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Autonomous circadian rhythms in

hepatocyte regulate hepatic drug metabolism and

inflammatory responses
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Critical aspects of physiology and cell function exhibit self-sustained ~24-hour variations termed circadian rhythms.
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In the liver, circadian rhythms play fundamental roles in maintaining organ homeostasis. Here, we established and
characterized an in vitro liver experimental system in which primary human hepatocytes display self-sustained
oscillations. By generating gene expression profiles of these hepatocytes over time, we demonstrated that their
transcriptional state is dynamic across 24 hours and identified a set of cycling genes with functions related to
inflammation, drug metabolism, and energy homeostasis. We designed and tested a treatment protocol to mini-
mize atorvastatin- and acetaminophen-induced hepatotoxicity. Last, we documented circadian-dependent induc-
tion of pro-inflammatory cytokines when triggered by LPS, IFN-f, or Plasmodium infection in human hepatocytes.
Collectively, our findings emphasize that the phase of the circadian cycle has a robust impact on the efficacy and
toxicity of drugs, and we provide a test bed to study the timing and magnitude of inflammatory responses over the

course of infection in human liver.

INTRODUCTION

The liver plays a major role in energy metabolism, xenobiotic detoxi-
fication, coordination of carbohydrate and lipid metabolism, as well
as innate and adaptive immune functions against invading microor-
ganisms. Some of these processes show daily variations in humans (1,
2), and recent studies show that time of day is critical for several
clinical interventions, including outcomes in response to drug treat-
ment (3). This variability appears to be orchestrated by endogenous
circadian clocks that mediate tissue-specific, self-sustained ~24-hour
variations in gene expression termed “circadian rhythm” In mam-
mals, the molecular basis for these physiological rhythms is coordi-
nated by a small group of genes called “core clock genes” One of
these genes, brain and muscle ARNT-like 1 (Bmall), serves as a master
regulator of the system, acting as a transcription factor that hetero
dimerizes with another transcription factor, circadian locomotor
output cycles kaput (Clock), to activate circadian gene expression.
The BMALI-CLOCK heterodimer acts in a series of feedback loops
with other core clock genes to control 24-hour rhythmic expression
of ~50% of mammalian genes, resulting in important physiological
and therapeutic implications (4-8). In particular, the liver displays a
large number of circadian-dependent genes and pathways, which
have been shown to affect liver function in health and disease (7, 9-
11). Endogenous clocks in the liver play fundamental roles in main-
taining liver homeostasis by regulating glucose and lipid metabolism
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(12, 13). Several inflammatory responses are also circadian-regulated.
Studies in mouse models and humans have shown diurnal variations
in several immune-related processes, such as circadian variations in
T cell subpopulations in human blood (14), the trafficking of mono-
cytes to sites of inflammation in mice (15), and the dendritic cells to
the tumor draining lymph node (16). Humans appear to be more
susceptible to infections and more responsive to vaccinations at cer-
tain times of day (17-20), and in mice, changes in host responses to
bacterial endotoxin or infection at different times of day have been
documented (21). Furthermore, drug pharmacokinetics in the liver—
including distribution, uptake, metabolism, and elimination of drug
compounds—are regulated by transcription factors that are under
the control of the circadian clock (9).

Although animal models have been instrumental for our under-
standing of circadian biology, the drug metabolism profile and some
aspects of the innate immune response are unique in humans (22,
23). Moreover, although the core clock genes are similar between
species, this set of genes target and regulate the expression of core-
controlled genes that tend to be species and tissue specific and typi-
cally contribute to essential tissue functions (4, 6, 8, 24, 25).
Therefore, human in vitro systems could offer an alternative to over-
come the disconnect that can arise when using animal models and
would facilitate a test bed with which to explore the influence of
circadian genes in different aspects of liver pathophysiology and to
deploy a more efficient drug development pipeline. Despite the doc-
umented role that circadian control of human gene expression plays
in several physiological processes and the abundance of cycling
genes in the liver (6, 8), we still lack experimental systems to enable
the study of these pathways in human liver cells necessary to bridge
between circadian-driven cellular processes and preclinical studies.

Here, we optimized a previously well-characterized primary human
hepatocyte (PHH) in vitro system, wherein cryopreserved PHHs are
organized in micropatterned islands among supportive stromal fibro-
blast cells, thereby stabilizing the function of liver parenchymal cells
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for 4 to 6 weeks. We adapted this system to enable time synchroniza-
tion and observed the emergence of circadian rhythms, as confirmed
by the detection of self-sustained oscillations over a period of 10 weeks
under constant, unperturbed conditions. Notably, the addition of
circadian oscillations prolonged the functional stability of the
cultures for periods longer than 10 weeks. To assess the impact of
circadian oscillations on the human hepatocyte, we generated gene
expression profiles corresponding to 16 successive time points over
a continuous period of two 24-hour cycles. Analyses of these data
identified a set of cycling genes, including a subset of well-established
core clock genes and other oscillating genes related to inflammation,
drug metabolism, and energy homeostasis. Notably, knockdown
experiments confirmed that many of these genetic programs were
dependent on the expression of Bmall. Furthermore, we observed
circadian fluctuations of a set of drug-metabolizing enzymes and
inflammatory genes, a finding that points to the potential to imple-
ment this platform to model drug pharmacokinetics and the circa-
dian inflammatory response, respectively. At the functional level,
we provide examples of the impact of chronopharmacotherapy by
implementing a circadian-designed treatment protocol that mini-
mizes atorvastatin- and acetaminophen-induced hepatotoxicity
and by observing that infection by hepatotropic malaria-causing
Plasmodium parasites is driven by the host’s circadian clock.

RESULTS

PHHs display a circadian rhythm in culture

To assess whether micropatterned cocultures (MPCCs) of PHHs are
capable of displaying a circadian rhythm, we monitored Bmall
activity in real time using a lentiviral reporter, which expresses
destabilized luciferase (dluc) under control of a Bmall promoter
(26). PHH were seeded and allowed to settle onto a patterned
collagen type I-coated surface, creating (500 pm in diameter) hepa-
tocyte islands (27). The hepatocytes were then transduced with
Bmall-luc lentiviral particles as described in Materials and Meth-
ods. Following an overnight incubation, cultures were extensively
washed and mouse 3T3-]2 fibroblasts were seeded and allowed to
bind in the intervening space between hepatocytes islands to stabi-
lize the functional phenotype of the PHH (28). Following a week
of stabilization, cultures were first attempted to be synchronized
by media exchange using standard hepatocyte medium and the
luciferase activity was subsequently measured for 96 hours (Fig. 1A).
Although beneficial in maintaining hepatocyte health (fig. S1D), the
use of standard hepatocyte media was not conducive to circadian
expression of the Bmall reporter (Fig. 1B, red line). Upon testing of
several media formulations and regimens, we found that the opti-
mized hepatocyte medium (“circadian medium”) was necessary to
visualize the cyclic expression of Bmall over a 72- to 96-hour period
(Fig. 1B, black line, and fig. S1, A and B). These conditions also sus-
tained albumin levels and cytochrome P450 3A4 (CYP3A4) induc-
tion activity (a marker of a healthy hepatic functional phenotype)
for up to a 10-week period (Fig. 1D and fig. S1C). This culture
system was implemented and validated in two other formats (24-
and 384-well plates) (fig. SIH).

Circadian behavior was confirmed in cryopreserved PHH iso-
lated from 16 individual patient donors that range across ages
and genders. The in vitro rhythm period length (the time it takes
for one oscillation) varied among hepatocytes from different in-
dividuals (fig. S1, E and F). Detection of circadian rhythms was
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observed over a period of 10 weeks, allowing for longitudinal ex-
periments (Fig. 1E). The amplitude of the oscillations decreased
over time during each cycle, but the initial cycling pattern was
restored for at least 96 hours of monitoring after each synchroni-
zation event (Fig. 1E).

The decrease in the amplitude of oscillations over time was quan-
titatively characterized as a characteristic exponential decay time,
here referred to as “relaxation-time” The relaxation-time values
were calculated by performing discrete Fourier transform (DFT) on
Bmall expression levels, fitting the squared magnitude of the DFT to
the expected form of a Lorentzian function, and calculating the in-
verse of the full width at half maximum of the Lorenztian (fig. S3A).
The relaxation-time values and the peak-to-trough ratio (PTR), rep-
resenting the fold difference between highest and lowest level of ex-
pression in periodic data, remained stable throughout 80 days of
culture (Fig. 1F).

When two sets of hepatocyte cultures were synchronized 12 hours
apart via a circadian media exchange and subsequently observed
without additional perturbation (termed “free-run conditions”),
these cultures showed oppositely phased rhythms known as an
“antiphase” relationship for 96 hours (Fig. 1C). This antiphase
rhythm was consistent in cultures of three independent PHH
donors (fig. S1F). Moreover, antiphasic oscillations in the expres-
sion of Bmall and Per2 mRNA were also observed by quantitative
reverse transcription polymerase chain reaction (QRT-PCR) (fig. S1G).
These findings document circadian oscillations in free-running
and entrainable conditions in PHH MPCC cultures, two of the
hallmark properties of circadian rhythms (29).

Transcriptomic analyses of synchronized PHHs

To investigate the transcripts driven by the autonomous clock in
PHHs and the possible role of circadian oscillations in liver biology,
we performed transcriptomic analyses in synchronized PHH MPCCs
using RNA sequencing (RNA-seq). To this end, cultures were syn-
chronized by media exchange, as described above. Twenty-four
hours after synchronization, samples were collected every 3 hours
across two consecutive days in independent technical triplicates, and
the data were analyzed to quantify gene expression changes over time.

Gene expression data were analyzed for rhythmic oscillations
using the JTK_CYCLE [Jonckheere-Terpstra-Kendall (JTK) cycle]
algorithm to detect 24-hour oscillations in transcript abundance
(30). “Circadian oscillating gene” was defined as any gene identified
as oscillating with a 24-hour period by JTK_CYCLE and passing the
q value (Benjamini-Hochberg) < 0.2 and an amplitude > 0.1 cutoff.
In addition, quantitative demonstration of circadian oscillations was
performed via Fourier analysis (fig. S3A), revealing a predominant
contribution from an oscillatory signal with period near 24 hours
(31, 32).

