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A synthetic chronogenetic gene circuit for
programmed circadian drug delivery
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Circadian medicine, the delivery of therapeutic interventions based on an
individual’s daily rhythms, has shown improved efficacy and reduced side-
effects for various treatments. Rheumatoid arthritis and other inflammatory
diseases are characterized by diurnal changes in cytokines, leading to inflam-
matory flares, with peak disease activity in the early morning. Using a combi-
nation of synthetic biology and tissue engineering, we developed circadian-
based gene circuits, termed “chronogenetics”, that express a prescribed
transgene downstream of the core clock gene promoter, Period2 (Per2). Gene
circuits were transduced into induced pluripotent stem cells that were tissue-
engineered into cartilage constructs. Our anti-inflammatory chronogenetic
constructs produced therapeutic concentrations of interleukin-1 receptor
antagonist in vitro. Once implanted in vivo, the constructs expressed circadian
rhythms and entrained to daily light cycles, producing daily increases in bio-
logic drug at the peak of Per2 expression. This approach represents the
development of a cell-based chronogenetic therapy for various applications in
circadian medicine.

Circadian medicine, or the delivery of therapeutic interventions based
on an individual’s circadian rhythm, is emerging as an important
method for minimizing side effects and increasing efficacy of drugs1.
Circadian rhythms are generated by an intracellular genetic timing
mechanism that operates on a roughly 24-h period and exists within
nearly all cells in the body2–4. The core clock genes, including tran-
scriptional activators Bmal1 and Clock, and repressors Per1/2 and Cry1/
2, create an auto-regulatory negative feedback loop that drives daily
transcription of clock-controlled genes such as Nr1d1 and Nr1d2, Dbp,
andNfil33,4. Many tissue-specific clock-controlled genes are involved in
maintaining tissue homeostasis and their disruption is associated with
various disease processes2,5–9.

Approximately 50% of mammalian genes are expressed with 24-h
rhythms in at least one tissue and their expression is regulated in some

way by the circadian clock10. Therefore, there has been an increase in
research trying to understand the importance of therapeutic delivery
in alignment with circadian rhythms. Recently, it was found that over
half (56) of the top 100 selling drugs in the United States target the
product of a circadian gene11, spurring additional research and clinical
trials examining the effects of timed delivery of drugs based on cir-
cadian rhythms (e.g., circadianmedicineor chronotherapy) to increase
their efficacy and minimize side effects5,8,10–15. Increasing evidence has
shown that time of day is critical to outcomes in a number of ther-
apeutic interventions, including statins in lowering cholesterol,
hypertension, asthma, pain killers for osteoarthritis16, heart surgery17,
cardiovascular disease treatment11, and cancer treatment18–20.

In musculoskeletal tissues such as articular cartilage, bone, or the
intervertebral disc, circadian rhythms are essential for normal
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physiology, and disruption of the core clock genes, even in these
peripheral tissues, causes loss of tissue homeostasis and the onset of
diseases5,21. Furthermore, in disease conditions, such as rheumatoid
arthritis (RA) and osteoarthritis (OA), circadian expression patterns in
cytokines results in diurnal patterns in the intensity of symptoms, with
inflammatory flares typically occurring in the early morning5,8,12,13,22.
These findings have motivated the development and testing of circa-
dianmedicine for RA. In trials of non-steroidal anti-inflammatorydrugs
(NSAIDs) or methotrexate, patients that took these drugs at night (i.e.,
a few hours before the peak of the flare) showed improved outcomes
and reduced adverse events in response to the drugs. Additionally,
patients who received drugs at night instead of themorning to combat
the matinal increase in interleukin 6 reported reduced joint pain15.
Therefore, there is a need to develop and test systems for timed
delivery of biologics for enhanced efficacy inmusculoskeletal diseases
such as RA. Additionally, this timed delivery needs to be personalized
to individuals’ daily rhythms for ultimate efficacy. Unfortunately, the
process of taking drugs at specific times of day can be difficult to
maintain since it requires daily injections or delivery of drugs at
inconvenient times. This challenge can lead to lapses in patient com-
pliance and poor adoption of the regimen by physicians. With recent
advances in synthetic biology and genetic engineering, cell-based
therapies that harness cells for controlled, and long-lasting delivery of
prescribed biologic drugs can be a promising approach to ensure drug
delivery in response to specific exogenous stimuli such as inflamma-
tion [e.g.23,] or at specific times of day and over specific frequencies.

In this study, we developed a bioartificial implant using stem cells
with programmed synthetic gene circuits capable of circadian delivery
of biologic drugs as a chronogenetic therapy. Based on the cell’s own
circadian cycles, the system uses a lentiviral synthetic gene circuit
driven by the core clock gene, Per2, to produce interleukin-1 receptor
antagonist (IL-1Ra) as an anti-inflammatory approach to target RA
(Per2-IL1Ra:Luc) (Fig. 1). This chronogenetic circuit contained a 2 A
linker to produce luciferase in addition to the therapeutic drug for
circadian monitoring. We first examined the circadian oscillations of
the circuit through bioluminescence in transduced murine induced
pluripotent stem cells (miPSCs) differentiated into tissue-engineered
cartilage. We then characterized the Per2-IL1Ra:Luc circuit in vitro to
ensure oscillating production of IL-1Ra and to determine if this circuit
could maintain its circadian clock in the presence of inflammatory
cytokines, which has previously been shown to disrupt the clock24,25.
Finally, we tested our Per2-IL1Ra:Luc circuit in vivo to understand
tissue-engineered cartilage circadian clock entrainment to the host
and the ability for timed drug delivery and IL-1Ra concentrations in the
serum. We showed the ability of this chronogenetic circuit to deliver
our therapeutic biologic at specific times of day, driven by Per2
expression both in vitro and in vivo. This chronogenetic synthetic gene
circuit offers a cell-based therapy, driven by the circadian clock, for
chronotherapy, providing controlled biologic delivery at prescribed
times of day.

