
Measurement of Conatumumab-Induced Apoptotic

Activity in Tumors by Fine Needle Aspirate Sampling

Stephen J. Zoog,1 Connie Y. Ma,1 Paula J. Kaplan-Lefko,2 Jennifer M. Hawkins,3 Jodi Moriguchi,2

Lei Zhou,4 Yang Pan,5 Cheng-Pang Hsu,6 Greg Friberg,7 Roy Herbst,8 John Hill,7 Gloria Juan1*

� Abstract
Conatumumab is a monoclonal antibody specific for death receptor 5 (DR5) that acti-
vates caspases leading to DNA fragmentation and tumor-cell death. Like other Tumor
Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL) receptor therapies, cona-
tumumab is currently being evaluated in clinical trials across a variety of tumor types.
However, molecular evidence of on-target drug activity in tumors is often an elusive
goal for clinical investigation. Here we evaluated a translational approach using a rele-
vant biopsy method, fine needle aspirates (FNAs), to study the on-target pharmacody-
namics of conatumumab pre-clinically. As detected by laser scanning cytometry, drug-
induced caspase-3 activation in FNA biopsies of Colo205 xenografts correlated well
with activated caspase-3 in conventional section-based samples. Furthermore, in tu-
mor-bearing mice, surrogate assays of serum caspase-3/7 activity and serum drug expo-
sure correlated with in situ caspase-3 activation. We found that one advantage of FNA
sampling over other sampling techniques was the ability to measure caspase activity on
a per cell basis using DNA content information. To adapt the utility of FNAs for meas-
uring pharmacodynamic markers in humans, detection of activated caspase-3 was mul-
tiplexed with EpCAM to characterize mock and clinical FNAs from colorectal and non-
small cell lung cancer patients. These data suggest that FNA sampling is a practical
method to cytometrically evaluate tumors for pharmacological impact in a clinical
setting. ' 2010 International Society for Advancement of Cytometry
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TUMOR -necrosis factor-related apoptosis-inducing ligand (TRAIL) binds Death Re-

ceptor 4 (DR4; or Trail Receptor 1 [TR-1]) and Death Receptor 5 (DR5; or Trail Re-

ceptor 2 [TR-2]) (1–5). Binding of TRAIL to DR4 or DR5 results in oligomerization

of the receptors, clustering of their intracellular death domains, and assembly of the

death-inducing signaling complex (DISC) (reviewed by Peter and Krammer (6)).

Recruitment of cysteinyl aspartate proteases (caspases-8 and -10) to the DISC

through FADD results in their proximal activation, followed by proteolytic process-

ing of downstream effector caspases-3, -6, and -7 (7–9). Activated effector caspases

cleave various cellular substrates culminating in DNA fragmentation and cell death.

Caspase-8 activation by TRAIL may also trigger cleavage of Bid into tBid and thereby

amplify the death signal by provoking release of mitochondrial proapoptotic factors

(10,11). Although DR4 and DR5 are expressed on tumor and nontumor cells, recom-

binant TRAIL selectively kills tumor cells (12,13). This characteristic has led to wide-

spread investigation of DR agonists as potential therapies alone or in combination

with less-specific cytotoxic therapies.

DR4- or DR5-specific antibodies can mimic the action of TRAIL to trigger death

of TRAIL-sensitive cells (14–18). Conatumumab is an investigational, fully human

monoclonal (IgG1) antibody agonist of DR5 that induces apoptosis in multiple
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tumor cell types (19). Conatumumab inhibited tumor growth

in multiple xenograft models as a single agent and enhanced

the antitumor activity of chemotherapy in combination stu-

dies. The proapoptotic activity of conatumumab in vivo was

confirmed by induction of caspases-8, -9, and -3 in excised

xenografts. In the first-in-human trial in patients with

advanced solid tumors, conatumumab demonstrated evidence

of anti-tumor activity (20), and conatumumab is currently

being evaluated in a number of clinical trials across a variety

of tumor types. We sought to develop a target-tissue biomar-

ker assay that may be used in the clinical setting to provide

mechanistic evidence of drug activity.

Fine needle aspiration (FNA) is an inexpensive biopsy

technique that is established as a reliable method for diagnosis

based on isolated or grouped cells (21,22). Early studies

demonstrated that FNA samples are representative of the over-

all tumor phenotype (23,24). More recently, FNA sampling

has been extended to immunocytochemical analysis of signal-

transduction intermediates (25,26). Certain features of FNAs,

such as small sample volume and intact cellularity, are well

suited for quantitative fluorochromatic imaging platforms

such as laser scanning cytometry (26–28). However, like other

biopsy methods, preanalytical variability of FNA sampling

should be addressed prior to clinical implementation for each

analyte. Assessments should include compatibility of the ana-

lyte with the biopsy procedure, and proof-of-concept experi-

ments designed to support the suitability of FNA sampling for

observing pharmacodynamic changes.

