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Spectral imaging systems are capable of detecting and quantifying subtle differences in light quality. In this study
we coupled spectral imaging with fluorescence and white light microscopy to develop new methods for quantifying
autophagy and apoptosis. For autophagy, we employed multispectral imaging to examine spectral changes in the
fluorescence of LC3-GFP, a chimeric protein commonly used to track autophagosome formation. We found that punctate
autophagosome-associated LC3-GFP exhibited a spectral profile that was distinctly different from diffuse cytosolic LC3-
GFP. We then exploited this shift in spectral quality to quantify the amount of autophagosome-associated signal in single
cells. Hydroxychloroquine (CQ), an anti-malarial agent that increases autophagosomal number, significantly increased
the punctate LC3-GFP spectral signature, providing proof-of-principle for this approach. For studying apoptosis, we
employed the Prism and Reflector Imaging Spectroscopy System (PARISS) hyperspectral imaging system to identify
a spectral signature for active caspase-8 immunostaining in ex vivo tumor samples. This system was then used to
rapidly quantify apoptosis induced by lexatumumab, an agonistic TRAIL-R2/DR5 antibody, in histological sections from
a preclinical mouse model. We further found that the PARISS could accurately distinguish apoptotic tumor regions in
hematoxylin and eosin-stained sections, which allowed us to quantify death receptor-mediated apoptosis in the absence
of an apoptotic marker. These spectral imaging systems provide unbiased, quantitative and fast means for studying

autophagy and apoptosis and complement the existing methods in their respective fields.

Introduction

Spectral imaging exposes nuances in light quality that cannot
otherwise be detected by the human eye. Spectral imaging was
developed by NASA and the remote Earth sensing community
for monitoring climate and temperature change, and has since
been adapted for use in a variety of academic and commercial
applications. In the field of biomedical research, spectral anal-
ysis has been used for discerning malignant from normal tis-
sue,! separating vascular from non-vascular regions in skin and
23 and identifying cultured cells in different phases of
the cell cycle. Spectral imaging systems are highly versatile with

tumors,

endless applicability. Their quantitative nature and high resolv-
ing power make them ideal for use in cellular assays that measure
autophagy and apoptosis, two forms of programmed cell death
(PCD) that are critical to normal biological development,”® but
also contribute to pathological conditions including neurodegen-
erative disease,” heart disease® and especially cancer.'
Autophagy (Latin for “self-eating”; PCD type II) is a pro-
cess by which cells engulf portions of their cytoplasm and deliver
them to lysosomes for degradation. While this is a destructive
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process that is commonly observed in dying cells, autophagy
also functions as a survival mechanism, allowing cells to sur-
vive under stressful conditions."! For example, autophagy was
shown to protect cancer cells from hypoxia, nutrient deprivation,
and DNA damage-induced cell death.!* Recently autophagy
indices were also shown to predict the invasive potential and
aggressiveness of human melanomas in vitro as well as in ani-
mal models and patients.® Autophagy is studied using a compli-
ment of assays, one of which involves fluorescence imaging of the
chimeric protein, myosin light chain 3-green fluorescent protein
(LC3-GFP), which tracks autophagosomes, the functional units
of autophagy. At the onset of autophagy, LC3-I (a cytosolic pro-
tein) is conjugated to phosphatidylethanolamine (PE), and this
lipified form of LC3, LC3-1I, integrates into the outer membrane
of autophagosomes.” Cytoslic LC3-GFP emits diffuse fluores-
cence, whereas autophagosome-associated LC3-GFP appears
punctate. This is a useful system for identifying and quantifying
those cells within a field that exhibit punctate LC3-GFP expres-
sion and are therefore actively undergoing autophagy. However,
this method has limitations. For one, investigator bias is applied
in developing criteria that define LC3-GFP puncta. Second, it
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Figure 1. Punctate, autophagosome-associated LC3-GFP exhibits a unique spectral profile. (A)
(8161 cells were treated with hydroxychloroquine (CQ; 25uM) for 16 h. Protein gel blots are
shown. Ran is included as a loading control. (B) C8161-LC3-GFP and C8161-GFP-vector control
cell lines were treated with CQ as in (A). Fluorescence images are shown. (C) Untreated C8161
cells were imaged using conventional fluorescence microscopy (top panel, far left) or multispec-
tral imaging (MSI; top panel, second from left). Distinct spectra, represented by red and green
pseudocolors, which are displayed in the spectral library (bottom panel), were uncoupled and
shown as separate images (top, right). (D) C8161-LC3-GFP cells were treated with CQ (25uM) for
16 h. Control and CQ-treated cultures were analyzed by MSI. Fluorescence (top) and MSI unmixed
images (bottom) are shown. Single cells (insets) were magnified to show co-localization of LC3-
GFP puncta and red spectra. (E) The average signal, normalized to exposure time, for red spectra
per cell was quantified in 15 single cells using MSI quantitative software. Histograms show the
distribution of single cell, red spectra averages for control and CQ-treated C8161-LC3-GFP and
A375P-LC3-GFP cells. Statistical significance was determined using the Student’s t-test.

