
Identification of Candidate Risk Factor Genes for

Human Idelalisib Toxicity Using a Collaborative Cross

Approach
Merrie Mosedale ,*,†,1,2 Yanwei Cai ,‡,1 John Scott Eaddy,* Robert W.
Corty,‡ Manisha Nautiyal,* Paul B. Watkins ,*,† and William Valdar ‡,§

*Institute for Drug Safety Sciences, University of North Carolina at Chapel Hill, Research Triangle Park, North
Carolina 27709; †Division of Pharmacotherapy and Experimental Therapeutics, UNC Eshelman School of
Pharmacy, Chapel Hill, North Carolina 27599; and ‡Department of Genetics and §Lineberger Comprehensive
Cancer Center, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599

1These authors contributed equally to this study.

2To whom correspondence should be addressed at UNC Eshelman School of Pharmacy, CB# 7569, Chapel Hill, NC 27599-7569. E-mail: merrie@unc.edu.

ABSTRACT

Idelalisib is a phosphatidylinositol 3-kinase inhibitor highly selective for the delta isoform that has shown good efficacy in
treating chronic lymphocytic leukemia and follicular lymphoma. In clinical trials, however, idelalisib was associated with
rare, but potentially serious liver and lung toxicities. In this study, we used the Collaborative Cross (CC) mouse population
to identify genetic factors associated with the drug response that may inform risk management strategies for idelalisib in
humans. Eight male mice (4 matched pairs) from 50 CC lines were treated once daily for 14 days by oral gavage with either
vehicle or idelalisib at a dose selected to achieve clinically relevant peak plasma concentrations (150 mg/kg/day). The drug
was well tolerated across all CC lines, and there were no observations of overt liver injury. Differences across CC lines were
seen in drug concentration in plasma samples collected at the approximate Tmax on study Days 1, 7, and 14. There were also
small but statistically significant treatment-induced alterations in plasma total bile acids and microRNA-122, and these
may indicate early hepatocellular stress required for immune-mediated hepatotoxicity in humans. Idelalisib treatment
further induced significant elevations in the total cell count of terminal bronchoalveolar lavage fluid, which may be
analogous to pneumonitis observed in the clinic. Genetic mapping identified loci associated with interim plasma idelalisib
concentration and the other 3 treatment-related endpoints. Thirteen priority candidate quantitative trait genes identified in
CC mice may now guide interrogation of risk factors for adverse drug responses associated with idelalisib in humans.
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Idelalisib is a phosphatidylinositol 3-kinase inhibitor highly se-
lective for the delta-isoform that has shown good efficacy in
treating chronic lymphocytic leukemia and follicular lymphoma
(Barrientos et al., 2013; Graf and Gopal, 2016; Sharman et al.,
2014). Rare, but potentially serious drug-induced liver injury
(DILI) was associated with idelalisib use in clinical trials
(Castillo et al., 2017; Lampson et al., 2016). Pneumonitis and coli-
tis were also observed, albeit to a lesser extent and not

necessarily in the same patients experiencing hepatotoxicity.
Studies to date have failed to identify highly predictive genetic
risk factors that can inform risk management. As is the case
with many DILI-causing drugs, nonclinical testing of idelalisib
in traditional animal models (rats and dogs) did not indicate a
risk for serious liver injury at clinically relevant concentrations
(https://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/205
858Orig1s000PharmR.pdf; last accessed August 27, 2019). Dose-
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dependent elevations in serum alanine aminotransferase (ALT)
were observed in dog toxicology studies, but these were not ac-
companied by changes in histology and appeared to resolve
over time with continued dosing.

Previous studies have demonstrated the ability of mouse ge-
netic reference populations (GRPs) to model drug-induced injury
in humans better than classical toxicology species (Harrill et al.,
2012). GRPs have also been utilized for pharmacogenomic analy-
sis to identify risk factors associated with drug-induced adverse
events in target organs (Church et al., 2014, 2015; Harrill et al.,
2009, 2012; Mosedale et al., 2014, 2017). Importantly, findings in
GRP mice have been shown to translate to DILI risk factors in
humans (Court et al., 2014; Harrill et al., 2009).

The Collaborative Cross (CC) is a recently developed and
highly sophisticated GRP of multiparental recombinant inbred
lines. This population was strategically designed to overcome
limitations of classical inbred GRPs. The available set of CC lines
have high genetic diversity, balanced allele frequencies, and
dense, evenly distributed recombination sites (Collaborative
Cross Consortium, 2012). A recent manuscript describes the util-
ity of this population for identifying risk factors and mecha-
nisms associated with the idiosyncratic DILI drug, tolvaptan
(Mosedale et al., 2017).

As with idelalisib, tolvaptan showed no hepatotoxic poten-
tial in traditional nonclinical animal models. Therefore, it was
hypothesized that evaluating idelalisib-induced liver responses
within the CC may help to identify lines sensitive to liver injury.
These data could then be used to identify potential risk factors
associated with susceptibility and provide a mechanistic under-
standing of this drug toxicity. Identifying risk factors and under-
standing mechanisms could inform risk management strategies
for idelalisib and may also guide selection of next in class new
drug candidates.

Unlike tolvaptan, where DILI onset occurred between 3 and
18 months (Watkins et al., 2015), in clinical studies of idelalisib,
ALT elevations were observed as early as 2 weeks on therapy.
Therefore, it was hypothesized that a 14-day treatment regimen
would be sufficient to elicit relevant toxicity phenotypes in
mice. It should be noted that a once daily treatment regimen
was also used in this study despite BID dosing in the clinic. This
approach was selected to align with previous standard nonclini-
cal studies from which toxicokinetic data were available
(https://www.accessdata.fda.gov/drugsatfda_docs/nda/2014/205
858Orig1s000PharmR.pdf and Gilead, unpublished internal
data), and for logistical purposes.

