterogeneity

(A) Volcano plot displaying an association between responses to drug candidates and KRAS mutation status. DSS comparisons were made between KRAS

mutant cells (n = 7) and KRAS wild-type cells (n = 11) for 66 oncology drugs using a 2-sided Wilcoxon signed-rank test; DSS difference >±5 and p < 0.05 were

considered as a hit and highlighted with red color.

(B) DSS for TR compared between different cell populations; each dot represents an independent sample.

(C) The number and target of unique hits identified for an individual patient sample. Boxes are color-coded based on target, and each box represents a single

drug.

(D) Correlation plots of comparing DSS obtained from FUTCs derived from different tumor regions of the same patient specimen (PLT62). Drug candidates with

DSS difference >±5 are color-coded with red and orange representing region-1 and region-2 selective hits, respectively.

(E) Dose-response curves following indicated MAPK inhibitor treatments in different regions of PLT62.

(F) Correlation plots comparing DSS of 66 oncology drugs as a single agent or in combination with 5 nM TR.

(G) Dot plot displaying DSS of single treatments of MAPK inhibitors (n = 4) and PI3K-AKT-mTOR (mammalian target of rapamycin) inhibitors (n = 6) as a single

agent or in combination with 5 nM TR.

(legend continued on next page)
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recurrence, as evidenced by the emergence of multiple nodular

lesions in the lungs and widespreadmetastatic lesions, concom-

itant with increases in the levels of carcinoembryonic antigen

(CEA) and neuron-specific enolase (NSE) tumor markers. At

this point, ametastatic lesion from the neck region was surgically

resected, and FUTCs were used for replicate testing of 233 rele-

vant drugs or drug combinations (Figures 6A–6C).

The drug sensitivity screen demonstrated poor response to

multiple EGFR inhibitors (Figure S5A), in line with the acquired

clinical resistance to erlotinib and osimertinib. To identify effec-

tive treatment options with minimal generic toxicities, we imple-

mented a two-step process. In step 1, we identified the 20 treat-

ments with the highest DSSs (Figure 6D). In step 2, we filtered the

potent hits from step 1, based on whether the response was se-

lective toward the patient’s cancer cells over normal lung CR

cells (n = 6) derived from independent patients (Figure S5B).

This allowed narrowing down of the list and eliminated 15 treat-

ments with generic toxicities. From this analysis, we identified

five treatments with selective potency toward the tumor-derived

cells, including disulfiram and carboplatin combined with etopo-

side (Figure S5C). Conversely, the FUTC-based profiling results

were in agreement with the clinical non-responses to therapies

targeting PI3K and ALK, even though the tumor cells harbored

activating mutations in PIK3CA and showed overexpression of

ALK (Figures 6G, S5D, and S5E).

Based on these results, the scheduled carboplatin plus pe-

metrexed, which showed inferior sensitivity compared with car-

boplatin plus etoposide, was changed and the patient received

disulfiram and five cycles of carboplatin plus etoposide with or

without disulfiram. The patient received carboplatin/etoposide/

disulfiram treatment every time an increase in the CEA/NSE

level was observed. This resulted in a therapeutic benefit

from the FUTC-defined chemotherapy during the first 3 treat-

ment cycles (for the total span of 7 months), as detected by

a decrease in tumor size analyzed by computed tomography

imaging, as well as reduced levels of CEA and NSE (Figures

6E, 6F, and S6A–S6E). Interestingly, IHC analysis of the tumor

tissue done a few months following treatment onset revealed

two spatially intermixed subtypes of tumor populations: (1) an

SCLC population with NSE expression and (2) a squamous

cell carcinoma (SCC) population with CEA expression (Fig-

ure 6G). Histological transformation to SCLC or SCC are known

acquired resistance mechanisms in EGFR mutant AC patients

treated with EGFR inhibitors,36,37 and platinum plus etoposide

is an effective treatment strategy for SCLC patients,38,39 which

the FUTC-based drug testing had identified independently of

the histological analyses. However, in line with the poor prog-

nosis of SCLC, during the last two treatment cycles of carbo-

platin plus etoposide, NSE levels showed an initial decrease

and then a steep increase, while CEA remained stable, indi-

cating eventual chemoresistance and progression of the

SCLC subpopulation, confirmed by pathology analysis of a
(H) Dose-response curves and DSS bar graph of TR, navitoclax (NA), and combina

the dose series of NA.

(I) Immunoblots of PLT87-derived KRASmutant FUTCs treated with vehicle (C; D

and probed with indicated antibodies.

Error bars represent ±SEM. Two-tailed unpaired Student’s t test: *p < 0.05, **p <
new, recurrent metastatic lymph node biopsy (collected

January 2020; Figures S6F and S6G). This compassionate

case therefore demonstrates that therapeutic screening of

FUTCs can be used to identify effective treatments, many of

which cannot otherwise be predicted based on molecular diag-

nostics, in an individualized manner.

