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Abstract

Head and neck cancer patients suffer from toxicities, morbidities, and mortalities, and these
ailments could be minimized through improved therapies. Drug discovery is a long, expen-
sive, and complex process, so optimized assays can improve the success rate of drug can-
didates. This study applies optical imaging of cell metabolism to three-dimensional in vitro
cultures of head and neck cancer grown from primary tumor tissue (organoids). This tech-
nique is advantageous because it measures cell metabolism using intrinsic fluorescence
from NAD(P)H and FAD on a single cell level for a three-dimensional in vitro model. Head
and neck cancer organoids are characterized alone and after treatment with standard thera-
pies, including an antibody therapy, a chemotherapy, and combination therapy. Additionally,
organoid cellular heterogeneity is analyzed quantitatively and qualitatively. Gold standard
measures of treatment response, including cell proliferation, cell death, and in vivo tumor
volume, validate therapeutic efficacy for each treatment group in a parallel study. Results
indicate that optical metabolic imaging is sensitive to therapeutic response in organoids
after 1 day of treatment (p<0.05) and resolves cell subpopulations with distinct metabolic
phenotypes. Ultimately, this platform could provide a sensitive high-throughput assay to
streamline the drug discovery process for head and neck cancer.

Introduction

Head and neck cancer describes malignant tumors in the mouth, nose, and throat. Current
treatments include chemotherapy, surgery, radiation therapy, and targeted therapy. Despite
advancements in therapies, the 5-year survival rate for head and neck cancer is between 40-
50% [1]. Additionally, chemotherapy, surgery, and radiation therapy introduce major toxici-
ties, including damage to tissue and organs in anatomical sites that are critical for breathing,
eating, and talking [2]. Therefore, organ preservation is an important consideration to main-
tain normal function. Targeted treatments for head and neck cancer focus on inhibition of the
epidermal growth factor receptor (EGFR), particularly with the anti-EGFR antibody cetuxi-
mab [3]. However, there is a lack of targeted therapies beyond EGFR inhibitors. Additionally,
tumor heterogeneity can allow a minority population of cells to drive treatment resistance and
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tumor recurrence [4]. Optimized therapies could provide better treatment efficacy and
reduced toxicities, leading to improved quality of life and longer survival, but drug develop-
ment takes at least 10 years and more than $1 billion [5][6]. Therefore, more accurate rapid
drug screens to identify the most promising drug candidates and combination treatments
would increase the success rate during drug development and facilitate the commercialization
of optimized drugs and combinations.

In vitro three-dimensional cultures grown from primary tumor tissue (organoids) are
attractive for a high-throughput drug screen that enables testing of multiple drugs and
drug combinations. Cellular level measurements can identify cell subpopulations that
exhibit different sensitivities to treatments, and organoids combined with high-resolution
imaging of cell metabolism provides a promising platform. Organoids are physiologically
relevant because they grow in a three-dimensional organization, are generated from tumor
tissue, and can therefore capture distinct behaviors of individual tumors [7]. Additionally,
multiphoton microscopy of cell metabolism has been shown to resolve therapeutic re-
sponse in cancer [8][9], and the spatial scales of this imaging technique allow the full vol-
ume of the organoid to be imaged on a single-cell level. Autofluorescence measurements of
the metabolic cofactors NAD(P)H and FAD characterize cell metabolism using their fluo-
rescence intensities and lifetimes [10][11]. NAD(P)H and FAD autofluorescence can be
measured by optimizing the excitation and emission wavelengths for these molecules. In
cancer cells, the primary fluorescence signal in these channels would result from NADH
and FAD, respectively. However, other cell types could include other molecules that inter-
fere with these channels. In particular, keratin, collagen, and vitamins A, K, and D could be
present in the NAD(P)H channel, and lipofuscin could be present in the FAD channel [12].
Cyanide perturbations have verified that the dominant signal in the NAD(P)H channel is
NADH, and the dominant signal in the FAD channel is FAD in tumor cells [9][8]. This per-
turbation is known to increase NADH levels and decrease FAD levels [13], and our mea-
surements confirmed these trends in head and neck cancer with the imaging parameters
used in the current study [9]. This is expected because of the spectral properties, quantum
yield, and concentration of NADH and FAD relative to these other possible contributors
[14][15]. The fluorescence intensity measures relative amounts of each cofactor and the
optical redox ratio, defined as the fluorescence intensity of NAD(P)H divided by that of
FAD, reflects global cell metabolism. The fluorescence lifetime measures the amount of
time a molecule is in the excited state, reflects protein-binding, and is sensitive to cellular
signaling pathways that use NAD(P)H and FAD. Metabolic imaging based on cellular
autofluorescence provides early, sensitive measurements of anti-cancer treatment response
[8].

Organoids have been established and characterized for some types of cancers, including
breast cancer and pancreatic cancer [16][17]. Different anatomical sites exhibit different cell
types, cell structures, media and growth factor requirements, matrix stiffness requirements,
and tissue digestion protocols, so characterization of each tumor type is necessary. Previous
studies have focused on culturing spheroids from head and neck cancer cell lines [18], orga-
noids from human salivary glands [19], and tumor pieces from head and neck cancer patients
[20]. Therefore, characterization and analysis of head and neck cancer organoids grown from
primary tumor tissue would be a new and beneficial contribution.