MATERIALS AND METHODS

Animals
The CC is a panel of recombinant inbred lines derived from 8 in-
bred founder mouse strains (short names in parentheses):
129S1/SvlmJ (129S1), A/J (AJ), C57BL/6J (B6), NOD/ShiLtJ (NOD),
NZO/HILtJ (NZO), CAST/EiJ (CAST), PWK/PhJ (PWK), and WSB/EiJ
(WSB). The initiation of the CC breeding funnels, description of
the CC lines, and animal housing are described elsewhere
(Collaborative Cross Consortium, 2012). Eight male mice from
each of 50 CC lines (listed on the x-axis of Figure 1) were pur-
chased from the University of North Carolina, Chapel Hill (UNC).
Care of the mice followed institutional guidelines under a proto-
col approved by the UNC Institutional Animal Care and Use
Committee and standards set forth by the Guide for the Care
and Use of Laboratory Animals. Animals were acclimated for

approximately 7 days prior to dosing. At the initiation of treat-
ment, mice were approximately 8–10 weeks of age.

In-life Procedures
Within each CC line, 4 animals were treated with vehicle (0.5%
w/v carboxymethylcellulose and 0.1% v/v Tween 80 in purified
water) and 4 were treated with idelalisib (150 mg/kg). Animals
were assigned to treatment groups using a randomization
method based on bodyweight. Vehicle- and idelalisib-treated
animals within each line were treated in pairs, and pairs within
each line were randomized over the course of the study to mini-
mize batch (treatment group) effects. Test and control articles
were administered daily by oral gavage in a dosing volume of 10
ml/kg for 14 days. Clinical assessments were performed at least
once a day using previously described methods (Burkholder
et al., 2012). Animals were food fasted 17 h prior to dosing on
study Days 1, 7, and 14 and continued fasting until after the 1 h
post-dosing blood draw to control for food effects on exposure
and bile acid levels. Approximately 100 ml of whole blood from
each mouse was collected via puncture of the submandibular
(facial) vein at 1 h post-dosing on study Days 1, 7, and 14. The
blood was transferred to a tube containing K2EDTA and centri-
fuged at 1300 � g and 4�C for 10 min to pellet red blood cells.
Approximately 15 ml of plasma (idelalisib-treated animals only)
was removed for analysis of drug concentration. Remaining su-
pernatant (from all animals) was transferred to a clean micro-
centrifuge tube and centrifuged at 16 000 � g and 4�C for 10 min
to pellet mitochondria for clinical chemistry analyses. Animals
were food fasted 18 h prior to necropsy on study Day 15 to con-
trol for food effects on bile acid levels and reduce hepatic glyco-
gen levels for improved histopathological assessment.

Necropsy
Animals were sacrificed 24 h after the last dose (on the morning
of study Day 15) by CO2 inhalation followed by cardiac exsangui-
nation. Blood was collected by cardiac puncture, transferred
into a microcentrifuge tube containing K2EDTA, and processed
as described above. The liver of each animal was removed and
gross observations and liver weights recorded. A section of the
left and median liver lobes was fixed in 10% neutral buffered
formalin and processed for histological analysis. The lung was
cannulated and rinsed 3� with 800 ml of 0.9% sodium chloride
solution containing 2.6 mM EDTA to generate bronchoalveolar
lavage fluid (BALF).

Plasma Drug Concentration
Plasma drug concentration was analyzed as previously de-
scribed in Yao et al. (2018). Briefly, plasma samples were diluted
twice and treated with acetonitrile. Mixtures were centrifuged
at 4275 RPM for 15 min and supernatants were transferred to a
96-well plate for analysis using the API 5000 triple quadrupole
mass spectrometer (AB Sciex).

Clinical Chemistry
Interim and terminal plasma levels of total bile acid (TBA) were
determined using the Diazyme Total Bile Acids Assay (Poway,
California) with a modified protocol corresponding to the
Crystal Chem Total Bile Acids Kit (Downers Grove, Illinois). The
assay was performed using a SpectraMax microtiter plate reader
(Molecular Devices, Sunnyvale, California). Terminal plasma
levels of microRNA-122 (miR-122) were assayed by qPCR using
methods previously described in Mosedale et al. (2017).
Terminal plasma levels of total and direct bilirubin (TBIL/DBIL)
were measured on a SpectraMax microtiter plate reader using
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Figure 1. Average plasma idelalisib concentrations measured at 1 h post dose on study Days (A) 1, (B) 7, and (C) 14. Data are represented as mean þ SEM of N ¼ 4 idelali-

sib-treated animals except 1 animal with no sample on Day 1 (CC040/TauUnc) and 1 Collaborative Cross (CC) line with only 3 pairs of animals in the study (CC049/

TauUnc). P < .0001 for the difference among log-transformed CC line means on each study day.
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the Carolina Chemistries Total Bilirubin Reagent. Terminal
plasma levels of glutamate dehydrogenase (GLDH), ALT, and as-
partate aminotransferase (AST) were assessed using standard
assays on a CLC 720 clinical chemistry analyzer (Carolina Liquid
Chemistries, Winston-Salem, North Carolina).

Bronchoalveolar Lavage Fluid
Bronchoalveolar lavage fluid was centrifuged at 300 � g and 4�C
for 5 min to pellet cells. The cell pellet was resuspended in
Hank’s Balanced Salt Solution. Cell counts were performed on
the Cellometer (Nexcelom, Lawrence, Massachusetts) using AO/
PI Staining Solution.

Histology
Formalin-fixed liver tissue was paraffin-embedded, cut into 5-
mm sections and stained with hematoxylin and eosin (H&E).
Hematoxylin and eosin stained slides were microscopically ex-
amined and scored by a Board-Certified Veterinary Pathologist
(Charles River Laboratories, Pathology Associates).

Statistical Analysis of Phenotype Data
Statistical analyses on quantitative values were performed us-
ing GraphPad Prism statistical software version 8.0.1 (GraphPad
Software, La Jolla, California). Fold change values were calcu-
lated by dividing each idelalisib-treated animal value by its cor-
responding vehicle-treated control. To analyze the effect of
treatment across the whole population, log-transformed fold
change values were averaged by CC line and values from all
lines compared with a hypothetical mean of 0 using a 1-sample
t-test. To analyze the effect of strain, log-transformed fold
change values from all pairs were compared across strains us-
ing an ordinary 1-way ANOVA. A Pearson’s correlation was used
when comparing the log-transformed fold change values for
clinical chemistry analytes to one another or to drug concentra-
tion. Group comparisons for clinical observations and gross and
microscopic pathology data were made using nonstatistical
methods.