Results
Characterization of synthetic chronogenetic reporter circuits
and tissue engineered cartilage
To first create chronogenetic circuits, we engineered cartilage cells
expressing Per2-IL1Ra:Luc and tracked Per2 gene expression as biolu-
minescence intensity (BLI) continuously for 60 h. Per2-IL1Ra:Luc cells
showed circadian oscillations (n = 13, 23.4 ± 0.35 h period, Fig. 2B,
Supplementary Movie 1) similar to cells expressing a Per2-Luc circuit
(n = 3, 23.25 ± 1 h period, Fig. 2A). BLI of the constitutive control EF1α-
Luc constructs showed high bioluminescence, but no daily oscillations
(n = 6, Supplementary Fig. S1D). These results indicate that the
chronogenetic circuit directly follows Per2 expression within indivi-
dual cells. We next measured sulfated glycosaminoglycans (sGAG), a
main component of the cartilage extracellular matrix, and found that

non-transduced (NT), Per2-Luc, and Per2-IL1Ra:Luc pellets showed
similar rich red stain for sGAGs (n = 4/group, Fig. 2C) and sGAGcontent
(n = 7/group, Fig. 2D). Additionally, we measured collagen type II, a
primary component of articular cartilage, and found that NT and Per2-
IL1Ra:Luc pellets showed similar immunolabeling for collagen type II
(n = 2-3/group, Fig. 2E). We conclude that our lentiviral chronogenetic
therapy did not impair tissue-engineered cartilage formation and that
our chronogenetic circuit, Per2-IL1Ra:Luc, functions to express luci-
ferase in phase with the clock gene Per2.

Synthetic chronogenetic circuit produces IL-1Ra in a
circadian manner
We next measured the ability of our Per2-IL1Ra:Luc chronogenetic
circuit to produce IL-1Ra at different concentrations over time in
vitro. Because inflammatory cytokines such as IL-1 can disrupt the
circadian clock in native cartilage tissue or tissue-engineered
constructs24,25, we also tested the ability of the Per2-IL1Ra:Luc cir-
cuit to maintain its oscillations in the presence of IL-1. We found the
BLI of the Per2-IL1Ra:Luc circuit pre-cytokine was circadian (n = 10,
pre-cytokine period = 21.9 ± 1.8 h, Fig. 3B) and that the circuit
maintained circadian oscillations after the addition of IL-1 (n = 6,
period = 27.7 ± 7.06 h, Fig. 3B). To quantify the impact of IL-1 on
circadian rhythm amplitude, we compared the peak-trough ampli-
tude in the 24 h preceding and 24 h after treatment. This ratio was
similar between IL-1 treated cells, untreated cells, and cells treated
with PBS (Fig. 3C). Thus, the chronogenetic circuit protected
against IL-1 induced loss of daily rhythms.

To determine the production of IL-1Ra, our therapeutic drug, we
collected the media from Per2-IL1Ra:Luc constructs and collected the
constructs for gene expression every 3 h for 72 h. Per2-IL1Ra:Luc con-
structs had increased Il1rn gene expression compared to NT controls
(n = 6/group, p < 0.001, Fig. 3D). Additionally, Il1rn expression in our
chronogenetic circuit showed circadian oscillations and a significant
difference between peak and trough of the Il1rn expression (p <0.05,
Fig. 3D) with a period of 22.8 ± 3.6 h (mean ± SEM). Importantly, IL-1Ra
production followed a similar oscillation to Il1rn gene expression and
maintained a roughly 24-hour periodof IL-1Ra expressiondriven by the
circadian clock (n = 6, period = 22.5 ± 2.9 h, ARSER algorithm, p =0.03,
Fig. 3E). When we measured the rate of IL-1Ra synthesis to account for
accumulation of IL-1Ra in the media over time, we found IL-1Ra
synthesis peaked around 33 and 63 h (p <0.04), with troughs around
42 and 57h (p <0.01, Fig. 3E), with a 2-fold change in protein abun-
dance in IL1Ra between peak and trough. These findings confirm the
ability of a synthetic gene circuit to produce a therapeutic biologic
drug with a daily rhythm in vitro.

Chronogenetic IL-1Ra delivery and entrainment in vivo
Following the in vitro studies, we tested the effectiveness of this
chronogenetic therapy approach in vivo for both drug delivery and
its ability to synchronize to the circadian clock of the host to deliver
the drug at prescribed times of day. We implanted Per2-IL1Ra:Luc
constructs subcutaneously into the flanks of C57BL/6 J mice (Jackson
Laboratories, Bar Harbor, Maine) and imaged bioluminescence three
days following implantation from the constructs for 36 h. We found
daily rhythms in Per2-driven bioluminescence, peaking around dusk
with a 2.5-fold increase in BLI compared to trough (ZT13, n = 7,
Fig. 4C, H). We next assayed for IL-1Ra protein levels in serum
through serial blood draws at 4 h post bioluminescence peak and
trough (Fig. 4B, D). IL-1Ra concentration in the serum was 3.8 ± 0.7-
fold higher around the peak, compared to trough, of Per2 expression
(n = 7, p = 0.0096, Fig. 4D).

To test if the implanted constructs synchronize to the host’s daily
rhythm, we reversed the light schedule from 7a lights on/7p lights off
(light/dark) to 8a lights off/8p lights on (dark/light). For aweek prior to
this transition and for a month following, mouse wheel-running
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actigraphy was tracked to monitor circadian entrainment to the
reversed light/dark cycle.Withinone-weekpost-schedule shift, allmice
were once again active during the new dark phase and inactive in the
light (Fig. 4B). Following confirmation of re-entrainment via wheel
running, the BLI of the implanted constructs was re-assessed. Biolu-
minescence imaging of constructs showed pellet entrainment to
mouse locomotor activity, with BLI peaking at ZT13, as observed pre-
viously (Fig. 4C). Serum was again collected for IL-1Ra concentration
4 hours post BLI peak and trough apart and IL-1Ra concentration was
significantly increased during peak expression of Per2 compared to
trough (n = 7, p =0.004, Fig. 4E).We chose to sample4-h after the daily
peak and trough of bioluminescence to allow time for translation of IL-
1Ra. After 21 days of implantation, constructs were removed from the
mice and subject to Safranin-O staining or immunohistochemistry for
collagen type II. We found that constructs maintained their chondro-
genic tissue even after implantation (Fig. 4F, G). Two additional
cohorts of mice were implanted with constructs in the flank, one in a
reverse LD schedule and the other in a standard LD schedule. Peak
timing remained consistent across all three implant cohorts (n = 12
mice, Supplementary Fig. S1C). Furthermore, constructs transduced
with a constitutive reporter (EF1α-Luc) did not show daily rhythms in
bioluminescence in vitro (n = 4, Supplementary Fig. S1C) or in vivo

