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Combination drug therapies have become an integral part of precision oncology, and while evidence of
clinical effectiveness continues to grow, the underlying mechanisms supporting synergy are poorly un-
derstood. Immortalized human lymphoblastoid cell lines (LCLs) have been proven as a particularly useful,
scalable and low-cost model in pharmacogenetics research, and are suitable for elucidating the molecu-
lar mechanisms of synergistic combination therapies. In this review, we cover the advantages of LCLs in
synergy pharmacogenomics and consider recent studies providing initial evidence of the utility of LCLs
in synergy research. We also discuss several opportunities for LCL-based systems to address gaps in the
research through the expansion of testing regimens, assessment of new drug classes and higher-order
combinations, and utilization of integrated omics technologies.
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Combination drug therapy is the gold standard in modern cancer treatment. While the already large amount of
evidence supporting the clinical effectiveness of combination therapy is continually growing, less is known about
synergism. Synergism is defined as the effects of two or more agents working in combination that are greater than
simply adding together the said agents’ effects. Understanding the underlying mechanisms of synergism, namely
how nonadditive interactions occur and why the combined effects of drugs can be larger than individual drugs
additive effects, is crucial to developing successful new drug cocktails and optimizing treatment regimens. Jia
et al. provided an extensive discussion of synergistic mechanisms in 2009, but more recent studies have revealed
several issues with the hypothesized mechanisms [1]. For example, the widespread off-target effects demonstrated in
high-profile studies, as well as the explanation of synergistic effects as simply the result of patient-to-patient genetic
variability, have complicated the already challenging search for a comprehensive understanding of synergism [2,3).
Given the frequent clinical use of combination therapy, the expansion of pharmacogenomics studies to include
drug combinations is key for developing a more comprehensive understanding of the mechanisms of synergism
and the broad consequences of genetic variability.

Immortalized human lymphoblastoid cell lines (LCLs) (4] created by infecting human lymphocytes with the
Epstein-Barr virus [5], provide a scalable, efficient and cost-effective model for pharmacogenomic discovery, and
have been successfully used to assay drug response [4,6]. Accordingly, they represent a suitable model for expanding
research to include combination drug therapy. Several pharmacogenomics studies have successfully employed the
LCL model to further understand the mechanism of action for a range of anticancer drugs, with a growing
number of LCL-based pharmacogenomics findings successfully replicated outside the laboratory [7-11]. LCLs have
been used to conduct high-throughput screening assays, such as those used to characterize the dose-response
relationship of 29 US FDA-approved drugs [121. Further, genome-wide association analysis of temozolomide
response in LCLs identified a clinically relevant association of SNPs in the MGMT gene [15], and a genome-wide
meta-analysis of carboplatin- and cisplatin-induced toxicity in LCLs identified SNPs associated with platinum-
induced cytotoxicity [14]. These recent successes demonstrate that LCLs provide a valuable screening platform for Future =
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examining genetic susceptibility and resistance to existing combination therapies and for discovering and testing
novel therapeutic combinations [15-17].

In the following, we briefly review the use of LCLs in pharmacogenomic studies seeking to discover synergistic
combinations and their mechanisms of action. We subsequently discuss the advantages and disadvantages of using
the LCL model as well as opportunities to expand its use to address important challenges in pharmacogenomics.

Advantages of LCLs for synergy pharmacogenomics

The LCL model has several clear advantages. First, genome-wide LCL data for both related and unrelated populations
are publicly available, eliminating the cost of genotyping data for use in pharmacogenomic studies and making
efficiency a key advantage of LCLs [4]. Second, in contrast to human clinical trials and 7z vivo model systems, high-
throughput in vitro screening technologies, such as those reliant on LCLs, enable easily scaling pharmacogenomic
studies to accommodate the large sample sizes needed for gene mapping. This is an important point as sample
requirements will continue to grow as increasingly complex study designs are needed for combination drug
studies. Third, the LCL model is amenable to high-throughput robotic automation [12]. Fourth, LCLs can be
easily manipulated to validate study findings using knock-down or forced gene-expression methods. Fifth, LCLs
derived from ovarian cancer patients have shown utility in the putative identification of biomarkers for synergistic
response [18] and clinical outcomes [19]. Finally, the LCL model enables study designs that are not possible in vivo.
For a comprehensive understanding of the nonadditive components of combination drug response, it is necessary to
carefully estimate the additive components, and LCLs enable the assessment of both monotherapy and combination
therapy response phenotypes.