Two vehicle-treated animals (CC065/Unc and CC071/
TauUnc) died prematurely during the study and were excluded
from the analysis of terminal endpoints. Both animals were sac-
rificed early in the study due to moribundity. The corresponding
idelalisib-treated animals were also excluded from paired anal-
ysis. Only 3 pairs were used in CC049/TauUnc due to limited
availability within the study timeline. Insufficient sample vol-
ume or values below the limit of quantitation resulted in the in-
ability to obtain terminal endpoint values from other animals
as noted.

Statistical Genetic Analysis
The statistical genetic analysis described below uses a set of re-
lated regression-based models to infer effects of idelalisib-
response phenotypes that are based on the experimental pair-
ing of idelalisib- and vehicle-treated mice described earlier.
Formally, the ith (matched) pair is defined as comprising 2 mice
of the same CC strain but of opposite treatment assignment,
where treatment with vehicle or idelalisib occurred on the same
dosing date. Letting yi be the postdrug phenotype of idelalisib-
treated mouse and yi0 be the baseline phenotype of its vehicle-
treated pair, the idelalisib response for pair i was defined as

Di ¼ tðyiÞ � tðy
i
0 Þ; (1)

where t is a normalizing transformation loge; such that Di meas-
ures the log fold change between the 2 paired mice. In the case

of drug concentration, where vehicle-treated animals were not
analyzed tðyi0 Þ was defined as 0, such that Di ¼ tðyiÞ: Prior to
quantitative trait loci (QTL) mapping, a linear model was used
to regress out of the effects of batch on both types of measure-
ments and the effect of drug concentration on idelalisib-
response phenotypes; a correction for body-weight was unnec-
essary in this case because weights between each pair were
similar by design.

Genotype and haplotype reconstruction of the CC mice. The genome
of each CC line comprises a mosaic of haplotypes inherited
from the 8 CC founders. This haplotype mosaic, which is typi-
cally inferred probabilistically from genotyping data, is the pri-
mary basis for QTL mapping in the CC. Data on specific
variants, from the genotyping of the CC lines or available geno-
type and/or sequence data on the 8 founders, is then used in
fine-mapping, that is, identification of candidate variants in
QTL regions. The genome data for CC lines used in this study
were obtained from the UNC Systems Genetics website: http://
csbio.unc.edu/CCstatus/index.py. This resource provides haplo-
type mosaics estimated from genotyping of the CC using the
78K-marker “MegaMUGA” genotype platform (Morgan and
Welsh, 2015). Briefly, probe intensities from MegaMUGA were
converted using a hidden Markov model (HMM) (Fu et al., 2012)
into a probabilistic representation of the haplotype mosaic: the
HMM calculates at each genotyped locus the probability of hav-
ing inherited each of the 36 possible haplotype pairings (diplo-
types). Diplotype probability data for the 51K reported shared
markers were reduced to averaged data on 5111 genome
“segments,” achieved by averaging the probability matrices of
each block of 10 consecutive markers. Analysis of this segmented
data gave genome scans comparable with using all 51K markers,
but at a 10th of the runtime, and with a reduced impact of geno-
typing errors (due to averaging). Genomic locations in genome
scan were reported using NCBI mouse genome build 37.

Quantitative trait loci mapping. QTL mapping was performed by
testing the association between idelalisib response and the
inherited founder haplotypes at each point in the genome. For
each line s, the idelalisib response was defined as the mean ide-
lalisib response of its matched pairs, ie,
Dmeans ¼ 1=ns

P
i2fi:s i½ �¼sg Di, where s½i� returns the strain of pair i,

and where ns is the number of observations for each line.
Genetic association was tested by fitting at each genomic locus
m ¼ 1; . . . ; 5111, the weighted linear model,

Dmeans ¼ QTLsm þ es; ð2Þ

where es is the weighted residual error modeled as
es � N 0; r2=ns

� �
, and QTLsm is the contribution of a QTL at locus

m, defined as the sum of the effects of the founder haplotypes,
weighted by the count of each haplotype. Specifically, for line s,
this quantity is defined as

QTLsm ¼ bAJ;mxAJ;sm þ � � � þ bWSB;mxWSB;sm; (3)

where, for example, bAJ;m is the effect of the AJ haplotype on ide-
lalisib response, and xAJ;sm is the number of founder AJ haplo-
types present at locus m in CC line s. Because the haplotype
counts xAJ;sm; . . . ; xWSB;sm are not observed directly, being ap-
proximated only via the diplotype probabilities and therefore
subject to uncertainty, QTLsm was modeled using the multiple
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imputation (MI) method described in Mosedale et al. (2017); in
this method, the model above is refit to multiple (20) indepen-
dent realizations (imputations) of the haplotype counts drawn
from the distribution of the diplotype probabilities. At each im-
putation, the likelihood of the fitted model was compared with
likelihood of the same model fitted with the QTL term swapped
for a constant intercept (ie, the null model), with the resulting
comparison yielding a likelihood ratio test p-value. The median
of these p-values was used to represent association at the locus,
with this quantity reported as the negative log10 value, -log10(p).
Genome-wide significance thresholds were calculated using a
permutation procedure designed to control family-wide error
rate. At each permutation, the genome scanning procedure de-
scribed above was repeated but with the genome information of
lines 1; 2; . . . ; 49; 50 having been reassigned to a random reor-
dering of those lines, eg, 28; 41; . . . ; 13; 7; from this genome
scan, the maximum -log10(p) was then recorded. The maximum
-log10(p) for all permutations was used to fit a generalized ex-
treme value distribution (Dudbridge and Koeleman, 2004), and
the upper 5th percentile of this fitted distribution was taken as
the 0.05 genome-wide significance threshold.