(n = 6, Supplementary Fig. S1E). These results were consistent over a
five-day recording, with subcutaneously implanted Per2-IL1Ra:Luc
constructs showing circadian oscillations (n = 5, period = 23.92 h, Cir-
cadian R2 value 0.71 ± 0.03) and subcutaneously implanted EF1α-Luc
constructs showing no circadian rhythm (n = 5, Circadian
R2 = 0.36 ± 0.07) (Supplementary Fig. S2). Taken together, these
results show the ability of our synthetic circuit to deliver IL-1Ra at
different times of day, trackingwith the clock component Per2, and the
ability of our drug delivery system, a tissue engineered pellet, to
entrain to the host for prescribed time of day treatment and to persist
for at least 28 days in vivo.

Discussion
Building on the principles of circadian medicine, we used synthetic
biology to develop cell-based chronogenetic therapies that are capable
of deliveringbiologic drugs atprescribed times, trackingwith circadian
rhythms. While the notion of taking drugs based on circadian rhythms
is gaining popularity, the inconvenient times and need to take the
drugs at the same time eachdaymakes it difficult for patients to adhere
to the chronotherapy approach. Using a stem cell-based implant, we
created a system to deliver drugs autonomously at specific times to
provide localized and timed delivery of the drug. Specifically, we
determined that the circadian Per2 promoter can be used to drive daily
gene expression and protein production in engineered cells. Driven
gene expression peaks about 9 h before protein. These cells, when
implanted, integrate to synchronize to the body’s daily rhythms and
last at least 28 days. In previous studies, we showed persistence and
activation of similar constructs, engineered from iPSCs, for 6 months
in vivo, indicating the potential for long-lasting, autonomous drug
delivery in such a cell-based system26. This approach can be used for
disease targetingwhere symptomsordisease severity changes over the
day and could be used formore effective delivery of a range of biologic
drugs such as growth factors or drugs targeting tissue homeostasis.

Our chronogenetic gene circuit was capable of delivering the anti-
inflammatory cytokine IL-1Ra in a timed and oscillating manner
through different concentrations of protein in the serum. The decision
to implant our tissue-engineered cell therapy subcutaneously was due
to the fact that RA is a systemic inflammatory disease, requiring sys-
temic mitigation instead of localized therapy. Additionally, previous
work has shown that subcutaneous implantation of tissue-engineered
systems that can produce IL-1Ra can effectivelymitigate inflammation,
pain, and structural damage of RA26. This system can be expanded
beyond applications in RA and can be used for any inflammatory dis-
ease where there are inflammatory flares driven by the circadian
clock11,16,27–29. Additionally, this type of system can be used to deliver
different concentrations of drugs at different times. It is also important
to note that other stimuli such as mechanical loading may occur in a
diurnal manner30 and could be implemented as a mechanogenetic
system31 to function in a synergistic manner with chronogenetic gene
circuits as presented here.

Importantly, we also evaluated the ability of our tissue engineered
cell therapy to entrain to its host, as this is important when producing
chronogenetic therapies driven by the host circadian clock. Here we
see that our tissue engineered constructs synchronize to the host and
can continue to entrain even with shifts in circadian rhythms, con-
sistent with prior results indicating that implanted cells can synchro-
nize to the host32. The ability of the tissue engineered system to entrain
with the mouse circadian clock, even following reversal of the light/
dark cycle, is important in the ability of our tissue engineered systems
to maintain prescribed drug delivery that is synchronized to perso-
nalized circadian rhythms. This characteristic is critical for consistent
delivery timing even during perturbations or shifts in circadian
rhythms that can happenwith shift work, circadiandisorders, different
chronotypes, and other disease pathologies that can affect the
circadian clock.

Fig. 1 | Cell-based circadian medicine approach. A therapeutic chronogenetic
circuit was created and transduced into murine induced pluripotent stem cells
(miPSCs) using lentivirus. These miPSCs were then differentiated into tissue engi-
neered cartilage. The circuit was driven by the Per2 promoter, activated by core
clock component Per2 and produced both a luciferase reporter and the therapeutic
drug, IL-1Ra. The Per2-IL1Ra:Luc circuit is capable ofdelivering ananti-inflammatory
drug to target inflammatory flares.
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Tissue-engineered cartilage was used as the model delivery sys-
tem because it is avascular, aneural, can easily be implanted, and can
survive in any implant location24,26,31. Additionally, previous work
showed that circadian rhythms are fully developed within tissue-
engineered cartilage24. Tissue-engineered cartilage is also highly rele-
vant to RA therapeutics because it can be used to produce locally
acting IL-1Ra to the synovium. Implants engineered from control or
genetically-engineered iPSCs showed chondrogenic differentiation, as
evidenced by rich sGAG and collagen type II staining and expression of
circadian rhythms. In previous studies, we have shown that naïve iPSCs
do not exhibit circadian rhythms but develop daily rhythms as they
undergo chondrogenesis24. Importantly, we saw that our anti-
inflammatory chronogenetic circuit could maintain its circadian
rhythm in the presence of inflammatory cytokine, IL-1. Previously, it
has been reported that inflammatory cytokines disrupt the circadian
clock24,25,33 but that the administration of anti-inflammatory agents
could restore the circadian clock. Therefore, our chronogenetic circuit
is capable of being clock-preserving, which is important for its ability
to deliver anti-inflammatory biologics at prescribed times of day. The
maintenance of oscillations even in the presence of inflammation
demonstrates the robustness of this system in response to inflamma-
tory challenge, providing additional support for the applicability of

this approach as a cell-based therapeutic to target inflammatory flares.
Additionally, this type of clock-preserving system can be used as a tool
to better understand the relationship between circadian rhythms and
inflammation.

