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Abstract

Purpose: Cancer treatment is limited by inaccurate predic-

tors of patient-specific therapeutic response. Therefore, some

patients are exposed to unnecessary side effects and delays in

starting effective therapy. A clinical tool that predicts treatment

sensitivity for individual patients is needed.

Experimental Design: Patient-derived cancer organoids

were derived across multiple histologies. The histologic char-

acteristics, mutation profile, clonal structure, and response to

chemotherapy and radiation were assessed using bright-field

and optical metabolic imaging on spheroid and single-cell

levels, respectively.

Results:We demonstrate that patient-derived cancer orga-

noids represent the cancers from which they were derived,

including key histologic and molecular features. These cul-

tures were generated from numerous cancers, various biopsy

sample types, and in different clinical settings. Next-

generation sequencing reveals the presence of subclonal

populations within the organoid cultures. These cultures

allow for the detection of clonal heterogeneity with a greater

sensitivity than bulk tumor sequencing. Optical metabolic

imaging of these organoids provides cell-level quantifica-

tion of treatment response and tumor heterogeneity allow-

ing for resolution of therapeutic differences between patient

samples. Using this technology, we prospectively predict

treatment response for a patient with metastatic colorectal

cancer.

Conclusions: These studies add to the literature demon-

strating feasibility to grow clinical patient-derived organotypic

cultures for treatment effectiveness testing. Together, these

culture methods and response assessment techniques hold

great promise to predict treatment sensitivity for patients with

cancer undergoing chemotherapy and/or radiation.

Introduction

A major limitation in clinical oncology is the lack of a reliable

method to predict treatment response. Precision medicine is an

emerging therapeutic approach that uses the molecular profile of

cancers to guide therapeutic choices for patients. This approach

has led to significant successes (1–4). Unfortunately, even when

molecular targets are present, many cancers are intrinsically

resistant to precision medicine strategies, or resistance emerges

quickly. The process of matching therapies to an individual

patient's cancer is based on many assumptions, and unfortunate-

ly, often fails (5). Cancer hotspot sequencing alone is not suffi-

cient to predict response to targeted therapies or standard-of-care

chemotherapy and radiation techniques. The development of a

robust method to predict the sensitivity of a patient's cancer

therapies would be a major advance.

Improved methods to predict the benefit of standard and

novel therapies are needed to advance treatment options for

patients with cancer. This would prevent unnecessary side

effects and decrease the time required to identify an effective

treatment strategy. A major limitation in the development of

strategies to predict treatment sensitivity has been the inability

to reliably culture patient-derived tissues in an inexpensive and
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high-throughput methodology. Prior techniques used to develop

sensitivity platforms have relied on nongrowing patient speci-

mens, such as tumor sections on slides or pelleted cancer

cells (6–8). There is significant concern that these models do not

reliably represent the cancers from which they were derived, and

none of these platforms are recommended for standard-of-care

use (9). Patient-derived xenograft methods have become an

important preclinical tool, but owing to their immense cost and

inherent low-throughput nature, this technology has not been

adapted in a clinically meaningful way for real-time sensitivity

testing (10).

Patient-derived cancer organoids (PDCOs) allow for cancer

cells to be grown in a three-dimensional matrix and have been a

major advance in the ability to grow cancer cells from patients

in a manner that is both timely and cost-effective for clinical

impact (11–17). A critical step toward widespread adoption of

PDCOs is establishing the feasibility of using these cultures to

screen therapeutics for individual patients with cancer. Feasibility

is not established based on one investigation, but established

over time with studies confirming key findings and adding addi-

tional experience and data to the field. Prior studies, using largely

small cohorts of PDCOs, have demonstrated that these cultures

are reliably generated often with very complex culture media,

represent the tumors from which they were derived using

phenotypic and molecular analyses, and preliminary retrospec-

tive data indicating that the response in PDCOs might predict

response in patients (11–17).

Further analyses are needed to examine phenotypic andmolec-

ular heterogeneity within these cultures and to determine the

ability of these cultures to demonstrate heterogeneity in response.

In addition, more simplified culture conditions would allow for

these cultures to be more readily available to other investigators.

Prior studies have not examined the use of PDCOs to determine

differential sensitivity to chemotherapy and radiation for colo-

rectal cancer and have not examined predicting treatment

response prospectively. Our laboratory has cultured patient-

derived specimens from a variety of cancer types with a primary

focus on cancers of the gastrointestinal tract froma variety of types

of specimens and using simplified culture media. A label-free

assessment technique, optical metabolic imaging (OMI), is used

to further quantify cell-level patient response to treatment in

organoids (16–18). Here we present the results from culturing

over 90 patient-derived specimens and the potential utility of this

technology for predicting patient response to chemotherapy and

radiation.

Materials and Methods

Cell isolation and organoid culture

All studies involving human tissue were performed with

approval from theUniversity ofWisconsin–Madison Institutional

Review Board with informed consent obtained from patients and

in accordance with the Declaration of Helsinki. Spheroids were

isolated and cultured following protocols reported previous-

ly (19) with a few modifications (see Supplementary Methods).