homeostatic process, 100 % of cells could
theoretically exhibit some basal level of
autophagy. Hence, imaging systems that
distinguish and enumerate punctate LC3-
GFP structures at the subcellular level,
without subjectivity, would potentially
strengthen this assay.

Apoptosis (Greek for “a falling off”;
PCD type 1), is a controlled and deliber-
ate form of cell death performed by the
caspase family of proteases.” While cells
may die through apoptosis-independent
pathways,*
effective due to their ability to initiate

many tumoricidal agents are

apoptosis. On the other hand, resistance
to apoptosis is a hallmark of cancer that
may arise due to the induction/expression
of anti-apoptotic genes and/or aberrant
signaling of pro-survival cellular path-
ways.”! Apoptosis is associated with cell
morphological features that distinguish
it from others forms of cell death, such as
necrosis.”> Apoptosis induces chromatin
condensation and nuclear fragmentation
in its early and late stages, respectively.
Apoptosis also reduces cytosolic volume
and induces membrane blebbing and the
formation of apoptotic bodies, or vesicles
that form around apoptotic cells, which are
thought to protect surrounding cells from
toxic cellular contents. As these distinctive
morphological effects make apoptosis eas-
ily visible to a trained eye, it is also con-
ceivable that apoptosis is associated with
quantifiable spectral changes.

Results

Quantitative  multi-spectral  imaging
of the autophagosome marker, LC3. In
order to mimic the phenotypic changes
of autophagy in LC3-GFP-expressing
melanoma cell lines, we used 4-amino-
quinoline, hydroxychloroquine (CQ). CQ
inhibits late-stage autophagosome-lyso-
some fusion, leading to the accumulation
of autophagosomes, an effect that resem-
bles the induction of autophagy. CQ treat-
ment increased the total levels of both LC3
isoforms, I and II, in C8161 and A375P
melanoma cell lines (Fig. 1A and data
not shown), and induced aggregation of
LC3-GFP but not the GFP vector control

is difficult to accurately determine the number of LC3-GFP  (Fig. 1B). CQ was therefore a useful tool compound for induc-
puncta (i.e. autophagosomes) per cell, as opposed to the num- ing autophagy-associated changes, like LC3 aggregation. We
ber of cells per field with detectable puncta.’® As autophagy is a  then set out to develop a multi-spectral imaging-based approach
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Figure 2. Hyperspectral quantification of cleaved caspase-8 immunostaining to assess preclinical response to lexatumumab. (A) Mice bearing HCT15
human colon cancer xenografted tumors were treated with lexatumumab (10mg/kg, i.v.) for 24 h. Tumors were then processed and stained for
cleaved caspase-8 (CC8). Representative 10X images are shown. (B) A high magnification (80X) image from a lexatumumab-treated tumor is shown to
emphasize the co-localization of CC8 staining and morphological markers of apoptosis, such as nuclear condensation and fragmentation. The arrow
denotes a CC8-positive cell with pycnotic nucleus and the arrowhead points to a non-apoptotic, CC8-negative cell with a healthy, intact nucleus. (C)
CC8-stained tumor sections from lexatumumab-treated mice were analyzed using the PARISS hyperspectral imager. The spectral library derived from
a 2.5X-magnified field is shown. (D) HCT15 tumors from control and lexatumumab-treated mice were pseudocolored using the spectral library in (C).
White light (bright field) and corresponding hyperspectral images are shown. (E) The percentage of blue spectra (CC8-positive regions) was quantified
using the PARISS in five random, 2.5X fields. The histogram shows the distribution of the percentages derived from each scan for control and lexatu-

mumab treatment groups. Statistical significance was calculated using a Student’s t-test.

to rapidly and quantitatively monitor LC3-GFP localization in
cultured cells.

