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Abstract
Combination chemotherapy is commonly used to treat late stage cancer; however, treatment is

often limited by systemic toxicity. Optimizing drug ratio and schedule can improve drug combina-

tion activity and reduce dose to lower toxicity. Here, we identify gemcitabine (GEM) and

doxorubicin (DOX) as a synergistic drug pair in vitro for the triple negative breast cancer cell line

MDA-MB-231. Drug synergy and caspase activity were increased the most by exposing cells to

GEM prior to DOX in vitro. While the combination was more effective than the single drugs at

inhibiting MDA-MB-231 growth in vivo, the clear schedule dependence observed in vitro was not

observed in vivo. Differences in drug exposure and cellular behavior in vivo compared to in vitro

are likely responsible. This study emphasizes the importance in understanding how schedule

impacts drug synergy and the need to develop more advanced strategies to translate synergy to

the clinic.
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1 | INTRODUCTION

Combination chemotherapy is commonly employed as front-line

therapy in many advanced malignancies.1–5 Chemotherapeutic

agents are combined to overcome various mechanisms of single

drug resistance and to enhance antitumor activity compared to sin-

gle drugs. While drug combinations are commonly selected by com-

bining drugs with different mechanisms of dose-limiting toxicity,

combination therapy is often only marginally more effective at

reducing tumor burden while inducing more toxicity compared to

single drug therapy.6 When establishing how the drugs are adminis-

tered in combination, dosing regimens are typically based upon the

drug administration schedules and maximum tolerated doses (MTDs)

determined during phase I trials for the individual drugs.7 The dose

of each drug in combination is administered as close to the single

drug MTD as possible, which does not necessarily result in the high-

est therapeutic index possible for the given drug pair.

To reduce systemic toxicity, synergistic drugs or drugs that work

favorably together, are combined in hopes of lowering the required dose

to achieve a therapeutic effect. In the past few decades, there have been

considerable efforts in developing methods to empirically identify syner-

gistic drug pairs in vitro.8–11 Many in vitro studies have shown that drug

synergy is dependent on how the drugs are combined, such as the molar

ratio of the drugs in the combination; therefore, precision is required in

translating these synergistic drug pairs effectively to the clinic.11

While often neglected, drug schedule plays a significant role in the

efficacy of a given combination drug pair. For example, many in vitro

studies have shown that sequentially staggering chemotherapeutic

agents in vitro can increase drug combination activity and synergy.12–15

Often times, temporally staggering drugs can increase levels of apopto-

tic activity16–18 or induce cell cycle mediated effects19,20 which result

in greater cell death. Although there are many studies which study the

mechanisms that are responsible for schedule dependent synergy, few

studies also determine if this synergy translates to an in vivo model.
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Furthermore, even fewer studies directly compare different combina-

tion drug schedules in vivo, to evaluate if the optimal schedule identi-

fied with in vitro studies is also applicable in the in vivo environment.

Improving combination chemotherapeutic regimens is particularly

important in triple negative breast cancer, as cells do not over-express

the common receptors (progesterone (PR), estrogen (ER), and human

epidermal growth factor (HER2)) which are the common therapeutic

targets for other breast cancer types.1,21 While triple negative breast

cancer patients are typically responsive to chemotherapy, patients with

metastasized triple negative breast cancer have poor prognosis. Many

combination regimens have been evaluated in the clinic to treat these

difficult cases; however, toxicity has limited the utility of the combina-

tion therapies.1

Here, using the triple negative breast cancer cell line MDA-MB-

231 as a model cell line, we study the impact of drug schedule on the

activity of chemotherapeutic combinations in vitro and in vivo. We first

identify a synergistic drug pair from a panel of FDA approved drugs,

and then show that drug schedule governs the activity of the drug

combination in vitro. We further show that the drug combination is

effective at treating tumor-bearing mice; however, further work is

required to optimize the synergy in vivo.

2 | MATERIALS AND METHODS

2.1 | Cell culture

Cells were maintained in their proper media supplemented with 50 I.U./

ml penicillin and 50 lg/ml streptomycin (Thermo Fisher Scientific) in a

humidified incubator at 378C and 5% CO2. MDA-MB-231 human breast

cells (ATCC) were cultured in RPMI-1640 media (Thermo Fisher Scien-

tific) supplemented with 10% fetal bovine serum. MCF-10a human non-

tumorigenic breast epithelial cells (ATCC) were cultured in MEBM

media kit supplemented with hydrocortisone, hEGF, insulin, and bovine

pituitary extract (Lonza) in addition to 100 ng/ml cholera toxin.

2.2 | Cell viability assays

Cell viability was measured by MTT assay after exposure to various che-

motherapeutic agents (LC Laboratories). Cells (5 x 103 MDA-MB-231 or

1 x 104 MCF-10a) were allowed to adhere overnight in 96-well plates.

Cells were then incubated with single drugs or drug combinations for 72

hr (unless specified otherwise). When sequentially exposing drugs to cells,

the first drug was aspirated and replaced with the second drug in media

by pipetting along the side of the wells to avoid physically disrupting the

cells. After drug incubation, cells were incubated with media containing

0.5 mg/ml MTT (Thermo Fisher Scientific) for 3.5–4 hr. After replacing

the MTT solution with DMSO, the plate was shaken for 30 min to solubi-

lize the formazan crystals, and the absorbance of each well was measured

at 570 nm (Tecan Infinite M200 Pro). Fractional cell inhibition was then

calculated by subtracting the viability of the treated cells from the viability

of the control cells, normalized by the viability of the control cells.

Fractional cell inhibition was measured after exposure to drugs at

a range of concentrations to generate dose-response curves using the

median effect model.22 The dose response curves were used to calcu-

late IC50 values and the combination index (CI), which determines syn-

ergy of drug combinations.22 Error bars for the CI were calculated by

propagating the confidence intervals from the individual drug fits and

the error in toxicity for the combination treatment. When calculating

the CI, single drug dose response curves were used with the identical

schedule as given in the combination treatment.

