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Bridget M. Fortin®", Shannon M. Pfeiffer®", Jacob Insua-Rodriguez'?,

Hamad Alshetaiwi® 3**, Alexander Moshensky? Wei A. Song', Alisa L. Mahieu',
Sung Kook Chun®', Amber N. Lewis', Alex Hsu', Isam Adam?, Oliver S. Eng*®,
Nicholas R. Pannunzio*®’, Marcus M. Seldin ®"*’, lvan Marazzi'*’,

Francesco Marangoni**, Devon A. Lawson ® 2*7, Kai Kessenbrock ® %7

& Selma Masri®'*’

Thecircadian clockis a critical regulator of immunity, and this circadian
control ofimmune modulation has an essential function in host defense

and tumor immunosurveillance. Here we use a single-cell RNA sequencing
approach and agenetic model of colorectal cancer to identify clock-dependent
changes to theimmune landscape that control the abundance of
immunosuppressive cells and consequent suppression of cytotoxic

CDS8'T cells. Of these immunosuppressive cell types, PD-L1-expressing
myeloid-derived suppressor cells (MDSCs) peak inabundanceinarhythmic
manner. Disruption of the epithelial cell clock regulates the secretion of
cytokines that promote heightened inflammation, recruitment of neutrophils
and the subsequent development of MDSCs. We also show that time-of-day
anti-PD-L1delivery is most effective when synchronized with the abundance
ofimmunosuppressive MDSCs. Collectively, these data indicate that circadian
gating of tumor immunosuppression informs the timing and efficacy of
immune checkpointinhibitors.

Colorectal cancer (CRC) is asignificant health challenge globally, with
high morbidity and mortality rates that are rising in young adults'>.
The current standard of care for CRC relies on 5-fluorouracil-based
chemotherapy thatlacks specificity and is associated with significant
toxicity’. Immunotherapy has emerged as a promising approach for
the treatment of multiple cancer types®. Although immune check-
point inhibitors (ICIs) have demonstrated efficacy in patients with
advanced, microsatellite instability high CRC>®, which is known for
its pronounced immunogenicity, the majority of CRC cases remain

unresponsive. Also, even among cancers that are highly responsive
to immunotherapy, a majority of patients demonstrate disease pro-
gression on ICItherapy”®. Thus, these findings represent a significant
clinical hurdle in the treatment of solid tumors and underscore the
need to improve the efficacy of ICIs.

The circadian clock is the biological timekeeping mechanism
that governs endocrine, metabolicand immune functions to maintain
physiological homeostasis’ 2. The clockimpinges oninnate immunity
by regulating time-of-day-dependent production and trafficking of
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Fig.1| Circadian clock disruption alters theimmune landscape. a, Schematic
depicting the workflow for scRNA-seq of live, CD45" immune cells sorted from
mouse smallintestine isolated at ZT 4. b, UMAP of cell types clustered by single-
cell transcriptional analysis (n = 15,234 cells, n = 3 mice per genotype). c, UMAP of
celltypes clustered by single-cell transcriptional analysis broken down by mouse

genotype WT, Bmall™~, Apc*~and Apc*";Bmall”".d, Immune cell composition
by genotype from WT, Bmall”~, Apc”~and Apc*";Bmall” mice. e, Pie chart of
neutrophils, CD8" T cells, monocytes/macrophages and CD4" T cells from WT,
Bmall™~, Apc*~ and Apc*";Bmall” mice.

cytokines/chemokines, as well as immune cell maturation and tissue
infiltration”'°, In particular, myeloid cell-specific deletion of Bmall
was shownto abrogate the rhythmic cycling of monocytes and promote
the accumulation of inflammatory Ly6C" monocytes in non-tumor
models™", While these studies establish a causal link between the circa-
dian clock and innate immunity, less is known regarding how the clock
impacts antitumor immunity. Using an MMTV:PyMT breast cancer
model and xenograft model of melanoma, the abundance and function
of tumor-antigen-specific CD8" T cells was found to be clock-controlled
and regulated by dendritic cells (DCs)'**°; however, whether the activ-
ity of cytotoxic CD8' T cells is also dependent on clock-controlled
regulation ofimmunosuppression remains mechanistically undefined.

Chronomedicine suggests that the timing of delivery of cancer
therapeutics can significantly impact treatment outcome. In sup-
portofthis, studies have provided compelling evidence that morning
administration of chemotherapy can mitigate side effects and enhance
treatment response across diverse cancer types® >, Preclinical models

and early-stage clinical trials have also demonstrated increased efficacy
of cytokineinfusionsinatime-of-day-dependent manner* . Interms
of delivery timing of ICls, studies are limited with the exception of ret-
rospective analyses of multiple tumor types, where afternoon dosing
of ICIs was significantly associated with shorter overall survival .
Notably,immunotherapy agents exhibit rapid, partial tissue-clearance
within 12 h after administration®, indicating that the timing of treat-
ment could be critical for stimulating antitumor immunity.

Here, we show that the circadian clockimpinges on tumorimmu-
nosuppression to control optimal timing of ICI therapy. Using a genetic
model of CRCand asingle-cell RNA sequencing (scRNA-seq) approach
weidentify clock-dependent control of theimmune landscape within
the tumor microenvironment. Genetic and environmental disruption of
the circadian clock resulted inaccumulation of MDSCs and a decrease
inthe number of cytotoxic CD8' T cells. More specifically, we identified
animportantsignaling axis between the intestinal epithelial circadian
clock and immune cells through the secretion of pro-inflammatory
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cytokines and chemokines. Given the role of the circadian network in
regulating immunity, the abundance of PD-L1-expressing MDSCs was
foundtoberhythmicintheintestineandin peripheral tissues. We also
show that anti-PD-L1administration is most effective in the early active
phase of mice when immunosuppressive MDSCs are more abundant.
These results demonstrate that clock-dependent control of antitumor
immunity can inform the optimal timing and efficacy of the immune
checkpoint blockade.

Results

Clock disruption alters theimmune landscape

A growing body of evidence suggests a critical link between circadian
clock dysregulation and multiple different types of cancer’®****, We pre-
viously reported that clock disruption promotes tumor progressionin
anApc-driven model of CRC¥. Our genetically engineered mouse model
(GEMM) harbors bothintestine-specific knockout of Bmall, to disrupt
the clockand heterozygous deletion of Apc, toinitiate CRC (Extended
DataFig.1a,b). Apc and Bmall were selectively deleted in intestinal
epithelial cells (Apc***%;Bmal1":Villin-Cre) using Villin-Cre, and we
denote Bmall"";Villin-Cre mice as Bmall™~, Apc’**':Villin-Cre mice
asApc*”, and Apc”***:Bmall""; Villin-Cre mice as Apc”";Bmall™”". Of
note, inthe Bmall”~and Apc*~;Bmall”" mice, the clockis only disrupted
inintestinal epithelial cells and remains intact in the periphery, thus
establishing asystemto delineate the crosstalk between the intestinal
epithelial clock and the immune system. Furthermore, defining this
axisis critical for advancing our understanding of time-of-day control
of antitumor immunity.

Using this GEMM of CRC, we previously reported the impact of
clock disruption on tumor burden and pathological features®. Intes-
tinal hematoxylin and eosin (H&E)-stained sections from Apc”” mice
contained early neoplastic precursor lesions and tubular adenomas™.
In contrast, Apc*";Bmall”’~ mice showed a striking increase in neo-
plastic changes, ranging from tubular adenomas to locally invasive
adenocarcinomas extending into the muscularis propria®. Addition-
ally, polyp count, which includes early neoplastic precursor lesions,
tubularadenomas and locally invasive adenocarcinomas, was used to
quantify tumorburden.Apc*";Bmall” mice were found to have signifi-
cantly greater intestinal polyp count versus Apc”~ mice (Extended Data
Fig.1c). Spleen weight was also significantly elevatedin Apc”;Bmall™"
mice compared to Apc*’~ mice (Extended Data Fig. 1d), suggesting
increased systemic inflammation in clock mutant, tumor-bearing
mice. Together, these datalink disruption of the circadian clockinthe
intestine to acceleration of CRC progression.

The circadian clock has been linked with immunity through
time-of-day-dependent regulation of cytokine/chemokine produc-
tion, as well as the release and trafficking of immune cells to target
tissues'>*1¢4344 however, how circadian clock disruption in intestinal
epithelial cells regulates tissue-specific and systemic control of anti-
tumor immunity isunknown. Therefore, to define theimpact of clock
disruption on the immune landscape in the intestine, we performed
scRNA-seq with CD45" sorted immune cellsisolated at Zeitgeber time
(ZT) 4 from wild-type (WT), Bmall”~, Apc*’~ and Apc*"";Bmall”~ mice
(Fig. 1a). Based on Uniform Manifold Approximation and Projection

(UMAP) clustering and analyses ofimmune cell lineage marker expres-
sion (Extended Data Figs. 1e,f and 2a), scRNA-seq identified distinct
clusters of myeloid and lymphoid cells. These cells included neu-
trophils (§5100a8, S100a9 and Cxcr2), monocytes/macrophages/
dendritic cells (DCs) (CIga, CIgb and Fnl), mast cells (Kit), CD8"
T cells (CD8a, Gzma and Ccl5), CD4" T cells (CD4, Ms4a4b and Trbc2),
double-negative (DN) T cells (Ms4a4b, Trbc2, low for CD4 and CD8a),
innate lymphoid cells (/{7r, Gata3 and Kirg1), naive B cells (CD19, Ms4al
and CD79a), mature B cells (Jchain, Igha and Igkc) and proliferating B
cells (Mki67, Top2a and Pclaf) (Fig. 1b). Immune cell populations that
were clock-dependent or tumor-specific were analyzed further. Nota-
bly, scRNA-seq revealed differences in the immune landscape in the
Bmall™”~, Apc’~ and Apc*;Bmall”~ mice compared to WT (Fig. 1b—e).
Of note, clock disruption alone, in the absence of cancer initiation,
also altered the immune landscape. When compared to WT, Bmall ™",
Apc*”and Apc*;Bmall”" mice had increased proportions of neutro-
phils as well as decreased proportions of CD8" T cells, with less of an
impact on monocytes/macrophages, DCs, B cells, CD4" T cells and
CD25' T cells (Fig. 1d,e and Extended Data Fig. 2b—d). Based on total
numbers of myeloid and lymphoid cells, the most striking difference
wasanincrease in the number of neutrophils in the Bmall”, Apc*" and
Apc*";Bmall”" mice (Fig.1d,e and Extended Data Fig. 2c). Thisincrease
in neutrophils in the clock-disrupted mice suggests that neutrophils
could be a potential driver of these immune alterations.

Also, multiple B cell clusters were identified in the scRNA-seq
data, including naive B cells, mature B cells and proliferating B cells
(Fig.1d and Extended Data Fig. 2d,e), consistent with the literature dif-
ferentiating these B cell subtypes*. Notably, the count of naive B cells
decreased, whereas mature B cellsincreased only in the tumor-bearing
Apc'~and Apc*";Bmall”™ mice, and this was independent of clock
disruption (Fig. 1d and Extended Data Fig. 2d,e). Based on published
reports, cancer development promotes tumor infiltration of B cells
thatalters their cell surface marker expression, identity and function,
thusresultinginincreased B cell heterogeneity*®*”. These findings are
consistent with our scRNA-seq data illustrating a tumor-specific role
for remodeling of B cells.