Haplotype effects at detected loci and confidence intervals for location.
For detected QTL the effect of alternate haplotype substitutions
on drug response was estimated using the Diploffect model of
Zhang et al. (2014). This is a Bayesian hierarchical model that
provides confidence intervals for both additive (haplotype)
effects and dominance (heterozygous diplotype) effects, incor-
porating any uncertainty in the haplotype assignments from
the HMM. Confidence intervals for the location of detected QTL
were defined using positional bootstrapping after Visscher et al.
(1996), as previously described in Phillippi et al. (2014) and
Solberg Woods et al. (2012). To provide estimates that are com-
putationally stable, 1000 nonparametric bootstraps were per-
formed for each phenotype to obtain a distribution of highest
peak positions and the 80% confidence interval was reported as
the narrowest interval covering 80% of that distribution.

Multiallelic merge analysis in the 80% QTL confidence interval. To
identify candidate variants within the 80% CI of a significant
QTL peak we used a multiallelic version of “merge analysis”
(Yalcin et al., 2005). Merge analysis tests whether the QTL signal
identified by haplotype association can be explained by the pat-
tern of alleles at a known variant, comparing the fit of the 8-al-
lele haplotype model with that of a simpler “merged” model in
which haplotypes carrying the same variant allele are forced to
have the same haplotype effect. For example, consider a variant
with k ¼ 3 alleles and strain distribution pattern 00111222,
meaning that allele 0 is shared by the first 2 founders (129S1,
AJ), allele 1 shared by the next 3 (B6, NOD, NZO) and allele 2 is in
the last 3 founders (CAST, PWK, WSB). In the merged model for
this variant, the QTL term in equation 3 would have only 3
effects, QTLsm ¼ b0x0 þ b1x1 þ b2x2; where, for example,
x1 ¼ xB6;sm þ xNOD;sm þ xNZO;sm.

Whereas the original version of merge analysis considered
only biallelic merges, corresponding to testing imputed single
nucleotide polymorphisms (SNPs), here we used a multiallelic
version, generalizing the number of alleles from 2 to
k ¼ 2; . . . ; 7, and thereby accommodating multiallelic variants
such as copy number variants. Information on known imputed
variants in the CC lines was drawn from the Inbred Strain
Variant database (https://isvdb.unc.edu) (Oreper et al., 2017),
which imputes this information by combining diplotype proba-
bilities for the CC strain genomes with variant data on the CC

founders from the Wellcome Trust Sanger Institute’s Mouse
Genomes Project (http://www.sanger.ac.uk/resources/mouse/
genomes/). Prior to the merge analysis, filtering was performed
to remove SNPs with poor variant calling and non-informative
strain distribution patterns across the 8 CC founder strains (eg,
where all 8 founder strains have the same allele). At each vari-
ant within the 80% CI, p values from the merged model were
compared with those from the 8-allele haplotype model; an
equal or stronger association from the merged model was
considered to be consistent with the target variant explaining
the haplotype association and thus being a candidate driver of
the QTL.

Expression quantitative trait loci analysis. For QTL where all candi-
date SNPs were intergenic, candidate quantitative trait genes
(QTGs) were identified using the baseline CC expression QTL
(eQTL) data described in Mosedale et al. (2017). Idelalisib re-
sponse phenotypes, merge analysis results, and phenotype ex-
pression correlations have been deposited in the Dryad Digital
Repository under the DOI: 10.5061/dryad.qn8p2n0.

RESULTS

Plasma Idelalisib Concentrations Vary Among Collaborative Cross
Mice
Plasma idelalisib concentrations were measured on study Days
1, 7, and 14 at 1h post-dose, the approximate time of peak
plasma concentrations (Tmax) in mice (Gilead, unpublished in-
ternal data). Although idelalisib dose was adjusted for body-
weight, the average plasma concentration of idelalisib varied
significantly by CC line on each study day (Figure 1). All interim
plasma idelalisib measurements were highly correlated (p <

.0001 and r ¼ 0.537–0.564 for log-transformed values, Pearson
correlation), but there was an overall drop in the median of av-
erage concentrations across the CC lines from Day 1 (5138 ng/
ml) to Days 7 (2634 ng/ml) and 14 (2257 ng/ml). Median concen-
trations on Days 7 and 14 were comparable with peak plasma
concentrations (Cmax) observed in previous mouse and human
studies (based on unpublished internal data, Gilead and clinical
pharmacology studies reviewed in https://www.accessdata.fda.
gov/drugsatfda_docs/nda/2014/205858Orig1s000ClinPharmR.
pdf; last accessed August 27, 2019), and the sum of these values
was used for subsequent analyses. Plasma idelalisib concentra-
tions were near 0 in most CC lines at 24 h post-dose measured
on study Day 15 (Supplementary Figure 1).

Idelalisib Induces Small but Statistically Significant Changes in
Biomarkers of Liver and Lung Injury in Collaborative Cross Mice
The 14-day treatment regimen of idelalisib was well tolerated
across all CC lines. Clinical findings were observed sporadically
or at approximately the same incidence in vehicle- and
idelalisib-treated animals, and there were no clear idelalisib-
related macroscopic or microscopic findings in the livers of CC
mice. However, idelalisib treatment was associated with small
but statistically significant effects on 5 of 10 plasma biomarkers
of liver injury measured in this study: interim and terminal
TBA, miR-122, GLDH, and ALT (Table 1). Idelalisib treatment was
also associated with a significant effect on terminal BALF cell
count, a biomarker for lung injury that was measured in this
study. A trend toward differences in the fold change of the
treatment-induced effects across CC lines was observed for
many of these biomarkers, although none reached statistical
significance (Table 1). Average fold change compared with
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paired control plotted by strain for all liver and lung biomarkers
are shown in Supplementary Figure 2.