Engineered tissue constructs showed changes in the expression of
Il1rn as well as rate of protein synthesis of IL-1Ra with a calculated
period of ~23 h, whereas control specimens did not showexpression or
synthesis of IL-1Ra. Thesefindings confirm the cell-autonomous nature
of this chronogenetic gene circuit to drive circadian rhythms in
chondrocytes which can be maintained over at least 72 h without
exogenous stimuli for resynchronization24,34.

Once implanted, we observed via bioluminescence that the con-
structs entrained with the intrinsic circadian rhythm of mice and syn-
thesized roughly 4-fold higher concentrations of IL-1Ra in the serum
during the light period (ZT 9) as compared to the dark period (ZT 17).
Importantly, once the light/dark cycle for thesemicewas switched, the
implants rapidly entrained to thenewconditions and reversed the time
of peak IL-1Ra synthesis. We directly measured IL1-Ra in vivo at peak
and trough times estimated from the experiments described above, in
which we indirectly assayed IL1-Ra via luciferase expression in vitro,
in vivo, and IL-1Ra expression every two hours in vitro. All of these
factors give us confidence that our peak and trough samples are

Fig. 2 | Characterization of chronogenetic reporter circuit and tissue engi-
neered cartilage. A Per2-Luc bioluminescence intensity (BLI) in tissue engineered
cartilage (n = 3). B Per2-IL1Ra:Luc BLI in tissue engineered cartilage (n = 13).
C Safranin-O staining for sGAGs, an indicator of cartilage matrix integrity (n = 4/
group, scale bar = 100μM). D Quantification of sGAGs normalized to DNA content

within each pellet (n = 7/group, mean ± SEM, one-way ANOVA). No significance
between non-transduced (NT), Per2-Luc, and Per2-IL1Ra:Luc constructs (n.s.=no
significance, ANOVA). E Immunohistochemistry for collagen II, a key component of
articular cartilage (n = 2-3/group, scale bar=100μM). Source data are provided as a
Source Data file.
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reliable measures of actual peak and trough IL-1Ra levels in vivo in
implanted mice. These findings indicate the predictability and con-
trollability of this system since the implants can rapidly entrain with
the host’s circadian clock. The chronogenetic circuits developed here
were driven by core clock gene Per2, however other core clock genes
canbe used for alternative timeddelivery or for specific inputs, such as
Bmal1 for antiphase and Dbp/Nr1d1 for high amplitude. In situations

where an increased concentration of protein is required, alternative
promoters such as Dbp/Nr1d1 can be used for higher amplitude and
increased protein production. Additionally, targeted mutations in the
Per2 promoter can result in increased protein production. Alter-
natively, an increased concentration of lentivirus can be used to
transduce the cells for increased protein production as well. Addi-
tionally,multiple circuits can be usedwith antiphase drivers to create a

Fig. 3 | In vitro characterization of Per2-IL1Ra:Luc chronogenetic circuit.
A Schematic of experiments. B BLI of Per2-IL1Ra:Luc constructs before and after
addition of 1 ng/mL of IL-1α (n = 6). C Fold change in BLI amplitude of circadian
oscillation from one day before to one day after IL-1 treatment compared to the
samemeasurement in untreated cells (n = 6) and cells treated with PBS (n = 18) (no
significance).D Gene expression analysis of Il1rn (n = 6/group, fold change relative
toNTcontrol at 0 h). Samples collected every 3 hours for 72 h. In the Per2-IL1Ra:Luc
group therewereoscillations of Il1rnmRNAabundance and a significant decrease in
expression at 27 h (p =0.04) and 39h (p =0.03) compared to peak expression at
69 hvia one-way ANOVA. Asterisks denotes significance compared to 69h. E IL-1Ra

protein production over the course of 3 days in the Per2-IL1Ra:Luc circuits (n = 6).
The chronogenetic circuit produced oscillating IL-1Ra levels (ARSER test, p =0.03)
with a significant decrease in expression at 42 h (p =0.04), 57 h (p =0.004), and
60h (p =0.03) compared to peak expression time of 63 h and a significant increase
in expression at peak times 33 h (p =0.01), 63 h (p =0.004), and 66 h (p =0.01)
compared to 72 h via one-way ANOVA. Asterisks denotes significance compared to
72 h and hash denotes significance compared to 63 h. Source data are provided as a
Source Data file. Created in BioRender. Guilak, F. (2025) https://BioRender.com/
n75d206.
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two-pronged approach with one drug delivered at multiple peaks
throughout the day or for two different drugs to be delivered at dif-
ferent times, depending on the need in disease progression. Addi-
tionally, mutations can be made in core clock genes promoters in the
E-box and/or D-box to delay or advance the phase of the circadian
clock, to tailor this approach to any timing of delivery35–37.

The creation of these chronogenetic therapies opens a new field
of cell-based therapies andways to enhance drug efficacy andmitigate
side effects through the timed delivery of drugs personalized to the

patient’s circadian rhythm. By developing an in vitro system to char-
acterize these chronogenetic gene circuits, we can characterize drug
delivery intrinsic to the engineered cells and then test them in vivo for
chronotherapy outcomes. Although circadian rhythms, clock-
controlled genes, and their therapeutic potentials are starting to be
better understood, there are still many unknowns on the effect the
core circadian clock has on specific genes, and the importance of
timed drug delivery. Therefore, these synthetic circuits can help
unravel the links between circadian rhythms and disease progression.
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Additionally, these systems can be used to deliver anabolic factors to
cells to create better tissue engineered systems, as well as can be used
to create in vitro model systems that can accurately depict cyclic dis-
ease states to better understand the effects of time. To ensure the
ability to turn off these chronogenetic therapies when implanted, in
the case of adverse effects, we could incorporate a system such as a
Tet-on or Tet-off switch into the cells38. In this case, the oral adminis-
tration of a tetracycline analog such as doxycycline could be used to
selectively activate or inactivate drug delivery from the therapeutic
gene circuit.