Clock disruption promotes immune microenvironment
remodeling

To further define changes to the immune landscape following clock
disruption, aflow cytometry panel was established to quantify immune
celltypes withintheintestine and spleen (Extended Data Fig. 3a). Both
panels included a marker to gate live cells as well as CD45 for sorting
bulk immune cells. The myeloid panel included CD11b for myeloid
cells, F4/80 for macrophages, Ly6C for monocytes and Ly6G for neu-
trophils. The lymphocyte panelincluded CD3 for T cells, CD4 for CD4*
T cells, CD8 for CD8" T cells and CD25 for CD25" T cells. These mice
were separated to profile the impact of the clock in the absence (WT
and Bmall™") and presence (Apc*~ and Apc”;Bmall™") of a tumor
microenvironment, as we expect greater immune cell changes during
cancer progression. Notably, clock disruption did not alter the total fre-
quency of intestinal CD45" immune cells (Extended Data Fig. 4a). Both
Bmall”and Apc*”";Bmall” mice had significantly higher proportions

Fig. 2| Genetic and environmental clock disruption alter theimmune
landscape. a, Neutrophils, monocytes, macrophages, and CD8" T cells shown as
percent of CD45* cells from the smallintestine of WT and Bmall”~ mice killed at
ZT 4 and analyzed by flow cytometry (n =7 mice per genotype). b, Neutrophils,
monocytes, macrophages and CD8 T cells shown as percent of CD45" cells from
the smallintestine of Apc”~and Apc*";Bmall” micekilled at ZT 4 and analyzed
by flow cytometry (n =7 mice per genotype). ¢, Schematic of environmental SD
paradigmin WT mice performed for 8 weeks. Light versus dark schedule is shown
for Sdays. d, Neutrophils, monocytes, macrophages and CD8' T cells shown as
percent of CD45" cells from the small intestine of WT mice subjected to12-h LD
versus SD paradigm. Mice were killed at ZT 4 and analyzed by flow cytometry

(n=8mice per genotype). e, Representative proportions of neutrophils and
monocytes in the smallintestine of WT mice subjected to the 12-h LD paradigm
versus 1week SD, 3 weeks SD and 5 weeks SD. f, Neutrophils, monocytes,
macrophages and CD8" T cells shown as percent of CD45" cells from the small
intestine of WT mice subjected to the 12-h LD paradigm versus 1week SD, 3 weeks
SD and 5weeks SD. Mice were killed at ZT 4 and analyzed by flow cytometry (n=6
mice per genotype). Datarepresent mean + s.e.m. and statistical significance was
determined by two-tailed Mann-Whitney T-test (a,b,d) and one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test (f). *P < 0.05; **P < 0.01;
***P < 0.001; NS, not significant.
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of neutrophils and monocytes, as well as significantly reduced propor-
tions of CD8" T cells (Fig. 2a,b and Extended Data Fig. 4b-e). Of these
changes, the increase in neutrophils was the most prominent, with a
fivefold increasein the Bmall™~ intestine compared to WT and afivefold
increaseinthe Apc”;Bmall” intestine compared to Apc”" (Fig. 2a,b).

This suggests that clock disruption promotes an increase in neutro-
phils in both non-tumor-bearing and tumor-bearing microenviron-
ments. The proportions of total CD3" T cells, CD4" T cells and CD25*
T cellsinthe intestine were unaffected by clock disruption (Extended
Data Fig. 5a). Spleens isolated from Bmall”~ and Apc”;Bmall”~ mice
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also had significantly higher proportions of neutrophils and mono-
cytes (Extended DataFig. 5b). We also profiled the abundance of mac-
rophagesand CD25" T cellsin both the intestine and spleen and did not
observe a consistent clock-dependent effect (Fig. 2a,b and Extended
DataFig.5a,b). These flow cytometry datasuggest that clock disruption
inintestinal epithelial cells significantly increased the abundance of
neutrophils in tumor-bearing and non-tumor-bearing mice, which is
corroborated by our scRNA-seq analysis.

In humans, circadian rhythms are frequently disrupted by envi-
ronmental stimuli, including night shift work, jet lag and extended
light-at-night exposure*®, and several of these environmental disrup-
tion paradigms have been shown to accelerate cancer progression in
mice!?**3335363949 Therefore, to define whether environmental clock
disruption mirrors the alterations to theimmune landscape seen with
genetic clock disruption, WT mice were exposed to an established
environmental shift paradigm that models jet lag and night shift work
3-4 times per week for 8 weeks (Fig. 2¢)****, We previously used this
paradigm and demonstrated a significant loss of rhythmicity of the
respiratory exchange ratio, locomotor activity and food intake, signify-
ing asystemic disruption of the circadian clock™®. Shift disruption (SD)
significantly increased proportions of neutrophils, monocytes and
macrophages, and resulted inasignificant reductionin CD8" T cellsin
theintestine (Fig. 2d). Neither genetic clock disruption alone (Extended
DataFig.1d) nor environmental clock disruption (Extended DataFig. 5¢c)
ledtoanincreaseinthe spleen weight thatis seeninthe tumor-bearing
mice (Extended Data Fig. 1d). This suggests that tumor progression is
necessary for spleen enlargement. Last, SD led to a significant reduc-
tion in the proportion of CD4" T cells (Extended Data Fig. 5d), likely
because environmental clock disruptionimpacts rhythmicity in both
intestinal epithelial cellsand immune cells systemically. Taken together,
datafrom our environmental paradigm corroborate findings from the
genetic clock mutant model and demonstrate that clock disruption
alters immune cell frequency, both systemically and locally within
theintestine.

Of note, genetic and environmental clock disruption were found
to alter proportions of both myeloid and lymphoid cells (Fig. 2a-d).
To determine which cell type was initially impacted by circadian clock
disruption, WT mice were exposed to an SD time-course for 1 week,
3 weeks or 5weeks and flow cytometry was subsequently used to track
changesto theimmunelandscape. Similar to mice exposed to 8 weeks
of the SD paradigm (Extended Data Fig. 5c), spleen weight was unaf-
fected by short-term SD exposure (Extended Data Fig. Se); however, SD
led to asignificantincrease inthe proportion of neutrophils after only
3 weeks (Fig. 2e,f). This was followed by an increase in the proportion
of monocytes and macrophages and a reduction in the proportion of
CDS8" T cells after 5weeks of environmental shift (Fig. 2f). The propor-
tion of CD4" T cells was unaffected after S weeks of SD (Extended Data
Fig. 5f) and reduced only after 8 weeks of shift (Extended Data Fig. 5d),
demonstrating that abundance of CD4" T cells is not initially changed
following circadian clock disruption. These data suggest that envi-
ronmental clock disruption triggers aninitial alteration in neutrophil
proportions before secondary immune cell adaptations, including a
reductionin cytotoxic CD8"T cells.

Disruption of the clock promotes MDSC accumulation

Our data suggest that clock disruption plays an important role in
regulating immune cell proportions in CRC, yet how this influences
cancer progression remains undefined. Notably, genetic knockout
of Bmall alone resulted in a pronounced decrease in intestinal cyto-
toxic CD8" T cells (Figs. 1d,e and 2a), suggesting that the circadian
clock is involved in immunosuppression. Our scRNA-seq identified
a cluster of myeloid cells (mainly neutrophils) that highly expressed
markers of MDSCs, including Ifitm1, Wfdc17, S100a8, S100a9, Irgl
and Arg2 (Extended Data Fig. 6a). This neutrophilic population is
enriched as a result of both clock disruption and cancer (Extended
Data Fig. 6b). MDSCs, often neutrophil- and monocyte-derived,
have been reported to suppress cytotoxic CD8" T cell proliferation
and activity’** and recent evidence suggests that increased accu-
mulation of neutrophils can induce immunosuppression and tumor
progression®>°>%3,

To further define this, putative MDSCs were sorted by flow
cytometry from the intestines and spleens of WT, Bmall™~, Apc*~
and Apc*";Bmall”~ mice (Fig. 3a and Extended Data Fig. 3b). Of note,
these mice were separated to profile the impact of clock disruption
in non-tumor-bearing versus tumor-bearing microenvironments.
MDSCs consist of two major subsets of Ly6G*Ly6C' granulocytic and
Ly6G Ly6CMe" monocytic cells* . Thus, CD11b, a marker for myeloid
cells,and Gr1,amarker forboth Ly6C and Ly6G, were used to sort both
monocytes and neutrophils, the most common populations compris-
ing MDSCs****, Both Bmall™”~ and Apc”";Bmall”~ mice had significantly
greater proportions of Gr1* cells (Fig. 3b—-d). MDSCs can suppress
T cells through the generation of reactive oxygen species (ROS)*. To
determineif the production of ROS is influenced by clock disruption,
we used cell permeable reagent 2’,7’-dichlorofluorescin diacetate
(H,DCFDA), which becomes fluorescent DCF in the presence of ROS,
to quantitatively measure ROS accumulation in the mouse intestine.
Grl’ cells from Bmall”~ and Apc*;Bmall”~ mice exhibited greater
levels of ROS (Fig. 3e,f). An additional mechanism of T cell suppres-
sionis the upregulation of PD-L1by MDSCs***". A greater percentage of
Grl* cellsfrom Bmall”~ and Apc*~;Bmall”~ mice were also found to be
PD-L1* (Fig.3g,h), suggesting these MDSCs could be immunosuppres-
sive. Similarly, gene expression analysis of splenic Grl* cells revealed
asignificant upregulation of immunosuppressive genes, including
$100a8, S100a9 and Wfdc17 in the Bmall”~ and Apc”";Bmall”~ mice
(Fig.3i,j). Allprimer sequences canbe foundin Table 1. These datadem-
onstrate that clock disruption, even in the absence of a tumor micro-
environment, promotes the accumulation of immunosuppressive
myeloid cells.