In this study, we describe a novel approach to measure

activated caspase-3 in tumor cell samples in situ using FNAs

and laser scanning cytometry. We demonstrate that caspase-3

activation can be directly measured in a whole-cell assay while

multiplexing with tumor markers and DNA content informa-

tion to distinguish tumor cells from stromal cells and other

non-tumor cells. We attempted to establish the feasibility of

using FNAs and laser scanning cytometry to investigate the

pharmacodynamic impact of conatumumab by directly com-

paring levels of activated caspase-3 in FNAs with levels of acti-

vated caspase-3 in tumor sections, serum caspase-3/7 activity,

and serum conatumumab levels. Based on our studies, we

expect to monitor subjects for molecular evidence of response

to conatumumab in addition to an apparent clinical effect.

MATERIALS AND METHODS

In Vitro Assays

The human colorectal (CRC) cell line Colo205 was

obtained from American Type Culture Collection (ATCC,

Manassas, VA). Cells were grown as a monolayer in RPMI

1640 supplemented with 10% FBS and 1x L-glutamine.

Biotinylated conatumumab was mixed with Avidin D

(Vector Laboratories, Burlingame, CA) at a 1:2 Avidin D:bio-

tin-conatumumab molar ratio for 20 min at ambient tempera-

ture prior to treating the cells at 378C for 2 h. Colo205 cells

were harvested and fixed in 10% neutral buffered formalin

(Sigma-Aldrich, St. Louis, MO) for 20 min at ambient temper-

ature. Fixed cells were transferred to a 96-well plate (Costar1)

at a density of 20,000 cells/well. Samples were incubated with

100 lL of blocking buffer (1%BSA/0.2%Triton X-100/5% nor-

mal goat serum/PBS) for 30 min at ambient temperature. Pri-

mary antibodies, cleaved caspase-3 (1:200 v/v; Cell Signaling

Technology cat#9661L, Danvers, MA) or M30 CytoDEATHTM

(1:100 v/v; Axxora LLC cat#ALX-804-590, San Diego, CA),

were added to designated wells and incubated overnight at

48C. The samples were washed twice in wash buffer (1%BSA/

PBS) and then secondary antibodies, goat anti-rabbit IgG

Alexa Fluor 647 (1:666 v/v; Invitrogen, Carlsbad, CA), or goat

anti-mouse IgG Alexa Fluor 488 (1:666 v/v; Invitrogen) were

added to the appropriate wells and incubated for 1 h in the

dark at ambient temperature. The wells were washed twice in

wash buffer, and samples were counterstained with 100 lL/
well of DAPI (2 lg/mL in PBS; EMD Chemicals, Gibbstown,

NJ) for 30 min in the dark at ambient temperature prior to

imaging.

Measurement of Conatumumab Occupancy on

Colo205 Cells

To assess conatumumab occupancy prior to initiating cell

death, Colo205 cells were treated with Avidin D:biotin-cona-

tumumab complexes for 20 min at ambient temperature. Cells

were treated for a short length of time to avoid inducing cell

death and under-representing receptor occupancy. Cells were

harvested and incubated (500,000/well) for 30 min at 48C
with 1 lg of PE-conjugated DR5 antibody (Amgen Inc.), or

with 0.125 lg anti-DR5-PE (eBiosciences cat#12-9908, San

Diego, CA). Cells were washed and then analyzed by flow

cytometry using a FACSCalibur (Becton Dickinson Immuno-

cytometry Systems) with CellQuest (version 3.3).

Colo205 Xenograft Model

All procedures conducted on mice were conducted

according to the guidelines of the Amgen Institutional Animal

Care and Use Committee in compliance with the U.S. Public

Service Policy of Humane Care and Use of Laboratory Ani-

mals. The laboratory holding the animals met all specifications

of the Association for Assessment and Accreditation of Labo-

ratory Animal Care.