We first imaged C8161 cells, which we noted to have relatively
high autophagosome numbers under standard cell culture condi-
tions (Fig. 1B and C). For our imaging system, we employed
the Nuance Multdispectral Imaging (MSI) System (CRi) fitted
to a Nikon AZ100 multizoom stereomicroscope, with an excita-
tion wavelength of 475nm and long-pass emission filter (500—
750nm). We detected emitted wavelengths of light with three
distinct spectral profiles corresponding to background fluores-
cence (black pseudocolor), diffuse LC3-GFP fluorescence (green
pseudocolor), and punctate LC3-GFP fluorescence (red pseu-
docolor; Fig. 1C). By comparison, only one spectra (in addition
to background) was detected for the emission profile of GFP in
GFP vector control cells (Fig. S2). Although the punctate LC3-
GFP fluorescence exhibited the same peak emission wavelength
(~-525nm) as diffuse LC3-GFD, it emitted a more narrow range
of spectra. This difference in emission profile then allowed us to
distinguish cytosolic from autophagosome-associated LC3 and
measure autophagosome numbers based on spectral criteria. To
test this approach we treated cells with CQ to increase autopha-
gosome numbers and induce high levels of LC3-GFP puncta.
Eight hours of CQ treatment resulted in a visible decrease in dif-
fuse GFP fluorescence and an increase in GFP puncta. By MSI,

www.landesbioscience.com

control cultures were composed primarily of the green/diffuse
LC3-GFP spectra, whereas CQ-treated cells exhibited a marked
decrease in the green spectra and an increase in the red spectra
that corresponded to punctate LC3-GFP structures (Fig. 1D).
CQ had no effect on the spectral profile of GFP in GFP vector
control cells (data not shown). Using MSI quantitative software,
we quantified the amount of red spectra per cell, which indicated
the amount of LC3-GFP puncta, or autophagosomes, per cell.
CQ treatment significantly increased the red spectra in C8161
(p < 0.001) and A375P (p = 0.02) cells (Fig. 1E). These data
demonstrate the utility of MSI in conjunction with the LC3-
GFP assay for measuring autophagosomes, making MSI a useful
tool in the study of autophagy.

Hyper-spectral imaging of death receptor-mediated apop-
tosis in histological tumor samples. We next tested whether
spectral imaging could detect and quantify apoptosis in paraf-
fin-embedded tumor sections. We used the Prism and Reflector
Imaging Spectroscopy System (PARISS) hyperspectral imaging
system fitted to a Zeiss Axioskop upright microscope with white
light source, and examined sections from HCT15 colon cancer
xenografts that were harvested from control mice or mice treated
with lexatumumab, a TRAIL receptor agonistic antibody that
specifically activates TRAIL-R2/DR5 and induces apoptosis in
cancer cells.? Tumor sections were immuno-stained for detection
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of distinguishable spectra. Using this correlation
coefficient, the PARISS detected three distinct
spectra in lexatumumab-treated tumors (Fig. 2C).
Spectra corresponded to patches of dense cellular-
ity (green pseudocolor), less dense stromal regions
(red pseudocolor), and regions positive for CC8
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chromagenic staining (blue pseudocolor; Figure
2D). We used low magnification (2.5X) and col-
lected spectral data from five random, Imm-wide
strips of tumor using 10 micron increments (i.e.
100 acquisitions per scan). Using these parame-
ters, we were able to rapidly sample a major portion
(5mm) of the tissue. The amount of blue specta,
corresponding to CC8-positive regions, was sig-
nificantly higher in tumors from lexatumumab-
treated mice. On average, CC8-associated spectra
from lexatumumab-treated tumors accounted for
245 + 3.8% of the total spectra per Imm field,
compared with 1.5 + 0.7% for tumors from con-
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trol-treated mice (p = 0.0003; Fig. 2E). These
findings demonstrate that spectral imaging, and
the PARISS system in particular, is a rapid method
for quantifying chromagenic staining of death
receptor-induced caspase-8 activation in paraffin-
embedded histological sections.