The lack of targeted treatments for head and neck cancer justify the need for a high-
throughput drug screen. This study applies metabolic microscopy to non-invasively character-
ize head and neck cancer organoids alone and in response to drug treatments. Overall, this
technique could be applied to streamline drug discovery and enable the development of opti-
mized therapies with high efficacy and low toxicity.
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Materials and Methods
Tissue Culture and Tumor Inoculation

FaDu cells were acquired from the American Type Culture Collection (ATCC HTB-43). FaDu
cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) plus 10% fetal bovine serum
(FBS) and 0.4 ug/mL hydrocortisone. Animal work was approved by the Vanderbilt University
Institutional Animal Care and Use Committee (IACUC). Mice were in sterile housing and
were checked daily to ensure well-being and sufficient food and water. Subcutaneous flank
tumors were inoculated in nude mice with 10" FaDu cells. Tumors were grown for 1-2 weeks
until reaching a volume of ~100mm?. For in vivo imaging the mouse was anesthetized using
2% isoflurane, the tumor was exposed, and the mouse was placed on the microscope. Organoid
media consisted of DMEM plus 10% FBS, 0.4 pg/mL hydrocortisone, 1% penicillin: streptomy-
cin, insulin-transferrin-selenium at a 1X concentration, 10ng/mL epidermal growth factor,
and B27 at a 1X concentration. Treatment media for organoids included cetuximab (20nM)
[21], cisplatin (33uM) [22], or their combination.

Organoid Generation

Mice were anesthetized using 2% isoflurane and tumors were excised and immediately placed
in chilled culture media. Tumors were washed 3 times with sterile phosphate buffered saline
(PBS), transferred to 35mm petri dishes with 0.5mL culture media, and mechanically digested
with scissors. Digestion into a cellular suspension was confirmed with brightfield microscopy.
The cell suspension was mixed with matrigel at a volume ratio of 1 part cell suspension to 2
parts matrigel, and 100pL was plated on each 35mm glass-bottomed imaging dish (MatTek).
The gels solidified at room temperature for 30 minutes and then at 37C for 1 hour. Then 2mL
organoid media was added to each dish and organoids were grown at 37C.

Tumor Growth Curves and Immunohistochemistry

Mice with FaDu tumors were treated 3 times a week for 2 weeks with cetuximab (33mg/kg)
[23][24], cisplatin (6mg/kg) [25], or their combination via intraperitoneal injection (6 tumors
per group). Tumor volumes were measured once a day using calipers, and tumor volumes
were calculated by (I'w?)/2, where 1 is the tumor length and w is the tumor width. Tumor vol-
umes were normalized to the size on day 1. On day 11 for the combination treated mice or day
13 for the single agent treated mice, tumors were excised and fixed for immunohistochemistry,
and the mice were euthanized with isoflurane overdose and cervical dislocation. Weight loss of
20% in the combination treatment group required an end of the treatment course on day 11.

Fluorescence Microscopy

Instrumentation for fluorescence microscopy included an inverted multiphoton microscope
(Bruker), a tunable titanium:sapphire laser (Coherent) for fluorescence excitation, and a Ga:
AsP photomultiplier tube for collection. Time correlated single photon counting (TCSPC)
electronics (SPC-150, Becker and Hickl) were used for fluorescence lifetime acquisition. NAD
(P)H was imaged using an excitation wavelength of 750nm and a collection filter of 400-
480nm. FAD was imaged using an excitation wavelength of 900nm and a collection filter of
500-600nm. NAD(P)H and FAD were imaged from the same fields of view. Microscopy was
performed to collect images of 256x256 pixels using a 40X objective (1.3NA), 4.8 psecond pixel
dwell time, 60 second collection time, and ~10mW excitation power. Photon count rates were
monitored to ensure the absence of photobleaching. A Fluoresbrite YG microsphere (Poly-
sciences Inc.) was measured at each imaging session, and provided a lifetime of 2.10 + 0.02 ns
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(n = 5), which agrees with previous reported values [26][27]. The instrument response func-
tion (IRF) was measured using second harmonic generation of urea crystals, resulting in a full
width at half max of 244ps. For organoid imaging, 4-6 organoids were acquired per group. We
used brightfield images from the microscope eyepiece to ensure that two-photon images accu-
rately collect autofluorescence from the whole organoid in each field of view.

Image Analysis

Images were analyzed using SPCImage (Becker and Hickl), as described previously [28]. Spa-
tial binning included each pixel and the surrounding 8 pixels. The fluorescence decay curves

were de-convolved with the IRF and fit to a 2-component exponential function, F(t) = a;e ™™

+ 0 ,e /™. Here, o represents the contribution from each component, t represents the fluores-
cence lifetime of each component, and the 2 components reflect free and protein-bound forms
of NAD(P)H and FAD [26]. For NAD(P)H the short lifetime reflects the freely diffusing con-
formation while the long lifetime reflects the bound conformation. Conversely, for FAD the
short lifetime reflects the bound conformation while the long lifetime reflects the freely diffus-
ing conformation [11]. The mean lifetime was calculated by t,, = 0; T, + o ,T,. The optical
redox ratio was calculated as the fluorescence intensity of NAD(P)H divided by the fluores-
cence intensity of FAD for each pixel. CellProfiler was applied to analyze images on a per-cell

basis, as described previously [29]. Bar plots are consistent across 3 independent replicates.

Heterogeneity Analysis

Heterogeneity analysis was performed as described previously [28]. Briefly, per-cell data was
plotted as frequency distributions and fit to 1, 2, or 3 Gaussian curves based on the Akaike
Information Criterion, where each Gaussian curve represented a cell subpopulation. Valida-
tion of this approach has shown accuracy within 10% in vitro [30]. The sum of the Gaussian
curves was plotted. A heterogeneity index, based on a weighted Shannon diversity index, was
applied to quantify cellular heterogeneity using the equation H = —Yd;p;lnp; [28]. Here, i repre-
sents each subpopulation, d represents the distance between the median of the subpopulation
and the median of all data within a group, and p represents the proportion of the subpopula-
tion. For spatial mapping of cell subpopulations, thresholds between each subpopulation were
calculated as values equidistant from the Gaussian curve means. The nucleus of each cell was
color-coded according to these threshold values. Spatial heterogeneity analysis is shown for 1
replicate.

Statistical Analysis

Bar graphs are shown as mean + standard error. For NAD(P)H and FAD autofluorescence
images, statistical significance was determined using a Student’s t-test. For tumor growth
curves and immunohistochemistry statistical significance was determined using a Wilcoxon
rank sum test and Bonferroni correction. Statistical tests were two-tailed, and an o of 0.05
defined statistical significance.