The majority of work on iz vitro combination drug exposure has been performed in cancer cell lines [20-22].
While cancer cell lines present important scientific opportunities, LCLs are an important complementary model
system [23,24]. Pharmacogenomics must holistically consider the genetics of drug response in both the tumor and
host. The tumor genome consists of acquired somatic mutations along with germline variants that represent disease
variation and influence drug response, while the host genome consists of inherited germline variants that represent
interindividual variability in drug response and influence drug efficacy and toxicity. As immediate surrogates of
germline variation, LCLs provide an opportunity for understanding host pharmacogenetics [24]. For instance,
several studies have shown that anticancer drug response is a heritable trait and that germline variants influence
drug response [4,24-26]. A classic example is the germline variation in the 7PMT gene, which affects thiopurine
metabolism. The 7PMT host genotype is used as a pharmacogenomic biomarker in clinical practice to guide
the dosage for various thiopurines such as mercaptopurine and azathioprine [27]. Further, since LCLs represent
the entire host genome, they can be directly used to study the impact of germline variation on drug response
without confounding by somatic mutations or secondary genomic changes, such as those found in cancer cell
lines [5,28,29]. Another important difference is that LCLs are genetically heterogeneous while cancer cell lines are
typically clonal (301. This is an important distinction with subtle yet important consequences. Studying drug
response and the evolution of drug resistance in cancer cell lines requires the accumulation and selection of genetic
mutations in the original clonal line. In contrast, the heterogeneity available in LCLs allows for the immediate
interrogation of population-level variation.

Synergy studies in LCLs

Several recent studies provide proof of principle that the LCL model can be used for pharmacogenomic studies
of synergy. In the first genome-wide association study investigating synergy in LCLs [18], LCLs derived from
74 patients with epithelial ovarian cancer were treated with increasing concentrations of carboplatin and/or
paclitaxel and assessed for in vitro drug response. Drug response phenotypes, including I1Cs (the effective dose
at which 50% of cells are viable) and ECs (the dose resulting in 50% induction of caspase 3/7 activity), were
estimated for each patient for paclitaxel and carboplatin treatment, both individually and in combination. /z vitro
paclitaxel drug-response phenotypes were moderately associated with time to cancer recurrence in vivo. While no
pharmacogenomic associations were significant at p < 5 x 10®, seven genomic loci were associated with drug
response at p < 10, including 4q21.21 for carboplatin, 4p16.1 and 5q23.2 for paclitaxel, and 3q24, 10q, 1q44
and 13q21 for combination therapy. Importantly, the results revealed regions unique to combination treatment
response. In particular, SNP rs7572664 was significantly associated with decreased survival odds and sensitivity
to the combination treatment iz vitro (Figure 1) (18,19]. This is likely because the SNP either increases BABAM2
protein levels or produces a more stable isoform, enhancing cancer cell survival through the BRCA1-A and BRISC
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Figure 1. Possible mechanism of synergistic response in lymphoblastoid cell lines from patients with ovarian cancer.
An SNP (rs7572644) found in intron 6 of the BABAM2 gene of ovarian cancer patients was associated with synergistic
response to carboplatin + paclitaxel treatment. BABAM2 plays an important role in both the BRCA1-A and BRISC
complexes that are responsible for the repair of dsDNA breaks and the promotion of spindle assembly, respectively. As
carboplatin and paclitaxel induce DNA damage and inhibit microtubule assembly, respectively, the mechanism for the
observed increase in sensitivity to combined treatment could be due to the combination treatment targeting both
oncogenic pathways downstream of BABAM2. While the role of rs757266 in this process is unknown, it could result in
increased BABAM2 protein levels or the production of a more stable isoform of the protein.

complexes. The effectiveness of treating this mutation with the carboplatin + paclitaxel combination is most likely
driven by DNA damage and inhibition of the microtubule assembly that the BRCA1-A and BRISC complexes
mitigate.

