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ABSTRACT: Standard cell proliferation assays use bulk media drug concentration to ascertain the potency of chemotherapeutic drugs;
however, the relevant quantity is clearly the amount of drug actually taken up by the cell. To address this discrepancy, we have developed
a flow cytometric clonogenic assay to correlate the amount of drug in a single cell with the cell’s ability to proliferate using a cell
tracing dye and doxorubicin, a naturally fluorescent chemotherapeutic drug. By varying doxorubicin concentration in the media, length
of treatment time, and treatment with verapamil, an efflux pump inhibitor, we introduced 10°~10'° doxorubicin molecules per cell; then
used a dye-dilution assay to simultaneously assess the number of cell divisions. We find that a cell’s ability to proliferate is a surprisingly
conserved function of the number of intracellular doxorubicin molecules, resulting in single-cell ICso values of 4-12 million intracellular
doxorubicin molecules. The developed assay is a straightforward method for understanding a drug’s single-cell potency and can be used
for any fluorescent or fluorescently labeled drug, including nanoparticles or antibody-drug conjugates. © 2015 Wiley Periodicals, Inc.

and the American Pharmacists Association ) Pharm Sci 104:4409-4416, 2015
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INTRODUCTION

Routinely used in vitro proliferation assays provide a high-
throughput method for evaluating the potency of chemother-
apeutic drugs.’? Typical proliferation assays use the bulk me-
dia concentration to determine the drug potency (i.e., IC5y or
ICgy0). However, the drug concentration on a media volumetric
basis would need to be freely in equilibrium with the drug’s
intracellular target for this to truly represent the drug’s intrin-
sic potency. This is not true in almost any case as drugs en-
counter membranous diffusion barriers and may be substrates
for active uptake or efflux transporters.® The amount of drug
internalized into the cell is a more physiologically relevant ba-
sis for comparison than the bulk media concentration*® es-
pecially when considering drug delivery systems that involve
endosomal transport and processing steps, such as antibody—
drug conjugates (ADCs) or liposome drug delivery systems.® It
is now within the purview and capability of the drug designer
to attempt to alter a drug’s interaction with these transport
and processing machineries, in order to attain more efficient
delivery on target. However, a key piece of information in such
cases is the number of drug molecules on target necessary for
the desired effect (e.g., how many doxorubicin molecules does
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it take to kill a cell?). This information is not directly avail-
able from potencies determined on a media-volume basis. The
assay described herein uses the amount of drug in an individ-
ual cell as the basis for cellular response rather than the drug
concentration in the cell growth media.

Standard chemotherapy potency assays include non-
clonogenic assays that are based on changes in cell mem-
brane permeability (Lactate Dehydrogenase or Trypan Blue),
mitochondrial function (MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) or WST-1 Assay), or markers for
early (Annexin V) or late apoptosis (Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) or cytochrome
¢).” In contrast, clonogenic assays measure a cell’s ability to
proliferate after treatment. Traditionally, proliferation is mea-
sured by counting clones that have grown out after cells have
been plated at low density.® Clonogenic assays capture all types
of cell death and include cell growth after reversible damage,
whereas non-clonogenic assays measure acute cellular toxicity,
often specific to one type of cell death. As clonogenic assays
capture the integrated effect of many different types of cellular
response to drug treatment, we focused on this assay type.

Here, we develop a flow cytometric dye-dilution clonogenic
assay to determine the relationship between the amount of drug
in a single cell and the cell’s ability to proliferate. Flow cytom-
etry enables high-throughput screening of thousands of indi-
vidual cells, resulting in analysis on a single-cell level rather
than a bulk population level. The assay uses a cell tracing dye
and a fluorescent drug. A cell tracing dye is used to track cell
proliferation via dye dilution. All cells are initially stained with
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dye and the dye is diluted in half with each cell division. A flu-
orescent drug is used in order to measure the amount of drug
taken up by each cell.

