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Drug Ratio-Dependent Antagonism: A New Category
of Multidrug Resistance and Strategies for Its
Circumvention

Troy 0. Harasym, Barry D. Liboiron, and Lawrence D. Mayer

Abstract

A newly identified form of multidrug resistance (MDR) in tumor cells is presented, pertaining to the
commonly encountered resistance of cancer cells to anticancer drug combinations at discrete drug:drug
ratios. In vitro studies have revealed that whether anticancer drug combinations interact synergistically or
antagonistically can depend on the ratio of the combined agents. Failure to control drug ratios in vivo
due to uncoordinated pharmacokinetics could therefore lead to drug resistance if tumor cells are exposed
to antagonistic drug ratios. Consequently, the most efficacious drug combination may not occur at the
typically employed maximum tolerated doses of the combined drugs if this leads to antagonistic ratios
in vivo after administration and resistance to therapeutic effects of the drug combination. Our approach
to systematically screen a wide range of drug ratios and concentrations and encapsulate the drug combi-
nation in a liposomal delivery vehicle at identified synergistic ratios represents a means to mitigate
this drug ratio-dependent MDR mechanism. The in vivo efficacy of the improved agents (CombiPlex
formulations) is demonstrated and contrasted with the decreased efficacy when drug combinations are
exposed to tumor cells in vivo at antagonistic ratios.

Key words: Multidrug resistance, Synergy, Antagonism, Ratiometric, Drug delivery, Liposomes,
Drug screening, Median effect analysis

1. Introduction

Combination chemotherapy has been the cornerstone of cancer
therapy for over 40 years. Improvements in outcomes for childhood
leukemia highlight how development of combination treatments
has led to dramatic increases in efficacy over single agents. From
response rates of 40% and no cures with methotrexate alone, greater
than 95% complete response and 75-80% cure rates could be
achieved when methotrexate was administered in combination with
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asparaginase, daunorubicin, and cytarabine (1, 2). Yet in contrast to
these advancements in leukemia, achieving a cure for the majority of
solid tumors remains elusive (3). Response rates of pancreatic,
esophageal, and recurrent ovarian cancer are still below 20% despite
the massive efforts and resources that have been expended to
develop superior combination therapies for these indications (4).
The failure of many combinations to achieve complete remissions in
the majority of cases is frequently attributed to multidrug resistance
(MDR), a phenomenon that allows tumor cells to survive and/or
flourish under considerable challenge from exogenous cytotoxic
agents. Much attention has been paid to identified resistance factors
such as P-glycoprotein (Pgp) and multidrug resistance-associated
protein (MRP), altered apoptosis mechanisms as well as modifica-
tions in enzyme activity (e.g., topoisomerase II, glutathione-S-
transferase ) in an attempt to elucidate and mitigate these mechanisms
in order to improve efficacy (5-8). Efforts to specifically target and
neutralize these mechanisms, however, have been largely ineffective
(9, 10). Thus, development of new treatments, identification of
synergistic drug interactions, and refinement of treatment protocols
remain the main strategies for mitigating the effects of MDR and
improving the treatment outcomes of cancer patients.

2. Drug-Drug
Antagonism:
A New Form
of MDR

The discovery of favorable drug—drug interactions in combination
chemotherapy remains an active field of basic and clinical research.
Some researchers have successfully combined agents with different
mechanisms of action in which multiple sites in biochemical
pathways are attacked, resulting in synergy (11), while others
have demonstrated synergy by combining agents that target the
same pathway(s) (12—14). Identification and characterization of
synergistic drug interactions therefore remains a very active area
of research and has resulted in the introduction of several new
combination chemotherapies in the past decade (15-18). Intrinsic
in the discovery of drug:drug synergy, yet often ignored in these
studies, is the identification of drug:drug antagonism, in which
the efficacy of the two agents is impaired such that the cytotoxicity
of the combined agents is less than what would be expected for
the additive activities of the individual agents (19, 20).

Extolling the discovery of drug—drug synergy while ignoring
the existence of drug—drug antagonism under certain conditions
for a given combination can, in fact, lead to compromised efficacy.
Exposure of tumor cells to two drugs in combination at a certain
ratio and concentration can lead to one of three outcomes: synergistic,
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additive, or antagonistic activity. Thus, while the literature is
quick to identify drug combinations that have augmented activ-
ity in vitro, little attention is paid to whether the conditions used
in vitro (e.g., drug ratio and concentration) are pharmacologi-
cally relevant in vivo. Consequently, when synergy is observed,
this represents ratios at which tumor cells are susceptible to the
combination, but historically identification and avoidance of
antagonistic ratios at which tumor cells are 7esistant to the com-
bined agents is largely ignored. From an empirical perspective,
drug:drug antagonism is a form of MDR in that the cellular
response is inexplicably less than what would be minimally
expected (i.e., additivity); it affects multiple structurally disparate
chemotherapeutic agents and it is known to occur across a wide
variety of tumor types. For reasons likely related to the intercon-
nected nature of pathway biochemistry and cellular biology, a
particular cell line may be less susceptible to a specific drug
combination presented at a certain ratio, yet this resistance
mechanism can frequently be bypassed through exposure of the
same drugs at a different ratio.

Further complicating this phenomenon is that some
studies reveal that activity of a particular drug ratio may also be
concentration-dependent; exhibiting synergy at one total drug
concentration and producing additive or antagonistic results at
other concentrations. Since drug concentrations decrease over
time after in vivo administration, it is important to identify and
utilize ratios of drugs that behave synergistically over a broad
range of drug concentrations, while avoiding those combinations
that exhibit either broad ratio or concentration-specific antagonism.
While these ratios can be readily identified through a variety of
drug screening techniques, the translation of such information
from in vitro cytotoxicity studies to in vivo efficacy studies is
difficult to achieve using the current treatment paradigm for
antitumor combination chemotherapy.

The empiric process used to advance new combinations in the
clinic has evolved little since the concept of combination chemo-
therapy was pioneered by Frei and coworkers in the 1960s (21).
In this process, individual drugs in a combination are escalated to
the maximum dose where aggregate toxicity is tolerable with the
expectation that maximum therapeutic activity will be achieved at
the maximum dose of each agent.

Conventional combination therapy, however, frequently fails
to account for disparate physiochemical properties of each drug
component that will typically result in the rapid and independent
distribution and elimination of each agent. Without a means to
control the pharmacokinetics (PKs) of each drug, their unique
clearance properties will lead to rapidly changing and uncon-
trolled drug:drug ratios after administration. Therefore, over a



294 Harasym, Liboiron, and Mayer

2.1.1. Case Study:

Gemcitabine and Cisplatin

Pharmacokinetics

Table 13.1

short period of time, combinations administered as an unbridled
cocktail can be present at synergistic, additive, and /or antagonistic
ratios if the combination exhibits drug ratio-dependent interactions.
Consequently, failure to account for and control drug ratios in the
application of drug combinations in vivo could lead to the exposure
of tumor cells to antagonistic drug ratios, leading to empirical MDR
and corresponding loss of therapeutic activity. Encouragingly, the
role of synergistic and antagonistic drug interactions in the miti-
gation and emergence of MDR is gaining interest in the current lit-
erature for a variety of disease states (22-206).