Colo205 cells (2 3 106 with Matrigel at a ratio of 2:1)

were injected subcutaneously in the flank of 5-to-6-week-old

female CD1 nu/nu mice (Charles River Laboratories, Raleigh,
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NC) (n 5 10 per group), as described previously (19). Cona-

tumumab or hFc (30 lg) was administered by intraperitoneal

(i.p.) injection to mice bearing palpable tumors of approxi-

mately the same size (�400–500 mm3 as judged by visual

assessment). Tumors were sampled via FNA after 24 h of treat-

ment. Briefly, a small incision was made in the skin above the

tumor, and the FNA was extracted using a 24 gauge 3 4 inch

Chiba needle (thin walled flexible FNA needle) (Becton Dick-

inson, Franklin Lakes, NJ). The sample was transferred into a

2 mL vial containing 1.5 mL of 4% paraformaldehyde. An

additional cytology smear was prepared by spreading cells

onto a clean glass slide and staining with Diff-Quik. Subse-

quent FNA studies (not presented here) used 22 gauge needles

without a skin incision, to more closely mimic clinical prac-

tice, and resulted in comparable yield and quality. The tumor

was then excised, fixed in zinc formalin fixative (Z-Fix, Ana-

tech Ltd, Battle Creek, MI), processed, and embedded in par-

affin. Serum was also collected from each mouse at the time of

tumor harvest.

Collection of Human FNA Samples

Mock FNAs were performed on freshly resected human

CRC tumors, obtained from Asterand (Detroit, MI) and Bio-

Options (Fullerton, CA) within 18 h of surgery. Mock FNAs

were collected from CRC tumors using a 22 gauge 3 6 inch

Chiba needle (Becton Dickinson, Franklin Lakes, NJ) attached

to a 12-mL syringe, and samples were deposited into a 2-mL

Sarstedt tube containing 1.5 mL 4% paraformaldehyde. The

tubes were gently inverted five times to adequately suspend

the cells, and samples were stored at 48C. A cytology smear

was prepared as described above. Clinical FNAs from nonsmall

cell lung cancer (NSCLC) patients were shipped in 2% formal-

dehyde at 48C. All clinical trial procedures were reviewed and

approved by internal and external Institutional Review Boards

and conducted in accordance with the Declaration of Helsinki

and the International Conference on Harmonization Good

Clinical Practice guidelines.

Immunohistochemical Staining of Tumor Sections

Deparaffinized tissue sections were blocked (CAS

BLOCK, Zymed Laboratories, San Francisco, CA) and incu-

bated with rabbit polyclonal anti-cleaved caspase-3 antibody

(1:200 v/v; Cell Signaling Technology, Danvers, MA). Tissue

sections were quenched with peroxidase blocking solution

(Dako Corp., Carpinteria, CA). The antibody was detected

with an anti-rabbit HRP-conjugated antibody (Jackson

Immunoresearch Laboratories, West Grove, PA). Reaction sites

were visualized with the 30-diaminobenzidine tetrahydrochlor-

ide (DAB) 1 Substrate-Chromagen System (Dako Corp. Car-

pinteria, CA) and counterstained with hematoxylin.

Immunocytochemical Staining of FNAs

Fixed FNA samples were gently resuspended by pipetting,

washed twice with PBS, and cytocentrifuged at 55g (700–900

rpm; Shandon cytospin 4, Thermo Fisher Scientific, Fremont,

CA) onto slides. The cytospots were incubated for 30 min

with blocking buffer (PBS/1% BSA/5% normal goat and horse

serum). Slides were incubated overnight with 100 lL of PBS-

1% BSA containing 0.25 lg/mL mouse anti-EpCAM mono-

clonal antibody (Cell Signaling Technology cat#2929, Danvers,

MA) at 48C. After washing twice in PBS-BSA, slides were incu-

bated overnight at 48C with 100 lL of PBS-BSA containing

0.2% Triton X (PBS-BSA-TX) and either anti-caspase-3 anti-

body (1:200 v/v, Cell Signaling Technology, Danvers, MA) or

with anti-caspase-3 plus a twofold volume excess blocking

peptide (Cell Signaling Technology, Danvers, MA). After two

washes, slides were incubated with 100 lL of PBS-BSA con-

taining secondary antibodies conjugated to Alexa Fluor 488

(goat anti-mouse IgG) and Alexa Fluor 633 (goat anti-rabbit

IgG; Invitrogen, Carlsbad, CA ) at a 1:666 dilution in PBS-

BSA for 1 h in the dark at ambient temperature. Samples were

incubated in 100 lL Hoechst 33342 (2 lg/mL; Invitrogen,

Carlsbad, CA) for 10 min in the dark at ambient temperatures

to stain for DNA. Stability of activated caspase-3 was studied

in treated colo205 cells stored in 10% neutral buffered forma-

lin. Cells were stained periodically over 4 months with no

observed change in the percentage of cells containing activated

caspase-3 (mean 90.77%, SEM 1.00, 95% CI [86.46, 95.08],

1.91% CV).