In this work, we used doxorubicin, a standard chemothera-
peutic drug,’ which is also naturally fluorescent,' as a model
drug to demonstrate application of the assay. Doxorobucin is
known to bind DNA and inhibit topoisomerase I1° and is widely
used as a front-line therapy for a number of different types of
cancer.!

METHODS
Cell Lines and Materials

Eight different cell lines were used in this work: BT-474, HCT-
15, HT-29, IGROV-1,'2 MDA-MB-231, NCI-N87, SK-BR-3, and
T-47D. Cell lines were purchased from American Type Culture
Collection (ATCC) (Manassas, Virginia). All cell lines except
HT-29 and SK-BR-3 were grown in RPMI (Corning Mediatech,
Manassas, Virginia) supplemented with 10% fetal bovine serum
and 5% penicillin—streptomycin. HT-29 and SK-BR-3 cells
were grown in Dulbecco’s Modified Eagle Medium (Corning
Mediatech) and McCoy’s 5A Medium Modified (Lonza, Basel,
Switzerland), respectively, supplemented in the same way. Dox-
orubicin hydrochloride and verapamil were purchased from
Sigma (St. Louis, Missouri).

Assay Set-Up

Cells were stained using CellTrace™ Violet Cell Proliferation
Kit (ThermoFisher Scientific (Invitrogen), Grand Island, New
York) following the “Standard Method for Labeling Cells in Sus-
pension” as described in the product manual. Then, 10° cells
were plated per well in six-well tissue culture plates (BD Bio-
sciences, San Jose, California). The cells were treated with dox-
orubicin hydrochloride at concentrations ranging from 10 nM
to 5 pM in standard growth media. Control cells that were
either stained with CellTrace Violet only or unstained were
plated at the same time. After 24 h, the cells were washed with
phosphate-buffered saline (PBS) and the media was replaced
with fresh growth media. After an additional 3 days, the cells
were trypsinized and prepared for flow cytometry. Flow cytom-
etry was performed using a BD FACSCanto II. The doxorubicin
signal was measured using excitation with a 488 nm laser and
detection with a 585 + 42 nm filter. The CellTrace Violet signal
was measured using excitation with a 405 nm laser and detec-
tion with a 450 & 50 nm filter. We collected data for 10,000 cells
(gated based on forward and side scatter) per condition, unless
there were an insufficient number of cells remaining.

Treatment Length Study

For the dosing time study, MDA-MB-231 cells were plated as
described above in section Assay Set-Up. Initially, the media
either had a medium (0.3 wuM) or high (5 pM) dose of doxoru-
bicin. The cells were washed at various time points (12, 24, 48,
72, and 96 h) and the media was replaced with fresh growth
media. All cells were read on the flow cytometer at the same
time after a total of 4 days after plating.

Verapamil Treatment

Using HCT-15 cells, the study with verapamil treatment was
set up as described above in section Assay Set-Up with 20 pM
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verapamil in the growth media. The replacement media after
24 h also contained 20 uM verapamil.

Data Analysis

The raw flow cytometry data were processed in the following
manner in order to draw together the results from numerous
single-cell measurements from different treatment conditions.
Flowdo software (Flowdo, LLC, Ashland, Oregon) and MAT-
LAB (Mathworks, Natick, Massachusetts) were used for data
processing. First, the doxorubicin signal was calibrated as de-
scribed in section Calibration of Doxorubicin Signal. Next, we
normalized the CellTrace signal with respect to the median
CellTrace Signal for untreated cells as described in (1).

Proliferation factor
_ Median CellTrace signal of untreated cells

(1

CellTrace signal of sample

Note that the fluorescence signal from untreated cells is in the
numerator of the expression in (1). Cells that did not proliferate
at all have a high CellTrace signal because the CellTrace has
not been diluted by growth. Thus, the proliferation factor is low
for cells that had fewer cell divisions and is equal to one if cells
were unaffected by treatment. The theoretical minimum for the
proliferation factor with complete inhibition of growth is 27",
where n is the number of doublings for untreated cells.