The combination of gemcitabine and cisplatin is instructive in
highlighting the changes in plasma concentrations and drug ratios
that occur following coadministration of the two drugs, using
pharmacokinetic parameters presented in Table 13.1. Gemcitabine
is infused first over a period of 30 min at a total dose of 1,250 mg/
m?, followed by a 1-h infusion of saline to minimize renal toxicity
from cisplatin. Cisplatin is then administered at 100 mg/m?*in 1 L
of saline over a 1-h infusion time. The average terminal half-lives
of gemcitabine and cisplatin are 69 and 33 min, respectively
(product monographs; Eli Lilly 1999, Mayne Pharma, 2003),
which represents a 2.1-fold difference in plasma elimination rates.

Using the aforementioned PK parameters, volumes of distri-
bution (Table 13.1) and accounting for the differences in both
administration start times and durations between gemcitabine
and cisplatin, the drug concentrations and associated drug:drug
ratios can be estimated. Upon completion of the cisplatin infusion,

A typical treatment regimen using the combination of cisplatin and gemcitabine
for advanced non-small cell lung cancer (NSCLC)

Terminal
Drug dose? Volume of half-life
Drug (mg/m?/day) Administration distribution (L/m?) (~min)®
Gemcitabine 1,250 on days IVin 250 mL of NS 50 42-96
1and 8 over 30 min.
Cisplatin 100 on day 1 Prehydrate with 41 2045

1,000 mL NS over
60 min then cisplatin
IV in 1,000 mL NS
over 60 min.

Note: Gemcitabine is administered first

“Drug dose and treatment schedule from BC Cancer Agency chemotherapy protocol (LUAVPG) available online
at http://www.bccancer.be.ca/HPI /ChemotherapyProtocols /Lung/default.htm

*From BC Cancer Agency drug manual and Gemzar and Platinol-AQ product monographs


http://www.bccancer.bc.ca/HPI/ChemotherapyProtocols/Lung/default.htm
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the respective gemcitabine and cisplatin plasma concentrations
are 20 and 2 pM, reflecting a 10:1 molar ratio. At 30 min after
completion of the cisplatin infusion, only 50% of the postdistribu-
tion cisplatin concentration (~1 uM) and 72% of the postdistribu-
tion gemcitabine concentration (~14 pM) is expected to remain
in the plasma. Hence, the rapidly decreasing plasma drug concen-
trations will quickly lead to levels that fall below effective cellular
cytotoxic values for cisplatin (e.g., the concentration of drug
required to kill 50% of target cells in vitro, IC50 value, for gem-
citabine and cisplatin in a A549 human non-small cell lung cancer
cell line is 0.007 and 4.2 puM, respectively), highlighting that
increased drug elimination results in decreased cell kill fractions.
Furthermore, given that approximately 50% of the cisplatin and
28% of the gemcitabine is eliminated from the plasma every
30 min postadministration, the gemcitabine:cisplatin ratio
increases by 1.44-fold over that time period. Specifically, at =0
the molar ratio of gemcitabine:cisplatin is approximately 10:1,
whereas after 30 and 60 min, the gemcitabine:cisplatin molar
ratio would increase to approximately 14:1 and 21:1, respectively,
reflecting a doubling of the original gemcitabine:cisplatin ratio.
By 4 h, the gemcitabine:cisplatin ratio will be approximately
185:1, an increase nearly 20-fold from the starting drug ratio. In
view of the evidence of drug ratio-dependent synergy in vitro and
in vivo for several drug combinations (13, 14, 27-29), careful
consideration should be given to ensure that the in vitro method-
ologies utilized to evaluate drug combinations for synergy take
these pharmacological properties into account. Failure to do so
could result in concluding that a given drug combination is syn-
ergistic when, in fact, drug ratios and concentrations reflecting
those exposed to tumor cells in vivo could be highly antagonistic
and susceptible to drug ratio-dependent MDR.

3. In Vivo Avoidance
of Drug Ratio-
Dependent MDR:
The CombiPlex
Approach

We have developed an approach in which we identify antagonistic
drug:drug ratios for a particular drug combination in vitro and
subsequently package the two drugs in a drug delivery vehicle
such that a concentration-independent synergistic ratio of the
two drugs is delivered directly to the tumor site and antagonistic
ratios are avoided. Subsequent in vivo efficacy studies are used to
confirm the translation of in vitro drug synergy relationships to
actual efficacy improvements over the individual agents, the free
drug cocktail and, most importantly, significant increases in efficacy
over the two drugs delivered in a vehicle at an antagonistic ratio.
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3.1. Drug Synergy/
Antagonism
Screening:
Experimental Design
Considerations

This review will detail the most common algorithms used to assess
ratio-dependent drug:drug synergy /antagonism as well as meth-
ods to fix desirable drug ratios in vivo and evaluate the efficacy of
fixed ratio combination agents in a variety of tumor xenografts.
This ratiometric dosing approach to combination chemotherapy
represents a means to augment the in vivo efficacy of combination
therapies by maximizing tumor exposure to drugs at their syner-
gistic ratios and avoidance of antagonistic ratios at which the
ratio-dependent MDR mechanisms are active.

The most efficient and accurate means to evaluate drug interac-
tions is through in vitro cytotoxicity assays, and several approaches
can be taken when structuring how agents are combined experi-
mentally in order to evaluate drug combinations for synergy
in vitro. In general, these approaches evaluate drug combinations
based upon (1) a nonconstant ratio design where the drug con-
centrations are chosen arbitrarily based on the features such as the
relative in vitro antitumor potencies of the individual agents or
plasma concentrations achieved clinically (30, 31), or (2) constant
ratio designs where drug concentrations are chosen based on an
equipotent activity (i.e., the ratio of the IC50s) and serial dilu-
tions are prepared to obtain a dose—etfect (or concentration)
range for a given ratio (32, 33). A list of methods used to evaluate
drug interactions is found in Table 13.2. Clearly, considerable
effort has been given to accurately quantify drug:drug synergy;
however, this review will describe the methods most commonly
employed in the literature.

