
© 2015 Frick et al. This work is published by Dove Medical Press Limited, and licensed under Creative Commons Attribution – Non Commercial (unported, v3.0)  
License. The full terms of the License are available at http://creativecommons.org/licenses/by-nc/3.0/. Non-commercial uses of the work are permitted without any further 

permission from Dove Medical Press Limited, provided the work is properly attributed. Permissions beyond the scope of the License are administered by Dove Medical Press Limited. Information on 
how to request permission may be found at: http://www.dovepress.com/permissions.php

Pharmacogenomics and Personalized Medicine 2015:8 81–98

Pharmacogenomics and Personalized Medicine Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
81

O r i g i n a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

http://dx.doi.org/10.2147/PGPM.S73312

immune cell-based screening assay for 
response to anticancer agents: applications in 
pharmacogenomics

amber Frick1

Yuri Fedoriw2

Kristy richards3,4

Blossom Damania3,5

Bethany Parks6

Oscar suzuki1

cristina s Benton1

emmanuel chan1

russell s Thomas7

Tim Wiltshire1,3

1Division of Pharmacotherapy and 
experimental Therapeutics, eshelman 
school of Pharmacy, 2Department of 
Pathology and laboratory Medicine, 
school of Medicine, 3lineberger 
comprehensive cancer center, 
school of Medicine, 4Department 
of genetics, school of Medicine, 
5Department of Microbiology and 
immunology, school of Medicine, 
University of north carolina, chapel 
hill, nc, Usa; 6The hamner institutes 
for health sciences, 7environmental 
Protection agency, research Triangle 
Park, nc, Usa

correspondence: amber Frick 
University of north carolina, genetic 
Medicine Building,120 Mason Farm road, 
chapel hill, nc 27510, Usa 
Tel +1 919 966 5993 
Fax +1 919 966 5867 
email adfrick@email.unc.edu

Background: Interpatient variability in immune and chemotherapeutic cytotoxic responses is 

likely due to complex genetic differences and is difficult to ascertain in humans. Through the use 

of a panel of genetically diverse mouse inbred strains, we developed a drug screening platform 

aimed at examining interstrain differences in viability on normal, noncancerous immune cells 

following chemotherapeutic cytotoxic insult. Drug effects were investigated by comparing selec-

tive chemotherapeutic agents, such as BEZ-235 and selumetinib, against conventional cytotoxic 

agents targeting multiple pathways, including doxorubicin and idarubicin.

Methods: Splenocytes were isolated from 36 isogenic strains of mice using standard proce-

dures. Of note, the splenocytes were not stimulated to avoid attributing responses to pathways 

involved with cellular stimulation rather than toxicity. Cells were incubated with compounds 

on a nine-point logarithmic dosing scale ranging from 15 nM to 100 µM (37°C, 5% CO
2
). At 

4 hours posttreatment, cells were labeled with antibodies and physiological indicator dyes and 

fixed with 4% paraformaldehyde. Cellular phenotypes (eg, viability) were collected and analyzed 

using flow cytometry. Dose-response curves with response normalized to the zero dose as a 

function of log concentration were generated using GraphPad Prism 6.

Results: Phenotypes were quantified using flow cytometry, yielding interstrain variation 

for measured endpoints in different immune cells. The flow cytometry assays produced over 

16,000 data points that were used to generate dose-response curves. The more targeted agents, 

BEZ-235 and selumetinib, were less toxic to immune cells than the anthracycline agents. The 

calculated heritability for the viability of immune cells was higher with anthracyclines than the 

novel agents, making them better suited for downstream genetic analysis.

Conclusion: Using this approach, we identify cell lines of variable sensitivity to chemothera-

peutic agents and aim to identify robust, replicable endpoints of cellular response to drugs that 

provide the starting point for identifying candidate genes and cellular toxicity pathways for 

future validation in human studies.

Keywords: immunomodulation, cytotoxicity, chemotherapy, precision medicine

Introduction
While the role of the immune system in cancer development is well established, its 

role in response to chemotherapeutic agents remains more elusive. Recent studies 

have demonstrated that several cytotoxic chemotherapeutics work in concert with the 

immune system.1 These immunomodulatory effects may occur through direct action 

on tumor cells or on cells of the immune system.2,3 For example, anthracyclines and 

oxaliplatin generate immunogenic responses via induction of calreticulin on tumor 

cells, an action necessary for the therapeutic efficacy of these agents.4,5 Additionally, 

docetaxel has been reported to modulate CD4+, CD8+, CD19+, natural killer T-cells, 
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and T-regulatory populations in nontumor-bearing mice.6,7 

This immunomodulation acts synergistically with chemo-

therapeutic cytotoxic effects and has been shown to improve 

outcomes following treatment.8–10 For instance, increased 

amounts of pretreatment tumor infiltrating lymphocytes and 

posttreatment immune activation have been linked to better 

outcomes in patients with breast and colorectal cancer.11 In 

patients who are unable to elicit an immune response follow-

ing traditional cytotoxic chemotherapy, the use of immuno-

modulatory drugs has been suggested. Thus, optimal tumor 

therapies may be those that achieve synergy with cytotoxicity 

and immunomodulation.6,12

Previous studies have noted intersubject variability in 

immune and chemotherapy-induced cytotoxic responses, 

partly due to genetic differences.13–15 The role of pharma-

cogenomics in cytotoxicity of the innate immune system 

has perhaps been more rigorously studied because complica-

tions such as neutropenia may result, leading to potentially 

deadly consequences such as infection or dose reduction. 

