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Abstract

The circadian clock is a critical regulator of immunity, and this circadian control of immune
modulation plays an essential role in host defense and tumor immunosurveillance. Using a

single cell RNA-sequencing approach in a genetic model of colorectal cancer (CRC), we
identified clock-dependent changes to the immune landscape that dictate the abundance of
immunosuppressive cells and consequent suppression of cytotoxic CD8* T cells. Of these
immunosuppressive cell types, PD-L1 expressing myeloid-derived suppressor cells (MDSCs) peak
in abundance in a rhythmic manner. Mechanistically, we identified that disruption of the epithelial
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cell clock regulates the secretion of cytokines that promote heightened inflammation, recruitment
of neutrophils, and the subsequent development of MDSCs. We leveraged these findings to
demonstrate that time-of-day anti-PD-L1 delivery is most effective when synchronized with the
abundance of immunosuppressive MDSCs. Collectively, our results indicate that circadian gating
of tumor immunosuppression informs the timing and efficacy of immune checkpoint inhibitors
(ICls).

One-Sentence Summary:

Immunosuppression is regulated by the circadian clock and can be leveraged to promote the
efficacy of immune checkpoint inhibitor therapy.

INTRODUCTION

Colorectal cancer (CRC) represents a significant health challenge globally, with high
morbidity and mortality rates that are rising in young adults~4. The current standard of care
for CRC relies on 5-Fluorouracil-based chemotherapy that lacks specificity and is associated
with significant toxicity>-8. Immunotherapy has emerged as a promising approach for the
treatment of multiple cancer types®-11. Although ICIs have demonstrated efficacy in patients
with advanced, microsatellite instability high CRC12:13 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
progression on ICI therapy#1°. Thus, these findings represent a significant clinical hurdle in
the treatment of solid tumors and underscore the need to improve the efficacy of ICls.

The circadian clock is the biological timekeeping mechanism that governs endocrine,
metabolic, and immune functions to maintain physiological homeostasis6-20. The clock
impinges on innate immunity by regulating time-of-day dependent production and
trafficking of cytokines/chemokines, as well as immune cell maturation and tissue
infiltration21-24, In particular, myeloid cell-specific deletion of Bmal1 was shown to
abrogate the rhythmic cycling of monocytes and promote the accumulation of inflammatory
Ly6Chi monocytes in non-tumor models?®:26. While these studies establish a causal link
between the circadian clock and innate immunity, less is known regarding how the clock
impacts anti-tumor immunity. Using a 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)27+28, However, whether
the activity of cytotoxic CD8* T cells is also dependent on clock-controlled regulation of
immunosuppression remains mechanistically undefined.

Chronomedicine suggests that the timing of delivery of cancer therapeutics can significantly
impact treatment outcome. In support of this, studies have provided compelling evidence
that morning administration of chemotherapy can mitigate side effects and enhance
treatment response across diverse cancer types23-31, Preclinical models and early stage
clinical trials have also demonstrated increased efficacy of cytokine infusions in a time-of-
day-dependent manner32-37. In terms of delivery timing of ICls, studies are limited with

the exception of retrospective analyses of multiple tumor types where afternoon dosing of
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ICIs was significantly associated with shorter overall survival38-41, Notably, immunotherapy
agents exhibit rapid, partial tissue-clearance within 12 hours after administration*?,
indicating that the timing of treatment could be critical for stimulating anti-tumor immunity.

Here, we show that the clock impinges on tumor immunosuppression which dictates optimal
timing of ICls. Using a genetic model of CRC, we utilized a single-cell RNA-sequencing
(scRNA-seq) approach and identified clock-dependent control of the immune landscape
within the tumor microenvironment. Genetic and environmental disruption of the circadian
clock resulted in accumulation of MDSCs and a decrease in cytotoxic CD8* T cells.

More specifically, we identified an important signaling axis between the intestinal epithelial
circadian clock and immune cells through the secretion of proinflammatory cytokines and
chemokines. Given the role of the circadian network in regulating immunity, the abundance
of PD-L1 expressing MDSCs was found to be rhythmic in the intestine and in peripheral
tissues. Finally, we leveraged these data to show that anti-PD-L1 administration was most
effective in the early active phase of mice when immunosuppressive MDSCs were more
abundant. Our results demonstrate that clock-dependent control of anti-tumor immunity can
inform the optimal timing and efficacy of immune checkpoint blockade.