Image Acquisition and Quantitation

Xenograft sections. Images (203) from tumor areas that

were positively stained for active caspase-3/DAB were captured

and quantified using an iColor Laser Scanning Cytometer

(CompuCyte Corporation, Cambridge, MA) equipped with

440 nm, 532 nm, and 633 nm lasers, paired photomultiplier

tubes (filters 490/40, 675/50, 650/LP), and associated software

(v3.2.5). The low- and high-resolution images were captured

using 20 lm and 0.5 lm scan step sizes, respectively. The area

of the tumor positive for caspase-3/DAB was quantified by

overlaying a lattice of circular contours (radius 5 10 lm).

During analysis, digital tissue maps were restricted by gates to

exclude necrotic foci and non-tumor tissue (skin, capsule,

etc.). Gating regions were defined on histograms or scatter

plots (440 Invert Integral vs. 663 Invert Integral) to uniformly

distinguish positively stained DAB events from negative

events. These gated events were verified as DAB positive using

image relocation galleries.

FNA samples. Cytometric measurements were performed

using an iCys Laser Scanning Cytometer (Compucyte Corp.,

Cambridge, MA) equipped with 405 nm, 488 nm, and 633 nm

lasers and paired PMTs with filters (450/40, 530/30 and 650/

LP) and associated software (v3.2.4). Low (20 lm scan step

size) and high (0.5 lm scan step size) resolution scans were

performed using 203 and 403 objectives, respectively. Events

were contoured based on a nuclear stain threshold, and cyto-

plasmic staining was defined at a 4 pixel distance from the

threshold contour. Large clumps of cells were excluded from

analysis. The gating regions for the activated caspase-3-posi-

tive population were established based on the staining control

samples (secondary antibody alone and/or peptide-blocked

primary antibody). The integrity of the population was

ORIGINAL ARTICLE

Cytometry Part A � 77A: 849�860, 2010 851



verified by relocating positive events into an image gallery and

visually confirming the morphology of positively stained cells.

Apoptotic debris was excluded from sample analysis, because

the sub-G1 peak biased the cell count and skewed the apparent

percentage of caspase-positive cells. The ‘‘sub-G1’’ peak is

comprised of multiple apoptotic bodies and chromatin frag-

ments from a single apoptotic cell. Therefore, as suggested by

others, this fractional DNA content should be excluded from

the calculation of an apoptotic index (29).

Serum Assays

Levels of serum conatumumab were measured as

described elsewhere (19).

Caspase-3/7 activity in mouse sera was determined using

the Caspase-Glo1 3/7 Assay (Promega Corp., Madison WI).

Mouse sera were diluted to 25% in Promega Caspase-Glo1

Buffer and added to wells of a 96-well microtiter plate (Black/

White Isoplate-96, PerkinElmer Inc., Waltham MA). An equal

volume of Caspase-Glo1 3/7 substrate was added, plates were

incubated at 308C for 90 min, and then the luminescence

from each well was read using the PerkinElmer EnVision plate

reader (PerkinElmer Inc., Waltham, MA).

Statistical Analysis

Statistical analysis was done using SAS version 9.1. Signif-

icance was evaluated at a 5 0.05, and data were transformed

to meet the normality assumption. Correlation between sam-

ple types was determined with a mixed effect model, which

included treatment as a fixed effect and assumed within donor

correlation was fit to appropriately transformed results for

each sample type (log transformation for FNAs and tissue sec-

tions and inverse transformation for serum caspase activity).

To assess procedural variability, a mixed effect model was used

that included dose as a fixed effect and staining replicate as a

random effect and was fit to the log-transformed data.

RESULTS

Induction of Caspase-3 Activation by Cross-Linked

Conatumumab in Colo205 Cells

In previous studies, the proapoptotic activity of conatu-

mumab was established in multiple tumor cell lines by meas-

uring the activity of caspases in lysates using a peptide sub-

strate (19). However, FNA biopsies yield small amounts of tu-

mor cells and are not well suited for this lysate analysis.

Consequently, we tested conatumumab potency in fixed but

intact Colo205 cells by measuring a specific neo-epitope

exposed on activated caspase-3 (Fig. 1). Consistent with our

previous report, conatumumab required crosslinking to

induce death in vitro. Detection of activated caspase-3 and its

cytokeratin cleavage product, M30, were maximally observed

at 1 lg/mL biotin-conatumumab and required the presence of

avidin (Fig. 1A). Caspase-3 activation increased with time,

and was detected in �75% of cells after 120 min (Fig. 1B).