In another important proof-of-principle experiment, researchers used the Chou-Talalay method [31] for the first
time to directly quantify synergy for seven drug combinations in LCLs from related pedigrees (32]. Heritability was
calculated to understand how much variation in synergism is due to genetic variation, in isolation from the heritable
components of monotherapy response. Heritability ranged from 4 to 31%, and linkage analysis results revealed
a significant linkage peak unique to the synergistic component of response to epirubicin + paclitaxel treatment.
Additional linkage analysis results point to a general trend of regions being uniquely linked to response to individual
drugs or combination therapies. Another interesting result of this study is that while it is generally assumed that
the tested drug combinations had synergistic effects compared with monotherapies, there was a dramatic level of
interindividual variation in both the range of nonadditivity observed, and more importantly, the direction of the
effects. While synergy was observed for some cell lines, combination therapies were antagonistic for an unexpected
number of cell lines. This preliminary observation highlights the need for further interrogation of the mechanisms
of interindividual response heterogeneity.

Opportunities
While these initial studies are exciting, important research questions related to the pharmacogenomics of combina-
tion drug response remain unanswered. There are several opportunities to expand work in LCLs to address gaps in
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the research, including increasing and developing testing regimens, investigating new drug classes and higher-order
combinations, and using LCLs in integrative omics and high-resolution phenotyping.

Expansion of testing regimens

The synergy studies described above involve response to simultaneously dosed drug pairs. All current cell-line studies
investigating synergy utilize such pair-wise synchronous chemotherapeutic treatment, so it is important to expand
the knowledge of differential response to polytherapies and investigate asynchronous treatment [18,22,33-36]. Drug
resistance, which can result from tumor genetic heterogeneity, particularly in high-turnover tumors, limits targeted
cancer therapies [57,38]. The current approach to addressing this resistance involves the initiation of new drug
therapies following clinical/radiographic disease progression. However, polytherapies are more clinically effective
than single or dual therapies for addressing tumor heterogeneity and resistance, and computational models suggest
asynchronous treatment is more effective than synchronous treatment [37,39-42). LCLs present opportunities for
more extensive, empirical exploration of avenues to expand testing and improve current treatment regimens.

New drug classes & higher-order combinations

Researchers have investigated monotherapies that include chemotherapy, tyrosine kinase inhibitors and monoclonal
antibodies in LCLs across a broad range of drugs and drug classes [10,14,18,36,43-54]. Prior work has shown that drug
response in LCLs can recapitulate response to drug classes in fully unsupervised clustering [12]. The synergy studies
discussed above have focused on platinum agents, microtubule binding agents, nucleosides, fluoropyrimidines and
anthracyclines, presenting the opportunity to expand the number of drug combinations across classes in future
LCL studies.

Large, publicly available, combinatorial screens in cancer cell lines by pharmaceutical companies (i.e., Merck
and AstraZeneca) and the National Cancer Institute (NCI-ALMANAC) have yielded important information,
including oncogenic and nononcogenic drug targets, monotherapeutic utility in a range of cancer types, and
alternative combinatorial-drug response prediction models [21,22,35]. To expand this work, the genetic diversity of
LCLs can be leveraged in similar combinatorial-drug response studies to assess differential susceptibility.