This study provides proof-of-concept of a chronogenetic gene
circuit for programmed circadian drug delivery. In the future, we may
be able to combine this type of circadian therapy with biomaterials-
based delivery systems [e.g.39,40,] for controlled delivery of complex
combinations of drugs at specific times of day to enhance efficacy.
Future work will be directed toward testing this system in disease
models with inflammatory flares, such as RA, and evaluate the efficacy
of this approach compared to antibody treatments, the current
treatment for RA. Such approaches can also be expanded to create
chronogenetic therapies for many different tissues and targeting dif-
ferent diseases where there are therapeutic targets for clock-
controlled genes. Together, this framework for developing persona-
lized chronogenetic therapies is an approach to establish a new gen-
eration of cell therapies that provide precise and effective therapeutic
drug delivery.

Methods
Reagent sources
A list of reagents and their sources and catalog numbers are provided
in Supplementary Dataset 1.

Murine induced pluripotent stem cell culture and
differentiation
All animal procedures were performed with approval of the
Washington University Institutional Animal Care and Use Committee
(IACUC, protocol 19-0758). Murine induced pluripotent stem cells
(miPSCs) were derived from tail fibroblasts from male adult C57BL/6
mice and transduced with a single lentiviral vector controlling the
transgenic expression of mouse Oct4 (Pou5f1), Sox2, Klf4, and c-Myc.
Tail fibroblasts from C57BL/6 mice were isolated by removing the
outer layer of skin, mincing the tissue, and digesting it overnight in
0.2% collagenase type I (Worthington Biochemical). The digested cells
were then passaged several times in DMEM-LG (Sigma-Aldrich) sup-
plemented with 15% fetal bovine serum (FBS, Sigma-Aldrich) and 1%
penicillin-streptomycin-fungizone (P/S/F, Gibco). To prepare the fee-
der layer, mouse embryonic fibroblasts (PMEF-NL, Millipore) were
treated with 10 µg/mlmitomycin-C (Sigma-Aldrich) for 2–3 h to inhibit
proliferation, then cultured on 0.1% gelatin-coated dishes at con-
fluence. Reprogramming was initiated by transducing tail fibroblasts
with a doxycycline-inducible lentiviral vector carrying mouse cDNAs
for Oct4 (Pou5f1), Sox2, Klf4, and c-Myc for 24 h. After approximately

two weeks, individual colonies were manually selected based on their
morphology and maintained on feeder cells in iPSC media without
doxycycline.

Undifferentiated iPSCs were analyzed for pluripotency by their
ability to form teratomas by injection of cells into the kidney and testis
of three separatemice asdescribed reported41,42.miPSCswerecultured
in Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM-HG,
Gibco, 11965092), 20% lot selected fetal bovine serum (FBS, R&D Sys-
tems, S11510), 100 nMminimum essentialmedium nonessential amino
acids (NEAA, Gibco, 11140035), 55μM 2-mercaptoethanol (2-me,
Gibco, 21985023), 24 ng/mL gentamicin (Gibco, 15710064), and
1000U/mL mouse leukemia inhibitory factor (LIF, Sigma-Aldrich,
ESG1107), and maintained on mitomycin C (Sigma-Aldrich, M4287)-
treated mouse embryonic fibroblasts (Millipore, PMEF-NL).

Feeder layer cells were removed through two subtraction steps of
45min each on tissue culture plastic, separated by a day of culture on
0.1%gelatin (Sigma-Aldrich). Cellswere resuspended at 2 × 107 cells/ml,
andmicromasses were established by plating 2 × 105 iPSCs in 10 µl into
individual wells of 48-well plates (Corning) or as a set of 30 micro-
masses in a 10 cm dish (BD). After a 2–3 h incubation, additional iPSC
medium with 10% serum (without LIF) was added. Twenty-four hours
later, the media was switched to serum-free chondrogenic differ-
entiation medium. miPSCs were differentiated toward a mesenchymal
state using a high-densitymicromass culture42 inmediumconsisting of
DMEM-HG, 1% culture medium supplement containing recombinant
human insulin, human transferrin, and sodium selenite (ITS + , Corn-
ing, 354352), 100 nM NEAA, 55μM 2-me, 24 ng/mL gentamicin, 50μg/
mL L-ascorbic acid (Sigma-Aldrich, A8960), and 40μg/mL L-proline
(Sigma-Aldrich, P5607). On days 3–5, this medium was supplemented
with 100nM dexamethasone (Sigma-Aldrich, D4902) and 50ng/mL
bone morphogenetic protein 4 (BMP-4; R&D Systems, 5020-BP-010).
After 15 days, the micromasses were dissociated with pronase (Milli-
pore Sigma, 53702) and collagenase type II (Worthington Biochemical,
LS004177). Cells were centrifuged, incubated with 0.25% trypsin-EDTA
(Sigma-Aldrich) for 5min, and resuspended in sortmedium containing
DMEM-HG, 2% FBS, DNase I, 10mM HEPES (Gibco), 2× P/S/F, and
33.3 nM propidium iodide (Biolegend) as a dead cell marker. The pre-
differentiated iPSCs (PDiPSCs) were plated on gelatin-coated dishes in
expansion medium containing DMEM-HG, 10% lot selected FBS, 1%
ITS + , 100 nM NEAA, 55μM 2-me, 1% penicillin/streptomycin (P/S,
Gibco, 15140122), 50μg/mL L-ascorbic acid, 40μg/mL L-proline, and
4 ng/mL of basic fibroblast growth factor (bFGF, R&D Systems,
3718-FB).