The kinetics of M30 detection were similar, albeit in a smaller

percentage of cells (data not shown). To demonstrate occu-

pancy of DR5 by conatumumab, drug-competitive and non-

competitive anti-DR5 antibodies were incubated with conatu-

mumab-treated cells (Fig. 1C). Total DR5 levels remained

unchanged at 1 lg/mL of conatumumab, but only �18% of

Colo205 cells had available receptor to bind the conatumu-

mab-competitive antibody. Taken together these data con-

firmed that immunodetection of caspase-3 activation in intact

cells is a practical marker of on-target activity for conatumu-

mab, and suggested that the LSC approach may be suitable for

whole cell analysis in FNAs.

Caspase-3 Activity in Fine Needle Aspirates

Next, we assessed caspase-3 activation in FNAs prepared

from mouse xenograft tumors. Increased caspase-3 activation

Figure 1. Caspase-3 activation in intact tumor cells. Colo205 cells

were treated with biotin-conatumumab at the indicated concen-

trations � avidin for 2 h (A) or with 1 lg/mL biotin-conatumumab
for the indicated times (B). Activity was measured by laser scan-

ning cytometry and expressed as mean percent of cells positively

stained for either activated caspase-3 (solid bars) or M30 (open

bars) � SD. (C) Conatumumab occupancy on Colo205 cells was

measured by flow cytometry using other DR5 antibodies that

were either strongly competitive with conatumumab (grey bars)

or weakly competitive with conatumumab (hatched bars). Data

are expressed as mean percentage of untreated cells � SEM, and
are representative of at least 3 independent experiments. Signifi-

cant changes (P\ 0.001, ANOVA) from 0 lg/mL (1) avidin control
are indicated by ***. Changes observed with the weakly competi-

tive antibody were not significant (P[ 0.05). Analysis of receptor

occupancy data using mean fluorescence intensity was compara-

ble (Supporting Information Fig. 1).
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was detected in tumor FNAs prepared from conatumumab-

treated mice, as compared with control human Fc-treated

mice (Figs. 2A and 2C). The specificity of detection was con-

firmed by including a blocking peptide that abrogated the cas-

pase-3 signal (Figs. 2B and 2D). Cytometric quantitation was

performed by using DNA content information to restrict

Figure 2. Conatumumab-induced caspase-3 activation in fine needle aspirates. FNAs were collected from Colo205 tumor-bearing mice

24 h after a single dose of 30 lg of control human (h)Fc (A, B) or conatumumab (C, D). Representative image fields of samples stained with
anti-activated caspase-3 (red) and Hoechst (blue) are shown. Laser scanning cytometry analysis was restricted to single cells based on the

DNA profile (blue integral), and the R2 caspase-positive gate (long red integral) was established from sample-matched blocking peptide

controls (B, D). Scale bar 5 50 lm.
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analysis to single cells (Fig. 2). A caspase-3 positive threshold

was set for each animal based on the blocking peptide control,

such that fewer than 2% of cells were positive in the blocking

peptide sample. Interestingly, caspase-3 activation was

observed at all phases of the cell cycle.

The feasibility of using FNAs to sample the overall phar-

macodynamic impact of conatumumab was assessed in mice

by comparing levels of activated caspase-3 in FNAs to levels of

activated caspase-3 in xenograft sections and levels of activated

caspase-3/7 in serum. The area of tumor section positively

stained for activated caspase-3 was determined in xenograft

sections from the same tumors that were sampled by FNA.

Sections of formalin-fixed paraffin embedded xenografts were

chromatically stained for activated caspase-3 (Figs. 3A and 3B),

Figure 3. Conatumumab-induced cas-

pase-3 activation in xenografts. The

area of tumor section positively stained

by DAB for activated caspase-3 was

assessed by laser scanning cytometry.

