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Suppressive drug combinations and their potential to
combat antibiotic resistance

Nina Singh and Pamela J Yeh

Antibiotic effectiveness often changes when two or more such drugs are administered simultaneously and unearthing antibiotic

combinations with enhanced efficacy (synergy) has been a longstanding clinical goal. However, antibiotic resistance, which

undermines individual drugs, threatens such combined treatments. Remarkably, it has emerged that antibiotic combinations

whose combined effect is lower than that of at least one of the individual drugs can slow or even reverse the evolution of

resistance. We synthesize and review studies of such so-called ‘suppressive interactions’ in the literature. We examine why these

interactions have been largely disregarded in the past, the strategies used to identify them, their mechanistic basis,

demonstrations of their potential to reverse the evolution of resistance and arguments for and against using them in clinical

treatment. We suggest future directions for research on these interactions, aiming to expand the basic body of knowledge on

suppression and to determine the applicability of suppressive interactions in the clinic.
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Since the clinical introduction of penicillin in the 1940s, bacterial
resistance to nearly all antibiotics has evolved and spread, presenting a
serious threat to human health.1–3 Clinicians have treated resistant
strains with ever higher doses of antibiotics,2,3 often resulting in the
evolution of bacteria capable of tolerating antibiotic levels exceeding
those safe for the patient. In certain cases, major pathogens such as
extensively drug resistant tuberculosis (TB) have developed resistance
to virtually every effective antibiotic regime.4 To combat this
impending crisis, researchers have focused on identifying antibiotic
classes with novel cellular and metabolic targets,5 modifications to
existing drugs that restore effectiveness against resistant bacteria6 and
co-administered chemical agents that disable specific drug resistance
mechanisms,7,8 increase antibiotic bioavailability9 or decrease toxicity
of high dosages to the patient.10 Researchers and clinicians have
additionally taken into account physiological changes in patients that
affect antibiotic concentrations and bacterial susceptibility (sensitivity),
in order to maximize the effectiveness of antibiotics through indivi-
dualized antibiotic dosing.11

These methods are designed to restore our capacity to treat resistant
bacterial infections, but they often rely on fighting a traditional
evolutionary ‘arms race’ against the pathogens, where new antibiotic
compounds are discovered and introduced as quickly as those in
service are made obsolete by the spread of resistance. Given the
decreasing discovery rates of novel antibiotics,12 the proven bacterial
capacity to develop and disseminate novel resistance mechanisms13

and the widespread exposure of bacteria to antibiotics in clinical and
agricultural contexts,14 we do not expect to win this arms race.

Preserving the future efficacy of antibiotics therefore requires active
reduction or even reversal of the selection that favors antibiotic
resistance in the (necessary) presence of antibiotics. Indeed, various
approaches to this goal are being explored.15 For instance, policy
controls on antibiotic use in agriculture and their periodic removal
from clinical use are aimed at reducing unnecessary selection for
resistance,16 whereas screens for non-antibiotic compounds that target
particular resistance mechanisms aim to eliminate them by increasing
the cost of their carriage.8,17

Strategies to combat resistance that employ drugs in combination
have emerged as effective therapies since at least the 1940s18 and
include important combinations used to combat HIV, TB and, to
some degree, cancer.19–21 The range of organisms targeted by different
antimicrobial compounds, as well as the considerable differences
between the combined and individual effects of these drugs, have
resulted in much research and clinical effort directed at identifying
drug combinations that most effectively kill the widest range of
pathogens.22,23

Research on identifying and classifying drug combinations has been
conducted both in the form of large screens20,24,25 and in specific
studies focused mainly on synergistic combinations.26 Although
certain such combinations of compounds are more powerful together
than predicted from their individual effects (termed synergistic
interactions), the combined effects of others do not differ substantially
from predicted effects (additive drug interactions). Yet others exhibit
less inhibition than expected based upon their individual effects
(antagonistic interactions). Among the set of antagonistic interactions,
there exists a curious subset of drug combinations in which the joint
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inhibitory effect of two drugs is even less than the effect of one or both
of the compounds, alone. So-called ‘suppressive’ interactions can be
directional (the joint effect is reduced below that of one of the drugs)
or reciprocal (the combination is less inhibitory than either individual
component) (Figure 1). In order to understand, classify and screen for
different interactions, much effort has gone into establishing formal
classification schemes (summarized in ref. 27). These schemes typically
capture many but not all aspects of such interactions and have usually
not highlighted suppressive interactions.28

Recently, certain suppressive interactions between antibiotics admi-
nistered in combination have been observed to select for susceptibility
over resistance to the individual component drugs.29 Intriguingly, the
increased cost of resistance over susceptibility imposed by the drug
combination appears largely independent of the allele or even exact
mechanism of resistance. This selection reversal occurs in the presence
of susceptible and resistant bacterial populations, suggesting that
suppressive antibiotic combinations might provide unusual antibiotic
treatments, which simultaneously treat infections while guarding
against evolution of resistance.
In this review, we examine the suppressive interaction, its char-

acterization and the mechanisms of its effects on selection. We
consider why it has been largely unappreciated despite identification
well over a century ago, debate its potential for clinical applications

and suggest next steps for the investigation of these unusual
interactions.