Detection of an apoptosis-specific spectral sig-
nature in H&E-stained tumor samples. Tumor
regions that were rich in CC8 staining exhibited
H&E staining patterns that were distinct from
CC8-negative regions (Figs. 2B and S3). This
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would be expected due to the distinctive mor-

Figure 3. Characterization of an apoptosis-specific spectral signature in H&E-stained
tumor sections. (A) Serial HCT15 tumor sections from mice treated with lexatumumab
(10mg/kg; 24 h) were immunostained for CC8 or H&E, in the absence of chromagenic
staining for an apoptotic marker. Spectral analysis using the PARISS was then performed
on the H&E-stained section. Images are shown are 20X-magnified. (B) Serial sections
from HCT15 tumors were stained and analyzed as in (A), with the exception that 40X
magnification was employed. Images are shown for CC8 immunostaining, H&E staining
and HSI pseudo-maps for control and lexatumumab treatments. (C) Spectral data from
(B) are represented in histograms comparing individual spectra for control and lexatu-
mumab treatment groups. Statistical significance was determined by Student’s t-test.

phological changes that occur in apoptotic cells.
Qualitatively, we noted that regions correspond-
ing to intense CC8 staining in serial sections were
composed of cells with smaller, more intensely
stained nuclei. These regions also contained cells
with reduced cytoplasm, which was evident from
the absence of eosin staining (Fig. 3B). We hypoth-
esized that the PARISS could quantify apoptosis
in H&E-stained tumor sections by detecting spec-

of cleaved caspase-8 (CCS8), an apical caspase in the extrinsic cell
death pathway that is directly activated by TRAIL death recep-
tors and therefore serves as a marker of their activity. After 24 h of
treatment, lexacumumab induced significant levels of caspase-8
activation, which was qualitatively evident by gross examination
of CC8-stained slides (Fig. 2A). CC8-positive regions were spe-
cific to tumor regions undergoing apoptosis, as positively stained
cells exhibited morphological hallmarks of apoptosis (i.e. frag-
mented/pycnotic nuclei and cytosolic retraction; Figs. 2B and
S3). We then scanned sections using the PARISS imager to
discern CC8-stained from non-stained regions. We used a 0.99
correlation coefficient, which determines the level of spectral
resolution: a correlation coefficient of 1.00 has the highest spec-
tral resolution and will therefore identify the maximum number
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tral changes associated with differential staining
patterns in apoptotic vs. healthy tumor tissue. We
tested this possibility using a magnification of 20X and a cor-
relation coefficient of 0.98, and found that PARISS recognized
four distinct spectra in H&E-stained HCT'15 tumors from mice
treated with lexatumumab (Fig. S4). Figure 3A shows images
from serial sections that were stained for CC8 to identify regions
of lexacumumab-induced apoptosis, and H&E in the absence of
any immunostaining. A spectral pseudocolor map was then con-
structed from PARISS scanning of the H&E image. Notably,
CC8-positive regions were enriched with a unique spectra (blue
pseudocolor). In addition, CC8-positive regions contained high
levels of spectra (red pseudocolor) that corresponded to small,
intensely stained nuclei of apoptotic cells with condensed DNA.
The two other spectra, denoted by green and gray pseudocolors,
corresponded to tumor cell cytoplasm and surrounding tumor

Volume 12 Issue 4
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Figure 4. Global analysis of tumor apoptosis using the apoptosis
spectral signature in conjunction with low magnification images of ex
vivo tumor specimens. (A) Low magnification (2.5X) images from H&E-
stained HCT15 tumors were analyzed by HSI using the PARISS. The HSI
pseudo-map was derived from the spectral library shown in Figure 4B.
Images from CC8-stained serial sections are included to demonstrate
the overlap of lexatumumab-mediated apoptosis and expression of the
apoptotic spectral signature. (B) The spectral library generated using
the PARISS for 2.5X magnified tumor sections from lexatumumab-
treated mice is shown. (C) Blue spectral elements corresponding to
apoptotic regions were quantified by the PARISS in five random Tmm-
wide scans. The percentage of apoptotic spectra, which co-localized
with CC8 staining for each scan are shown. The difference between
control and lexatumumab treatments was significant (p = 0.006), as
determined by a Student’s t-test.