With both fluorescence signals converted, the cells were
binned based on amount of intracellular doxorubicin. One hun-
dred bins were used with even logarithmic spacing from 10*
to 10'? intracellular doxorubicin molecules. Any bin with fewer
than 100 cells was omitted. For each bin of cells, median prolif-
eration factor was plotted versus the median number of intra-
cellular doxorubicin molecules resulting in a cellular response
curve to doxorubicin treatment. The included plots show cellu-
lar response curves for either individual treatment conditions
or for data from all treatment conditions concatenated into one
response curve. When processing the fluorescence signal from
control cells, half of the untreated cells appear as if they have
doxorubicin signal despite never being treated with doxorubicin
as the median doxorubicin signal for untreated cells was used
to subtract out background fluorescence signal. In addition, the
lower half of the control cells appear to have a negative number
of doxorubicin cells based on the calibration of the doxorubicin
signal and thus do not appear in the analysis plots as the plots
are log based.

Calculation of Standard and Single-Cell 1Cs,

The standard ICs, is the media doxorubicin concentration re-
quired for 50% of maximum reduction in proliferation factor.
The single-cell IC5 is the number of intracellular doxorubicin
molecules required for a 50% of maximum reduction in prolif-
eration factor. The IC5, values were calculated from a nonlin-
ear regression with the “log(inhibitor) versus response (three
parameter)” equation in GraphPad Prism software (GraphPad
Software, Inc., La Jolla, California). Median proliferation factor
for each treatment condition was used for standard ICsy and the
median values from bins for the concatenated data for each cell
line were used for single-cell IC5,. Confidence intervals were
also calculated in the GraphPad Prism software.

DOI 10.1002/jps.24631
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Calibration of Doxorubicin Signal

In order to convert the fluorescence signal from doxorubicin to
numbers of intracellular doxorubicin molecules, we used cali-
bration beads (Quantum™ Simply Cellular® anti-Human IgG;
Bangs Laboratories, Inc., Fishers, Indiana) and a trastuzumab—
doxorubicin conjugate (Tras—Dox). In future work, we will char-
acterize the pharmacodynamics of Tras—Dox; however, for the
purposes of the present discussion, it serves only as a useful cal-
ibration standard. BT-474, NCI-N87, and SK-BR-3 cells were
used as they have a high expression of HER2, the antigen target
for trastuzumab. These cells were fixed using BD Cytofix™ Fix-
ation Buffer following the recommended protocol. For each cell
line, 1.25 x 10° cells were stained with 60 nM Alexa Fluor-647-
labeled trastuzumab (Tras—647) in staining buffer (PBS with
0.2% bovine serum albumin and 0.09% sodium azide). Another
1.25 x 105 cells were stained with 50 nM Tras—Dox in stain-
ing buffer. Cells were stained overnight at 37°C. After staining,
cells were washed twice with cold stain buffer before being read
on the flow cytometer.

Calibration beads were stained with 100 nM Tras—647 fol-
lowing the manufacturer’s recommended protocol. The calibra-
tion beads and Tras—647-labeled cells were read on a BD Accuri
C6 Flow Cytometer. Using the linear fit from calibration, the
HER2 receptor expression level on each of the cell lines was
determined from the fixed cells stained with Tras—647. Cells
stained with Tras—Dox were read on a BD FACS Canto II.
From the HER2 expression level, Tras—Dox drug-to-antibody
ratio (DAR), and doxorubicin fluorescence intensity of cells sat-
urated with Tras—Dox, the number of doxorubicin molecules
per fluorescence signal unit was determined. This was used as
a scaling factor to convert fluorescence signal from cells to num-
ber of intracellular doxorubicin molecules. The fluorescence sig-
nal above background (median fluorescence signal of untreated
cells) was considered signal from doxorubicin.