The most common nonconstant ratio approach to evaluate
drug combinations for synergy employs a checkerboard drug
combination design. In this method, the drug concentrations and
drug ratios are varied. For example, in a 7 x 7 checkerboard layout
for a two-drug combination each drug is diluted to generate
seven different concentrations. Ideally each individual drug dilu-
tion will provide concentrations that provide the full range of
tumor cell growth inhibition (e.g., <20% to 290%). In this design,
drug A is diluted vertically and drug B is diluted horizontally in a
standard multi-well plate format and combining the two dilution
groups results in 49 distinct combinations of the two drugs in
addition to the seven concentrations of each individual drug.
For most two-drug combinations, basing the dilutions on drug
concentrations that span the entire cytotoxicity curve for the indi-
vidual agents will lead to a rather ad hoc assortment of drug ratios
and effective concentrations.

A major disadvantage to the checkerboard approach is the
large number of fixed ratios that are evaluated at a limited number
of effect levels (concentrations). For example, applying the 7 x7
matrix design described previously to gemcitabine and cisplatin
tested in the A549 non-small cell lung cancer cell line results in
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Table 13.2
Various drug combination interaction methods used for
evaluating synergy (adapted from (37))

Evaluation models References

Isobologram (1870) (84, 85)

Loewe additivity (1926) (86-89)

Bliss independence response surface approach (90)
(1939)

Fractional product method of Webb (1963) 91
92
93
94

)
)
)
)
95)
)
)
)
)
)

(
Multivariate linear logistic model (1970) (
Approach of Gessner (1974) (
Method of Valeriote and Lin (1975) (
Method of Drewinko et al. (1976) (
Interaction index calculation of Berenbaum (1977) (35
Method of Steel and Peckman (1979) (36
Median-effect method of Chou and Talalay (1984 ) (41
Method of Berenbaum (1985) (
Method of Greco and Lawrence (1988) (
(
(
(
(3

Method of Pritchard and Shipman (1990)

96
97

98-100)
101)
38,102,103)

9)

Bivariate spline fitting (Siihnel 1990)
Models of Greco et al. (1990)
Models of Weinstein et al. (1990)

33 different gemcitabine:cisplatin molar ratios spanning a range
from 1:5 to 1:100,000 (Table 13.3). Note that drug concentra-
tions were chosen such that each drug spans its own dose—response
curve, from low cell growth inhibition to high cell growth inhibi-
tion. The IC50 values for gemcitabine and cisplatin in A549 cells
are 0.007 and 4.2 pM, respectively, a difference of approximately
600-fold. At an IC50 matched ratio (1:600) the nearest ratios
evaluated by this checkerboard design are 1:500 and 1:750, indi-
cating that only a few ratios are tested near the steepest and most
sensitive region of the dose—response curves (i.e., at the IC50
value). Further, of the 33 ratios generated, only 8 are evaluated at
more than 1 effect level or concentration (gemcitabine:cisplatin
ratios of 1:50, 1:100, 1:200, 1:500, 1:1,000, 1:2,000, 1:5,000,
and 1:10,000), with the 1:500 ratio being evaluated at a maximum
of only 4 effect levels. Therefore, using a conventional checkerboard
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3.1.1. Fixed Ratio In Vitro
Synergy Analysis:
Isobologram, Surface
Response, and Median-
Effect Methods
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approach limits the evaluation of the concentration dependency
for any particular gemcitabine:cisplatin ratio.

Drug combination schemes where drug:drug ratios are main-
tained by equivalent dilutions of drug A and drug B in a checker-
board design can be utilized; however, this often results in one of
the drugs failing to span the full dose—response curve and the cor-
responding loss of synergy information in this portion of the
dose-response curve. This can be particularly important if miss-
ing data occurs at high tumor growth inhibition, considering that
for chemotherapeutics to be clinically effective multilog tumor
cell kill is required. Thus, the synergy results obtained at high cell
kill values are likely to be much more relevant than observations
at low effect levels such as an effective dose (ED) of 20% or 30%
(ED20 and ED30 reflect concentrations that result in 20% and
30% tumor cell growth inhibition, respectively).

In vitro synergy analysis based on fixed drug ratios offers an alter-
native approach to identifying synergistic drug combinations.
The most notable of these are the isobologram, surface response,
and median-effect analysis methods, which are described in
greater detail below. A constant-ratio approach has the benefit of
evaluating the drug combination at a fixed drug:drug ratio over
the full range of fraction of affected cells (f; equivalent to effec-
tive dose, ED, the percent tumor growth inhibition relative to
control cells) and therefore one can assess whether changes in
synergy/antagonism occur for a particular ratio as drug concen-
trations vary.

Isobolograms (or Isobol) are prepared for each fixed ratio
from equally effective dose pairs for a single effect level. It should
be noted that if one of the individual dose-response curves do
not attain the chosen effect level, an isobol cannot be evaluated at
that effect level and a lower effect level must be chosen or higher
drug concentrations must be evaluated. Figure 13.1 shows an
isobologram for the irinotecan:floxuridine combination adapted
from Harasym et al. (34) at an ED75 (effective dose required to
achieve 75% tumor cell growth inhibition). The ED75 isobol is
generated from the dose of irinotecan required to elicit an ED75
plotted on the y-axis and the dose of floxuridine required to gen-
erate an ED75 plotted on the x-axis. The straight line joining the
two data points on each of the axes is the line of additivity. For
experimental combinations the drug concentrations required to
generate an ED75 response are then plotted. Data points that lie
below the line of additivity are considered synergistic, on the line
as additive, and above the line as antagonistic. In this example,
five fixed ratios were evaluated at an ED75 and, with the excep-
tion of the 10:1 ratio, the four remaining ratios were synergistic.
Isobols are simple to generate and are visually easy to interpret;
however, the isobols are not readily evaluated statistically and it is
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Fig. 13.1. Isobologram of irinotecan and floxuridine in the HCT-116 colorectal cell line (adapted from data presented in
[34]. (@) An ED75 isobol including five fixed ratio data points, which were the drug doses of irinotecan:floxuridine required
to achieve an ED75. (b) Three isobols are displayed on a single figure, and fixed ratio data are not shown, for clarity.

difficult to quantify the magnitude of the observed synergistic/
antagonistic response (i.e., the perpendicular distance from the
line of additivity). Although onerous to generate, several modi-
fied approaches from the original isobologram methodology do
allow for more statistical rigor and provide quantitative measures
of synergy (35, 36). Further, when required to evaluate large data
sets multiple effect level isobolograms where more than three
isobols are plotted (i.e., the simultaneous plots of ED50, ED60,
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ED70 isobols on the same figure) become cumbersome and difficult
to visualize due to data congestion (Fig. 13.1b). Thus, for large
quantities of data, alternative methods that generate similar results
are preferred.