A BIAS AGAINST SEARCHING FOR AND REPORTING

SUPPRESSIVE INTERACTIONS

A study published by Fraser30 is the first account of suppression in the
literature. Working at a time when powerful modern tools of
screening detection were unavailable, Fraser30 noted that when rabbits
were injected with physostigmine, a cholinesterase inhibitor produced
by Physostigma venenosum, within 20–30 minutes, it became difficult
to ‘distinguish any respiratory movement or cardiac impulse [in the
rabbit], and they soon altogether cease on the occurrence of death.’
However, when the rabbits were injected with atropine subsequent to
the same dose of physostigmine, they survived. Fraser30 termed this
interaction between the drugs a “physiological antidote,” to stress that
the source of the effect is an interaction between the physiological
responses of the rabbit to the drugs in combination and not a purely
chemical interaction between the compounds alone: “When… among
the different counteracting actions that occur in general antagonism,
there are included any by which the fatal effect of one or other of the
substances is usually produced, the one substance may act towards the
other as a physiological antidote.”30,31

Figure 1 Schematic representation of suppressive drug interactions: single concentrations and gradients. Here we show suppressive drug interactions in two-
drug and three-drug combinations, in both single concentrations per drug and gradients of drugs. The two most widely used systems for classifying drug
interactions are Loewe additivity108 and Bliss independence.28 Loewe additivity relies on entire gradients of each drug, whereas Bliss independence
categorizes drug interactions based on single-point concentrations per drug. Two-drug combinations: (a and b) Loewe and Bliss differ in how they define
additivity. Loewe defines additive drugs as those whose inhibition is constant along lines of equal effective dosage in a two-drug concentration graph. In this
case, isoboles (lines of constant inhibition) can be plotted based on data for two drugs across a range of dosages. Following previous papers,29,35,44 in a the
non-monotonic concave isobole (red) defines synergy, the monotonic linear isobole (orange) defines additivity, the non-monotonic convex isobole (green)
defines antagonism and the non-monotonic isobole with even greater convexity (blue) defines suppression. (Note that this is a simplified depiction,
as isoboles indicating suppression are often non-monotonic.35) Bliss defines additivity as the result when the relative effect of a drug at a certain
concentration is independent of the presence of the other drug. If Drug X and Drug Y are additive, then wXY=wXwY, where w is relative fitness. Suppression
occurs when the combined effect of two drugs is less than the effect of one or both (b) of the drugs. In b, any growth response caused by Drug X + Drug Y
that is above the dotted line indicates that Drug X and Drug Y are suppressive. Three-drug combinations: (c, d) Recently these systems have been extended
to classify higher-order drug interactions. Interactions are considered suppressive if the combined effect of the three drugs is less than the effect of any of
the pairwise combinations or the single drugs.53 Loewe’s extension to three drugs is shown in c and suppression is characterized by an increase in growth
(fitness) when all three drugs are present in high concentration. Growth response (fitness) increases as the combination becomes more suppressive (where red
is synergistic, orange is additive, green is antagonistic and blue is suppressive), as shown by the increasing convexity on the surfaces. In d, Bliss’s extension
to three drugs is shown. Any growth rate caused by Drug X + Drug Y + Drug Z that is above either dotted line (one for the highest single drug growth
response (black) and one for the highest pairwise drug growth response (green)) indicates reciprocal suppression.
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Fraser31 anticipated that many more studies of suppressive drug
interactions would follow his publications, but these were few and
far between for the next 100 years. Although the study received
contemporary attention and a few scientists followed up on Fraser’s
research,26,32–34 investigations of the suppressive interaction have
been largely absent until this past decade. Indeed, an exhaustive
search of the works citing Fraser found that the overwhelming
majority of citations were for his development of the isobole
method of representing drug interactions, with remarkably few
papers even mentioning his work on suppressive interactions.
An increase in acknowledgements of this work has occurred during
the past decade,35–38 with renewed interest in suppressive interac-
tions, particularly to treat antibiotic resistant bacteria. A recently
increased focus on the effects of antibiotic combinations on
bacteria and new high-throughput measurement technology have
enabled more accurate classification and screening of antibiotic
suppression,24,29,35,39–43 and an increasing number of researchers
have been drawn to the question of suppression.25,29,44–47 Finally,
the potential of suppressive combinations to counter the evolution
of antibiotic resistance29,39,48 has spurred additional interest in
this topic.
The surprisingly few references to suppression in the literature are

not limited to works citing Fraser. There is a significant bias against
reporting antagonistic interactions (and especially suppressive inter-
actions, which are often classified more broadly as antagonistic
interactions when reported).25,49–52 When comparing a database of
interactions between antibiotics generated by manually curating
Pubmed literature on in vitro antibiotic interaction experiments35

with a complete pairwise interaction network for 21 antibiotics24

and a complete 3-way interaction network for 14 antibiotics,53 the
database of literature-curated interactions had significantly more
synergy and less antagonism in both cases (P-valueo0.001). In studies
with smaller numbers of drug–drug combinations, no suppressive
interactions were found out of 10 total interactions54 and 2 suppres-
sive interactions were found out of 30 total interactions.55 However,