Human tissue fromneedle biopsy or surgical resectionwas placed

in chelation buffer and then digested in advanced DMEM/F12

medium (Invitrogen) containing FBS, collagenase, dispase, and

antibiotics. The tissues were disrupted with intermittent shaking.

Culture medium components were dependent on tissue type

(Supplementary Tables S1 and S2). Cell suspensions were main-

tained on ice and mixed with Matrigel at a 1:1 ratio before being

plated as droplets onto multi-well culture plates and incubated at

37�C. Plates were inverted after two to three minutes of incuba-

tion. After the mixture had solidified, cultures were overlaid with

feeding medium.

Pharmacologic agents

5-fluorouracil (5-FU) and oxaliplatin were obtained from the

University of Wisconsin Carbone Cancer Center Pharmacy.

Organoid chemoradiation in vitro studies

Organoids were plated in 24-well culture plates and allowed to

grow for 1–7 days. Images were taken on a Nikon Ti-S inverted

microscope using a 4� objective prior to chemoradiation treat-

ment. After imaging, feeding medium was replaced with feeding

medium containing 5-FU at the desired concentrations and

spheroids were subsequently exposed to ionizing radiation using

a JL-Shepherd 137Cesium Irradiator delivering a dose rate of

approximately 400 cGy/minute or an Xstrahl RS-225 cabinet

delivering a dose rate of approximately 3.27 Gy/minute. After

2 days, the culture medium was replaced with standard feeding

medium. Posttreatment images were obtained on day 4. The

images were analyzed using ImageJ. All experiments were com-

pleted in triplicate.

Multiphoton imaging in vitro studies

Multiphoton imaging was performed as described previous-

ly (16, 17). Briefly,NAD(P)HandFADwere excited at 750nmand

890 nm, respectively, using a tunable Ti:sapphire laser (Coherent,

Inc). NAD(P)H emission was isolated from 400 to 480 nm, and

FAD emissionwas isolated from500 to 600 nmusing customized

filter cubes. Fluorescence images were acquired using time-

correlated single-photon counting (Becker &Hickl SPC-150) over

60 seconds with a pixel dwell time of 4.8 ms. Excitation and

emission light were coupled in a 40� water immersion objective

(Nikon, 1.15 NA). Emission was detected using a GaAsP photo-

multiplier tube (H7422P-40, Hamamatsu Photonics). Spheroid

imaging occurred 4 days after treatment, with aminimumof three

fields-of-view acquired per day per sample (six images total to

obtain single-cell analysis of 350–1,000 cells per treatment type).

Translational Relevance

The lack of predictive biomarkers is a major limitation in

clinical oncology. Patient-derived cancer organoids are a

major advance as they are readily generated and represent the

tumors from which they are derived. This study further

demonstrates the ability of these cultures to represent the

phenotypic and molecular heterogeneity within cancers. In

addition, this study establishes therapeutic thresholds for

further validation using changes in organoid growth rate and

optical metabolic imaging. These techniques measure orga-

noid-level and single-cell level therapeutic heterogeneity,

respectively. Here these techniques are applied for determin-

ing differential response of colorectal cancers to chemotherapy

and radiation. In addition, this is one of the first studies to

prospectively examine the use these cultures to predict

response for an individual patient with cancer.

Organoids to Predict Chemotherapy and Radiation Response
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Image analysis

NAD(P)H and FAD images were created by integrating all

detected photons for each pixel per image. Fluorescence lifetimes

were extracted using SPCImage software (SPCImage, version 4.8,

Becker & Hickl GmbH). Fluorescence lifetimes were fit to a

biexponential curve using

I tð Þ ¼ a1exp �
t

t1

� �

þ a2exp �
t

t2

� �

þ C

where IðtÞ is the fluorescence intensity at time t, a1 and a2 are the

fractional components of free or bound states of either NAD(P)H

or FAD, t1 and t2 are the short and long lifetime components, and

C accounts for background light. The mean fluorescence lifetime

was calculated using

tm ¼ a1t1 þ a2t2

The optical redox ratio was calculated by dividing NAD(P)H

fluorescence intensity by the FAD fluorescence intensity for each

pixel. A semiautomated cell segmentation algorithm was devel-

oped using Cell Profiler software and performed on NAD(P)H

and FAD images to measure the fluorescence intensity in the

cytoplasm of each cell in a spheroid, as described previously (18).

All pixels were averaged within a cell cytoplasm to calculate one

redox ratio per cell.

The collective cell population of each treatment type was input

into a Gaussian mixture distribution model (MATLAB, version

2014a, MathWorks) given by (20)

f y;Fg

� �

¼
X

g

i¼1

pi� y;mi;Við Þ

where g is the number of subpopulations, �ðy;mi;ViÞ is the

normal probability density function with mean mi, variance Vi,

and pi is the mixing proportion. Goodness of fit was calculated

given a set of subpopulations (g ¼ 1, 2, or 3) using an Akaike

information criterion (21). The number of subpopulations was

determined on the basis of the lowest Akaike score. Probability

density functions were normalized to ensure that the area under

the curve for each treatment groupwas equal to 1. Treatment effect

size was calculated using Glass delta (22).