Several zero interaction response surfaces (surface response)
analysis methods have been described that present data as three-
dimensional (3-D) concentration effect curves (37-39). The con-
centrations of drugs A and B are generally plotted on the x-axis
and y-axis, and the f (or other observed effect) is plotted on the
z-axis. The 3-D surface that is generated (usually derived from
Loewe additivity and/or Bliss independence principles) defines
the predicted results of no interaction (zero effect or additivity)
for the drug combination.

Zero interaction response surfaces have several advantages
including: (1) the evaluation of combinations throughout the
complete dose range, (2) analysis when one drug dose is fixed and
the second drug dose is varied, and (3) analysis when both drugs
are simultaneous varied to keep the dose at a fixed ratio. The lat-
ter two points represent cross sections through the zero response
surfaces. However, disadvantages of surface response analysis
include the need for a large number of regularly dispersed data
points, the complexity in implementation, the deficiencies in
quantifying the measure of the interaction, and the inability to
measure statistical uncertainty (33).

As an example, Fig. 13.2 shows cytarabine and daunorubicin
viability data obtained using the CCRF-CEM leukemia cell line
plotted in relationship to a zero response surface (CombiTool,
IMB-Jena, adapted from data presented in (40)). Data points
shown above the surface are synergistic, near the surface indicate
zero interaction (additivity), and below the surface are antagonis-
tic. The 5:1 molar ratio of cytarabine:daunorubicin was readily
identified as synergistic due to its noticeable separation from the
zero interaction surface compared to the other ratios that were
cither additive or antagonistic. What is most evident from attempt-
ing to analyze this type of data format is the difficultly in identify-
ing the synergism, additivity, or antagonism by visual inspection.
To analyze the five fixed ratios in the graph visually it is necessary
to rotate the graph to inspect under the surface. Further, it is dif-
ficult to quantify the extent of synergy (the distance from the zero
response surfaces) and the relative response level (f)) at which
synergy/antagonism occurred. Therefore, in the analysis of this
data set, surface response analysis failed to efficiently identify
important quantitative differences in synergy in a manner that is
amenable to high data throughput.

Constructing drug combinations for in vitro synergy analysis
based on fixed drug ratios has been driven largely by the develop-
ment of a third method, the median-effect analysis by Chou et al.
(33,41,42), and this principle has been widely used for combination
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Fig. 13.2. Zero interaction response surfaces (surface response) obtained for cytarabine and daunorubicin in the CCRF-
CEM cell line. Data were generated from CombiTool. Data points above the zero interaction surfaces indicate synergy and
data points below the surface indicate antagonism (adapted from data presented in (40).)

assessment for numerous years (19, 43-45). In this approach, the
ratio of two drugs combined has historically been selected based
on their relative IC50 values, and serial dilutions of this drug
combination are prepared to span the entire in vitro dose—response
curve. The degree of tumor cell growth inhibition is compared to
that for the individual agents across the same concentration range
used in the combination. The approach has the benefit of evaluat-
ing the combination at a given fixed drug:drug ratio over the full
range of fraction of affected cells and therefore one can assess
whether changes in drug concentrations affect whether or not a
particular drug ratio is synergistic or antagonistic. Although this
information is extremely valuable, the drug ratios reflected by
IC50 values of the individual drugs may not reflect those ratios
exposed in vivo after systemic administration of a drug combina-
tion. Consequently, in order to assess the pharmacological impli-
cations of decreasing drug concentrations and changing drug:drug
ratios that occur after in vivo administration of conventional drug
combinations, multiple ratios must be systematically evaluated
in vitro. Historically, this parameter has rarely been investigated
in vitro and when it has, the implications of the results obtained
with different drug:drug ratios (typically only 2-3) on the in vivo
activity of the combination have been unrecognized.
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The median-effect equation of Chou and Talalay yields identical
conclusions for both isobologram and Combination Index (CI)-
f, data (discussed further later) with the advantage of ease of oper-
ation, the ability to analyze large data sets, and graphical
representations that allow dose-response interpretations.
Specifically, where isobolograms are dose oriented, the CI-f; anal-
yses are effect oriented. Briefly, from dose-response data the
median effect (13.1) is log transformed to a linearized equation
and thus takes the form of a straight line equation y = mx + &
(13.2).

L (DY 13.1
7 o) (13.1)
log{%] =mlog(D)—-mlog(D,), (13.2)

where f = fraction of cells affected, f =fraction of cells unaftfected,
fi+f,=1, D=dose of drug, D_=the median-eftect dose (signifies
potency, and is usually near the IC50), and m=signifies the shape
(sigmodicity) of the dose—effect curve. The latter equation is used
to convert monotonic dose-response curves (usually sigmoidal)
into straight lines whereby the slope () and the x-intercept (log
D_ ) and hence the D_ value can be obtained and extrapolated for
any dose and effect. Using the Combination Index (CI) (13.3)
and using the m and D_ values from above the CI value at any
effect level (f)) can be determined where:

c1= Ok (B (13.3)
(D)), (D),

where Cl=combination index; CI<1, =1, and >1 indicates
synergy, additivity, or antagonism, respectively, (D), and (D), =the
drug concentrations in the combination required to inhibit X%,
and (Dx), and (Dx),=the doses of the individual drugs alone
required to inhibit X%.It should be noted that the median-effect
CI equation is equivalent to the Loewe additivity principle I =4 /
D, + d, /D,) for mutually exclusive agents (33, 37).

The most efficient design for applying the median effect analysis
method is to choose a specified fixed ratio as described earlier in
the experimental design section, and then perform a series of
serial dilutions to obtain a dose—response curve. We use the
median-effect equation as our primary method for synergy analysis
as it allows for (1) the evaluation of fixed-drug combination ratios
at multiple concentrations, (2) the correlation of synergy to the
fraction of cells affected, thereby facilitating synergy analysis at
high cell kill values, and (3) straightforward generation of synergy
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3.1.3. Automated
Screening Methodology

data through the availability of commercially available software
(CalcuSyn, BioSoft).