DISCUSSION

Major advances have been made in the past decade in the area

of precision cancer medicine and the development of diagnostic

innovations, which includes solutions for the ex vivo propagation

of carcinoma cells. However, unlike murine tumor cells, which

generally adapt well to primary cultures, the majority of the pa-

tient-derived cultures we established represented non-malig-

nant cells, corroborating conclusions from other recent

studies.17,19,20 While the success rates of establishing cultures

from pleural effusion are reportedly higher,4,13 their use is limited,

as only �10% of all NSCLC patients present with malignant

pleural effusions.36 Other preclinical models such as tumor orga-

noids or xenografts also have suboptimal success rates of 20%–

70% or 30%–40%, respectively,11,15,16,40,41 but these have an

additional issue of long establishment times of 1–3months for or-

ganoids or 2–10 months for xenografts.4,11,15,16,40 Prolonged

ex vivo propagation in artificial conditionsmay cause a functional

drift of cancer cells from their original identity, and also the pa-

tient’s tumor may evolve during this time, further compromising

the compatibility of preclinical cultures with the diagnostic clin-

ical decision-making process.

To overcome such limitations, and inspired by precision med-

icine approaches using liquid biopsy-sampled leukemic cells,

we set out to assess whether uncultured tumor cell populations

could be used for pharmacological profiling immediately

following isolation, before their attachment to cell culture

plates—the FUTC approach. We asked whether the study of

epithelial cells in solution may be compromised (e.g., due to

apoptotic priming related to anoikis). Encouragingly, bothmurine

and human FUTCs demonstrated sustained or increased cell

viability during the first 3 days of ex vivo culture. In addition, mu-

rine Kras mutant FUTCs were shown to mimic the MEKi-associ-

ated resistance bypass mechanisms and related drug sensitiv-

ities previously identified in primary cultures derived from these

models. These validating findings supported further translational

implementation of the approach, and target-matched drug re-

sponses were confirmed in FUTCs derived from surgical tissue

samples carrying mutant EGFR,MET, or RAS, or rearrangement

in ALK, with a positive correlation between cancer cell percent-

age and drug screen data quality. In KRAS-driven tumors, het-

erogeneity was observed at both inter- and intratumoral levels,

which could be explained by underlying differences in biologies

such as co-occurring mutations,26 metabolic dependencies ex-

plained (for example) by KRAS allelic copy gains,42 or
tion treatment. For the combination screen, 5 nM of TR was used together with

MSO) and or treated with 50 nM TR for various time points (4, 24, 48, and 72 h),

0.01, ***p < 0.001.
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Figure 6. FUTC-based functional testing guided treatment of a patient with refractory lung adenocarcinoma

(A) Treatment outline and measured CSE and NSA levels of a patient with EGFR mutant lung adenocarcinoma.

(B) A surgically removed tissue specimen was used for FUTC-based drug testing of 233 single drugs or drug combinations in duplicate.

(C) Correlation plot comparing the DSS from the 2 replicate tests.

(D) The drug sensitivity scores of the top 20 hits, with general toxicity based on activity on normal cells noted.

(E and F) Changes in the level of CEA and NSE (E) and (F) tumor size after carboplatin plus etoposide treatment.

(G) Representative images of hematoxylin and eosin (H&E) and IHC staining performed on surgically resected tumor tissue.
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phenotypes influenced by the tumor progenitor cells, such as tu-

mor histopathology or oncogenic signaling activities.10,21 These

data overall indicate that the FUTC assay holds promise for

further diagnostic development, particularly for samples with

high cancer cellularity. Nevertheless, for samples exhibiting
10 Cell Reports Medicine 2, 100373, August 17, 2021
lower cancer cellularity, a number of options can be explored

to enhance the data reliability, for example, increasing the num-

ber of cells/well, increasing the number of concentration points

per drug or technical replicates/compound, or testing multiple

drugs for a particular target.
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In previous studies, ex vivo drug-response testing on hetero-

geneous primary cancer and stromal cell mixtures failed to

culminate in clinical benefits, possibly because these earlier as-

says did not involve the enrichment of tumor cells.43,44 In the

FUTC assay, cancer cell-selective drug profiling is rather done

on EpCAM+ epithelial cells isolated from tumor tissue, with par-

allel analysis of epithelial cells from adjacent normal tissue

serving as a toxicity indicator. A recent study relatedly demon-

strated that dynamic BH3 protein profiling reliably reveals

drug-elicited apoptotic pathway signaling in freshly isolated

breast and colorectal cancer tumor cells, further underscoring

our conclusions.45 A caveat of the FUTC approach is that not

all tumor epithelia express EpCAM, with 40%–85% of ACs and

85%–98% of SCCs reported to be EpCAM+.46–49 To circumvent

this, we believe that EpCAM– cancer cells can be enriched by the

use of magnetic microbeads labeled with a cocktail of antibodies

that will identify cells of epithelial origin (e.g., cytokeratin 8, cyto-

keratin 18).13 Nevertheless, in our dataset, 13 of 19 tumor tissue

samples (68%) showed high EpCAM expression levels. Interest-

ingly, genotype-matched drug sensitivities were observed in

samples exhibiting moderate to low EpCAM expression levels.