Genetic Mapping of Plasma Idelalisib Concentrations Identifies a
Significant Association on Chromosome 17
Genetic mapping was used to identify genomic regions whose
variation might underlie variability in the idelalisib phenotypes
measured across the CC lines evaluated here. Initially, QTL
mapping was performed using plasma idelalisib concentrations
to determine if genetic factors influence exposure, which could
in turn impact the liver and lung response. Genome scans were
performed using log-transformed values for all individual in-
terim and terminal plasma idelalisib measurements as well as
combinations of these data. No significant QTL were identified
using the terminal data. However, the same significantly associ-
ated locus on chromosome 17 was observed for the analyses of
all 3 interim measurements, and therefore further interrogation
of this peak utilized the scan resulting from the sum of plasma
idelalisib concentrations measured at interim time points on
study Days 7 and 14 (Figure 2A), as described previously.

Founder strain probabilities at the QTL peak (43.87 Mb, nomi-
nal -log10(p) ¼ 6.102654) show an overrepresentation of NOD
DNA among the mice with the lowest plasma idelalisib concen-
trations (Figure 2B). Bayesian modeling of the QTL haplotype
effects estimated a strong negative effect of the NOD haplotype
on plasma idelalisib concentrations (Figure 2C). The plasma ide-
lalisib concentration QTL was mapped to an 80% confidence in-
terval < 3 Mb (43.673–46.201) (Figure 2D). This region was
interrogated further to identify QTGs that may explain the dif-
ferences in drug concentration.

Initially, candidate causal variants were identified using
merge analysis (Phillippi et al., 2014; Vered et al., 2014; Yalcin
et al., 2005). Merge analysis compares the significance of associ-
ation for individual variants obtained from the haplotype model
used for genome-wide analysis with those obtained using a ge-
notype model, where the founder strain haplotypes are
“merged” into fewer than 8 groups according to their genotype,
for example, 2 groups for each biallelic SNP. For potentially
causative variants, both models will explain a significant por-
tion of the variation, but the biallelic model will do so with far
fewer parameters, providing a more parsimonious fit and more
significant p-value. In the plasma idelalisib QTL region on chro-
mosome 17 (43.673–46.201 Mb), 1691 variants were identified
having a -log10(p) from merge analysis greater than �log10(p)

from MIs and a -log10(p) from merge analysis greater than 4
(Figure 2E). Of the variants meeting these criteria, the most
abundantly represented strain distribution patterned was NOD
discordant from all other founder strains (Figure 2F). In total, 64
unique genes were represented among the 1691 variants identi-
fied by merge analysis. Four priority candidate QTGs have hu-
man orthologs, are expressed in the liver, and have variants
associated with differences in pharmacokinetics and/or phar-
macodynamics and are thus considered priority candidate
QTGs for further investigation: ATP-binding cassette, sub-
family C, member 10 (Abcc10), cytochrome P450, family 39, sub-
family a, polypeptide 1 (Cyp39a1), nuclear factor of kappa light
polypeptide gene enhancer in B cells inhibitor, epsilon (Nfkbie),
and solute carrier family 22, member 7 (Slc22a7). Although gene
expression analysis was not performed in this study, expression
data from vehicle-treated mice of the CC lines overlapping with
Mosedale et al. (2017) were interrogated to determine the rela-
tionship between baseline candidate QTG mRNA levels and
plasma idelalisib concentrations measured here. Of the 4 QTGs,
only Abcc10 transcript levels were found to be significantly cor-
related with the plasma idelalisib concentrations (r = -0.38, p ¼
.023 for log-transformed values, Pearson correlation).

Genetic Mapping of Idelalisib Liver Responses Identifies Significant
Associations for Two Plasma Biomarkers of Early Injury
Next, genetic mapping was performed using the idelalisib
responses for each of the endpoints reported in Table 1.
Phenotypic values were corrected for drug concentration to en-
able the identification of genetic factors influencing idelalisib
response independent of differences in exposure. Significant
QTL were identified for 2 plasma biomarkers of early liver in-
jury. A significant QTL on chromosome 8 was associated with
log(fold change) interim plasma TBA concentrations measured
on Day 1 (Figure 3A). Founder strain probabilities at the QTL
peak (50.422 Mb, nominal -log10(p) ¼ 5.534508) (Figure 3B) and
Bayesian modeling of the QTL haplotype effects (Figure 3C) sug-
gest that multiple haplotypes contribute to idelalisib-induced
alterations in plasma TBA. The plasma TBA QTL was mapped to
an 80% confidence interval < 2 Mb (49.408–50.997 Mb)
(Figure 3D). Merge analysis was performed but did not identify
candidate QTGs for interim plasma TBA fold change
(Supplementary Figure 3). Instead, expression data from
vehicle-treated CC mice in Mosedale et al. (2017) was used to
identify 22 transcripts with eQTLs in the confidence interval for

Table 1. Treatment and Strain Effects for Toxicity Biomarkers

Phenotype Treatment (p Value) Strain (p Value) Median (Fold Change) Minimum (Fold Change) Maximum (Fold Change)

Interim TBA, Day 1 0.0639 0.0719 1.680 0.1923 14.83
Interim TBA, Day 7 0.0015 0.6680 1.025 0.4075 17.16
Interim TBA, Day 14 0.0845 0.0332 1.281 0.1875 15.97
Terminal TBA 0.0298 0.6284 1.276 0.2675 44.47
Terminal miR-122 0.0110 0.2187 1.159 0.2200 8.418
Terminal TBIL 0.3723 0.4318 1.129 0.7000 2.475
Terminal DBIL 0.1034 0.0699 1.180 0.6025 4.430
Terminal GLDH 0.0177 0.7662 1.020 0.5100 2.873
Terminal ALT 0.0056 0.6096 0.9850 0.6775 1.455
Terminal AST 0.6314 0.2692 1.055 0.7375 2.560
Terminal BALF 0.0015 0.9795 1.436 0.6616 7.757

p-values and descriptive statistics for log-transformed fold change compared with paired control values for plasma total bile acid (TBA), microRNA 122 (miR-122), total

bilirubin (TBIL), direct bilirubin (DBIL), glutamate dehydrogenase (GLDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and bronchoalveolar la-

vage fluid (BALF) cell count. Phenotypes with statistically significant effects and the associated p values are highlighted in bold.
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Figure 2. (A) Genome scan plot illustrating quantitative trait loci (QTL) associated with the sum of interim plasma idelalisib concentrations measured on Days 7 and 14.