For instance, fluorouracil and mercaptopurine may cause 

more severe neutropenia in individuals with genetic poly-

morphisms in dihydropyrimidine dehydrogenase or inosine 

triphosphate pyrophosphatase, respectively.16,17 However, the 

role of pharmacogenomics in cytotoxicity of the adaptive 

immune system requires further investigation, as both syn-

ergy and drug-induced toxicities have been observed with 

regard to the effects of chemotherapy agents on the immune 

system.

The effects of chemotherapy agents in the normal immune 

system are hard to quantify in humans. We therefore devel-

oped a drug-screening platform using genetically diverse 

inbred mouse strains to examine novel mechanisms underly-

ing interstrain, chemotherapy-induced cytotoxic responses on 

functional immune cells. Murine splenocytes were isolated 

from a panel of genetically diverse mouse inbred strains, in 

which genotypes have been well characterized. This in vitro 

mouse model has the additional benefits of maintaining 

tight experimental control, while circumventing the use of 

cytotoxic agents in humans and enabling an interrogation 

of the genetic components of cytotoxicity in the context 

of a normal functioning immune system.18,19 In the present 

study, cellular health phenotypes (ie, viability, caspase-3/7 

activation, and mitochondrial health) were quantified from 

these primary mouse splenocytes using flow cytometry, 

yielding interstrain variation for measured endpoints in 

different immune cells (ie, T-cells, B-cells, monocytes, and 

granulocytes). Effects were investigated by comparing more 

selective chemotherapeutic agents, including a dual PI3K/

mTOR inhibitor and a MEK inhibitor, against conventional 

cytotoxic, immunomodulatory anthracycline agents, includ-

ing doxorubicin and idarubicin. BEZ-235 and selumetinib 

are currently in clinical trials,20 and dual PI3K/mTOR and 

MEK inhibition provides broad antitumor activity in mouse 

models.21 These drugs have the potential to be used in regi-

mens including doxorubicin and idarubicin for the treatment 

of solid and hematological tumors,20 and these targeted agents 

have been reported to have potential immunomodulatory 

effects. For instance, selumetinib has been shown to inhibit 

the release of cytokines, including IL-1, IL-6, and TNF,22 and 

BEZ-235 is under investigation for enhancing the immune 

response to vaccination per the World Health Organization 

International Clinical Trials Registry Platform.23 In clinical 

trials, these drugs have greatly reduced side effects (eg, rash, 

fatigue, diarrhea, and peripheral edema) in comparison to 

traditional cytotoxic agents.24,25 By using these phenotypes, 

genes and genetic pathways that underlie or modulate the 

variable toxicity responses of functional immune cells to 

chemotherapeutics can potentially be identified.

Materials and methods
animals
Thirty-six male inbred mouse strains (129S1/SvImJ, 129X1/

SvJ, A/J, AKR/J, BALB/cByJ, BTBR T+ Itpr3tf/J, BUB/BnJ, 

C3H/HeJ, C57BLKS/J, C57BL/6J, C57BR/cdJ, C58/J, CBA/J, 

CZECHII/EiJ, DBA/2J, FVB/NJ, I/LnJ, KK/HiJ, LG/J, LP/J, 

MA/MyJ, NOD/LtJ, NON/LtJ, NZB/BINJ, NZO/HiLtJ, 

NZW/LacJ, PERA/EiJ, PL/J, PWD/PhJ, PWK/PhJ, RIIIS/J, 

SEA/GnJ, SJL/J, SM/J, SWR/J, and WSB/EiJ), aged 10–12 

weeks, were obtained from The Jackson Laboratory (Bar 

Harbor, ME, USA). This panel of isogenic mice was chosen 

based on priority strains from the Mouse Diversity Panel.26 

Four mice were used per strain. Male mice were housed four 

per cage in polycarbonate cages on a 12-hour light/dark cycle 

(lights on at 7 am), with access to food and water ad libitum. 

All procedures were approved by the Institutional Animal 

Care and Use Committee and followed the guidelines set 

forth by the National Institutes of Health (NIH) Guide for 

the Care and Use of Laboratory Animals.

Tissue preparation
Following cervical dislocation, spleens were excised from the 

mice, and cells obtained from tissues were dissociated into a 

single-cell suspension by mechanical means (ie, homogenized 

in phosphate-buffered saline [PBS] [Cellgro, Manassas, VA, 

USA] with 1% v/v fetal bovine serum [FBS] [Gibco, Grand 

Island, NY, USA]) using frosted glass slides (Thermo Fisher 
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Scientific, Pittsburgh, PA, USA) in a tissue culture dish (TPP, 

Trasadingen, Switzerland). Cells were transferred from the 

tissue culture dish to a 5 mL polystyrene round-bottom tube 

(BD Biosciences, San Jose, CA, USA), centrifuged at 400× g 

for 5 minutes, resuspended in ammonium-chloride-potassium  

lysing buffer (Gibco) to avoid red blood cell interference 

during flow cytometry, and incubated for 10 minutes at room 

temperature in the dark. Cells were centrifuged at 400× g for 

5 minutes and resuspended in RPMI-1640 buffer (Cellgro) 

supplemented with 10% v/v FBS, 0.1% v/v 2-mercaptoethanol 

(MP Biomedicals, Santa Ana, CA, USA), 1% v/v sodium pyru-

vate, 1% v/v nonessential amino acids, and 1% v/v penicillin G/

streptomycin solution (all from Cellgro). Cells were aliquoted 

into 96-well, round-bottom plates (Globe Scientific Inc., Para-

mus, NJ, USA) at a density of 100,000 cells per mL.