Results

Tumor tissue used to generate organoids was characterized with immunohistochemistry, his-
tology, and autofluorescence imaging (Fig 1). Cleaved caspase-3 staining shows minimal cell
death and ki-67 staining shows high cell proliferation (Fig 1A and 1B). H&E staining indicates
tissue composition of dense tumor cells (Fig 1C). Cytokeratin AE1/AE3 staining demonstrates
the epithelial status of the majority of cells (Fig 1D). Autofluorescence images show packed
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Fig 1. Representative immunohistochemistry, histology, and autofluorescence images of tumor tissue and
brightfield microscopy for organoid generation. (A) Cleaved caspase-3 staining shows minimal apoptosis. (B)
Ki-67 staining demonstrates high cell proliferation. (C) H&E staining indicates tissue composition of dense tumor cells.
(D) Cytokeratin AE1/AES indicates positive staining of epithelial cells, which constitute the majority of the tumor. (E)
NAD(P)H autofluorescence shows NAD(P)H located in the cell cytoplasm. (F) FAD autofluorescence shows punctate
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fluorescence signal from mitochondrial FAD. (G) Tissue was mechanically digested to create a suspension of cells. (H)
Cells grow as organoids after plating the cell suspension. Scale bar = 50um.

doi:10.1371/journal.pone.0170415.g001

tumor cells with high NAD(P)H intensity localized in the cell cytoplasm and punctate FAD
intensity (Fig 1E and 1F). Previous studies have confirmed that FAD intensity is localized
within mitochondria [13]. These observations were confirmed in consultation with a trained
pathologist. Tumor tissue was mechanically digested to break up the structural component
and generate a suspension of single cells or small groups of cells (Fig 1G), which enables orga-
noids to grow as multi-cellular aggregates (Fig 1H).

Fluorescence lifetime values are robust and self-referenced, enabling comparisons across
data sets and between tumor tissue and organoids (Fig 2). Organoids exhibit higher mean life-
times of NAD(P)H and FAD than in vivo tumors (p<0.05), which results from lower contribu-
tions of the short lifetime (o;) and higher values of the short and long fluorescence lifetimes
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Fig 2. Untreated organoids and in vivo tumor tissue display distinct optical metabolic imaging properties. The weighted mean is calculated
by 1, = 0414 + AT, Where T represents the lifetime value and a represents the contribution from each component. (A, C) Organoids exhibit higher
NAD(P)H and FAD fluorescence lifetimes (t.,) compared with in vivo tumor tissue, which is explained by lower contributions of the short lifetime
component (ay), higher values of the short fluorescence lifetime (t4), and higher values of the long fluorescence lifetime (t,) (See S1 Fig). (B, D)
Population distribution analysis plots cellular heterogeneity for in vivo tumor tissue compared with organoids. The heterogeneity index (H) is similar
between organoids and in vivo tumor based on the NAD(P)H fluorescence lifetime and increases for organoids compared to in vivo tumor based on
the FAD fluorescence lifetime. The in vivo data is a subset of data published in [28]. *p<0.05, t-test, n~100-300 cells per group.

doi:10.1371/journal.pone.0170415.9002
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(t; and 1,) (S1 Fig). Frequency distribution modeling of the fluorescence lifetimes qualitatively
illustrates shifts toward higher lifetimes for organoids compared with tumor tissue. Addition-
ally, the heterogeneity index (H) quantifies cellular heterogeneity, where an increased hetero-
geneity index reflects increased number of cell subpopulations, increased equality in the
weights of the subpopulations, and/or increased separation between the subpopulations [28].
Organoids exhibit similar cellular heterogeneity compared with the in vivo tumor based on the
NAD(P)H fluorescence lifetime and increased cellular heterogeneity compared with the in
vivo tumor based on the FAD fluorescence lifetime.

A representative autofluorescence image demonstrates the NAD(P)H fluorescence intensity
in the organoids (Fig 3). In particular, organoids exhibit populations of cells with high NAD
(P)H intensity as well as cells with low NAD(P)H intensity, and these populations exhibit dis-
tinct metabolic properties. Cells with low NAD(P)H exhibit a lower redox ratio and higher
FAD fluorescence lifetime, explained by a lower contribution of the short lifetime (o) (52
Fig), compared with cells with high NAD(P)H (p<0.05).

Gold standard techniques validate therapeutic efficacy and measure in vivo response to
treatment. Immunohistochemistry characterizes short-term and long-term effects of treatment
on cell proliferation measured by ki-67 and cell death measured by cleaved caspase 3 (Fig 4).
Two days after in vivo treatment, cell proliferation is consistent across all treatment groups
and cell death increases with cisplatin treatment (Fig 4A and 4B). Two weeks after treatment
cell proliferation decreases with cetuximab, cisplatin, and combination treatment and cell
death increases with cisplatin and combination treatment (Fig 4C and 4D) (p<0.05). Tumor
growth curves illustrate long-term in vivo response to treatment (Fig 4E). Control mice exhibit
continual tumor growth, whereas mice treated with single agents of cetuximab or cisplatin
exhibit stable tumor volume, and mice treated with the combination of cetuximab and cis-
platin exhibit decreased tumor volume. No significant differences (p>0.1) were observed in
organoid area or organoid volume between control and treated groups 24 hours post-treat-
ment. However, significant differences in the number of cells per organoid for control vs. cis-
platin groups only (p>0.1) were observed 24 hours post-treatment.