To confirm the immunosuppressive ability of these putative
MDSCs at the functional level, a classical T cell suppression assay was
performed. This assay involved activating naive T cells with CD3/CD28
and staining with a proliferation dye eFluor670 thatis diluted as aresult
of consecutive cell divisions. Next, activated T cells were co-cultured
with Grl* cells isolated from WT, Bmall™”~, Apc*~ and Apc*"";Bmall™”~
mice. After 3 days of co-culture, flow cytometry was used to measure
the counts of CD4" and CD8" T cells as well as the proportion of these
cellsthat maintained the proliferation dye, allowing for aquantification

Fig.3 | Disruption of the circadian clock promotes the accumulation of
MDSCs. a, Schematic depicting workflow for MDSC assays including T cell
co-culture and proliferation, ROS quantificationand MDSC qPCR from live,
CD45'CD11b*Gr1" sorted cells. b, Representative percent of Grl* cells after gating
for live, CD45*CD11b* cells from WT, Bmall™~, Apc*~ and Apc*~;Bmall”~ small
intestine using flow cytometry. ¢,d, Quantification of Gr1* cells as percent of
CD45"* cells from the smallintestine of WT, Bmall™~, Apc”~and Apc*”";Bmall™~
micekilled at ZT 4 and analyzed by flow cytometry (n = 3 mice per genotype).
e,f, Geometric mean of DCF from the small intestine of WT, Bmall™~, Apc*~ and
Apc'";Bmall”" micekilled at ZT 4 and analyzed by flow cytometry (n = 4 mice
per genotype).g,h, Gr1'PD-L1" cells shown as percent of CD45" cells from the

smallintestine of WT, Bmall™~, Apc*"~ and Apc*”~;Bmall”" micekilled at ZT 4

and analyzed by flow cytometry (n = 3 mice per genotype). i,j, Expression of
s100a8, s100a9 and Wfdc17 as determined by qPCR using splenic Gr1* sorted
cellsfromWT, Bmall”~, Apc”~and Apc*"";Bmall” micekilled at ZT 4 (n =3 mice
per genotype). k, Bar graph of CD4*and CD8' T cell counts measured by FACS
quantificationininactivated T cells or CD3/CD28 activated T cells with al:1ratio
of CD11b*Grl1* cells from WT, Bmall™~, Apc*~ and Apc”~;Bmall™" spleen (n =3
mice per genotype). Data represent mean + s.e.m. Statistical significance was
determined by two-tailed Mann-Whitney T-test (c—j) and one-way ANOVA with
Tukey’s multiple comparison (k). *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001;
NS, not significant.
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of T cell proliferationand a readout forimmunosuppression (Extended
Data Fig. 3¢). We found that MDSCs from clock-disrupted Bmall™”~
and tumor-bearing Apc*~ and Apc*;Bmall”~ mice, significantly sup-
pressed T cell proliferation (Fig. 3k and Extended Data Fig. 6¢,d). Our
findings suggest thatimmunosuppressionis likely mediated through
clock-dependent control of MDSCs in amodel of CRC.
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Clock disruption drives a Wnt-mediated inflammatory
response

To define the underlying molecular mechanism of immune cell remod-
eling, we further dissected therole of the circadian clock in the intesti-
nalepithelium. Wntsignaling regulates development, proliferation and
stemness and is an essential pathway for maintaining homeostasis in
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Table 1| Primers used for gene expression analysis

Mouse qPCR primer name Primer sequence (5'to 3')

18S mRNA fwd CGCCGCTAGAGGTGAAATTC
18S mRNA rev CGAACCTCCGACTTTCGTTCT
$100a8 mRNA fwd GTCCTCAGTTTGTGCAGAATATAAA
5$100a8 mRNA rev TTTGTGAGATGCCACACCCA
5100a9 mRNA for TGGCAACCTTTATGAAGAAAGAGAA
S100a9 mRNA rev GCCATCAGCATCATACACTCC
Wfdc17 mRNA for TTTGATCACTGTGGGGATG
Wfdc17 mRNA rev ACACTTTCTGGTGAAGGCTTG
Arg2 mRNA for AGGAGTGGAATATGGTCCAGC
Arg2 mRNA rev AGGGATCATCTTGTGGGACATT
c-Myc mRNA for AGCTCGCCCAAATCCTGTAC
c-Myc mRNA rev TTIGTGCTGGTGAGTGGAGAC
Survivin mRNA for GAACCCGATGACAACCCGAT
Survivin mRNA rev TTGGCTCTCTCTGTCTGTCCAG
Cxcl5 mRNA for GAGCTGCGTTGTGTTTGCTT
Cxcl5 mRNA rev TAGCTTTCTTTTTGTCACTGCCC
Cxcll mRNA for CCAGACTTGAAGGTGTTGC
Cxcll mRNA rev TCTGAACCAAGGGAGCTTCA
M-csf mRNA for AGTGGAAGTGGAGGAGCCAT
M-csf mRNA rev TGGTGAGGGGTCATAGAATCC
Gm-csf mRNA for GGCCTTGGAAGCATGTAGAG
Gm-csf mRNA rev CCGTAGACCCTGCTCGAATA
Axin2 mRNA for TGTCCTGGGGGAACAGATTA
Axin2 mRNA rev TTTTGGCAAGGTACCACCTC

theintestine®®. We have previously shown that Bmall loss promotes Apc
loss of heterozygosity by increasing genome instability and resulting
in hyperactivation of Wnt signaling®. Akey Wnt target gene, c-Myc, has
also been shown to regulate inflammation and immunosuppression
within the tumor microenvironment**°, Taken together, these findings
suggest that the circadian clock and Wnt signaling could converge to
regulate inflammation and subsequent remodeling of the intestinal
immune landscape.

To test this, the primary intestinal epithelium was isolated from
mice and plated to establish monolayer cultures as well as routinely
used intestinal organoid models, both of which recapitulate the cell
identity found in the intestine®.. WT and Bmall™" intestinal monolay-
ers and organoids were treated with recombinant mouse Wnt3a to
define the Wnt-dependent transcriptional response in the absence and
presence of a functional clock. Intestinal Bmall” led to an upregula-
tion of MYC protein, which was further heightened in the presence of
Wnt3a treatment (Fig. 4a and Extended Data Fig. 7a). Compared to
WT, Wnt target genes c-Myc and Survivin were significantly upregu-
lated in Bmall”" intestinal monolayersin a Wnt3a-dependent manner
(Fig.4b).Similar results were obtained using WT and Bmall™" intestinal
organoids treated with either recombinant mouse Wnt3a or Wnt3a
conditioned medium (CM) (Extended Data Fig. 7b,c). Notably, the
inflammatory cytokine Cxcl5was also upregulated ina Wnt-dependent
manner and this response was significantly enhanced uponintestinal
clock disruption (Fig.4b and Extended Data Fig. 7b,c). Together, these
data highlight a potential role for Wnt signaling and the circadian
clock in regulating inflammation. Therefore, we propose that clock
disruption and Wnt signaling coordinately promote a heightened
pro-inflammatory response to recruit myeloid cells, including neu-
trophils, within the intestinal epithelium (Fig. 4c).

To delineate the pro-inflammatory roles of the clock and Wnt
signaling, WT and Bmall™~ primary intestinal monolayers were treated
with and without recombinant Wnt3a and a 32-plex mouse cytokine/
chemokine array was performed. Notaby, both clock-dependent and
Wnt-dependent increases in cytokine production were identified in
both celllysate and CM. Interleukin (IL)-5, CCL5, IL-17 and CXCL9 were
found to be exclusively clock-dependent as these cytokines were sig-
nificantly upregulated in Bmall” intestinal monolayers compared
to WT (Fig. 4d,g and Extended Data Fig. 7d). CCL5, IL-17 and CXCL9
were found to be significantly upregulated in mice during chronic
intestinal inflammation and cancer, leading to the recruitment of
neutrophils®>** IL-17 promotes neutrophil expansion and survival
as well as the production of immunosuppressive molecules s100a8
and s100a9 (refs. 65,66). Collectively, these data suggest that clock
disruption promotes a pro-inflammatory response in intestinal epi-
thelial cells that could drive amyeloid-dependentimmunosuppressive
phenotype.

In addition to clock-dependent changes in cytokine regulation,
additional cytokines and chemokines were identified to be exclusively
Wnt-dependent. These include CXCL1, M-CSF, G-CSF, GM-CSF, CCL2,
IL-2, VEGF, TNF and IFNy (Fig. 4e,g and Extended Data Fig. 7e), which
all have pro-inflammatory roles®. Additionally, CXCL5, CXCL6 and
CXCL2were identified to be both clock and Wnt-dependent (Fig. 4f,g
and Extended Data Fig. 8a). These cytokines are also known to be acti-
vated during an inflammatory response and consequently function
as neutrophil chemoattractants™*7°, To confirm our findings in an
additional cell model, mouse embryonic fibroblasts were similarly
treated with recombinant Wnt3awhichresulted inasignificant upregu-
lation of the Wnt target genes c-Myc, Survivin and Axin2, as well as the
inflammatory cytokines Cxcl5, Cxcll, M-csfand Gm-csf (Extended Data
Fig. 8b). Similar to intestinal organoids, Cxcl5 was the most highly
upregulated cytokine, with an over 100-fold induction in response
to Wnt3a (Extended Data Fig. 8b). Finally, to define transcriptional
control ofinflammatory cytokines, knockdown of MYC was performed
in primary intestinal monolayers. MYC knockdown resulted in a sig-
nificant downregulation of Cxcl5 gene expression (Extended Data
Fig. 8c). These data suggest that MYC is at least partially involved in
the Wnt-dependent transcriptional control of the pro-inflammatory
cytokine Cxcls.

Clock disruption promotes neutrophil migration and
suppression

We identified multiple pro-inflammatory and potentially immu-
nosuppressive cytokines that are both clock and Wnt-dependent
(Fig. 4d-g); however, the functional consequence of these cytokines
and chemokines on neutrophil identity, gene expression and migration
remained undefined. To test this, WT and Bmall™" primary intestinal
monolayers were treated with recombinant Wnt3a and CM was col-
lected, to define the role of the clock and Wnt signaling on neutrophil
phenotype and function. Next, naive bone marrow-derived neutro-
philsisolated from WT mice were incubated with CM from WT and
Bmall™" intestinal monolayers that we have shown to secrete several
pro-inflammatory cytokines and chemokines (Fig. 4d-g). Notably, only
neutrophils cultured with CM collected from Bmall ™ intestinal mon-
olayers exhibited a Wnt-dependent upregulation of MDSC-signature
genes, including s100a8, s100a9, Wfdc17 and Arg2 (Fig. 4h). Addition-
ally, naive bone marrow-derived neutrophils were isolated from WT
mice and placed into Transwell chambers to assess chemotaxis toward
cytokine/chemokine-enriched CM. Primary neutrophils were incubated
with CM from WT and Bmall™" intestinal monolayers and a significant
proportion of neutrophils were migratory in the presence of CM from
Bmall” primary intestinal epithelium (Fig. 4i). These data demon-
strate that clock disruption and Wnt activation promoted animmu-
nosuppressive neutrophil phenotype as well as increased neutrophil
migration.
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Accumulation of PD-L1" myeloid cells in human CRC

To determine the physiological relevance of our findings, we analyzed
the immune populations of normal human colon versus CRC tumors
from 36 patients profiled by scRNA-seq”. We focused solely on CD45"
immune cellsand classified naive B cells, mature B cells, T cells, NK cells

and myeloid cells based on UMAP clustering and immune cell lineage

marker expression (Extended Data Fig. 9a,b). We found that myeloid
cells were highly abundant in human CRC samples when compared
to patient-matched normal colon (Extended Data Fig. 9c,d). Notably,
consistent with previous literature’>’*, PD-L1 was found to be highly
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Fig. 4| Circadian clock disruption and Wnt signaling promote an
inflammatory response. a, Immunoblot of MYC and p84 in WT and Bmall™~
intestinal organoids untreated or treated with 100 ng ml™ recombinant Wnt3a
for 72 h. b, Expression of c-Myc, Survivin and Cxcl5 determined by qPCR using
WT and Bmall”~ primary intestinal monolayers untreated or treated with