The global analysis of results over two consecutive days using the
JTK_CYCLE algorithm identified 59 oscillating genes that met a
BHQ (Benjamini-Hochberg procedure) of <0.2 (8, 33), and by in-
creasing the stringency of the cutoff, 38 genes met a BHQ of <0.1
and 24 at BHQ < 0.05 (Fig. 1G and fig. S2A, top). When we focused
the analysis on just the first 24 hours, we detected 388 oscillating
genes at BHQ <0.2, and this collection of genes was reduced to 156
or 86 at the more stringent BHQ values of <0.1 or <0.05, respec-
tively (fig. S2A, bottom). We identified 11 core clock genes with
robust oscillation based on their BHQ of close to 0.05 (fig. S4A), and
the relative peak times of each are shown in fig. S4B (far right). This
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Fig. 1. Primary human hepatocytes display a circadian rhythm in culture. (A) Experimental work-flow. (1) PHHs are seeded on collagen-coated plates to create hepa-
tocyte islands. (2) Transduction with Bmal1-luc reporter lentiviral particles. (3) Seeding of mouse fibroblasts, 24 hours later. (4) Synchronization and monitoring of
luciferase-based Bmal1 cyclic expression. (B) Visualization of circadian rhythm in real time. Circadian rhythm of transduced PHH with Bmal1-luc reporter was monitored in
real time at 20-s sampling resolution by light emission of luciferase over 4 days in free-running conditions. To synchronize the hepatocytes, the cultures were placed in
specialized circadian (black) or hepatocyte media (red). For 96 hours, their circadian rhythm was monitored in real time. Circadian time is defined as hours after synchro-
nization by media change. (C) Anti-phasic Bmal1 expression of PHH cultures. Synchronization of two sets of PHH cultures was performed with a circadian medium change
12 hours apart, allowing them to free-run under constant conditions for 96 hours. (D) Daily albumin secretion in PHH over 10-week period. (E) Circadian rhythm of Bmal1-
luc reporter-transduced PHH was observed over a period of 10 weeks. Between each 96-hour monitoring of the circadian rhythms, a new synchronization of the cultures
was triggered by circadian media exchange. (F) Hepatocytes show stable circadian relaxation-time and peak-to-trough ratio (PTR) of Bmall gene expression over a
10-week period. (G) Transcriptomic analysis of oscillating transcripts. Heatmap representation of oscillating transcripts ordered by the time of the oscillation (columns),
during a period of 48 hours. Each vertical column represents a time point (3-hour resolution). Each row is a cycling transcript, colored based on the expression intensities,
low (blue) and high (yellow) (BHQ < 0.2). Expression values are mean-normalized for each gene and are ordered by peak time of expression (left). PTR for rhythmic genes
(right). RLU, relative light unit; a.u., arbitrary unit.
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conserved group of core clock genes includes BMAL1, CRY2, PER2,
NPAS2, NRID1, NR1D2, TEF, HLF, CIART, PER2, and NFIL3, and
each showed phase correlation with other core clock genes, as previ-
ously described (6). Bmall and nfil3 peaked approximately 12 hours
out of phase with per2 and nrldl, respectively (fig. S4B, left and
middle panels). Oscillating genes displayed a PTR with a mean of
1.6. This value did not change significantly with inclusion of genes
from a higher BHQ cutoft (fig. S4C). For gene expression levels of
the oscillating genes identified, the relaxation-time values were
calculated as previously described above (fig. S3B).

An additional analysis of the results was performed with a sec-
ond algorithm, dryR (differential rhythmicit Y analysis in R). For
dryR, we used the thresholds adj > 0.05 and amp > 0.1. DryR identi-
fied 1067 and 79 oscillating genes at 24 or 48 hours, respectively. An
extensive overlap with the two algorithms was observed (fig. S2B).

To identify biological processes represented by these oscillating
genes, we searched for any overlap between our list of 388 genes and
the MSigDB (Molecular Signatures Database) hallmark gene sets
(34). Hallmark gene sets that overlap with oscillating genes capture
different biological categories—six of the gene sets were related to
metabolic processes, including xenobiotic, fatty acid, bile acid and
heme metabolism, cholesterol homeostasis, and glycolysis. Other
gene sets were related to proliferation and immune responses, in-
cluding gene sets involved in inflammatory and interferon (IFN)
responses (fig. S2A, far right). To complement this analysis, we ex-
amined the overlap between our identified gene set and the KEGG
(Kyoto Encyclopedia of Genes and Genome)/REACTOME canoni-
cal pathway collection of MSigDB. The top 10 pathways identified
were mainly related with glucose, lipid, retinoid, and xenobiotics
metabolism (fig. S4D). We identified rate-limiting enzymes of glu-
coneogenesis, such as PCKI (phosphoenolpyruvate carboxykinase
1) and G6PC (glucose-6-phosphatase alpha), the peroxisome prolif-
erator activated receptor delta (PPARD) that regulates fatty acid up-
take, transport, and PB-oxidation playing a key role controlling
lipogenesis. Other key enzymes included the alcohol dehydroge-
nases (ADHI1A, ADHIB, and ADH4), and retinol dehydrogenase
5 (RDH5) that regulates the biosynthetic pathway for generating all-
trans retinoic acid, the major biologically active retinoid in vivo.
Opverall, our data indicate that many genes involved in the regula-
tion of critical metabolic functions and inflammatory processes ex-
hibit circadian oscillations in cultured PHHs.

Disruption of the clock in PHHs

Circadian dysfunction has been shown to induce dysregulation of
liver gene expression and metabolic and immune disruption in mice
(35, 36). Thus, we next sought to investigate if similar events are
replicated at the gene expression level when the circadian clock is
disrupted in MPCC-cultured PHHs.

To this end, we silenced the expression of Bmall in human hepa-
tocytes using small interfering RNA (siRNA) and performed tran-
scriptomic analyses in synchronized PHH. To ensure that Bmall
silencing occurred solely in hepatocytes, siRNA was added to hepa-
tocytes 6-hours after seeding (37). Twenty hours later, cultures were
washed and fibroblasts were subsequently added. After synchroni-
zation, we collected samples 6 hours apart [at circadian time
(CT) 36, CT42, CT48, and CT54]. The silencing efficiency of
Bmall was confirmed by qRT-PCR, and samples from each time
point were subjected to RNA-seq. Substantial reduction in Bmall
mRNA was observed at CT42, CT48, and CT54 when siRNA-treated
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samples were compared to control (nontargeted) siRNA-treated
PHHs (fig. S5A). For the RNA-seq datasets, differential expression
analysis was performed to compare Bmall-silenced and nontargeted
siRNA samples at each time point, and significantly dysregulated
genes were defined as those having an absolute logFC > 1 and an
adjusted P value < 0.05. To investigate these changes at the gene
level, replicates for each time point were averaged and these sum-
marized values were standardized, so that each row mean was 0 and
variance was 1. These data were then used to plot lists of up- and
down-regulated genes at each time point, relative to the expression
at CT48 (Fig. 2A). Preranked gene set enrichment analysis (GSEA)
was run for the CT48 time point using the MSigDB c2cp canonical
pathway collection (Fig. 2B) and the Hallmark collection (fig. S5B),
leading to the detection of several dysregulated signaling pathways.
Substantial changes included the upregulation of pathways related
to the metabolism of xenobiotics by CYP450 enzymes (Fig. 2B). The
leading edge, or far left side, of this waterfall plot included genes that
belong to the core drug absorption, distribution, metabolism, and
excretion (ADME) gene set, which represent the most important
genes directly involved in drug metabolism and clearance (Fig. 2C,
top, and fig. S5C, left). CYP3A4 was one of the differentially ex-
pressed genes that we further validated by qRT-PCR (Fig. 2D, top).
We also identified the regulation of pathways involved in inflamma-
tory responses and IFN signaling (Fig. 2B and fig. S5B). In particu-
lar, also among the leading edge genes were those involved in
cytokine and chemokine signaling (fig. S5B) and several IFN-
stimulated genes (ISGs) (Fig. 2C, bottom, and fig. S5C, right). The
decreased expression of one of them, ISG20, was validated by qRT-
PCR (Fig. 2D, bottom). Overall, these observations demonstrated
that Bmall controls circadian expression of genes involved in in-
flammatory signaling and drug metabolism in cultured PHHs, and
thus, we focused on these processes to further study their potential
biological implications.

Assessment of circadian drug metabolism and

CYP3A4 hepatotoxicity

Circadian-mediated expression of ADME genes can affect the phar-
macokinetics of a drug, which could influence its efficacy, toxicity,
or therapeutic index (3, 9). Now, 299 genes that encode phase I
and IT drug-metabolizing enzymes, transporters, and modifiers are
designated as ADME genes by the PharmaADME Consortium.
Therefore, we examined the expression of this gene set in the glob-
al circadian transcriptome previously described in Fig. 1 and
identified 27 transcripts (9% of the ADME gene set) that oscillate
in a circadian pattern in our cultures (Fig. 3A and fig. S6A). Of
these genes, eight (CYP2C8, CYP2A6, CYP2B6, CYP3A4, DPYD,
SLCO1B3, UGT2B7, and CYP3A5) belonged to the Core ADME
set comprising 32 genes, which represents the most important
genes directly involved in drug metabolism and clearance. The other
19 genes belonged to the extended ADME gene set that represents
other genes related to drug metabolism and clearance (fig. S6C).
Most of the cycling genes belonged to the phase 1 metabolism group
(enzymes responsible for redox reactions to generate metabolically
active polar groups) including six genes of the core ADME gene set
(fig. S6, A and C). Consistent with previous studies, we observed
two waves of gene expression whose relative circadian peaks are
shown as polar histograms in fig. S6B. Given their importance in
clinically relevant drug metabolism, further biochemical and func-
tional validation of cytochromes CYP3A4 and CYP2B6, and the
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transporter, SLCO1B3 was performed. The oscillating expression
of these three genes was confirmed by qRT-PCR and at the protein
level by Western blotting (fig. S6D). CYP3A4 and CYP2B6 had
the highest peak of protein expression at CT32, and SLCO1B3
peaked at CT40.