stromal tissue, respectively. At higher magnification (Fig. 3B;
40X), all spectra and the structures they corresponded to were
more apparent. Using higher magnification, we quantified the per-
cent composition of spectra in four random fields and compared
spectral data between control and lexatumumab treatment groups
(Fig. 3C). The blue spectra, which co-localized with CC8-positive
regions and was therefore titled the caspase spectra, accounted
for 5.2 + 1.3% of spectra in tumors from lexatumumab-treated
mice and was virtually undetectable in tumors from control mice
(0.13 + 0.03%; p < 0.001). The DNA spectra (red pseudocolor)
was also significantly elevated in the lexatumumab-treated group
compared with controls (24.4 + 2.3% vs. 9.6 + 1.9%; p = 0.003).
In healthy tumor cells, the DNA spectra appeared patchy and
disjointed, which was likely indicative of interphase cells with
uncondensed chromatin. By contrast, the DNA spectra were solid
and more intense in the nuclei of regions that co-localized with
CCS8 staining, which might be predicted in apoptotic cells where

www.landesbioscience.com
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chromatin has condensed and fragmented. The cytosolic spectra
(green pseudocolor) significantly decreased with lexatumumab
treatment from 56.2 + 3.2% t0 30.9 + 4.2% (p = 0.003), suggest-
ing a loss of cytosolic volume, another morphological hallmark of
apoptosis. The stromal spectra (gray pseudocolor) were no differ-
ent between the control and lexatumumab treatment groups at
approximately 40% of the total specta per field.

Therapeutic responses are known to occur with intratumor
heterogeneity, and tissue analyses using highly magnified speci-
mens may fail to account for this variability. In order to obtain
a global view of apoptosis from a wide area of tumor tissue,
we used lower magnification hyperspectral imaging in H&E-
stained specimens. We acquired PARISS spectral data from
2.5X-magnified fields, to which we fit the apoptosis-specific spec-
tra that were described above. At this lower magnification, cel-
lular and subcellular resolution was lost, and the spectral library
that was generated for 20 and 40X fields was not useful for detect-
ing apoptotic regions. However, it is worth noting that areas of
high cellularity (i.e. rich in the green, cytosolic spectra) could still
be distinguished from stroma (gray spectra; Fig. S5) at the lower
magnification. We developed a new spectral library specifically
for 2.5X-magnified H&E-stained sections, using a less stringent
correlation coefficient of 0.97. This new library contained 3 pri-
mary spectra that matched areas of dense non-cellullar stromal
tissue (green pseudocolor), cell-dense tumor tissue (red pseudo-
color) and those that tightly colocalized with CC8 staining in
serially sections (blue pseudocolor; Fig. 4A and B). We quanti-
fied the amount of blue spectra in a 5 mm-wide portion of the
tumor by scanning five 1 mm sections. The average amount of
blue spectra corresponding to apoptotic regions was significantly
higher in the lexatumumab group (p = 0.006, Fig. 4C), thereby
validating this technique for the assessment of apoptosis in broad
tumor areas.

Discussion

In this report we developed spectral imaging methods for quan-
tifying autophagosome numbers in vitro using the LC3-GFP
autophagy assay, and for analyzing apoptosis in ex vivo specimens
from preclinical colon cancer models. To our knowledge this is
the first time spectral imaging has been used for these specific
purposes. Spectral imaging does not replace the current methods
used for the study of autophagy and apoptosis. However, because
it is fast, unbiased and quantitative it may be used to improve and
complement those existing methodologies.

For applying spectral imaging to the study of autophagy,
we used multispectral imaging in combination with LC3-GFP
fluorescence imaging, a widely used autophagy assay. This assay
is based on the localization of LC3, which is expressed in the
cytosol during conditions of low autophagy and then incorpo-
rates into autophagosomal membranes at the onset of autophagy.
LC3-GFP shifts from a diffuse to punctate appearance when
it migrates from the cytosol into autophagosomes. While the
human eye can spatially discriminate punctate from diffuse GFP,
it is unable to tease apart minor spectral changes that occur when
chimeric GFP migrates from the cytosol to autophagosomal
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membranes. Spectral imaging systems, on the other hand,
acquire data at individual wavelengths, rather than simultane-
ously across a whole spectrum of wavelengths, and are therefore
capable of detecting subtle changes in light spectra. We found
that cytosolic LC3-GFP had a distinctly broader range of emis-
sion spectra than autophagosome-localized LC3-GFP, although
they emit at the same peak wavelength. This shift in spectral pro-
file may be understood by considering that punctate LC3-GFP
becomes more concentrated when bound to autophagosomes.
The conformation of GFP fluorophores and their associated
emission spectra may be altered upon migration into autopha-
gosomes, where the chemical environment is distinctly different
from the cytosol. Although the exact chemical/physical basis for
the changed LC3-GFP spectra upon autophagy is not clear, the
more narrow emission spectra of punctate LC3-GFP allowed us
to spectrally classify and quantify autophagosomal density in cul-
tured melanoma cells.