Synthesis of Doxorubicin-SMCC

Doxorubicin—succinimidyl 4-[N-maleimidomethyl] cyclohex-
ane-1-carboxylate (SMCC) was prepared using a modification of
a previously published procedure!® as illustrated in Scheme 1.
Doxorubicin HCl salt (1, 0.050 g, 0.086 mmol, 1.0 equiv.), SMCC
(2, 0.035 g, 0.104 mmol, 1.2 equiv.), and diisoprpylethylamine
(Hiinig’s base, 0.065 mmol, 1.5 equiv.) were added to anhydrous
dimethylformamide (3.0 mL) in a 100 mL round-bottomed flask.
The reaction was allowed to run in the dark at room tempera-
ture under inert conditions overnight.

After evaporation of the solvent under vacuum at 35°C—
40°C, the residue was dissolved in 15 mL dichloromethane and

HO

NH, HCI Oﬁo

(1)
Scheme 1. Synthesis of Doxorubicin—SMCC.
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washed with brine three times (3 x 5 mL). The organic phases
were pooled together and dried over anhydrous magnesium sul-
fate. After filtration and washing of the solid filter cake with ad-
ditional dichloromethane (2 x 5 mL), the filtrate and washings
were combined and concentrated in vacuo to viscous oil. Silica
gel column chromatography of the residue (eluted with 0%—
5% methanol/dichloromethane) yielded a red solid product at
89% yield: Matrix-Assisted Laser Desorption/Ionization-Time-
of-Flight Mass Spectrometry (MALDI-TOF MS) m/z 785.559
[with Na*, the K" adduct also observed at 801.528]; R; 0.31
(95/5 CH3Cly/MeOH); UV Anax 204, 251, 479, 490 nm. Major
'H NMR signals were found to be identical with previously
reported!® compound (3): 'H NMR (400 MHz, DMSO-dg) 6 =
0.91 (m), 1.19 (m), 1.62 (m, 4H), 1.84 (m, 1H), 2.20 (m), 3.21 (d,
2H), 3.81 (m, 1H), 4.21 (m, 4H), 4.62 (s, 2H), 4.80 (d, 1H), 4.94,
5.24 (s, 1H), 5.80 (s, 1H), 7.40 (d, 1H), 7.67 (d, 1H), 7.96 (m, 2H),
12.43 (s, 1H), and 13.21 (s) ppm.

Preparation of Tras-Dox

A trastuzumab antibody mutant with an engineered cysteine
site for conjugation, Trastuzumab A114C, was prepared accord-
ing to literature procedure.!* Trastuzumab A114C antibody
(7 mg/mL final concentration) was reacted with six equivalents
of doxorubicin—-SMCC in PBS with 15% dimethylacetamide.
The reaction tube was incubated in a Thermomixer (Eppen-
dorf, Hamburg, Germany) at 25°C and 700 rpm for 2 h. Ini-
tial clean-up and concentration of the reaction mixture were
completed using a PD-10 desalting column (GE Healthcare,
Little Chalfont, United Kingdom) and an Amicon centrifu-
gal filter unit (EMD Millipore, Billerica, Massachusetts), re-
spectively. An AKTA size-exclusion chromatography system
(GE Healthcare) was employed for purification. The final con-
jugate had a DAR of 2, based on LC-MS characterization
results.

Preparation of Tras—647

A trastuzumab antibody mutant with an engineered cysteine
site for conjugation, Trastuzumab A114C, was prepared accord-
ing to literature procedure.!* Trastuzumab A114C antibody
(1 mg/mL final concentration) was reacted with five equiva-
lents of NHS-Alexa Fluor 647 (ThermoFisher Scientific (Invit-
rogen)) in PBS with 10% 1 M borate buffer (pH 9). The re-
action tube was affixed to a rotator at room temperature for
2.5 h. Initial clean-up and concentration of the reaction mixture
were completed using a PD-10 desalting column (GE Health-
care) and an Amicon centrifugal filter unit (EMD Millipore),
respectively. An AKTA size-exclusion chromatography system
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Data processing steps. (a) The raw flow cytometry results for the control population (stained with CellTrace, no doxorubicin treatment)