In addition, tested samples (8 of 8) showed enrichment of cancer

cells following EpCAM selection, and while alternative purifica-

tion methods are being investigated, EpCAM remains the gold

standard for the capture of blood-circulating tumor cells.50–52

Implementing the EpCAM approach, reliable drug-response

data, often matched to the targeted drivers, was obtained from

19 of 20 cases, highlighting the robustness of the assay. Even

for drug screens exhibiting Z0 factor values <0.5, we observed

reliable dose-response data and genotype-selective drug sensi-

tivities in respective samples. While our preliminary results sug-

gest that the FUTC approach can be adapted to smaller biopsy

samples, rigorous investigation is necessary to further optimize

its diagnostic utility.

The FUTC assay was implemented to guide the compas-

sionate treatment of a stage IV EGFR mutant lung AC patient,

with cells derived from an operable metastatic tumor in the

neck area. While on EGFR inhibitor treatment, the patient had

developed an aggressive disease with multiple metastatic le-

sions and genomic alterations in, among others, TP53, RB1,

PIK3CA, and PTEN, commonly associated with EGFR inhibitor

resistance. Even though the combined TP53 and RB1mutations

may have suggested a risk for histological transformation to

SCLC,36,52 the official diagnosis was AC at the time of FUTC

profiling. Nevertheless, in light of FUTC-based drug sensitivity

data and the identified mutations, the patient received carbopla-

tin plus etoposide treatment, generally recommended for the

treatment of SCLC patients,19 leading to a substantial reduction

in tumor burden and level of tumor markers. As far as we know,

this represented a rare clinical case, with only one other report

describing dual transformation of EGFR mutant lung ACs to

NSE-marked SCLC and CEA-marked SCC.53 These cell popula-

tions were found intermixed in the biopsy sample, as if coexisting

in symbiosis, perhaps implying that these were derived from a

common progenitor cell. In addition to chemotherapy, the pa-

tient received another FUTC-guided treatment, the acetalde-

hyde dehydrogenase (ALDH2) inhibitor disulfiram, but its dosing

was reduced as it is associated with delirium, possibly because
the patient carried a variant ALDH2*2 allele.54 The ex vivo

approach also affirmed the previously known resistance to

EGFR inhibitors and it prospectively predicted the non-re-

sponses to PI3K and ALK inhibitors, for which the patient was

later treated based on molecular features. FUTC-based drug

testing therefore both predicted the intrinsic resistance and

sensitivity to clinically actionable regimens of the cancer.

This work demonstrates that tumor-derived FUTCs have

promise for clinical application. The fast throughput nature of

the assay, bypass of ex vivo culture, and ability to guide person-

alized treatment choices render the assay attractive for wider

diagnostic use. However, to more broadly assess the clinical

feasibility, more clinical profiling cases would need to be ac-

tioned, particularly for tumors that lack targetable drivers or met-

astatic-stage tumors that lack treatment options. It is important

to note that since FUTCs allow for the identification of effective

combinatorial treatments, the assay can be used to assess poly-

therapy options to circumvent the emergence of resistance to

single treatments. Aligning with our findings, a Phase I clinical

trial to test the safety of a triple combination of osimertinib, plat-

inum, and etoposide to circumvent small cell conversion is under

way for EGFR mutant patients (NCT03567642). In conclusion,

FUTC-based functional profiling enables rapid assessment of tu-

mor-selective drug responses and shows promise for further

development as a personalized diagnostic assay to complement

genomic and histopathological profiling.

Limitations of the study
While our study shows promising results for the FUTC drug

screening approach, there are aspects that require further

studies for broader application. First, the cancer cellularity of

the profiled solid tumor tissue samples affect the drug screen

data quality, and this can limit profiling success in some cases.