Integrative omics & higher-resolution phenotyping

Initial drug synergy studies in LCLs focused on linkage or associations of single nucleotide variants with a single
phenotypic response such as cell viability or death. However, complex diseases such as cancer are driven by the
dynamic interplay of polygenic and nongenetic effects. An ideal approach to quantifying drug synergy in such a
complex scenario involves integrating high-dimensional molecular epistatic readouts of omics (e.g., SNDPs, copy
number variations, gene expression, protein expression and epigenetic modifications) from drug combination assays.
Systems biology approaches that include network analysis, protein—protein interaction models, dynamic pathway
simulations and reduced network motifs can be used to identify putative mechanisms of synergistic and antagonistic
drug—drugand gene—drug interactions [55-57). Interestingly, network motif studies [58,59] show that synergistic motifs
often include serial parallel mixed-type structures or negative feedback loops, while antagonistic motifs are mostly
associated with positive feedback loops and a downstream link. These results suggest that genome-wide association
study and multi-omics studies conducted in LCLs would provide a rich source of data for these types of mapping
studies [6,12,18,32]. They also indicate the potential of gene-editing technologies such as CRISPR-Cas9 for probing
human gene combinations and predicting synergistic interactions. Further, pathway-based analysis (60,61 involving
gene perturbations is a successful approach to integrating omics data mainly derived from gene-expression profiles
from combinations of deletion mutants of protein kinases and phosphatases [62]. The output of this method is a
gene-interaction map encoding functional relationships between genes. These network approaches are predicated
on the idea that phenotypes from an individual population of tumor cells are driven by a single regulatory network
controlled by a limited number of germline or somatic master regulators [63). While this is a feasible approach
to addressing tumor complexity, it does not account for the single-cell variation that gives rise to drug resistance.
While no current LCL studies have conducted association mapping of combination therapies at the single-cell
level, non-LCL studies using CyTOF [39,64] and scRNA-seq [40,65] have revealed striking cell-to-cell variability for
targeted single and combination drug treatments. The results of these non-LCL studies indicate that, on average, the
response of individual hormone-treated cells is 30% that of the total expected set of transcriptional glucocorticoid
receptor target genes, demonstrating the potential for a single cell to become resistant over time [40].
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Addressing this complexity challenges the field of combination therapy association mapping to expand to account
for single-cell heterogeneity. Recent efforts to measure the gene expression of LCLs at the single-cell level (s¢],
with the objective of characterizing the function of genetic variants at single-cell resolution or the subcell-type
level [67], have significantly improved researchers’ ability to identify gene—gene interactions that account for cell—cell
variability in response to combination drug treatment and have been shown to strongly influence the effectiveness
of cancer treatment. In an innovative approach for studying the interplay between complementary genetic and
epigenetic mechanisms of drug resistance in cancer, researchers have combined lineage tracing using barcoding and
scRNA-seq [68]. These studies demonstrate the potential for tracking the epistatic effects of combination treatment
at the single-cell level during tumor progression. Recent advancements in cutting-edge omics technologies and
gene-editing tools offer new opportunities for studying drug synergy using LCL models at multiple scales.

Limitations & challenges

There are several limitations associated with the LCL model. First, while LCLs have produced clinical successes,
translating iz vitro results to in vivo biological/clinical relevance remains difficult (5,9,15]. Deficiencies in data on
in vivo absorption, metabolism and excretion make extrapolating iz vitro test concentrations to 7 vivo doses
challenging [15]. Further, not all biological pathways, and, as with other cell lines used in monoculture, many
metabolizing enzymes (e.g., CYP450s) are not represented in LCLs [15], making it difficult to fully test prodrugs
and other therapeutics. In addition, in a clinical setting, radiation is often used as a front-line treatment along with
chemotherapy (691, and LCLs may not be amenable to this experimental paradigm as studies have shown they have
reduced chromosomal radiosensitivity [5]. Second, LCLs are unable to capture somatic variation, the evolution of
tumor drug resistance, or the toxic outcomes related to germline variation (37,39-42,54]. Third, as with any cell-line
system, drug amenability can be an issue, and chemical properties such as aqueous solubility and light sensitivity
need to be considered.

In addition to these limitations, expanding combination therapy study designs introduces several challenges.
First, there is no unified approach for detecting and quantifying synergy. Dose-response curves are the bedrock of
pharmacological and toxicological studies, and parametric nonlinear least square models are the preferred model
for curve fitting (70). While powerful nonlinear least square models are highly sensitive to starting values, the initial
parameter values must be close to the true values because otherwise there may be no convergence (70,71). These
modeling limitations make comparisons across studies challenging, and the addition of combinatorial complexity
will likely magnify these effects (72).