Drug treatment
A volume of 100 µL per well of cells in supplemented 

media were incubated at 37°C and 5% CO
2
 with doxorubicin 

(Sigma-Aldrich, Milwaukee, WI, USA), idarubicin (Sigma-

Aldrich), BEZ-235 (provided by Novartis, Inc.), or selume-

tinib (ChemieTek, Indianapolis, IN, USA). Each compound 

was plated using a nine-point logarithmic concentration 

scale ranging from 15 nM to 100 µM. Stock solutions of 

doxorubicin and idarubicin (10 mM) were prepared in water 

while stock solutions of BEZ-235 and selumetinib (25 mM 

and 75 mM, respectively) were prepared in 100% dimethyl 

sulfoxide (DMSO) (Sigma-Aldrich). Subsequent dilutions 

and controls were prepared to account for the inclusion of 

water or DMSO in the stock solution.

cell labeling
At 4 hours posttreatment, cells were washed in wash buffer 

(PBS with 1% v/v FBS) and incubated for 30 minutes at 

37°C and 5% CO
2
 with the following physiological indicator 

dyes: 125 nM Mitotracker® Deep Red (Invitrogen, Carlsbad, 

CA, USA) for mitochondrial health, 3.75 µM CellEvent™ 

caspase-3/7 green detection reagent (Invitrogen) for caspase-3/7 

activation, and 3.75 µL (0.19 µg) 7-AAD (BD Biosciences) 

per 100 µL well for viability. The Mitotracker® Deep Red is 

a mitochondrion-selective stain that is concentrated by active 

mitochondria and is well retained during cell fixation and 

permeabilization due to a mildly thiol-reactive chloromethyl 

moiety. The CellEvent™ caspase-3/7 green detection reagent 

consists of a four amino acid peptide conjugated to a nucleic 

acid binding dye that is nonfluorescent until the peptide is 

cleaved by caspase-3/7. 7-AAD is a fluorescent intercalator 

that undergoes a spectral shift when associated with DNA.27 

Cells were centrifuged at 400× g for 5 minutes, washed, and  

incubated at 4°C with cell indicator antibodies including  

0.05 µg V500 Syrian hamster anti-mouse CD-3e per 100 µL 

well for T-cells, 0.1 µg APC-H7 rat anti-mouse CD-19 per 

100 µL well for B-cells, 0.1 µg V450 rat anti-mouse CD-11b 

per 100 µL well for monocytes, and 0.1 µg PE-Cy7 rat anti-

mouse Ly-6G per 100 µL well for granulocytes (all antibodies 

were obtained from BD Biosciences). These antibodies detect 

immune function cells in the spleen, and they can also be used 

to detect cells of interest in additional tissues such as bone mar-

row or peripheral blood. Cells were centrifuged at 400× g for 5 

minutes, washed, and fixed with 4% paraformaldehyde (Thermo 

Fisher Scientific) for 15 minutes at room temperature.

Flow cytometry
Samples were analyzed on a FACSCanto II flow cytometer 

(BD Biosciences) equipped with three lasers (405 nm, 488 

nm, and 640 nm). For each sample, 10,000 events were 

collected with the flow cytometer. Data were analyzed 

with FlowJo version X (TreeStar, Ashland, OR, USA). The 

cellular populations of interest were well discriminated by 

forward scatter and side scatter properties. An unstained 

control was used to determine the threshold for samples posi-

tive for particular markers, facilitating gating as appropriate. 

After detection of the immune cell populations of interest 

(ie, B-cells, T-cells, monocytes, and granulocytes), the cells 

positive for Mitotracker® Deep Red, activated caspase-3/7, 

or 7-AAD in each subpopulation were determined.

statistical analysis
Dose-response curves with response normalized to the zero 

dose as a function of log concentration were generated using 

GraphPad Prism 6 (La Jolla, CA, USA). All graphed results 

were expressed as mean ± standard error of the mean. Half 

maximal inhibitory concentration (IC
50

) values, slope coef-

ficients, and area under the curve (AUC) values were obtained 

using a four-parameter logistical model (ie, Hill equation) per 

NIH guidance28 and Pharsight® WinNonlin® 5.2 (Certara®, 

Mountain View, CA, USA). The Hill equation is

 f(x) = Max - ([Max - Min]/[1 + {x/IC
50

}γ]) (1)

where Max is the maximum asymptote, Min is the minimum 

asymptote, γ is the Hill slope, and x is the drug concentration.29 

Additional statistical analyses, including Pearson correla-

tions, were performed with SAS (Cary, NC, USA), with 

P,0.05 considered to be statistically significant. Pearson 

correlations were performed to determine the relatedness 
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between phenotypes rather than individual strains30,31 and 

the relatedness between metrics.32 Heritability or the percent 

of variability likely due to genetics was calculated compar-

ing intra and interstrain variation in percent viability. The 

proportion of phenotype variation attributable to genetics 

was estimated with broad-sense heritability. Intrastrain cor-

relations were estimated by,

 r
1
 = (MS

B 
 - MS

W
)/(MS

B
 + [n–1] MS

W
) (2)

where r
1
 is the intrastrain correlation estimate, MS

B
 is 

the mean square of the between-strain comparison, MS
W

 