Second, although our preliminary data using a smaller biopsy

sample showed promise, this study aspect demands more

extensive exploration to transform the FUTC approach into a

routine diagnostic test. Finally, the translational functional diag-

nostic potential of the FUTC assay requires systematic validation

in a clinical study.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

p63 Abcam Cat#ab124762; RRID: AB_10971840

NKX2-1 Abcam Cat#ab133638; RRID: AB_2734144

LKB1 Cell Signaling Technology Cat#13031; RRID: AB_2716796

Ki-67 Thermo Fisher Scientific RM-9106-S0; RRID: AB_2341197

pERK (Thr202/Tyr204) Cell Signaling Technology Cat#4370; RRID: AB_2315112

pAKT (Ser473) Cell Signaling Technology Cat#4060; RRID: AB_2315049

p4EBP1 (Thr37/46) Cell Signaling Technology Cat#2855; RRID :AB_560835

E-cadherin Cell Signaling Technology Cat#3195; RRID: AB_2291471

Vimentin Abcam Cat#ab92547; RRID: AB_10562134

pEGFR (Tyr 1068) Cell Signaling Technology Cat#2234; RRID: AB_331701

pERBB2 (Tyr1211/1222) Cell Signaling Technology Cat#2243; RRID: AB_490899

pERBB3 (Tyr1289) Cell Signaling Technology Cat#4791; RRID: AB_2099709

a-Tubulin Cell Signaling Technology Cat#2125; RRID: AB_2619646

AKT Cell Signaling Technology Cat#2920; RRID: AB_1147620

ERK Cell Signaling Technology Cat#9107; RRID: AB_10695739

ALK Cell Signaling Technology Cat#3633; RRID: AB_11127207

EpCAM Abcam Cat#71916; RRID: AB_1603782

Biological samples

CR cultures derived from murine NSCLC tumors

obtained from KrasG12D;Lkb1fl/fl (KL) mouse model

This Paper N/A

FUTCs derived from murine NSCLC tumors obtained

from KrasG12D;p53fl/fl (KP) mouse model

This Paper N/A

CR cultures derived from murine NSCLC tumors

obtained from KrasG12D;p53fl/fl (KP) mouse model

This Paper N/A

Human normal lung CR cultures derived from tumor-

adjacent normal lung tissue lung

This Paper N/A

Human lung tumor-derived fresh uncultured tumor

cells

This Paper N/A

Chemicals, peptides, and recombinant proteins

Collagenase Sigma Cat#C2674-1G

Dispase Invitrogen Cat#17105041

BSA Sigma Cat#A2153

EpCAM (CD326) MicroBeads, mouse Miltenyi Biotec Cat#130-105-958

DMEM GIBCO Cat#42430-025

F12 GIBCO Cat#21765-029

Y-27632, ROCK inhibitor ENZO life sciences Cat#ALX-270-333-M005

Adenine Sigma Cat#A2786

hrEGF BD Bioscience Cat#354052

Insulin Sigma Cat#I2643

Hydrocortisone Sigma Cat#H4001

Cholera toxin List Biological laboratory Cat#100B

CellTiter-Glo Promega Cat#G9243

EpCAM (CD326) MicroBeads, human Miltenyi Biotec Cat#130-061-101

Polyacrylamide gels, 4–20% Bio-Rad Cat#4561096

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

HBSS Sigma Cat#H6648

Critical commercial assays

Tumor Dissociation Kit, human Miltenyi Biotec Cat#130-095-929

BCA Protein Assay G Biosciences Cat#786-570

gentleMACS Dissociator Miltenyi Biotec Cat#130-093-235

Deposited data

Next-generation sequencing data

for lung cancer patients

Mendeley Data https://data.mendeley.com/datasets/bb4vfjnfkf/1

Experimental models: Cell lines

J2 strain of Swiss-3T3 mouse fibroblasts Kindly provided by Prof.

Olli Kallioniemi at Sci Life Lab

N/A

Experimental models: Organisms/strains

Mouse: KP: KrasLSL.G12D/+;p53fl/fl Jackson laboratories N/A

Mouse: KL: KrasLSL.G12D/+;Lkb1fl/fl Jackson laboratories and

Ron DePinho (MD Anderson).

N/A

Software and algorithms

BREEZE pipeline Potdar et al. 55 https://breeze.fimm.fi/

28780_mc40mdewodkwmcaxnje4ode3nje0/

index.php

Aiforia N/A https://www.aiforia.com/

Spa-RQ Bao et al. 56 https://bitbucket.org/MagoBitbucket/

spa-rq-tools/downloads/

GDSC Yang et al.33 https://www.cancerrxgene.org/

GraphPad Prism 9.1.0 GraphPad N/A
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Emmy

Verschuren (emmy.verschuren@helsinki.fi).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The authors declare that the main data supporting the findings of this study are available within the article. The data presented in

Figure S3A of this study are available from the GDSC1 database portal (GDSC: https://www.cancerrxgene.org/). Processed NGS

data is available online from the Mendeley Data (Mendeley Data: https://doi.org/10.17632/bb4vfjnfkf.1). Raw NGS data and IHC im-

ages generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
The J2 strain of Swiss-3T3mouse fibroblasts was kindly provided by Prof. Olli Kallioniemi at SciLifeLab. To culture 3T3 cells, we used

DMEM supplemented with 10%FBS and cultures weremaintained at 37�C and 5%CO2. 3T3 cells were passaged two to three times

per week, and irradiated cells were used as a feeder layer for the propagation of CR cultures until the cells reached passage ten.

Cultures were routinely checked for mycoplasma infection.