the discrepancy in proportions of antagonism and suppression
between the literature-curated data and the whole network analyses
suggest an under-representation of the discovery and reporting of
these interactions (Figure 2).
Other researchers have found similar biases against reporting

antagonistic and specifically suppressive interactions.49–52,56 The most
obvious explanation for this bias is that screens for antibiotic
interactions typically have clinical applications in mind, and have
targeted synergistically interacting drugs. From a traditional, clinical
viewpoint, treatments that require higher drug concentrations to
achieve the same or lower degree of pathogen inhibition would appear
to make little sense,57 as higher levels of antibiotics are more likely to
adversely affect patients26,58 and increase costs. Therefore, although
suppressive combinations have the potential to reverse evolution of
antibiotic resistance, to the best of our knowledge, no in vivo studies
on suppressive drug combinations have been conducted.
Other reasons may also factor into the underrepresentation of

antagonistic and suppressive combinations in the literature. The many
different experimental methods for determining drug interactions and
interaction classification schemes (see review in Foucquier and
Guedj27) can be confusing and result in varying levels of rigor,56

leading authors to overlook antagonistic results.49 For example, Bliss
independence assumes that non-interacting toxins are completely
independent of each other in their effects, so a drug can ‘interact’
with itself, making classifications harder to interpret. Furthermore, as
Bliss independence only requires four measurements of bacterial
growth (in the absence of either drug, in the presence of drug A
alone, drug B alone, and drug A and B together), the classification
method may not adequately represent the different types of interac-
tions drugs can demonstrate when measured under different sets of
concentrations. Although Loewe additivity rectifies the concentration
issue by requiring measurements of growth rates over a two-
dimensional field of pairwise dosages of each of the individual drugs,
this can be extremely logistically challenging (Figure 1). However,
mathematical solutions to Loewe additivity exist, allowing approxima-
tions to be obtained from fewer measurements.59

Variability in specific thresholds used for classification of an
interaction and in the precision of the technology used to measure
the interaction can also contribute to biases against reporting
antagonistic results. Other factors such as genetic variations, environ-
mental factors, host behavior56 and isolate-specific interactions60,61

may further affect the classification of drug interactions and could lead
to the misreporting of antagonistic interactions. In particular, a drug
combination can be antagonistic over one concentration range and
synergistic over another. When interactions are not measured in
two-dimensional concentration gradients, it becomes possible to
report a combination as synergistic when it has the potential to be
antagonistic or even suppressive.62

The underreporting of suppressive drug interactions is likely to
diminish with the emergence of new technologies that allow for larger
and less biased screens.24,29,35,39–43 Ideally, more concentrations
should be tested to detect concentration dependencies and enable
researchers and clinicians to better understand the magnitude of
interactions being reported. We suggest that it is important to search
for and correctly identify suppressive drug combinations from both
academic and clinical perspectives, as suppression is a distinct type of
interaction with unique properties and consequences, including the
potential to slow and even reverse the evolution of resistance.

Figure 2 Bias towards synergy in a literature-curated database of two-
antibiotic combinations. In a database of interactions between antibiotics
based on manually curated Pubmed literature on in vitro antibiotic
interaction experiments,35 61% of interactions were synergistic and 39%
were antagonistic or suppressive. When a complete two-drug interaction
network was studied using 21 drugs, 42% of drug interactions were
synergistic and 58% were antagonistic or suppressive (χ2,
P-valueo0.001).24 When a complete three-drug interaction network was
studied using 14 drugs, 23% of interactions were synergistic and 77% were
antagonistic or suppressive (χ2, P-valueo0.001).53 In the three-drug
interaction data set, the interactions measured were ‘emergent’ interactions,
meaning that these interactions were categorized based on deviations from
all two-drug components. Inconclusive and additive cases were excluded
when calculating proportions for all data sets.
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SUPPRESSIVE DRUG COMBINATIONS AND THEIR POTENTIAL

TO SLOW OR REVERSE EVOLUTION OF RESISTANCE

Although it has been shown that antagonistic interactions can reduce
the selective advantage of antibiotic resistant strains over susceptible
ones,29,39 only suppressive interactions can fully reverse this selective
advantage.15 Suppressive antibiotic combinations can allow antibiotic
susceptible bacteria to out-compete bacteria that are resistant to one of
the drugs in a two-drug treatment (Figure 3), as illustrated in
Chait et al.29

To demonstrate this potential, drug-susceptible bacteria and
doxycycline-resistant mutants were assigned to grow under two
different drug pairings: a synergistic combination of doxycycline and
erythromycin or a suppressive combination of doxycycline and
ciprofloxacin. In the synergistic drug combination, the doxycycline-
resistant bacteria appeared to gain relief both from doxycycline itself
and from the additional inhibitory effect of the synergy with
erythromycin; it handily outcompeted the susceptible bacteria. How-
ever, at various concentrations of the antibiotics in the suppressive
drug combination, the benefit of resistance to doxycycline was
outweighed by the associated loss of its protection from ciprofloxacin.
In these regimes, the doxycycline-susceptible bacteria outcompeted the
doxycycline-resistant strain, despite the presence of the resisted drug.29