Representative images show organoid and cell morphology as well as relative trends in the
redox ratio, NAD(P)H lifetime, and FAD lifetime for each treatment group after 24 hours of
treatment (Fig 5). Optical metabolic imaging quantifies drug effects 1 day after treatment in
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the combination of cetuximab and cisplatin. (E) Treatment with cetuximab or cisplatin causes stable disease, whereas
combination treatment causes response.*p<0.05 compared with control, rank sum test; 1p<0.05, compared with combination

treatment, n = 6 tumors.

doi:10.1371/journal.pone.0170415.9004

organoids (Fig 6). The redox ratio increases with cetuximab and decreases with cisplatin and
combination treatment (p<0.05). The NAD(P)H fluorescence lifetime (1,,) decreases with
cetuximab, cisplatin, and combination treatment (p<0.05). The contribution from the short
lifetime (o1;) increases with cetuximab treatment and decreases with cisplatin and combination
treatment. The values of the short and long fluorescence lifetimes (t; and t,) decrease with
cetuximab, cisplatin, and combination treatment (S3 Fig). The FAD fluorescence lifetime (t,,)
increases with cetuximab, cisplatin, and combination treatment (p<0.05). The contribution
from the short lifetime (o,;) decreases with cetuximab, cisplatin, and combination treatment.
The values of the short and long fluorescence lifetimes (t; and 1,) increase with cetuximab, cis-
platin, and combination treatment (S3 Fig).
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Fig 5. Autofluorescence images show the redox ratio and fluorescence lifetimes of NAD(P)H and FAD in head and neck cancer
organoids treated for 1 day with cetuximab, cisplatin, or their combination. NAD(P)H and FAD autofluorescence images were acquired
from the same fields of view, and the redox ratio (top row), NAD(P)H fluorescence lifetime (middle row), and FAD fluorescence lifetime (bottom

row) were calculated. For the redox ratio and fluorescence lifetimes, blue represents a low value and yellow represents a high value (see
colorbars). Scale bar = 50um.

doi:10.1371/journal.pone.0170415.g005
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doi:10.1371/journal.pone.0170415.g006

Cell subpopulations describe heterogeneity within treatment groups. Heterogeneity analysis
applies Gaussian fitting of per-cell data and plots the sum of the Gaussian curves, illustrating
shifts toward lower NAD(P)H lifetimes after cetuximab, cisplatin, and combination treatment
(Fig 7). The control and combination treatment groups exhibit one subpopulation, whereas
the cetuximab and cisplatin groups exhibit two subpopulations. For each treatment group the
summed area under the Gaussian curves equals one. Control and combination treated orga-
noids display a low heterogeneity index, whereas single agent treated organoids display a
higher heterogeneity index. Additionally, spatial mapping shows localization of the cell sub-
populations. Each organoid contains one or both of the subpopulations, and qualitative analy-
sis indicates that cell subpopulations are scattered throughout the organoids.

Discussion

This study characterizes head and neck cancer organoids metabolically and in response to
drugs. This approach is advantageous because it utilizes a three-dimensional model combined
with sensitive metabolic measurements of treatment response. Organoids are generated from
tumor tissue and grow in a three-dimensional matrix, which provides a more appropriate
model than cell lines grown as monolayers on plastic [31]. Optical metabolic imaging measures
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Gaussian curves were color coded to inform spatial mapping, where the red and blue colors represent distinct
subpopulations. The total area under the curves is equal across treatment groups. Spatial mapping provides relative
locations of cell subpopulations.

doi:10.1371/journal.pone.0170415.9007

early therapeutic effects and characterizes cellular heterogeneity, which is crucial for identify-
ing resistant cells that cause resistance to treatment in patients. Overall, this technique could
be adapted for high-throughput screens of treatment efficacy for anti-cancer drugs to facilitate
drug discovery.

High quality primary tissue facilitates organoid growth. In particular, generating organoids
immediately after tissue excision preserves tissue viability. Successful organoids grow from tis-
sue that consists of dense tumor cells with a high proliferation rate and low apoptosis rate (Fig
1). Histological analysis indicates that the primary tissue comprises ~97% tumor characterized
by proliferative, epithelial cells and ~3% stroma characterized by fibroblasts, capillaries,
immune cells, and collagen. Fibroblasts exhibit distinct elongated morphology that would be
apparent in culture [32]. Endothelial cells and immune cells would be expected to have short
life spans and expire under organoid conditions [33]. In particular, the growth of endothelial
cells is promoted by shear stress [34], which is largely absent in these cultures. This analysis
suggests that the organoids comprise epithelial cells.

Protein-binding causes a conformational change in the molecular structure of NAD(P)H
and FAD, which affects fluorescence quenching and the fluorescence lifetime [11]. The distinct
fluorescence lifetime properties between in vivo tumor tissue and organoids reflect distinct
protein-binding activity, including different rates that these molecules are being used in cell
signaling pathways and binding to different proteins (Fig 2). These differences could result
from discrete microenvironment conditions, including nutrient availability and oxygenation
between in vivo tumors and in vitro cultures. This characterization highlights the utility of
organoids as a complementary tool to in vivo imaging by enabling rapid comparisons of meta-
bolic states between treated and control organoids generated from the same tissue.

Cell subpopulations with distinct metabolic phenotypes are present in the control orga-
noids (Fig 3). Organoids contain cells with high levels of NAD(P)H intensity and cells with
low levels of NAD(P)H intensity (p<0.05). Low-NAD(P)H cells exhibit a lower redox ratio
than high-NAD(P)H cells (p<0.05), reflecting distinct metabolic characteristics. Previous
studies have shown that a decrease in redox ratio corresponds to a decrease in cell proliferation
[9], thus these two subpopulations of cells may have varied drug response. Additionally, these
subpopulations exhibit different FAD fluorescence lifetimes and contributions from free FAD
(S2 Fig, p<0.05), indicating different levels of protein-binding between these cell subpopula-
tions. The lack of a tumor stroma in the organoids could enable these separate subpopulations
of cells to grow [35].

