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Chronic administration of drugs leads to the activation of
compensatory mechanisms that may inhibit some of their ac-
tivity and induce unwanted toxicity. These mechanisms are
an obstacle for maintaining a sustainable effect for many
chronic medications. Pathways that adapt to the burden
induced by chronic drugs, whether or not related to the under-
lying disease, can lead to a partial or complete loss of effect.
Variability characterizes many biological systems and mani-
fests itself as large intra- and inter-individual differences in
the response to drugs. Circadian rhythm-based chronotherapy
is further associated with variability in responses noted among
patients. This paper reviews current knowledge regarding the
loss of effect of chronic medications and the range of variabil-
ities that have been described in responses and loss of re-
sponses. Establishment of a personalized platform for over-
coming these prohibitive mechanisms is presented as a model
for ensuring long-term sustainedmedication effects. This novel
platform implements personalized variability signatures and
individualized circadian rhythms for preventing and opposing
the prohibitive effect of the compensatorymechanisms induced
by chronic drug administration.

Compensatory mechanisms are activated toward many chronically
administered medications and are obstacles for maintaining sustain-
able effects of these drugs. While the body may initially respond to a
drug in a beneficial way, the intrinsic adaptation of biological systems
to the burden induced by a drug, whether or not related to the under-
lying disease, can lead to a partial or complete loss of effect. The de
novo intrinsic resistance to a drug is attributed, in some cases, to
the activation of compensatory opposing signaling pathways or other
cellular pathways. Many of the currently used small-molecule drugs
are aimed at activation or inhibition of a specific pathway. These
drugs may engage compensatory mechanisms that lead to drug toler-
ance or to a partial or complete resistance to the drug.1 In some cases,
compensatory mechanisms activate opposing pathways that promote
exacerbation of the underlying disorder or cause unwanted side ef-
fects. The use of biological agents, including antibodies, recombinant
hormones, and gene transfer-based or cell-based technologies, was
expected to overcome these obstacles.1 However, drug resistance or
tolerance can also be developed toward these modalities. Combina-
tions of treatments that target multiple pathways simultaneously
have been proposed as a method to overcome these issues. Treat-
Molecular Therapy: Methods & Clinic
This is an open access article under the CC BY-NC-
ment-induced toxicity of these combinations and an inability to use
continuous pharmacodynamically effective doses of many targeted
treatments require intermittent drug regimens.2 This paper reviews
the data on the potential deleterious effects of these compensatory
pathways and the role of variability and chronotherapy. The estab-
lishment of a platform to overcome these compensatory mechanisms
in an individualized way is presented.
The Compensatory Response to Chronic Medications Can Lead

to a Partial or Complete Loss of Their Effects and Is Associated

with Increased Toxicity

Partial or complete loss of response to drugs is a result of compensa-
tory opposing mechanisms that are activated upon their chronic
administration. One-third of patients with rheumatoid arthritis
(RA) show an inadequate primary response to anti-tumor necrosis
factor (TNF)-based drugs.3 Several mechanisms were proposed to un-
derlie this non-responsiveness.4 Some studies report a loss of efficacy
in up to 48% of patients.5,6 Anti-TNF drug survival in patients with
RA is 47 months.5 The overall 10-year retention rate of first-line
anti-TNF agents is 23%.7,8 A primary loss of response toward anti-
TNFs occurs in up to 40% of patients with inflammatory bowel dis-
ease.9 A secondary loss of response, following an initial effect, occurs
in 25%–61% of these patients.10–12

Inhibitors of angiotensin-converting enzyme and angiotensin II
type 1 receptor are used for the treatment of hypertension; however,
they induce compensatory mechanisms that increase plasma renin
activity.13 In patients with chronic heart failure, the modest effect
of renin-angiotensin system inhibitors is attributed to the ability
of renin-angiotensin activity to escape from suppression via poten-
tiation of endogenous opposing vasoactive peptides.14 Compensa-
tory mechanisms are similarly associated with neuro-endocrine
circuits associated with obesity.15 Peroxisome proliferator-activated
receptor gamma (PPARg) is the target of thiazolidinediones
(TZDs), which improve insulin sensitivity by reducing de novo lipo-
genesis in the liver. The hepatocyte-specific effects of PPARg
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counterbalance the positive therapeutic actions of systemic delivery
of TZDs.16