Herein there is a potential concept for clinical translation: over time,
resistant bacteria can be outcompeted by more susceptible strains,
leaving a population of drug-susceptible, treatable bacteria that would
be more susceptible to classical antibiotics or synergistic combinations.
Particular drug environments can generate local fitness peaks where
greater relative fitness actually requires drug susceptibility instead of
resistance. Although under synergistic combinations bacteria always
increase in fitness if they can gain resistance to one or more drugs, in
the case of suppressive drug environments, if a bacterium gains
resistance to one drug, its fitness may decrease. Selection could
therefore constrain populations to a local fitness peak dominated by
bacteria that are susceptible to certain antibiotics.29

Resistance mutations often impose fitness costs that favor suscep-
tible over resistant bacteria at very low or no drug concentrations.
Secondary, compensatory mutations that reduce these costs frequently

follow. In the schematics in Figures 3 and 4, these more complex
effects of resistance mutations are not displayed. Although such factors
should be included in a treatment strategy, this simplified two-drug
environment presents an exciting potential for a dual treatment
strategy using combination chemotherapy to treat an infection, while
simultaneously selecting for more treatable, antibiotic-susceptible
bacteria.
In addition to their potential to reverse evolution of resistance by

imposing selective pressure, suppressive drug combinations can create
lower rates of adaptation to antibiotics compared with adaptation rates
under synergistic combination treatments. When populations of
Escherichia coli were subjected to the same synergistic and suppressive
drug combinations used in Chait et al.29 the rate of adaptation was
observed to be greater under the synergistic pair than under the
suppressive pair or indeed under either of the two drugs alone.45 In
order to better understand this effect, the growth rate of E. coli under
two drug pairs (ciprofloxacin+amikacin and doxycycline+amikacin)
and multiple concentrations per drug pair, whose classifications range
from antagonism to synergy depending on the dose level,45 was
measured. Intriguingly, a significant positive correlation was found
between the rate of adaptation and degree of synergy between the
drugs,45 suggesting the enhanced effect of synergistic combinations
comes also with an enhanced risk. This observation further under-
scores the importance of evaluating not only the direct inhibitory
impact of a drug combination on a strain, but also the sign and
intensity of selection it imposes on that strain relative to others with
altered susceptibility.
Consideration of the above factors underscores the complexity in

optimizing treatment strategies. The selective advantage of resistant
cells under synergistic drug combinations may lead resistant mutants
to outcompete susceptible cells and accumulate further resistance
mutations more quickly than under antagonistic or suppressive
combinations.45 Although this suggests that using antagonistic or
suppressive drug pairs can slow the rate at which bacteria increase
their resistance to antibiotics, it is important to note that the drug
comparisons in this study were conducted at roughly equal levels of
inhibition.45 In other scenarios, more efficient killing by synergistic
drug pairs could also provide a means to slow the evolution of
resistant mutants.63 Practically, effectively using drug combinations to
cure infections while also reducing the threat of resistance may
necessitate monitoring factors besides selection, such as population
size, ecological carrying capacity and mutational potential.63

We can further understand the trade-off between efficacy of
inhibition and likelihood to evolve resistance by examining the mutant
selection window, which measures the range of drug concentrations
above the MIC, where wild-type cells cease to measurably grow, and
below the mutant prevention concentration, where no mutant survival
is measured.64 As shown in Figure 4, synergistic drug pairs have larger
mutant selection windows than either of the individual constituents,
and antagonistic and suppressive drug pairs have smaller mutant
selection windows, as they have larger combined MICs than synergistic
drug pairs.39 This simple model adds to the suggestion that there are
trade-offs between efficacy of inhibition and likelihood of resistance
evolution.
Increased efficacy can be a poor long-term decision if the initial

dose of drugs does not kill the entire population. This is because
resistant mutants are enriched as drugs decay over time and,
ultimately, the most aggressive and potent treatments can end up
yielding the highest density of bacteria.65 In a study by
Pena-Miller et al.,65 when bacteria were initially treated with the
strongest synergistic drug combinations, remaining bacteria were

Figure 3 How suppressive drug combinations can leave drug-space for wild-
type bacteria to outcompete resistant mutants. Synergistically interacting
drugs amplify each others’ effects (left panel), whereas a drug in a
suppressive pair cancels the effect of the other (right panel). Black lines
outline minimum inhibitory isoboles for antibiotic X-susceptible (XS) bacteria
in combinations of drugs X and Y. X-resistance (XR) reduces effective
concentrations of the antibiotic X, producing isoboles and a growth region
that are stretched along the X axis (blue lines). In both synergistic and
suppressive drug combinations, this geometric scaling generates a region
between the susceptible and resistant isoboles where only resistant mutants
grow (R). In contrast, the suppressive combination also contains a region (S)
where the reduced level of drug X experienced by X-resistant strains is less
inhibitory, but also less protective from even greater inhibition by drug Y. In
such a region, the drugs, administered together, only support growth of the
X-susceptible strain, while preventing growth of the resistant strain, and
selection for resistance is reversed.29
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resistant to the drug combination and thus the population subse-
quently grew at a faster rate in days 2 through 5, compared with when
the population was initially treated by just a single drug or a weaker
synergistic combination. This finding is consistent with results on the
rate of adaptation described earlier,45 in which synergy yields faster
rates of adaptation.