We have utilized the median-effect analysis method to assess
the in vitro drug ratio dependency of synergy for several clinically
relevant drug combinations (27, 40, 46, 47). Figure 13.3 pres-
ents the in vitro synergy results evaluated in this manner for the
combination of irinotecan:floxuridine exposed to HCT-116
human colorectal cancer cells (adapted from (34) and (27)).
Irinotecan and fluorinated pyrimidine combination therapy are
standard of care in metastatic colorectal cancer (48, 49). Taking
the traditional approach to analyzing such a combination would
result in the generation of a single CI vs. f curve using an
irinotecan:floxuridine ratio that would reflect their relative poten-
cies in vitro (10:1 molar ratio in this case; see Fig. 13.3a). These
data indicate that this drug ratio exhibits significant concentra-
tion-dependent synergy since at low f (corresponding to low
concentrations of the 10:1 ratio), the combination is nearly addi-
tive; however, the combination shifts to strong antagonism when
the drug concentration is increased to achieve tumor growth
inhibition greater than an f value of 0.5. Higher £ values (°0.5)
are most relevant for cancer applications and under these condi-
tions the 10:1 irinotecan:floxuridine molar ratio was highly antag-
onistic. Based on these limited data, one could conclude that this
combination is, in fact, not desirable from the perspective of drug
synergy. However, when four additional drug ratios were evalu-
ated, we observed that other ratios of the same two agents could
be identified where strong synergy was obtained over broad drug
concentrations reflecting the full range of f values (Fig. 13.3b).
Notably, irinotecan:floxuridine ratios of 1:1, 1:5 and 1:10 were
synergistic between f values of 0.2 and 0.8. We then compared
drug ratio-dependent synergy for the different drug ratios by
plotting the CI value as a function of drug ratio for an f; value
reflecting high cell kill (e.g., //=0.8; see Fig. 13.3c). These data
highlight the fact that as irinotecan:floxuridine concentrations
and drug ratios change (as they would following in vivo adminis-
tration of conventional aqueous-based drug combinations, see ref.
(34)) conditions would likely occur where the two drugs were
exposed at antagonistic drug ratios, and this would compromise
therapeutic activity.

The in vitro evaluations of drug ratio-dependent synergy detailed
carlier were performed using five different drug:drug molar ratios
ranging from 10:1 to 1:10 in 3—4 cell lines. While this process led
to the identification of synergistic drug ratios that could be
exploited in vivo via drug delivery systems (see later), the intervals
between the different drug ratios are relatively large (up to five-
fold) and the screening matrix must be tailored to each particular
combination in the context of drug concentrations employed.
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Manual cell culture procedures are capable of managing the
analysis of five fixed ratios plus two individual dose—response pro-
files using eight serial drug dilutions, triplicate assays, and a mini-
mum of three repeats of each experiment (each experiment
represents 630 individual assays). Ideally, however, one would
test more drug:drug ratios with smaller intervals in a wider range
of tumor cell lines in order to improve the robustness, reliability,
and predictability of drug ratio-dependent synergy trends (50—
54). Furthermore, a single drug combination matrix would facili-
tate the application of robotic liquid handling, thereby increasing
throughput and allowing virtually any drug combination to be
readily examined for in vitro synergy over a wide range of drug
ratios and concentrations.

To achieve this goal, we have expanded the number of drug
ratios from 5 to 18 where each ratio reflects a twofold increment
from its nearest neighbor, have increased the number of concen-
trations evaluated for each ratio from 8 to 16, have increased the
number of experiment repeats from 3 to 4 while maintaining the
triplicate replicates within each experiment, and have expanded
the number of cell lines screened from 3—4 to 10-20 comprising
5-7 tumor types. In cases where drug combinations are approved
tor patient use, the in vitro screen is enriched in cell lines repre-
senting the clinical indication. The data generated in this process
reflect 96,000 individual assays (1,600,96-well plates). Figure 13.4
presents a schematic illustration of this semiautomated process for
systematically evaluating drug combinations for drug ratio-depen-
dent synergy. The process is semiautomated as it relies upon
numerous liquid handling robots and workstations (multiplate
washers, multiplate readers, etc.) to perform all of the required
steps of a cell viability assay. The method evaluates the 18 fixed
ratios from a fixed ratio range of 64:1 to 1:2,048. This broad
ratio range allows for the collection of fixed-ratio dose—response
profiles for drug combinations from agents with similar potencies
to those with large differences in potencies (i.e., IC50 differences
of approximately 2,000). The viability assay used is the colorimet-
ric tetratzolium assay, MTT (55); however, with minimal
programming and procedural adjustments the methodology can
be readily adapted to other colorimetric, fluorescent, or lumines-
cent based assays. The liquid handling robots are used to plate
cells into 96-well plates, prepare the required drug master plates
plus the required serial dilutions, and to add drugs to the cell
containing plates.

The cell viability results generated are entered into a dose—
response matrix for each fixed ratio (see Fig. 13.4; horizontal rows
indicate the 18 fixed ratios and the left most vertical column indicates

the cell lines). From the dose-response matrix various data analysis
options are available to analyze for combination effects, such as
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isobologram, zero interaction (surface response), or median
effect. As an example, the median effect analysis leads to the
median effect matrix, a summation of data that relates the CI vs.
f, data sets. Finally, the data are compiled to show the drug
combination ratio identification matrix where the combination
effect at a defined eftfect level (i.e., ED80) is displayed. To graphi-
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3.2. Translating Drug
Ratio-Dependent
Synergy In Vivo Using
Nanoscale Drug
Delivery Systems

cally highlight the observed pattern of synergism, antagonism, or
additive affects the numeric CI values are color coded. CI values
between 0 and 0.9 are synergistic (green), values between 0.9 and
1.1 are additive (yellow), and values greater than 1.1 are antago-
nistic (red). This “ratio heat map” assists in the identification of
regions of consistent synergy and antagonism across multiple
tumor cell lines at a defined effect level. It should be noted that
the broad drug ratio range typically leads to a significant number
of data points off the sensitive range of the dose—response curve
(e.g., <10% and >90% cell growth inhibition) for given combina-
tions. Consequently, these data points must be “truncated” in
order to avoid erroneous skewing of the synergy analysis using
the median-effect algorithm.

Table 13.4 presents a “ratio heat map” for the gemcitabine:
cisplatin combination. It represents a succinct compilation of the
comprehensive data set generated through the automated screening
methodology conducted using nine different cell lines and 18
drug ratios. The inclusion of the added cell lines further defines
the optimal synergy ratio range near a gemcitabine:cisplatin molar
ratio of 1:2, as synergy was observed in all cell lines at this ratio.
Higher ratios such as 1:4 for the A2780 ovarian cell line are
antagonistic, with widespread drug:drug antagonism observed in
several celllines beyond a drugratio of 1:128 gemcitabine:cisplatin.
Indirectly the tabulated data reveal the different responses of
individual cell lines to the gemcitabine:cisplatin combination and
such detailed information could be useful for mechanistic corre-
lations. Lastly, the automated screening methodology can be
used to generate heat maps for each of the 18 fixed ratios from
effect levels of ED5 to high effect levels of ED95 to examine the
drug combination effects at any desired effect level. Our primary
focus is to identify drug combination synergies at high effect
levels (>ED75) and thus at high tumor cell kill. However, this
full data set allows synergy to be evaluated at lower effect con-
centrations, which will be experienced as drugs are eliminated
from the body to ensure that significant antagonism does not
arise for combinations that may otherwise display synergy at only
very high effect levels.