Compensatory mechanisms are also relevant to the degree of effect of
neurological drugs. GABAA receptors mediate a “tonic” form of
signaling that depends on the detection of GABA by extrasynaptic re-
ceptors. This process in dentate granule cells is modulated by endog-
enous neurosteroids, which undergo changes related to hormonal sta-
tus and stress. However, tonic currents also exert a paradoxical
excitatory role via depolarization of neurons or via a network effect,
leading to polarization of thalamocortical neurons. Tonic currents
are increased in models of focal epilepsy, due to a compensatory
change that prevents seizure generation. Drugs that increase GABA
potentiate the tonic currents, leading to an antiepileptic effect.17

The imaging features of drug-resistant epilepsy in idiopathic general-
ized tonic-clonic seizure show that hippocampal functional connec-
tivity is impaired and this correlates with disease duration. In
contrast, the hippocampal functional connectivity in drug-sensitive
patients shows a compensatory enhancement, which may be used
as a marker to identify and predict drug resistance.18 Dopamine
depletion in the putamen is linked to changes in network functional
connectivity in Parkinson’s disease, and while attributed to the pa-
thology of the disease, it is also part of a compensatory mechanism.
Patients with mild-moderate Parkinson’s disease studied after an
overnight dopamine replacement therapy washout showed increased
putamen functional connectivity, both in the cerebellum and in the
primary motor cortex (M1). Increased cerebellar functional connec-
tivity in this study correlated with improved motor performance,
and increased M1 connectivity predicted poorer motor performance.
Following the administration of a standard dose of levodopa, motor
performance improved, along with reduced putamen-cerebellar con-
nectivity. This increase in M1 functional connectivity reflects a path-
ological change that is harmful to motor performance, while the
increased putamen-cerebellar connectivity reflects a compensatory
mechanism in the brain.19

Compensatory mechanisms toward anti-malignant drugs may be
associated with the development of resistance. Tumor cells adapt to
therapeutic regimens by activating alternative survival and growth
pathways. Current methods for overcoming resistance use targeting
multiple non-overlapping pathways in an attempt to generate syner-
gism.20 Cancer drug resistance is associated with a patient’s genetic
background or, alternatively, it can be acquired by tumors that are
more sensitive to anti-malignant drugs. This acquired resistance is
attributed, in part, to the micro-clonality/micro-genetic heterogeneity
of the tumors.21

Protein kinase-directed cancer therapies show only a transient effect
in most patients. Resistance toward these drugs develops within 1 or
2 years, due to secondary mutations or other changes within the tar-
geted kinase or due to feedback loops that bypass and compensate for
the inhibited kinases.22 Protein kinase signaling is associated with
feedback regulation and compensatory signaling. The emergence of
resistance in leukemia, melanoma, and lung and breast tumors is
336 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
associated with similar secondary compensatory mutations. In addi-
tion to mutations, resistance results from alternative/compensatory
signaling pathways that are being activated.23 Drug efficacy is atten-
uated by alterations of the drug target, including steric interference,
compensatory activity, and conformational changes. It can also be
attenuated by compensatory signaling associated with bypass mecha-
nisms and phenotype switching.24 The compensatory mechanisms
within the phosphatidylinositol 3-kinase (PI3K)/phosphatase and
tensin homolog (PTEN)/AKT signaling network that afford resis-
tance to receptor tyrosine kinase (RTK) inhibition by anti-HER2
monoclonal antibodies (mAbs) has been modeled. This dynamic
signaling pathway shows a sensitivity-to-resistance transition. The
model has been tested in human ovarian carcinoma cell lines, using
combinatorial inhibition of RTK, PTEN, and PI3K enzymes as a
method for overcoming resistance.25

Current methods to overcome resistance to tyrosine kinase inhibitors
include the use of second- and third-generation inhibitors that over-
come new mutations, drug combinations that simultaneously block
the primary oncogenic pathway and compensatory routes, and
mAbs.22 A combined dose of PIK-75, an inhibitor of the PI3K/AKT
pathway, and vemurafenib, which inhibits both the PI3K/AKT and
mitogen-activated protein kinase (MAPK) pathways, overcomes the
compensatory pathways in resistant, advanced melanomas. miR-126
has a synergistic role in overcoming resistance when included in a tri-
ple combination alongside PIK-75 and vemurafenib.26 The receptor
tyrosine kinase, MET, is upregulated or over-activated in glioblastoma
(GBM). Resistance to anti-MET drugs frequently occurs. Several pro-
teins are altered in MET inhibitor-resistant GBM, including mamma-
lian target of rapamycin (mTOR), fibroblast growth factor receptor 1
(FGFR1), epidermal growth factor receptor (EGFR), signal transducer
and activator of transcription 3 (STAT3), and cyclooxygenase 2
(COX-2). Simultaneous inhibition of MET and one of these upregu-
lated proteins promotes cell death and inhibits cell proliferation in
resistant cells.27 A combination of three drugs, cetuximab, trastuzumab
(an anti-HER2mAb), and osimertinib, prevents the onset of resistance
to osimertinib.28 However, these combinations may be associated with
the development of multiple drug resistance.