2.3 | Cell cycle distribution

Cell cycle distribution of MDA-MB-231 cells was measured with flow

cytometry using the nuclear stain propidium iodide (PI) (Sigma Aldrich).

Briefly, cells (7.5 x 105) were seeded into T25 flasks and allowed to

adhere overnight. After incubating cells with GEM and DOX solutions

for 24–72 hr, adherent cells were collected with trypsin and washed 2x

in PBS (5 ml). Cells were then fixed by slowing adding 70% (v/v) etha-

nol (5 ml) into a concentrated cell suspension (0.5 ml). After incubating

the cells in ethanol for at least 1 day at 48C, the cells were washed 2x

in PBS through repeated centrifugation steps. The cells were then

stained in a PBS solution (0.5 ml) containing Tween 20 (0.01%, v/v),

100 mg/ml of RNAase A (Sigma Aldrich), and PI (10 mg/ml) for 30 min

at room temperature in the dark. After staining, cells were kept on ice

and fluorescence was quantified using a Becton Dickinson FACSAria

cell sorter with a 633-nm laser with 610/20 PMT.

2.4 | Caspase 3 fluorometric assay

Induction of apoptosis was determined by measuring caspase 3 activity

using the EnzChek caspase 3 assay kit (Thermo Fisher Scientific) accord-

ing to manufacturer’s instructions. Briefly, cells were seeded into T25

flasks (7.5 ml; 1 x 105 cells/ml) and allowed to adhere overnight. Follow-

ing incubation with drug formulations, both floating and adherent cells

were washed with PBS and lysed. Cell lysates were then centrifuged at

5,000 rpm for 5 min and the supernatant was collected. Caspase 3 activ-

ity was quantified by incubating 50 ml of the supernatant with 50 ml of

the 23 working solution containing the substrate Z-DEVD-AMC for 30

min at 378C. The fluorescence intensity was then measured of each well

at an excitation/emission of 342/441 nm (Tecan Plate Reader). Caspase

3 activity was calculated with respect to an AMC standard curve.

Caspase activity was then normalized to the total protein content,

using the micro BCA assay (Thermo Scientific). Briefly, 15 ml of the left-

over supernatant was diluted with 135 ml of DI water and incubated with

150 ml of the BCA solution for 1.5 hr at 378C. After incubation, protein

content was determined by reading the absorbance at 562 nm (Tecan

Plate Reader) with internal protein standards of bovine serum albumin.

2.5 | In vivo MDA-MB-231 xenograft model

An MDA-MB-231 xenograft model was used to evaluate the efficacy

of DOX and GEM combination therapy in athymic nude mice (Charles

Rivers Laboratories). All experiments were performed according to

approved protocols by the Institutional Animal Care and Use Commit-

tee of the University of California, Santa Barbara. MDA-MB-231 cells

(2.5 x 106), suspended into 100 ml of 1:1 PBS : Matrigel (Corning), were
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injected subcutaneously into the inguinal mammary fat pad of 6–8

week old athymic, nude mice. Starting 11 days after tumor transplanta-

tion, when tumors reached 50 mm3, mice were treated either once or

once a week for 4 weeks. All drug formulations were prepared in sterile

saline (0.9% (wt/vol) NaCl). Tumor volume was measured with a caliper

using the following equation: V5 L�W2

2 , where is the L is the longest

dimension of the tumor andW is the shortest.

3 | RESULTS

3.1 | Identification of synergistic chemotherapeutic

drug pairs

To identify synergistic drug pairs, MDA-MB-231 cells were exposed to

a panel of FDA approved chemotherapeutic agents with different

mechanisms of action, including doxorubicin (DOX), paclitaxel (PTX),

ixabepilone (IXA), and gemcitabine (GEM). Cell viability was measured

after exposure to single drugs using the MTT assay to generate dose

response curves and determine IC50 concentrations (Figure 1). Cells

were responsive to both mitotic inhibitors PTX and IXA, with IC50 con-

centrations of 1965 nM and 1565 nM, respectively, and to DOX,

with an IC50 concentration of 0.2860.02 mM. Cell growth was inhib-

ited by GEM at low concentrations (nM range); however, high GEM

concentrations (>1 mM) were ineffective at killing more cells, resulting

in a very large IC50 concentration.

After establishing the IC50 concentration of each drug, drugs were

tested in combination. First, cells were exposed concurrently to a com-

bination of drugs at single drug concentrations between the respective

IC25 and IC50 concentrations. This concentration range was used to

ensure that the drug concentration was high enough to impact cell via-

bility without one drug inhibiting all cell growth. The combinations of

GEM/DOX and IXA/PTX were synergistic at inhibiting tumor cell

growth, with CI values less than 1 (Figure 2A).

MDA-MB-231 cells were then sequentially exposed to the same

drug pairs, to determine if drug administration schedule impacts cellular

viability (Figure 2B–E). For example, Drug A was given to the cells for

4, 12, 24, or 36 hr and then replaced with Drug B for the remaining

time in the 72 hr drug exposure. The combination of GEM and DOX,

which was synergistic with a CI of 0.5360.05 when given concur-

rently, was significantly more toxic when cells were exposed to GEM

prior to DOX compared to the reverse schedule. Furthermore, the

combinations of DOX with the two mitotic inhibitors (PTX and IXA)

were more toxic when the mitotic inhibitor was given prior to DOX.

The toxicity of PTX and IXA showed minimal schedule dependence on

MDA-MB-231 cells.