The implication of the drug-dependent antagonism (MDR)
revealed by the ratiometric screening results described earlier and
elsewhere for other drug combinations (27, 47) is that attention
must be given to the concentration and ratio of drug combinations
that occur over time after systemic administration in vivo. Basing
in vitro synergy testing conditions on pharmacologically relevant
drug concentrations and drug ratios observed in vivo may increase
our understanding of how conventional drug combinations interact
therapeutically. More importantly however, this approach has
opened the possibility to exploit drug ratio-dependent synergy
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3.2.1. Designing
Liposomes to Deliver
Fixed-Ratio Drug
Combinations

relationships and avoid drug ratio-dependent MDR antagonism
through the use of nanoscale drug delivery systems. This is due to
the fact that small (20-200 nm diameter) drug delivery vehicles
such as liposomes and nanoparticles do not readily distribute into
healthy tissues after systemic administration and can be designed to
control the rate at which encapsulated drugs are released from the
carrier (56, 57). Consequently, such delivery systems can be con-
structed to deliver drug combinations in vivo such that the formu-
lated drug:drug ratio can be maintained in the body for extended
times after i.v. administration (34, 40,46, 58,59). An added advan-
tage of nanoscale particulate carriers is that they display enhanced
penetration and retention (EPR) effects in solid tumors due to the
associated leaky vasculature and poor lymphatic drainage, which
results in selective accumulation of the delivery vehicles and their
encapsulated contents in sites of tumor growth (56, 60). The ideal
drug vehicle for multiple, synergistic agents must coordinate the
pharmacokinetics and biodistribution of both drug agents to ensure
delivery of both drugs to the tumor site at the desired synergistic
ratio. Dissimilar drug leakage rates or tumor distributions between
the two drugs could lead to compromised efficacy via drug ratio-
dependent MDR antagonism. Lastly, the drug carrier should have
a relatively prolonged plasma half-life compared to the free agents
to allow time for the delivery vehicle to extravasate into tumor tis-
sue and exploit the EPR effect for small particulate drug carriers.

Delivery of two agents at a defined ratio through use of a
drug delivery vehicle can use one of two strategies. The simplest
approach is to formulate each drug component into a separate
carrier and combine the two formulated drugs at the desired ratio
(Fig. 13.5a). This method has the advantage of facile generation
of the desired ratio; however, one must ensure that the drug
release rates for both agents are identical and that the biodistribu-
tion of both carriers is unaffected by the encapsulation of different
agents. These concerns can be eliminated through encapsulation
of both active species in a single carrier system (Fig. 13.5b). Such
a system presents added complexity to the formulation of a fixed
ratio combination agent; iterative variation of internal buffer com-
ponents and carrier composition is used to coordinate the release
of both drugs so that the plasma drug elimination kinetics is
matched. For this purpose, liposome technology is better devel-
oped than other nanoscale platforms (e.g., nanoparticles, micelles,
nanospheres); therefore, the following discussion will focus on
development of liposomal carriers.

Liposome drug delivery technology has advanced considerably
over the past 25 years to the point where there are now several
approved liposomal products of single anticancer agents (e.g.,
DepoCyt (cytarabine), Doxil (doxorubicin), DaunoXome (dauno-
rubicin)). Liposomes are typically formulated with near equimolar
amounts of inert, uncharged lipids such as phosphatidylcholine
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Fig. 13.5. Formulation strategies for encapsulation of two drug species at a fixed drug ratio in vivo. (@) Mixing of two
individual encapsulated agents; (b) Coencapsulation of two agents within a single drug vehicle.

and cholesterol. Addition of polyethyleneglycol (PEG) to create
PEG-coated “stealth” liposomes (61) or negatively charged lipids
(e.g., distearoylphosphatidylglycerol (DSPG) (62)) greatly
enhances the plasma circulation time of the liposomes by increasing
stability and preventing opsonization by the immune system. The
lipid composition also plays a major role in the retention of drugs
encapsulated within the liposome (47). The phase transition tem-
perature of saturated lipids increases with acyl chain length (e.g.,
from Cl14 to C18) accompanied by a concomitant increase in
drug retention properties (62, 63). Cholesterol composition can
also be manipulated to tune drug release rates in vivo (64, 65).
We have noted that liposomes comprising high phase transition
temperature lipids containing relatively low amounts of choles-
terol (£20% mole ratio) are particularly well suited to coordinated
retention of multiple drug agents due to their stable gel phase
state in vivo.

Drug encapsulation of liposomes is achieved through either
passive or active loading. Passive loading is conducted by extrusion
of the liposomes in the presence of the drug (40, 66, 67). Drug
loading efficiencies are usually low (<10%) and drug retention can
be poor when injected in vivo (66). Active loading is typically highly
efficient (drug loading efficiency >90%) and rapid. An appropriate
transmembrane gradient (pH, ion, metal) is established that
typically causes a chemical or physical change in the drug once
encapsulated. As an example, pH gradients typically cause deproto-
nation or protonation of a weak acid /base moiety of the drug mol-
ecule upon encapsulation such that the drug becomes charged
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within the liposome and thus far less membrane-permeant after
encapsulation (66, 68-70). Other mechanisms related to this con-
cept include intraliposomal drug precipitation (71), metal complex-
ation (72-75), and antiport exchange of drugs and excipients (76).

Development of a coencapsulated liposomal formulation of
floxuridine and irinotecan (CPX-1) illustrates the intricate design—
function relationships inherent in delivery of fixed ratio chemo-
therapeutic agents via a drug delivery vehicle (46). Figure 13.6
depicts the release of irinotecan and floxuridine from several lipo-
somal formulations containing different amounts of cholesterol
(Chol) in distearoylphosphatidylcholine (DSPC) /distearoylphos-
phatidylglycerol (DSPG) liposomes. For encapsulated irinotecan
(Fig. 13.6a), as the cholesterol component is increased from 0 to
15% mole ratio (of the total lipid), the plasma half-life increases
dramatically from less than 2 h for 80:0:20 DSPC:Chol:DSPG to
~15 h for 65:15:20 (DSPC:Chol:DSPG). This sensitivity of irino-
tecan release to cholesterol is contrasted by the insensitivity of the
second drug floxuridine over this cholesterol range (Fig. 13.6b).
Floxuridine leakage rates from the four different liposome formu-
lations are virtually independent of liposome cholesterol content
between 0 and 20 mole percent cholesterol. In this case, the
70:10:20 DSPC:Chol:DSPG formulation was selected to coen-
capsulate irinotecan and floxuridine as it coordinated the plasma
PK properties of the two active agents.