Animals
Mouse models harboring a conditional Kras mutant allele (KrasLSL-G12D/+) or loss-of-function TRp53 allele (p53fl/fl) were procured

from the Jackson laboratories. Mouse models harboring loss-of-function Stk11/Lkb1 allele (Lkb1fl/fl) were received from Ron
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DePinho (MD Anderson). Around 10 week old KL and KP mice were intranasally administered with progenitor cell-directed Ad5-Cre

viruses.21 Moribund mice were sacrificed by cervical dislocation, and tumor-bearing lungs were processed for FUTC-based phar-

macological profiling. All mice used in this study were housed in the Laboratory Animal Center of the University of Helsinki. The facility

provided animal care services including feeding, cage cleaning, health assessment, and room sanitation. Animals of both sexes were

utilized for this work.

Preparation of murine lung-tumor derived FUTCs
Experiments involving KP and KL genetically engineered mouse models were conducted following the guidelines from the Finnish

National Board of Animal Experimentation (permit number ESAVI/9752/04.10.07/2015) and all procedures were performed as

described previously.21 For FUTC isolation, individual lung tumors were manually minced using a sterile scalpel and then enzymat-

ically digested in HBSS containing 2 mg/ml collagenase, 0.3 mg/ml dispase and 10 mg/ml bovine serum albumin (BSA), using a Mil-

tenyi gentleMACS dissociator, as described.22 Lung 2.01 program on MACS dissociator was used for cell homogenization and sub-

sequently cells were filtered 70 mm cell strainers and centrifuged at 200xg for 10 min at 4�C. To separate EpCAM+ cells from tumor

tissue dissociates, EpCAM (CD326) MicroBeads-dependent enrichment was implemented (130-105-958, MACS), as per the man-

ufacturer’s instructions. Briefly, single cells obtained from tumor tissue were incubated for 15minutes with EpCAM (CD326) microbe-

ads in the refrigerator (2-8�C). These EpCAM microbead-labeled cells were subjected to magnetic separation using MACS LS Col-

umns andMACSMagnetic Separator. LS Columns were placed on a Magnetic Separator and EpCAMmicrobead-labeled cells were

applied onto the column. Unlabeled cells were collected in the flow-through while magnetically labeled cells were pushed out of the

column using a plunger. Thesemicrobead-labeled EpCAM+FUTCswere then either directly utilized for drug response assessment or

for establishment of CR cultures. Detailed CR culture procedures are provided in the CR cultures method section.

Patient sample processing
Clinical samples used in this studywere collectedwith patient’s informedconsent at theHelsinki UniversityCentral Hospital (HUCH) and

procedures were conducted in accordance with protocol approved by the Coordinating Ethics Committee of the University of Helsinki

(Licensenumbers: 85/13/03/00/2015andHUS-1204-2019). Clinical featuresof cases used in this study are shown inTables 1 andS1.All

specimensused in this studywerecollected fromadult patients; genderandageof thepatientswerenotconsideredassignificant factors

in this study. To process clinical specimens for FUTC assay, within 30mins after lobectomy, tumor and tumor-adjacent healthy lung tis-

sue sampleswere transported fromthehospital to thecell culture facility incoldHBSS.The tissuesamplewasdivided into fourparts, one

each for DNA isolation, lysate preparation for western blot, histological analysis, and FUTC isolation. Subsequently, for single cell sus-

pension, tumor tissuewasmanuallyminced using a sterile scalpel, and then enzymatically digested using a Tumor Dissociation Kit (Mil-

tenyi, 130-095-929) and a gentleMACS Dissociator (130-093-235) following the manufacturer’s instructions. Single cell suspensions

were then subjected to separation of EpCAM+ and EpCAM– cell fractions using Miltenyi’s human EpCAM (CD326) MicroBeads (130-

061-101). EpCAM+/– cells derived from tumor tissue, and EpCAM+ cells derived from normal tissue were used for performing DSRT.

CR cultures
Bothmurine and human EpCAM+ cells were propagated using a Conditional Reprogramming (CR) culture protocol. In brief, EpCAM+

cells were plated on irradiated (30 gray) 3T3 cells in F-medium composed of 1:3 v/v DMEM: F-12 nutrient HAM supplemented with

5% FBS, 10 ng/ml EGF (BD Biosciences; 354052), 5 mg/ml insulin (Sigma; I2643), 24 mg/ml adenine (Sigma; A2786), 0.4 mg/ml hy-

drocortisone (Sigma; H4001), 10 ng/ml cholera toxin (List Biological laboratory; 100B), and 10 mM ROCK inhibitor (Y-27632;

ENZO). All CR cultures were maintained at 37�C and 5% CO2. When CR cultures reached 80% confluence, they were differentially

trypsinized using a two-step procedure the first to remove loosely attached feeder cells, and the second to trypsinize epithelial cells.