Clock disruption alters the immune landscape

A growing body of evidence suggests a critical link between circadian clock dysregulation
and multiple different types of cancer?’:43-55_ We previously reported that clock disruption
promotes tumor progression in an Apc-driven model of CRC3. Our genetically engineered
mouse model (GEMM) harbors both intestine-specific knockout of BmalZ, to disrupt the
clock, and heterozygous deletion of Apc, to initiate CRC (Figure SIA-B). Apcand Bmall
were selectively deleted in intestinal epithelial cells (Apc*2ex1=15-Bmal1™f-\jllin-Cre)
using Villin-Cre, and we denote Bmal1™7:\jillin-Cre mice as Bmall™~, Apc*"2eX1=15-\j/fin-
Cremice as Apc™~, and Apc™2eX1-15-Bmal 1/ \/illin-Cre mice as Apc*’~;Bmall™".
Importantly, in the Bmal1™~and Apc*/~;Bmal1™~ mice, the clock is only disrupted in
intestinal epithelial cells and remains intact in the periphery, thus establishing a system

to delineate the crosstalk between the intestinal epithelial clock and the immune system.
Furthermore, defining this axis is critical for advancing our understanding of time-of-day
control of anti-tumor immunity.

Using this GEMM of CRC, we previously reported the impact of clock disruption on
tumor burden and pathological features®3. Consistent with previous findings®®, intestinal
hematoxylin/eosin (H&E) sections from Apc*/~ mice contained early neoplastic precursor
lesions and tubular adenomas®3. In contrast, Apc*/~;Bmal1™~ mice showed a striking
increase in neoplastic changes, ranging from tubular adenomas to locally invasive
adenocarcinomas extending into the muscularis propria®3. Additionally, polyp count,
which includes early neoplastic precursor lesions, tubular adenomas, and locally invasive
adenocarcinomas, was used to quantify tumor burden. Apc*’~:Bmal1~~ mice were found
to have significantly greater intestinal polyp count versus Apc*/~ mice (Figure S1C).
Spleen weight was also significantly elevated in Apc™~;Bmal1™~ mice compared to Apc*’
~mice (Figure S1D), suggesting increased systemic inflammation in clock mutant, tumor-
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bearing mice. Together, these data link disruption of the circadian clock in the intestine to
acceleration of CRC progression.

The circadian clock has been linked with immunity through time-of-day dependent
regulation of cytokine/chemokine production, as well as the release and trafficking of
immune cells to target tissues?1:22:24.55.57 However, how circadian clock disruption in
intestinal epithelial cells regulates tissue-specific and systemic control of anti-tumor
immunity is unknown. Therefore, to define the impact of clock disruption on the immune
landscape in the intestine, we performed scRNA-seq with CD45* sorted immune cells
isolated at Zeitgeber time (ZT) 4 from WT, Bmal1™~, Apc*’~, and Apc*/~;Bmall™~ mice
(Figure 1A). Based on UMAP clustering and analyses of immune cell lineage marker
expression (Figures S1E-F, Figure S2A), sScRNA-seq identified distinct clusters of myeloid
and lymphoid cells. These cells included neutrophils (5100a8, S100a9, Cxcr2), monocytes/
macrophages/dendritic cells (DCs) (C1ga, Clgb, Fnl), mast cells (Ki), CD8* T cells
(CD8a, Gzma, Ccl5), CD4* T cells (CD4, Ms4a4b, Trbc2), double-negative (DN) T cells
(Ms4a4b, Trbc2, low for CD4and CD&a), innate lymphoid cells (ILCs) (//7r, Gata3,
Klrg1), naive B cells (CD19, Ms4al, CD79a), mature B cells (Jchain, Igha, Igkc), and
proliferating B cells (Mki67, TopZa, Pclaf) (Figure 1B). Immune cell populations that
were clock-dependent or tumor-specific were analyzed further. Notably, scRNA-seq revealed
differences in the immune landscape in the Bmal1™~, Apc*/~, and Apc*/~;Bmall~~ mice
compared to WT (Figure 1B-E). Importantly, clock disruption alone, in the absence of
cancer initiation, also altered the immune landscape. When compared to WT, Bmal1™",
Apc*’~, and Apc”’~;Bmall™~ mice had increased proportions of neutrophils 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 (Figure 1D-E, Figure S2B-D). Based on
total numbers of myeloid and lymphoid cells, the most striking difference was an increase
in the number of neutrophils in the Bmal1™~, Apc*’~, and Apc*/~;Bmall~~ mice (Figure
1D-E, Figure S2C). This increase 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 (Figure 1D, S2D-E), consistent with the
literature differentiating these B cell subtypes®8-52. Interestingly, the count of naive B