Anti-cancer drugs targeting single metabolic pathways show limited
efficacy due to the tumor’s ability to compensate by using other meta-
bolic pathways to meet its energy and growth demands. Combina-
tions of metabolism-targeting drugs are used to improve therapeutic
efficacy in the face of compensatory response mechanisms. The com-
bination of propranolol and dichloroacetate attenuates tumor cell
metabolism and mTOR signaling, inhibits proliferation and colony
formation, and induces apoptosis.29 Tumor resistance to antiangio-
genic drugs is associated with the upregulation of compensatory/
alternative pathways for angiogenesis, leading to tumor growth in
the midst of an anti-angiogenic environment.30,31 A relative redun-
dancy in angiogenic signaling is associated with the activation of
alternative proangiogenic factors upon treatment with anti-VEGF
agents. Dose intensity and schedules impact the development of resis-
tance. Higher doses of these agents are associated with greater
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stimulation of compensatory proangiogenic pathways, which de-
creases the efficacy of these drugs, leading to escape mechanisms.32

It has been proposed that computational modeling, based on circu-
lating biomarkers and pharmacodynamics (PD), may be utilized to
attenuate this resistance.32

Pancreatic ductal adenocarcinoma (PDAC) shows chemoresistance
due to the upregulation of alternative compensatory pathways.33

The effect of nanoliposomal irinotecan in the treatment of gemcita-
bine-refractory metastatic pancreatic cancer is limited by ATP-bind-
ing cassette G2 (ABCG2) transporter-mediated irinotecan efflux from
tumor cells. It has been suggested that benzoporphyrin derivative-
based photodynamic therapy (PDT), a photochemical cytotoxic mo-
dality, can activate the apoptotic pathway and reduce ABCG2 expres-
sion, thereby increasing intracellular irinotecan levels in the tumor. In
animal models, the combination of PDT and a subclinical dose of
nanoliposomal irinotecan synergistically inhibit tumor growth.20

The development of de novo or adaptive resistance to abiraterone
limits its efficacy in patients with metastatic castration-resistant pros-
tate cancer. Cabozantinib enhances the efficacy of abiraterone by
blocking multiple compensatory survival mechanisms, including
IGFIR activation.34

Compensatory mechanisms, along with the activation of major path-
ways unrelated to the disease, may be associated with unwanted and
sometimes serious toxicity. The calcineurin inhibitors cyclosporine
and tacrolimus are immunosuppressive drugs that induce nephrotox-
icity. The resulting renal damage is due to tubular cell death, pro-
fibrotic effects, and increased renal inflammation. Several pro-
inflammatory pathways are activated by these drugs, including
JAK2/STAT3 and TAK1/JNK/AP-1 pathways, TLR4/Myd88/IRAK
signaling, and the unfolded protein response, which can promote
nuclear factor kB (NF-kB) activation and pro-inflammatory gene
expression.35

Antipsychotic drugs can cause type 2 diabetes by inhibiting insulin
signaling pathways in muscle cells, hepatocytes, and adipocytes and
by increasing free fatty acid levels and inflammation, thus inducing
direct damage and apoptosis of b cells.36 Antipsychotic-induced
movement disorders, including antipsychotic-induced parkinsonism
and tardive dyskinesia, are well-described effects of these drugs.
Genes associated with susceptibility to these side effects are modifier
genes that determine the clinical expression of motor sub-phenotypes
of the disease, disease severity, and the rate of disease progression via
their impact on compensatory mechanisms for striatal dopamine
loss.37

Overall, these examples suggest a deleterious impact of the compen-
satory effects to chronic medication use.

Inter- and Intra-patient Variability in Compensatory Pathways

Impact the Clinical Effect of Chronically Administered Drugs

Variability is a characteristic of many biological systems and is also
seen in the compensatory effects toward chronic medications.38–40
Molecular The
The unpredictable response to drugs remains a major challenge for
designing effective therapeutic regimens. The variability in compen-
satory pathways may impact the clinical efficacy of chronic drug
administration. Inter- and intra-patient variability in the mechanisms
of drug resistance development can explain patient-to-patient differ-
ences in the clinical effects of the drug.24 Differences in compensatory
mechanisms may have a greater impact than pharmacogenomics on
the pharmacodynamics of drugs.