Dashed horizontal line indicates genome-wide significance at the 0.05 level. (B) Founder strain probabilities at the locus peak. The x-axis plots paired animals in order

from left to right by increasing log(plasma idelalisib concentrations). Each horizontal row indicates the probability of a given Collaborative Cross founder haplotype be-

ing present at the locus, with darker intensities indicating higher probabilities (0–1.0). (C) Estimates and confidence intervals for haplotype substitution effects at the

peak locus. (D), Confidence interval plot for the QTL on chromosome 17. The 80% confidence interval (Chr17: 43.673–46.201 Mb) is indicated by gray shading. (E)

Comparison of �log10(p) values from 8-allele haplotype model (line) to �log10(p) values from 2-allele merge analysis (dots) for variants in the 80% confidence interval

with a �log10(p) from merge analysis merge analysis > �log10(p) from 8-allele haplotype model and a �log10(p) from merge analysis > 4. (F) Corresponding strain distri-

bution pattern for variants represented in E. Each track corresponds to strain distribution pattern indicated in the left margin by a string of integers representing the

alleles for the 8 founder strains, in the order: A/J, B6, 129, NOD, NZO, CAST, PWK, and WSB. Within each SDP track, the vertical lines indicate the locations of the var-

iants within the strain distribution pattern.
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the TBA QTL on chromosome 8. Three priority candidate QTGs
have human orthologs, are expressed in the liver, and have var-
iants associated with differences in cholesterol and/or bile acid
biosynthesis are thus considered priority candidate QTGs for
further investigation: cytochrome P450 family 51 subfamily A
member 1 (Cyp51), 3-hydroxy-3-methylglutaryl-CoA reductase
(Hmgcr), and sterol carrier protein 2 (Scp2). Baseline mRNA levels
for these candidate QTGs measured in Mosedale et al. (2017)
were not significantly correlated with plasma TBA concentra-
tions measured here.

A significant QTL was also identified for terminal log(fold
change) plasma miR-122 on chromosome X (Figure 4A). Founder
strain probabilities at the QTL peak (136.492 Mb, nominal
-log10(p) ¼ 5.020391) (Figure 4B) and Bayesian modeling of the
QTL haplotype effects (Figure 4C) suggest that multiple haplo-
types contribute to idelalisib-induced alterations in plasma
miR-122. The plasma TBA QTL was mapped to an 80% confi-
dence interval approximately 10 Mb (127–136.492 Mb)
(Figure 4D). Merge analysis was performed but did not identify
candidate QTGs for interim plasma TBA fold change
(Supplementary Figure 4). Instead, expression data from
vehicle-treated CC mice in Mosedale et al. (2017) was used to
identify 37 transcripts with eQTLs in the confidence interval for
the TBA QTL on chromosome 8. Four priority candidate QTGs
have human orthologs, are expressed in the liver, and have var-
iants associated with liver injury and/or mechanisms of liver in-
jury and are thus considered priority candidate QTGs for further
investigation: 50-aminolevulinate synthase 2 (Alas2), ATP syn-
thase, Hþ transporting, mitochondrial F1 complex, alpha subu-
nit 1 (Atp5a1), and HECT, UBA, and WWE domain containing 1

(Huwe1), E3 ubiquitin protein ligase (Ubash3a). Baseline mRNA
levels for these candidate genes measured in Mosedale et al.
(2017) were not significantly correlated with miR-122 concentra-
tions measured here.

Genetic Mapping Also Identifies a Significant Association for a
Possible Lung Injury Phenotype
Finally, genetic mapping was performed using log(fold change)
values for BALF cell count and a significant QTL was identified
on chromosome 3 (Figure 5A). Founder strain probabilities at
the QTL peak (117.258 Mb, nominal -log10(p) ¼ 4.688878) show an
overrepresentation of A/J and CAST DNA among the mice with
the highest BALF cell count fold change values (Figure 5B).
Bayesian modeling of the QTL haplotype effects estimated a
strong positive effect of the A/J and CAST haplotypes on plasma
idelalisib concentrations (Figure 5C). The BALF cell count QTL
was mapped to an 80% confidence interval approximately 45
Mb (99.617–145.711 Mb) (Figure 5D). This region was interrogated
further to identify QTGs that may explain the differences in the
lung phenotype.

In the BALF cell count QTL region on chromosome 3
(99.617–145.711 Mb), 844 variants were identified having a
-log10(p) from merge analysis greater than �log10(p) from MIs
and a -log10(p) from merge analysis greater than 4 (Figure 5E).
Of the variants meeting these criteria, the most abundantly
represented strain distribution patterned was A/J and CAST
discordant from all other founder strains (Figure 5F). In total,
25 unique genes were represented among the 844 variants
identified by merge analysis. Two priority candidate QTGs
have human orthologs, are expressed in the lung, and have

Figure 3. (A) Genome scan plot illustrating quantitative trait loci (QTL) associated with log(fold change) in interim plasma total bile acid (TBA) concentrations measured

on Day 1. Dashed horizontal line indicates genome-wide significance at the 0.05 level. (B) Founder strain probabilities at the locus peak. The x-axis plots paired animals

in order from left to right by increasing log(fold change plasma TBA). Each horizontal row indicates the probability of a given Collaborative Cross founder haplotype be-

ing present at the locus, with darker intensities indicating higher probabilities (0–1.0). (C) Estimates and confidence intervals for haplotype substitution effects at the

peak locus. (D) Confidence interval plot for the QTL on chromosome 8. The 80% confidence interval is indicated by gray shading.
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variants associated with lung inflammation are thus consid-
ered priority candidate QTGs for further investigation: gluta-
thione S-transferase, mu 1 (Gstm1) and vascular cell
adhesion molecule 1 (Vcam1). Baseline mRNA levels for these
candidate genes measured in Mosedale et al. (2017) were not
significantly correlated with BALF cell counts measured here.