MECHANISMS OF SUPPRESSION

Understanding how two-drug interactions occur mechanistically may
yield valuable insights that could lead to new ways to manipulate
cellular growth in clinical settings. This has been especially true of
synergistic interactions, where the hope is to create rational combina-
tions with maximum killing effect. The underlying mechanisms of
these interactions are likely diverse; yet, even for synergistic interac-
tions the number of discoveries has been limited.66 Much less is
known about mechanisms behind suppressive and antagonistic inter-
actions; probably due to the same reason, there is a bias towards
reporting synergy in the literature: thinking that suppressive/antag-
onistic mechanisms are either outliers or clinically irrelevant. Below we
detail several types of mechanisms for suppression/antagonism.

Bacteriostatic–bactericidal. A prevalent mechanism of antibiotic
antagonism is found in the interaction between bacteriostatic and
bactericidal antibiotics, which halt cellular growth and kill growing
cells, respectively.67 When resistance to the bacteriostatic agent restores
growth, the resistant strain lies exposed to the second, bactericidal,
stress and is eliminated. The quiescent, susceptible strain experiences
the reduced effect of the antagonistic combination and survives, thus
creating an evolutionary advantage for susceptibility.67–72 Although it
would be useful to check bacteriostatic–bactericidal combinations for
suppression, simply combining drugs based on their -static or -cidal
effects does not necessarily yield similar phenotypic effects (for
example, trimethoprim (bacteriostatic) and streptomycin (bacterici-
dal) are synergistic, not antagonistic24).

Cellular physiology. Antibiotic interactions can be studied from
Fraser’s perspective, in that they result from interfering effects of each
of the individual substances on the cells’ physiology. Gene-expression
patterns in bacteria subjected to the known suppressive combination

of DNA synthesis inhibitors (for example, ciprofloxacin and nalidixic
acid) and protein synthesis inhibitors (for example, spiramycin and
tetracycline),24,29 revealed insight into how bacteria regulate their
behavior non-optimally under varying circumstances.44 In the absence
of antibiotics, synthesis rates of the different compartments of the cell
(for example, DNA, protein and cell wall) are balanced to produce
rapid growth. In the presence of DNA replication inhibitors, such as
ciprofloxacin, protein synthesis is not adequately downregulated,
causing an imbalance in the ratio of DNA to protein. The addition
of a translation-inhibiting drug, spiramycin, can force down the rate of
protein synthesis and thus artificially restore the ratio of DNA to
protein to a closer to optimal value, enabling the population to grow
faster under the combination of both drugs than ciprofloxacin alone.
Thus, it was observed that certain suppressive antibiotic interactions
find their origins in the non-optimal cross-regulation of the cellular
DNA and protein synthesis processes44 (Figure 5).
Understanding the suppressive interaction in the context of

physiological consequences of these two antibiotics’ activity has two
notable results. First, suppression may be somewhat robust to the
precise antibiotics used (and their particular target sites), provided that
one mainly inhibits DNA synthesis and the other protein translation.
Similarly, as diverse mechanisms of antibiotic resistance commonly
reduce effective antibiotic concentrations upstream of their targets
without altering downstream physiology, the interaction may also be
somewhat robust to resistance mechanism. In contrast to mechanism-
dependent selection against resistance such as seen with collateral
sensitivity (susceptibility),73 resistance mechanism independence has
been seen in assays of selection against efflux-, drug degradation- and
target-site modification-mediated tetracycline resistance by suppressive
ciprofloxacin–doxycycline combinations.29,40

Unknown mechanisms. Other instances of suppression have been
found but the mechanisms are currently unclear. A recent study
demonstrated that colistin can essentially suppress vancomycin by
enabling methicillin-resistant Staphylococcus aureus to survive in
vancomycin-enriched environments. Although the exact mechanism
is unknown, gene expression changes in methicillin-resistant
Staphylococcus aureus in the presence of colistin resemble the changes
seen in mutant strains that are resistant to vancomycin.46 Both cases

Figure 4 Suppressive drug combinations may have smaller mutant selection windows (MSWs) compared with synergistic combinations. Consider a bacterial
population with three subpopulations characterized by MIC isoboles: the wild-type (solid line), a mutant population resistant only to drug X (dashed line), and
a mutant population resistant only to drug Y (dotted line). In this simple scenario, without double mutants or cross-resistance, one mutation renders
resistance to only drug X and another mutation B renders resistance to only drug Y. The mutant prevention concentration (MPC) line is shown by the
outermost isobole, and the MSW is shown by the shaded area between the outermost and innermost isoboles. The MSW is larger in the synergistic
combination than in the suppressive combination.
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involved the GraRS regulon, a two-component regulatory system that
is involved in bacterial response to cationic antimicrobial peptides.46