cells decreased while mature B cells increased only in the tumor-bearing Apc*/~ and Apc?’
~,Bmal1™~ mice, and this was independent of clock disruption (Figure 1D, S2D-E). Based
on published reports, cancer development promotes tumor infiltration of B cells that alters
their cell surface marker expression, identity, and function, thus resulting in increased B

cell heterogeneity®2-64. 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, a flow
cytometry panel was established to quantify immune cell types within the intestine and
spleen (Figure S3A). 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,
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F4/80 for macrophages, Ly6C for monocytes, and Ly6G for neutrophils. The lymphocyte
panel included 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 Bmal1™") and presence (Apc*’~ and Apc”’~;Bmall™") of a tumor
microenvironment, as we expect greater immune cell changes during cancer progression.
Importantly, clock disruption did not alter the total frequency of intestinal CD45* immune
cells (Figure S4A). Both Bmal1™~and Apc™~;Bmal1~~ mice had significantly higher
proportions of neutrophils and monocytes, as well as significantly reduced proportions of
CD8™ T cells (Figure 2A-B, Figure S4B-E). Of these changes, the increase in neutrophils
was the most prominent, with a 5-fold increase in the Bmal1™" intestine compared to WT
and a 5-fold increase in the Apc*/~:Bmall1™~ intestine compared to Apc*/~ (Figure 2A-B).
This suggests that clock disruption promotes an increase in neutrophils in both non-tumor-
bearing and tumor-bearing microenvironments. The proportions of total CD3* T cells, CD4*
T cells, and CD25* T cells in the intestine were unaffected by clock disruption (Figure
S5A). Spleens isolated from Bmal1™~ and Apc?’~;Bmall™~ mice also had significantly
higher proportions of neutrophils and monocytes (Figure S5B). We also profiled the
abundance of macrophages and CD25* T cells in both the intestine and spleen and did

not observe a consistent clock-dependent effect (Figure 2A-B, Figure SS5A-B). These
flow cytometry data suggest that clock disruption in intestinal epithelial cells significantly
increased the abundance of neutrophils in tumor-bearing and non-tumor-bearing mice, which
is corroborated by our sScCRNA-seq analysis.

In humans, circadian rhythms are frequently disrupted by environmental stimuli including
night shift work, jet lag, and extended light-at-night exposure®>-67, and several of these
environmental disruption paradigms have been shown to accelerate cancer progression in
mice2744:45.48,50.53,68 Therefore, in order to define whether environmental clock disruption
mirrors the alterations to the immune 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/week for 8 weeks (Figure 2C)27:50.53.69.70 \\fe previously
used this paradigm and demonstrated a significant loss of rhythmicity of the respiratory
exchange ratio, locomotor activity, and food intake, signifying a systemic disruption of the
circadian clock®3. Shift disruption (SD) significantly increased proportions of neutrophils,
monocytes, and macrophages, and resulted in a significant reduction in CD8" T cells

in the intestine (Figure 2D). Neither genetic clock disruption alone (Figure S1D) nor
environmental clock disruption (Figure S5C) led to an increase in spleen weight that is seen
in the tumor-bearing mice (Figure S1D). This suggests that tumor progression is necessary
for spleen enlargement. Lastly, SD led to a significant reduction in the proportion of CD4*
T cells (Figure S5D), likely because environmental clock disruption impacts rhythmicity

in both intestinal epithelial cells and immune cells systemically. Taken together, data from
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 the intestine.