Having established the circadian expression of CYP3A4 at both
the mRNA and protein levels and given the relevance of CYP3A4-
mediated drug metabolism, we next assessed the circadian oscil-
lation of CYP3A4 enzymatic activity. To this end, we used aluminogenic
CYP3A4 activity-based assay that specifically measures cellular
CYP3A4 activity by converting a luminogenic substrate into lucif-
erin, which is then released into the culture media and further con-
verted into light in the presence of luciferase. Twenty-four hours
after synchronization, CYP3A4 enzymatic activity was measured
every 6 hours (CT24 to CT48). As seen in Fig. 3B, these experiments
documented circadian oscillation of CYP3A4 enzymatic activity in
PHH, which peaked at CT36. These results suggested that the phar-
macokinetics of a given drug may differ depending on the time of
the day it is delivered. Therefore, next, we sought to identify drugs
metabolized by CYP3A4 with a half-life less than 6 hours. Following
this criteria, we identified 189 drugs that could potentially benefit
from chronotherapy including for the anti-malarial drugs arte-
mether and primaquine (Fig. 3D and table S1). Next, we function-
ally evaluated circadian-dependent induction of CYP3A4 using
rifampin, a well-known inducer of CYP3A4. Induction of CYP3A4
expression is often implicated in clinically relevant drug-drug inter-
actions (DDIs) because metabolism catalyzed by this enzyme is
the dominant route of elimination for many drugs (38). Twenty-
four hours after synchronization, cultures were dosed with 2.5 pM
rifampin at CT24, CT36, or CT48, and enzymatic activity of CYP3A4

March et al., Sci. Adv. 10, eadm9281 (2024) 24 April 2024

gRT-PCR validation. Up-regulation of CYP3A4 (top) (black) and down-regulation of
at CT48. FDR. false discovery rate; NES, normalized enrichment score. *P < 0.05.

was measured 24 hours later. The induction of CYP3A4 activity in
two independent PHH donors treated with rifampin showed a cir-
cadian pattern. In that activity was higher when rifampin was added
at CT36 versus CT24 or CT48, with a fold difference of 1.6 (Fig. 3D
and fig. S6E).

Next, we performed a proof-of-concept toxicity analysis using
two known hepatotoxicants, atorvastatin (ATOV) or acetaminophen
[N-acetyl-p-aminophenol (APAP)]. ATOV is primarily used as a
lipid-lowering agent, owing to its capacity to inhibit the 3-hydroxy-3
-methyl-glutaryl-coenzyme A reductase, an enzyme found in liver
tissue that plays a key role in the production of cholesterol. ATOV is
metabolized by CYP3A4 to form ortho- and para-hydroxylated
metabolites (Fig. 3E). While the mechanism underlying atorvastatin-
induced hepatotoxicity has not been well established, it likely involves
increased formation of reactive oxidative species during metabolism
(39). To evaluate circadian-dependent hepatoxicity in PHHs, we
assessed cell viability in real time using a luminescence adenosine
5’-triphosphate-based assay. Synchronized PHHs were treated with
scaling doses of ATOV for 120 min [Fig. 3E and fig. S6, F (left) and G
(top)]. We observed higher hepatoxicity in the PHH treated at CT35
compared to the cultures treated at CT24 or CT48 (Fig. 3E, left).
This toxicity correlated with the higher levels of CYP3A4 activity ob-
served at CT36 in Fig. 3B and which was confirmed 30 min before
the cell viability assay was performed. Using a different readout, we
detected lower levels of albumin 12 hours after dosing with ATOV
at CT35 versus CT24 and CT48 (Fig. 3E, right).

Next, we silenced the expression of Bmall in the human hepatocytes
using siRNA as described above and evaluated the circadian-dependent
hepatoxicity to ATOV. Using two independent PHH donors, we showed
an ablation of the circadian hepatoxicity to ATOV (Fig. 3F).
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mined using a two-way analysis of variance (ANOVA) with post hoc pairwise comparisons. *##*P < 0.0001, ***P < 0.001,**P < 0.01, and *P < 0.05.
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Together, our observations confirmed the circadian dependence
of CYP3A4-mediated hepatoxicity.

Next, we tested whether APAP hepatotoxicity would also display
a circadian pattern. APAP is a widely-used analgesic that can cause
acute hepatic necrosis when administered at high doses due to the
formation of a toxic metabolite (N-acetyl-p-benzoquinone imine)
produced when CYP3A4, CYP2E1, CYP1A2, or CYP2A6 acts on
the parent drug (fig. S3F). PHHs were treated with scaling doses of
APAP, and their viability was measured in real time, as above [fig. S6,
F (right) and G (bottom)]. After APAP incubation, we observed
higher hepatoxicity in the PHH treated at CT36 compared to the
cultures treated at CT24 (fig. S3F). As observed after ATOV treat-
ment, APAP hepatocyte toxicity correlated with the higher levels
of CYP3A4 activity at CT36 (Fig. 3B). Overall, these experiments
establish the feasibility of developing treatment protocols to mini-
mize drug hepatotoxicity and adverse effects and the capacity to use
the MPCC platform to test these protocols in PHH.

Circadian control of the hepatocyte inflammatory response
and infection

Further analyses of our transcriptomic data led to the identification
of inflammatory genes that exhibit circadian-regulated expression
patterns. This subset of genes includes several categories: (i) genes
involved in the IFN response, ISGs such as CXCL10, USPIS,
PARPI14, GBP2, PARP9, MT2A, TNFSF10, and IFIT1; (ii) genes re-
lated to the interleukin-2 (IL-2) signal transducers and activators
of transcription 5 signaling pathways, such NFIL3, TGM2, ALCAM,
CXCL10, TNFSF10, APLP1, ENPP1, and SLC39A8; (iii) oscillating
transcripts related to the inflammatory response, such RAFI, ROS1,
IFIT1, SLC7A2, CXCL10, and TNFSF10; and (iv) genes involved in
innate immunity, such CDI14, CRP, and HEPCIDIN (fig. S7A). For
most of these examples, the peak oscillating gene expression was
observed between 18 and 20 hours after the peak of Bmall expres-
sion (fig. S7B), suggesting a tightly coordinated response of inflam-
matory gene expression.

It is well established that the response to an innate immune
challenge is conditioned by the time of day at which cells are ex-
posed to such a challenge. For example, previous work has shown
that the response of human macrophages to lipopolysaccharide
(LPS) varies according to the time of the day at which the cells are
exposed to the antigen (40). To examine the induction of ISGs at
different CTs, PHH cultures were synchronized; treated with
IEN-B at CT24, CT36, or CT48; and harvested 12 and 24 hours
after IFN-P addition (Fig. 4A). We found that transcript levels of
CXCL10 and CXCLI11 were induced to a greater extent when the
IFN-p was added at CT36 compared to CT24 or CT48 (Fig. 4A
and fig. S7C). Next, we silenced the expression of Bmall in the
human hepatocytes and showed an attenuation of the differences
in circadian induction of CXCL10 and CXCLII in response to
IFN-B (Fig. 4B).

We next tested the time-dependent induction by LPS. PHH cul-
tures were treated with LPS at CT24, CT36, or CT48, and expres-
sion levels of IL6, IL1p, and TNFx mRNA were assessed 2, 4, and
6 hours after exposure (Fig. 4C and fig. S7, D and E). The three
pro-inflammatory cytokines were induced to a significantly greater
extent when LPS was added at CT36 compared to exposure at CT24 or
CT48 (Fig. 4B and fig. S4, D and E), these circadian induction dif-
ferences were ablated when Bmall was silenced in the hepatocytes
(Fig. 4D and fig. S7, H and I).

March et al., Sci. Adv. 10, eadm9281 (2024) 24 April 2024

We confirmed that these circadian differences were observed at
the protein level by measuring the concentration of tumor necrosis
factor-a (TNF-ar), IL-6, and IL-1p secreted into the culture media
(fig. S7F) and that exposure to LPS or IFN-f did not disturb the
regular circadian profile (fig. S7G). Bmall oscillations were ob-
served with a reduction in the amplitude but rescued upon LPS or
IFN-p removal (fig. S7G).

Last, we investigated circadian-dependent ISG induction by ex-
posing PHH to a live hepatotropic human pathogen (Fig. 5B, right).
PHH cultures were infected with malaria-causing Plasmodium falci-
parum parasites at CT24 or CT36 (Fig. 5A, left), and the ISG induc-
tion levels were examined 3 hours after exposure. Consistent with
the IFN and LPS data, we found that ISG15 and MX1 were induced
to a greater extent when the hepatocytes were infected at CT36 com-
pared to CT24 (Fig. 5A, right). To further determine the impact on
infection, we quantified the number of infected hepatocytes in the
circadian-synchronized MPCC cultures. Strikingly, we found an
inverse correlation between the ISG induction and the number of
infections, with the percentage of infected hepatocytes being signifi-
cantly higher at CT24 compared to CT36 (Fig. 5B). Reduced num-
bers of intracellular parasites at CT36 were consistently observed
at 3 hours and 3 days after infection (Fig. 5B), pointing to an
ISG-circadian-dependent mechanism controlling Plasmodium in-
fection. Overall, our data demonstrated how circadian rhythms in
human hepatocytes can influence the response to inflammatory
stimuli and the outcome of infections.

DISCUSSION

In this study, we describe the development of an experimental plat-
form that enables the exploration of circadian-dependent genetic
programs in PHHs. We observe that the hepatocyte autonomous
clock acts independently of external signals and exhibits gene ex-
pression patterns that have been previously documented in human
livers. By optimizing culture conditions, we demonstrated the dy-
namic state of human hepatocytes across a 48-hour period and how
24-hour cyclic fluctuations in their gene expression patterns can po-
tentially influence liver physiology, drug metabolism, the inflamma-
tory response, and the outcome of liver-stage Plasmodium infection.

Many molecular, physiological, and behavioral processes display
distinct 24-hour rhythms that are directed by the central and pe-
ripheral circadian systems. Epidemiological evidence has docu-
mented a link between circadian regulation and human health,
which has important consequences for disease risk and drug efficacy
(35, 41-45). On the basis of these observations, detailed descrip-
tions of circadian rhythm-dependent processes displayed by differ-
ent organs, and cells are necessary to gain insights into biological
processes, develop diagnostic assays, and define disease risk predic-
tion and new treatment protocols.