are shown in red and the highest doxorubicin treatment population (5 p M doxorubicin in media) is shown in blue. (b) Conversion of fluorescence
signals to number of intracellular doxorubicin molecules and the proliferation factor are shown for cell populations shown in a. The horizontal
lines illustrate growth equivalent to untreated cells and maximum inhibition with a cell doubling rate of 24 h for untreated cells. Panels (c) and
(d) demonstrate the same transformation as in (a) and (b) with the full range (10 nM to 5 p M) of media doxorubicin treatment concentrations.
In (d), each color represents an individual doxorubicin media concentration. The solid black line is the resulting response curve from the

concatenation of all cell treatment data.

(GE Healthcare) was employed for purification. The final conju-
gate had a fluorophore-to-antibody ratio of 1.4, based on LC-MS
characterization results.

RESULTS
Data Processing for Flow Cytometric Clonogenic Assay

For meaningful comparisons, the raw flow cytometry data were
processed as illustrated in Figure 1. The doxorubicin signal was
converted to number of intracellular doxorubicin molecules us-
ing the calibration method as described in the methods section.
The doxorubicin signal from calibration beads (10° antibody
binding sites) saturated with Tras—Dox was too dim to use for
calibration (data not shown). Instead, we measured the signal
for saturated, fixed cells (10 antibody binding sites) stained
with Tras—Dox and correlated this signal with the known num-
ber of doxorubicin molecules per antibody and number of HER2
receptors per cell, which was measured using calibration beads
and Tras—647. This calibration yielded a scaling factor for the
doxorubicin signal observed and number of intracellular dox-
orubicin molecules. With our flow cytometry settings, 100,000
+ 19,000 (standard error of the mean) doxorubicin molecules
result in one flow cytometric fluorescence unit. See Supple-
mental Table 1 for the flow cytometry data used to reach this
conversion factor.

Figures la and 1b illustrate the data processing for un-
treated control cells and cells treated with the highest dox-
orubicin treatment (5 pM doxorubicin in media). As expected,
the cells treated with doxorubicin did not proliferate at the rate
of control cells, and consequently did not dilute the tracer dye to
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as great an extent. The control cells are included as a reference
for background signal and variability.

Figures 1c and 1d illustrate results for a typical experiment
when cells were treated with a range (10 nM to 5 p M) of media
doxorubicin concentrations. The data from all treatment con-
ditions were combined and processed together, resulting in one
cellular response curve, as illustrated in Figure 1d (black line).
For reference, the response curves for individual doxorubicin
treatment conditions are also shown in Figure 1d (each color
represents one media doxorubicin concentration). The horizon-
tal dashed lines shown in Figures 1b and 1d indicate where
the proliferation factor is equal to 1, when cells are proliferat-
ing as if they were untreated, as well as the theoretical lower
limit (maximum inhibition) for the proliferation factor with an
assumed cell doubling time of 24 h.

Cell Proliferation Response with a Range of Doxorubicin
Treatment

The growth response of six cell lines (BT-474, HCT-15, HT-29,
IGROV-1, MDA-MB-231, and T-47D) to varying concentrations
of doxorubicin was determined on the most commonly used cul-
ture volumetric basis for the drug (Fig. 2a). There appears to
be substantial variation in potency of doxorubicin across these
cell lines, ranging from 0.8 nM to 1.1 pM ICsy as listed in
Table 1. This variation may be because of the differences in
transport efficiency of the drug to the nucleus amongst cell
lines, or instead because there are differential responses to a
given quantity of doxorubicin in the nucleus. From the infor-
mation available in this plot, it is not possible to discriminate
between these two fundamentally different possibilities.