Histologic processing and staining

Organoids were fixed in 2% paraformaldehyde for 15minutes.

Hematoxylin and eosin (H&E) staining was performed as

described previously (19).

Results

PDCOs can be generated across diverse clinical specimens

PDCOs were generated across a diverse collection of organ

types and histologies, including colorectal, pancreatic, and lung

adenocarcinomas, neuroendocrine tumors fromseveral organs, as

well as other tumors as shown in Fig. 1 and Supplementary Table

S1. Media conditions varied depending on the tumor histology

(Supplementary Table S2). The overall rate of spheroid formation

was 78% (Supplementary Table S1). Specifically, for colorectal

cancer (Supplementary Table S3), pancreatic adenocarcinoma

(PDAC), and neuroendocrine tumors (NET), the rates were

76%, 79%, and 90%, respectively. Treatment studies are typically

able to be performed within 1 week of culturing with spheres

requiring passaging every 1–4 weeks. Many of these cultures were

able to be passaged multiple times. Of those samples where

multiple passages were attempted, 49% were successfully pas-

saged at least twice.

PDCOs were generated from diverse patient samples obtained

through a variety of collection methods, including surgical speci-

mens, core needle biopsies, and malignant fluid samples (para-

centesis). Similar success rateswere seen across the various sample

collection methods (Supplementary Table S1). In addition, sim-

ilar spheroid formation rates were observed regardless of whether

the patient had received prior chemotherapy or radiation (Sup-

plementary Table S1). Common reasons why some samples did

not form spheres or were not able to be successfully passaged

include paucicellular specimens, necrotic samples, or fungal

contamination. It should be noted that this data is inclusive of

all our samples, including those obtained when optimizing the

technique and media conditions.

Organoids retain key phenotypic characteristics of the tumors

from which they were derived

Hematoxylin and eosin (H&E) staining of wholemounts of the

resulting PDCOs were compared with H&E-stained sections from

corresponding formalin-fixed, paraffin-embedded sections of the

original patient tumor. In all instances, the spheroid cultures were

similar to the tumors fromwhich they were derived. Correspond-

ing features include secondary architecture, nuclear pleomor-

phism, nuclear to cytoplasmic ratio, presence of prominent

nucleoli, and mitotic rate (Fig. 1A). The colorectal cancer spher-

oids commonly developed crypt-like structures reminiscent of the

malignant glands seen within the patient's cancer (Fig. 1A and C).

In addition, organoids derived frommucinous adenocarcinomas

were found to produce mucin (Fig. 1D). These key phenotypic

characteristics are maintained across passages as long as the

culture conditions are maintained.

Key molecular characteristics of the tumors are retained in

PDCOs

Prior studies have examined the molecular differences in small

cohorts of organotypic cultures and their parent tumors. These

studies have largely used DNA copy-number analyses and low-

depth sequencing platforms to demonstrate the maintenance of

molecular features between the tumor and spheroids (23–25).We

performed high-depth targeted cancer gene sequencing using the

Qiagen Comprehensive Cancer Panel (275 genes) and molecular

barcode technology. Matched low-passage spheroid cultures

(range, 1–6 passages) and adjacent tumor tissue were sequenced

for seven patients with greater than 500�median coverage across

the interrogated genes. Overall, the PDCOs were highly represen-

tative of the corresponding tumors (Fig. 2). For the mismatch

repair–proficient cancers, 97% of the nonsynonymousmutations

were shared between the patient's cancer and the resulting PDCOs

(Fig. 2A, far right). One patient's cancer possessed mismatch

repair deficiency secondary to a truncating mutation in MSH2;

only 40%of the nonsynonymousmutationswere shared between

the PDCOs and the adjacent tumor (Fig. 2A, sample DC46).

Mutations known to enhance the selective growth advantage of

the cancer cells, or driver mutations, were specifically examined.

Those driver mutations identified within the primary tumor were

overwhelmingly present in the PDCOs. Interestingly, there were

instances of incomplete overlap in the driver mutations present.

In DC47, a subclonal mutation in PIK3CA (E545K, allele fre-

quency of 19%) was identified within the PDCOs, but not the

Pasch et al.
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adjacent tumor. Truncating mutations in APC were identified in

both the tumor and PDCOs from the mismatch repair–deficient

cancer (DC46), but these were not completely identical altera-

tions (E268� and S1861Y in the tumor; E268�, S1861Y, R1114�,

and R2237� in the PDCOs). Also, an additional KRAS alteration

(A147T, allele frequency of 13%) was found in the mismatch

repair–deficient organoids that was not present in the tumor

sample.

We next sought to identify whether subclonal populations

could be resolved by examining molecular heterogeneity within

the PDCOs. First, we examined the allele frequency of muta-

tions in well-defined driver genes (Fig. 2B) to determine the

cellular purity of these samples. In the four samples queried,

oncogenes were mutated with an allele frequency of at least

50% and tumor suppressor alterations with an allele frequency

of 100%, indicating that these cultures were a nearly pure
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NETLung
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C Crypt-like structures
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D Mucin production

H&E ×4

Spheroid
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D
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0
2

D
C

4
7

H&E ×4
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Figure 1.