FIGURE 1 Growth inhibition of MDA-MB-231 cells after 72 hr of
single drug exposure. Markers represent experimental data and
curves represent best-fit median effect model. Error bars represent
95% CI (n�12 wells)

FIGURE 2 MDA-MB-231 cell viability and synergy after 72 hr exposure to combinations of DOX (0.3 mM), PTX (0.005 mM), GEM (0.2 mM),
and IXA (0.015 mM). (A) Combination index of MDA-MB-231 cells after concurrent exposure to drug combinations. (B–F) Fractional cell
inhibition of MDA-MB-231 cells after the sequential exposure of drug combinations. The first drug was aspirated and replaced with the second
drug at the specified time points and cell viability was measured at 72 hr. Error bars represent 95% CI (n�12 wells)

VOGUS ET AL. | 51



The changes in cellular viability after exposing cells to different

combination schedules result from both changes in drug–drug interac-

tions and changes in the exposure time of the individual drugs with dif-

ferent pharmacodynamic properties. For example, the 72 hr IC50 of

DOX is 0.2860.02 mM, and the IC50 is increased to 0.5960.05 or

2.260.4 mM if the cells are exposed to DOX for only the first 24 or 4

hr, respectively (Supporting Information Figure S1). Furthermore, the

IC50 is increased to 0.4260.03 or 1.660.3 mM, if exposure to DOX is

delayed by 4 or 24 hr, respectively. Therefore, to understand the

impact that drug schedule has on drug–drug interactions, drug synergy

must be evaluated using dose response curves for the single drugs, at

identical exposure schedules which were given in the combination

treatment, as previously done by Chou.13

3.2 | Schedule dependent synergy between

GEM and DOX

Because GEM and DOX were both synergistic when given concurrently

and showed a strong schedule dependence, this drug pair was studied

in detail. MDA-MB-231 cell viability was measured after incubating cells

with different sequences of GEM and DOX at different drug doses

(Figure 3A). Sequentially exposing the cells to GEM ! DOX or concur-

rently to GEM and DOX inhibited more cell growth than exposing the

cells to DOX ! GEM at each drug dose tested. Combination indices

were calculated for each GEM and DOX combination (Figure 3A) based

on single drug dose response curves (Supporting Information Figure S1),

which were made with identical exposure schedules compared to the

combination treatments. It was more synergistic (lower CI) to incubate

the cells with GEM prior to DOX than to expose the cells to GEM and

DOX simultaneously or to DOX prior to GEM.

In addition to the triple negative breast cancer cell line (MDA-MB-

231), the nontumorigenic breast epithelial cell line MCF-10a, which

served as a control, was exposed to the schedule of GEM (24 hr) !
DOX (48 hr). The effect of molar ratio on drug synergy is shown for each

cell line in Figure 3B. The schedule of GEM ! DOX was synergistic on

MCF-10a cells for GEM : DOXmolar ratio less than one; however, it was

antagonistic for GEM : DOX molar ratios greater than one. On the con-

trary, the schedule of GEM : DOXwas extremely synergistic (CI<0.2) on

the triple negative breast cancer cells at all of themolar ratios tested.

3.3 | Caspase activity after exposure to

GEM and DOX

Caspase 3 activity was measured after incubating cells with different

GEM and DOX schedules to evaluate the effect of drug schedule on

the induction of apoptosis (Figure 4). Exposing MDA-MB-231 cells to

GEM prior to DOX increased caspase 3 activity 2x and 10x compared

to exposing the cells to GEM and DOX concurrently and to DOX prior

to GEM, respectively. Compared to GEM, the drug combination of

GEM and DOX only increased caspase activity if GEM was given prior

to DOX.

3.4 | Cell cycle dependent interactions between GEM

and DOX

GEM and DOX are known to be highly active in specific stages of

the cell cycle. Therefore, to gain mechanistic insight on why GEM

! DOX was more effective at inhibiting cancer cell growth than

other schedules, cell cycle distribution was measured by incubating

cells with the nuclear stain PI after drug exposure (Figure 5). MDA-

MB-231 cells arrested in the S phase after exposure to 10 nM GEM

and in the G0/G1/early S phases after exposure to 50 and 300 nM

GEM. Cells accumulated in the S phase and G2/M phases after

exposure to 10 nM and 50, 300 nM DOX, respectively. After expos-

ing the cells to a high GEM dose (300 nM), cells accumulated in the

G0/G1/early S phases within 24 hr. On the contrary, it took approxi-

mately 24–72 hr for cells to completely accumulate in the G2/M

phases after exposure to DOX (300 nM). GEM was also washed out

with media after 24 hr exposure, and the cell cycle distribution

remained arrested 48 hr later (Figure 5C).

After incubating the cells with DOX/GEM combinations, the

resulting cell cycle distribution matched closely to that of which the

cells were exposed to first. For example, cells accumulated in the G0/

G1/early S phases and G2/M phases after exposure to GEM ! DOX

and DOX ! GEM, respectively (Figure 5C,D). Interestingly, after the

concurrent exposure to GEM/DOX, cells also accumulated in the G0/

G1/early S phases. While cells still accumulated in the G0/G1/early S

phases after exposure to GEM ! DOX at 50 nM, cells accumulated

in the S phase after exposure to GEM ! DOX at 10 nM.

FIGURE 3 (A) Cell viability of MDA-MB-231 cells after 72 hr exposure to DOX and GEM combinations. (B) Drug synergy for each drug
treatment shown in (A). Drug exposure schedules included concurrent exposure to GEM/DOX (72 hr) and the sequential exposure to GEM
(24 hr) ! DOX (48 hr) and DOX (24 hr) ! GEM (48 hr). Legend for (A,B) is shown in (B). (C) Synergy at inhibiting the growth of
MDA-MB-231 and MCF-10a cells after exposure to GEM (24 hr) ! DOX (48 hr) at different GEM : DOX ratios. Drug concentrations
were selected near the IC50 for each cell line. Data represents mean695% confidence intervals (n�12)
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3.5 | Evaluation of GEM and DOX synergistic effect in
tumor bearing mice

To evaluate if the synergistic effect of DOX and GEM in vitro trans-

lates to improved efficacy in vivo, the free drugs were used to treat

mice bearing orthotopic, MDA-MB-231 xenografts. In the first study,

mice received one cycle of chemotherapy consisting of either DOX,

GEM, DOX ! GEM, or GEM ! DOX. Using low doses of both

DOX (2 mg/kg) and GEM (20 mg/kg), the schedule of GEM ! DOX

inhibited tumor growth up to 20 days post treatment, which was signif-

icantly more effective than DOX or GEM on its own (Figure 6A,B). The

schedule of GEM ! DOX (which was determined to be most potent

in vitro) was only marginally more effective than the reverse schedule

of DOX ! GEM.