DOI 10.1002/jps.24631
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Figure 2. Cell proliferation response to doxorubicin treatment. Flow
cytometric clonogenic assay results are shown with (a) media doxoru-
bicin concentration as the basis and (b) intracellular doxorubicin con-
centration as the basis. Data were processed in same manner described
in Figure 1. Lines represent the curves for IC5y value fits. In (a), the
data points represent the median proliferation factor for a given media
doxorubicin treatment, whereas in (b), the data points represent bins
from the concatenation of all treatment conditions and replicates.

We used our flow cytometric clonogenic assay to determine
cell proliferation response to a particular number of intracel-
lular doxorubicin molecules for the same six cell lines, as illus-
trated in Figure 2b. Note that the response data points shown
in Figure 2b are the product of data concatenated from all treat-
ment conditions from replicate experiments. Response curves
for each individual treatment condition are shown in Supple-
mental Figure 1. More variability was seen in the BT-474 cell
response to doxorubicin treatment than in the responses of
other cell lines. The BT-474 cell line is known to have a vari-
able response to chemotherapy,'® which may be due to protein
fluctuations.!6

Table 2 lists the single-cell IC5, for each cell line. Thus, cel-
lular uptake of 4—12 million molecules of doxorubicin results

Table 1. Doxorubicin IC5y Values (on a Media Concentration Basis)

IC5¢ (Media Doxorobucin  95% Confidence Interval

Cell Line Concentration, M) on IC5¢ (M)

BT-474 1.8 x 1078 1.3 x10710t02.7 x 10°%
HCT-15 1.3 x 106 7.4 x 1077 t0 2.3 x 10-6
HT-29 7.1 x 1078 2.2 x 1078 t0 2.3 x 1077
IGrov-1 2.9 x 108 1.3 x 10°8t06.7 x 10°8
MDA-MB-231 45 x 1078 1.78 x 1078 t0 1.2 x 107
T-47D 1.1 x 1078 1.8 x 10 2t07.2 x 1078
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Table 2. Doxorubicin Single-Cell IC5¢ Values

Single-Cell ICs
(# of Intracellular

95% Confidence
Interval on

Cell Line Doxorubicin Molecules) Single-Cell ICsq
BT-474 11.3 x 108 8.6 x 106 to 14.8 x 108
HCT-15 6.9 x 108 5.6 x 106 to 8.4 x 108
HT-29 8.2 x 108 7.3 x 108 t0 9.1 x 10°
IGrov-1 6.5 x 108 5.9 x 108 to 7.3 x 10°
MDA-MB-231 5.2 x 108 4.5 x 108 t0 6.0 x 108
T-47D 4.2 x 108 3.5 x 108 t0 5.1 x 108

in 50% of maximum reduction in proliferation. It is notewor-
thy how similar the IC5, is on a per-cell basis, as opposed to
a culture-volumetric basis, indicating that differential subcel-
lular trafficking rather than differential drug responsiveness
accounts for the apparent variation in sensitivity in Figure 2a.

Proliferation Response as a Function of Length of Treatment

Next, we considered doxorubicin dose rate effects on cell pro-
liferation. All experiments described up to this point involved
a one-day treatment period followed by a three-day growth pe-
riod. Figure 3 illustrates how cells respond to varying treatment
period length. At the high dose (5 pM doxorubicin), cells take
up sufficient drug to stop proliferation within the first 12 h.

a 12 T T T T T
— No treatment
1r—12hat0.3puM
. —24hat0.3uM
£ 08f|—48hat03uM ]
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Figure 3. Effect of length of drug exposure on cell proliferation.
MDA-MB-231 cells were treated with a moderate drug concentration
(0.3 pM, solid lines) or high drug concentration (5 pM, dashed lines).
(a) Flow cytometric clonogenic assay with cell proliferation as a func-
tion of amount of doxorubicin in cells. Length of doxorubicin exposure
is given by different colors as described in legend. (b) Proliferation as a
function of the length of doxorubicin exposure with either 0.3 M me-
dia doxorubicin concentration (solid line) or 5 pM media doxorubicin
concentration (dashed line).
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Additional treatment time resulted in increased uptake of dox-
orubicin, but no change in proliferation. However, at the mod-
erate dose (0.3 M doxorubicin), cell proliferation decreased in
response to increased doxorubicin treatment time in a man-
ner dependent on the amount of doxorubicin in the cell. The
cellular response to doxorubicin is one continuous function of
the amount of doxorubicin in the cell, independent of the rate
at which that level of doxorubicin was obtained. This effect is
not observed when the length of treatment was used as the
metric to evaluate cell proliferation instead of the amount of
doxorubicin in the cells, as in Figure 3b.