DISCUSSION

The decrease in plasma idelalisib concentrations from Day 1 to
Day 7 observed in this study has not been reported in other non-
clinical or clinical studies. This suggests that the genetic diver-
sity represented among CC mice may allow for the observation
of unique aspects of idelalisib metabolism. Similarly, the range
of plasma idelalisib concentrations observed across CC lines is a
novel observation and suggests that genetic factors may con-
tribute to differences in idelalisib pharmacokinetics. This is sup-
ported by genetic mapping which identified a significant QTL
associated with interim plasma idelalisib concentrations.

Four high priority candidate QTGs were identified for the
QTL associated with plasma idelalisib concentrations, including
human orthologs of 3 DMET genes and a transcriptional regula-
tor of DMET genes. ABCC10 is a member of the multidrug resis-
tance protein subfamily reported to transport several anti-
cancer drugs (Zhang et al., 2017). Abcc1�/�mice are hypersensi-
tive to paclitaxel toxicity due to increased cellular drug accumu-
lation (Hopper-Borge et al., 2011). In humans, the ABCC10 SNP
rs9349256 is associated with increased tenofovir-induced kid-
ney toxicity (Pushpakom et al., 2011), and rs2125739 is associ-
ated with lower nevirapine plasma concentrations (Liptrott
et al., 2012). CYP39A1 is an ER protein primarily involved in the

conversion of cholesterol to bile acids (Li-Hawkins et al., 2000).
The CYP39A1 SNP rs7761731 is associated with increased
docetaxel-induced leukopenia and infection (Melchardt et al.,
2015), and rs9381468 and rs953062 are associated with de-
creased busulfan clearance (ten Brink et al., 2013). NFKBIE regu-
lates NFkB (Hoffmann et al., 2002; Li and Nabel, 1997), which in
turn regulates the expression of a number of ADME genes, and
in humans variants (both SNPs and deletions) are associated
with several disease states. Also the NFKBIE SNP rs2233434 is
associated with decreased cellular methotrexate uptake via reg-
ulation of SLC19A1 (Imamura et al., 2016). Finally, SLC22A7 is a
sodium-independent organic anion transporter (OAT2) (Sekine
et al., 1998). The SLC22A7 SNP rs4149178 is associated with in-
creased capecitabine-induced (Pellicer et al., 2017) and anthracy-
cline (daunorubicin and doxorubicin)-induced cardiotoxicity
(Visscher et al., 2015). The SLC22A7 SNP rs2270860 is associated
with increased capecitabine-induced skin toxicity (Pellicer et al.,
2017). Among CC lines, variants in these genes are associated
with lower plasma idelalisib concentration.

The relationship between plasma idelalisib Cmax and suscep-
tibility to liver injury in the clinic is not known. However, it
appears that most adverse drug reactions are dose-dependent,
even if the relationship is not obvious within the therapeutic
range (Uetrecht and Naisbitt, 2013). Therefore, genetic factors
influencing variability in idelalisib pharmacokinetics may be
relevant to adverse reactions observed in the clinic.
Furthermore, the pathogenesis of idelalisib liver injury may be
multifactorial involving events at both the level of the hepato-
cyte and the immune system, and thus differences in pharma-
cokinetics may be relevant to early hepatocellular events that
are necessary but not sufficient to support overt liver injury.

Figure 4. (A) Genome scan plot illustrating quantitative trait loci (QTL) associated with log(fold change) in terminal plasma miR-122 concentrations. Dashed horizontal

line indicates genome-wide significance at the 0.05 level. (B) Founder strain probabilities at the locus peak. The x-axis plots paired animals in order from left to right by

increasing log(fold change plasma miR-122). Each horizontal row indicates the probability of a given Collaborative Cross founder haplotype being present at the locus,

with darker intensities indicating higher probabilities (0–1.0). (C) Estimates and confidence intervals for haplotype substitution effects at the peak locus. (D) Confidence

interval plot for the QTL on chromosome X. The 80% confidence interval is indicated by gray shading.
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Figure 5. (A) Genome scan plot illustrating quantitative trait loci (QTL) associated with the log(fold change) of terminal bronchoalveolar lavage fluid (BALF) cell count.

Dashed horizontal line indicates genome-wide significance at the 0.05 level. (B) Founder strain probabilities at the locus peak. The x-axis plots paired animals in order

from left to right by increasing log(fold change BALF cell count). Each horizontal row indicates the probability of a given Collaborative Cross founder haplotype being

present at the locus, with darker intensities indicating higher probabilities (0–1.0). (C) Estimates and confidence intervals for haplotype substitution effects at the peak

locus. (D) Confidence interval plot for the QTL on chromosome 3. The 80% confidence interval (Chr3: 99.617–145.711 Mb) is indicated by gray shading. (E) Comparison of

�log10(p) values from 8-allele haplotype model (line) to �log10(p) values from 2-allele merge analysis (dots) for variants in the 80% confidence interval with a �log10(p)

from merge analysis merge analysis > �log10(p) from 8-allele haplotype model and a �log10(p) from merge analysis > 4. (F) Corresponding strain distribution pattern

for variants represented in E. Each track corresponds to strain distribution pattern indicated in the left margin by a string of integers representing the alleles for the

8 founder strains, in the order: A/J, B6, 129, NOD, NZO, CAST, PWK, and WSB. Within each SDP track, the vertical lines indicate the locations of the variants within the

strain distribution pattern.
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Interestingly, SNPs in human orthologs of candidate QTGs for
plasma idelalisib concentration described here occur at a minor
allele frequency similar to the prevalence of liver injury associ-
ated with idelalisib in the clinic.

The lack of robust liver-related findings observed in CC mice
could be due to the shorter treatment regimen used in this study
compared with the clinical protocol. It may also reflect lower
exposures achieved in this study compared with clinical trials.
Median interim plasma idelalisib concentrations in the CC mice
were comparable with clinic values where grade � 3 ALT eleva-
tions have been observed in approximately 14% of patients
(Coutre et al., 2015). However, due to rapid metabolism, exposures
in mice are reportedly much lower than those observed in
humans (unpublished observations reported in Carter et al., 2017;
Palazzo et al., 2018). Furthermore, clinical protocols typically use
BID dosing, which results in an overall higher AUC in humans.
Finally, the absence of liver injury in CC mice may be due to
species-specific differences in the mechanism of toxicity and/or
in susceptibility factors required to elicit overt hepatotoxicity.