In the liver, this oscillatory genetic network regulates system-
wide rhythmic gene expression programs, including components of
fundamental metabolic pathways, energy expenditure, and other
aspects of liver pathobiology (46). In vitro systems designed to de-
fine the impact of circadian rhythms on hepatic cell populations
have been developed. These efforts include the use of hepatoma cells
lines, which are known to exhibit defective patterns of metabolism
(47, 48) and immune responses (49, 50), or primary mouse hepato-
cytes, which display a limited stable functional phenotype when cul-
tured with standard in vitro systems (30, 51). Previous studies have
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Fig. 4. Circadian control of the hepatocyte inflammatory response. (A) Circadian-dependent inflammatory response to an immune challenge mimicked by IFN-B exposure.
Schematic of induction via immune stimuli challenge (left). Expression of inflammatory cytokines was measured by gPCR. mRNA was isolated from synchronized hepatocyte cul-
tures harvested at 12 and 24 hours after IFN-f treatment (1000 U/ml) at either CT24 (light red), CT36 (dark red), or CT48 (gray). Levels of cytokine mRNA were quantified [relative to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)] and presented in relation to expression levels in hepatocytes harvested at CT24 from control groups [showing induction
levels of cells harvested at 12 hours for CXCL10 (middle) or 24 hours for CXCL11 (right) after induction with IFN-f]. (B) Circadian-dependent inflammatory response to IFN-$in Bmal1-
silenced hepatocytes. Expression of inflammatory cytokines was measured by gPCR. Levels of cytokine mRNA were quantified (relative to GAPDH) and presented in relation to ex-
pression levels in hepatocytes harvested at CT24 from nontargeting or Bmal1 siRNA IFN-B-treated groups. (C) Inflammatory response to circadian-dependent LPS immune
challenge. Schematic of induction with immune challenge (left). Expression of inflammatory cytokines was measured by gPCR. mRNA was isolated from synchronized hepatocyte
cultures harvested at 4 hours after LPS treatment at either CT24 (light blue), CT36 (dark blue), or CT48 (gray). Levels of cytokine mRNA were quantified (relative to GAPDH) and are
presented in relation to expression levels in hepatocytes harvested at CT24 from the control group. (D) Circadian-dependent inflammatory response to LPS in Bmal1-silenced hepa-
tocytes. Expression of inflammatory cytokines was measured by qPCR. Levels of cytokine mRNA were quantified (relative to GAPDH) and presented in relation to expression levels
in hepatocytes harvested at CT24 from nontargeting or Bmal1 siRNA LPS-treated groups. Data are mean + SEM. n = 3 independent wells. Statistical significance was determined
using a two-way ANOVA with post hoc pairwise comparisons. *##*P < 0.,0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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isolated from synchronized hepatocytes cultures harvested at 3 hours after infection at CT24 or CT36. Transcript levels of ISG15 and MX1 mRNA were first normalized
relative to GAPDH and are presented in relation to expression levels in mock-infected hepatocytes harvested at CT24 (right). Data are mean + SEM. n = 3 independent
wells. Statistical significance was determined using a two-way ANOVA. *P < 0.05. (B) Malaria life cycle schematic depicting the obligate initial liver stage expansion before
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5 um. Data are means + SEM. n = 3 independent wells. Statistical significance was

determined using an unpaired t test. *P < 0.05. (left). RBCs, red blood cells. PfCSP, P. falciparum circumsporozoite protein.

shown that although the core clock genes are quite conserved
between species, among different tissue and species, there is consid-
erable variation in the specific lists of clock-regulated genes and
their corresponding physiological functions (52). Therefore, the
incorporation of species- and tissue-specific cells, such as PHHs, is
critical for the field.

To systematically study the impact of circadian rhythm on iso-
lated hepatocyte gene expression, we performed cell-autonomous
transcriptomics using PHHs. These experiments revealed the pres-
ence of 388 oscillating transcripts during the first 24 hours. The
number of oscillating transcripts decreased during the next 24-hour
period. However, the observation that the oscillations of the core
clock genes also decrease over time in culture and that the Bmal-luc
reporter expression exhibited a declining pattern that was restored
after each new synchronization collectively indicate that the decrease
in the number of genes detected may be a result of the gradual desyn-
chronization of the cultures after 24 hours.

The circadian transcriptome revealed cycling genes related to
drug metabolism, lipids, glucose, and cholesterol—all in line with
previous observations made in patient samples or rodent models (6,
8-10, 24). In addition, we identified other oscillating pathways, such

March et al., Sci. Adv. 10, eadm9281 (2024) 24 April 2024

as (i) the retinoid pathway involved in the biosynthesis of all-trans
retinoic acid, the major biologically active retinoid in vivo, and (ii)
the pro-inflammatory signaling cascade activated by IFN. Previous
research shows that cell-autonomous clocks within immune cells
themselves direct variation in a large number of circadian parame-
ters (53). However, fewer reports exist of circadian immune-related
genes in nonimmune cells (54). By silencing the circadian clock
master regulator Bmall in these PHH cultures, we demonstrated
the dysregulation of similar pathways identified in our circadian
transcriptome.

The liver is a hub of energy metabolism and detoxification, the
targeted host of different hepatotropic pathogens (including patho-
gens such as hepatitis B virus, hepatitis C virus, and malaria-causing
parasites), and constantly encounters food-derived antigens and
bacterial components translocated from the gut into the portal vein.
These liver-specific aspects prompted us to focus on the circadian
regulation of drug metabolism and the inflammatory response, and
what we could observe of those patterns in our isolated human liver
platform. It has been previously reported that ADME drug proper-
ties are controlled by circadian mechanisms, leading to altered
bioavailability at different times of the day, and that the majority of
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Food and Drug Administration-approved drugs have targets that
are regulated in a circadian pattern (6, 7, 55). Thus, integrating
ADME properties (pharmacokinetics) and circadian knowledge
regarding the activity of the targeted pathway (pharmacodynamics)
could help to increase drug efficacy and diminish their side effects.
In our PHH circadian transcriptome, we identified several ADME
genes that oscillate in isolated, synchronized cultures including
CYP3A4, a CYP450 that metabolizes almost 50% of all clinical drugs
(38). Therefore, we infer that this circadian variation could have a
substantial impact on the action of drugs with short half-lives and
on the management of DDIs and should be taken into account
during the design of safer protocols. DDI may occur when a patient
is taking multiple medications simultaneously for one or more
conditions. It is well described that the coadministration of CYP3A4-
inducing or -inhibiting drugs requires close monitoring to avoid
DDI and concomitant undesirable effects. Classic examples include
the anti-HIV drug ritonavir (a CYP3A4 inhibitor) or the anti-
tuberculosis drug rifampin (a CYP3A4 inductor). Here, we show
how the induction level of CYP3A4 after dosing with rifampin
depends on the dosing time. Therefore, this time-dependent response
could be used as a strategy to modulate undesirable DDI by admin-
istrating rifampin or other CYP3A4-modulating drugs at the time
where it causes the lowest induction of CYP3A4. Consistent with
this hypothesis, after establishing CYP3A4’s circadian profile at the
level of enzyme activity, we performed a proof-of-concept circadian-
dependent toxicity analysis using two known hepatotoxicants,
acetaminophen and atorvastatin. Both drugs can cause liver damage
when administered at high doses (acetaminophen) or during chron-
ic treatments (atorvastatin) due to the formation of toxic metabo-
lites partially mediated by the activity of CYP3A4. Acetaminophen
is a widely used analgesic and it is currently the most common cause
of hepatic failure requiring liver transplantation. Atorvastatin is pri-
marily used as a lipid-depleting agent in chronic treatments. In both
cases, we demonstrated how toxicity correlated with the higher
levels of CYP3A4 activity, thus confirming the CYP3A4-circadian
hepatoxicity dependence. These experiments establish the feasibility
to develop a treatment protocol to minimize the hepatotoxicity
adverse effect of a subset of drugs.

Previous studies have demonstrated that the susceptibility of an
animal to various infectious agents is time dependent and often
correlates with differential induction of inflammatory cytokines (17,
56, 57). Our data support this concept by demonstrating differences
in human hepatocyte sensitivity to LPS and IFN-f as well as to
Plasmodium infection at different circadian phases. LPS is a highly
antigenic molecule that is derived from Gram-negative bacteria and
activates a plethora of inflammatory cascades via Toll-like receptor-
4 . The temporal dependence of LPS-induced endotoxic shock and
differential induction of inflammatory cytokines has been reported
in mice. In vitro studies also observed a myeloid autonomous clock
when challenged with LPS at different CTs after synchronization
(40, 58). In more recent work, Geiger and colleagues point to Bmall
in hepatocytes as a key transducer in modulating susceptibility to
the lethal effects of LPS (59). In our hepatocyte cultures, we also
observed altered levels of inflammatory cytokine expression after
induction with LPS at different times. An organism’s feeding process
exposes the liver to food-derived bacterial components, such as LPS,
that are translocated from the gut into the portal vein. Consequently,
feeding rhythms will also produce rhythmic exposure to food-
derived antigens and bacterial components. It has been previously
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shown that intestinal innate immunity exhibits circadian rhythms
that anticipate pathogen exposure upon food intake (54, 60) There-
fore, hepatocytes may use a similar mechanism to anticipate the
exposure to food-derived antigens and bacterial components during
feeding. It is the reliable prediction of regular environmental changes
that make circadian biology advantageous, such that these patterns
could potentially serve as a mechanism to induce immune tolerance
or a mechanism to achieve a more efficient immune response in
the liver.

We also report differences in hepatocyte sensitivity to IFN at dif-
ferent circadian phases. IFN response is fundamental in the innate
immune response to hepatotropic pathogens. IFN activates a signal
transduction pathway leading to the induction of ISGs. Notably, we
observed a down-regulation of several ISG in isolated PHHs after
Bmall expression was suppressed. This observation may explain
why previous models observed that virus replication is enhanced
in the absence of Bmall, implying that low levels of Bmall lead to
increased herpes and influenza A viral infection (36) The fact that
the induction of ISG in response to IFN was altered depending
on the time of the stimulation could potentially lead to an innate
response and infection outcomes that are variable across the circa-
dian day, or after IFN treatment (61, 62) In support of this theory,
here we showed that the levels of ISG induction were significantly
higher at CT36 versus CT24 and the number of Malaria-infected
hepatocytes was the opposite (higher infection at CT24 versus
CT36). In our system, at CT24 we observe the lowest sensitivity
to IFN and LPS. However, we cannot rule out other factors, for
example genes involved in lipid metabolism have been shown to
be important for the malaria liver stage infection, and the circadian
transcriptome obtained using our MPCC PHH revealed genes cycling
related to lipid metabolism. Therefore, further investigations are
needed to identify the malaria host-circadian factors.