100 ng mI™ recombinant Wnt3a for 72 or 96 h (n = Sindependent monolayer
lines per genotype). ¢, Proposed model of normal versus clock-disrupted/Wnt-
activated intestinal epithelium. d, Concentration of secreted IL-5, CCLS, IL-17 and
CXCL9in CM from WT and Bmall ™" intestinal monolayers determined by ELISA
(n=3independent monolayer lines per genotype). e, WT intestinal monolayers
were untreated or treated with 100 ng ml™” recombinant Wnt3afor96 h (n=3
untreated, n = 5Wnt3a-treated independent monolayer lines per genotype).
The concentration of secreted CXCL1, G-CSF, GM-CSF, CCL2, VEGF and TNF was

determined by ELISA. f, WT and Bmall™" intestinal monolayers were untreated
or treated with100 ng ml™ recombinant Wnt3a for 96 h (n=3 untreated, n =4
Wnt3a-treated independent monolayer lines per genotype). Concentration of
secreted CXCL5 was determined by ELISA. g, Clock-dependent, Wnt-dependent
and both clock- and Wnt-dependent cytokines determined by ELISA. h, Gene
expression of s100a9, s100a8, Wfdc17 and Arg2 determined by qPCR of naive
neutrophils cultured with WT and Bmall™" intestinal monolayers CM (n=6
independent monolayer lines per genotype). i, Neutrophil migration toward WT
and Bmall™" intestinal monolayers CM (n = 6 independent monolayer lines per
genotype). Datarepresent mean + s.e.m. Statistical significance was determined
by two-tailed Mann-Whitney 7-test (d,e,i) and one-way ANOVA with Tukey’s
multiple comparison (b,f,h). *P < 0.05; **P< 0.01; ***P < 0.001; ***P < 0.0001; NS,
not significant.

expressed by this myeloid cluster and expression was increased in
CRCsamplesrelative to healthy colon (Extended Data Fig. 9¢,f). These
data suggest that PD-L1" myeloid cells are highly abundant in human
CRC and this potentiallyimmunosuppressive cell population could be
therapeutically targetable.

Time-of-day anti-PD-L1 treatment affects efficacy

Utilizing our mouse scRNA-seq dataset, we assessed the expression
level of PD-L1 and found that it was highly enriched in myeloid cells
and specifically neutrophils (Extended Data Fig. 10a,b). Of note, the
expression of PD-L1wasincreasedinBmall”~, Apc”~and Apc”";Bmall™”"
mice (Extended Data Fig. 10c-e). Together, these data suggest that
neutrophils highly express PD-L1 and that clock disruption could be
integral in driving this upregulation. Therefore, to define whether
immunosuppressive MDSCs and PD-L1 expression are regulated by
the circadian clock, mice werekilled during the early rest phase (ZT 4)
and during the early active phase (ZT 16). Flow cytometry was used
to assess the proportion of Gr1" and PD-L1" cells in the intestine and
peripheral tissues. Intestinal polyps and spleen weight were not sig-
nificantly different between Apc*";Bmall”~ mice in the ZT 4 group
compared to ZT 16 (Extended Data Fig. 10f,g). Of note, the circadian
clockin Apc*";Bmall”~ mice s disrupted in intestinal epithelial cells
and remains intact in other organs. In WT mice, there is a significant
increaseinthe proportion of Gr1*and Gr1'PD-L1" cellsin the intestine at
ZT16 compared toZT 4 (Fig.5a,b). In contrast, this rhythm of Gr1" and
Gr1'PD-L1" cellsislostin the intestine of Apc*;Bmall”~ mice (Fig. 5a,b).
Inthe spleen, where the circadian clock remainsintact, we identified a
significantincrease in Grl*and Gr1'PD-L1" cellsatZT 16 inboth WT and
Apc*~;Bmall” mice (Fig. 5¢,d). Gr1* and Gr1*PD-L1" cells were also pro-
filedin mesenteric tumor-draining lymphnode and blood, but absolute
levels were low compared to the intestine and spleen (Extended Data
Fig.10h,i). We quantified cumulative levels of Gr1*and Gr1'PD-L1* cells
inboth the intestine and spleen, the organs with the greatest propor-
tions of these MDSCs. There were significantly more Gr1*and Gr1'PD-L1*
cellsat ZT 16 compared to ZT 4 (Extended Data Fig. 10j,k), indicating
that immunosuppressive myeloid cells peak during the early active
phase. Altogether, these datademonstrate that the abundance of Gr1*

MDSCs, as well as the expression of PD-L1, is rhythmic and conceptu-
ally establishes a framework for time-of-day treatment of anti-PD-L1
immunotherapy.

To assess the translational potential of our findings, Apc”;Bmall™"
mice were treated twice a week with anti-PD-L1 at either ZT 4 or ZT 16
for 3 weeks. We hypothesized that targeting these immunosuppressive
MDSCs with anti-PD-L1at ZT 16, when Gr1'PD-L1" cells are most abun-
dant, would provide greater antitumor efficacy. After treatment, tumor
burden and spleen weight were assessed and flow cytometry was used
to determine the proportions of Grl* cells and CD8" T cells (Fig. Se). Of
note, spleen weight was increased in Apc*~;Bmall”" mice treated at ZT
16 and not in Apc”";Bmall”" mice treated at ZT 4 (Fig. 5f), demonstrat-
ing that the inflammatory response generated by anti-PD-L1is depend-
ent on time-of-day delivery. Also, unlike anti-PD-L1 treatment at ZT 4,
anti-PD-L1 treatment at ZT 16 significantly reduced intestinal Gr1' cells
in Apc*’";Bmall”" mice (Fig. 5g). Treatment of Apc*;Bmall” mice with
anti-PD-L1at ZT 16 was found to promote a greater increase in intestinal
CD8" T cells compared to ZT 4 treatment (Fig. 5h), suggesting a more
robust antitumor immune response generated upon treatment in the
early active phase. Though anti-PD-L1 treatment did not significantly
decreaseintestinal polyp count after only 3 weeks (Extended Data Fig. 101),
it significantly reduced polyp sizein Apc”";Bmall”~ mice when adminis-
teredatZT 16, the time when Gr1'PD-L1" cells are most abundant (Fig. 5i).

In addition to our GEMM of CRC, we also performed time-of-day
anti-PD-L1administrationin subcutaneous models of CRC (MC38), lung
cancer (CMT167) and melanoma (D4M-S), which are known to respond
toimmunotherapy””.Both ZT 4 and ZT 16 administration of anti-PD-L1
significantly reduced MC38 tumor growth over time (Fig. 5j) and tumor
volume (Fig. 5k). Complete response (CR), where no tumor could be
detected, and progressive disease (PD), where the treatment had no
effect on tumor growth, were calculated for the MC38 tumor model
at the end of the experiment. CR was observed for 1 of 12 (8%) tumors
with ZT 4 treatment versus 4 of 14 (29%) tumors with ZT 16 treatment
(Fig.5j,k). PDwas observed for 6 of 12 (50%) tumors with ZT 4 treatment
versus 4 of 14 (29%) tumors with ZT 16 treatment (Fig. 5j,k). Notably,
the CMT167 lung cancer line was less responsive to immunotherapy;
however, asignificant reductionin tumor volume was observed when

Fig. 5| Time-of-day anti-PD-L1treatment controls efficacy. a,b, Small intestinal
Grl* or GrlI'PD-L1" cells as a percent of CD45" cells from WT and Apc*~;Bmall™~
mice (n =8 mice per group (a) and 5 mice per group (b)). ¢,d, Splenic Gr1* or
Gr1'PD-L1" cells as percent of CD45* cells from WT and Apc”~;Bmall” mice (n=7
mice per genotype (c), n =5 mice per genotype (d)). For a-d, animals were killed
atZT 4and ZT 16 and analyzed by flow cytometry. e, Graphical schematic of anti-
PD-L1administration experiment at two circadian time points. f, Spleen weight
of Apc*";Bmall”~ mice untreated or treated with anti-PD-L1atZT 4 or ZT 16 (n=5
mice per group). g h, Smallintestinal Gr1* cells or CD8" T cells as percent of CD45"
cells from Apc*”~;Bmall”~ mice untreated or treated with anti-PD-L1at ZT 4 or
ZT16 and analyzed by flow cytometry (n = 6 mice per group). i, Smallintestinal
polyp size from Apc*";Bmall”~ mice untreated or treated with anti-PD-L1at ZT 4
or ZT16 (n=70 polyps per group). j, Tumor volume over time for WT mice after

subcutaneous injection of MC38 cells and treatment with IgG or anti-PD-L1at ZT 4
or ZT16 (n =7 mice per group).i.p., intraperitoneal. k, Tumor volume of WT mice
21days after subcutaneous injection of MC38 cells and treatment with IgG or
anti-PD-L1at ZT 4 or ZT 16 (n = 7 mice per group, two tumors per mouse). I, Tumor
volume of WT mice 18 days after subcutaneous injection of CMT167 cells and
treatment with IgG or anti-PD-L1at ZT 4 or ZT 16 (n = 5mice per group, 2 tumors
per mouse). m, Tumor volume of WT mice 12 days after subcutaneous injection
of D4M-S cells and treatment with IgG or anti-PD-L1at ZT 4 or ZT 16 (n = Smice
per group, 2 tumors per mouse). Data represent the mean + s.e.m. Statistical
significance was determined by two-tailed Mann-Whitney 7-test (a-d), one-way
ANOVA with Tukey’s multiple comparison (f-i,k-m) and two-way ANOVA with
Tukey’s multiple comparison (j). *P < 0.05; **P < 0.01; ***P < 0.001; ***P < 0.0001;
NS, not significant.
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anti-PD-L1 was administered only at ZT 16 (Fig. 5| and Extended Data
Fig. 10m). Finally, our data show that the D4M-S melanoma line is
highly responsive to immunotherapy and ZT 16 administration of
anti-PD-L1 was more effective at reducing tumor growth (Fig. 5m and
Extended Data Fig.10n). Taken together, these findings demonstrate
thattime-dependentregulation of PD-L1" MDSCs can be harnessed to

promote the efficacy of immune checkpoint blockadein the treatment
of CRC, as well as lung cancer and melanoma (Fig. 6).