FIGURE 5 Cell cycle distribution of MDA-MB-231 cells after exposure to GEM, DOX, and GEM/DOX combinations. (A) Representative
flow cytometry histograms after exposure to GEM or DOX for 72 hr at indicated concentrations. (B) Progression of cell cycle phases after
exposure to GEM (0.3 mM) or DOX (0.3 mM). (C) Representative flow cytometry histograms after exposure to GEM/DOX combinations
(equimolar concentrations) for 72 hr. (D) Fraction of cells in each phase of the cell cycle after exposure to GEM/DOX combinations (both at
0.3 mM) for 72 hr

FIGURE 4 (A) Caspase 3 activity after 72 hr exposure to GEM (0.3 mM), DOX (0.3 mM), and GEM and DOX combinations. Cells were
exposed to GEM for 1 day then DOX for 2 days, GEM and DOX for 3 days, or DOX for 1 day then GEM for 2 days for the schedules of
GEM ! DOX, GEM/DOX, and DOX ! GEM, respectively. Statistical significance (*p< .05) performed by two-tailed Students t-test. (B) Caspase
3 activity measured during exposure to different combinations of GEM and DOX described in (A). Data represents mean6 SEM (n53)
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Next, 4 weekly injections of chemotherapy were given to attempt

to eradicate the tumors. Again, the combinations of GEM ! DOX

and DOX ! GEM were significantly more effective at inhibiting

tumor growth than the individual drugs (Figure 6C). Both schedules of

DOX and GEM prevented tumor growth up to approximately 45 days.

It is important to note that the repeated injections of the low doses of

GEM and DOX caused no observable toxicity as evident by no change

in body weight throughout the course of the study (Figure 6D).

4 | DISCUSSION

There have been extensive efforts to identify synergistic chemothera-

peutic agents to improve the efficacy of chemotherapy. While many

studies have identified synergistic drug pairs for specific cancer cells in

vitro, few report if the synergy offers improved therapeutic benefits in

vivo. Here, we specifically studied the impact that drug schedule has

on synergy in vitro, and if optimal drug schedules identified in vitro can

be used to more effectively treat tumor-bearing mice in vivo.

To identify a synergistic drug pair, four FDA approved chemother-

apeutic agents were screened to treat MDA-MB-231 cells. The

dependence of synergy on schedule was studied in detail for DOX and

GEM, which was synergistic when given concurrently and demon-

strated a strong schedule dependence on cell growth inhibition. Previ-

ous clinical trials have shown benefits to combining DOX and GEM

while treating advanced and metastatic breast cancer patients; how-

ever, neutropenia was often reported as limiting the administered

dose.23–26 Therefore, understanding how to improve the potency of

GEM and DOX at lower drug doses is of interest.

Giving GEM prior to DOX was significantly more synergistic than

giving the two drugs concurrently or in the reverse sequence. The

increase in synergy upon giving GEM prior to DOX was consistent with

an increase in caspase activity (Figure 4). Previous reports have also

shown that the schedule in which cancer cells are exposed to chemo-

therapeutic drugs can significantly impact the induction of pro-

apoptotic pathways.16 Furthermore, the advantages of exposing cells in

vitro to GEM prior to a topoisomerase inhibitor have previously been

reported.27 Interestingly, the schedule of GEM (1 day) ! DOX (2 day)

was not synergistic on immortalized, nontumorigenic breast epithelial

cells (MCF-10a) if GEM was given in molar excess of DOX. This pro-

vides evidence that by manipulating the schedule and ratio in which

cells are exposed to DOX and GEM, it is possible to selectively induce

higher toxicity toward breast cancer cells (MDA-MB-231) as compared

to immortalized, nontumorigenic breast cells (MCF-10a).

While exposing MDA-MB-231 cells to GEM prior to DOX was

most effective at inhibiting cell growth, it was challenging to determine

the limitations on timing and drug concentration to achieve synergy

from in vitro toxicity alone. Analyzing cell cycle distribution provided a

useful tool to understand how the cells responded to different drug

FIGURE 6 Inhibition of tumor growth using DOX and GEM. Mice bearing orthotopic, MDA-MB-231 xenografts were treated by DOX,
GEM, or DOX/GEM. All DOX (2 mg/kg) and GEM (20 mg/kg) doses were consistent for both studies and all experimental groups. The GEM
! DOX and DOX ! GEM groups have a 1-day delay between the injections of each drug. (A) Tumor growth inhibition with one i.v. injec-
tion starting on day 11. (n55) (B) Final tumor volume for the study in (A). Statistical significance (*p< .05, **p< .01) performed by two-
tailed Students t-test. (C) Tumor growth inhibition with 4 x 1w i.v. injections starting on day 11 (DOX and GEM groups: n54, DOX !
GEM, GEM ! DOX, and control groups: n55). (D) Average body masses throughout the course of injections shown in (C). All error bars
represent SEM
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doses and schedules, as both DOX and GEM are known to induce cell

cycle arrest and be more active in the early S phase of the cell

cycle.28,29 After exposing MDA-MB-231 cells to a high concentration

of GEM (�50 nM), cells arrested in the G0/G1/early S phases, while

they arrested in the G2/M phases after exposure to DOX (�50 nM)

(Figure 5A), consistent with previous reports.30,31 Therefore, it is not

surprising that DOX ! GEM was ineffective because GEM is most

effective in the S phase. When DOX and GEM were given concurrently

at the same dose, cells accumulated in the G0/G1/early S phases,

which may explain why concurrent exposure was still synergistic.