These findings provide insights into the circadian control of in-
flammatory responses and hepatotropic pathogen infection in hepa-
tocytes, which could have consequences for our understanding of
the pathogenesis of inflammation and infectious diseases. Follow-up
studies are necessary to understand the molecular mechanisms un-
derlying the differential LPS- and IFN-mediated induction in hepa-
tocytes and its implication in inflammatory processes and pathogen
clearance, which could help in the development of anti-inflammatory
and antimalarial and antiviral therapies.

Collectively, our data highlight the enabling capacity of in vitro
systems to interrogate and probe circadian biology in a species- and
tissue-specific cell (e.g., PHHs) and document how circadian oscil-
lations in gene expression drive hepatocyte function in the context
of drug metabolism, inflammation, and parasite infection.

MATERIALS AND METHODS

Methods details

Cells

Cryopreserved PHH donors were purchased from BioIVT (BGW, UBV,
GEB, WWL, JLO, LEQ, YWE, BDU, OQA, and FZQ) and Life Tech-
nologies (8373, 2096, 8350, 8300, 8391, and 3339). Both vendors per-
mitted to sell products derived from human organs procured in the
United States by federally designated Organ Procurement Organiza-
tions. Donor demographics are detailed in fig. S1E. Hepatocytes were
maintained using standard hepatocyte medium [high-glucose Dulbecco’s
modified Eagle’s medium (DMEM with L-glutamine, Corning)] with
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10% (v/v) fetal bovine serum (FBS; Gemini), 1% (v/v) ITS+ (insulin/
human transferrin/selenous acid and linoleic acid) premix (BD Biosci-
ences), glucagon (7 ng/ml; Sigma-Aldrich), dexamethasone (40 ng/ml;
Sigma-Aldrich), 15 mM Hepes (Gibco), and 1% (v/v) penicillin-
streptomycin (Corning). To synchronize the hepatocytes and visualize
the cyclic expression of Bmall, the cultures were placed in “circadian
medium” [non-Hepes-buffered CO,-independent medium (COI;
Thermo Fisher Scientific) with 10% (v/v) FBS (Gemini), 1% (v/v) ITS+
premix (BD Biosciences), and glucagon (7 ng/ml; Sigma-Aldrich)
(fig. S1A)].

3T3-J2 male murine embryonic fibroblasts (gift of H. Green,
Harvard Medical School) were cultured at <18 passages in fibroblast
medium composing of DMEM with high glucose, 10% (v/v) bovine
serum (Thermo Fisher Scientific), and 1% (v/v) penicillin-streptomycin
(Corning).

Coculture and lentiviral treatment

PHHs were seeded on collagen-coated micropatterned plates as
detailed previously (27). Hepatocytes were transduced with Bmall
luciferase expressing lentiviral pseudoparticles [pLenti6-B4B2-Bmall-
dLuc; (26); provided by M. Young] 4 hours after seeding in the pres-
ence of polybrene (4 pg/ml) by spinoculation for 45 min at 1000g.
Twelve to 16 hours after transduction, hepatocytes were washed and
3T3-]2 fibroblasts were subsequently added to the cultures. One week
after transduction, Bmall luciferase expression reached a measurable
level and remained stable over time.

Coculture and siRNA treatment

PHHs were seeded on collagen-coated micropatterned plates as de-
tailed previously (27). siRNA oligonucleotides were added to pat-
terned hepatocytes after washing off the unbound hepatocytes.
ON-TARGETplus SMARTpool siRNA oligonucleotides (Dharma-
con) were delivered to hepatocytes by using RNAIMAX Transfec-
tion Reagent (Thermo Fisher Scientific) per the manufacturer’s
protocols at a final concentration of 100 nM in antibiotic-free
DMEM media supplemented with 10% FBS (final volume of 100 ml).
Duplicate or triplicate wells containing hepatocytes were exposed to
siRNA duplexes overnight for 20 to 24 hours and subsequently
surrounded with 3T3-]J2 fibroblasts and cultured in supplemented
hepatocyte media.

RNA-seq processing and analysis

Total RNA was extracted using TRIzol (Thermo Fisher Scientific) and
purified using the RNeasy Mini Kit (QIAGEN) according to the
manufacturer’s instructions. Samples were deoxyribonuclease-treated.
RNA integrity was determined using an Agilent Fragment Analyzer,
and purity and quantity were determined using a Thermo Scientific
NanoDrop 1000 Spectrophotometer. High-throughput RNA-seq
libraries were prepared as previously described (63) using 100 ng of
total RNA input and sequenced on a NovaSeq6000 using 50-nt
paired-end sequencing.

In the time series experiment, gene expression was quantified
using RSEM version 1.3.1 and STAR version 2.7.1a alignment to a
transcriptome derived from the human hg38 primary assembly and
ensembl version 98 annotation (64). Transcripts per million expres-
sion data with a +1 offset was transformed to log, space and as-
sembled using Tibco Spotfire Analyst 7.6.1, resulting in a data
matrix with two or three replicates for 17 time points at 3-hour
intervals. The average and variance across all replicates were calcu-
lated, and genes with average expression less than 0.2 and variance
less than 0.05 were excluded from analysis. These data were used as
input to JTK_CYCLE (65), and the software was executed according
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to the author’s instructions. Separate runs were performed for 24- to
72-hour and the 24- to 48-hour time spans, and oscillating genes
were defined as those having BHQ values less than 0.2, 0.1, or 0.05.
Heatmaps and scatter plots of oscillating genes were prepared in
Tibco Spotfire Analyst 7.6.1. Heatmaps used row-centered data cal-
culated from averaged replicates using the STANDARDIZE func-
tion of Microsoft Excel and x-axis ordering using the JTK_CYCLE
Lag statistic. Functional annotation of oscillating gene lists was done
using the overlap utility of MSigDB (34).

For the Bmall knockdown experiment, gene expression was
quantified using Salmon version 1.3.0 (66) with a transcriptome
target consisting of human and mouse transcripts. Human tran-
scripts were derived from the hg38 primary assembly and the en-
sembl version 101 annotation, and mouse transcripts were derived
from the mm10 primary assembly and the ensembl 101 annotation
(64). Gene level summaries were prepared using tximport version
1.18.0 (67) running under R version 4.0.3 (R Core Team 2021;
www.R-project.org.). Differential expression analysis was done for
human genes with DESeq2 version 1.32.0 (68, 69), and differentially
expressed genes were defined as those having an absolute apeglm
(70) log, fold change greater than 1 and an adjusted P value less than
0.05. Data parsing and clustering was done using Tibco Spotfire
Analyst 7.6.1. Preranked GSEA (71) was done using javaGSEA
version 4.1.0 using the Wald statistic for human protein-coding
genes as ranking metric and MSigDb version 7.2 (34, 72) gene sets.
RNA isolation and RT-PCR
Upon media removal, MPCCs were lysed and homogenized in
TRIzol (Thermo Fisher Scientific). RNA was isolated via chloroform
extraction and further purified with the RNeasy MinElute Cleanup
Kit (QIAGEN). cDNA was synthesized utilizing SuperScript II
(Thermo Fisher Scientific), and qPCR was performed using Pow-
erUp SYBR Green Master Mix (Thermo Fisher Scientific) in a Bio-
Rad CFX96 Real-Time System according to the manufacturer’s
instructions (37). The primers sequences used to detect mRNA levels
are listed in table S2. Relative mRNA quantification was calculated
with the DDCt (Delta-Delta Ct) method, using gapdh as house-
keeping gene.

Bmal Real-time monitoring

Luminescence of transduced hepatocytes with Bmall-luc reporter
was monitored in real time at 20- to 25-s sampling resolution (inte-
gration time) by light emission of luciferase over 2 to 3 days in
“circadian medium” (COI + L-glutamine + FBS + PS + ITS + glu-
cagon) supplemented with p-luciferin substrate (100 to 150 pg/ml;
Biosynth). Luminescence was determined using a Synergy Neo2
HTS Multi-Mode Microplate Reader, BioTek. Source of plasmid is
noted above.

Biochemical assays

The activity of CYP3A4 in MPCCs was monitored using the cell-
based P450-Glo CYP3A4 Assay with luciferin-isopropyl acetal (IPA)
(Promega) according to the manufacturer’s instructions (37).

Albumin levels were measured by enzyme-linked immunosor-
bent assay (ELISA). Cultures supernatants were collected and stored
at 20°C. Diluted supernatants were incubated with immobilized anti-
human albumin antibodies (Bethyl, catalog no. A80-129, RRID:
AB_67016) for 2 hours at room temperature or overnight at 4°C. After
washing, plates were incubated with horseradish peroxidase-conju-
gated anti-human albumin antibodies (Bethyl, catalog no. A80-129P,
RRID: AB_67023) for 1 hour at room temperature and developed
with tetramethylbenzidine (Thermo Fisher Scientific) as per the
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manufacturer’s protocols. Albumin content was determined on the
basis of the standard curves included on each plate (37).

Drug, LPS, and IFN treatment of MPCCs

MPCC:s at different CTs (CT24, CT36, and CT48) were dosed with
rifampin (Sigma-Aldrich) at 2.5 pM or atorvastatin (Cayman) rang-
ing from 10 to 600 uM or acetaminophen ranging from 0.5 to 50 mM
or LPS (InvivoGen) ranging from 10 to 100 ng/ml or IFN-p (R&D
Systems) ranging from 100 to 1000 U/ml.

Plasmodium infection of MPCC

P. falciparum NF54 or NF175 sporozoites used for infections were
isolated via hand dissection of salivary glands of Anopheles stephensi
female mosquitoes bred and infected at Institut Pasteur (Paris,
France) or Radboud University Medical Center (Nijmegen, Nether-
lands). For transcript analysis, 96-well format MPCCs synchronized
at different CTs (CT24 and CT36) were exposed to 20,000 sporozo-
ites per well or equivalent material from noninfected mosquito sali-
vary glands. Pools of three wells were harvested 3 hours later and
processed for RT-PCR.