Doxorubicin Uptake and Cell Proliferation in Pgp Expressing Cells

Doxorubicin treatment is known to induce multidrug resistance
via expression of the drug efflux pump P-glycoprotein (Pgp).}-1°
In Figure 4, we observed how treatment with a Pgp inhibitor,
verapamil, affected doxorubicin uptake and cell proliferation
in Pgp-expressing cells. Of the cell lines that we tested, only
HCT-15 cells express Pgp without any pre-treatment with
doxorubicin.!® Again, the cell proliferation response to intra-
cellular doxorubicin is one continuous response curve, rather
than different response curves in the presence or absence of ve-
rapamil treatment. In contrast, the cell proliferation response
curves with respect to the media doxorubicin concentration are
two distinct curves in the presence or absence of verapamil
treatment, as shown in Figure 4b. Thus, the key factor for
HCT-15 cell proliferation is the amount of doxorubicin in the
cell. It is irrelevant in terms of cell proliferation whether the
amount of doxorubicin in the cell resulted from a higher media
doxorubicin concentration or from a lower media doxorubicin
concentration with verapamil treatment.

DISCUSSION

In this work, a flow cytometric clonogenic assay was devel-
oped and the application of this assay was demonstrated with
the model drug doxorubicin. Intracellular doxorubicin, rather
than doxorubicin concentration in the cell growth media, was
demonstrated as the key determinant of cell proliferation in-
hibition. Whether the amount of intracellular doxorubicin was
achieved by varying doxorubicin media concentration, treating
cells with verapamil, or increasing treatment length was ir-
relevant. These results are consistent with previous studies of
doxorubicin cellular pharmacodynamics.?-24

The doxorubicin single-cell IC5, values were 4—12 million
intracellular doxorubicin molecules. To put this number in con-
text, this represents ~3% loading of the total number of binding
sites on doxorubicin’s primary intracellular target, DNA, based
on one doxorubicin molecule binding per ten DNA base pairs?
and approximately three billion base pairs per cell in humans.?®
It is important to note that the quantification of intracellular
doxorubicin molecules we report here is at the time of analy-
sis, which is 3 days after ending doxorubicin treatment. During
this incubation time, doxorubicin may efflux from the cell, be
diluted by growth, or be degraded. Doxorubicin fluorescence is
known to be quenched once bound to DNA, resulting in a 30—
40-fold decrease in fluorescence signal.'®?"?® It has also been
shown that some doxorubicin degradation products fluoresce
in the same emission wavelength window as doxorubicin.?"?
Single-cell IC5y values provide a snapshot of the order of
magnitude of intracellular doxorubicin molecules, but the
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interpretation of the exact quantitative values should consider
these factors.

In this work, we assume that the intracellular doxorubicin
is all available to bind to DNA; however, there may be a frac-
tion of drug bound to proteins and lipids in the cell. The free
drug (i.e., not bound to proteins or lipids) is the relevant quan-
tity in relation to efficacy.?® As doxorubicin is a relatively hy-
drophilic drug (log D74 = —1.98),3! this cellular protein bound
drug accounts for less of the intracellular drug than for more
hydrophobic drugs, where drug bound to cellular proteins could
account for more than 90% of the intracellular drug.?? Plasma
protein binding of drugs could be used as a correlate for cellu-
lar protein binding. Methods are established for plasma protein
binding as well as published values for doxorubicin and a num-
ber of other drugs.?2-3* Hydrophobicity can also affect a drug’s
ability to diffuse into cells, which drives the difference between
intracellular and extracellular drug concentrations.