Drug interactions may also be sensitive to changes in the genotype
of the organism. A large screen of antibiotic interaction mechanisms
based on systematic analysis of dose effects in E. coli knockout strains
found that most genetic perturbations do not affect drug
interactions.47 However, some specific instances of suppression could
be amplified, altered, synthetically created or removed, based on
certain genetic perturbations.47 For example, perturbing tRNA proces-
sing consistently removed chloramphenicol–nitrofurantoin suppres-
sion, ribosome production and assembly altered ciprofloxacin–
tetracycline suppression, chaperone deletions consistently caused
suppression for distinct drug pairs and perturbing amino acid
synthesis amplified chloramphenicol–nitrofurantoin suppression but
removed trimethoprim–chloramphenicol antagonism. In particular,
polysaccharide synthesis affected the majority of drug interactions, and
inhibiting ATP synthase affected the way in which E. coli reacted to
many different drugs. These findings suggest that only a few recurring
cellular functions control multiple drug interactions.47 Further study is
needed to understand why this is so.
Lipopolysaccharide and ATP synthase inhibition are mechanistically

interesting, because although lipopolysaccharide and ATP synthesis are
central cellular functions, they are not common antibiotic targets.
Lipopolysaccharide removal leads to regulated changes in cell compo-
sition, affecting drug uptake and proving to be an underlying

mechanism of chloramphenicol–nitrofurantoin suppression and other
interactions.47 ATP-dependent processes such as DNA repair and
synthesis are likely the growth-limiting process of bacteria with
decreased ATP concentrations in the presence of DNA synthesis
inhibitors and inhibiting more than one of these processes can lead to
suppression, as discussed by Bollenbach et al.44

Understanding these mechanisms of suppression and means of
altering them could prove useful in clinical treatments. The removal of
chloramphenicol–nitrofurantoin suppression by lipopolysaccharide
synthesis inhibitors could increase the combination’s killing efficacy
while preserving its advantages as an unused drug combination.47

Similarly, the use of thiamin synthesis inhibitors can
make the chloramphenicol–trimethoprim combination reciprocally
suppressive.47 This type of suppression, where a drug combination is
less inhibitory than either of its individual components, has hardly
been found among antibiotics, but could potentially make the path to
multidrug resistance even harder by selecting against resistance to both
drugs.29

SUPPRESSION IN NON-ANTIBACTERIAL CONTEXTS

Antagonism and suppression have been found in many non-
antibacterial contexts, including genetic interactions,74 antifungal
drugs,37,75 HIV drugs,76 metal stress,77 biocontrol agents,78 enzyme
modifiers,79 plant defense compounds52 and antimalarial drugs.50 In a
study that assayed drug interactions within a set of 175 anti-fungal

Figure 5 A mechanism of suppression between DNA-synthesis inhibitors and protein-synthesis inhibitors. When a DNA-synthesis inhibitor and a protein-
synthesis inhibitor are used in combination, the result can be a suppressive interaction.44 In a, this interaction is shown by its outermost isobole and the
fitness of the bacteria greatly increases when both Drug X and Drug Y are in high concentration, because the bacteria experience a combined effect less than
one or both of the drugs in the combination (a). However, when this same drug combination is given to a population of bacteria with genetically reduced
level of ribosome synthesis, the suppression disappears (b), as shown by an outermost isobole in which increasing the concentration of both Drug X and Drug
Y swiftly decreases the bacterial fitness. In populations of genetically manipulated bacteria that overproduce ribosomes, the suppression intensifies (c), as
shown by an outermost isobole in which increasing the concentration of both Drug X and Drug Y results in an even bigger increase in fitness than in (a).
Bollenbach et al.44 show that a mismatch in the amount of DNA and ribosomes produced in a cell can more effectively hamper population growth when
compared with an overall decrease in both DNA and ribosome production.
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drug pairs, a large number of suppressive combinations (17%) was
found, indicating that suppression (at least in antifungal drug sets) is
much more common than previously thought. Interestingly, there
were suppression ‘hubs’ where certain drugs were much more likely to
suppress a large number of other drugs. The investigators also found
17 reciprocally suppressive interactions.25

A few potential mechanisms of suppression in non-antibiotic
contexts have been suggested.25,80,81 In antifungal research, suppressive
combinations have also been shown to select against resistance.82,83

Mechanisms explaining the tendency of staurosporine to be sup-
pressed and of bromopyruvate to act as a suppressor have been
proposed.25 Staurosporine is an ATP-competitive kinase inhibitor and
bromopyruvate acts by inhibiting the glycolysis pathway. Bromopyr-
uvate may be a strong suppressor of staurosporine and other drugs,
because it causes media acidification, modifying the cellular concen-
tration of suppressed drugs by affecting drug transporters.25 However,
as with all explanations of the mechanisms dictating suppression, we
must be careful about extrapolating to in vivo situations. Media
acidification and similar effects may be phenomena only observed
in vitro, thus further highlighting the many difficulties in translating
in vitro results to in vivo situations.
There has been research on other aspects of suppressive interactions

in non-antibacterial systems, such as cancer. In a tumor setting, cell
cycle-dependent antagonistic effects, where one drug prevents entry of
cells into a phase in which the other drug is more effective, have been
found between taxol and ϒ-radiation,84 cisplatin and the antimicro-
tubule agents taxol and vincristine,85 and novel anti-HER2 mono-
clonal antibodies and tumor necrosis factor-α.86 Cell cycle-dependent
antagonisms in cancer treatment84,86 suggest that cell cycle-dependent
phenomena may be a rich avenue for investigating suppressive
interactions. Selection against resistant tumor cells due to the
suppressive drug combination of doxorubicin and taxol has been
shown.87