PDCOs were generated across

multiple cancer types and

phenotypically represent the

tumors fromwhich they were

derived. A, H&E-stained tumor

sections and whole mounts of

PDCOs generated from the tissue

that was adjacent to that shown in

the tumor section (DC, colorectal

cancer; DP, pancreatic

adenocarcinoma). These PDCOs

demonstrate similar secondary

architecture, nuclear

pleomorphism, nuclear-to-

cytoplasmic ratio, presence of

prominent nucleoli and mitotic rate.

B, Brightfield images of PDCOs

generated frommultiple histologic

types of cancer. C, Colorectal

cancer PDCOs develop crypt-like

structures reminiscent of malignant

glands within the tumor. D, PDCOs

generated frommucinous

adenocarcinomas also produce

mucin. Tumor H&Es are all at the

samemagnification; scale bars,

100 mm. Spheroids in culture are all

at the samemagnification; scale

bars, 500 mm. Spheroid H&E scale

bars, 200 mm. Outlined areas are

enlarged in panels to the right.
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population of cancer cells as expected (Fig. 2B, black bars). The

presence of nonsynonymous mutations with allele frequencies

between 10% and 35% were identified as indicative of sub-

clonal populations. Prior investigations have used this allele

frequency range to denote subpopulations of cancer cells

(26). For each sample, multiple alterations were identified

with allele frequencies within this range (Fig. 2B, gray bars).

While technical sequencing artifacts can result in identification

of some low-level alterations, the number and prevalence of

these alterations make the presence of subclonal populations

within the spheroid cultures the most plausible explanation.

All of these patient-derived cultures appear polyclonal,

highlighting the potential of using PDCOs to investigate tumor

heterogeneity.

Phenotypic heterogeneity in patient-derived cancer organoids

In addition to molecular heterogeneity, phenotypic heteroge-

neity was identifiedwithin patient-derived cultures (Fig. 3).With-

in the same culture, type 1 (sphereswith lumen) and type 2 (dense

cellular spheres devoid of a lumen) organoids were commonly

identified (27). These phenotypic differences were seen within

samples across histologies (lung adenocarcinoma ML09, colon

adenocarcinomas MC14 and DC46, and pancreatic adenocarci-

noma DP41; Fig. 3A). It should be noted that on H&E from

corresponding samples, the tumors were noted to be a mixture of

well-differentiated areas composed of glands admixed with areas

showing less gland formation with small clusters of cancer cells.

In addition to variations in sphere morphology, there were

significant variations in the spheroid growth rate. Individual
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Figure 2.

Cancer hotspot next-generation

sequencing was performed

comparing each patient's bulk

tumor sample and the associated

PDCOs (DC, colorectal cancer; DP,

pancreatic adenocarcinoma). A,

The nonsynonymousmutations

were similar between the tumor

and PDCOs for the microsatellite-

stable cancers (MMR, mismatch

repair; P, proficient; D, deficient).

DC46 is a mismatch repair–

deficient tumor, and in this case, an

increased number of

nonsynonymousmutations were

identified as unique to the PDCOs

or the adjacent tumor sample. In

addition, alterations in known

driver genes were identical

between the PDCOs and the

adjacent cancer except for DC47 in

which a subcloncal PIK3CA E545K

mutationwas found unique to the

PDCOs and the mismatch repair–

deficient DC46 cancer that had

additional alterations in APC (�)

and KRAS (��) that were not found

in the bulk tumor sample. B, To

examine the prevalence of

subclonal populations with the

PDCOs, first the allele frequency of

known alterations was examined.

The allele frequencies were

approximately 50% for the founder

driver oncogenes and 100% for

founding tumor suppressor genes

across the samples queried (black

bars). For each sample, those

alterations with an allele frequency

of 10%–35% were identified (gray

bars); these indicate the presence

of subclonal populations within the

PDCOs. Spheroid passage (p)

numbers at the time of sequencing

are: DC02 p6, DC26 p2, DC32 p4,

DP41 p1,DC46 p1, DC55 p1, and

DC46 p6.
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PDCOs matured over 48–96 hours, and organoid diameter was

measured at baseline and 48 hours later. Changes in the growth of

individual spheres were plotted in population distribution histo-

grams (Fig. 3B). Variation in the organoid growth rate was

observed among cultures from different patients, and within the

cultures from a given patient (Fig. 3B). Change-point analyses

were performed to confirm that the growth rate of the organoids

was not dependent on the baseline size for all PDCO lines. In

addition, growth rate is independent of phenotype and location

in the Matrigel.

Identification of differential response of colorectal cancer

PDCOs to 5-FU chemotherapy and/or radiation

Chemotherapy and radiation are standard treatments for

patients with locally advanced or metastatic colorectal cancer.