The introduction of spectral imaging to the LC3-GFP assay
improves this method of autophagy measurement for the follow-
ing reasons. First, spectral analysis reduces investigator bias, as
the data are collected and analyzed by imaging software. Second,
manual methods for quantifying cells with punctate LC3-GFP
cannot accurately resolve the number of individual puncta per
cell. As autophagy is a homeostatic process, every cell in a field of
view could potentially have some detectable level of autophagy, in
which case the number of cells per field with LC3 puncta may be
100%. It is the number of autophagosomes per cell that is criti-
cal to measuring levels of autophagy. The spectral-based method
we developed quantifies the density of LC3-GFP puncta at the
subcellular level, and therefore overcomes this limitation. It may
also be useful for quantifying low or basal levels of autophagy,
which may be below the detection threshold of current methods.

The LC3-GFP assay is critical to the study of autophagy.
However, it measures autophagosmes and not autophagy, per
se, which is a dynamic process. Therefore, the LC3-GFP assay
must be accompanied by other autophagy assays such as electron
microscopy, the LC3 turnover assay, and measurement of long-
lived protein degradation. Autophagosome numbers increase in
response to compounds that stimulate autophagy but also those
that inhibit the late stages of autophagy. Hydroxychloroquine
(CQ) is an example of an autophagy inhibitor that blocks autoly-
somsome formation leading to an accumulation of autophago-
somes. In this regard, CQ induced an autophagy-like phenotype,
and served as a tool compound that allowed us to develop this
spectral-based quantitative system for tracking autophagosomes
using the LC3-GFP assay.

The study of apoptosis is critical to evaluating the effects of
therapeutics like TRAIL receptor-targeted agents that exact their
effects through activation of the extrinsic apoptotic pathway.
There are a plethora of widely accepted assays that measure apop-
tosis in vitro, however, the options for detecting and quantifying
apoptosis in ex vivo tumor samples are more limited. As caspases
execute the apoptotic cell death program, activated caspases
serve as markers for apoptosis in immunohistochemical staining
procedures. Caspase-8, for example, is an initiator caspase that
is cleaved/activated by pro-apoptotic TRAIL receptors, making
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it a reliable indicator of death receptor-mediated apoptotic sig-
naling. In this study, we demonstrated the utility of PARISS
hyperspectral imaging for detecting cleaved caspase-8 positive
regions in colon cancer histological sections from mice treated
with lexatumumab, a TRAIL-R2/DR5 agonistic antibody. As
this system quantified image pixels with spectral characteristics
that were specific to chromagen that precipitated in regions of
CCS8 positivity, this system could also be applied to staining for
other markers that are detected by chromagenic immunostaing
methods. One of the advantages to using PARISS for this pur-
pose is that it minimizes user subjectivity, which is introduced
by manual methods that require investigators to count marker
positive cells or approximate the percentage of tissue that stained
positively. A second advantage was the ability to scan low mag-
nification images, which allowed us to sample an entire tumor
section. This is important because apoptotic responses to therapy
often exhibit intratumor heterogeneity, and higher magnification
images may not accurately represent the overall tumor response.
Finally, the data acquisition with PARISS was fast: a | mm-wide
section of tumor could be analyzed in 1-2 min, whereas manual
methods that require acquisition and analysis of multiple high
magnification images are more time-consuming. We used only
one agent in our study, but preclinical studies that test mul-
tiple agents and combinations of agents, at multiple doses and
dosing schedules, are considerably more complex. These types
of experiments that use immunohistochemical analysis of bio-
marker expression as an endpoint would benefit from the rapid
and quantitative data acquisition capability of PARISS.

Apoptosis is associated with a unique set of morphological
features. We reasoned that changes in cell morphology, such
as those associated with the induction of apoptosis, would alter
the absorption and retention of H&E cellular stains leading to
quantifiable spectral changes. In support of this hypothesis, the
PARRIS hyperspectral imager recognized unique spectral ele-
ments that co-localized with CC8 staining in serial sections. This
apoptotic spectral profile was then used to quantify apoptosis in
tumor sections that were stained with only H&E in the absence
of immunostaining for activated caspases or other apoptotic
markers. We exploited the spectral differences between apoptotic
and non-apoptotic cells to quantify apoptosis in response to the
TRAIL-R2/DR5 activating antibody lexatcumumab in a preclin-
ical model of colon cancer. We assessed apoptosis in high mag-
nification images with subcellular resolution in addition to lower
magnification images. Lower magnification images were useful
in obtaining a view of apoptosis in the whole tumor section,
which is important for capturing and accounting for response
heterogeneity that is known to exist in human tumors.