Cells were plated at 1 × 104 cells/cm2 on gelatin-coated plates in
chondrogenic expansion medium, which consists of chondrogenic
differentiation medium with 10% FBS and 4ng/ml bFGF (Roche). Cells
were passaged upon reaching sub-confluence every 2–3 days using
0.05% trypsin-EDTA (Sigma-Aldrich). After each passage, cells were
used to form pellets by centrifuging 2.5 × 105 cells at 200 × g for 5min
in 15ml tubes. To create cartilage implants, passage 2 PDiPSCs were
pelleted by centrifugation of 250K cells42. Constructs were cultured

Fig. 4 | In vivo characterization of Per2-IL1Ra-t2a-Luc chronotherapy circuit.
A Schematic of experiments. BMouse wheel-running actigraphy (black tick marks)
recorded tomonitor circadian entrainment to the light cycle. Yellow background is
lights on; white background is lights off. IL-1Ra wasmeasured from blood drawn in
the day (ZT9, diamonds) and night (ZT 17, triangles) two days before and 15 days
after a 12-h shift in the light cycle. Orange lines represent light/dark cycle sampling
and blue lines represent dark/light sampling. C Bioluminescence from Per2-
IL1Ra:Luc constructs implanted in mice peaked around dusk before and after
adjusting to the reversed light cycle (n = 7 mice, 4 constructs/mouse). LD = light/
dark cycle. DL = dark/light cycle. D Serum IL-1Ra concentration evaluated 4 h post
BLI peak and trough expression (repeatedmeasures t-test,p =0.0096,n = 6mice, 4
constructs/mouse). Asterisks denotes significance within each sample, between

timepoints. E Serum IL-1Ra concentration evaluated 4 hours post BLI peak and
trough expression (repeatedmeasures t-test, p =0.004,n = 7, 4 constructs/mouse).
Asterisks denotes significance within each sample, between timepoints. F Safranin-
O staining of a representative engineered cartilage construct 21 days after
implantation. Image is from one implant after removal and staining. Scale bar =
100μm, 6 replicates. G Immunohistochemistry staining for collage type II of a
representative engineered cartilage construct 21 days after implantation. Image is
from an implant after removal and staining. Scale bar = 200μm, 6 replicates.
H Bioluminescence images of three mice bearing Per2-IL1Ra:Luc flank implants,
taken around the peak (ZT13) and trough (ZT5) of Per2 expression. Source data are
provided as a Source Data file. Created in BioRender. Created in BioRender. Guilak,
F. (2025) https://BioRender.com/m89a345.
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for 14–21 days in chondrogenic medium consisting of DMEM-HG, 1%
ITS + , 100 nM NEAA, 55μM 2-me, 1% P/S, 50μg/mL L-ascorbic acid,
40μg/mL L-proline, 100 nM dexamethasone, and 10 ng/mL TGF-β3
(R&D Systems, 8420-B3).

Cell-based chronogenetic circuit design
We developed a lentiviral system activated by Per2 expression, a core
circadian clock gene. The vector contained a t2a component that
linked luciferase (Luc) downstream of the transgene, with the goal of
creating a chronotherapy circuit that had its own luciferase reporter
system. Therefore, upon activation of the circadian clock and sub-
sequent activation of Per2, the chronogenetic circuit would be acti-
vated and produce interleukin-1 receptor antagonist (Per2-IL1Ra:Luc)
over a 24-h period.

The murine Per2 promoter was obtained from lentiviral Per2-Luc
plasmid33. This Per2 promoter contains the essential clock-regulated E-
box sequence sufficient to drive rhythmic gene transcription and
translation. This promoter was cloned in place of the CMVpromoter in
a CMV-GFP-t2a-Luc lentiviral cassette (Systems Biosciences,
BLIV101PA-1). The CMV promoter was removed with restriction
enzymes and the Per2 promoter was incorporated using Gibson
Assembly43. Murine interleukin-1 receptor antagonist (IL-1Ra) was
incorporated into the Per2-GFP-t2a-Luc cassette in place of GFP
through restriction enzyme removal of GFP and Gibson Assembly43 to
incorporate IL-1Ra. The IL-1Ra was obtained from a plasmid created to
sense and respond to inflammation24,31,44. This lentiviral circuit was
then able to produce IL-1Ra and luciferase in response to Per2 activa-
tion (Per2-IL1Ra:Luc) and can be used as an anti-inflammatory
therapeutic.

Lentivirus production and cell transduction
Human embryonic kidney (HEK) 293 T cells (ATCC, CRL-11268) were
co-transfected with second-generation packaging plasmid psPAX2
(Addgene, 12260), the envelope plasmid pMD2.G (Addgene, 12259),
and the expression transfer vector (Per2-IL1Ra:Luc) by calcium phos-
phate precipitation to make vesicular stomatitis virus glycoprotein
pseudotyped lentivirus45. The lentivirus was harvested at 24- and 48-
hours post transfection and stored at -80 °C until use. The functional
titer of the virus was determined with quantitative real-time poly-
merase chain to determine the number of lentiviral DNA copies inte-
grated into the genome of transduced HeLa cells (ATCC, CCL-2)45.
PDiPSCs were transduced before being pelleted. For PDiPSC trans-
ductions, virus was thawed on ice and diluted inmedium to obtain the
desired number of viral particles to achieve a multiplicity of infection
of 344. Polybrene (Sigma-Aldrich, TR-1003) was added to a concentra-
tion of 4 µg/mL to aid in transduction. The medium of the cells was
aspirated and replaced with virus-containing medium, and cells were
incubated for 24 h before aspirating the viral medium.

In vitro characterization of chronotherapy circuits
All chronotherapy circuits were characterized in vitro after develop-
ment of tissue-engineered cartilage constructs following 14 days in
chondrogenic culture. The chronogenetic tissue-engineered con-
structs, Per2-Luc control, and EF1α-Luc (a constitutive luciferase con-
trol) constructs were subject to bioluminescence recordings to track
circadian oscillations. Media from the Per2-IL1Ra:Luc constructs was
collected every 3 h for 72 h to determine IL-1Ra production, and Per2-
IL1Ra:Luc and non-transduced (NT) control constructs were harvested
every 3 h for 72 h for Il1rn gene expression.