Diversity in drug responses and in drug toxicity is associated with
ethnic variances, which manifest as alterations in the pharmacoki-
netics (PK) and pharmacodynamics of drugs. Pharmacogenomics un-
derlie some of these differences.41 Inter-individual differences in drug
responses are associated with variability in the expression of drug-
metabolizing enzymes, transporters at sites of absorption, and in
drug distribution, leading to an unpredictable exposure and tissue
distribution of drugs, which then impacts efficacy and toxicity.42

Marked inter-individual variability in the analgesic response to
nonsteroidal anti-inflammatory drugs has been described. This vari-
ability represents the associations between the mechanisms of pain
and differences in patient phenotypes and genotypes.43,44 In a clinical
trial examining pharmacodynamics according to the genotype at two
COX SNPs, the inhibitory effects of celecoxib on COX-2 induction
were associated with the COX-2 genotype, with rs689466 having
been associated with variability in the response to COX-2
inhibition.45

P-glycoprotein is an efflux transporter expressed at the blood-brain
barrier (BBB), which limits the delivery of drugs to the brain. The
variability in its function at the BBB is associated with unpredict-
ability in the response to and toxicity of drugs that target the brain.46

Similarly, albuminuria-lowering drugs have a marked variability
among patients. A previous study aimed to determine whether in-
ter-individual variability in the albuminuria response after therapy re-
flects a random variability or a true response variation to treatment.
No correlation between on- and off-treatment albuminuria changes
were observed in the placebo arm, while associations between the
on- and off-treatment responses were shown for patients treated
with albuminuria-lowering drugs. There was a correlation between
responses when the same individual was re-exposed to the same
drug at the same dose, suggesting that the effect on albuminuria
with medication varies between patients, but is independent of the
type of drug used.47

Cardiovascular drugs are characterized by wide inter-individual vari-
ability in dose, plasma concentration, and response (therapeutic an-
d/or toxic) relationships. This variability is attributed to differences
in pharmacokinetics and/or pharmacodynamics. Genetics, sex, age,
disease state, environmental factors (e.g., smoking and diet), drug-
drug interactions, and race all contribute to this variability.48 The
marked inter-individual variability in the pro-arrhythmic toxicity of
these drugs has been modeled by quantification of the repolarization
reserve.49 Variability was simulated by randomizing model parame-
ters in a human ventricular myocyte model, and parameters
rapy: Methods & Clinical Development Vol. 18 September 2020 337
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associated with action potentials were shown to impact the variability,
suggesting that this nonintuitive behavior can be attributed to ionic
currents that prolong action potentials, but decrease drug-induced ac-
tion potential prolongation.49 The heterogeneity of treatment effects
and side effects in patients with hypertension is attributed to age, race/
ethnicity, mutations, and multiple polymorphisms within the compo-
nents of the renin-angiotensin-aldosterone system.50

Healthy volunteers tested following a single oral administration of di-
clofenac showed multiple peaks in individual plasma concentration
profiles. The data showed that the release of the drug from the tablets
was variable and dependent on the applied stress during gastrointes-
tinal transit.51 Intra-patient variability, in addition to inter-patient
variability, also contributes to the differences in response to chroni-
cally administered medication. An assessment of the plasma levels
of lamotrigine (LTG), levetiracetam (LEV), and topiramate (TPM) af-
ter the substitution of a stable brand-name drug regimen with a
generic drug in patients with epilepsy has been reported. The propor-
tion of patients showing an intra-patient change in plasma drug con-
centration greater than ±20% was high and was similar in the brand
name and the generic group for LTG (22% versus 33%), LEV (44%
versus 38%), and TPM (41% versus 6%). A significant inter-day vari-
ability in intra-patient plasma concentrations was noted, even in pa-
tients stabilized with the same brand name product over time.52

Marked intra-patient variability in etanercept trough levels, following
regular dosing, decreases the feasibility of therapeutic drug moni-
toring. The median intra-patient variability of etanercept trough con-
centrations is 33% and ranges from 8% to 155%. A higher variability is
correlated with lower trough levels and with non-responsiveness.53