Traditional measures of therapeutic response characterize each treatment group. Immuno-
histochemistry shows minimal treatment effects after 2 days of treatment, and greater treat-
ment response after 2 weeks of treatment (Fig 4). Cetuximab has been shown to induce
autophagy instead of apoptosis [21]. Overall, these results indicate that the endpoints of cell
proliferation and cell death require multiple courses of treatment to resolve treatment effects.
Tumor growth curves show that control tumors exhibit disease progression, the single agent
treatments both exhibit stable disease, and the combination treatment exhibits treatment
response (Fig 4E). These results reflect the synergistic effect of cetuximab and cisplatin,
because cetuximab enhances chemotherapy-induced cell death by inhibiting DNA repair
mechanisms [36]. These results agree with clinical studies of patients administered cetuximab,
cisplatin, or their combination [37][38][39].
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Optical metabolic imaging quantitatively demonstrates sensitivity to drug effects after 1 day
of treatment (Fig 6), which is an earlier time point compared with cell death, cell proliferation,
and tumor volume (Fig 4). Cetuximab treatment causes an increase in the redox ratio, which is
consistent with decreased efficacy of cetuximab as a monotherapy [16][9]. Previous studies
that focus on breast cancer have applied trastuzumab, an antibody therapy that targets HER2,
to HER2-positive and ER-positive organoids [16]. HER2-positive organoids, which are
expected to respond to trastuzumab, show a decrease in redox ratio after treatment. On the
contrary, ER-positive organoids, which are expected to be resistant to trastuzumab, show no
change or an increase in the redox ratio after treatment. These trends in the redox ratio for
breast cancer organoids in response to antibody therapy are consistent with trends in the
redox ratio in the current paper. Cisplatin treatment causes a decrease in the redox ratio,
which is consistent with drug responsiveness in previous in vitro and in vivo studies [9][28].
Combination treatment causes a decrease in the redox ratio, which is previously unreported.
Taken together these results suggest that a decrease in the redox ratio indicates treatment
response compared with an increase or no change in redox ratio for less effective treatments.

The organoids NAD(P)H fluorescence lifetime (t,,) decreases with cetuximab, cisplatin,
and combination treatments (Fig 6B, p<0.05), which is consistent with previous in vivo results
[28]. The organoids FAD fluorescence lifetime (t,,,) increases with cetuximab, cisplatin, and
combination treatments (Fig 6C, p<0.05). This shows the opposite trend from previous in vivo
results and reflects the difference in microenvironments between in vivo and in vitro condi-
tions, including access to oxygen and nutrients, which affect the microenvironment of FAD
and thus its fluorescence lifetime. Overall, these results indicate that organoids combined with
optical metabolic imaging provides a unique in vitro, three-dimensional model that harnesses
intrinsic contrast for measuring early, sensitive drug effects on a single-cell level.

Tumor heterogeneity describes multiple cell subpopulations that can respond to therapies
with different sensitivities, and cells that are resistant to treatment can enable patient relapse.
In particular, Gaussian fitting of cellular data can characterize cellular heterogeneity, and a het-
erogeneity index, H, can incorporate the number of subpopulations, evenness of subpopula-
tions, and relative distance between subpopulations to quantify cellular heterogeneity [30][28].
Based on the heterogeneity index, organoids treated with the single agents demonstrate a
higher degree of heterogeneity compared with organoids in the control and combination treat-
ment groups (Fig 7A). As seen in the tumor growth curves (Fig 4E), combination treatment
has an additive effect compared with single agent treatments and creates a uniform response
in organoids based on the heterogeneity index (Fig 7A). Furthermore, spatial mapping pro-
vides insight into the relative locations of cell subpopulations, particularly for visualization of
grouped versus scattered subpopulations. Representative images indicate that cell subpopula-
tions are scattered across and within organoids. Ultimately, characterization of cellular hetero-
geneity could provide a powerful tool for testing drugs and drug combinations.

Head and neck cancer patients suffer from severe toxicities, serious morbidities, and mor-
talities, and these challenges can be addressed through improved therapies. In particular,
streamlining the complex process of drug development could make a beneficial impact by effi-
ciently identifying the most effective and least toxic drugs for development. This would reduce
the time and resources spent on drugs that ultimately fail in patients and increase the success
rate of clinical trials. A high-throughput drug screen based on cell metabolism and single cell
analysis can address this need. Organoids provide a relevant three-dimensional model, while
optical metabolic imaging provides a platform for single-cell measurements of heterogeneous
therapeutic response. This study characterizes head and neck cancer organoids metabolically
and measures early response to antibody therapy, chemotherapy, and combination therapy,
and also identifies metabolic subpopulations of cells in the cultures. These results indicate that
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head and neck cancer organoids combined with optical metabolic imaging could provide a
beneficial tool during drug discovery for head and neck cancer.

Supporting Information

S1 Fig. Untreated organoids and in vivo tumor tissue exhibit distinct NAD(P)H and FAD
fluorescence lifetime components. Organoids have lower contributions of the short lifetime
component (o), higher values of the short fluorescence lifetime (1), and higher values of the
long fluorescence lifetime (t,). The in vivo data is a subset of data published in [28]. *p<0.05,
t-test, n~100-300 cells per group.

(TIF)

S2 Fig. NAD(P)H and FAD fluorescence lifetime components characterize cells in
untreated organoids with low levels of NAD(P)H fluorescence compared with cells with
high levels of NAD(P)H intensity. NAD(P)H fluorescence lifetime components are similar,
whereas low NAD(P)H cells have lower contribution of FAD short lifetime component (a;).
(TIF)

S3 Fig. NAD(P)H and FAD fluorescence lifetime components were quantified in organoids
after 1 day of treatment. For NAD(P)H, cetuximab treatment causes an increase in the short
lifetime component (c.;), whereas cisplatin and combination treatment cause a decrease in the
short lifetime component. Cetuximab, cisplatin, and combination treatments cause a decrease
in the short (t;) and long (1) fluorescence lifetimes. For FAD, cetuximab, cisplatin, and com-
bination treatments cause a decrease in the contribution of the short lifetime (c;) and an
increase in the short (t1) and long (1,) fluorescence lifetimes.