METHOD DETAILS

DSRT assay for murine NSCLC models
Tumor-derived fresh uncultured EpCAM+ cells and CR cultures at passage 4 were used for performing DSRT, as described previ-

ously.22 Briefly, 2500 FUTCs or 1500 CR cells per well were seeded in 384-well plates using a Biotek MultiFlo FX RAD dispenser in

20 mL F-medium. Following 24 h incubation, drugs were manually dispensed in 10 mL F-medium at eight concentrations, covering a

10,000-fold concentration range in triplicates. Additionally, multiple replicates of cells were treated with 0.1% dimethyl sulfoxide

(DMSO) or 100 mM benzethonium chloride, serving as negative and positive controls, respectively. Following 72 h incubation at

37�C, 30 mL CellTiter-Glo reagent (Promega) was added in each well, and cell viability was measured using a PheraStar FS plate

reader (BMG Labtech).

DSRT of patient-derived cells
To screen 66 lung cancer selective drugs, DSRT plates were prepared in advance by dispensing compounds into 384-well plates

(3712, Corning) using an Echo 550 liquid handler (Labcyte), at five concentrations covering a 10,000-fold concentration range. As

negative and positive controls, 0.1% DMSO and 100 mM benzethonium chloride were included in wells scattered across the plates.

Pressurized Storage Pods (Roylan Developments Ltd.) were used to store pre-drugged DSRT plates and were used within one
Cell Reports Medicine 2, 100373, August 17, 2021 e3
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month. Tumor- and normal tissue-derived cells (2500 cells per well) were seeded in pre-drugged DSRT plates using a Biotek MultiFlo

FX RAD dispenser, in 25 mL F-medium. Following 72 h incubation at 37�C, 25 mL CellTiter-Glo reagent (Promega) was added in each

well, and cell viability wasmeasured using a PheraStar FS plate reader (BMG Labtech). When the cell numbers were not sufficient for

performing the 66-drug screen, drug screening for molecular target-selective drugs (5 - 10) were performed by seeding 2500 FUTCs/

well in 384-well plates, and on the following day cells were exposed to drugs.

For the compassionate care case study, patient-derived tumor cells were directly utilized for DSRT without performing EpCAM-

based immunomagnetic separation step as cytological and histological assessment of frozen tumor tissue sections prior to drug

testing initiation revealed high (< 90%) cancer cellularity. In brief, tumor tissue within 60 minutes of surgical excision was embedded

in Optimal Cutting Temperature (OCT) media and cryosections cut from the OCT block were stained with H&E. Stained sections were

analyzed by a clinical pulmonary pathologist.

Western blotting
Reference tumor tissues, FUTC pellets, or CR cell pellets were lysed with RIPA buffer supplemented with fresh protease and phos-

phatase inhibitors (Roche). For protein quantification, BCA Protein Assay was used (G Biosciences; 786-570). Western blotting was

performed using 20 mg of protein samples, using precast 4%–20% polyacrylamide gel (Bio-Rad, 4561096) for electrophoresis and

PVDF membrane (Millipore, IPFL00010) for transfer. Western blot membranes were blocked using Odyssey Blocking Buffer (927-

40000) at room temperature for 30 min, probed with primary antibodies at room temperature for 2 h or overnight at 4�C, and finally

probed with IRDye secondary antibodies (LI-COR) diluted 1:10000 in Odyssey Blocking Buffer and scanned using an Odyssey

infrared imager (LI-COR). We used Image Studio Lite software for western blot quantification.

Immunohistochemistry (IHC) analyses
Tissue processing and IHC procedures were performed as described previously22; all samples were processed using the equivalent

experimental conditions. The Pannoramic 250 digital slide scanner (3DHISTECH, Budapest, Hungary) was used to acquire whole

slide scans of stained tumor sections using a 20x objective, and the Pannoramic Viewer (3DHISTECH Ltd) was used at 1:4 magni-

fication to export TIFF images.

To quantify the percentage of malignant epithelial region or cancer cellularity per tumor specimen, H&E stained whole tissue sections

were uploaded to the deep learning-based image analysis cloud service, Aiforia (Fimmic Oy, Helsinki, Finland). Regional training sets

weremanually created by an imaging expert, by selecting regions-of-interest (206 regions) across all H&E-stained samples as two-layer

sets, namely a parental layer for whole tumor tissue annotation and a layer for tumor epithelium-only annotation that was further guided

by E-Cadherin staining on neighboring sections. Themanually annotated tissue regionswere used to train the Aiforia algorithm;multiple

training-learning cycles were conducted until the predictions on all samples reached a satisfactory outcome. A total of 22 annotations

for tissue regions and 184 annotations for tumor epithelial regions were included in the training. The results were validated by a clinical

pulmonary pathologist, via the validation functions of Aiforia, and percentages of tumor epithelial regions per specimenwere calculated.