Panels A, C, E, G correspond to a repre-

sentative xenograft section from an

hFc-treated animal, whereas panels B,

D, F, H correspond to a conatumumab-

treated animal. Scale bar 5 50 lm. (C,
D) Image analysis involved stereologic

sampling of fields with a lattice of cir-

cular contours. Images were pseudoco-

lored to depict blue hematoxylin and

brown DAB staining for purposes of

presentation only; quantitation was

performed using monochromatic chan-

nels. (E, F) Each circular contour was

plotted as a function of its integral laser

light absorption in the DAB (440 nm

absorption) and hematoxylin (633 nm

absorption) channels. Gating regions

were used to distinguish positively

stained DAB events (magenta) from

negative events (white). Gated events

were verified as DAB positive using

image relocation galleries. (G, H) Posi-

tive events were mapped as a function

of their x/y coordinates to reconstruct

staining distribution. Arrow indicates

the hole left by FNA sampling prior to

embedding.
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and caspase-3 tumor load was quantitated by LSC using a

stereological sampling method (Figs. 3C–3H). All sample

types demonstrated a treatment effect when comparing mice

dosed with conatumumab (n 5 10) to mice dosed with con-

trol human Fc (n 5 10) (FNAs P 5 0.0001; sections and se-

rum caspase-3/7 activity P\ 0.0001) (Figs. 4A, 4C, and 4E).

The correlation between the percentage of activated caspase-3

positive cells in FNAs and activated caspase-3 in sections was

Figure 4. Comparison of sampling methods for tumors and serum. (A) The mean percentage of caspase-3 positive cells in replicate FNAs

(2-3) were calculated for each hFc or conatumumab treated mouse. Group mean values are designated by the horizontal line. (C) The area

of tumor section positively stained for activated caspase-3 (% Caspase-3 Tumor Load 5 100 3 area of DAB stained section/total area of

tumor section) was calculated from the resected tumor for each mouse. (E) Serum levels of caspase-3/7 activity were measured in relative

light units (RU) for each mouse. Lower case letters (a-j) identify individual mice across assay platforms. (B, D, F) Caspase activation in each

sample type was correlated to serum levels of conatumumab.
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significant at a 5 0.05 significance level when evaluated using

Spearman’s q correlation (P\ 0.0001). Similarly, the correla-

tions between serum caspase-3/7 activity and activated cas-

pase-3 in sections or FNAs were also significant at a 5 0.05

significance level (P \ 0.0001). Confirming the link between

effect and exposure, serum concentration of conatumumab

correlated significantly with activated caspase-3 in FNAs (Fig.

4B) when evaluated using Spearman’s q correlation (P \
0.0001). Serum conatumumab levels also correlated with acti-

vated caspase-3 in tumor sections (P\ 0.0001, Fig. 4D) and

with serum caspase-3/7 activity (P \ 0.0001, Fig. 4F). There

was one animal in the hFc group and one animal in the cona-

tumumab group that did not yield a useable FNA, but for

which section and serum data were collected. Data from these

animals were excluded from the correlation analysis across

sample type.

Characterization and Implementation of a

Multiplexed Assay for Clinical Specimens

To establish the assay performance parameters prior to

clinical implementation, we thoroughly assessed the variability

and relative specificity of the FNA staining assay. Colo205

cytospot samples contained a baseline level of activated cas-

pase-3 (mean 11.80%, SEM 1.21, 95% CI [6.57, 17.03]), which

dramatically increased in conatumumab-treated Colo205 cells

(mean 63.59%, SEM 6.84, 95% CI [34.18, 93.00]) (Fig. 5A).

The precision of triplicate measurements for conatumumab-

treated and nontreated cells was 17.86% and 18.62% CV,

respectively. Staining specificity was confirmed by including

an epitope peptide that blocked caspase-3 immunodetection

to levels observed with the secondary antibody alone (peptide-

blocked: mean 1.54%, SEM 0.47; secondary alone: mean

1.16%, SEM 0.31). In contrast, an unrelated peptide did not

affect detection of activated caspase-3 in conatumumab-trea-

ted samples (mean 72.76%, SEM 2.50) or non-treated samples

(11.37%, SEM 1.34). Using a mixed effect model, statistical

analysis of these data indicated that staining variability

accounted for only 2–3% of the total variability in samples

stained for activated caspase-3 (Supporting Information

Table 1).

To estimate the baseline level of activated caspase-3 in

human tumors, mock FNAs were prepared from 3 resected

human CRC samples (Fig. 5A). The percentages of cells con-

taining baseline activated caspase-3 from CRC samples (mean

10.41%, SEM 0.85; mean 9.25%, SEM 0.85; mean 9.21%, SEM

0.64) were comparable to those of untreated Colo205 cells. A

mixed effect model that included inter-patient, staining repli-

cates within patient (intra-patient), repeat image acquisition

on the same instrument, and the interaction between analysis

and staining within patient as random effects was fitted to the

log-transformed data. The total variability was 0.167 with 67%

contributed by patient variability, 2% contributed by image

acquisition variability, and 30% contributed by staining vari-

ability.