(TIF)

Acknowledgments

The Vanderbilt University Translational Pathology Shared Resource was used for immunohis-
tochemistry staining. We acknowledge pathologist Dr. Kelli Boyd for help with interpreting
these stains, and Joe Sharick for helpful discussions. Funding sources include the NSF Gradu-
ate Research Fellowship (DGE-0909667) and NIH/NCI (R01 CA185747).

Author Contributions
Conceptualization: ATS MCS.
Formal analysis: ATS TMH.
Funding acquisition: MCS.
Investigation: ATS.
Methodology: ATS TMH.
Resources: MCS.

Software: ATS TMH.
Supervision: MCS.
Validation: ATS.
Visualization: ATS TMH.

PLOS ONE | DOI:10.1371/journal.pone.0170415 January 18,2017 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170415.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170415.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170415.s003

@° PLOS | ONE

Microscopy of Head and Neck Cancer Organoids

Writing - original draft: ATS.

Writing - review & editing: ATS TMH MCS.

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Rousseau a and Badoual C., “Head and Neck: Squamous cell carcinoma: an overview,” Atlas of Genet-
ics and Cytogenetics in Oncology and Haematology, no. 2. Mar-2012.

Trotti A., “Toxicity in head and neck cancer: a review of trends and issues,” Int. J. Radiat. Oncol. Biol.
Phys., vol. 47, no. 1, pp. 1-12, 2000. PMID: 10758302

Fung C. and Grandis J., “Emerging drugs to treat squamous cell carcinomas of the head and neck,”
Expert Opin Emerg Drugs, vol. 15, no. 3, pp. 355-373, 2010. doi: 10.1517/14728214.2010.497754
PMID: 20557270

Khong H. T. and Restifo N. P., “Natural selection of tumor variants in the generation of ‘tumor escape’
phenotypes.,” Nat. Immunol., vol. 3, no. 11, pp. 999-1005, Nov. 2002. doi: 10.1038/ni1102-999 PMID:
12407407

Hughes J. P., Rees S. S., Kalindjian S. B., and Philpott K. L., “Principles of early drug discovery,” Br. J.
Pharmacol., vol. 162, no. 6, pp. 1239-1249, 2011. doi: 10.1111/j.1476-5381.2010.01127.x PMID:
21091654

Paul S. M., Mytelka D. S., Dunwiddie C. T., Persinger C. C., Munos B. H., Lindborg S. R., and Schacht
A. L., “How to improve R&D productivity: the pharmaceutical industry’s grand challenge.,” Nat. Rev.
Drug Discov., vol. 9, no. 3, pp. 203—214, 2010. doi: 10.1038/nrd3078 PMID: 20168317

Sachs N. and Clevers H., “Organoid cultures for the analysis of cancer phenotypes,” Curr. Opin. Genet.
Dev., vol. 24, no. 1, pp. 68-73, 2014.

Walsh A. J., Cook R. S., Manning H. C., Hicks D. J., Lafontant A., Arteaga C. L., and Skala M. C., “Opti-
cal metabolic imaging identifies glycolytic levels, subtypes, and early-treatment response in breast can-
cer.,” Cancer Res., vol. 73, no. 20, pp. 6164—74, Oct. 2013. doi: 10.1158/0008-5472.CAN-13-0527
PMID: 24130112

Shah A. T., Demory Beckler M., Walsh A. J., Jones W. P., Pohlmann P. R., and Skala M. C., “Optical
metabolic imaging of treatment response in human head and neck squamous cell carcinoma.,” PLoS
One, vol. 9, no. 3, p. e90746, Mar. 2014. doi: 10.1371/journal.pone.0090746 PMID: 24595244

Chance F. I. B, Schoener B, Oshino R, “Oxidation-reduction ratio studies of mitochondria in freeze-
trapped samples. NADH and flavoprotein fluorescence signals.,” J. Biol. Chem., vol. 254, pp. 4764—
4771,1979. PMID: 220260

Lakowicz J., Principles of fluorescence spectroscopy. New York: Plenum Publishers, 1999.

Ramanujam N., “Fluorescence spectroscopy of neoplastic and non-neoplastic tissues.,” Neoplasia, vol.
2,no. 1-2, pp. 89-117, 2000. PMID: 10933071

Huang S., a Heikal A., and Webb W. W., “Two-photon fluorescence spectroscopy and microscopy of
NAD(P)H and flavoprotein.,” Biophys. J., vol. 82, no. 5, pp. 2811-25, May 2002. doi: 10.1016/S0006-
3495(02)75621-X PMID: 11964266

Klaidman L. K., Leung A. C., and Adams J. D. Jr., “High-performance liquid chromatography analysis of
oxidized and reduced pyridine dinucleotides in specific brain regions,” Anal. Biochem., vol. 228, pp.
312-317, 1995. doi: 10.1006/abio.1995.1356 PMID: 8572312

Avi-Dor Y., Olson J. M., Doherty M. D., and Kaplan N. O., “Fluorescence of Pyridine Nucleotides in Mito-
chondria,” J. Biol. Chem., vol. 237, no. 7, pp. 2756—2759, 1962.

Walsh A. J., Cook R. S., Sanders M. E., Aurisicchio L., Ciliberto G., Arteaga C. L., and Skala M. C.,
“Quantitative optical imaging of primary tumor organoid metabolism predicts drug response in breast
cancer.,” Cancer Res., 2014.

Walsh A. J., Castellanos J. A., Nagathihalli N. S., Merchant N. B., and Skala M. C., “Optical Imaging of
Drug-Induced Metabolism Changes in Murine and Human Pancreatic Cancer Organoids Reveals Het-
erogeneous Drug Response,” Pancreas, vol. 0, no. 0, pp. 1-7, 2015.

P. G. Sacks, “Cell, tissue and organ culture as in vitro models to study the biology of squamous cell car-
cinomas of the head and neck Normal UADT EpithelialCell Leukoplakia Ervthroalakia

Carcinoma,” pp. 27-51, 1996.