Cell cycle distribution was dependent upon both concentration

and exposure time, indicating that there are limitations on drug concen-

trations and schedules to achieve synergy. Cells accumulated quickly

(<24 hr) in the G0/G1/early S phases after exposure to GEM, while it

took longer (24–72 hr) to accumulate in the G2/M phases after expo-

sure to DOX. Furthermore, low drug concentrations (<50 nM) which

did not induce any cytotoxic effects over 72 hr, did not induce cell

cycle arrest in the same manner as higher drug concentrations. For

example, while cells accumulated in the G0/G1/early S phases after

exposure to GEM ! DOX at a concentration of 50 nM (similar to

300 nM), cells accumulated in the S phase at a concentration of 10 nM

(Figure 5C) consistent with 10 nM GEM (Figure 5A). Interestingly, 48

hr after a 24 hr GEM exposure (0.30 mM) and a media washout, cells

remained locked in the G0/G1/early S phases, suggesting that DOX

may be administered significantly after GEM to still achieve synergy;

however, this was not studied in detail.

The in vitro data showed that DOX and GEM are synergistic at

inhibiting the growth of MDA-MB-231 cells and the synergy is

enhanced by giving GEM prior to DOX. Therefore, the potential benefit

of combining GEM and DOX with different administration sequences

was evaluated in vivo. Low doses of DOX (2 mg/kg) and GEM (20 mg/

kg) were selected based on previous studies to minimize systemic tox-

icity, while still being therapeutically active.32–35 The drug doses do not

reflect the relative drug concentrations that the tumor cells were

exposed to in vivo because GEM is cleared much faster than DOX.

While DOX has an elimination half-life of approximately 10 hr in

mice,36 GEM is quickly deaminated to the inactive metabolite 20,20-

difluorouridine (dFdU) by cytidine deaminase resulting in an elimination

half-life of approximately 30 min.37

Repeated injections of DOX (2 mg/kg) were ineffective at inhibi-

ting MDA-MB-231 xenograft growth, consistent with previous reports

which used higher cumulative DOX doses.32,33 On the contrary,

repeated injections of GEM (20 mg/kg) were moderately effective at

inhibiting MDA-MB-231 tumor growth in vivo, consistent with previ-

ous studies using similar doses.34,35 The relative efficacy in vivo of

each individual drug is contradictory to the in vitro toxicity. The 72 hr

IC50 of DOX (0.28 mM) in vitro was significantly lower than GEM (>10

mM); however, GEM was much more effective than DOX at inhibiting

tumor growth in vivo. Although GEM was given at a higher dose than

DOX, 20 mg/kg compared to 2 mg/kg, GEM is cleared faster than

DOX.36,37

The drugs were also administered sequentially in combination

(GEM ! (1 day) DOX and DOX ! (1 day) GEM) for one injection and

four repeated injections. Both combination drug regimens were more

effective at inhibiting tumor growth than the individual drugs on their

own. In fact, four repeated cycles of both drug combination regimens

stopped tumor growth 40 days after the first injection. In combination,

the cumulative dose of both DOX and GEM is much lower than the

single drug doses required to inhibit tumor growth to the same

extent.32–34 Interestingly, the sequential administration of DOX !
GEM (1 cycle or 4 cycles) is essentially just as effective as the sequen-

tial administration of GEM ! DOX, contradictory with the in vitro cell

viability and apoptosis assays.

Previous studies have shown that optimal drug exposure schedules

identified in vitro can offer improved therapeutic benefits in

vivo16,38,39; however, we demonstrate here that it can be nontrivial to

translate optimal drug schedules in vivo. The difference in how drug

schedule impacts GEM and DOX activity in vivo compared to in vitro is

interesting and is likely due to differences in the tumor environment

and drug exposure. In vivo, the cancer cells will likely develop different

characteristics and respond to the drug combination differently, due to

the complex tumor microenvironment consisting of stromal and

immune cells.40–42 In addition, tumor growth in response to chemo-

therapy can be impacted by the immune response in vivo43; however,

the impact of drug combination schedule on the activation of the

immune system was not accounted for in the in vitro studies. Many

advanced in vitro models have been developed, which attempt to repli-

cate the complex tumor environment, and they should be used in

future studies to further study the impact of drug schedule in combina-

tion therapies.44

Another significant challenge with regards to optimizing schedule

in combination therapies, is the fast and variable clearance of each

drug in vivo. For example, here, GEM and DOX are cleared with elimi-

nation half-lives of 30 min and 10 hr, respectively.36,37 The impact of

these pharmacokinetic parameters on the in vitro conclusions about

drug synergy is unknown and challenging to accurately study in vitro.

To take full advantage of the benefits of combining multiple chemo-

therapeutics, it is necessary to precisely control how cells are exposed

to the drugs in vivo.

The development of combination delivery platforms has made it

possible to control the relative concentration and exposure sequence

of multiple drugs in vivo. In fact, various delivery systems have already

been engineered to deliver DOX and GEM simultaneously in the same

carrier.45–49 By delivering multiple therapeutics in a single vehicle, drug

ratios, and release kinetics can be finely controlled to more closely

mimic optimal drug conditions discovered in vitro.50,51 As the field con-

tinues to develop, an emphasis needs to be placed on translating syner-

gistic drug interactions by optimizing drug ratio and release rates from

these delivery systems.

The challenge in being able to predict the activity of a drug combi-

nation in vivo on a single cell line, which was studied extensively in

vitro, reiterates the difficulty in improving combination chemotherapy

regimens in human patients. Future improvements in combination

therapies will not only depend on the ability to improve translation

from in vitro assays to animal models, but also on the translation from

animal models to human patients. The development of tools to quickly
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study the response of patient tumors to combination treatments can

help improve the optimization of drug combinations.52,53 Moving for-

ward, it is critical to simultaneously study the impact of drug schedule

on tumor regression in multiple tumor phenotypes, while also studying

the impact of drug schedule on off-site toxicity.