We sought to resolve differential response among PDOCs treated

with chemotherapy and radiation. PDCOs were generated from

CRCs from five different patients. Spheroids matured in feeding

media for 48–96 hours prior to treatment. Baseline brightfield

images were acquired prior to treatment with 5-FU (0, 1, 10, or

100 mmol/L) and radiation (0, 2, or 5 Gy). The cells were exposed

to 5-FU for 48 hours and radiation once. Brightfield imaging was

performed again after 4 days. Change in diameter of individual

organoids was measured and compared across samples and

treatment conditions as a marker of response (Fig. 4A–E; Sup-

plementary Fig. S1). A significant variation in the response to 5-FU

and radiation was observed across samples. 5-FU and radiation

were noneffective against DC17 with continued spheroid growth

despite exposure to 100 mmol/L 5-FU and 5 Gy of radiation

(Fig. 4A). This is in contrast to DC23, which was responsive to

both 5-FU and radiation as evidenced by a significant reduction in

median sphere size (Fig. 4B).

Population density modeling was then performed for those

cultures treated with control, 10 mmol/L 5-FU, 2-Gy radiation, or

the combination of radiation and 5-FU. Treatment response in

this setting was defined by a shifting of the experimental curve to

the left compared with the control curve and narrowing of the

population (Fig. 4A–E, right column). Interestingly, population

modeling identified potentially nonresponsive spheroid subpo-

pulations. This is most evident in DC26, where the combination

of 2-Gy radiation and 10 mmol/L 5-FU was exquisitely effective

against part of the population, shifting the curve to the left, while

an additional subpopulation remains unchanged compared with

control (Fig. 4C).

To establish effectiveness thresholds, treatment effect sizeswere

calculated using Glass delta (22), which takes into consideration

the treatment change as a function of the distribution of the

control population. Glass delta was calculated for each treatment

group (Fig. 4F). These values were then compared across the

different patient samples and treatment conditions. The wide

range of effect sizes (range, 0.07–3.39; Fig. 4F) highlights the

differential response observed in these treatment studies. On the

basis of these studies, and our prior experience with organotypic

cancer spheroids, an effect size of 1.8 or greater was selected as the

effectiveness threshold for diametermeasurements in PDCOs. An

effect size of greater than or equal to 1.5 and less than 1.8 indicates

an intermediate response.

OMImeasures PDCOs response to chemotherapy and radiation

using cellular autofluorescence

Although changes indiameter can resolve differential treatment

response, it is a limited metric that ignores cellular heterogeneity

and underlying metabolic shifts that may precede changes in

diameter. This is especially true for irradiated spheroids, which

commonly shed cellular debris exterior to the spheroid wall,

complicating diameter measurements. OMI was employed to

refine the characterization of the PDCOs response to chemother-

apy and radiation. This technique uses the inherent cellular

autofluorescence of NAD(P)H and FAD tomeasure themetabolic

activity of individual cells within spheroids without the use of

dyes or disrupting the spheroid structure (28, 29). Previous

studies have shown that OMI accurately predicts drug
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Figure 3.

Phenotypic heterogeneity exists within PDCOs (ML, lung adenocarcinoma;

DC and MC, colorectal adenocarcinoma; DP, pancreatic adenocarcinoma).

A, Across multiple cancers of different histology, both type 1 (spheres with

lumen) and type 2 (spheres without a lumen) are observed within the same

cultures. Scale bar for all low-magnification photos, 500 mm. Outlined areas

are enlarged 4� in panels to the right. B, Population distribution modeling of

growth of PDCOs over 48 hours.

Organoids to Predict Chemotherapy and Radiation Response

www.aacrjournals.org Clin Cancer Res; 25(17) September 1, 2019 5381

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/1

7
/5

3
7
6
/2

0
5
4
2
7
1
/5

3
7
6
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



D
C

1
7

D
C

2
3

D
C

0
2

D
C

2
6

M
C

1
5

D
a
y
 0

D
a

y
 4

D
a

y
 0

D
a

y
 4

D
a
y
 0

D
a
y
 4

D
a

y
 0

D
a
y
 4

D
a
y
 0

D
a
y
 4

XRT (Gy)
-100 0 100 200

Growth (%)

-50

-25

0

25

50

75

M
e

d
ia

n
 g

ro
w

th
 (

%
)

XRT (Gy)

0

1

10

100

-50

-25

0

25

50

75

M
e
d
ia

n
 g

ro
w

th
 (

%
)

XRT (Gy)

0

1

10

100

-50

-25

0

25

50

75

M
e
d
ia

n
 g

ro
w

th
 (

%
)

XRT (Gy)

0

1

10

100

-50

-25

0

25

50

75

M
e
d
ia

n
 g

ro
w

th
 (

%
)

XRT (Gy)

0

1

10

100

-50

-25

0

25

50

75

M
e
d
ia

n
 g

ro
w

th
 (

%
)

0

1

10

100

-100 0 100 200
Growth (%)

0

0.01

0.02

0.03

0.04

N
o
rm

. 
n
 o

f 
s
p
h
e
ro

id
s

-100 1000 200
Growth (%)

0

0.01

0.02

0.03

0.04

N
o
rm

. 
n
 o

f 
s
p
h
e
ro

id
s

-100 0 100 200
Growth (%)

0

0.01

0.02

0.03

0.04

N
o

rm
. 
n

 o
f 
s
p

h
e

ro
id

s

-100 0 100 200
Growth (%)