For quantification of intracellular parasites, synchronized MPCCs
were infected with 20,000 or 100,000 sporozoites and fixed in
4% paraformaldehyde at 3 hours or 3 days after infection, respec-
tively. Parasites were detected by immunofluorescence assay using
P. falciparum-specific antibodies [P. falciparum circumsporozoite
protein (PfCSP; 1:200 or PfHSP70, 1:200] as described (27, 73). The
number of parasites per well was scored using Image]J software. Images
were captured on a PerkinElmer Opera Phenix system or Zen-ApoTome
inverted wide-field microscope using 20X objectives.
RealTime-Glo MT Viability Assay
Cell viability was measured using the RealTime Glo MT Cell Via-
bility Assay (catalog no. G9711, Promega, Madison, WI) in situ.
MT Cell Viability Substrate and NanoLuc Enzyme were diluted
1:100 in media, and 10 pl was added to each well for a final dilution
of 1:1000. Viability was measured using a luminescent read with 1-s
integration time.

Enzyme-linked immunosorbent assay

An ELISA method was used for measurement of serum IL-1f, IL-6,
and TNF-a using commercially available ELISA Kkits (catalog nos.
DLB50, D6050, and DTA00D, R&D Systems, Minneapolis, MN, USA).

Quantification and statistical analysis

Polar histograms were generated using MATLAB. Each bin (2 hours)
corresponds to 0.524 radians or 30°. Longitudinal measurements
(phase, amplitude, and period) were generated in R using the
JTK package.

Statistics were determined with a one-way or two-way analysis of
variance (ANOVA) test with multiple comparisons using GraphPad
Prism software. Statistical significance was considered for P values
below0.05 (*P < 0.05, **P<0.01, ***P < 0.001,and ****P < 0.0001).
Values in bar graphs represent means + SEM, and the number of
independently performed experiments (n) is indicated in the cor-
responding figure legend.

Supplementary Materials
This PDF file includes:

Figs.S1to S7

Tables S1.and S2

REFERENCES AND NOTES
1. C.Skarke, N.F. Lahens, S. D. Rhoades, A. Campbell, K. Bittinger, A. Bailey, C. Hoffmann,
R.S.Olson, L. Chen, G.Yang, T. S. Price, J. H. Moore, F. D. Bushman, C. S. Greene, G. R. Grant,

March et al., Sci. Adv. 10, eadm9281 (2024) 24 April 2024

20.

21.

22.

23.

A. M. Weljie, G. A. Fitzgerald, A pilot characterization of the human chronobiome. Sci. Rep.
7,17141 (2017).

. G.A. Fitzgerald, G.Yang, G. K. Paschos, X. Liang, C. Skarke, Molecular clocks and the

human condition: Approaching their characterization in human physiology and disease.
Diabetes Obes. Metab. 17 (suppl. 1), 139-142 (2015).

. C.R.Cederroth, U. Albrecht, J. Bass, S. A. Brown, J. Dyhrfjeld-Johnsen, F. Gachon,

C. B. Green, M. H. Hastings, C. Helfrich-Forster, J. B. Hogenesch, F. Lévi, A. Loudon,
G. B. Lundkvist, J. H. Meijer, M. Rosbash, J. S. Takahashi, M. Young, B. Canlon, Medicine in
the fourth dimension. Cell Metab. 30, 238-250 (2019).

. L.S.Mure, H. D. Le, G. Benegiamo, M. W. Chang, L. Rios, N. Jillani, M. Ngotho, T. Kariuki,

O. Dkhissi-Benyahya, H. M. Cooper, S. Panda, Diurnal transcriptome atlas of a primate
across major neural and peripheral tissues. Science 359, eaao0318 (2018).

. D.C.Qian, T. Kleber, B. Brammer, K. M. Xu, J. M. Switchenko, J. R. Janopaul-Naylor,

J. Zhong, M. L. Yushak, R. D. Harvey, C. M. Paulos, D. H. Lawson, M. K. Khan,

R. R. Kudchadkar, Z. S. Buchwald, Effect of immunotherapy time-of-day infusion on
overall survival among patients with advanced melanoma in the USA (MEMOIR): A
propensity score-matched analysis of a single-centre, longitudinal study. Lancet Oncol.
22,1777-1786 (2021).

. M. D.Ruben, G.Wu, D. F. Smith, R. E. Schmidt, L. J. Francey, Y. Y. Lee, R. C. Anafi,

J. B.Hogenesch, A database of tissue-specific rhythmically expressed human
genes has potential applications in circadian medicine. Sci. Transl. Med. 10, eaat8806
(2018).

. R.Zhang, N.F. Lahens, H. . Ballance, M. E. Hughes, J. B. Hogenesch, A circadian gene

expression atlas in mammals: Implications for biology and medicine. Proc. Natl. Acad. Sci.
U.S.A. 111,16219-16224 (2014).

. L.Talamanca, C. Gobet, F. Naef, Sex-dimorphic and age-dependent organization of

24-hour gene expression rhythms in humans. Science 379, 478-483 (2023).

. Y.Tahara, S. Shibata, Circadian rhythms of liver physiology and disease: Experimental and

clinical evidence. Nat. Rev. Gastroenterol. Hepatol. 13, 217-226 (2016).

. J.Bass, J. S. Takahashi, Circadian integration of metabolism and energetics. Science 330,

1349-1354 (2010).

. N.Bolshette, H. Ibrahim, H. Reinke, G. Asher, Circadian regulation of liver function: From

molecular mechanisms to disease pathophysiology. Nat. Rev. Gastroenterol. Hepatol. 20,
695-707 (2023).

. K.A. Stokkan, S. Yamazaki, H. Tei, Y. Sakaki, M. Menaker, Entrainment of the circadian clock

in the liver by feeding. Science 291, 490-493 (2001).

. K. B. Koronowski, K. Kinouchi, P-S. Welz, J. G. Smith, V. M. Zinna, J. Shi, M. Samad, S. Chen,

C.N. Magnan, J. M. Kinchen, W. Li, P. Baldi, S. A. Benitah, P. Sassone-Corsi, Defining the
independence of the liver circadian clock. Cell 177, 1448-1462.e14 (2019).

. S. Dimitrov, C. Benedict, D. Heutling, J. Westermann, J. Born, T. Lange, Cortisol and

epinephrine control opposing circadian rhythms in T cell subsets. Blood 113, 5134-5143
(2009).

. K.D.Nguyen, S. J. Fentress, Y. Qiu, K. Yun, J. S. Cox, A. Chawla, Circadian gene Bmal1

regulates diurnal oscillations of Ly6C(hi) inflammatory monocytes. Science 341,
1483-1488 (2013).

. C.Wang, C. Barnoud, M. Cenerenti, M. Sun, I. Caffa, B. Kizil, R. Bill, Y. Liu, R. Pick, L. Garnier,

O. A. Gkountidi, L. M. Ince, S. Holtkamp, N. Fournier, O. Michielin, D. E. Speiser, S. Hugues,
A. Nencioni, M. J. Pittet, C. Jandus, C. Scheiermann, Dendritic cells direct circadian
anti-tumour immune responses. Nature 614, 136-143 (2023).

. P.Tognini, C. A. Thaiss, E. Elinav, P. Sassone-Corsi, Circadian coordination of antimicrobial

responses. Cell Host Microbe 22, 185-192 (2017).

. C.C.Nobis, G. D. Laramée, L. Kervezee, D. M. De Sousa, N. Labrecque, N. Cermakian, The

circadian clock of CD8T cells modulates their early response to vaccination and the
rhythmicity of related signaling pathways. Proc. Natl. Acad. Sci. U.S.A. 116, 20077-20086
(2019).

. L.C.J. de Bree, V. P. Mourits, V. A. Koeken, S. J. Moorlag, R. Janssen, L. Folkman, D. Barreca,

T. Krausgruber, V. Fife-Gerned|, B. Novakovic, R. J. Arts, H. Dijkstra, H. Lemmers, C. Bock,

L. A. Joosten, R. van Crevel, C. S. Benn, M. G. Netea, Circadian rhythm influences induction
of trained immunity by BCG vaccination. J. Clin. Invest. 130, 5603-5617 (2020).

J.E. Long, M.T. Drayson, A. E. Taylor, K. M. Toellner, J. M. Lord, A. C. Phillips, Morning
vaccination enhances antibody response over afternoon vaccination: A cluster-
randomised trial. Vaccine 34, 2679-2685 (2016).

M. L. Spengler, K. K. Kuropatwinski, M. Comas, A. V. Gasparian, N. Fedtsova,
A.S.Gleiberman, I. I. Gitlin, N. M. Artemicheva, K. A. Deluca, A. V. Gudkov, M. P. Antoch,
Core circadian protein CLOCK is a positive regulator of NF-kB-mediated transcription.
Proc. Natl. Acad. Sci. U.S.A. 109, E2457-E2465 (2012).

H. Olson, G. Betton, D. Robinson, K. Thomas, A. Monro, G. Kolaja, P. Lilly, J. Sanders,

G. Sipes, W. Bracken, M. Dorato, K. Van Deun, P. Smith, B. Berger, A. Heller, Concordance of
the toxicity of pharmaceuticals in humans and in animals. Regul. Toxicol. Pharmacol. 32,
56-67 (2000).

J.Seok, H. S.Warren, A. G. Cuenca, M. N. Mindrinos, H. V. Baker, W. Xu, D. R. Richards,

G. P. McDonald-Smith, H. Gao, L. Hennessy, C. C. Finnerty, C. M. Lopez, S. Honari,

120f 14

$202 ‘G 11dy uo BI0'80US 195 MMM,/:SANY WO | P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH RESOURCE

24.

25.

26.

27.

28.
29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

March et al., Sci. Adv. 10, eadm9281 (2024)

E. E. Moore, J. P. Minei, J. Cuschieri, P. E. Bankey, J. L. Johnson, J. Sperry, A. B. Nathens,
T.R. Billiar, M. A. West, M. G. Jeschke, M. B. Klein, R. L. Gamelli, N. S. Gibran,

B. H. Brownstein, C. Miller-Graziano, S. E. Calvano, P. H. Mason, J. P. Cobb, L. G. Rahme,
S.F.Lowry, R.V. Maier, L. L. Moldawer, D. N. Herndon, R. W. Davis, W. Xiao, R. G. Tompkins;
Inflammation and Host Response to Injury, Large Scale Collaborative Research Program,
Genomic responses in mouse models poorly mimic human inflammatory diseases.
Proc. Natl. Acad. Sci. U.S.A. 110, 3507-3512 (2013).