Discussion
Circadian control of innate immunity plays a critical role in regulating
the trafficking and recruitment of myeloid cells, such as monocytes,
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Fig. 6| Model of circadian regulation of MDSCs for anti-PD-L1 treatment.
MDSC abundance and PD-L1 expression are regulated by the circadian clock
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early active phase, when PD-L1 expressing MDSCs are most abundant, immune
infiltration is stimulated and tumor growthis inhibited. The figure was created
using biorender.com.

macrophages and neutrophils, which are essential components for host
defense'*'87¢7_ Additionally, tumor immunosurveillance has recently
emerged as a dynamic process that also displays rhythmicity over the
day-night cycle. Specifically, the rhythmic trafficking and function of
DCsthat governs tumor antigen presentation and subsequent priming
of cytotoxic CD8' T cells controls tumor growth?’, and likely also governs
rhythmic metastatic dissemination'’. In addition to DC-dependent
antigen processing by the circadian clock, it has been reported that
efficacy of vaccination is time-of-day-dependent in both tumor and
non-tumor models®®””. Therefore, we reasoned that the circadian clock
likely dictates additional unknown factors that impinge on antitumor
immunity, which could also inform therapeutic efficacy of immune
checkpointblockade.

Utilizing an unbiased scRNA-seq approach, we identified
clock-dependent changes to the tumor immune landscape that gov-
ern immunosuppression. Mechanistically, our data support a model
where aninherent crosstalk exists between epithelial and immune cells
thatis guided by the circadian clock network in the intestine. Disrup-
tion of the intestinal epithelial cell clock resulted in hyperactivation
of pro-inflammatory cytokines and chemokines that promote neu-
trophil accumulation, MDSC development and immunosuppression.
Giventhattheintestinal epithelium is highly Wnt-responsive, and clock
disruption hyperactivates intestinal Wnt signaling (Fig. 4)*, our data
reveal a host of pro-inflammatory factors that are Wnt-dependent,
clock-dependent or reliant on both pathways. Additionally, previous
clinical studies have shown that in patients, MDSC accumulation is
associated with advanced stage and metastatic CRC’>”>, Our work now
uncovers a previously unknown mechanism of MDSC control that is
coordinately regulated by the circadian clock and Wnt signaling in
theintestine.

Giventheimportance of the intestinal clock in regulating MDSCs,
we now provide evidence that MDSC accumulation is time-of-day regu-
lated (Fig.5a-d). Our dataillustrate that MDSCs peak in abundance at
the beginning of the active phase, suggesting a temporal window of

heightened immunosuppression. Previous studies have also shown
that environmental clock disruption paradigms remodel the immune
cell landscape including enhanced recruitment of macrophages and
regulatory T cells”*. Our findings now expand the repertoire of antitu-
mor immunity toinclude clock-dependent control ofimmunosuppres-
sionthrough MDSCs. Based onthese data, we leveraged this rhythmic
control ofimmunosuppressive cells to show that timing of anti-PD-L1
delivery impacts treatment efficacy and outcome in models of CRC,
lung cancer and melanoma (Fig. 5).

Finally,immunotherapy is not effective inall tumor types™*° and
of ICI-responsive cancers, many patients subsequently demonstrate
disease progression’®. Circadian medicine approaches, including
chronotherapy, suggest that timing of certain chemotherapies could
provide therapeutic advantage when dosed at the optimal time of
day? 2. We now provide evidence thatimmunotherapy follows asimilar
rationale based on the molecular underpinnings of clock-dependent
control ofimmunosuppressive MDSCs within the tumor microenviron-
ment. Moreover, retrospective analysis of clinical data suggest that
dosing of ICIs during the early active phase could provide therapeutic
benefit in multiple tumor types® . These clinical studies are in line
with our findings and further support the need for prospective clini-
caltrialsinvestigating the time-of-day-dependent efficacy ofimmune
checkpoint therapies in the treatment of solid tumors.
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Methods

Mice

Apc mice that harbor a heterozygous floxed allele of exons 1 to 15
(Apcret Sy were crossed with Bmall conditional mice that carry
homozygous floxed alleles of exon 8 (Bmall"™)5!, Intestine-specific
targeting of epithelial cells was achieved by crossing these conditional
mice with Villin-Cre animals to create Apc”2*";Bmal1""; Villin-Cre
mice. All mouse strains are on a C57BL/6 background and both males
and females aged 9-10 months were used for experiments. Mice were
purchased from the Jackson Laboratory. All experiments were per-
formedinaccordance with theInstitutional Animal Care and Use Com-
mittee guidelines at the University of California, Irvine. Animals were
housed onastandard 12-hlight-dark paradigm, with temperatures of
65-75 °F, humidity 40-60% and fed ad libitum. The environmental SD
paradigm was performed on 2-month-old WT mice purchased from
the Jackson Laboratory. Mice were shifted for 1-8 weeks by advanc-
ing the light phase by 8 h every other day. For the circadian ZT 4 and
ZT 16 experiments, WT and Apc”;Bmall”~ mice were divided into
two groups. One group was keptinnormal12-h LD conditions and the
other group was keptinaninverted 12-h DL condition to perform flow
cytometry at the same time.

Spleen tissue collection and cellisolation

Animals were killed at the ZT indicated in the legend, spleens were
quickly excised, pushed through a 70-pm cell strainer to create a cell
suspension of splenocytes and washed with RPMI. Cells were centri-
fuged at 500g at 4 °C for 10 min and then incubated for 1 min in 5 ml
RBC lysis buffer at RT. Cells were quenched with 10 ml serum-free
PBS and pelleted by centrifugation at 500g at 4 °C for 5 min. Cells
were resuspended in 5 ml FACS buffer (1x PBS with10% FBS) and total
remaining live cells were counted by Countess Il and processed for
downstream FACS analysis.

Smallintestine tissue collection and cell isolation

Tissue samples were collected from mice at the ZT indicated in
the legend, flushed and cut longitudinally. Tissues were placed in
RPMI medium containing 1% FBS, 18 pg ml™ DNasel (Sigma-Aldrich,
04536282001) and 0.6 mg ml™ Collagenase type P (Roche,
11249002001) and were digested at 37 °C on a shaker for 30 min. Cells
were filtered through a 70-pm cell strainer, washed with PBS containing
1MHEPES and 2% FBS. Samples were centrifuged to pellet cells, which
were thenresuspendedin RPMImedium, filtered through a 40-pm cell
strainer and washed with PBS containing 1 M HEPES and 2% FBS. Cells
were centrifuged at 500gat4 °C for 5 minand thenincubated for1 min
in1mIRBClysis buffer at RT. Cells were quenched with 10 ml serum-free
PBS and centrifuged at 500gat 4 °C for 5 min. Cells were resuspended
in1 mlFACS buffer (1x PBS with 10% FBS) and total remaininglive cells
were counted by Countess Il and processed for FACS analysis.

Lymph node collection and cell isolation

The mesenteric draining lymph node was collected at the ZT indicated
inthelegend and teased openwitha23G needle before being placedin
digestion solution containing 1 mg ml™ Collagenase D and A. After
incubating at 37 °C on a shaker for 20 min, cells were filtered through
a70-pm cell strainer and washed with PBS. Samples were centrifuged
to pellet cells, which were then resuspended in1 ml FACS buffer (1x PBS
with10% FBS) and total remaining live cells were counted by Countess
Iland processed for FACS analysis.

Bone marrow collection and cellisolation

The femur and tibia were collected and flushed with HBSS supple-
mented with 2% FBS and 1 mM EDTA using a 25G needle. Cells were
centrifuged at 500g at 4 °C for 5 min, washed with 5 mI HBSS supple-
mented with 2% FBS and 1 mM EDTA and filtered through a 70-pm cell
strainer. The total remaining live cells were counted by Countess II.

Blood collection and cellisolation

Blood was collected at the ZT indicated in the legend by cardiac punc-
ture and 0.5 M EDTA was added to blood at a ratio of 1:10. Blood was
incubated for 5 minin2 mIRBC lysis buffer at RT. Cells were quenched
with10 mlserum-free PBS and centrifuged at 500gat 4 °C for 5 min. Red
blood cell lysis was repeated again and then cells were resuspended in
1 ml FACS buffer (1x PBS with 10% FBS) and total remaining live cells
were counted by Countess Il and processed for FACS analysis.

Fluorescence-activated cell sorting

Tissue samples were collected from mice at the ZT indicated in the leg-
end and mechanically dissociated to generate single cell suspensions
as described above. Cells were blocked with anti-mouse FcyR (CD16/
CD32) (BioLegend,101301) onice for 5 min. Cells were then centrifuged
at400gfor 3 minat4 °Cand washed once with FACS buffer (1x PBS with
10%FBS). Cells were incubated for 30 min at 4 °C with pre-conjugated
fluorescent labeled antibodies with the following combinations: CD45
(BioLegend, 103112 (APC)), CD11b (BioLegend, 101228 (PerCP/cya-
nine5.5),101205 (FITC) or 101225 (APC/Cy7)), Grl (BioLegend, 108439
(BV605) or 108407 (PE)), F4/80 (BioLegend, 123110 (PE)), Ly6C (Bio-
Legend, 128035 (BV605)), Ly6G (BioLegend, 127606 (FITC)), CD3
(TONBO Biosciences, 50-0032 (PE)), CD4 (Life Technologies, 46-0042-
82 (eFluor710)), CD8 (RndSystems, FAB116G (AlexaFluor488)), CD25
(BioLegend, 102037 (BV650)) and PD-L1 (Tonbo Biosciences, 50-1243
(PE)). Sytox Blue dye (Life Technologies, S34857) was added to stained
cellsto assay for viability. Cells were sorted by BD FACSAria Fusion and
desired populations wereisolated for downstream experiments. Data
were analyzed using FlowJo software v.10.0.7 (Tree Star).

T cell suppression assay

Spleens were dissected, filtered into a single-cell suspension and
depleted of red blood cells using Tris-acetic-acid-chloride. T cells
wereisolated from the spleen using the EasySep Mouse T cell Isolation
kit (STEMCELL Technologies, 19851) according to the manufacturer’s
instructions. Isolated T cells were washed once with PBS and resus-
pendedat15 x 10° mlin staining buffer (0.01% BSA in PBS). T cells were
stained with proliferation dye eFluor 670 (Thermo Fisher Scientific,
65-0840-85) using 5 mM dye per 1x 107 cells and incubated in a 37 °C
water bathfor10 min. Finally, T cells were washed and resuspended at
1x10° ml™in RPMI1640 with HEPES + L-glutamine complete medium
containing 10% FBS, 1x non-essential amino acids, 100 U mI™ peni-
cillin, 100 pg ml™ streptomycin, 1 mM sodium pyruvate and 55 pM
B-mercaptoethanol. eFluor 670-labeled T cells were plated (50 x 10°
per well) in a U-bottom 96-well plate and activated with plate bound
anti-Armenian hamster IgG (30 pg ml™, Jackson ImmunoResearch, 127-
005-099), with CD3 (0.5 pg ml™, Tonbo, 70-0031) and CD28 (1 pg ml™,
Tonbo, 70-0281). Sorted CD11b* Gr1" cells were added to T cells in 1:1
ratio (50 x 10°T cells: 50 x 10° CD11b* Gr1* cells). After 3 days of culture,
cellswere collected and blocked with anti-mouse CD16/32 (BioLegend,
101302), stained with Zombie Live/Dead Dye (BioLegend, 423105) and
fluorescent-conjugated antibodies: CD4 (BioLegend, 100512; clone
RM4-5) and CD8 (BioLegend, 100709; clone 53-6.7). Single-stained
samples and fluorescence minus one controls were used to establish
PMT voltages, gating and compensation parameters. Cells were pro-
cessed using the BD FACSAria Fusion flow cytometer and analyzed
using FlowJo software v.10.0.7 (Tree Star).