is the mean square of the within-strain correlation, and n is 

the number of animals per strain.33

Results
An overview of the assay methodology is presented in Figure 1, 

including spleen isolation (Figure 1A), spleen  homogenization 

(Figure 1B), incubation with drugs and multiplexed assay 

conditions (Figure 1C), flow cytometry (Figure 1D), and 

generation of dose-response curves (Figure 1E). Splenocytes 

were isolated and cultured using standard methods. However, 

the assay was optimized in terms of culture conditions and 

media to best maintain cellular health under normal condi-

tions. For instance, splenocyte and immune subpopulation 

viability was compared following incubation in supplemented 

Dulbecco’s Modified Eagle’s Medium, Iscove’s Modified 

Dulbecco’s Medium, and RPMI media. In particular, B-cell 

sensitivity limited the drug incubation time to 4 hours within 

the assay (data not shown). Splenocytes were not stimulated 

to avoid confounding cellular differentiation responses with 

toxicity responses, as phenotypic and genetic responses asso-

ciated with chemotherapy-induced toxicity could o therwise 

be attributed to cellular stimulation. The cell-type composi-

tion of cultured cell populations potentially differs from 

cells freshly isolated and immediately analyzed via flow 

Analyze splenocytes using flow cytometry

Isolate spleens Homogenize spleens Sequentially incubate splenocytes with drugs, cellular
health indicator dyes, and cell surface marker antibodies
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Figure 1 assay methodology overview.
Notes: spleens were isolated from inbred mice (A), and a single-cell splenocyte suspension was generated (B). splenocytes were sequentially incubated with drugs (ie, 
doxorubicin, idarubicin, BeZ-235, and selumetinib) cellular health indicator dyes (ie, detecting viability, caspase activation, and mitochondrial health), and cell surface marker 
antibodies (ie, detecting cD-19+ B-cells, cD-3e+ T-cells, cD-11b+ monocytes, and ly-6g+ granulocytes) (C). The cells were fixed and analyzed using flow cytometry (D), 
and dose-response curves were generated from flow cytometry data (E).
Abbreviations: Fsc, forward scatter; ssc, side scatter.
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 cytometry.  However, analysis shows that our cultured assays 

are  consistent in composition with freshly isolated splenocytes 

and cellular subpopulations (ie, B-cells, monocytes, and granu-

locytes) when compared to murine spleen cell composition in 

the Mouse Phenome Database (MPD: Jaxpheno6) (Figure S1) 

using t-tests with P,0.05 considered statistically significant.34 

Our data are also deposited in the Mouse Phenome Database 

at the Jackson Laboratory (MPD: Wiltshire4).35

We developed a multiplexed flow cytometry assay 

(Table 1) to measure the health of multiple immune cell 

populations following exposure to anticancer agents. Further 

refined cell subpopulations can be examined in additional 

screens. The commercial availability of cellular health 

indicator dyes limited the fluorescent channels accessible 

for antibody-conjugated fluorochromes. Thus, the brightest 

fluorochromes were reserved for antibodies targeting less 

prevalent cell surface markers. Dyes were selected based on 

the ability to be fixed and their representation of various cel-

lular health parameters important in early and late apoptosis 

and necrosis.27 Dyes and antibody-conjugated fluorochromes 

were titrated and compensated during flow cytometry analysis 

to reduce spectral overlap.36,37 Generous gates were applied 

to the plots to capture phenotypes from less viable cells fol-

lowing exposure to various concentrations of antilymphoma 

compounds. The gating strategy is presented in Figure 2, 

with the following populations represented: splenocytes 

(Figure 2A), CD-19+ B-cells (Figure 2B), CD-3e+ T-cells 

(Figure 2C), CD-11b+ monocytes (Figure 2D), Ly-6G+ 

granulocytes (Figure 2E), viable cells (Figure 2F), caspase-

3/7 positive cells (Figure 2G), Mitotracker® Deep Red posi-

tive cells (Figure 2H), and, when applicable, anthracycline 

positive cells (Figure 2I).

Dose-response curves of the percent viability of sple-

nocyte cell subpopulations exposed to chemotherapeutic 

drugs from nine of 36 total strains are represented in 

 Figure 3. These nine strains were chosen to enhance clarity 

of visualization and to display diversity across the various 

phenotypes. Dose-response curves were generated for these 

strains across all phenotypes. T-cells, B-cells, monocytes, 

and granulocytes, respectively, exposed to doxorubicin 

(Figure 3A–D), idarubicin (Figure 3E–H), BEZ-235 

(Figure 3I–L), and selumetinib (Figure 3M–P) are repre-

sented. Corresponding phenotypes for all 36 strains are 

represented in Figure S2A–P. Over 16,000 viability mea-

surements were collected for T-cells, B-cells, and monocytes 

exposed to different concentrations of these targeted and 

cytotoxic anticancer agents. Heritability results were also 

calculated for viability at individual drug concentrations 

(Table S1). As shown in Figure 3, all splenocyte immune 

cell subpopulations were less sensitive to the more selective 

mTOR/PI3K and MEK inhibitors than the anthracyclines. 

Interestingly, B-cells appear to be most sensitive to the effects 

of all anticancer agents while T-cells appear to be the least 

sensitive. For example, a paired t-test indicated that T-cells 

were less sensitive than B-cells to idarubicin (P,0.0001). 

T-cells appeared least sensitive to doxorubicin compared to 

other cell populations, with few strains reaching the IC
50

 at 

the highest concentration of 100 µM, a concentration that 

is higher than physiological maximum concentration (C
max

) 

values in humans. Furthermore, T-cells appear less sensitive 

and less variable to BEZ-235 and selumetinib than other cell 

populations, with larger error bars for individual viability 

points for B-cells, monocytes, and granulocytes than T-cells 

in Figure 3 and Figure S2 (of note, the scale of the axes is 

the same across all phenotypes). Also, viability does not 

decrease with increasing drug concentration. To demonstrate 

the replicability of the results, we selected a set of eight 

strains for confirmation experiments. The repeatability of 

this experiment is shown in Figure 4, using the most heritable 

phenotypes: T-cells exposed to idarubicin (Figure 4A) and 

B-cells exposed to doxorubicin (Figure 4B). In the second 

replicated experiment, interstrain variability to the anticancer 

Table 1 Multiparameter flow cytometry assay

Excitation 
wavelength (nm)

Emission  
wavelength (nm)