The intra-patient variability in tacrolimus levels was studied in 432
renal transplant patients during a 4-year period. Patients with high
variability had an increased risk of rejection during the first post-
transplant year and showed impaired glomerular filtration rates
post-transplant compared to patients with low variability.54 In
contrast, the intra-patient variability in tacrolimus exposure had no
effect on the outcome of heart transplants.55 Intra-patient variation
in the area under the curve for plasma etoposide concentration versus
time following intravenous drug administration is minimal, but in-
creases following oral administration, where high variation in drug
toxicity is seen. Mean etoposide bioavailability was 64% in this study,
showing both inter- and intra-patient variability. The inter-patient
variability was found to be 3-fold greater than the within-patient
variability.56

Marked variability is a characteristic of many intracellular pro-
cesses.39,40,57,58 Drug-target interactions in the microenvironment
of the cell do not always follow the rules of simple diffusion and
chemical reactions. Multiple non-specific interactions of drugs with
macromolecules in cells are not measured by simple pharmacody-
namics methods. Non-specific drug-target interactions are associated
with the slow incorporation of DNA-binding drugs. The variable in-
teractions in different cellular compartments contribute to the vari-
ability in intracellular drug kinetics.59 Many of the functions of the
338 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
microtubules manifest as distinct variability patterns.39,60 Ongoing
dynamic changes in the strength of synaptic connections in excitatory
neurons occur when calcium ions Ca2+ bind the Ca2+ sensor, calmod-
ulin (CaM), thus contributing to synaptic plasticity. Modeling the
activation of downstream Ca2+/CaM-dependent binding proteins
has shown that the model output is robust to parameter variability.
While variations in the expression of the CaM-binding protein neuro-
granin decrease Ca2+/CaM-dependent kinase II activation, the overall
level of receptor phosphorylation is preserved, suggesting that the
compensatory response to variability is part of a regulatory process
in these dynamic systems.61 Variability between cells is a character-
istic of the innate immune response. Transcriptionally diverging
genes that control immune functions, including the production of
cytokines and chemokines, differ between cells and have distinct pro-
moter structures.62,63 A wide intra-subject variability has been shown
in the expression of intracellular nitric oxide in immune cells.64 This
variability has been shown to predict an individual’s immune
response to influenza vaccination and is associated with altered anti-
body levels.65

Studies on the compensatory effects of drugs are based on the re-
sponses of patients to regular dosing, based on persistent therapeutic
regimens. Regular treatment regimens may be associated with a more
profound activation of prohibitive compensatory mechanisms and, as
such, may reduce the beneficial effects of drugs.38–40 Overall, these
data suggest that the compensatory response to a drug is character-
ized by both intra- and inter-patient variability, which determine
the overall response rate to the drug and the drug’s toxicity. The
unpredictability of these responses makes is difficult to improve the
efficacy of drugs and to overcome drug resistance using standard
methods of “a single solution for all.”

A Role for Chronotherapy in Improving Efficacy and Reducing

Toxicity

Chronotherapy, which is drug administration based on chronobi-
ology, has been suggested to increase efficacy and reduce toxicity.
The circadian clock synchronizes and regulates many genes and
metabolic and physiological pathways, based on daily light and
dark cycles.66 The master clock for this regulation is located in the su-
prachiasmatic nucleus of the brain and it synchronizes functions
based on inputs continuously received from the retina and other tis-
sues. In addition, most cells in the body contain molecular clocks that
drive circadian rhythms from the level of chromatin to proteins.66

The synchronizations regulated by the master oscillator and by the
tissue oscillators are required for the normal function of cells and
organs.67 Disruption of these clocks is associated with various pathol-
ogies, and several diseases display marked circadian variation in their
symptoms and severity.68,69 Shift workers have an increased incidence
of chronic diseases, including diabetes, obesity, and cardiovascular
mortality.70,71

Information regarding cellular molecular clocks can assist in identi-
fying ideal times for the administration of drugs to improve both ef-
ficacy and safety.68,69 Adjusting the timing of medical treatment
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depending on the patient’s circadian state is applied in the treatment
of nocturnal asthma, arthritis, neurological disorders, cancer, and hy-
pertension.72 An analysis of the effectiveness of chronotherapy in
more than 40 clinical trials has supported its use in the majority of
cases.73 However, a lack of efficacy of chronotherapy has been shown
for the use of statins to treat hyperlipidemia and in several small,
short-term trials that lacked data on clinically relevant outcomes.74

The cardiovascular system is affected by the 24-h rhythm, showing
altered platelet aggregability during the morning, which is associated
with an increased incidence of cardiovascular events. Chronotherapy
with low-dose aspirin shows a greater decrease in early morning
platelet activity after evening intake compared with morning intake.75