The internal buffer composition was also instrumental in
controlling the drug release properties of CPX-1. The in vitro
release rate of irinotecan was found to be sensitive to the presence
of copper in the internal liposomal buffer of CPX-1, while floxu-
ridine release was largely insensitive to copper. Intensive biophysi-
cal characterization of both formulations revealed that the
aggregation state of irinotecan was modulated by the encapsu-
lated copper gluconate-triethanolamine buffer system; irinotecan
formed higher order aggregates in the absence of copper than led
to a slower, uncoordinated release relative to floxuridine (77).

Careful formulation of multiple drug agents to maintain a
particular ratio in vivo requires iteration of encapsulation tech-
niques to optimize drug encapsulation efficiency, drug retention,
and biodistribution properties. The use of in vivo data, particu-
larly pharmacokinetic evaluation of plasma clearance rates of both
drugs, is essential to guide the formulation process and lock in
the desired drug ratio within the carrier. While coformulation of
two active agents into drug vehicles is gaining interest in the lit-
erature (3, 40, 46, 78-82), attention must be paid to the release
properties of both drugs to ensure that the encapsulated drug
ratio is not changing over time. Several recent efforts either failed
to measure for drug release rates (79, 81, 82) or to maintain the
starting drug ratio (72). Use of drug delivery vehicles that
successfully coordinate the delivery of the two active agents at a
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Fig. 13.6. The in vivo retention of irinotecan (a) and floxuridine (b) coformulated in various liposomal formulations.
Liposomes composed of DSPC:Chol:DSPG (65:15:20 molar ratio); (open rectangle), DSPC:Chol:DSPG (70:10:20 molar
ratio); (filled down triangle), DSPC:Chol:DSPG (75:5:20 molar ratio); (open circle), and DSPC:DSPG (80:20 molar ratio);
(filled circle) (Reprinted from [46 | with permission from Elsevier).

predictable, nonantagonistic ratio is essential to this methodology
of mitigating drug ratio-dependent MDR antagonism.

3.3. In Vivo Evaluation The importance of avoiding exposure of tumor cells to antagonistic

of Fixed Ratio drug ratios is elucidated through in vivo comparisons of antitumor
Combination activity of the fixed synergistic ratio combination formulation
Therapies against the combination in which the ratio is uncontrolled (i.e., a

free drug cocktail), and most importantly against a fixed lipo-
some-encapsulated antagonistic ratio of the two active species.
The goal of such studies is to establish the efficacy superiority of
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the fixed synergistic ratio formulation of the two agents by
ensuring that (1) a contribution to the observed efficacy is made
by both agents and (2) the exposure of tumor cells to a synergistic
drug ratio leads to improved efficacy over formulations in which
cither the ratio is uncontrolled or set within an antagonistic range.
Therefore, evaluation of in vivo efficacy of fixed-ratio combina-
tion agents (e.g., CombiPlex formulations) must include assess-
ment of its efficacy against the free drug cocktail, the singly
tormulated liposomal agents, and finally against a formulation in
which the drug ratio is fixed in a region previously identified as
antagonistic.

Typically, mouse models of cancer are employed for this analysis.
Prior to formal efficacy experiments, the maximum tolerable doses
of each agent are determined, defined as a single dose or series of
doses that results in less than 15% of total body weight loss and
no toxicity-related mortality for any one dose or schedule of
doses. Human xenograft solid tumors subcutaneously grown in
immune-compromised mice may be utilized and selected on the
basis of defined genetics and growth attributes. Tumor cells
utilized in these experiments can be genetically manipulated or
selected to express preferable properties and are injected into
mice. Once the tumors have grown to a palpable (measurable)
size, delivery vehicle and free drug compositions can be adminis-
tered, preferably intravenously, and their effects on tumor growth
are monitored.

It is not readily possible to analyze efficacy data for synergistic
or antagonistic interactions by median effect, surface response,
or isobologram analysis in an in vivo model. Generation of an
appropriate (i.c., statistically robust) data set using animal mod-
els would require a dose titration of each individual liposomal
agent and the combined agents at several ratios and using mul-
tiple experimental repeats: clearly the number of animals required
for such a study would be prohibitive and the reproducibility
between experiments would be far less than for in vitro experiments.
The efficacy of the synergistic CombiPlex formulation is therefore
determined across multiple xenograft tumor models to ensure
that the superior in vitro efficacy of the synergistic drug ratio
translates to in vivo efficacy improvements. Secondly, the efficacy
of the competing free drug cocktail is optimized by determining
the most favorable dose and treatment schedule so that free
cocktail in vivo efficacy represents the best possible performance
of'an unrestricted drug ratio formulation. Doses of all agents are
then administered at or near MTD to account for differences in
therapeutic index. It is worth noting that this frequently requires
somewhat lower doses of the combined CombiPlex agent relative
to the individual liposomal drugs due to the aggregate toxicity of
the combined agents.
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Assessment of antitumor activity is most conveniently measured
through volume measurement of subcutaneous xenograft tumors
or by survival studies for nonsolid tumors. Several methods are
available for statistical comparisons between treatment groups.
Tumor growth delay (T-C) is measured as the median time in
days for a treated group (7) to reach an arbitrarily determined
tumor size (for example, 400 mg) minus median time in days for
the control group to reach the same tumor size while tumor
regression as a result of treatment may also be used as a means of
evaluating a tumor model. Results are expressed as reductions in
tumor size (mass) over time. The preferred method of calculated
cell kill for solid tumor model evaluation involves measuring
tumors repeatedly by calipers until all exceed a predetermined
size (e.g., 400 mg). The tumor growth and tumor doubling time
can then be evaluated. Log,  cell kill parameters can be calculated
by (13.4a-13.4¢):

log ,cell kill (T-0) (13.4a)
Dose ((3.32) (Td )(No. of doses))’

log, cell kill (total) = - L) (13.4b)

(-32(1,))

. ((T - C) - (duration of R,))
1 11 kill (net) = ,
og,,cell kill (net) (3.32(]:1 ))

where (7- C)=tumor growth delay, 7, =Tumor doubling time.
Evaluation of nonsolid tumors include measurement of increase
in life-span (ILS%), tumor growth delay (7- C, as above) or long-
term survivors (cures). Increase in lifespan is calculated by dividing
the median survival time of the treatment group by the median
survival time of the control group. Long-term survivors are identified
as subjects that survive up to and beyond three times the survival
of the untreated group.