Fluorochrome 
channel

Cell surface marker or dye Parameter 
investigated

405 450 PacBlue V450 rat anti-mouse cD11b Monocytes
405 500 amcyan V500 syrian hamster anti-mouse cD3e T-cells
488 530 FiTc cellevent™ caspase-3/7 green detection reagent caspase-3/7 activation
488 570 Pe Anthracycline autofluorescence anthracycline uptake
488 695 PercPcy5.5 7-aaD Viability
488 785 Pe-cy7 Pe-cy7 rat anti-mouse ly-6g granulocytes
635 660 aPc Mitotracker® Deep red Mitochondrial health
635 785 aPc-cy7 aPc-h7 rat anti-mouse cD19 B-cells

Abbreviations: AmCyan, Anemonia majano cyan fluorescent protein; APC, allophycocyanin; Cy, cyanine; FITC, fluorescein isothiocyanate; PacBlue, Pacific blue; PE, 
phycoerythrin; PercP, peridinin-chlorophyll proteins. 
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agents was maintained, and the strain order for sensitivity 

was similar though not identical to the first experiment. 

For instance, the P-values for the Wilcoxon rank sum tests 

were .0.05 for these most heritable phenotypes, providing 

no compelling evidence that the replicate IC
50

 values from 

these eight strains differ from those of the original assay, 

although the small sample size provides reduced power to 

detect a difference.38 Also, the Spearman correlation of IC
50

 

values for T-cells exposed to idarubicin was 0.75 (P=0.03) 

between the original and replicated mouse strains when the 

most variable strain 129S1/SvlmJ was removed. Although 

the strain order for drug sensitivity is unique between the 

anticancer agents and cell type, several strains repeatedly 

appear to be more sensitive (eg, C57BLKS/J and DBA/2J) or 

less sensitive (eg, BALB/cByJ, KK/HiJ, and WSB/EiJ) to the 

cytotoxic effects of the different anthracycline agents across 

cell type (Figure 5: T-cells exposed to idarubicin [Figure 5A], 

B-cells exposed to doxorubicin [Figure 5B], B-cells exposed 

to idarubicin [Figure 5C], monocytes exposed to doxorubicin 

[Figure 5D], and monocytes exposed to idarubicin [Figure 

5E]).

The interstrain variability within dose-response curves 

exposed to anthracyclines is more ideal for genetic analysis, 

and this is echoed in heritability calculations and differential 

log
10

 (IC
50

) values as shown in Figure 5. The relatively high 

heritability of the viability of T-cells exposed to idarubicin 

(90.5%) and B-cells exposed to doxorubicin (81.6%) makes 

these phenotypes most suitable to carry forward in future 

genetic studies. Pearson correlations in IC
50

 values between 

T-cells exposed to idarubicin, B-cells exposed to doxorubicin, 

B-cells exposed to idarubicin, monocytes exposed to doxoru-

bicin, and monocytes exposed to idarubicin were statistically 
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cD-11b+ monocytes (D), and ly-6g+ granulocytes (E). Viability (F), caspase-3/7 activation (G), mitochondrial health (H), and, when applicable, anthracycline uptake (I) 
were subsequently gated from (B–E) subpopulations.
Abbreviations: AmCyan, Anemonia majano cyan fluorescent protein; APC, allophycocyanin; Cy, cyanine; FITC, fluorescein isothiocyanate; FSC, forward scatter; PE, 
phycoerythrin; PercP, peridinin-chlorophyll proteins; ssc, side scatter. 
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Figure 3 interstrain variation of viability across immune cell types and anticancer drugs.
Notes: Dose-response curves depict cell populations (columns, ie, T-cells [a, e, i, and M], B-cells [B, F, J, and n], monocytes [c, g, K, and O], and granulocytes [D, h, l, 
and P]) exposed to anticancer drugs (rows, ie, doxorubicin [a-D], idarubicin [e-h], BeZ-235 [i-l], and selumetinib [M-P]). nine strains are included: a/J , c57BlKs/J 

, cBa/J , DBa/2J , FVB/nJ , lP/J , nOD/ltJ , nZB/BinJ , and PWK/PhJ .
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Figure 4 replicability of dose-response curves.
Notes: Four sensitive and four less sensitive strains were chosen for replication in a repeat experiment. The results for the most heritable viability phenotypes are presented: 
T-cells exposed to idarubicin (A) and B-cells exposed to doxorubicin (B). eight strains are included: 129s1svlmJ , BalB/cByJ , c57BlKs/J , cBa/J , KK/
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significant, indicating correlative effects of the different 

anthracycline agents on the immune cells (Table 2).

Because IC
50

 values were not always achieved in this 

screen, AUC values (Figure S3: T-cells exposed to selume-

tinib [Figure S3A], T-cells exposed to BEZ-235 [Figure S3B], 

T-cells exposed to doxorubicin [Figure S3C], T-cells exposed 

to idarubicin [Figure S3D], B-cells exposed to selumetinib 

[Figure S3E], B-cells exposed to BEZ-235 [Figure S3F], 

B-cells exposed to doxorubicin [Figure S3G], B-cells exposed 

to idarubicin [Figure S3H], monocytes exposed to selumetinib 

[Figure S3I], monocytes exposed to BEZ-235 [Figure S3J], 

monocytes exposed to doxorubicin [Figure S3K], and mono-

cytes exposed to idarubicin [Figure S3L]) and slope coeffi-

cients (Figure S4: T-cells exposed to idarubicin [Figure S4A], 

B-cells exposed to doxorubicin [Figure S4B], B-cells 

exposed to idarubicin [Figure S4C], monocytes exposed to 

doxorubicin [Figure S4D], and monocytes exposed to ida-

rubicin [Figure S4E]) were calculated for comparison when 

appropriate. The Pearson correlations of AUC to IC
50

 values 

when available were significant: T-cells exposed to idarubicin, 

A T-cells exposed to idarubicin

Heritability: 90.5%

Strains Strains Strains

Heritability: 81.6% Heritability: 61.7%
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lo

g
10

 (
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 [
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Figure 5 interstrain phenotype comparisons for log10 (ic50 [nM]).
Notes: log10 (ic50 [nM]) values across strains and heritability are displayed for T-cells exposed to idarubicin (A), B-cells exposed to doxorubicin (B), B-cells exposed to 
idarubicin (C), monocytes exposed to doxorubicin (D), and monocytes exposed to idarubicin (E). strains are arranged from least sensitive to most sensitive along the 
X-axis.
Abbreviation: ic50, half maximal inhibitory concentration.