S.Panda, M. P. Antoch, B. H. Miller, A. I. Su, A. B. Schook, M. Straume, P. G. Schultz, S. A. Kay,
J. S.Takahashi, J. B. Hogenesch, Coordinated transcription of key pathways in the mouse
by the circadian clock. Cell 109, 307-320 (2002).

K.-F. Storch, O. Lipan, . Leykin, N. Viswanathan, F. C. Davis, W. H. Wong, C. J. Weitz,
Extensive and divergent circadian gene expression in liver and heart. Nature 417, 78-83
(2002).

A.C.Liu, H.G.Tran, E. E. Zhang, A. A. Priest, D. K. Welsh, Transcriptional regulation of
intracellular circadian rhythms. PLOS Genet. 4, 1000023 (2008).

S. March, V. Ramanan, K. Trehan, S. Ng, A. Galstian, N. Gural, M. A. Scull, A. Shlomai,

M. M. Mota, H. E. Fleming, S. R. Khetani, C. M. Rice, S. N. Bhatia, Micropatterned coculture
of primary human hepatocytes and supportive cells for the study of hepatotropic
pathogens. Nat. Protoc. 10, 2027-2053 (2015).

S.R. Khetani, S. N. Bhatia, Microscale culture of human liver cells for drug development.
Nat. Biotechnol. 26, 120-126 (2008).

J. Aschoff, Exogenous and endogenous components in circadian rhythms. Cold Spring
Harb. Symp. Quant. Biol. 25, 11-28 (1960).

M. E. Hughes, L. DiTacchio, K. R. Hayes, C. Vollmers, S. Pulivarthy, J. E. Baggs, S. Panda,

J. B. Hogenesch, Harmonics of circadian gene transcription in mammals. PLOS Genet. 5,
1000442 (2009).

R. Refinetti, G. C. Lissen, F. Halberg, Procedures for numerical analysis of circadian
rhythms. Biol. Rhythm Res. 38, 275-325 (2007).

M. J. Costa, B. Finkenstadt, V. Roche, F. Lévi, P. D. Gould, J. Foreman, K. Halliday, A. Hall,

D. A. Rand, Inference on periodicity of circadian time series. Biostatistics 14, 792-806
(2013).

A. L. Hutchison, M. Maienschein-Cline, A. H. Chiang, S. M. A. Tabei, H. Gudjonson,

N. Bahroos, R. Allada, A. R. Dinner, Improved statistical methods enable greater sensitivity
in rhythm detection for genome-wide data. PLOS Comput. Biol. 11, e1004094 (2015).

A. Liberzon, C. Birger, H. Thorvaldsdéttir, M. Ghandi, J. P. Mesirov, P. Tamayo, The
molecular signatures database (MSigDB) hallmark gene set collection. Cell Syst. 1,
417-425 (2015).

N. M. Kettner, H. Voicu, M. J. Finegold, C. Coarfa, A. Sreekumar, N. Putluri, C. A. Katchy,

C. Lee, D. D. Moore, L. Fu, Circadian Homeostasis of Liver Metabolism Suppresses
Hepatocarcinogenesis. Cancer Cell 30, 909-924 (2016).

R.S. Edgar, A. Stangherlin, A. D. Nagy, M. P. Nicoll, S. Efstathiou, J. S. O'Neill, A. B. Reddy,
Cell autonomous regulation of herpes and influenza virus infection by the circadian
clock. Proc. Natl. Acad. Sci. U.S.A. 113, 10085-10090 (2016).

L. Mancio-Silva, H. E. Fleming, A. B. Miller, S. Milstein, A. Liebow, P. Haslett,

L. Sepp-Lorenzino, S. N. Bhatia, Improving drug discovery by nucleic acid delivery in
engineered human microlivers. Cell Metab. 29, 727-735.e3 (2019).

S.-F. Zhou, Drugs behave as substrates, inhibitors and inducers of human cytochrome
P450 3A4. Curr. Drug Metab. 9, 310-322 (2008).

N. Shu, M. Hu, Z. Ling, P. Liu, F. Wang, P. Xu, Z. Zhong, B. Sun, M. Zhang, F. Li, Q. Xie, X. Liu,
L. Liu, The enhanced atorvastatin hepatotoxicity in diabetic rats was partly attributed to
the upregulated hepatic Cyp3a and SLCO1B1. Sci. Rep. 6, 33072 (2016).

A. M. Curtis, C.T. Fagundes, G. Yang, E. M. Palsson-McDermott, P. Wochal, A. F. McGettrick,
N. H. Foley, J. O. Early, L. Chen, H. Zhang, C. Xue, S. S. Geiger, K. Hokamp, M. P. Reilly,

A.N. Coogan, E. Vigorito, G. A. FitzGerald, L. A. J. O'Neill, Circadian control of innate
immunity in macrophages by miR-155 targeting Bmal1. Proc. Natl. Acad. Sci. U.S.A. 112,
7231-7236 (2015).

J. Bass, M. A. Lazar, Circadian time signatures of fitness and disease. Science 354, 994-999
(2016).

K.L.Toh, C.R. Jones, Y. He, E. J. Eide, W. A. Hinz, D. M. Virshup, L. J. Ptacek, Y. H. Fu,

An hPer2 phosphorylation site mutation in familial advanced sleep phase syndrome.
Science 291, 1040-1043 (2001).

A. Patke, P. J. Murphy, O. E. Onat, A. C. Krieger, T. Ozcelik, S. S. Campbell, M. W. Young,
Mutation of the human circadian clock gene CRY1 in familial delayed sleep phase
disorder. Cell 169, 203-215.e13 (2017).

B. Marcheva, K. M. Ramsey, E. D. Buhr, Y. Kobayashi, H. Su, C. H. Ko, G. Ivanova, C. Omura,
S. Mo, M. H. Vitaterna, J. P. Lopez, L. H. Philipson, C. A. Bradfield, S. D. Crosby, L. Jebailey,
X.Wang, J. S. Takahashi, J. Bass, Disruption of the clock components CLOCK and BMAL1
leads to hypoinsulinaemia and diabetes. Nature 466, 627-631 (2010).

M. J. Sole, T. A. Martino, Circadian medicine: A critical strategy for cardiac care. Nat. Rev.
Cardiol. 20,715-716 (2023).

F. Rijo-Ferreira, J. S. Takahashi, Genomics of circadian rhythms in health and disease.
Genome Med. 11,82 (2019).

24 April 2024

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

H. H. J. Gerets, K. Tilmant, B. Gerin, H. Chanteux, B. O. Depelchin, S. Dhalluin, F. A. Atienzar,
Characterization of primary human hepatocytes, HepG2 cells, and HepaRG cells at the
mRNA level and CYP activity in response to inducers and their predictivity for the
detection of human hepatotoxins. Cell Biol. Toxicol. 28, 69-87 (2012).

T. Takiguchi, M. Tomita, N. Matsunaga, H. Nakagawa, S. Koyanagi, S. Ohdo, Molecular basis
for rhythmic expression of CYP3A4 in serum-shocked HepG2 cells. Pharmacogenetics and
genomics 17, 1047-1056 (2007).

X. Zhuang, A. Magri, M. Hill, A. G. Lai, A. Kumar, S. B. Rambhatla, C. L. Donald,

A. F. Lopez-Clavijo, S. Rudge, K. Pinnick, W. H. Chang, P. A. C. Wing, R. Brown, X. Qin,

P. Simmonds, T. F. Baumert, D. Ray, A. Loudon, P. Balfe, M. Wakelam, S. Butterworth,

A. Kohl, C. L. Jopling, N. Zitzmann, J. A. McKeating, The circadian clock components
BMAL1 and REV-ERBa« regulate flavivirus replication. Nat. Commun. 10, 377 (2019).

X. Zhuang, D. Forde, S. Tsukuda, V. D'Arienzo, L. Mailly, J. M. Harris, P. A. C. Wing,

H. Borrmann, M. Schilling, A. Magri, C. O. Rubio, R. J. Maidstone, M. Igbal, M. Garzon,

R. Minisini, M. Pirisi, S. Butterworth, P. Balfe, D. W. Ray, K. Watashi, T. F. Baumert,

J. A. McKeating, Circadian control of hepatitis B virus replication. Nat. Commun. 12, 1658
(2021).

S.Y.Krishnaiah, G. Wu, B. J. Altman, J. Growe, S. D. Rhoades, F. Coldren, A. Venkataraman,
A. O. Olarerin-George, L. J. Francey, S. Mukherjee, S. Girish, C. P. Selby, S. Cal, U. Er,

B. Sianati, A. Sengupta, R. C. Anafi, I. H. Kavakli, A. Sancar, J. A. Baur, C. V. Dang,

J. B. Hogenesch, A. M. Weljie, Clock regulation of metabolites reveals coupling between
transcription and metabolism. Cell Metab. 25, 961-974.e4 (2017).

J. S. Takahashi, Transcriptional architecture of the mammalian circadian clock. Nat. Rev.
Genet. 18, 164-179 (2017).

K. Man, A. Loudon, A. Chawla, Immunity around the clock. Science 354, 999-1003 (2016).
J.F. Brooks Il, C. L. Behrendt, K. A. Ruhn, S. Lee, P. Raj, J. S. Takahashi, L. V. Hooper,

The microbiota coordinates diurnal rhythms in innate immunity with the circadian clock.
Cell 184, 4154-4167.e12 (2021).

A. Pérez-Villa, G. Echeverria-Garcés, M. J. Ramos-Medina, L. Prathap, M. Martinez-Lopez,
D. Ramirez-Sénchez, J. M. Garcia-Cérdenas, |. Armendariz-Castillo, S. Guerrero, C. Paz,

A. Lopez-Cortés, Integrated multi-omics analysis reveals the molecular interplay between
circadian clocks and cancer pathogenesis. Sci. Rep. 13, 14198 (2023).

F. Halberg, E. A. Johnson, B. W. Brown, J. J. Bittner, Susceptibility rhythm to E. coli
endotoxin and bioassay. Proc. Soc. Exp. Biol. Med. 103, 142-144 (1960).

L. Marpegan, M. J. Leone, M. E. Katz, P. M. Sobrero, T. A. Bekinstein, D. A. Golombek,
Diurnal variation in endotoxin-induced mortality in mice: Correlation with
proinflammatory factors. Chronobiol. Int. 26, 1430-1442 (2009).