Another key consideration when interpreting results from
this assay is the fact that cells that have died by the time of
analysis are not seen in the flow cytometry results. (The absence
of dead cells is intrinsic to all clonogenic assays.) Thus, the
reported intracellular doxorubicin values are for cells that are
still intact. Likely, for many treatment conditions, there were
cells that took up more doxorubicin and died before analysis
was completed. Lower cell number and altered cell morphology
as indicated by forward and side scatter patterns were observed
for cells treated at the highest doxorubicin concentrations.

Previous studies that have quantified intracellular doxoru-
bicin report 10’-5 x 10° intracellular doxorubicin molecules
after 2-12 h treatment periods.5?>3° Many of these reported
values are higher than the single-cell IC5y values shown here,
because the respective studies use higher doxorubicin media
concentrations for treatment and the intracellular doxorubicin
was quantified immediately after treatment rather than after
a 3-day growth period as in this assay. Most of the previous
intracellular doxorubicin quantification studies were not cor-
related with cell proliferation. However, Kerr et al.?? reported
a LDy (lethal dose for 90% of colonies) of 39 million intracel-
lular doxorubicin molecules. This value corresponds well with
single-cell IC5q values reported here.

Delivery of tens of millions of doxorubicin molecules to a cell,
although easily accomplished via diffusion of the free drug,
could be harder to achieve with an ADC. ADCs are designed
to carry a drug payload specifically to cancer cells and re-
lease the drug once internalized into the cell. Consider a cell
with high antigen expression at 10° surface antigens per cell
and an internalization half time of 12 h. With a DAR of 4, a
cell would internalize ~4 million drug molecules per day. This
estimated delivery is below many of the reported single-cell
IC5o values for doxorubicin and does not take into account the
additional processing steps between ADC internalization and
doxorubicin binding to DNA. The single-cell IC5, values mea-
sured in this work for doxorubicin support the generally ac-
cepted rule that ADCs need a potent drug to be successful.*0-43
This assay provides a method for determining the required
amount of drug that must be delivered intracellularly via
an ADC.

This flow cytometric clonogenic assay can be generalized to
study any fluorescent drug or fluorescently tagged drug. Fluo-
rescent analogs of drugs can be very useful tools for tracking
cellular uptake of a drug in assays such as this flow cytomet-
ric assay and others.*#*5 However, fluorescent analogs may be
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Figure 4. Effect of verapamil treatment on cell proliferation. HCT-15 cells, which express the drug efflux pump P-glycoprotein (Pgp), were
treated with doxorubicin in the presence (dashed lines) and absence (solid lines) of 20 M verapamil, a Pgp inhibitor. (a) Flow cytometric
clonogenic assay with cell proliferation as a function of amount of intracellular doxorubicin in cells. Doxorubicin media concentration is given by
different colors as described in legend. (b) Proliferation as a function of the media doxorubicin concentration with (dashed line) or without (solid

line) 20 pM verapamil.

difficult to synthesize, have reduced potency, and have different
trafficking behavior when compared to the parent drug. Drug
delivery systems that are taken up by cells, such as liposomes,
nanoparticles, and ADCs, can also be used in this clonogenic
assay with a fluorescent tag on the delivery system as proxy for
how much drug was taken up, rather than using a fluorescent
drug or fluorescent analog of a drug.

In conclusion, we have presented here a straightforward flow
cytometric clonogenic assay using a cell tracing dye and a flu-
orescent drug. The first application of the assay revealed the
single-cell potency of doxorubicin via single-cell IC5, values of
4-12 million intracellular doxorubicin molecules for the cancer
cell lines evaluated. Single-cell potency is a key parameter for
molecular design of targeting agents where subcellular traffick-
ing and processing can be affected by altered design attributes.
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