Second, the study of synergy in temporally staggered treatments, which are known to affect iz vivo efficacy,
should be proactively addressed. Such treatments reflect combination therapies that are not commonly given
together and are often ignored in the assumptions underlying the standard methods used to predict and quantify
synergy, including the Bliss independence (73] and Loewe additivity [74] models.

A third challenge is related to the fact that in recent years researchers have used pharmacological and toxicological
molecular end points to study drug synergy through omics and single-cell technologies for a growing number of
FDA-approved cancer treatments, including 3D patient-derived cell cultures (e.g., spheroids and organoids) (75].
This challenges the current definition of synergy and the computational methods for predicting it due to the huge
number of possible combinations, the complexity of the tissue microenvironment and single-cell heterogeneity. For
example, each additional drug considered exponentially increases the number of conditions that must be measured,
making an exhaustive search of combinatorial space and events unmanageable. To address this challenge, optimal
sampling designs and the development of better computational algorithms that can account for higher-order
synergistic interactions beyond pair-wise interactions are needed. Approaches that can predict higher-order synergy
using low-order interaction effects (e.g., epistatic nested effects models) [61] can potentially reduce the number of
combinations tested, account for high-dimensional hidden epistatic effects and predict higher-order interactions
from observed pair-wise interactions.

Conclusion

People with cancers of all types will continue to benefit from more precise multidrug treatments that maximize
outcomes and minimize side effects. A better understanding of the underlying mechanisms of successful multidrug
treatment will empower efforts to discover new and effective combinations and to optimize individual treatment
plans. Patients with brain cancer will especially benefit from additional combination therapies, as monotherapies
account for 71% of the recommended first-line treatment options, while in most tissue-specific cancers, they
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account for 50% or less. Several proof-of-principle studies using the LCL model to evaluate synergy support the
use of this model system for such efforts.

Future perspective

Drug combination treatment is a significant and effective clinical method used to treat nearly all cancer types,
as administering more than one drug can provide benefits that include higher effectiveness, lower toxicity and
delayed onset of acquired drug resistance. Recent large-scale systematic and serendipitous drug discovery efforts
have identified synergistic combinations. Considering the vast number of possible drug combinations, a deeper
understanding of the molecular mechanisms of synergy and the broad influence of genetic variability is vital for
the efficient discovery of effective new cancer treatments. As part of this effort, LCLs have proven utility as a
rigorous and high-throughput pharmacogenetics tool. Recent studies have further highlighted their usefulness in
interrogating synergy.

Importantly, studies have revealed the ability of LCLs not only to detect 72 vitro synergy but also to identify genetic
response regions unique to combination treatment, the heritability of response, and a surprising mixture of both
synergistic and antagonistic responses to cotreatment due to their genetic diversity. These preliminary observations
highlight the need for further investigation of the mechanisms of interindividual response heterogeneity. Continued
and expanded utilization of LCLs will provide an effective and efficient avenue to discover these mechanisms, test
novel drug combinations, and increase the number of options available to clinicians while reducing side effects by
taking genetic variability into account, moving us closer to realizing the goals of precision oncology.

Executive summary

e Our understanding of the mechanisms of synergism and the influence of genetic variability on tumor response is
limited.

e Lymphoblastoid cell lines (LCLs) are a suitable model for expanding research to include combination drug therapy
through publicly available genome data. They are amenable to high-throughput robotic automation, are easily
scalable and provide molecular tractability.

e The heterogeneity available in LCLs allows for the immediate interrogation of population-level variation. Recent
results have revealed genomic regions of response unique to combination treatment as well as interindividual
response heterogeneity ranging from synergism to antagonism.

e LCLs present opportunities for more extensive, empirical exploration of both combination and asynchronous
treatment regimens, expanded assessment of differential susceptibility, and investigation of combination
therapies at the single-cell level.

e LCLs provide an effective avenue to discover the underlying mechanisms of synergy, test novel drug combinations
and bring us closer to the goal of precision oncology.
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