Bioluminescence recordings and imaging
Tissue-engineered cartilage constructs (Per2:Luc, EF1α-Luc, or Per2-
IL1Ra:Luc) were plated in 35mm petri dishes (Thermo Scientific,
150318) with 1mL of recording medium containing D-luciferin (Gold-
bio, eLUCK-1G), sealed with vacuum grease, and placed in a light-tight

36 °C incubator containing photo-multiplier tubes (PMTs) (Hama-
matsu Photonics, H8259-01). Each dishwas placed under one PMT and
the bioluminescence was recorded as photons per 180 s. Biolumines-
cence dataweredetrendedwith a 24 hmoving average and analyzed in
ChronoStar 1.046. Recording medium contained DMEM powder
(Sigma-Aldrich, D5030), B27 supplement (Gibco, 17504044), P/S,
L-glutamine (Thermo Scientific, J60573.14), HEPES (Sigma-Aldrich,
H0887-100ML), and D-glucose (Thermo Scientific, A16828.0C).

Additionally, Per2-IL1Ra:Luc constructs were imaged in recording
medium for 72 h using an Andor iKon-M electron multiplying charged
coupled device (Oxford Instruments, iKON-M 934 CCD) at 20× mag-
nification with 1 h exposure time and 2 × 2 binning. During multi-day
recordings, samples were maintained at 36 °C in darkness. Image
sequences were concatenated into videos using ImageJ and individual
cells were visualized for bioluminescence output.

Gene expression with quantitative real time polymerase chain
reaction
Per2-IL1Ra:Luc and non-transduced (NT) control constructs were col-
lected every 3 h for 72 h. Cartilage constructs were homogenized using
a miniature beat beater (Biospec Products, 112011), lysed in Buffer RL,
and RNA was isolated following the manufacturer’s protocol (Total
RNA Purification Plus Kit; Norgen Biotek, 48300). Reverse transcrip-
tion was performed using Superscript VILO complementary DNA
master mix (Invitrogen, 11755050). qRT-PCRwas performed using Fast
SyBR Green master mix (Applied Biosystems, 4385616). Primer pairs
were synthesized by Integrated DNA Technologies, Inc: Il1rn [forward
(F), 5′-GTCCAGGATGGTTCCTCTGC-3′; reverse (R), 5′-TCTTCCGGT
GTGTTGGTGAG-3′] and r18s [F, 5′-CGGCTACCACATCCAAGGAA-3′; R,
5′-GGGCCTCGAAAGAGTCCTGT-3′]. Data are reported as fold changes
with a 6 hmoving average andwere calculated using theΔΔCTmethod
and are shown relative to the non-transduced (NT) control group at
0 hours and ribosomal 18 s was used as the reference gene.

Enzyme-linked immunosorbent assays
Media from Per2-IL1Ra:Luc constructs was collected every 3 h for 72 h
and stored at −20 °C. IL-1Ra concentration was measured with DuoSet
enzyme-linked immunosorbent assay (ELISA) specific tomouse IL-1Ra/
IL-1F3 (R&D Systems, DY480). Data are reported as rates of formation
with a 6 hmoving average to account for accumulation of IL-1Ra in the
media over time.

Histological, biochemical analysis, and immunohistochemistry
of tissue-engineered cartilage
After 14 days of chondrogenic culture constructs were washed with
PBS (Gibco, 14040133) andfixed in 10%NBF (Sigma-Aldrich, HT501128)
for 24 h, paraffin embedded, and sectioned at 8μm thickness. Slides
were stained for Safranin-O (Sigma-Aldrich, HT904), hematoxylin
(Fisher Scientific, NC9064721), fast green (Electron Microscopy Bios-
ciences, 15500)47. In vivo implants were removed from mice after
21 days and fixed in 4% PFA (Electron Microscopy Biosciences, 15710)
for 24 h, paraffin embedded, and sectioned at 8μm thickness. Slides
were stained for Safranin-O/hematoxylin/fast green47.

For biochemical analysis, cartilage constructs were digested
overnight in 125μg/mL papain at 65°C. DNA content was measured
with PicoGreen assay (Invitrogen, P11495) and total sulfated glycosa-
minoglycan (sGAG) content was measured using a 1,9-dimethyl-
methylene blue (Sigma-Aldrich, 341088) assay at 525 nmwavelength48.

For immunohistochemistry to detect collagen II paraffin sections
of the cartilage constructs, either taken down after 14 days of chon-
drogenic culture or removed from mice after 21 days, were incubated
for 3minutes at 37 °C with proteinase K (10μg/mL; New England Bio-
Labs, P8107S) diluted in 10mM tris-HCL/EDTA (TE Buffer, pH 8.0;
Sigma-Aldrich, 93283) for antigen retrieval. The slides were then
treated with 3% peroxidase H2O2 in methanol for 30minutes and

Article https://doi.org/10.1038/s41467-025-56584-5

Nature Communications |         (2025) 16:1457 8

www.nature.com/naturecommunications


blocked with 10% goat serum (ThermoFisher, 50197Z) for 30min at
room temperature. Primary antibody Col2 (University of Iowa, II-II6B3)
were diluted in 1% bovine serum albumin (BSA) to a concentration of
1:1 and incubated for 1 h at room temperature. The secondary anti-
body, peroxidase-conjugated goat anti-mouse immunoglobulin G
(Abcam, 97021) was diluted in 1:500 in 1% BSA and incubated at room
temperature for 30minutes. Negative controls did not receive the
primary antibody. All slides were counterstained with Vector Hema-
toxylin QS (Vector Lab, H3404).