Because of the cellular heterogeneity commonly observed

in actual clinical FNA samples, it was necessary to multiplex

the assay with a marker for tumor cells, and epithelial cell

adhesion molecule (EpCam) was used for this purpose.

Colo205 cells were spiked into peripheral blood mononuclear

cells (PBMCs) and immunostained for EpCam along with a

DNA marker (Fig. 5B). The Colo205 cells were readily distin-

guished from the PBMCs on the basis of EpCam signal inten-

sity and DNA content analysis (Fig. 5C).

Giemsa staining confirmed that NSCLC clinical FNA

samples contained tumor cells, but were variable in cellular

composition (Figs. 6A and 6B). Laser scanning cytometry

analysis of fluorescently stained samples from the same FNA

helped resolve cell composition. EpCam positive cells within

these clinical specimens were aneuploid and distinguishable

from the nontumor cells (Figs. 6C and 6D). A small popula-

tion of the EpCam positive cells was positive for activated cas-

pase-3 (�2%) in the absence of therapy (Figs. 6E and 6F).

Taken together, these data indicate that testing FNAs for cas-

pase-3 activation in tumor cells is a viable approach to survey

the pharmacodynamic activity of conatumumab in target tis-

sues.

DISCUSSION

Detection of activated caspase-3 by immunohistochemi-

cal staining of tumor tissue provides a sensitive method for

detection of apoptosis in situ, and may provide important evi-

dence to support pharmacodynamic activity in early clinical

trials of apoptosis-inducing drugs. Slide-based cytometry of

immunostained FNAs is emerging as an application to help

clinicians better understand patient populations and the

impact of drugs (30–36). Two key advantages to this approach

include the detection of on-target activity in small amounts of

tumor tissue, rather than in peripheral surrogate compart-

ments (e.g. blood or serum), and early evidence of drug activ-

ity prior to clinical signs of tumor regression. The challenge,

however, is to establish a specific, sensitive, and quantitative

assay that accommodates a viable biopsy method. Historically,

this has not been easy to accomplish, and many approaches

that showed promise in cell systems or animal models often

failed in human studies (37–39). We describe here, preclinical

and clinical implementation of a novel cytometric imaging

assay that measures activated caspase-3 in FNAs.

Cell-culture experiments using similar concentrations of

conatumumab as previously described (19) confirmed that

activated caspase-3 could be detected in intact Colo205 cells,

as with lysate-based assays, and that crosslinking of conatu-

mumab was required for potency. We also investigated the

appearance of a downstream product of caspase-3. The clea-

vage product of cytokeratin, M30, was detected after avidin/

biotin-conatumumab treatment, verifying that M30 is linked

to caspase-3 activation in tumor cells (19,40). Interestingly, at

10 lg/mL the majority of DR5 was bound by conatumumab,

but levels of activated caspase-3 were lower than those

attained with 1 lg/mL conatumumab. This is likely an artifact

caused by pre-assembled avidin-biotin-conatumumab com-

plexes, since a hook-effect was not observed in a previous

study in which Protein A was used as the crosslinking agent

(19). However, it is also possible that excessively high doses of

conatumumab may saturate the DR5 receptors in vitro in a
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manner that interferes with efficient receptor crosslinking or

activation. Overall, these data support the hypothesis that con-

atumumab-induced caspase-3 activation can be adequately

measured in intact cells, rather than relying on methods that

disrupt the cell or that measure proteins released into the cir-

culation by dying cells.

The assay was adapted to FNAs extracted from murine

xenograft tumors by cytospinning the aspirate onto a slide and

measuring the percentage of tumor cells containing activated

caspase-3. Although the samples in this study were all col-

lected in a terminal assay, we have begun to assess the value of

longitudinal FNA sampling to reduce the number of animals

Figure 5. Optimization of FNA/LSC assay for use

in the clinic. (A) Assay precision was measured

using triplicate samples of untreated Colo205

cells (open circles), 1 lg/mL avidin/biotin-cona-
tumumab-treated Colo205 cells (black circles),

or mock human FNAs (grey circles) prepared

from three separate resected CRC tumors. Sam-

ples were also incubated with molar excess of

epitope-blocking peptide (bp) or an irrelevant

peptide (irp). (B) Colo205 cells were mixed with

PBMCs, labeled with anti-EpCam, and analyzed

by LSC. Scale bar 5 50 lm. (C) EpCam staining

intensity (green integral) was used to distinguish

Colo205 cells from PBMCs. The DNA content

(blue integral) of Colo205 cells as compared to

PBMCs confirms the tetraploid property of these

cells. Closely adjacent PBMCs were occasionally

contoured together, which appears as a [G2M
population that was EpCam negative (denoted

by *).
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used in preclinical drug development, and to further emulate

the clinical setting. We found that early caspase-3 activation

(24 h after dosing with conatumumab), as measured by the

percentage of activated caspase-3 positive cells in FNAs, corre-

lated significantly both with the amount of activated caspase-3

measured within a tumor section (tumor load) and with se-

rum caspase-3/7 activity. Since conatumumab does not bind

detectably to mouse DRs, we reason that serum caspase-3/7

activity was derived from the implanted human tumor cells.