ROS production assay

Cellswere collected from respective tissues and processed to single cell
suspensions as described above. Cells were stained with CD45, CD11b
and Grl antibodies as described above. Following staining, cells were
resuspended in FACS buffer and 10 mM H,DCFDA (Sigma-Aldrich,
D6883) was added and incubated for 30 min at room temperature.
Cells were then processed on the BD FACSAria Fusion and analyzed
using FlowJo software v.10.0.7 (Tree Star).
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Cytokine/chemokine ELISA

WT and Bmall” primary intestinal monolayers were cultured with or
without 100 ng mI™ recombinant mouse Wnt3a (Peprotech, 315-20).
Undiluted CM and cell lysate were profiled using the 32-plex Discovery
Assay (Mouse Cytokine/Chemokine 32-Plex Panel, Eve Technologies).

Primary neutrophil assays

Neutrophils wereisolated from mouse bone marrow using the EasySep
Mouse Neutrophil Enrichmentkit (STEMCELL Technologies, 19762). For
the migration assay, 1 million neutrophils were plated in the top well of
a24-well Transwellinsert (Corning, 3378) and WT or Bmall™”" intestinal
monolayer CM was added to the bottom well. After 18 h, neutrophils
that migrated to the bottom well were counted. For the culture with
intestinal monolayer CM, 500,000 neutrophils were plated in a24-well
plate with intestinal monolayer CM. After 24 h, neutrophils were col-
lected for RNAisolation and qPCR analysis.

Mouse intestinal organoid isolation and culturing

The following protocol for isolation and culture of mouse intestinal
organoids was used with minor modifications, based on previously
published methods®. The intestinal segment was dissected into small
pieces and incubated in dissociation solution (PBS supplemented
with2 mM EDTA and 10 uM Rho kinase inhibitor Y-27632) for1 hat4 °C
with agitation. Next, intestinal tissue pieces were shaken, strained and
centrifuged. Pellets were resuspended in Matrigel (Corning) and ENR
mediumwasadded. ENRis abasal medium supplemented with recom-
binant murine EGF (50 ng mI™) (PeproTech), recombinant murine Nog-
gin (50 ng ml™) (PeproTech), 1 mM N-acetylcysteine (Sigma-Aldrich)
and 20% (v/v) of R-Spondin CM (RspoI-expressing cells, Trevigen).
The basal medium was advanced Dulbecco’s modified Eagle’s medium
(DMEM)/F12 (Gibco) supplemented with 3 mM L-glutamine (Thermo
Fisher Scientific), Primocin (100 pg ml™) (InvivoGen), and 10 mM
HEPES (Sigma-Aldrich). For primary intestinal epithelial monolayer cul-
ture, dissociated intestinal tissues were centrifuged and resuspended
inENR medium supplemented with Y-27632 (Biogems) and 10 pM CHIR-
99021 (Sigma-Aldrich), and then seeded on top of a Matrigel-coated
cell culture plate.

Immunoblots

Organoid pellets were lysed in radioimmunoprecipitation assay lysis
buffer (50 mM tris (pH 8), 150 mM NaCl, 5 mM EDTA, 15 mM MgCl,
and 1% NP-40) containing protease and phosphatase inhibitors (1x
complete EDTA free cocktail tablet (Sigma-Aldrich), 0.5 mM phenyl-
methylsulfonyl fluoride, 20 mM NaF, 1 mM Na,;VO,, 1 uM trichostatin
A and 10 mM nicotinamide). Protein lysates were resolved on an SDS
polyacrylamide gel. Antibodies used for immunoblots were c-MYC
(Abcam, ab32072) and p84 (GeneTex, GTX70220).

Lentiviral transduction of organoids

The third-generation lentiviral packaging system was used for trans-
duction of intestinal organoids. For production of viral particles,
HEK293T cells were transfected with plasmids encoding lentiviral pack-
aging (pRSV-Revand pMDLg/pRRE), lentiviral envelope (pMD2.G) and
the desired transfer vector. Lentivirus-containing mediumwas collected
48 h after transfection, filtered through a 0.45-pm syringe filter and
concentrated over100-fold in volume by ultracentrifugation. For trans-
duction of organoid monolayers, virus was incubated with 10 pg ml™
polybreneinmedium supplemented with Y-27632 (Biogems) and 10 pM
CHIR-99021 (Sigma-Aldrich). Primary intestinal monolayers were col-
lected 48 hlater. For the lentiviral transduction of c-Myc shRNA in WT
intestinalmonolayers, Lenti-sh1368 plasmid was used (Addgene, 29435).

Single-cell RNA sequencing
FACS-sorted CD45" cellswereisolated at ZT 4 from the small intestine
of 9-10-month-old WT, Bmall™”", Apc”~and Apc*";Bmall” mice (n=3

mice per genotype). Cells were washed once in PBS with 0.04% BSA,
and a total of 0.2-2 x 10° cells per genotype were used for cell multi-
plexing barcoding using the CellPlex kit (10x Genomics), according
tomanufacturer’sinstructions. Inbrief, cells were pelleted after wash-
ing by centrifugating at 300 rcf for 5 min at room temperature and
resuspended in 100 pl Cell Multiplexing oligonucleotides (one oligo-
nucleotide/barcode per genotype). Oligonucleotides were allowed
to bind cell membranes by incubating at room temperature for 5 min
and unbound multiplexing oligonucleotides were washed three times
with 2 mlice-cold PBS + 1% BSA. After washing, cells were resuspended
inchilled PBS +1% BSA to a concentration of approximately 1,000 cells
per pl, and loaded onto the 10x Genomics Chromium Controller for
droplet-enabled scRNA-seq according to the manufacturer’s instruc-
tions. Library generation was performed following the Chromium
NextGEM Single Cell v.3.1 Cell Multiplexing Reagents Kits User Guide:
CGO00388Rev B. A total of three libraries were generated, each of
them consisting of a pool of equal cell numbers from CD45" cells from
the small intestine of each genotype. Multiplexed, single cell gene
expression libraries were sequenced on the lllumina HiSeq. Alignment
of 3’ end counting libraries from scRNA-seq analyses was completed
utilizing 10x Genomics CellRanger v.6.1.2. Each library was aligned to
anindexed mm10 genome using cellranger count.

Mouse scRNA-seq data analysis

All scRNA-seq analysis was performed in R (v.4.2.1) using Rstudio
(v.2023.03.1 Build 446) and the Seurat v.4 package®. CellRanger
outputs were loaded into R using the Read10X() function and Seurat
objects from each sample were generated using the CreateSeuratO-
bject() function, where genes that were not detected in at least three
cells (min.cells = 3) and cells containing fewer than 200 different genes
(min.features = 200) were excluded. Seurat objects containing single
cell gene expression data from each sample were merged using the
merge() function and percentages of mitochondrial genes (percent.
mt) expressed in each cell were calculated using the PercentageFea-
tureSet() function. Low-quality cells were filtered out from Seurat
objects utilizing the subset() function, where only cells with nFea-
ture_RNA >200and <8,000 and percent.mt < 20 were carried forward
in the analysis. After removing low-quality cells, Seurat objects were
normalized using the NormalizeData() function, using the ‘LogNor-
malize’ method and a scale factor of 10,000. After normalization,
the top 2,000 most variable genes were calculated using the Find-
VariableFeatures() function, utilizing the vst selection method. Data
were then scaled for dimensionality reduction using the ScaleData()
function and linear dimensionality reduction was calculated with the
RunPCA() function using the variable features. Then, the FindNeigh-
bors() function and the RunUMAP() functions were run using 20 PCs.
Clustering was achieved using the FindClusters() function and cluster
identities were manually assigned after examining the top expressed
genes in each cluster using the FindAllMarkers() function. The func-
tion FindAlIMarkers() performs differential gene expression between
two groups using the Wilcoxon rank-sum test by default, which are
thenplottedin the heat maps produced with DoHeatmap() where the
selected number of top genes per cell cluster are shown. This function
only returns genes that have a P value below the specified threshold
(default = 0.01). This provided datafor 17,692 cells. The data were ana-
lyzed again for low-quality cells; this time, cells with nFeature < 3,000
and percent.mt <10 were additionally excluded. This step reduced
the datato 15,234 cells. For T cell and myeloid subclustering, the data
were subset by appropriate cell types: ‘neutrophils’ and ‘monocytes/
macrophages/dendritic cells’ for the myeloid subclustering and ‘CD4
T cells’, ‘CD8 T cells’ and ‘double-negative (DN) T cells’ for the T cell
subclustering. Then, normalization, scaling and immune cell marker
analysis were performed again. To additionally analyze cell types highly
expressing PD-L1(CD274), subsetting was performed with cells having
PD-L1expression > 2.
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RNA extraction and gene expression analysis

Total RNA from sorted single cells was extracted using a Direct-zol RNA
microprep kit (Zymo Research). To generate cDNA, equal amounts of
total RNA were incubated with Maxima H Minus cDNA Synthesis Master
Mix (Thermo Fisher Scientific) according to the manufacturer’sinstruc-
tions. cDNA was used for quantitative real-time PCR using PowerUp
SYBR Green Master Mix (Applied Biosystems). Gene expression was
normalized to 18S ribosomal RNA. Primer sequences used for gene
expression analysis by qPCR are listed in Table 1.

Human scRNA-seq data analysis

Allhuman scRNA-seq analysis was performed in R (v.4.2.1) using Rstu-
dio (v.2023.03.1 Build 446) and the Seurat v.4 package®. Data were
obtained from Pelka et al.”’, downloaded and converted into a Seurat
object. Percentages of mitochondrial genes (percent.mt) expressed
in each cell were calculated using the PercentageFeatureSet() func-
tion. The datahad been prefiltered by Pelka et al. to percent.mt < 50,
and this was determined as the optimal threshold. Low-quality cells
were filtered out from Seurat objects utilizing the subset() function,
where only cells with nFeature_RNA >200 and <8,000 and nCount_
RNA <10,000 were carried forward in the analysis. After removing
low-quality cells, the Seurat object was additionally subset to cells
expressing CD45 (PTPRC) > 0.5 to focus on immune cells, resulting
in 82,611 cells. The object was then normalized using the Normalize-
Data() function, using the ‘LogNormalize’ method and a scale factor
0f10,000. After normalization, the top 5,000 most variable genes
were calculated using the FindVariableFeatures() function, utilizing
the vst selection method. Data were then scaled for dimensionality
reduction using the ScaleData() function, and linear dimensional-
ity reduction was calculated with the RunPCA() function using the
variable features. Then, the FindNeighbors() and the RunUMAP()
functions were run using 20 PCs. Clustering was achieved using the
FindClusters() function with a resolution of 0.8, and cluster iden-
tities were manually assigned after examining the expression of
immune-lineage specific genes in each cluster using the DotPlot()
function (Extended Data Fig. 9a). The function FindAlIMarkers()
performs differential gene expression between two groups using
the Wilcoxon rank-sum test by default, which are then plotted in the
heat maps produced with DoHeatmap() where the selected number of
top genes per cell cluster are shown. This function only returns genes
that have a Pvalue below the specified threshold (default = 0.01). To
appropriately compare normal and tumor tissue, final analyses were
reported after subsetting to only immune cell data from patients
with matched tumor and normal tissue samples, resulting in 55,535
cells from 36 patients. Expression of PD-L1(CD274) was additionally
analyzed by subsetting the object to cells with PD-L1 expression >0,
resultingin1,253 cells.