A high-amplitude circadian rhythm of the renin-angiotensin-aldoste-
rone system is activated during sleep, which suggests that the admin-
istration of angiotensin-converting enzyme inhibitors and angio-
tensin receptor blockers at bedtime has a greater effect than when
they are administered in the morning. Bedtime chronotherapy with
conventional hypertension medication results in a 61% reduction in
cardiovascular events compared with morning administration.76

Over-activation of the renin-angiotensin-aldosterone system under-
lies the pathophysiology of congestive heart failure. A pharmacoki-
netic-pharmacodynamic model has been developed to assess the
kinetics of angiotensin-converting enzyme inhibitors in correlation
with the time-dependent changes in systemic renin-angiotensin-aldo-
sterone biomarkers. This model has shown the beneficial effect of
bedtime dosing.77 Several trials have shown that mean blood pressure
during sleep is an independent and more reliable predictor of cardio-
vascular disease risk than either mean blood pressure when awake or
24-h mean blood pressure. Sleep-time hypertension is prevalent in
patients with sleep disorders, type 2 diabetes, chronic kidney disease,
and resistant hypertension. The dosing of anti-hypertensive drugs
according to circadian rhythms positively impacts the control of hy-
pertension and sleep-time hypertension and the adverse effects asso-
ciated with these drugs.76

The morning symptoms of RA are attributed to an abnormal circa-
dian increase in inflammation during the night, along with inade-
quate cortisol secretion. As a result, joint pain and stiffness are
most pronounced in the morning. The upregulation of inflammatory
reactions and cytokine secretion during the night is better controlled
using night-time-release formulations of steroids. Coordinating the
timing of glucocorticoid therapy to coincide with the increase in
serum interleukin (IL)-6 levels at night reduces morning stiffness
and pain compared with morning administration.78 Bedtime metho-
trexate administration results in a greater improvement in RA symp-
toms compared to standard dosing methods.79 Similarly, trials of
nonsteroidal anti-inflammatory drugs (NSAIDs) have shown that
chronotherapy can improve outcomes and reduce adverse effects in
RA patients.78 Inflammatory pain is linked to circadian rhythms,
and diurnal patterns have been described for peripheral neuropathic
pain conditions. This knowledge of circadian patterns enables the
development of pain-control strategies, while minimizing adverse
effects.80
Molecular The
Symptoms of bipolar disorders are partially associated with dysfunc-
tion of the circadian system. Antidepressants and mood stabilizers
affect the circadian clock. Circadian rhythms and the manifestation
of mood disorders are associated with polymorphisms in molecular
clock genes.81 The rate of urine clearance of water-soluble drugs
and their metabolites is associated with renal function, renal blood
flow, glomerular filtration rate, the ability of the kidney to reabsorb
or secrete drugs, urine flow, and urine pH, all of which have circadian
behavior.82 Mesial temporal lobe epilepsy is characterized by complex
partial seizures originating from the hippocampus and is a common
and refractory type of epilepsy. These types of spontaneous seizures
show a dependency on the endogenous clock system for seizure
threshold. Temporal dysfunction of the circadian clock in the hippo-
campus, combined with multiple uncoupled oscillators, leads to the
periodic occurrence of seizures, suggesting that chronotherapy may
provide beneficial effects in these patients.83

Variability in anti-cancer therapy was described in association with
cancer treatment schedules.84–86 The clock gene machinery regulates
multiple cellular functions, including DNA damage recognition and
repair, as well as cell proliferation.87 Chronotherapy-based regimens
were proposed for improving drug effectiveness and tolerability of
anticancer drugs. Dysfunction of the circadian clock is involved in
tumorigenesis and impacts host-tumor and tumor-drug interac-
tions.88 Abnormal expression levels of core clock genes in colon can-
cer tissue were demonstrated.87 The Circadian locomotor output
cycles kaput (Clock) gene is a regulatory gene of circadian rhythm
and is associated with the development of breast tumors.89

Current challenges of chronotherapy mainly rely on its personaliza-
tion. A strong impact of sex, genetic background, and chronotype
were described to affect the circadian timing system, drug chrono-
pharmacokinetics/pharmacodynamics, and optimal timing.85,90,91

The inter-patient variability may explain the results of studies that
assumed the same rhythm for the whole patient population, mistak-
enly concluding to an absence of circadian effect in drug efficacy and
toxicities. The use of wearables to non-invasively record circadian
biomarkers in individual patients and their integration into dedicated
platforms was proposed to be mandatory for the future development
of personalized chronotherapies.92–96

Taken together, these examples support the notion that drug efficacy
can be improved by re-scheduling their time of administration.