Furthermore, the exploration of higher-order (more than two
component) drug combinations in different systems may reveal
different patterns of interactions and levels of antagonism and
suppression. Wood et al.88 found that higher-order drug combinations
yielded primarily additive interactions. However, re-scaling produced a
multi-modal distribution from which more synergistic and antago-
nistic interactions could be straightforwardly identified.53 Further-
more, when examining emergent interactions in higher-order
combinations, that is, interactions that rely on all three drugs being
present rather than the interaction primarily being the result of
interactions between only two of the three drugs, it appears that
emergent interactions may be skewed towards increasing
antagonism.53,89 Identification and classification of higher-order
interactions is an exciting current area of research due to the
important distinction between net (overall) and emergent
interactions,89 the multiple classification systems already existing at
the pairwise level27 and considerable debate about whether higher-
order interactions need to be considered at all or whether pairwise
interactions are sufficient to predict the overall behavior of complex
systems.90,91

Prevalence of suppressive interactions varies greatly depending on
the elements tested, model used, and classification method. Although
we know that suppressive interactions are rarely reported in the
antibiotic literature, they made up ~ 9% of interactions in a study of a
complete pairwise interaction network between 21 drugs.24 Studies
have found other systems have higher, yet also varied, rates of
suppression.25,37,78,92 Antagonistic interactions have been observed to
be more common than synergistic interactions among biological

control agents (living organisms used to control threats to agricul-
ture)78 and herbicides,80 although reasons for this are unclear.

USE OF SUPPRESSIVE DRUG COMBINATIONS IN THE CLINIC

Using suppressive drug combinations to combat drug resistance in the
clinic presents significant challenges. Living systems are much more
complex than in vitro systems due to factors such as differential
degradation of drugs,11 the role of the immune system in selecting for
resistant bacteria93 and the increased efficacy of bacteriostatic agents.94

To our knowledge, all studies demonstrating the potential of
suppressive drug combinations to reverse evolution of resistance have
been performed in vitro or in silico.
Using suppressive drug combinations in vivo likely represents a

trade-off between killing efficacy and likelihood of future evolution of
resistance.15,39 Even if suppressive regimens work perfectly, we must
consider the fundamental issue that therapies are most often designed
to treat the individual, but what is in the best interest of the individual
may not always be good for the public at large.95 The increased
dosages required in suppressive combinations could increase the risk
of toxic side effects to the patient (especially for the case of bactericidal
drugs), yet there may be benefits to the general population in terms of
reduced risk of resistance evolution.
When strong selection for resistance is generated by a combined

antibiotic treatment (for example, for synergistic combinations) and
resistance evolves, the cost of more effective individual treatment is
borne by the public in the form of long-term loss of treatment options
and more recalcitrant future infections. Suppressive combinations
would present a cost to the individual (higher doses of drugs, with
potentially more toxicity, to achieve the same rate of infection
clearance), but would also benefit the public at large by reducing
the level of resistance and maintaining more treatable infections for
the future. Therefore, the use of both suppressive and synergistic drug
combinations should take into account both the specific public and
individual interests involved in a specific infection and environment.
For instance, toxicity allowing, a suppressive drug combination may
potentially be useful in the case of TB96 and other scenarios in which
antibiotics are used in widespread, long-term therapy and the
emergence of resistance is a major threat to both active patients and
the public.97

A dynamic treatment protocol that uses both suppressive combina-
tions (or other tactics to give susceptible bacteria a selective advantage)
and regular antibiotic treatment may be a solution that could
maximize killing efficacy while minimizing resistance.97 Recent
mathematical work compares growth of susceptible and resistant
bacteria under different conditions and demonstrates how a precisely
timed combination of treatments can select for susceptibility. In the
model used, a costly plasmid confers antibiotic resistance.97 The work
suggests that the optimal amount of time to apply suppressive
combinations to a resistant population until an antibiotic treatment
is effective depends on three main factors: the pathogen division rate,
the rate of plasmid loss and the difference in growth rate between
susceptible and resistant strains.97 As the optimal strategy changes as
the bacterial population changes, we must further understand under
exactly which conditions to apply which treatment and how to quickly
and cheaply monitor these conditions to appropriately schedule such
treatments of bacterial infections.15

We can better understand how the composition of a bacterial
infection affects treatment strategies by considering a computational
infection model that takes into account the overall strength of the
drug-drug interaction and the relative and absolute numbers of
susceptible and resistant subpopulations competing for a limited
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supply of nutrients.63 In the absence of any resource competition,
highly effective synergistic drug pairs represent the optimal treatment,
rapidly eliminating infections and thus best preventing the prolonged
cycles of division and mutation that allow resistance to the combina-
tion to evolve.
However, when the bacteria exist in a milieu in which they must

compete for resources, the picture changes dramatically: if a synergistic
drug pair is applied, the resources freed by the rapid removal of the
susceptible strain allows a strain that has become resistant to one of
the antibiotics to grow and mutate to resist both drugs much more
rapidly, while it is still present in large numbers. On the other hand, if
a suppressive drug combination is used, the susceptible bacteria are
killed much more slowly than the single-drug resistant cells.63