To quantify the percentage of cancer cells exhibiting EpCAM expression and to classify cancer cells based on the EpCAM intensity, we

implemented a two-step process using the Aiforia algorithm. First, based on staining intensity and specificity cells are manually anno-

tated as strongly or weakly positive. The manually annotated tissue regions exhibiting different patterns of EpCAM expression were

used to train the Aiforia algorithm;multiple training-learning cycles were conducted until the predictions on all samples reached a satis-

factory outcome. In the second step, trained Aiforia algorithm was used to calculate the percentage of cancer cells exhibiting strong or

weak EpCAMpositivity. To quantify the percentages of proliferating cancer cells, both region- and cell-based annotation tools provided

byAiforia were used. A two-layer training set was created, composed of a parental layer of tumor epithelial regions (based onH&E stain-

ing) and a cell-based layer to assign (i) proliferating (Ki-67 positive) and (ii) non-proliferating (Ki-67 negative) tumor cells.Multiple training-

learning cycleswere performed until the deep-learning prediction reached satisfactory outcome and then percentage of Ki-67 positivity

were calculated using total number of proliferating and non-proliferating tumor cells.

To assess MAPK and PI3K-AKT-mTOR signaling pathway activities in tumor regions, images stained with phosphorylated ERK,

and 4EBP1 were registered to directly adjacent E-cadherin-stained sections, and the overlap of staining was quantified using a

spatial quantification and registration image analysis tool Spa-RQ, as described in Bao et al.55 To assess the co-activation between

MAPK and PI3K-AKT-mTOR signaling pathways, images stained with phosphorylated ERK and 4EBP1were registered to each other

and the region of staining overlap was quantified by Spa-RQ. Spa-RQ employed a simple thresholding segmentation algorithm, a

consistent threshold for each staining was applied to all the samples. The staining specificity and accuracy of the Spa-RQ was vali-

dated by a clinical pulmonary pathologist. To assess EMT, all tumor tissue sections were visually inspected for co-positivity of E-cad-

herin and vimentin in tumor epithelium-only regions. Tissue sections stained for phosphorylated EGFR, ERBB2, or ERBB3 proteins

were visually inspected for positivity in tumor only regions.

QUANTIFICATION AND STATISTICAL ANALYSIS

DSRT data analysis
To determine screen-to-screen consistency of DSRT profiling, Z-prime factors were calculated by normalizing the raw luminescence

values of drug-treated wells with positive and negative controls. Screens showing a Z-prime factor < 0.2 were not considered for
e4 Cell Reports Medicine 2, 100373, August 17, 2021
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further analysis (one of 20 cases). As we were analyzing dose response series with multiple assay points for each drug, we applied a

slightly lower threshold for the Z-prime factor (> 0.2) than the cutoff that is most frequently used in standard high throughput single

data point assays (> 0.5). Screens with Z-prime factor values from 0.2 to 0.5 still exhibited sigmoidal dose response curves and data

consistency was observed across technical replicates, and with respect to the tumor genotype. Dose-response curves were plotted

using a Marquardt-Levenberg algorithm via the in-house bioinformatic ‘Breeze’ pipeline.57 Next, dose–response curve parameters

were employed to calculate the Drug Sensitivity Score (DSS), as described.58

Genomic sequencing and data analysis
A DNeasy Blood & Tissue kit (QIAGEN) was used to extract genomic DNA from healthy lung and tumor tissue samples and from CR

cultures (Table 1). Genomic dsDNA (382-500 ng) was fragmented with a Covaris E220 evolution instrument (Covaris) to a mean frag-

ment size of 200 base pairs (bp). For sample library preparation and enrichment, a KAPA Hyper library preparation kit was used,

following the SeqCap EZ HyperCap Workflow User’s Guide Version 1.0 (Roche Nimblegen). In brief, pre-capture amplification

was performed using 9 cycles, and captures were performed in multiplexes of 3 to 4 samples using 0.667-1 mg of each library. To

identify somatic mutations, targeted next-generation sequencing was performed using the Illumina HiSeq2500 system in HiSeq

high output mode using v4 chemistry or HiSeq Rapid run mode using v2 chemistry (Illumina), with the NimbleGen Cancer Panel

to capture the exons of 578 cancer-related genes. NimbleGen probes used were 120522_HG19_Onco_R_EZ. Instead of SeqCap

HE-Oligos, we used xGen Universal Blocking oligo TSmix (IDT). For post-capture amplification, ten cycles were used in two replicate

reactions. The library was quantified for sequencing using the 2100Bioanalyzer High sensitivity kit. Read length for the paired-end run

was 2x101 bp. Pre-processing of short read data was done using the Trimmomatic software and included correction of the sequence

data for adaptor sequences, bases with low quality, and reads less than 36 bp in length. The BWA-MEM algorithm was then used to

map paired-end reads passing the pre-processing onto the human reference genome build 38 (EnsEMBL v82). Finally, variants were

called according to the GATK best practice for somatic short variants (version 3.5.1), supplemented with cross-sample contamina-

tion and sequencing artifact filtering. In the process, tumor samples (tissue and CR culture) were paired with their patient-matched

normal samples and variant calls were filtered against a panel of normals generated from the exome data of 24 healthy unrelated

Finnish individuals sequenced in-house earlier.