Anti-PD-L1treatmentin Apc” ;Bmall”’ mice

Apc’";Bmall” mice were randomized into two groups, ZT 4 and
ZT 16. For injections to be performed at the same time of day, ZT 16
mice were put in a separate room with an inverted light schedule.
Mice were subjected to a gradual shift in time (1h d™) to minimize
systemic circadian disruption. Anti-PD-L1 (BioLegend, 124329) was
administered twice weekly (200 pg per mouse) by intraperitoneal
injection. After 3 weeks, mice were killed for tumor burden and flow
cytometric analysis.

Anti-PD-L1treatment in subcutaneous tumor models

Mice received a subcutaneous injection of 1 x 10° MC38 cells, 2 x 10°
D4M-S cells or 2 x10° CMT167 cells per tumor at ZT 4. Cells were
resuspended in Matrigel to facilitate engraftment. Two tumors were
injected per mouse 1 cm off the midline in both sides of the abdomen.
IgG (BioLegend, 400668) or anti-PD-L1 (BioLegend, 124329) were
administered every 2-3 days (200 pg per mouse) for a total of four

treatments by intraperitoneal injection. Mice were killed before the
tumor size exceeded 1,000 mm?.

Statistical analysis

Sample sizes were calculated using the proper power analysis test for
either t-test or one-way ANOVA and a confidence of 90%. Data distri-
bution was assumed to be normal but this was not formally tested.
Statistical analyses were performed in Prism v.10 (GraphPad Software).
Visualization was performed using Prism v.10 (GraphPad Software),
Seurat or ggplot2(). All resulting graphs are shown as mean +s.e.m.
with details of the statistical test used specified in the legend. Animals
were randomized before beginning experiments and data collection
and analyses were not performed blind.

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

Data availability

scRNA-seq data have been deposited at the NCBI Gene Expression
Omnibus under accession code GSE262267 and in the Sequence Read
Archive underaccession code PRJNA1003452. Source dataare provided
with this paper.
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Extended Data Fig. 2| scRNA-seq demonstrates that clock disruption alters fromWT, Bmall”", Apc*",and Apc”";Bmall”~ mice as determined by scRNA-seq.
theimmunelandscape. a) Dot-plot of gene expression by each immune cell (d) Bar graph ofimmune cell count for naive B cells, proliferating B cells, mature
cluster. (b) Pie chart of CD25" T cellsand CD3* T cells from WT, Bmall™’~, Apc*", B cells, CD8' T cells, CD4" T cells,and CD25* T cells from WT, Bmall”, Apc*", and
and Apc”";Bmall”~ mice as determined by scRNA-seq. (c) Bar graph ofimmune Apc”";Bmall”" mice as determined by scRNA-seq. (€) Dot-plot of gene expression
cell count for neutrophils, monocytes/macrophages, and dendritic cells (DCs) for B cell clusters.
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Extended Data Fig. 5| See next page for caption.

Nature Immunology


http://www.nature.com/natureimmunology

Article

https://doi.org/10.1038/s41590-024-01859-0

Extended Data Fig. 5| Genetic and environmental clock disruption alter
theimmunelandscape. (a) CD3' T cells, CD4' T cells, and CD25" T cells shown

as percent of CD45" cells from the small intestine of WT, Bmall”~, Apc”", and
Apc*";Bmall”~ mice sacrificed at ZT 4 and analyzed by flow cytometry (n=7 mice/
genotype). (b) Neutrophils, monocytes, macrophages, CD8" T cells, and CD25*

T cells shown as percent of CD45" cells from the spleen of WT, Bmall™~, Apc*”",

and Apc”";Bmall”" mice sacrificed at ZT 4 and analyzed by flow cytometry (n =

7 mice/genotype). (c) Spleen weight of WT mice subjected to12:12 LD paradigm
versus SD (n =10 mice/genotype). (d) CD4"* T cells shown as percent of CD45" cells
from the smallintestine of WT mice subjected to 12:12 LD versus SD. Mice were
sacrificed at ZT 4 and analyzed by flow cytometry (n =8 mice/genotype).

(e) Spleen weight of WT mice subjected to 12:12 LD paradigm, 1 week SD, 3 weeks
SD, and 5 weeks SD (n= 6 mice/genotype). (f) CD4" T cells shown as percent of
CD45" cells from the small intestine of WT mice subjected to12:12 LD paradigm,
1week SD, 3 weeks SD, and 5 weeks SD. Mice were sacrificed at ZT 4 and analyzed
by flow cytometry (n =6 mice/genotype). Datarepresent the mean + SEM and
statistical significance was determined by two-tailed Mann-Whitney T-test for
A-D, and one-way ANOVA with Tukey’s multiple comparison test for Eand F.
Asterisks represent p-values from multiple comparisons, with *indicating a
p-value of <0.05, * indicating a p-value of < 0.01, *** indicating a p-value

of <0.0001, and ns = not significant.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | sScRNA-seq demonstrates that clock disruption
promotes MDSC accumulation. (a) UMAP of the expression of Ifitm1, Wfdc17,
s100a8, s100a9,Irg1, and Arg2 by monocytes/macrophages, neutrophils,

and DCs. (b) UMAP of monocytes/macrophages, neutrophils,and DCsin WT,
Bmall™~,Apc”",and Apc*";Bmall”~ mice as determined by scRNA-seq.

¢) Histogram of CD4" T cell and CD8" T cell counts after co-culture with Gr1* cells
sorted fromWT, Bmall”~, Apc”", and Apc*";Bmall” mice spleen. (d) Counts

of generation1,2,and 3 CD4" T cellsand CD8" T cells after co-culture with Gr1*
cellssorted fromWT, Bmall”~, Apc*”, and Apc”";Bmall”~ mice spleen (n=3
mice/genotype). Data represent the mean + SEM and statistical significance
was determined by one-way ANOVA with Tukey’s multiple comparison test for
D. Asterisks represent p-values from multiple comparisons, with **indicating a
p-value of <0.01, **indicating a p-value of < 0.001, ***indicating a p-value
of <0.0001, and ns = not significant.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Circadian clock disruption promotes an inflammatory
response. (a) Western blot of MYC and p84 in WT and BmalI ™" intestinal

organoids untreated or treated with 100 ng/mL recombinant Wnt3a for 72 hours.

(b) WT and Bmall™" intestinal organoids untreated or treated with 25, 50, or
100 ng/mL recombinant Wnt3a for 72 hours. Gene expression of c-Myc, Survivin,

and Cxcl5was determined by qPCR (n =3 independent organoid lines/genotype).

(c) WT and Bmall™~ intestinal organoids untreated or treated with 100 ng/mL
recombinant Wnt3a for 24, 48, or 72 hours. Gene expression of c-Myc, Survivin

and Cxcl5was determined by qPCR (n =3 independent organoid lines/genotype).

(d) Concentration of CCL5, IL-17, and CXCL9 in WT and Bmall™" intestinal
monolayer lysate as determined by ELISA (n =3 independent monolayer lines/

genotype). (e) WT intestinal monolayers were left untreated or treated with

100 ng/mL recombinant Wnt3a for 96 hours (n =3 untreated and 5 Wnt3a-treated
independent monolayer lines/genotype). Concentration of CXCL1, G-CSF,
M-CSF, GM-CSF, IL-2, IFNy, CXCL2, and TNF in WT monolayer cell lysate was
determined by ELISA. Data represent the mean + SEM and statistical significance
was determined by two-tailed Mann-Whitney T-test for D, and one-way ANOVA
with Tukey’s multiple comparison test for B-C, and E. Asterisks represent p-values
from multiple comparisons, with *indicating a p-value of < 0.05, ** indicating a
p-value of <0.01, **indicating a p-value of < 0.001, ***indicating a p-value
0f<0.0001, and ns = not significant.
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Extended Data Fig. 8 | Wnt signaling mediates the inflammatory response
intheintestine. (a) WT and Bmall”" intestinal monolayers were left untreated
or treated with100 ng/mL recombinant Wnt3a for 96 hours (n=3 untreated
and 4 Wnt3a-treated independent monolayer lines/genotype). Concentration
of CXCLS, CXCL6, and CXCL2 in intestinal monolayer lysate as determined by
ELISA. (b) Expression of c-Myc, Survivin, Axin2, Cxcl5, Cxcll, M-csf, and Gm-csf
as determined by qPCR in mouse embryonic fibroblasts untreated or treated
with 50,100, or 200 ng/mL recombinant Wnt3a for 4 hours (n=3 independent

1 1 1
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biological replicates/condition). (c) Expression of c-Myc, Survivin, Cxcl5, and
Cxcll as determined by qPCR using WT intestinal monolayers infected with
shEV or shMyc (n=3 independent monolayer lines). Data represent the mean +
SEM and statistical significance was determined by two-tailed Mann-Whitney
T-test for C, and one-way ANOVA with Tukey’s multiple comparison test for A-B.
Asterisks represent p-values from multiple comparisons, with *indicating a
p-value of <0.05, ** indicating a p-value of < 0.01, ***indicating a p-value

of <0.001, ***indicating a p-value of < 0.0001, and ns = not significant.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | scRNA-seq analysis of Gr1and PD-L1abundancein
human CRC. Dataset from Pelka et al. (a) Dot-plot of gene expression by each
immune cell cluster in matched normal colon and tumor samples. (b) Heatmap of
celltypes clustered by single-cell transcriptional analysis (n = 55,535 cells,

n =36 patients). (c) Stacked bar chart of human immune cell cluster composition
determined using scRNA-seq dataset from Pelka et al. Data was based on 36
patients with matched normal colon and CRC tumor samples. (d) UMAP of
humanimmune cell types clustered by single-cell transcriptional analysis broken

down by normal and tumor (n=36 patient samples/group). (e) Bar graph of cell
counts expressing PD-L1 by human immune cell clusters in matched normal
colon and CRC samples. (f) Dot-plot of PD-L1 expression by each human immune
cell cluster in matched normal colon and CRC samples. Statistical significance
was determined by one-way ANOVA with Tukey’s multiple comparison test for