0

0.01

0.02

0.03

0.04
N

o
rm

. 
n
 o

f 
s
p
h
e
ro

id
s

0

0.01

0.02

0.03

0.04

N
o

rm
. 
n

 o
f 
s
p

h
e

ro
id

s
Control
10 µmol/L 5-FU

0 Gy

0 µmol/L 5-FU

2 Gy

10 µmol/L 5-FU

0 Gy

0 µmol/L 5-FU 

2 Gy

10 µmol/L 5-FU

0 Gy

0 µmol/L 5-FU

2 Gy

10 µmol/L 5-FU

0 Gy

0 µmol/L 5-FU

2 Gy

10 µmol/L 5-FU 

0 Gy

0 µmol/L 5-FU

2 Gy

10 µmol/L 5-FU

2 Gy
2 Gy 10 µmol/L 5-FU

Control
10 µmol/L 5-FU
2 Gy
2 Gy 10 µmol/L 5-FU

5-FU (µmol/L)

5-FU (µmol/L)

5-FU (µmol/L)

5-FU (µmol/L)

5-FU (µmol/L)

Control
10 µmol/L 5-FU
2 Gy
2 Gy 10 µmol/L 5-FU

Control
10 µmol/L 5-FU
2 Gy
2 Gy 10 µmol/L 5-FU

Control
10 µmol/L 5-FU
2 Gy
2 Gy 10 µmol/L 5-FU

520

520

520

520

520

A

B

C

D

E

F
0 Gy + 1 µmol/L 5-FU 

DC17 DC23 DC26 DC02 MC15

0 Gy + 10 µmol/L 5-FU

0 Gy + 100 µmol/L 5-FU

2 Gy + 0 µmol/L 5-FU

2 Gy + 1 µmol/L 5-FU

2 Gy + 10 µmol/L 5-FU

2 Gy + 100 µmol/L 5-FU

5 Gy + 0 µmol/L 5-FU

5 Gy + 1 µmol/L 5-FU

5 Gy + 10 µmol/L 5-FU

5 Gy + 100 µmol/L 5-FU

3.5

0

0.14 1.42 0.40 0.30 0.65

0.73 2.16 0.31 1.81 1.27

0.96 2.91 0.34 2.46 2.41

0.07 2.07 0.66 1.55 0.49

0.24 2.34 0.83 1.49 0.62

0.81 2.86 1.09 2.13 1.41

1.26 3.35 0.91 2.42 2.54

0.31 2.74 0.94 2.17 0.96

0.48 2.39 1.20 2.21 1.46

0.87 3.39 1.23 2.34 1.72

1.33 2.88 1.10 2.54 2.53

5-FU

Figure 4.

Differential treatment response to chemotherapy and radiation treatment can be resolved using PDCOs. A–E, A total of five colorectal cancer PDCO lines were

treated with increasing doses of 5-FU and/or radiation (0, 2, or 5 Gy) and then observed over 4 days. Brightfield images are for those PDCOs treated with control

or 10 mmol/L 5-FU and 2-Gy radiation at baseline and 4 days posttreatment. Median spheroid growth (%) was measured for the different treatment conditions for

each line. Growth is defined as change in spheroid diameter. Population distribution modeling was also performed to identify populations with different degrees

of response to the treatments. Scale bars, 250 mm. F, Effect sizes, using Glass delta, were calculated for each treatment group across patient sample. Spheroid

passage (p) numbers at the time of the treatment studies are: DC17 p2–3, DC23 p3-4, DC26 p1, DC02 p15-18, and MC15 11-12. Each treatment for each line was

tested with 16–76 spheroids (median¼ 39).
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effectiveness in patient-derived pancreatic and breast cancer

spheroids, and human cell line–derived head and neck

cancers (16, 18, 30–32).

OMI was performed alongside diameter measurements at the

day 4 time point for two patient samples, DC02 (Fig. 5A–C;

Supplementary Fig. S3) and MC15 (Fig. 5D–F; Supplementary

Fig. S4). NAD(P)H and FAD intensities were measured and the

redox ratio was calculated by dividing the NAD(P)H intensity

image by the FAD intensity image. A reduction in the redox ratio

was observed with increasing concentrations of 5-FU and

increased radiation dose for DC02 (Fig. 5A and B). Glass delta

was calculated for each treatment group to better approximate the

effect size compared with control. These results indicate a high

effect size after treatment with 100 mmol/L 5-FU alone, combined

with 2-Gy radiation, and combined with 5-Gy radiation. The

highest effect size was after 5-Gy radiation and subsequent 5-FU
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Figure 5.