5 | CONCLUSIONS

The use of synergistic drug pairs can improve the efficacy of combina-

tion chemotherapy by lowering required drug doses and reducing toxic-

ity; however, synergistic drug interactions often require very specific

conditions. The impact of drug schedule on synergy for DOX and GEM

was studied in detail on the triple negative breast cancer cell line

MDA-MB-231. Sequentially exposing the cells to GEM to DOX induces

more apoptosis and is more synergistic than concurrent drug exposure

or the reverse sequence. While the exact mechanism of drug synergy is

unclear, changing drug schedule significantly changes resulting cell

cycle distribution. The combination of DOX and GEM is effective at

treating an MDA-MB-231 xenograft in vivo; however, changing drug

administration sequence does not impact tumor regression. Developing

more predictive in vitro models and simple combinatorial delivery

vehicles should help translate drug synergy to the clinic.

ACKNOWLEDGMENTS

The authors acknowledge the use of the Biological Nanostructures

Laboratory within the California NanoSystems Institute, supported

by the University of California, Santa Barbara and the University of

California, Office of the President. D. R. V. was supported by NSF

Graduate Research Fellowship under Grant No. DGE-1144085.

LITERATURE CITED

[1] Bianchini G, Balko JM, Mayer IA, Sanders ME, Gianni L. Triple-nega-

tive breast cancer: challenges and opportunities of a heterogeneous

disease. Nat Rev Clin Oncol. 2016;13:674–690. doi:10.1038/

nrclinonc.2016.66.

[2] Ryan DP, Hong TS, Bardeesy N. Pancreatic adenocarcinoma. N Engl

J Med. 2014;371:1039–1049. doi:10.1056/NEJMra1404198.

[3] Iacovelli R, Pietrantonio F, Maggi C, de Braud F, Di Bartolomeo M.

Combination or single-agent chemotherapy as adjuvant treatment

of gastric cancer. A systematic review and meta-analysis of pub-

lished trials. Crit Rev Oncol Hematol. 2016;98:24–28. doi:10.1016/j.
critrevonc.2015.09.002.

[4] Saultz J, Garzon R. Acute myeloid leukemia: a concise review. J Clin

Med. 2016;5:E33. doi:10.3390/jcm5030033.

[5] Thota R, Pauff JM, Berlin JD. Treatment of metastatic pancreatic

adenocarcinoma: a review. Oncology (Williston Park). 2014;28:70–74.

[6] Carrick S, Parker S, Thornton CE, Ghersi D, Simes J, Wilcken N. Sin-

gle agent versus combination chemotherapy for metastatic breast

cancer. Cochrane Database Syst Rev. 2009;(2):CD003372. doi:

10.1002/14651858.CD003372.pub3.

[7] Le Tourneau C, Lee JJ, Siu LL. Dose escalation methods in phase

I cancer clinical trials. J Natl Cancer Inst. 2009;101:708–720.
doi:10.1093/jnci/djp079.

[8] Tallarida RJ. Drug synergism: its detection and applications.

J Pharmacol Exp Ther. 2001;298:865–872.

[9] Berenbaum MC. What is synergy? Pharmacol Rev. 1989;41:93–141.

[10] Greco W, Bravo G, Parsons J. The search for synergy: a critical

review from a response surface perspective. Pharmacol Rev. 1995;

47:331–385.

[11] Chou T. Theoretical basis, experimental design, and computerized

simulation of synergism and antagonism in drug combination stud-

ies. Pharmacol Rev. 2006;58:621–681.

[12] Amadori D, Frassineti G, Zoli L, et al. A phase I/II study of sequen-

tial doxorubicin and paclitaxel in the treatment of advanced breast

cancer. Semin Oncol 1996;23:16–22.

[13] Chou TC, Otter GM, Sirotnak FM. Schedule-dependent synergism

of taxol or taxotere with edatrexate against human breast cancer

cells in vitro. Cancer Chemother Pharmacol. 1996;37:222–228.

[14] Perez EA, Hack FM, Webber LM, Chou TC. Schedule-dependent

synergism of edatrexate and cisplatin in combination in the A549

lung-cancer cell line as assessed by median-effect analysis. Cancer

Chemother Pharmacol. 1993;33:245–250.

[15] Zoli W, Ricotti L, Barzanti F, et al. Schedule-dependent interaction

of doxorubicin, paclitaxel and gemcitabine in human breast cancer

cell lines. Int J Cancer. 1999;80:413–416.

[16] Lee MJ, Ye AS, Gardino AK, et al. Sequential application of anti-

cancer drugs enhances cell death by rewiring apoptotic signaling

networks. Cell. 2012;149:780–794. doi:10.1016/j.cell.2012.03.031.

[17] Oliveras-Ferraros C, Vazquez-Martin A, Colomer R, Llorens RD,

Brunet J, Menendez JA. Sequence-dependent synergism and antag-

onism between paclitaxel and gemcitabine in breast cancer cells:

the importance of scheduling. Int J Oncol. 2008;32:113–120.

[18] Tanaka R, Ariyama H, Qin B, et al. In vitro schedule-dependent

interaction between paclitaxel and oxaliplatin in human cancer cell

lines. Cancer Chemother Pharmacol. 2005;55:595–601. doi:10.1007/
s00280-004-0966-z.

[19] Cheng H, An S, Zhang X, Dong S. In vitro sequence-dependent syn-

ergism between paclitaxel and gefitinib in human lung cancer cell

lines. Cancer Chemother Pharmacol. 2011;67:637–646.