E. Asterisks represent p-values from multiple comparisons, with ***indicating a
p-value of <0.001, ***indicating a p-value of < 0.0001, and ns = not significant.
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Extended Data Fig.10 | See next page for caption.
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Extended Data Fig. 10 | The circadian clock regulates immunosuppression
and anti-PD-L1efficacy. (a, b) Box plot or dot-plot of PD-L1 expression by
eachimmune cell cluster in mouse scRNA-seq data (n=3 mice/genotype). Box
plot center line represents the median, the boundaries represent IQR, and

the whisker length represents 1.5x IQR. (c) Bar graph of PD-L1 expression by
monocyte/macrophage and neutrophil clustersin the intestine of WT, Bmall™”",
Apc*”,and Apc”";Bmall”~ mice determined by scRNA-seq (n =3 mice/genotype).
(d-e) UMAP of myeloid cell clusters and PD-L1expression in the intestine of
WT,Bmall”~, Apc*”,and Apc”";Bmall”" mice (n =3 mice/genotype). (f-g) Small
intestinal polyps and spleen weightin Apc”";Bmall”~ mice (n=7 mice/group).
(h-i) Mesenteric lymph node or blood Gr1* cells as percent of CD45" cells from
WTandApc” ;Bmall”” mice sacrificed at ZT 4 and ZT 16 and analyzed by flow
cytometry (n=3 mice/genotype for H, n =4 mice/genotype for ). (j) Combined
total Gr1’ cells from the small intestine and spleen as percent of CD45" cells from
Apc”;Bmall”" mice sacrificed at ZT 4 and ZT 16 and analyzed by flow cytometry

(n=7 mice/group). (k) Combined total Gr1*PD-L1" cells from the small intestine
andspleen as percent of CD45* cells from Apc”";Bmall”~ mice. Animals were
sacrificed at ZT 4 and ZT 16 and analyzed by flow cytometry (n =5 mice/group).
(1) Smallintestinal polyp count from Apc*";Bmall”~ mice untreated or treated
with anti-PD-L1 (n= 6 mice/group). (m) Tumor volume over time for WT mice
after subcutaneous injection of CMT167 cells and treatment with IgG or anti-
PD-L1atZT 4 or ZT 16 (n=5mice/group, 2 tumors/mouse). (n) Tumor volume
over time for WT mice after subcutaneous injection of D4M-S cells and treatment
withIgG oranti-PD-L1atZT 4 or ZT 16 (n =5 mice/group, 2 tumors/mouse). Data
represent the mean + SEM and statistical significance was determined by two-
tailed Mann-Whitney T-test for F-K, and by one-way ANOVA with Tukey’s multiple
comparison test for A, C, and L. Asterisks represent p-values from multiple
comparisons, with *indicating a p-value of < 0.05, ** indicating a p-value of < 0.01,
***indicating a p-value of < 0.0001, and ns = not significant.
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libraries from scRNAseq analyses was completed utilizing 10x Genomics cellranger-6.1.2. Each library was aligned to an indexed mm10
genome using Cell Ranger Count.

Data analysis All scRNA-seq analysis was performed in R (v4.2.1) using Rstudio (v 2023.03.1 Build 446) and the Seurat v4 package. Cellranger outputs were
loaded onto R. Packages used in the analysis of scRNA-seq data include ggplot2 (v 3.5.0) and ggpubr (v 0.6.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The single cell RNA-sequencing data have been deposited at the NCBI Gene Expression Omnibus (GEO) under the GEO accession number GSE262267 and at the
Sequence Read Archive (SRA) under SRA accession number PRINA1003452.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.
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Reporting on sex and gender Human data were obtained from Pelka et al. Data were obtained from 30 males and 32 females and findings in this study
applied to both males and females.

Reporting on race, ethnicity, or | Race and ethnicity were not included. All tumor samples included also had a matched normal sample so relevant groupings
other socially relevant should be controlled for.

groupings

Population characteristics All tumor samples included a matched normal sample from the same patient.
Recruitment See Pelka et al.

Ethics oversight See Pelka et al.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were determined using the proper power analysis test for either t-test or one-way ANOVA and a confidence of 90%.
Data exclusions  For flow cytometry data, data were excluded if the percent of live cells was below 50%.

Replication All experiments were performed successfully a minimum of three separate times to confirm reproducibility.

Randomization For ZT4 versus ZT16 and anti-PD-L1 experiments, mice were age and gender matched prior to separation into groups.

Blinding Experiments were not performed blinded.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used 1:200 CD45 [Biolegend, 103112, clone 30-F11 (APC)]
1:50 CD11b [BioLegend, 101228, clone M1/70 (PerCP/cyanine5.5), 101205, clone M1/70 (FITC) or 101225, clone M1/70 (APC/Cy7)]
1:100 Gr1 [BioLegend, 108439, clone RB6-8C5 (BV605) or 108407, clone RB6-8C5 (PE)]
1:100 F4/80 [Biolegend, 123110, clone BM8 (PE)]
1:100 Ly6C [BioLegend, 128035, clone HK1.4 (BV605)]
1:100 Ly6G [BioLegend, 127606, clone 1A8 (FITC)]
1:100 CD3 [TONBO Biosciences, 50-0032, clone 17A2 (PE)]
1:160 CD4 [Life Technologies, 46-0042-82, clone RM4-5 (eFluor710)]
1:100 CD8 [RndSystems, FAB116G, clone 53-6.7 (AlexaFluor488)]
1:100 CD25 [BioLegend, 102037, clone PC61 (BV650)]
1:200 PD-L1 [Tonbo Biosciences, 50-1243, clone B7-H1 (PE)]
1:1000 Sytox Blue dye (Life Technologies, S34857) was added to stained cells to assay for viability.

Validation All antibodies used were validated by the manufacturer including confirmed reactivity against mouse tissues and quality control
testing by immunofluorescent staining with flow cytometric analysis.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) The following cell lines were used in the study: human embryonic kidney cells (Hek293)mouse embryonic fibroblasts (MEFs),
mouse MC38 colon cancer cells, mouse CMT167 lung cancer cells, and mouse D4M-S melanoma cells.

Authentication All cell lines used were authenticated by the manufacturer using short tandem repeat (STR) profiling.
Mycoplasma contamination All cell lines used in the study were confirmed to be negative for mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All mice were are from the C57BL/6 background. Apc mice that harbor a heterozygous floxed allele of exons 1 to 15 (Apc+/Aex1-15)
83 were crossed with Bmall conditional mice that carry homozygous floxed alleles of exon 8 (Bmal1fl/fl) 84. Intestine-specific
targeting of epithelial cells was achieved by crossing these conditional mice with Villin-Cre animals to create Apc+/Aex1-15;Bmalifl/
fl;Villin-Cre mice. Mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were sacrificed for experiments at 9-10
months of age except for the WT SD experiment where mice were sacrificed at 4 months of age.

All experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines at the
University of California, Irvine. Animals were housed on a standard 12-hour light/12-hour dark paradigm, with temperatures of 65-75
°F, humidity 40-60%, and fed ad libitum.

Wild animals This study did not involve wild animals.

Reporting on sex All experiments were performed with mice of both sexes other than the subcutaneous models. For the subcutaneous mouse
experiments, mice of only one gender were used in order to prevent rejection of the cancer cells.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines at the
University of California, Irvine.




Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Authentication Describe-any-atithentication-procedtres foreach seed stock-tised-ornovel- genotype generated—Describe-any-experiments-tsed-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation All samples were collected from mice.

Spleen tissue collection and cell isolation

Animals were sacrificed at the ZT indicated in the legend, spleens were quickly excised, pushed through a 70-um cell strainer
to create a cell suspension of splenocytes and washed with RPMI. Cells were centrifuged at 500g at 4°C for 10 min and then
incubated for 1 min in 5 mL RBC lysis buffer at RT. Cells were quenched with 10 mL serum-free PBS and pelleted by
centrifugation at 500g at 4°C for 5 min. Cells were resuspended in 5 mL FACS buffer (1xPBS, 10% FBS), and total remaining
live cells were counted by Countess™ Il and processed for downstream FACS analysis.

Small intestine tissue collection and cell isolation

Tissue samples were harvested from mice at the ZT indicated in the legend, flushed, and cut longitudinally. Tissues were
placed in RPMI media containing 1% FBS, 18 pg/mL DNasel (Sigma-Aldrich, 04536282001) and 0.6 mg/mL Collagenase type P
(Roche, #11249002001) and were digested at 37°C on a shaker for 30 min. Cells were filtered through a 70-um cell strainer,
washed with PBS containing 1M HEPES and 2% FBS. Samples were centrifuged to pellet cells, which were then resuspended
in RPMI medium, filtered through a 40-um cell strainer, and washed with PBS containing 1M HEPES and 2% FBS. Cells were
centrifuged at 500g at 4°C for 5 min and then incubated for 1 min in 1 mL RBC lysis buffer at RT. Cells were quenched with 10
mL serum-free PBS and centrifuged at 500g at 4°C for 5 min. Cells were resuspended in 5 mL FACS buffer (1xPBS, 10% FBS),
and total remaining live cells were counted by Countess™ Il and processed for FACS analysis.

Lymph node collection and cell isolation

The mesenteric, dLN was collected at the ZT indicated in the legend and teased open with a 23G needle before being placed
in digestion solution containing 1 mg/mL Collagenase D and A. After incubating at 37 °C on a shaker for 20 min, cells were
filtered through a 70-um cell strainer and washed with PBS. Samples were centrifuged to pellet cells, which were then
resuspended in 1 mL FACS buffer (1xPBS, 10% FBS), and total remaining live cells were counted by Countess™ Il and
processed for FACS analysis.

Blood collection and cell isolation

Blood was collected at the ZT indicated in the legend by cardiac puncture and 0.5M EDTA was added to blood at a ratio of
1:10. Blood was incubated for 5 min in 2 mL RBC lysis buffer at RT. Cells were quenched with 10 mL serum-free PBS and
centrifuged at 500g at 4°C for 5 min. Red blood cell lysis was repeated again and then cells were resuspended in 1 mL FACS
buffer (1xPBS, 10% FBS), and total remaining live cells were counted by Countess™ Il and processed for FACS analysis.

Fluorescence-Activated Cell Sorting (FACS)

Tissue samples were harvested from mice at the ZT indicated in the legend and mechanically dissociated to generate single
cell suspensions as described above. Cells were blocked with anti-mouse FcyR (CD16/CD32) (BioLegend, 101301) on ice for 5
min. Cells were then centrifuged at 400g for 3 min at 4°C and washed once with FACS buffer (1xPBS with 10%FBS). Cells were
incubated for 30 min at 4°C with pre-conjugated fluorescent labeled antibodies. Sytox Blue dye (Life Technologies, S34857)
was added to stained cells to assay for viability.

Instrument Cells were sorted by BD FACSAria™ Fusion




Software Data was analyzed using FlowJo software, v10.0.7 (Tree Star, Inc).

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy For all flow cytometry experiments, SSC-A and FSC-A were used to gate the cell of interest and then SSC-W and SSC-H as well
as FSC-W and FSC-H were used to discard doublets. Live cells were gated using DAPI Sytox blue before gating based on other
fluorophores. All experiments included single stain controls and gates were determined using fluorescence minus one (FMO)
controls.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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