Annotation for single nucleotide variants and short indels was performed using the Annovar tool against the RefGene database. In

brief, variants called from samples were filtered for false-positives by removing variants not passing all GATK filters, residing in in-

tronic and intergenic regions, and causing a synonymous or non-frameshift change as well as variant with a minor allele frequency

R 1% in the EPS, 1KG, general ExAC (ExAC), East Asian ExAC (ExAC_EAS), non-Finnish European ExAC (ExAC_NFE), Finnish ExAC

(ExAC_FIN) databases, strand odd ratio for single nucleotide variants R 3.00, and strand odd ratio for indels R 11.00, coverage %

10, and variant quality value% 40. Finally, variants were removed if the variant allele frequency between the tumor and normal was <

2%. Tools used in the variant calling process and their versions have been outlined earlier.56 Surgical samples were used to generate

information for 578 cancer-related genes and data generated using this methodology is presented in Table 1.

NGS analysis of lung cancer biopsies
Upfront NGS screenings were routinely performed for all the AC and ASC patients but not for SCC patients at Helsinki University Cen-

tral Hospital (HUCH) before treatment initiation or surgery. DNA was extracted from paraffin samples after pre-treatments with the

Maxwell RSC (Promega), according to the manufacturer’s instructions. The concentration of the DNA samples was measured using

the NanoDrop ND 1000 (Thermo Fisher Scientific). Amplification-based NGS was performed to identify mutations in all exons of

PIK3CA, EGFR, KIT, KRAS, MET, NRAS, and PDGFRA as well as exons 11-15 of BRAF-gene by using an in-house gene panel.

Briefly, multiplex PCR was performed with 10 ng of genomic DNA, and then adapters were ligated to each PCR product. The am-

plicon libraries were constructed, and the quantity of amplicon libraries was determined using the Ion Library TaqMan Quantitation

Kit (Thermo Fisher Scientific). Each library was diluted to a concentration of 10 pM, and pooled in equal volumes. Template prepa-

ration was performed with an Ion Chef Instrument, and sequencing was carried out on an Ion S5 System with PI Chip. Data was

generated using the Torrent Suite Software version 5.8 (Thermo Fisher Scientific). The Ion Reporter Software version 4.6 (Thermo

Fisher Scientific) was used to filter out non-coding and polymorphic variants. Mean sequencing depth R 1000 was considered as

successful sequencing and called variants were only accepted if allele frequency R 1%. All variants listed after filtering were visu-

alized in the Integrative Genomics Viewer (IGV) to manually discard alterations generated by incorrect calling. Core needle biopsy

samples were used to generate information for 8 lung cancer-related genes and data generated using this methodology is presented

in Table S1 and Figure S3.

KRAS mutation analysis
Snap-frozen cell pellets of tumor-derived EpCAM+ and EpCAM– cells were utilized to detect KRAS mutation variant allele fre-

quencies using digital droplet PCR. DNA was extracted from cell pellets with the Maxwell RSC (Promega), according to the manu-

facturer’s instructions. The concentration of the DNA samples was measured using a NanoDrop ND 1000 (Thermo Fisher Scientific).

Targeted WT and mutation probes for the KRAS mutation sites G12 and G13 were designed according to Bio-Rad specifications

(https://www.bio-rad.com). For each reaction, 2 ml of the extracted DNA was used and performed in duplicate. The QX200 Droplet

Generator partitioned the samples (20 ml into 20,000 droplets) for PCR amplification. Following amplification using a thermal cycler,
Cell Reports Medicine 2, 100373, August 17, 2021 e5
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droplets from each sample were analyzed individually on the QX200 Droplet Reader, where positive and negative droplets were

counted to provide absolute quantification of the target DNA in digital form. The results were analyzed with the QuantaSoft Analysis

Pro Software (v.1.0, Bio-Rad). Data generated for KRAS mutation variant allele frequencies is presented in Table S1 and Figure S3.

Statistical analyses
To assess statistical significance, a Student’s t test, nonparametric Mann-Whitney test, or a two-sided Wilcoxon signed-rank test

(Figure 6A) were used. The results were considered statistically significant if a p value < 0.05 was observed. Error bars indicate stan-

dard deviation or standard error of the mean. Pearson’s correlation coefficients were used to assess the significance of correlations

and displayed in the XY plots. All the graphs presented here, including dose-response curve fits were generated using GraphPad

Prism 8 (GraphPad Software Inc). Statistical details and number of samples used for a particular result can be found in the figure

legends.
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