[20] Takahashi N, Banerjee W, Guan D, et al. Sequence-dependent syn-

ergistic cytotoxicity of ecteinascidin-743 and paclitaxel in human

breast cancer cell lines in vitro and in vivo. Cancer Res. 2002;62:

6909–6915.

[21] Badve S, Dabbs DJ, Schnitt SJ, et al. Basal-like and triple-negative

breast cancers: a critical review with an emphasis on the implica-

tions for pathologists and oncologists. Mod Pathol. 2011;24:

157–167. doi:10.1038/modpathol.2010.200.

[22] Chou TC. Theoretical basis, experimental design, and computerized

simulation of synergism and antagonism in drug combination stud-

ies. Pharmacol Rev. 2006;58:621–681. doi:10.1124/pr.58.3.10.

[23] Rivera E, Valero V, Arun B, et al. Phase II study of pegylated liposo-

mal doxorubicin in combination with gemcitabine in patients

with metastatic breast cancer. J Clin Oncol. 2003;21:3249–3254.
doi:10.1200/JCO.2003.03.111.

[24] Adamo V, Lorusso V, Rossello R, et al. Pegylated liposomal doxoru-

bicin and gemcitabine in the front-line treatment of recurrent/meta-

static breast cancer: a multicentre phase II study. Br J Cancer. 2008;

98:1916–1921. doi:10.1038/sj.bjc.6604409.

[25] Julka PK, Chacko RT, Nag S, et al. A phase II study of sequential

neoadjuvant gemcitabine plus doxorubicin followed by gemcitabine

plus cisplatin in patients with operable breast cancer: prediction

of response using molecular profiling. Br J Cancer. 2008;98:

1327–1335. doi:10.1038/sj.bjc.6604322.

[26] Perez-Manga G, Lluch A, Alba E, et al. Gemcitabine in combination

with doxorubicin in advanced breast cancer: final results of a phase

56 | VOGUS ET AL.

info:doi/10.1038/nrclinonc.2016.66
info:doi/10.1038/nrclinonc.2016.66
info:doi/10.1056/NEJMra1404198
info:doi/10.1016/j.critrevonc.2015.09.002
info:doi/10.1016/j.critrevonc.2015.09.002
info:doi/10.3390/jcm5030033
info:doi/10.1002/14651858.CD003372.pub3
info:doi/10.1093/jnci/djp079
info:doi/10.1016/j.cell.2012.03.031
info:doi/10.1007/s00280-004-0966-z
info:doi/10.1007/s00280-004-0966-z
info:doi/10.1038/modpathol.2010.200
info:doi/10.1124/pr.58.3.10
info:doi/10.1200/JCO.2003.03.111
info:doi/10.1038/sj.bjc.6604409
info:doi/10.1038/sj.bjc.6604322


II pharmacokinetic trial. J Clin Oncol. 2000;18:2545–2552. doi:

10.1200/JCO.2000.18.13.2545.

[27] Richter SN, Cartei G, Nadai M, et al. In vitro basis for schedule-

dependent interaction between gemcitabine and topoisomerase-

targeted drugs in the treatment of colorectal cancer. Ann Oncol.

2006;17:v20–v24. doi:10.1093/annonc/mdj944.

[28] Ling YH, el-Naggar AK, Priebe W, Perez-Soler R. Cell cycle-

dependent cytotoxicity, G2/M phase arrest, and disruption of

p34cdc2/cyclin B1 activity induced by doxorubicin in synchronized

P388 cells. Mol Pharmacol. 1996;49:832–841.

[29] Tonkinson JL, Worzalla JF, Teng CH, Mendelsohn LG. Cell cycle

modulation by a multitargeted antifolate, LY231514, increases the

cytotoxicity and antitumor activity of gemcitabine in HT29 colon

carcinoma. Cancer Res. 1999;59:3671–3676.

[30] Bar-On O, Shapira M, Hershko DD. Differential effects of doxorubi-

cin treatment on cell cycle arrest and Skp2 expression in breast

cancer cells. Anticancer Drugs. 2007;18:1113–1121. doi:10.1097/

CAD.0b013e3282ef4571.

[31] Montano R, Thompson R, Chung I, Hou H, Khan N, Eastman A.

Sensitization of human cancer cells to gemcitabine by the Chk1

inhibitor MK-8776: cell cycle perturbation and impact of administra-

tion schedule in vitro and in vivo. BMC Cancer. 2013;13:604.

[32] Chougule MB, Patel AR, Jackson T, Singh M. Antitumor activity of

noscapine in combination with doxorubicin in triple negative

breast cancer. PLoS One. 2011;6:e17733. doi:10.1371/journal.

pone.0017733.

[33] Bandyopadhyay A, Wang L, Agyin J, et al. Doxorubicin in combina-

tion with a small TGFbeta inhibitor: a potential novel therapy for

metastatic breast cancer in mouse models. PLoS One. 2010;5:

e10365. doi:10.1371/journal.pone.0010365.

[34] Samanta D, Gilkes DM, Chaturvedi P, Xiang L, Semenza GL.

Hypoxia-inducible factors are required for chemotherapy resistance

of breast cancer stem cells. Proc Natl Acad Sci USA. 2014;111:

5429–5438. doi:10.1073/pnas.1421438111.

[35] Bennett CN, Tomlinson CC, Michalowski AM, et al. Cross-species

genomic and functional analyses identify a combination therapy

using a CHK1 inhibitor and a ribonucleotide reductase inhibitor to

treat triple-negative breast cancer Cross-species genomic and func-

tional analyses identify a combination therap. Breast Cancer Res.

2012;14:109.

[36] Gustafson DL, Rastatter JC, Colombo T, Long ME. Doxorubicin

pharmacokinetics: macromolecule binding, metabolism, and excre-

tion in the context of a physiologic model. J Pharm Sci. 2002;91:

1488–1501. doi:10.1002/jps.10161.

[37] Immordino ML, Brusa P, Rocco F, Arpicco S, Ceruti M, Cattel L.