DC02 (A–C) and MC15 (D–F). OMI of PDCOs 4 days

post 5-FU and radiation. A and D, Images display

the change in NAD(P)H and FAD intensity and the

optical redox ratio across treatment groups. Scale

bars, 100 mm. B and E,Normalized redox ratios are

compared across treatment groups. C and F,

Single-cell OMI analysis demonstrates the change

in cell-level populations in response to 5-FU and

radiation (cell number range 163–562). Asterisks

represent effect size calculated from Glass delta. G,

Heat map comparing the optical redox ratio effect

sizes across treatment groups between DC02 and

MC15. H, plot of the effect size (Glass delta)

comparing the spheroid size and optical redox

ratio analyses and using the combinedmeasures to

define treatment effectiveness. Each dot

represents one treatment condition. � , Glass delta

� 0.6; ��Glass delta� 0.7; ��� , Glass delta� 0.8;
���� , Glass delta� 0.9. Spheroid passage (p)

numbers at the time of the treatment studies are:

DC02 p15-18 and MC15 11-12. Each treatment for

each line was tested with 163–562 cells

(median¼ 295).
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treatments. These results are consistent with changes in spheroid

diameter (Fig. 4). Further analysis with cell segmentation and

population densitymodeling identified possible cell populations

where this treatmentwas noneffective. A homogeneous treatment

response (i.e., a unimodal distribution)wasobserved in theDC02

patient sample (Fig. 5C). MC15 was relatively nonresponsive to

5-FU and radiation with the most significant reductions in the

redox ratio observed at the highest concentrations of 5-FU

(Fig. 5D and E). Cell-level population analysis demonstrated

uniform lack of response throughout the population, except with

2-Gy radiation in combination with 1 mmol/L 5-FU and 5 Gy

radiation in combination with 10 mmol/L 5-FU where two popu-

lations with differing sensitivities could be resolved (Fig. 5F,

middle).

The effect sizes were compared across patient samples and

treatment groups (Fig. 5G). On the basis of these results and our

prior experience, an effect size of 0.9 or greater was selected as the

response threshold for the optical redox ratio, and an effect size

greater than or equal to 0.5 and less than 0.9 was selected to

represent an intermediate response. Next, we compared the diam-

eter and optical redox ratio response assessments from the DC02

andMC15 experiments as both analyseswere done simultaneous-

ly on these samples (Fig. 5H). There was general agreement across

these analyseswith 82%of treatments classified as either effective,

intermediate, or noneffective by both analyses. There were four

instances where there was a disagreement between the methods

indicating a potential benefit for the combined analyses, espe-

cially for those samples falling in the intermediate range.

Prediction of effectiveness of therapies for a patient with

metastatic colorectal cancer

PDCOs from a patient with treatment-refractory metastatic

colorectal cancer possessing alterations in APC and TP53 were

generated from a core needle biopsy of a liver metastasis. The

subject had previously received FOLFOX (5-FU, leucovorin, and

oxaliplatin) chemotherapy in the neoadjuvant setting for meta-

static disease approximately 4 years prior. The cancer progressed

just 4 months after completing this regimen. Subsequently, the

cancer became resistant to the 5-FU–containing regimen FOLFIRI

and the EGFR inhibitor panitumumab. Clinically, there was the

question of whether this patient could benefit from retreatment

with FOLFOX chemotherapy. It has been published that a subset
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Figure 6.

PDCOs from a patient with treatment-refractory metastatic colorectal cancer

(CRC) possessing alterations in APC and TP53were generated from a core

needle biopsy of a liver metastasis. The subject had previously received 5-FU

and oxaliplatin chemotherapy in the neoadjuvant setting approximately

4 years prior. Subsequently, the cancer had become resistant to a 5-FU–

containing regimen. Clinically, there was the question of whether this patient

could benefit from retreatment with 5-FU and oxaliplatin. A, PDCOs from this

patient were treated for 48 hours with control, 5-FU (10 mmol/L), oxaliplatin

(40 mmol/L), or the combination. A significant reduction in the median

growth of the spheres was noted with the combination; however, lack of

response was observed with the 5-FU treatment alone. ��� , P < 0.001

(Wilcoxon rank-sum test). Growth is defined as change in spheroid diameter.

Each treatment was tested with 64–98 spheroids. B, Population modeling

based on spheroid size demonstrated a uniform lack of response to 5-FU and

response to the combination of 5-FU and oxaliplatin. C and D,OMI confirms

the lack of effectiveness of 5-FU for these PDCOs and response to the

combination of 5-FU and oxaliplatin on a single-cell level. Each treatment was

tested with 255–425 cells. Scale bar, 75 mm. E, Plot of effect sizes comparing

the spheroid size and optical redox ratio analyses. F, Trend of the

carcinoembryonic antigen (CEA) tumor marker in the response of this patient

to 5-FU and oxaliplatin therapy. G, CT imaging of the subjects' liver

metastasis before and 2 months after treatment with 5-FU and oxaliplatin.

These studies were done on spheroids across passages 2–5.
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of patients (�20%) previously treated with FOLFOX in the

adjuvant setting will respond to this treatment if tried again (33).

PDCOs from this patient were treated with 5-FU, oxaliplatin, the

combination, or control (Fig. 6; Supplementary Fig. S4). Changes

in spheroid diameter and redox ratios were analyzed. Lack of

response to single-agent 5-FU was confirmed (effect size of 0.19

based on spheroid size and 0.21 based on optical redox

ratio; Fig. 6A–E). Intermediate response of the PDCOs to the

combination of 5-FU and oxaliplatin was observed on the basis of

size and optical redox ratio effect size criteria (Fig. 6A–E) with an

effect size of 1.92 for spheroid size and 0.56 for the optical redox

ratio. The patient was subsequently retreated with FOLFOX che-

motherapy. A reduction in the CEA tumor marker from 56 to 13

was observed over 3 months (Fig. 6F). A 10% decrease in cross-

sectional diameter of the patient's liver lesion was found within

two months of beginning the retreatment based on the RECIST

version 1.1 response criteria (Fig. 6G; ref. 34). Continued therapy

has maintained this response for more than a year.