Bucheler M., Wirz C., Schutz A., and Bootz F., “Tissue engineering of human salivary gland organoids,”
Acta Otolaryngol, vol. 122, no. 5, pp. 541-5, 2002. PMID: 12206266

Robbins K. T., Varki N. M., Storniolo A. M., Hoffman H., and Hoffman R. M., “Drug response of head
and neck tumors in native-state histoculture,” Arch.Otolaryngol.Head Neck Surg., vol. 117, no. 0886—

PLOS ONE | DOI:10.1371/journal.pone.0170415 January 18,2017 15/17


http://www.ncbi.nlm.nih.gov/pubmed/10758302
http://dx.doi.org/10.1517/14728214.2010.497754
http://www.ncbi.nlm.nih.gov/pubmed/20557270
http://dx.doi.org/10.1038/ni1102-999
http://www.ncbi.nlm.nih.gov/pubmed/12407407
http://dx.doi.org/10.1111/j.1476-5381.2010.01127.x
http://www.ncbi.nlm.nih.gov/pubmed/21091654
http://dx.doi.org/10.1038/nrd3078
http://www.ncbi.nlm.nih.gov/pubmed/20168317
http://dx.doi.org/10.1158/0008-5472.CAN-13-0527
http://www.ncbi.nlm.nih.gov/pubmed/24130112
http://dx.doi.org/10.1371/journal.pone.0090746
http://www.ncbi.nlm.nih.gov/pubmed/24595244
http://www.ncbi.nlm.nih.gov/pubmed/220260
http://www.ncbi.nlm.nih.gov/pubmed/10933071
http://dx.doi.org/10.1016/S0006-3495(02)75621-X
http://dx.doi.org/10.1016/S0006-3495(02)75621-X
http://www.ncbi.nlm.nih.gov/pubmed/11964266
http://dx.doi.org/10.1006/abio.1995.1356
http://www.ncbi.nlm.nih.gov/pubmed/8572312
http://www.ncbi.nlm.nih.gov/pubmed/12206266

@° PLOS | ONE

Microscopy of Head and Neck Cancer Organoids

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

4470 (Print) LA—eng PT—Journal Article RN-15663—-27—-1 (Cisplatin) RN-51-21-8 (Fluorouracil) SB—
AIM SB-IM, pp. 83-86, 1991. PMID: 1986767

Li X. and Fan Z., “The epidermal growth factor receptor antibody cetuximab induces autophagy in can-
cer cells by downregulating HIF-1alpha and Bcl-2 and activating the beclin 1/hVps34 complex.,” Cancer
Res., vol. 70, no. 14, pp. 5942-52, Jul. 2010. doi: 10.1158/0008-5472.CAN-10-0157 PMID: 20634405

Levitt J. M., Baldwin A., Papadakis A., Puri S., Xylas J., Minger K., and Georgakoudi |., “Intrinsic fluo-
rescence and redox changes associated with apoptosis of primary human epithelial cells.,” J. Biomed.
Opt., vol. 11, no. 6, p. 64012, 2006.

Skvortsova I., Skvortsov S., Raju U., Stasyk T., Riesterer O., Schottdorf E.-M., Popper B.-A., Schiestl
B., Eichberger P., Debbage P., Neher A., Bonn G. K., a Huber L., Milas L., and Lukas P., “Epithelial-to-
mesenchymal transition and c-myc expression are the determinants of cetuximab-induced enhance-
ment of squamous cell carcinoma radioresponse.,” Radiother. Oncol., vol. 96, no. 1, pp. 108-15, Jul.
2010. doi: 10.1016/j.radonc.2010.04.017 PMID: 20451273

Tijink B. M., Neri D., Leemans C. R., Budde M., Dinkelborg L. M., Stigter-van Walsum M., Zardi L., and
a M G. van Dongen S., “Radioimmunotherapy of head and neck cancer xenografts using 131I-labeled
antibody L19-SIP for selective targeting of tumor vasculature.,” J. Nucl. Med., vol. 47, no. 7, pp. 1127—
35, Jul. 2006. PMID: 16818947

a Joschko M., Webster L. K., Bishop J. F., Groves J., Yuen K., Olver I. N., Narayan K. N., and Ball D. L.,
“Radioenhancement by cisplatin with accelerated fractionated radiotherapy in a human tumour xeno-
graft.,” Cancer Chemother. Pharmacol., vol. 40, no. 6, pp. 534-9, Jan. 1997. doi: 10.1007/
s002800050699 PMID: 9332470

Skala M. C., Riching K. M., Gendron-Fitzpatrick A., Eickhoff J., Eliceiri K. W., White J. G., and Ramanu-
jam N., “In vivo multiphoton microscopy of NADH and FAD redox states, fluorescence lifetimes, and cel-
lular morphology in precancerous epithelia.,” Proc. Natl. Acad. Sci. U. S. A., vol. 104, no. 49, pp.
19494-9, Dec. 2007. doi: 10.1073/pnas.0708425104 PMID: 18042710

Bird D. K., Yan L., Vrotsos K. M., Eliceiri K. W., Vaughan E. M., Keely P. J., White J. G., and Ramanu-
jam N., “Metabolic mapping of MCF10A human breast cells via multiphoton fluorescence lifetime imag-
ing of the coenzyme NADH.,” Cancer Res., vol. 65, no. 19, pp. 876673, Oct. 2005. doi: 10.1158/0008-
5472.CAN-04-3922 PMID: 16204046

Shah A. T., Diggins K. E., Walsh A. J., Irish J. M., and Skala M. C., “In Vivo Autofluorescence Imaging
of Tumor Heterogeneity in Response to Treatment,” Neoplasia, vol. 17, no. 12, pp. 862—-870, 2015. doi:
10.1016/j.ne0.2015.11.006 PMID: 26696368

Walsh A. J. and Skala M. C., “An automated image processing routine for segmentation of cell cyto-
plasms in high-resolution autofluorescence images,” SPIE Proc., p. 89481M, Feb. 2014.