Preparation, characterization, cytotoxicity and pharmacokinetics of

liposomes containing lipophilic gemcitabine prodrugs. J Control

Release. 2004;100:331–346. doi:10.1016/j.jconrel.2004.09.001.

[38] Elliott WL, Howard CT, Dykes DJ, Leopold WR. Sequence and

schedule-dependent synergy of trimetrexate in combination with

5-fluorouracil in vitro and in mice. Cancer Res. 1989;49:5586–5590.

[39] Goldman A, Majumder B, Dhawan A, et al. Temporally sequenced

anticancer drugs overcome adaptive resistance by targeting a vul-

nerable chemotherapy-induced phenotypic transition. Nat Commun.

2015;6:6139. doi:10.1038/ncomms7139.

[40] Junttila MR, De Sauvage FJ, de Sauvage FJ. Influence of tumour

micro-environment heterogeneity on therapeutic response. Nature.

2013;501:346–354. doi:10.1038/nature12626.

[41] Egeblad M, Nakasone ES, Werb Z. Review tumors as organs: com-

plex tissues that interface with the entire organism. Dev Cell. 2010;

18:884–901. doi:10.1016/j.devcel.2010.05.012.

[42] Fong ELS, Lamhamedi-cherradi S-E, Burdett E, et al. Modeling

Ewing sarcoma tumors in vitro with 3D scaffolds. Proc Natl Acad Sci

USA. 2013;110:6500–6505. doi:10.1073/pnas.1221403110.

[43] Bracci L, Schiavoni G, Sistigu A, Belardelli F. Immune-based mecha-

nisms of cytotoxic chemotherapy: implications for the design of

novel and rationale-based combined treatments against cancer. Cell

Death Differ. 2013;21:15–25. doi:10.1038/cdd.2013.67.

[44] Håkanson M, Cukierman E, Charnley M. Miniaturized pre-

clinical cancer models as research and diagnostic tools. Adv Drug

Deliv Rev. 2014;69–70:52–66. doi:10.1016/j.addr.2013.11.010.

[45] Nahire R, Haldar MK, Paul S, et al. Multifunctional polymersomes

for cytosolic delivery of gemcitabine and doxorubicin to

cancer cells. Biomaterials. 2014;35:6482–6497. doi:10.1016/

j.biomaterials.2014.04.026.

[46] Lammers T, Subr V, Ulbrich K, et al. Simultaneous delivery of doxor-

ubicin and gemcitabine to tumors in vivo using prototypic polymeric

drug carriers. Biomaterials. 2009;30:3466–3475. doi:10.1016/

j.biomaterials.2009.02.040.

[47] Mallik S, Anajafi T, Scott MD, et al. Acridine orange conjugated pol-

ymersomes for simultaneous nuclear delivery of gemcitabine and

doxorubicin to pancreatic cancer cells. Bioconjug Chem. 2016;27:

762–771. doi:10.1021/acs.bioconjchem.5b00694.

[48] Liu D, Chen Y, Feng X, et al. Micellar nanoparticles loaded with gem-

citabine and doxorubicin showed synergistic effect. Colloids Surf B

Biointerfaces. 2014;113:158–168. doi:10.1016/j.colsurfb.2013.08.010.

[49] Vogus DR, Evans MA, Pusuluri A, et al. A hyaluronic acid conjugate

engineered to synergistically and sequentially deliver gemcitabine

and doxorubicin to treat triple negative breast cancer. J Control

Release. 2017;267:191–202.

[50] Zhang RX, Wong HL, Xue HY, Eoh JY, Wu XY. Nanomedicine of

synergistic drug combinations for cancer therapy-strategies and per-

spectives. J Control Release. 2016;240:489–503. doi:10.1016/j.

jconrel.2016.06.012.

[51] Hu Q, Sun W, Wang C, Gu Z. Recent advances of cocktail chemo-

therapy by combination drug delivery systems. Adv Drug Deliv Rev.

2016;98:19–34. doi:10.1016/j.addr.2015.10.022.

[52] Jonas O, Landry HM, Fuller JE, et al. An implantable microdevice to

perform high-throughput in vivo drug sensitivity testing in tumors.

Sci Transl Med. 2015;7:1–12.

[53] Majumder B, Baraneedharan U, Thiyagarajan S, et al. Predicting clin-

ical response to anticancer drugs using an ex vivo platform

that captures tumour heterogeneity. Nat Commun. 2015;6:1–14.
doi:10.1038/ncomms7169.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

VOGUS ET AL. | 57

info:doi/10.1200/JCO.2000.18.13.2545
info:doi/10.1093/annonc/mdj944
info:doi/10.1097/CAD.0b013e3282ef4571
info:doi/10.1097/CAD.0b013e3282ef4571
info:doi/10.1371/journal.pone.0017733
info:doi/10.1371/journal.pone.0017733
info:doi/10.1371/journal.pone.0010365
info:doi/10.1073/pnas.1421438111
info:doi/10.1002/jps.10161
info:doi/10.1016/j.jconrel.2004.09.001
info:doi/10.1038/ncomms7139
info:doi/10.1038/nature12626
info:doi/10.1016/j.devcel.2010.05.012
info:doi/10.1073/pnas.1221403110
info:doi/10.1038/cdd.2013.67
info:doi/10.1016/j.addr.2013.11.010
info:doi/10.1016/j.biomaterials.2014.04.026
info:doi/10.1016/j.biomaterials.2014.04.026
info:doi/10.1016/j.biomaterials.2009.02.040
info:doi/10.1016/j.biomaterials.2009.02.040
info:doi/10.1021/acs.bioconjchem.5b00694
info:doi/10.1016/j.colsurfb.2013.08.010
info:doi/10.1016/j.jconrel.2016.06.012
info:doi/10.1016/j.jconrel.2016.06.012
info:doi/10.1016/j.addr.2015.10.022
info:doi/10.1038/ncomms7169