The efficacy advantages of the CombiPlex platform to avoid
exposure of tumors to antagonistic drug ratios that may lead to
MDR are exhibited in Figs. 13.7 and 13.8. The CombiPlex for-
mulation CPX-1, a liposomal formulation of irinotecan and flox-
uridine coencapsulated at the synergistic ratio of 1:1, was evaluated
for antitumor activity (cell line: pancreatic Capan-1) against the
free drug cocktail, the individual liposomal components, and a
second coencapsulated formulation of irinotecan and floxuridine
at an antagonistic ratio of 1:10 (Fig. 13.7, adapted from data pre-
sented in (27)). CPX-1, at a dose of 37 pmol/kg of each agent,
showed superior efficacy over all other groups with a calculated
log cell kill (LCK) value of 1.8, besting the LCK efficacy of

(13.4¢)
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high-dose liposomal irinotecan (37 wmol/kg) of 1.4 by nearly
2.5 times, and the LCK of liposomal floxuridine (37 pmol /kg) of
0.3 by ~62 times. CPX-1 is also clearly superior to both free drugs
dosed at their MTD; irinotecan (148 umol/kg) and floxuridine
(1,000 pmol/kg) achieved LCK values of only 0.6 and 0.4,
respectively. A 1:1 free drug cocktail formulation of irinotecan
and floxuridine (148:148 umol/kg) was also inferior (LCK value
0.65, a factor of 14 times less than CPX-1), demonstrating the
value of encapsulating drug-ratio dependent agents in a drug
delivery vehicle that controls drug ratios. Finally, encapsulation of
antagonistic drug ratios led to decreased efficacy despite the addi-
tion of more drug. A dose of liposomal irinotecan at 7.4 umol /kg
ledtoanobserved LCKof1.1,whileliposomalirinotecan:floxuridine
at a dose of 7.4:74 umol/kg had an LCK of 0.55, nearly 3.6
times less activity despite an identical dose of irinotecan and addi-
tion of 74 pumol/kg of floxuridine. This result clearly demon-
strates the deleterious effects on in vivo efficacy that occur when
tumors are exposed to cytotoxic drugs at an antagonistic ratio
(27). Later tumor distribution studies confirmed that the aug-
mented activity of CPX-1 and decreased activity of the 1:10
irinotecan:floxuridine formulation was due to synergistic and
antagonistic drug interactions at the tumor site, as both formula-
tions delivered the two drugs at their respective ratios to the solid
tumors (34).

The drug ratio-dependent antitumor activity of a liposomal
formulations of cytarabine:daunorubicin (CPX-351) was demon-
strated in P388 ascites tumor-bearing BDF-1 mice (40). The
55-day survival percentages of several liposomal formulations of
the two drugs are shown in Fig. 13.8. The highest survival per-
centage of 100% was observed for the 5:1 ratio of cytarabine and
daunorubicin, previously demonstrated to be synergistic in vitro.
Survivors steadily decreased for all other formulations, dropping
to 83% for a 12:1 ratio formulation (despite 50% more cytarabine
and only 25% less daunorubicin), and, strikingly, only 50% sur-
vival for a 3:1 cytarabine:daunorubicin formulation that actually
administered the same amount of cytarabine (10 pmol/kg) as
CPX-351, but nearly twofold more daunorubicin (7.4 umol/kg
for the 3:1 formulation vs. 4 umol/kg for CPX-351). In this
instance, more drug actually led to less activity, despite tumor
biodistribution studies demonstrating drug delivery at the estab-
lished ratios in both cases. Clearly, deviation from synergistic ratio
toward ratios known to be antagonistic can lead to compromised
efficacy.

Further translation of in vitro drug screening informatics to
in vivo efficacy is provided by a study by Abraham et al. (72).
Previous in vitro cytotoxicity studies had demonstrated that
coadministration of doxorubicin and vincristine was antagonistic,
although detailed studies to identify drug ratio regions of synergy/
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Fig. 13.7. Quantitative analysis of CPX-1 in vivo activity against Capan-1 pancreatic
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represent dose of irinotecan:floxuridine or single agents in umol/kg. CPX-1 liposomal
formulation of irinotecan:floxuridine at synergistic 1:1 molar ratio, /TN irinotecan, Flox
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antagonism were absent. Drug:drug antagonism was confirmed
in subsequent in vivo efficacy studies, which demonstrated equiv-
alent efficacy for liposomal doxorubicin:vincristine vs. the single
agent of liposomal doxorubicin. This result agreed with an earlier
report of antitumor efficacy of liposomal vincristine coadminis-
tered with the liposomal doxorubicin agent Doxil. In this study
the efficacy of the combined agents was actually less than that
observed for Doxil alone, despite the efficacy of both individual
liposomal agents being superior to the free drug (83). In both
cases, it should be noted that exquisite in vivo control of drug
ratios was lacking: in the former case; the plasma drug:drug ratio
changed from the initial 4:1 vincristine:doxorubicin ratio to over
20:1 in 24 h (72) while the pharmacokinetic differences between
the individual liposomal formulations of vincristine and doxoru-
bicin were not examined. These studies, while examples of incom-
plete consideration of drug ratio analysis, demonstrate the
translation of in vitro antagonism leading to compromised in vivo
efficacy likely due to a drug ratio-dependent MDR mechanism.

4. Gonclusion

MDR continues to be a significant impediment to improving the
outcomes of cancer patients to chemotherapy treatment. Current
combination therapies, while typically more effective than single
agent treatments, can be subject to a newly identified form of
MDR that manifests itself as a resistance to drugs presented at
discrete ratios and concentrations when administered concur-
rently. In the current treatment paradigm, multiple agents are
administered in saline-based cocktail that cannot account for the
disparate pharmacokinetics of each individual agent, which generally
leads to rapidly and widely changing drug ratios postadministra-
tion. Therefore, plasma elimination of free drug cocktails can
result in tumor exposure to antagonistic drug ratios and corre-
sponding compromised efficacy. In this review, we have detailed
methods by which this drug-ratio dependent MDR mechanism
can be identified and bypassed, resulting in improved antitumor
efficacy.

Screening for ratio-dependent drug interactions is best
achieved through an approach that assesses drug interactions
across a wide range of drug ratios and effect levels. Using these
techniques has led to identification of drug ratio-dependent
synergistic and antagonistic interactions for numerous drug com-
binations. Given the apparent broad applicability of drug ratio-
dependent synergy and the ability to exploit such information
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in vivo by delivering fixed drug ratios in particulate drug carriers,
we have demonstrated the application of automated, ratiometric
drug combination screening in order to facilitate the systematic
evaluation of multiple drug combinations at numerous ratios
under pharmacologically relevant conditions with high through-
put. Liposomal- and nanoparticle-based delivery technologies can
be developed to deliver synergistic drug combinations at fixed
drug ratios and avoid tumor exposure to antagonistic ratios.
Codelivery and coordinated release of synergistic drug combina-
tions facilitate the achievement of maximum efficacy by maintain-
ing synergy throughout the pharmacodynamic (dose-response

cytotoxicity) profile and avoidance of antagonistic ratios in vivo.
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