Walsh A. J. and Skala M. C., “Optical metabolic imaging quantifies heterogeneous cell populations,”
Biomed. Opt. Express, vol. 6, no. 2, p. 559, Jan. 2015. doi: 10.1364/BOE.6.000559 PMID: 25780745

Pampaloni F., Reynaud E. G., and Stelzer E. H. K., “The third dimension bridges the gap between cell
culture and live tissue.,” Nat. Rev. Mol. Cell Biol., vol. 8, no. 10, pp. 839-845, 2007. doi: 10.1038/
nrm2236 PMID: 17684528

Bayreuther K., Rodemann H. P., Hommel R., Dittmann K., Albiez M., and Francz P. I., “Human skin
fibroblasts in vitro differentiate along a terminal cell lineage.,” Proc. Natl. Acad. Sci. U. S. A., vol. 85, no.
14, pp. 5112-6, 1988. PMID: 3393534

Lin W. and Karin M., “A cytokine-mediated link between innate immunity, inflammation, and cancer,” J.
Clin. Investig., vol. 117, no. 5, pp. 1175-1183, 2007. doi: 10.1172/JCI31537 PMID: 17476347

Davies P. F., Remuzzitt A., Gordon E. J., Dewey C. F., and Gimbrone M. A., “Turbulent fluid shear
stress induces vascular endothelial cell turnover in vitro,” Proc. Natl. Acad. Sci. U. S. A., vol. 83, no.
April, pp. 2114-2117, 1986. PMID: 3457378

Kimlin L. C., Casagrande G., and Virador V. M., “In vitro three-dimensional (3D) models in cancer
research: An update,” Mol. Carcinog., vol. 52, no. 3, pp. 167—-182, 2013. doi: 10.1002/mc.21844 PMID:
22162252

Bernier J., Bentzen S. M., and Vermorken J. B., “Molecular therapy in head and neck oncology.,” Nat.
Rev. Clin. Oncol., vol. 6, no. 5, pp. 266—77, May 2009. doi: 10.1038/nrclinonc.2009.40 PMID:
19390553

Baselga B. J., Pfister D., Cooper M. R., Cohen R., Burtness B., Bos M., Andrea G. D., Seidman A., Nor-
ton L., Gunnett K., Falcey J., Anderson V., Waksal H., and Mendelsohn J., “Phase | Studies of Anti—Epi-
dermal Growth Factor Receptor Chimeric Antibody C225 Alone and in Combination With Cisplatin,” vol.
18, no. 4, pp. 904-914, 2000. doi: 10.1200/jc0.2000.18.4.904 PMID: 10673534

Burtness B., a Goldwasser M., Flood W., Mattar B., and a Forastiere A., “Phase Il randomized trial of
cisplatin plus placebo compared with cisplatin plus cetuximab in metastatic/recurrent head and neck

PLOS ONE | DOI:10.1371/journal.pone.0170415 January 18,2017 16/17


http://www.ncbi.nlm.nih.gov/pubmed/1986767
http://dx.doi.org/10.1158/0008-5472.CAN-10-0157
http://www.ncbi.nlm.nih.gov/pubmed/20634405
http://dx.doi.org/10.1016/j.radonc.2010.04.017
http://www.ncbi.nlm.nih.gov/pubmed/20451273
http://www.ncbi.nlm.nih.gov/pubmed/16818947
http://dx.doi.org/10.1007/s002800050699
http://dx.doi.org/10.1007/s002800050699
http://www.ncbi.nlm.nih.gov/pubmed/9332470
http://dx.doi.org/10.1073/pnas.0708425104
http://www.ncbi.nlm.nih.gov/pubmed/18042710
http://dx.doi.org/10.1158/0008-5472.CAN-04-3922
http://dx.doi.org/10.1158/0008-5472.CAN-04-3922
http://www.ncbi.nlm.nih.gov/pubmed/16204046
http://dx.doi.org/10.1016/j.neo.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26696368
http://dx.doi.org/10.1364/BOE.6.000559
http://www.ncbi.nlm.nih.gov/pubmed/25780745
http://dx.doi.org/10.1038/nrm2236
http://dx.doi.org/10.1038/nrm2236
http://www.ncbi.nlm.nih.gov/pubmed/17684528
http://www.ncbi.nlm.nih.gov/pubmed/3393534
http://dx.doi.org/10.1172/JCI31537
http://www.ncbi.nlm.nih.gov/pubmed/17476347
http://www.ncbi.nlm.nih.gov/pubmed/3457378
http://dx.doi.org/10.1002/mc.21844
http://www.ncbi.nlm.nih.gov/pubmed/22162252
http://dx.doi.org/10.1038/nrclinonc.2009.40
http://www.ncbi.nlm.nih.gov/pubmed/19390553
http://dx.doi.org/10.1200/jco.2000.18.4.904
http://www.ncbi.nlm.nih.gov/pubmed/10673534

o @
@ : PLOS | ONE Microscopy of Head and Neck Cancer Organoids

cancer: an Eastern Cooperative Oncology Group study.,” J. Clin. Oncol., vol. 23, no. 34, pp. 8646-54,
Dec. 2005. doi: 10.1200/JC0O.2005.02.4646 PMID: 16314626

39. Berndtsson M., Hagg M., Panaretakis T., Havelka A. M., Shoshan M. C., and Linder S., “Acute apopto-
sis by cisplatin requires induction of reactive oxygen species but is not associated with damage to
nuclear DNA.,” Int. J. Cancer, vol. 120, no. 1, pp. 175-80, Jan. 2007. doi: 10.1002/ijc.22132 PMID:
17044026

PLOS ONE | DOI:10.1371/journal.pone.0170415 January 18,2017 17/17


http://dx.doi.org/10.1200/JCO.2005.02.4646
http://www.ncbi.nlm.nih.gov/pubmed/16314626
http://dx.doi.org/10.1002/ijc.22132
http://www.ncbi.nlm.nih.gov/pubmed/17044026