Table 2 Phenotype correlations for log10 (ic50 [nM]) values across strains

T-cells exposed  
to idarubicin

B-cells exposed  
to doxorubicin

B-cells exposed  
to idarubicin

Monocytes exposed  
to doxorubicin

Monocytes exposed  
to idarubicin

T-cells exposed to  
idarubicin

– 0.573 
P=0.0004

0.698 
P=3.2×10-6

0.468 
P=0.0053

0.835 
P=1.5×10-9

B-cells exposed to  
doxorubicin

– – 0.771 
P=9.6×10-8

0.703 
P=5.2×10-5

0.534 
P=0.0016

B-cells exposed to  
idarubicin

– – – 0.585 
P=0.00028

0.630 
P=8.4×10-5

Monocytes exposed  
to doxorubicin

– – – – 0.672 
P=2.5×10-5

Monocytes exposed  
to idarubicin

– – – – –

Abbreviation: ic50, half maximal inhibitory concentration.
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C
max

 of BEZ-235 was approximately 1.68 µM at 0.5 hour 

and 0.03 µM at 24 hours.44 Cell-based studies, including our 

assay, allow for greater resolution of drug response across a 

spectrum of concentrations rather than limited concentra-

tions traditionally used in toxicology studies.28 In this assay, 

we are able to differentiate the variable cytotoxic response 

of different immune cells to anticancer agents, which will 

likely have applications in drug development and clinical 

settings. We identified strains with cell types universally 

more (eg, C57BLKS/J and DBA/2J) or less (eg, BALB/cByJ, 

KK/HiJ, and WSB/EiJ) sensitive to the cytotoxic effects of 

the anthracyclines. These strains may be useful for testing 

additional drugs in the future to gauge their toxicity on the 

immune system. T-cells were generally less sensitive to the 

effects of the anthracyclines, perhaps indicating that they are 

a favorable target for immunomodulating drugs and adaptive 

immune system stimulation in anticancer drug regimens. 

B-cells, on the other hand, appear to be more sensitive at lower 

concentrations of the drugs than T-cells. Similar differences 

in adaptive immune cell sensitivities to chemotherapeutic 

agents have been previously reported in patients.45 Because 

our data correspond to these findings, our screen across mul-

tiple strains of mice provides an interesting starting point as a 

model system for examining immune cell toxicity following 

exposure to anticancer agents.

A broad examination of chemotherapy-induced cytotoxic 

responses was elicited because the success of several che-

motherapeutics requires interplay from a normal, functional 

immune system. Here, we focus on viability results obtained 

from broad splenic subpopulations of the adaptive immune 

system (ie, T- and B-cells) and monocytes exposed to various 

anticancer agents. In the spleen, B-cells promote both T-cell 

independent and dependent immune responses. The spleen 

redistributes T-cells to nonlymphoid tissue following antigen 

recognition. Splenic monocytes differentiate into macrophages 

and dendritic cells, which are antigen presenting cells and 

cellular components that act as liaisons between the innate 

and adaptive immune systems.46 Primary cells were also used 

in this study to innovatively examine the effects of antican-

cer agents on normal immune cells rather than cancerous or 

immortalized cells. The markers of caspase-3/7 activity and 

mitochondrial stress were not as mechanistically useful as 

viability. We could not detect interstrain differences in these 

parameters, and a large error indicated that our results were 

not very robustly replicable (data not shown). The viability 

parameter was most heritable, particularly among immune cells 

exposed to the anthracyclines, making viability the focus of 

our paper and future genetic analyses. Unfortunately, the lack 

0.89 (P,0.0001); B-cells exposed to doxorubicin, 0.98 

(P,0.0001); B-cells exposed to idarubicin, 0.89 (P,0.0001); 

monocytes exposed to doxorubicin, 0.96 (P,0.0001); and 

monocytes exposed to idarubicin, 0.99 (P,0.0001). How-

ever, heritability was comparatively reduced for AUC. In 

contrast, slope coefficients varied greatly from IC
50

 values. 

Also, the results of the Pearson’s correlation test for AUC 

(Table S2) and slope coefficients (Table S3) suggest reduced 

correlative anthracycline effects in these parameters.

Discussion
It has been predicted that the future of cancer treatment will 

involve precision medicine approaches combining targeted 

therapy or chemotherapies with immunomodulation.39 There 

is particular interest in the adaptive immune system as an 

additional “drug” in chemotherapeutic regimens due to its 

essential role in recognizing and eliminating tumor cells. 

However, tumor cells can adapt to evade immune surveil-

lance, a characteristic acknowledged as an emerging hallmark 

of cancer.40 The importance of the adaptive immune system 

in cancer and treatment is reflected in recent therapeutic 

advances targeting cytotoxic T-lymphocyte antigen 4 and 

the programmed death 1 receptor and its ligands (PD-L1/2). 