A recent study suggests that the liver injury associated with
idelalisib in clinical trials is in part due to an on-target,
immune-mediated event (Lampson et al., 2016).
Phosphatidylinositol 3-kinase delta (PI3KD) is critical for the
function of CD4þCD25þFoxp3þ regulator T-cells (Tregs) (Patton
et al., 2006), and Tregs have been shown to play an important
role in modulating DILI in mouse models (Chen et al., 2015; Mak
and Uetrecht, 2015; Metushi et al., 2015). Unfortunately, due to
unfavorable pharmacokinetic properties (Carter et al., 2017;
Palazzo et al., 2018), data on the pharmacological activity of ide-
lalisib in mice are limited. Nonetheless, significant evidence
suggests that although overt hepatotoxicity is the result of a T-
cell response, the cascade of events culminating in immune-
mediated DILI begins with off-target, drug-induced hepatocyte
stress, the release of danger signals, and activation of the innate
immune system (Mosedale and Watkins, 2017). In the case of
idelalisib, this is supported by the lack of any reported liver in-
jury in PI3KD mutant mice (Okkenhaug et al., 2002; Uno et al.,
2010). Importantly, these early hepatocellular events can occur
in the absence of overt toxicity and may be detected by measur-
ing biomarkers of early cell stress (Mosedale et al., 2018).

In this study, significant QTL were identified for idelalisib-
induced changes in 2 plasma biomarkers associated with hepato-
cyte stress in CC mice: interim TBA and terminal miR-122.
Elevations in plasma bile acids can reflect inhibition of bile acid
transport into bile, which can result in a toxic accumulation of
bile acids in the hepatocyte and impaired mitochondrial ATP pro-
duction (Schadt et al., 2016). miR-122 is a more sensitive and spe-
cific marker of liver injury, and also a danger signal that when
released in hepatocyte-derived exosomes can signal to and acti-
vate the innate immune system (Momen-Heravi et al., 2015).

Three high priority candidate genes involved in cholesterol
and bile acid biosynthesis had eQTLs in the phenotype QTL for
plasma TBA: CYP51A1, HMGCR, and SCP2. At 5 weeks of age,
liver-specific Hmgcr�/� mice show severe hepatic steatosis
with apoptotic cells, hypercholesterolemia, and hypoglycemia
(Nagashima et al., 2012). Scp2�/� mice have altered bile flow
and lower bile salt secretion rates (Nagashima et al., 2012). Four
high priority candidate genes associated with liver injury or
mechanisms of liver injury had eQTLs in the phenotype QTL for
plasma miR-122: ALAS2, ATP5A1, HUWE1, and UBASH3A. In re-
sponse to immune challenge, Ubash3a�/� mice have increased
inflammation and T-cell response (Newman et al., 2014; San
Luis et al., 2011). SNPs in all these genes are associated with rele-
vant phenotypes in humans, but more importantly, validated

eQTLs have also been described. In the CC lines, variants in the
TBA and miR-122 phenotype QTLs for idelalisib are associated
with differential expression of these genes.

Finally, small but statistically significant elevations in BALF
total cell count were observed in response to idelalisib treat-
ment. This phenotype may inform risk factors associated with
pneumonitis also observed in a smaller percentage of idelalisib-
treated patients in clinical trials (Coutre et al., 2015). Two high
priority candidate genes were identified for the QTL associated
with plasma idelalisib concentrations. GSTM1 functions in the
detoxification of electrophilic compounds, including carcino-
gens, therapeutic drugs, environmental toxins, and products of
oxidative stress, by conjugation with glutathione. Gstm1�/�
mice have low GST activity which alters toxicological responses
to a variety of drugs. In humans, GSTM1 is highly polymorphic
(only expressed in 50% of individuals) and variations can impact
susceptibility to carcinogens as well as the toxicity and efficacy
of certain drugs (Board et al., 1990). GSTM1 null genotypes also
associated with increased sensitivity to diesel exhaust particle-
induced allergic airway inflammation (Gilliland et al., 2004) and
COPD development and severity (Malic et al., 2017). VCAM1 is a
cell surface glycoprotein expressed by cytokine-activated endo-
thelium, mediates the adhesion of monocytes and lympho-
cytes. Cleavage is associated with pulmonary vascular
endothelial activation and soluble form is elevated in BALF of
patients with acute respiratory distress syndrome (Attia et al.,
2016). VCAM1 is TGF-b1 inducible and upregulated in lungs of
subjects with idiopathic pulmonary fibrosis (Agassandian et al.,
2015). VCAM1 SNPs rs3783611, rs114207303, and rs3783615 are
associated with increased VCAM1-dependent monocyte adhe-
sion (Schmitz et al., 2013). VCAM1 SNP rs3176860 is associated
with increased neutrophil and CRP levels in blood (Yu et al.,
2017). And VCAM1 SNP rs3783605 is associated with several
VCAM1-related diseases increases VCAM1 expression (Dadgar
Pakdel et al., 2015). In the CC lines, variants in these genes are
associated with higher idelalisib-induced BALF cell counts.

In conclusion, the 14-day treatment regimen of idelalisib
was well tolerated across all CC lines. Although idelalisib dose
was adjusted for bodyweight, differences in plasma drug con-
centration were observed among genetically different CC lines.
Idelalisib treatment-induced alterations in plasma TBA and
miR-122 in mouse may indicate early hepatocellular stress re-
quired for immune-mediated hepatotoxicity in humans. Small
but statistically significant elevations in terminal BALF total cell
count were also observed in response to idelalisib treatment in
CC mice, which may be analogous to pneumonitis observed in
the clinic. Candidate genes identified for the QTLs associated
with these phenotypes can now guide interrogation of risk fac-
tors for adverse drug responses associated with idelalisib in
humans.
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