Introducing Variability in Chronic Drug Administration to

Overcome Compensatory Effects and Improve Long-Term

Efficacy

The concept of alterations in compensatory mechanisms that are
associated with disease progression and with the loss drug efficacy
is thought to underlie many chronic disorders. For many disorders,
both adaptation and compensation maintain homeostasis, based on
a dynamic equilibrium involving non-linear interactions between
the genome, epigenome, and the environment. The progress of the
pathology of such disorders is a non-linear course, involving
rapy: Methods & Clinical Development Vol. 18 September 2020 339
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adaptation, compensation, and decompensation, eventually leading
to system failure. Regulatory processes at the levels of gene expres-
sion, the cell cycle, and tissue repair are dynamic and time-dependent.
Diseases involve both spatial and temporal dynamics of non-linear
pathophysiological mechanisms, which affect homeostasis and may
lead to system failure.97,98 The control of time-dependent adaptive
and compensatory responses can modify the disease course and
may also improve the response to chronic medication administration.
However, this is likely to require a personalized approach.

The prominent effects of chronobiology on drug efficacy and toxicity
may be associated with an alteration of the compensatory mecha-
nisms that are activated by chronic drug administration, some of
which are deleterious. Regimens are currently being developed in
an attempt to overcome these compensatory effects. In addition, iden-
tifying simultaneous aberrant molecular pathways and pathway-
based molecular signatures has been proposed to assist in the study
of compensatory mechanisms and in stratifying patients and gener-
ating a personalized treatment regimen to improve response rates
and reduce side effects.97

Marked irregularities are observed in the effects of chronic drug
intake. Dosing regimens are usually designed according to the phar-
macokinetics of the drug. However, this does not take into consider-
ation the large inter- and intra-individual variability, the potentially
altered volume of distribution in patients with obesity, congestive
heart failure, and edema, or changes in renal or non-renal drug
excretion.

A drug holiday has been proposed as a potential way for overcoming
partial or complete loss of response and for reducing the side effects of
chronic medication administration. Tyrosine kinase inhibitors of the
EGFR are used to treat patients with non-small-cell lung cancer.
Despite an initial response, patients with an activating EGFR muta-
tion invariably relapse. Retreatment following a drug holiday is effec-
tive in patients who initially benefited from treatment, but whose
disease subsequently progressed.99 A favorable safety profile and
the feasibility of drug holidays have been shown for trabectedin in pa-
tients with metastatic sarcomas and in patients with metastatic renal-
cell carcinoma.100,101 The loss of response to levodopa in patients with
Parkinson’s disease is attributed to disease progression and an altered
receptor sensitivity. Drug holidays have been used for re-sensitizing
dopamine receptors in the striatum, but they are associated with
neuroleptic malignant-like syndrome. Intravenous administration
of amantadine during the drug holiday prevents this effect. Following
drug holidays, when levodopa administration is resumed at the same
dose, improvements are seen in both motor condition and side
effects.102 A dosing regimen consisting of cyclic withdrawal of inter-
feron b is not inferior to the full regimen in relapsing, remitting mul-
tiple sclerosis patients and it did not affect long-term outcome.103 RA
patients with long-standing, low disease activity have been shown to
be eligible for tapering and/or ceasing anti-rheumatic medications.104

A disease-modifying anti-rheumatic drug-tapering algorithm, based
on amulti-biomarker disease activity score and anti-citrullinated pro-
340 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
tein antibody levels, enabled risk stratification for successful tapering
in these patients.105 In patients with early RA who had achieved sus-
tained, low disease activity, reduced-frequency regimens of certolizu-
mab pegol with methotrexate maintain the low disease activity and
are not inferior to the standard full dosing.106 A randomized
controlled trial in RA patients who achieved sustained remission
demonstrated that more than half of the patients maintained remis-
sion after tapering or stopping conventional and biological treat-
ments.107 In contrast, small trials in patients with multiple sclerosis
have failed to show similar results following drug holidays.108,109