These antibody therapeutics essentially reverse tumor inhibi-

tion of the adaptive immune system, leading to more favor-

able clinical outcomes.41

Although eliciting the adaptive immune response may 

be an effective means to recognize and eliminate tumor 

cells, this strategy may also present a risk as the immune-

adjuvant effects of many cytotoxic compounds rely on 

antigen-presenting cells processing tumor antigens for T-cell 

recognition.2 For example, the anthracyclines are involved in 

immunomodulation by inducing calreticulin on tumor cells.4 

Thus, the success of cytotoxic chemotherapy may depend 

on a delicate balance between preservation of the immune 

system and tumor cell death. Here, we used a wide concen-

tration range for our compounds, a typical approach within 

toxicological studies and multiplexed drug screens in order 

to generate dose-response curves. For instance, a simulation 

of doxorubicin concentrations in women with breast cancer 

at the end of a 60 mg/m2 intravenous infusion (0.66 hour) 

calculated a plasma C
max

 of approximately 1.3 µM in women 

with a body mass index ,25.42 Following a 48-hour infu-

sion of 70 mg/m2 idarubicin for consolidation therapy for 

metastatic breast cancer, the plasma C
max

 was approximately 

0.3 µM.43 Clinical trials to determine the pharmacokinetics of 

BEZ-235 and selumetinib are underway. However, at a dose 

of 50 mg/kg in PC3M tumor-bearing nude mice, the plasma 
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of unique findings among our drugs and additional parameters 

at the doses used for our assay is a limitation of this screening 

process, where we focused on more generalized viability and 

mechanized endpoints. Ideally, this screening process should 

include biomarkers specific for drugs (eg, protein targets or 

gene expression changes) where we can identify change in 

response in a more concise approach.

A general, replicable screening approach was used in mice 

to examine the effects of cytotoxic and targeted agents on the 

viability of normal immune cells. To be able to maximize the 

use of this data and identify genetic components of pheno-

type differences, genome-wide association analysis requires 

sufficient diversity of both genotype and phenotype among 

individuals in a mapping population, and both of these traits 

are reflected in this experiment. A panel of 36 strains from 

the Jackson Laboratory’s Mouse Phenome Database Mouse 

Diversity Panel was selected to model genetic diversity, while 

phenotypic diversity was measured using IC
50

 values for 

viability in immune cells exposed to anthracycline agents. 

Importantly, this assay also identified heritable drug response 

phenotypes (60.1% to 90.5% for IC
50

 phenotypes), making 

it suitable for pharmacogenomic screening of anticancer 

effects on immune cells. Remarkably, the heritability for the 

anthracyclines was unexpectedly high, as multifactorial path-

ways of action may dilute phenotypic association to genetic 

components. Phenotypes generated from this approach will be 

used in genome-wide association studies to generate candidate 

genes, which may identify individuals more susceptible to 

immune system toxicity.47 We have identified loci of signifi-

cance from our approach, but the extension and validation of 

this work will be presented in a separate manuscript. Harrill 

et al used a similar translational approach in a panel of inbred 

mouse strains to determine that acetaminophen-induced liver 

injury may be mediated by variation in immunogenic surface 

antigens affecting leukocyte signaling, particularly CD44.48

However, a general screening approach using IC
50

 values for 

viability as a phenotypic endpoint is not always  appropriate. 

In a large screen, defining the best parameter for measurement 

is often difficult due to dose-response curve fitting. Within 

this experiment, dose-response curves for the PI3K/mTOR 

and MEK inhibitors did not achieve IC
50

 levels. Fallahi-

Sichani et al found that drugs targeting the Akt/PI3K/mTOR 

pathway also had shallow dose-response curves in breast 

cancer cell lines due to significant cell-to-cell  variability.49 

Going forward, more specific assays may be incorporated 

into high-throughput screens to examine pathways affected 

by these targeted agents, as more sensitive markers are needed 

to produce a larger phenotypic gradient between more and 

less sensitive strains.  Additionally, the appropriateness of IC 
50

 

values as a summary variable of dose-response curves for 

genetic analysis has been contested.29,32,49–51 IC
50

 values, cor-

responding to the potency of a compound, are physiologically 

relevant.  Nonetheless, biological and statistical assumptions 

are not always met, namely that differential response can be 

defined by one parameter from a complex nonlinear model. 

In this study, supplementary AUC values, regarded as a global 

measure of compound activity,32 and slope coefficients of 

curves were generated for comparison to IC
50 

 values. The 

correlations of AUC to IC
50

 values when available were 

significant, while slope coefficients varied greatly from IC
50

 

values. When IC
50

 values are not achieved or nonlinear curve 

fitting is not appropriate, AUC could perhaps be a surrogate 

for differential interstrain response. Furthermore, a combina-

tion of biological, pharmacokinetic, and pharmacodynamic 

endpoints may be used to better understand the cytotoxic 

response to anticancer agents. In the future, these and addi-

tional approaches can be tested for use in detecting genetic 

associations in in vitro genetic association studies.

Conclusion
A cellular genetics screening approach with robust, replica-

ble, multiplexed assays was developed to accurately describe 

toxicity response in normal immune cells. In this study, phe-

notypes were quantified using flow cytometry, yielding inter-

strain variation for measured endpoints in different immune 

cells. The more targeted agents, BEZ-235 and selumetinib, 

were less toxic to normal immune cells than the anthracycline 

agents. Also, heritability for the viability of immune cells 

was higher for anthracyclines than the novel agents, making 

them ideal for genetic analysis. This assay provides a novel 

way of identifying mouse strains that will model sensitiv-

ity or resistance to anthracyclines in normal immune cells. 