J.E. Gibbs, J. Blaikley, S. Beesley, L. Matthews, K. D. Simpson, S. H. Boyce, S. N. Farrow,

K. J. Else, D. Singh, D. W. Ray, A. S. |. Loudon, The nuclear receptor REV-ERBa mediates
circadian regulation of innate immunity through selective regulation of inflammatory
cytokines. Proc. Natl. Acad. Sci. U.S.A. 109, 582-587 (2012).

S.S. Geiger, J. Traba, N. Richoz, T. K. Farley, S. R. Brooks, F. Petermann, L. Wang,

F.J. Gonzalez, M. N. Sack, R. M. Siegel, Feeding-induced resistance to acute lethal sepsis is
dependent on hepatic BMAL1 and FXR signalling. Nat. Commun. 12, 2745 (2021).

M. M. Bellet, E. Deriu, J. Z. Liu, B. Grimaldi, C. Blaschitz, M. Zeller, R. A. Edwards, S. Sahar,

S. Dandekar, P. Baldi, M. D. George, M. Raffatellu, P. Sassone-Corsia, Circadian clock
regulates the host response to Salmonella. Proc. Natl. Acad. Sci. U.S.A. 110, 9897-9902
(2013).

A. Shlomai, R. E. Schwartz, V. Ramanan, A. Bhatta, Y. P. de Jong, S. N. Bhatia, C. M. Rice,
Modeling host interactions with hepatitis B virus using primary and induced pluripotent
stem cell-derived hepatocellular systems. Proc. Natl. Acad. Sci. U.S.A. 111, 12193-12198
(2014).

L. Mancio-Silva, N. Gural, E. Real, M. H. Wadsworth II, V. L. Butty, S. March, N. Nerurkar,

T. K. Hughes, W. Roobsoong, H. E. Fleming, C. A. Whittaker, S. S. Levine, J. Sattabongkot,
A. K. Shalek, S. N. Bhatia, A single-cell liver atlas of Plasmodium vivax infection. Cell Host
Microbe 30, 1048-1060.e5 (2022).

S. Mildrum, A. Hendricks, A. Stortchevoi, N. Kamelamela, V. L. Butty, S. S. Levine,
High-throughput minitaturized RNA-seq library preparation. J. Biomol. Tech. 31, 151-156
(2020).

F. Cunningham, J. E. Allen, J. Allen, J. Alvarez-Jarreta, M. R. Amode, I. M. Armean,

O. Austine-Orimoloye, A. G. Azov, |. Barnes, R. Bennett, A. Berry, J. Bhai, A. Bignell, K. Billis,
S.Boddu, L. Brooks, M. Charkhchi, C. Cummins, L. D. R. Fioretto, C. Davidson, K. Dodiya,

S. Donaldson, B. El Houdaigui, T. El Naboulsi, R. Fatima, C. Garcia Giron, T. Genez,

J. Gonzalez Martinez, C. Guijarro-Clarke, A. Gymer, M. Hardy, Z. Hollis, T. Hourlier, T. Hunt,
T. Juettemann, V. Kaikala, M. Kay, I. Lavidas, T. Le, D. Lemos, J. C. Marugén, S. Mohanan,

A. Mushtaqg, M. Naven, D. N. Ogeh, A. Parker, A. Parton, M. Perry, |. Pilizota, |. Prosovetskaia,
M. P. Sakthivel, A. I. A. Salam, B. M. Schmitt, H. Schuilenburg, D. Sheppard, J. G. Pérez-Silva,
W. Stark, E. Steed, K. Sutinen, R. Sukumaran, D. Sumathipala, M.-M. Suner, M. Szpak,
A.Thormann, F. F. Tricomi, D. Urbina-Gomez, A. Veidenberg, T. A. Walsh, B. Walts,

N. Willhoft, A. Winterbottom, E. Wass, M. Chakiachvili, B. Flint, A. Frankish, S. Giorgetti,

L. Haggerty, S. E. Hunt, G. R. lisley, J. E. Loveland, F. J. Martin, B. Moore, J. M. Mudge,

M. Muffato, E. Perry, M. Ruffier, J. Tate, D. Thybert, S. J. Trevanion, S. Dyer, P. W. Harrison,

130f 14

$202 ‘G 11dy uo BI0'80US 195 MMM,/:SANY WO | P3PE0 JUMOQ



SCIENCE ADVANCES | RESEARCH RESOURCE

K. L.Howe, A. D. Yates, D. R. Zerbino, P. Flicek, Ensembl 2022. Nucleic Acids Res. 50,
D988-D995 (2022).

M. E. Hughes, J. B. Hogenesch, K. Kornacker, JTK_CYCLE: An efficient nonparametric
algorithm for detecting rhythmic components in genome-scale data sets. J. Biol. Rhythms
25,372-380(2010).

R. Patro, G. Duggal, M. I. Love, R. A. Irizarry, C. Kingsford, Salmon provides fast and
bias-aware quantification of transcript expression. Nat. Methods 14, 417-419
(2017).

C. Soneson, M. . Love, M. D. Robinson, Differential analyses for RNA-seq: Transcript-level
estimates improve gene-level inferences. F1000Res 4, 1521 (2015).

M. . Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

S. Anders, W. Huber, Differential expression analysis for sequence count data. Genome
Biol. 11,R106 (2010).

A.Zhu, J. G. Ibrahim, M. . Love, Heavy-tailed prior distributions for sequence count data:
Removing the noise and preserving large differences. Bioinformatics 35, 2084-2092
(2019).

V. K. Mootha, C. M. Lindgren, K.-F. Eriksson, A. Subramanian, S. Sihag, J. Lehar,

P. Puigserver, E. Carlsson, M. Ridderstrale, E. Laurila, N. Houstis, M. J. Daly, N. Patterson,

J. P. Mesirov, T. R. Golub, P. Tamayo, B. Spiegelman, E. S. Lander, J. N. Hirschhorn,

D. Altshuler, L. C. Groop, PGC-1alpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat. Genet. 34,
267-273 (2003).

A. Subramanian, P. Tamayo, V. K. Mootha, S. Mukherjee, B. L. Ebert, M. A. Gillette,

A. Paulovich, S. L. Pomeroy, T. R. Golub, E. S. Lander, J. P. Mesirov, Gene set enrichment
analysis: A knowledge-based approach for interpreting genome-wide expression
profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545-15550 (2005).

S. March, S. Ng, S. Velmurugan, A. Galstian, J. Shan, D. J. Logan, A. E. Carpenter, D. Thomas,
B.K. L. Sim, M. M. Mota, S. L. Hoffman, S. N. Bhatia, A microscale human liver platform that
supports the hepatic stages of Plasmodium falciparum and vivax. Cell Host Microbe 14,
104-115(2013).

65.

66.

67.
68.
69.

70.

71.

72.

73.

March et al., Sci. Adv. 10, eadm9281 (2024) 24 April 2024

Acknowledgments: We would like to thank E. Real, L.-E. Ch'ng, and A. Miller for the technical
assistance. Funding: This work was supported by the MIT International Science and
Technology Initiatives (MISTI) (MIT-France program), Cancer Center Support (core) Grant
P30-CA14051 from the NCI to the Barbara K. Ostrom (1978), Bioinformatics and Computing
Core Facility of the Swanson Biotechnology Center, Inserm (French National Institute of
health and medical research), Agence Nationale de la Recherche (ANR-20-CE15-0031), the
National Institute of General Medical Sciences (T32GM007753 and T32GM144273) (the
content is solely the responsibility of the authors and does not necessarily represent the
official views of the National Institute of General Medical Sciences or the National Institutes of
Health), and the Institut Pasteur Center for the Production and Infection of Anopheles and
UtechS Photonic Biolmaging, supported by France Biolmaging, ANR-10-INBS-04, and
investments for the future. The following reagent was obtained through BEI Resources, NIAID,
and NIH: monoclonal anti-PfCSP, clone 2A10 (produced in vitro), MRA-183A, contributed by

E. Nardin. S.N.B. is an HHMI investigator. Author contributions: Conceptualization: S.M.,

LA, LM.-S.,, CM.R, and S.N.B. Investigation: S.M., N.N., A.J., L.A., and L.M.-S. Resources: E.T. and
S.T. Software and formal analysis: C.A.W. and D.M. Writing—original draft: S.M. Writing—
review and editing: S.M., LA, N.N., AJ, CAW, D.M,, LM.-S,, HE.F, CM.R., and S.N.B.
Supervision and funding acquisition: S.M., CM.R., and S.N.B. Competing interests: S.N.B.
reports interests in Sunbird Bio, Satellite Bio, Catalio Capital, Port Therapeutics, Matrisome
Bio, Xilio Therapeutics, Ochre Bio, Vertex Pharmaceuticals, Moderna, Johnson & Johnson, and
Owlstone—which were not involved in this study. S.N.B!s interests are reviewed and
managed under MIT’s policies for potential conflicts of interest. The authors declare that they
have no other competing interests. Data and materials availability: All data needed to
evaluate the conclusions in the paper are present in the paper and/or the Supplementary
Materials. Raw RNA-seq data have been deposited into the Gene Expression Omnibus (GEO)
under the accession number GSE218244.

Submitted 20 November 2023
Accepted 22 March 2024
Published 24 April 2024
10.1126/sciadv.adm9281

140f 14

$202 ‘G 11dy uo BI0'80US 195 MMM,/:SANY WO | P3PE0 JUMOQ



	Autonomous circadian rhythms in the human hepatocyte regulate hepatic drug metabolism and inflammatory responses
	INTRODUCTION
	RESULTS
	PHHs display a circadian rhythm in culture
	Transcriptomic analyses of synchronized PHHs
	Disruption of the clock in PHHs
	Assessment of circadian drug metabolism and CYP3A4 hepatotoxicity
	Circadian control of the hepatocyte inflammatory response and infection

	DISCUSSION
	MATERIALS AND METHODS
	Methods details 
	Cells

	Anchor 17
	Coculture and lentiviral treatment
	Coculture and siRNA treatment
	RNA-seq processing and analysis
	RNA isolation and RT-PCR
	Bmal Real-time monitoring
	Biochemical assays
	Drug, LPS, and IFN treatment of MPCCs
	Plasmodium infection of MPCC
	RealTime-Glo MT Viability Assay
	Enzyme-linked immunosorbent assay

	Quantification and statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