Methods are being developed to collect data from patients regarding
their real-life drug scheduling. Classical pharmacological methods
have been reconsidered to enable the use of a stochastic context for
a patient’s drug intake irregularity. A repeated one-point method
(ROPM) is a model that assumes equal maintenance doses at equal
dosing intervals. However, in real-world practice, many patients do
not consume their medications at equal intervals. A modified
ROPMhas been developed for unequal dosing intervals, in an attempt
tomaintain the appropriate the drug concentration, by using different
dose sizes to maintain trough concentrations at steady-state (Cssmin)
and peak concentrations at steady-state (Cssmax) at equal dose sizes,
where the peak does not exceed a certain maximum concentration
or fall below a certain minimum concentration.110 A different sto-
chastic model has been developed based on an irregular drug intake
schedule for drugs that require multiple oral doses and is based on pa-
tients with poor medication adherence. The model assumes that an
irregular dosing schedule follows a Poisson distribution, and it has
been used to analyze alterations in drug concentrations and the cu-
mulative probability distribution. This model is based on four vari-
ables, including continuous time or discrete time, with each using
deterministic or random doses. The mean rate of intake, elimination
rate, absorption rate, and mean dose are calculated using the model.
Analyzing the effect of poor adherence on drug efficacy showed that a
random dosing schedule is associated with inconsistent drug concen-
tration behaviors.111 While this model was designed to improve
dosing under conditions of poor adherence, it also supports the op-
tion for the prevention of drug level plateaus, which are associated
with unwanted compensatory effects and drug toxicity. Similarly, a
model has been developed for HIV treatment, using a combination
of lopinavir/ritonavir for once daily and twice daily regimens. Missing
doses and deviations from nominal times have been analyzed using
this model. The probabilistic model of measuring the impact of
noncompliance has been used to optimize dosing under situations
of noncompliance.112 While these methods are aimed at reaching a
certain drug level, the fact that many patients take the drugs using un-
equal interval regimens may, however, assist them in achieving an
improved response rate and lower toxicity.

Introducing irregularity into therapeutic regimens may have a bene-
ficial impact on drug efficacy. Amlodipine administered alone or
together with a beta-blocker, reduces myocardial ischemia when pa-
tients frequently forget to take medication or dose irregularly,
including drug-free intervals.113 While this is attributed to the
mber 2020
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relatively prolonged half-life of the drug, the irregularity may have
directly affected the results. Secondary loss of response to anti-TNF
therapy in patients with inflammatory bowel disease is attributed to
inadequate drug exposure and sub-therapeutic drug levels. It has
been suggested that the “one size fits all” concept does not apply to
all patients and that attempts to improve efficacy solely by improving
drug levels are insufficient.114 In a prospective trial in these patients, a
loss of clinical response occurred in 36% of those receiving a standard
anti-TNF dosing regimen, but in only 13% of patients who were dosed
based on a de-escalation dashboard, leading to alternating increases
or decreases in the dosage. These data showed that simple alterations
in dosage can improve the efficacy of anti-TNF drugs, as compared
with the fixed dosing regimen.115 In contrast, a retrospective, small
observational trial of patients treated with maintenance infliximab
showed that those who continued an uninterrupted maintenance
dosing regimen had a lower incidence of hospitalization and surgery
than did those who received an irregular or interrupted regimen.116

These discrepancies may be attributed to the lack of personalization
of the regimens used.

Intra- and inter-patient variability in the response to drugs and in the
heterogeneity of disease and the diversity of parameters associated
with different compensatory mechanisms are all contributing to
drug resistance. Many of these systems are dynamic and change
over time even in the same patient.40,117

A dynamic platform, based on signatures of patient-tailored vari-
ability, is being developed to ensure the long-term, sustainable bene-
ficial effect of drugs, with minimal toxicity.4,40,58,63,118 The platform is
being developed in steps. In the first step, the effect of introducing
variability into therapeutic regimens of patients who partially or
completely lost their response to chronic medications is evaluated us-
ing algorithms that introduce pseudo-random number generators,
which introduce variability in times of administration and dosages
within an approved range. In the second step, a closed-loop algorithm
is implemented wherein inputs are based on clinically meaningful
endpoints used for generating therapeutic regimens. In the third
step, host and disease-related patterns of variability are quantified
in a personalized way and are implemented into a true-random num-
ber generator. Inputs from quantifiable variability parameters that are
related with the disease, host response, and mechanism of action of
the drug are introduced.

Ongoing clinical trials implementing these personalized vari-
ability-based algorithms are evaluating the effects of these regi-
mens in patients with inflammatory bowel disease who lost their
response to anti-TNFs, and in patients with epilepsy who lost
response to anti-epileptics (ClinicalTrials.gov: NCT03843697 and
NCT03747705). These studies will shed light on their potential ef-
fect in patients with chronic diseases. These studies are aimed at
implementing dynamic personalized-based variability signatures
that are based on the disease for which the algorithms are being
developed in an individualized way. The results of these studies
will enable the overcoming of compensatory mechanisms that pro-
Molecular The
hibit the full response to chronic medication administration, while
reducing toxicity.
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