High heritability indicates a very strong genetic component 

of response to treatment, and the genetic determinants of 

response including candidate genes and cellular toxicity 

pathways can then be identified and provide hypotheses to 

test and validate in human studies. Ultimately, the hope is that 

we can identify biomarkers in patients with immune systems 

less impaired by chemotherapeutic agents.
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Supplementary materials

Table S1 Heritability (%) of viability (%) at specific drug doses (µM) among different phenotypes

Phenotype 100 μM 33.3 μM 11.1 μM 3.7 μM 1.2 μM 0.4 μM 0.1 μM 0.05 μM 0.02 μM

B-cells exposed to selumetinib 58.3 47.6 43.5 47.9 51.7 41.6 35.2 30.6 27.5
B-cells exposed to BeZ-235 56.9 46.3 52 45 46.9 41.5 44 36.1 58.6
B-cells exposed to doxorubicin 73.5 79.2 87.8 83.4 78.8 70.6 58.2 38.1 38.9
B-cells exposed to idarubicin 35.2 45.4 60.7 85 69.3 51.1 49.5 36.2 51.5
T-cells exposed to selumetinib 53.2 47 46.7 43.5 51.5 54.4 50.7 44.5 50.9
T-cells exposed to BeZ-235 69.1 61.8 52 55.6 40.9 42.5 32 31.7 20.4
T-cells exposed to doxorubicin 89.3 86.8 85.8 81.6 77.9 79.2 81.6 75.8 63
T-cells exposed to idarubicin 44.5 42.7 83.6 90.6 87.5 72.5 45.3 37.8 22.8
Monocytes exposed to selumetinib 64.4 53.2 37.5 47 50.1 43.2 27.9 27.5 26.2
Monocytes exposed to BeZ-235 83.9 87.5 83.4 79.4 74.1 49.9 52.3 45 41.9
Monocytes exposed to doxorubicin 76.8 59.5 81.3 77.6 71.7 75.6 66.2 44.8 40.6
Monocytes exposed to idarubicin 58.6 47.9 80.5 75.1 73.6 74.9 55 46.8 32
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Table S3 Phenotype correlations for slope coefficient values across strains

T-cells exposed  
to idarubicin

B-cells exposed  
to doxorubicin

B-cells exposed  
to idarubicin

Monocytes exposed  
to doxorubicin

Monocytes exposed  
to idarubicin

T-cells exposed to 
idarubicin

– 0.16 
P=0.37

0.11 
P=0.53

0.093 
P=0.6

0.11 
P=0.55

B-cells exposed to 
doxorubicin

– – 0.3 
P=0.085

0.16 
P=0.37

0.48 
P=0.006

B-cells exposed to 
idarubicin

– – – -0.066 
P=0.7

0.33 
P=0.055

Monocytes exposed  
to doxorubicin

– – – – 0.57 
P=0.001

Monocytes exposed  
to idarubicin

– – – – –
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Figure S1 cellular subpopulations of freshly isolated splenocytes.
Notes: splenocytes were isolated from male c57Bl/6J (n=4) mice. Our populations were comparable to murine spleen cell composition when available in the Mouse 
Phenome Database (B-cells, granulocytes, and monocytes P,0.05 using t-tests).
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Figure S2 interstrain variation of viability across immune cell types and anticancer drugs.
Notes: Dose-response curves depict cell populations (columns, ie, T-cells [a, e, i, and M], B-cells [B, F, J, and n], monocytes [c, g, K, and O], and granulocytes [D, h, l, 
and P]) exposed to anticancer drugs (rows, ie, doxorubicin [a-D], idarubicin [e-h], BeZ-235 [i-l], and selumetinib [M-P]). Thirty-six strains are included: 129s1/svimJ, 129X1/
svJ, a/J, aKr/J, BalB/cByJ, BTBr T+ Itpr3tf/J, BUB/BnJ, c3h/heJ, c57BlKs/J, c57Bl/6J, c57Br/cdJ, c58/J, cBa/J, cZechii/eiJ, DBa/2J, FVB/nJ, i/lnJ, KK/hiJ, lg/J, lP/J, Ma/
MyJ, nOD/ltJ, nOn/ltJ, nZB/BinJ, nZO/hiltJ, nZW/lacJ, Pera/eiJ, Pl/J, PWD/PhJ, PWK/PhJ, riiis/J, sea/gnJ, sJl/J, sM/J, sWr/J, and WsB/eiJ.
Abbreviations: aUc, area under the curve; ic50, half maximal inhibitory concentration.
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Figure S3 interstrain phenotype comparisons for area under the curve.
Notes: area under the curve values across strains, heritability, and correlation to log10 (ic50 [nM]) values, when relevant, are displayed for T-cells exposed to selumetinib 
(A), T-cells exposed to BeZ-235 (B), T-cells exposed to doxorubicin (C), T-cells exposed to idarubicin (D), B-cells exposed to selumetinib (E), B-cells exposed to BeZ-235 
(F), B-cells exposed to doxorubicin (G), B-cells exposed to idarubicin (H), monocytes exposed to selumetinib (I), monocytes exposed to BeZ-235 (J), monocytes exposed 
to doxorubicin (K), and monocytes exposed to idarubicin (L). strains are arranged from largest to smallest area under the curve (±seM) along the X-axis.
Abbreviations: aUc, area under the curve; ic50, half maximal inhibitory concentration; seM, standard error of the mean.
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Figure S4 Interstrain phenotype comparisons for slope coefficients.
Notes: Slope coefficients across strains and correlation to log10 (ic50 [nM]) values are displayed for T-cells exposed to idarubicin (A), B-cells exposed to doxorubicin (B), 
B-cells exposed to idarubicin (C), monocytes exposed to doxorubicin (D), and monocytes exposed to idarubicin (E). strains are arranged from largest to smallest slope 
coefficient (±seM) along the X-axis.
Abbreviations: ic50, half maximal inhibitory concentration; seM, standard error of the mean.
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