Although the single-drug resistant population is being killed, the
overall infection remains sufficiently large such that nutrient limitation
suppresses growth and thus slows generation of novel mutations in the
singly resistant subpopulation. Once only susceptible bacteria are left
in this (still relatively large) population, it can be cleared with a single
antibiotic or synergistic drug combination. In this model, synergistic
drug combinations rapidly eliminate the infection but can increase the
risk of generating mutants that are entirely resistant to the drug
combination, whereas antagonistic or suppressive drug pairs are less
effective at removing the infection but are typically less likely to
produce conditions favorable to the evolution of doubly resistant
mutants.63 As noted above, certain cases also exist where a synergistic
combination better prevents mutations and the emergence of resis-
tance, contingent on the specific ecology of the infection.63

Although some researchers have advocated for this more ecology-
centric approach to the problem of drug resistance,97–100 there are
many challenges to taking this approach. These include determining
the extent to which resource competition has a role in such a complex
environment as the patient’s body98 and obtaining accurate parameters
of traits that determine resource competition in the human body,98

including nutrient availability in various sites of infection.101

Another difficulty with using suppressive drug combinations is that
physiological interactions can change across different environments
and genetic backgrounds or as pathogens evolve.15 In addition, there
are only narrow windows of drug concentrations for which these
strategies have been shown to work,29 and different factors such as
time since last dose102 and the tissue being targeted103 can change the
intended effects of drugs in the body. Of particular concern, it has
been found that even a weak antagonistic interaction leads to a very
dynamic optimal treatment protocol104 due to the changing resistance
profile of the infection continuously redefining the efficacy of chosen
treatment strategies.29 Tailoring treatments to take into account
dynamic bacterial resistance profiles and factors that affect the strength
and type of physiological interactions presents a major area for
further study.

FUTURE DIRECTIONS

Although suppressive drug combinations are one of only a few
potential strategies to combat emergence of resistance, their effects
on treatment efficacy and resistance prevention are likely to be affected
by a number of factors and there is a long way to go before they can be
used clinically. We have identified five research directions as especially
pressing: (1) technological advances and/or high-throughput screening
methods to more efficiently identify suppression; (2) further identi-
fication of suppressive mechanisms of action; (3) examination of other
factors (for example, type of bacteria and dose dependence) that can
affect suppressive interactions; (4) investigation of the ecological role
that resource competition could have in treatment; and (5) in vivo

studies to better understand the effects of suppressive interactions in
the body.
Even with new technologies, we cannot simply test all drug

combinations for suppression—given the large numbers of drug
combinations, this would be logistically difficult.105 We need to search
for more efficient ways to identify suppression, such as conducting
screens to discover if the types of suppression hubs found in antifungal
drug screenings25 also exist in antibiotic networks. Suppression often
cannot be predicted based on mechanisms of action,62 but continuing
to identify suppressive mechanisms of action may lead to the discovery
of generalized suppression between certain drug classes, such as DNA
synthesis inhibitors and protein synthesis inhibitors.44

Other factors, such as how adding a third component to a pairwise
suppressive combination can increase the magnitude of suppression or
create a reciprocally suppressive combination,53,106 should also be
investigated. It is also of interest to understand the effect of type of
bacteria on observed interaction type60,61 and to conduct careful dose-
dependent tests in vitro, to establish a clearer idea of what concentra-
tions are suppressive and how wide or narrow this range is.
In addition, there needs to be careful examination of whether and

how different ecological components of resource competition are
relevant to treatment using suppression. For example, it would be
useful to understand the extent to which different parameters affect
resource competition, and whether resource competition could be
exploited clinically through the use of dynamic treatment protocols or
the introduction of drug-susceptible non-pathogenic strains.63,97 These
factors may affect the number and magnitude of suppressive
combinations.
Ultimately, basic in vivo studies must be conducted to determine

whether the results of in vitro and in silico experiments hold when
treating infections, as well as to more explicitly identify the potential
risks and complications of using suppressive drug combinations in
treatment. After conducting careful dose-dependence tests in vitro, the
next key step in translating suppressive combinations to the clinic
would be testing suppressive combinations in animal models to
establish better understanding of risks as well as necessary concentra-
tions, pharmacodynamics and pharmacokinetics.107 These tests would
also help us understand how quickly resistance profiles of bacterial
populations change in response to suppressive drugs in vivo. This
would in turn inform the timing of switches from suppressive to
synergistic or classic antibiotic treatment once most of the resistant
bacteria have been killed.97

If suppressive drug combinations show in vivo potential in animal
models, a first case in which to use them clinically may be in the
treatment of diseases like TB.96 As TB requires long-term treatment,
the patient receiving the suppressive drug treatment would be able to
reap the benefits of reversal of resistance, rather than only the general
public benefiting from the likely more toxic and higher dosage
suppressive treatment regimen.
The properties of antagonistic and suppressive drug combinations

to slow or even reverse the evolution of increasing drug resistance
suggest intriguing clinical potential. However, as we have noted, there
are a great many exigencies, which desperately require more studies
(particularly in vivo), to clarify whether real cases for use exist. Given
our diminishing options to treat increasingly resistant pathogens and
the critical need to protect available treatment options, we suggest that
the long known, yet underappreciated, suppressive interactions are a
worthy research direction to pursue.
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