Discussion

Advancements in 3D organoid cultures have enabled a better

understanding of the biology of an individual patient's tumors in

an efficient, cost-effective, and high-throughput manner. These

culturesmaintain the features of the cancers fromwhich theywere

derived, including genetic alterations, metabolism, and drug

response (11–17). For most cancer types, these cultures are rather

purepopulations of cancer cells and the tumormicroenvironment

ismodeledusingMatrigel and enriched culturemedia to represent

some of the key factors produced by the tumor microenviron-

ment. Our research group has demonstrated that organotypic

spheroid cultures predict treatment response using multiple

murine models (16–19, 28–32), indicating the need to further

investigate spheroid cultures as a clinical tool.

Recently, Vlachogiannis and colleagues demonstrated that

organotypic cultures derived from a small set of patients treated

with a broad set of therapeutic agents could retrospectively predict

response with an 88% positive predictive value and 100% neg-

ative predictive value using a generalized cell viability assay (12).

In their approach, they utilized a more global measure of treat-

ment response and did not investigate the heterogeneity within

these cultures.

A major goal of this work was to gain further experience using

PDCOs to predict effectiveness of chemotherapy and radiation

for patients with cancer, including an improved understanding

of the heterogeneity within these cultures. First, we demonstrate

the ability to derive PDCOs from multiple different cancer types

and confirm that these cultures are representative of the tumors

from which they were derived in histology and molecular

profile. Importantly, most of our cultures were generated with

minimal supplementation to the media (Supplementary Table

S2), which contrasts with the majority of published reports

generating these cultures (11–17). To the best of our knowledge,

this is the first description of PDCOs for the purpose of iden-

tifying differential responses in clinically relevant doses of both

chemotherapy and radiation. Excitingly, we prospectively pre-

dicted response for a patient with metastatic colorectal cancer

treated with retreatment FOLFOX chemotherapy. These analyses

also demonstrated that this patient's cancer was nonresponsive

to 5-FU alone, as was known clinically. Although this is exciting,

clearly a larger experience is needed. This study in combination

with prior analyses are major steps in that direction as these

investigations allowed for the establishment of PDCOs treat-

ment response thresholds using effect size measures to be

further validated in larger prospective studies, which are now

ongoing.

This study confirms the ability of PDCOs to characterize

molecular and phenotypic heterogeneity and emphasizes the

power of PDCOs to determine heterogeneity in therapeutic

response. All of the organoids sequenced to date demonstrate

the existence of subclonal populations, indicating that organo-

typic cultures could be a new tool to investigate evolution of the

clonal architecture over time in response to therapies. Here we

demonstrate that the molecular alterations found in PDCOs are

highly representative of those seen within the adjacent tumor as

also seen in prior investigations (11–17). The minor differences

observed are comparablewith the results of other studies sequenc-

ing different aspects of the same tumor (35). Notably, we

observed substantial differences between spheroids and the adja-

cent tumor in a mismatch repair–deficient cancer. This is likely

related to a higher degree of intrinsic heterogeneity in these

cancers due to the increased mutation rate. It is also possible that

clonal evolution continues within these cultures. Importantly,

subclonal populations were resolved in these cultures. Future

studies will examine the ability of these spheroid cultures to

predict clonal evolution of a patient's cancer in response to

anticancer treatments.

To further investigate heterogeneity within these cultures, OMI

was used to interrogate the metabolic activity at the single-cell

level. OMI exploits the intrinsic fluorescence of the metabolic

coenzymes NAD(P)H and FAD to image therapeutic response

across all cells in a 3D sample (28, 29). This single-cell analysis can

dynamically quantify heterogeneous drug response, potentially

identifying subpopulations where the treatment was noneffec-

tive (32). Importantly, OMI is performed through noninvasive

interrogation of intact spheroid cultures to understand treatment

response, heterogeneity, and mechanisms of resistance in the

living, adapting spheroid. Therefore, OMI permits label-free

interrogation over multiple time points.

On the basis of the findings here and themultiple prior studies

cited above, the use of PDCOs to predict response for individual

patients with cancer appears feasible. A combinedmeasure using

the change in spheroid size and change in the optical redox ratio

appears to be a robust measure of response. This study is limited

by its sample size, although it does establish effect size thera-

peutic thresholds. Future studies will validate these thresholds

set in this manuscript. In addition, further studies will examine

the use of PDCOs to quantify tumor heterogeneity and poten-

tially predict the clonal evolution of the patient's cancer in

response to therapies. Accurate prediction of treatment response

is essential to improve individual patient outcomes. The orga-

notypic culture and noninvasive assessment approach described

here presents an exciting methodology to improve patient out-

comes by avoiding unnecessary or toxic therapies for some

patients while allowing for the escalation of therapies in respon-

sive patients.
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