In summary, we have presented two unbiased spectral imag-
ing methods for detection of autophagy and apoptosis, two types
of programmed cell death widely present in normal development
and physiology as well as in pathological conditions such as can-
cer. As autophagy and apoptosis are conventionally detected and
measured with time-consuming and/or labor-intensive proce-
dures, the development of faster and more convenient imaging
methods may enhance the efficiency and effectiveness of their
study in biomedical research.
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Materials and Methods

Cell lines and reagents. C8161 and A375P melanoma cell lines
were a gift from Dr. Mary Hendrix of Northwestern University,
and were cultured in RPMI medium supplemented with 10%
FBS and gentamycin. HCT15 cells were purchased from ATCC
and cultured in DMEM supplemented with 10% FBS and
gentamycin. All cells were grown at 37°C and 5% CO,. C8161
and A375P stably expressing LC3-GFP or GFP control vec-
tors were generated by pooling single cell clones after retrovi-
rus transfection, as described previously.'® Hydroxychloroquine
was purchased from Sigma-Aldrich. Antibodies to LC3 and
cleaved caspase-8 were purchased from Novus Biologics and Cell
Signaling, respectively. Lexatumumab was generously provided
by Dr. Robin Humphreys (Human Genome Sciences Inc.).

In vivo studies. Mice were housed and maintained in accor-
dance with the Penn State College of Medicine Institutional
Animal Care and Use Committee and state and federal guide-
lines for the humane treatment and care of laboratory animals.
Five week old, female nude mice (NU/NU) were injected
subcutaneously with 2x10° HCT15 cells suspended in PBS/
Matrigel (v:v) at a final volume of 200pl. After 21 d, animals
with size-matched tumors were administered one bolus dose
of lexatumumab (10mg/kg; iv.) or vehicle (PBS) in a volume
of 100pl. After 24 h, animals were sacrificed and tumors were
excised and processed for histological or immunohistochemical
analysis.

Multispectral imaging of LC3-GFP localization. Melanoma
cell cultures were imaged using the Nuance Multispectral
Imaging System (CRi) and related software. Fluorescence images
were captured using a Nikon AZ100 multizoom stereomicroscope
with 40X magnification and an excitation wavelength of 475nm.
Emission spectra were collected at 10nm increments using a
long pass filter covering wavelengths between 500 and 750nm.
Punctate and diffuse LC3-GFP fluorescence were assigned
individual pseudocolors as their spectral profiles were distinct.
Separate spectra were uncoupled using the system’s unmixing
feature. For quantification, the average signal per exposure was
documented for the first 15 regions of interest (cells) that were
identified using the “measure” function of the software.

PARISS hyperspectral imaging of cleaved caspase-8 (CC8)
and H&E staining. Tumor sections from control mice or mice
treated with the agonistic TRAIL-R2/DR5 monoclonal antibody,
lexatumumab, were immunstained with a CC8 specific antibody
and counterstained with hematoxylin. Sections were imaged
using a white light source and a Zeiss Axioskop upright micro-
scope fitted with the Prism and Reflector Imaging Spectroscopy
System (PARISS). The specifications of the PARISS system
were described previously. A correlation coefficient of 0.99 was
used to generate a library of distinct spectra for 2.5X-magnified
images. Data were collected in 10 micron slices. One hundred
acquisitions (slices) were analyzed per scan and thus 1 mm of
tumor width was analyzed per scan. Spectral data from five ran-
dom fields (a total of 5 mm of tumor tissue) were collected. For
hyperspectral analysis of H&E-stained tumor tissues, a correla-
tion coefficient of 0.98 and magnification of 20X were used to
generate a spectral library. This spectral library was then used
for data acquisition of 20 and 40X magnified images. An addi-
tional spectral library was constructed for analyses of lower mag-
nification images (2.5X, correlation coefficient of 0.97). H&E
stained sections and hyperspectral pseudomaps were compared
with serial sections that were stained for CC8, which provided
the ability to match spectral data to tumor regions with known
levels of death receptor-mediated apoptosis.
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