Inflammatory challenge
Per2-IL1Ra:Luc constructs were subjected to an inflammatory chal-
lenge using 1 ng/mL IL-1α (R&D Systems, 200-LA). These constructs
were cultured in recording medium, and their bioluminescence was
monitored for a duration of 72 hours, as described previously24,25.
Following this initial recording period, IL-1α was introduced to the
culture dish, and bioluminescence was further monitored for an
additional 72 h. Samples meeting the criteria of exhibiting biolumi-
nescence within the 18–32-h timeframe, with a mean bioluminescence
exceeding 30,000 photons, and a pre-cytokine amplitude surpassing
20,000 photons were included in the subsequent analysis. Damping,
characterized by the natural decline in amplitude over time in the
absence of external entraining cues, was considered. The alteration in
amplitude resulting from IL-1α treatment was quantified by assessing
the fold change in amplitude between the 24 h preceding and the 48 h
following the treatment (pre-treatment amplitude divided by post-
treatment amplitude).

In vivo characterization of chronotherapy circuits
Per2-IL1Ra:Luc or EF1α-Luc constructs were implanted into mice sub-
cutaneously for circuit characterization and evaluation of therapeutic
effect. C57BL/6 J mice (n = 7, 10 weeks old; Jackson Laboratory,
000664) were anesthetized using 2% isoflurane. The fur was trimmed
in a 1 cm× 1 cm area of fur, the skin was sterilized using a betadine
wash, and a small incision 0.5 cm long was made, not extending into
muscle or fat tissue. A sterile spatula was inserted into the incision to
create a 0.5 × 0.5 cm pocket below the skin and 4 cell pellets were
transferred into the pocket. We used 8-0 vicryl sutures (Johnson &
Johnson J401G) to close the incision, applied antibiotic ointment,
injected analgesic carprofen (5mg/kg, subcutaneously), and allowed
the mouse to regain consciousness in the home cage placed on a
heating pad. Mice were monitored and given additional analgesic for
three days post implant. No mice died during implant or prior to
experiment completion. Mice were maintained on a standard dark/
light cycle with 7am lights on/7 pm lights off at room temperature
(22 °C) at ambient humidity (not measured). All procedures were
approvedby the InstitutionalAnmical Care andUseCommitte (IACUC)
at Washington University in St. Louis (Protocol #19-0758).

Per2-IL1Ra:Luc entrainment characterization
Per2-IL1Ra-t2a-Luc implants were characterized based on ability to
entrain to mouse circadian rhythms through mouse actigraphy col-
lection and bioluminescence imaging. Additionally, the ability for the
Per2-IL1Ra:Luc circuit to produced IL-1Ra in a timed manner was eval-
uated through IL-1Ra serum concentration.

Micewere subjected to normal light/dark cycle andwheel running
activity was tracked. Bioluminescence was imaged every 4 h for 36 h
(IVIS Lumina III, Perkin Elmer, CLS136334). After bioluminescence
imaging, the peak and trough luminescence of implants were deter-
mined to be ZT 13 and ZT 5, respectively. To account for IL-1Ra
translation, blood draws were taken frommice 4 h after luminescence
peak and trough through submandibular blood serum collection. IL-
1Ra serum levels were assessed by ELISA (Quantikine-IL1Ra; R&D Sys-
tems, DRA00B).

To evaluate if constructs have the ability to continue to entrain to
mice circadian rhythm,mice were phase delayed 12 h using a reversed
light/dark schedule. Actigraphy data was collected continuously to
monitor entrainment of activity and after 14 days, constructs were
again imaged for bioluminescence every 4 h for 36 h. Consistent with
two weeks prior, the peak and trough luminescence were determined
to be at ZT 5 and ZT 13. Additionally, serum was collected at the peak
and trough of bioluminescence expression and IL-1Ra serum was
quantified by ELISA.

Additionally, EF1α-Luc constructs were implanted into 6 mice (4
implants/mouse) and bioluminescence was tracked under a light/dark
cycle in the same manner as the mice implanted with Per2-IL1Ra:Luc
constructs. These were used as a control to ensure the oscillatory
nature of the chronogenetic circuits was driven by Per2.

To provide further evidence that Per2-IL1Ra:Luc maintains circa-
dian oscillation over time and that EF1α-Luc does not show circadian
oscillation, we conducted long term in vivo bioluminescence record-
ings. Pellets were implanted as described above. Immediately after
pellet implantation, mice were individually placed in constant dark-
ness in a light tight box containing two photomultiplier tubes (PMT,
HamamatsuH8259-01, Lumicycle InVivo, Actimetrics)49.Mice received
luciferin in their water (10mM, Gold Biotechnology) ad libitum over
the 3 days of recording. This method allowed for recording of Per2 or
Ef1-alpha luciferase expression in freely moving mice. A sum of the
signal obtained every minute from the two PMTs was used to deter-
mine overall counts following a dark count correction. Dark counts
were collected for 1min every 15min by closing the programmable
shutter during that 1min. Animals were checked daily to ensure that
they had adequate food and water.

Statistical analysis
Statistical analysiswasperformedusing Prism (Version9.4.1, GraphPad
Software). A one-way ANOVAwith Tukey’s HSD post hoc test was used
to analyze IL-1Ra concentration and Il1rn expression (α =0.05) in
IL1Ra:Luc circuits in vitro. Additionally, MetaCycle, specifically the
ARSER test, was used to analyze IL-1Ra concentration and Il1rn
expression (α = 0.05)50. For biochemistry data, a one-way ANOVA with
Dunnett’s post hoc test was used with NT as the control (α = 0.05). In
vivo IL-1Ra serum was analyzed with a paired t-test (α =0.05). A one-
wayANOVAwith Fisher’s LSDpost hoc testwas used to analyze change
in amplitude for constructs treated with IL-1α with untreated con-
structs and PBS-treated constructs (α = 0.05).

For in vitro bioluminescence recordings, Chronostar (Version 1.0)
was used to detrend the data with a 24 h moving average and calcu-
lated Circadian R2 value, a correlation coefficient with a cosine curve.
Values of 0.8 or higher are considered circadian. Bioluminescence
traces from freelymovingmice were analyzed using Chronostar 1.0, as
described for in vitro bioluminescence traces.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are contained within the manuscript and supplementary
information. Source data are provided with this paper.

Code availability
No custom code was used in the analysis of this study; all code is
available as referenced in the Methods.
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