This assumption, however, may not be as direct or valid when

dosing humans, highlighting the value of clinical FNAs for

quantitating in situ caspase activation.

A disadvantage of FNA sampling is that, in comparison

with serum-based assays, the number of biopsies that can be

acquired from an individual is very limited. Consequently, it is

important to consider that an FNA will provide a single

‘‘snapshot’’ of a dynamic process occurring in vivo, where

ongoing clearance of apoptotic cells from the tumor will likely

confound absolute quantitation. Thus, the kinetics of drug

mechanism should be considered prior to clinical implemen-

tation to inform sample collection time. Furthermore, to

assess pharmacodynamic activity of conatumumab in humans,

intra-patient pre and postconatumumab treatment FNAs

should be compared. Therefore, we estimated intra-tumor

Figure 6. Cytometric analysis of clinical FNAs. (A, B) FNAs biopsied from metastatic lesions of 2 individuals with NSCLC were stained with

Giemsa and imaged at 320 magnification using a Nikon FXA microscope equipped with a Nikon DXM1200 camera. (C, D) After immuno-
fluorescent staining, EpCam positive and negative cells were analyzed from each patient for DNA content (Blue Integral). EpCam negative

cells were predominantly in G1, consistent with growth arrested polymorphonuclear cells, and morphology was confirmed by image relo-

cation (not shown). (E, F) Intensity of activated caspase-3 staining (long red integral) was expressed as a function of DNA content (blue in-

tegral). Activated caspase-3 gates were selected based on blocking peptide controls (as in Fig. 2) for EpCam positive tumor cells (R8) and

EpCam negative (R9) nontumor cells. The percentage of cells that stained positive for activated caspase-3 is indicated for EpCam positive

or negative subsets for each patient.
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sampling bias by calculating the variability between preclinical

FNA replicates from a single tumor. As indicated by the mixed

effect model analysis of the FNA data, most of the variability

was contributed by intra-animal (or intra-tumor) variation,

suggesting that eight to ten replicates for each tumor would

provide a reliable result. In clinical practice, this number of

FNAs would not be feasible, and FNA sampling coupled with

more sophisticated imaging techniques such as endoscopic

ultrasound-guided or mammography-guided FNAs may be

required to reduce variability (25,41). Further investigation on

FNA collection methodology is underway to maximize the

sampling area from a single FNA procedure.

Other highly sensitive methods to analyze FNA biopsies

are also emerging, including a recent report using nanofluidic

proteomics (42). These compelling approaches will likely pro-

vide value to clinical trials for patient stratification as well as

the pharmacodynamic impact of drugs. The assay described

here offers two distinguishing features that may be important

to some clinical programs. First, the ability to partially decon-

volute sample heterogeneity using tumor cell markers, such as

EpCam (as described here) or cytokeratin (23), allows an in-

vestigator to restrict analysis to tumor cells and exclude

stroma or cellular infiltrate, including white blood cells.

Because clinical sample integrity can be highly variable in a

multisite trial, enrichment for tumor cells during analysis may

partially compensate for discrepancies in sample acquisition.

In addition, the preservation of cellular integrity allows simul-

taneous DNA content analysis. By collecting the aspirates in

suspension (2% p-formaldehyde) instead of embedding sam-

ples into a cell block, we avoid the need for processing and

sectioning the sample. This enabled measurement of caspase-3

activation relative to the DNA profiles on a single-cell basis.

We are currently using this same approach with FNAs to eval-

uate phosphorylated Histone H3 as an indicator of anti-mi-

totic therapy.

In summary, we have described a new cytometric

approach to evaluate FNA biopsies for evidence of on-target

activity from the apoptosis inducing drug, conatumumab. We

demonstrated that this approach can be used preclinically to

establish correlation with section-based and serum-based bio-

markers prior to clinical implementation. Furthermore, we

demonstrated that the approach can be successfully used to

evaluate clinical specimens. Future work is focused on inte-

grating this approach into a conatumumab clinical trial.
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