Importantly, genetic and environmental clock disruption were found to alter proportions of
both myeloid and lymphoid cells (Figure 2A-D). To determine which cell type was initially
impacted by circadian clock disruption, WT mice were exposed to an SD time-course for
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1 week, 3 weeks, or 5 weeks and flow cytometry was subsequently used to track changes

to the immune landscape. Similar to mice exposed to 8 weeks of the SD paradigm (Figure
S5C), spleen weight was unaffected by short-term SD exposure (Figure S5E). However, SD
led to a significant increase in the proportion of neutrophils after only 3 weeks (Figure 2E—
F). This was followed by an increase in the proportion of monocytes and macrophages and
a reduction in the proportion of CD8" T cells after 5 weeks of environmental shift (Figure
2F). The proportion of CD4* T cells was unaffected after 5 weeks of SD (Figure S5F) and
reduced only after 8 weeks of shift (Figure S5D), demonstrating that abundance of CD4* T
cells is not initially changed following circadian clock disruption. These data suggest that
environmental clock disruption triggers an initial alteration in neutrophil proportions prior to
secondary immune cell adaptations including a reduction in 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.
Interestingly, genetic knockout of Bmall alone resulted in a pronounced decrease in
intestinal cytotoxic CD8* T cells (Figure 1D-E, Figure 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 /fitm1,
Widc17, S100a8, S100a9, Irg1, and ArgZ2 (Figure S6A). This neutrophilic population is
enriched as a result of both clock disruption and cancer (Figure S6B). MDSCs, often
neutrophil- and monocyte- derived, have been reported to suppress cytotoxic CD8* T cell
proliferation and activity’1~74, and recent evidence suggests that increased accumulation of
neutrophils can induce immunosuppression and tumor progression28.75-78,

To further define this, putative MDSCs were sorted by flow cytometry from intestines

and spleens of WT, Bmal1™~, Apc?’~, and Apc?/~;Bmall~~ mice (Figure 3A, Figure

S3B). Importantly, 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!W granulocytic and Ly6G~Ly6CMN9I" monocytic cells”9-81.
Thus, CD11b, a marker for myeloid cells, and Gr1, a marker for both Ly6C and

Ly6G, were used to sort both monocytes and neutrophils, the most common populations
comprising MDSCs’%-81, Both Bmal1™~and Apc™~;Bmall~~ mice had significantly
greater proportions of Gr1* cells (Figure 3B-D). MDSCs can suppress T cells through

the generation of reactive oxygen species (ROS)’182, To determine if the production of ROS
is influenced by clock disruption, we used cell permeable reagent 2°,7’—dichlorofluorescin
diacetate (Ho,DCFDA), which becomes fluorescent in the presence of ROS, to quantitatively
measure ROS accumulation in the mouse intestine. Gr1* cells from Bmall™~and Apc”’
~,Bmall~~ mice exhibited greater levels of ROS (Figure 3E-F). An additional mechanism
of T cell suppression is the upregulation of PD-L1 by MDSCs83-85, A greater percentage of
Gr1* cells from Bmal1™~ and Apc*/~;Bmall~~ mice were also found to be PD-L1* (Figure
3G-H), suggesting these MDSCs could be immunosuppressive. Similarly, gene expression
analysis of splenic Gr1* cells revealed a significant upregulation of immunosuppressive
genes including $100a8, 5100a9, and Widc17in the Bmal1™~and Apc*/~,Bmall™~ mice
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(Figure 31-J). These data demonstrate that clock disruption, even in the absence of a tumor
microenvironment, 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 that is diluted as

a result of consecutive cell divisions. Next, activated T cells were co-cultured with Gr1*
cells isolated from WT, Bmal1™~, 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 cells that maintained the proliferation dye, allowing for a
quantification of T cell proliferation and a readout for immunosuppression (Figure S3C).
We found that MDSCs from clock-disrupted BmalZ™~, and tumor-bearing Apc*’~ and Apc”
~,Bmal1™~ mice, significantly suppressed T cell proliferation (Figure 3K, Figure S6C-D).
Our findings suggest that immunosuppression is likely mediated through clock-dependent
control of MDSCs in a model of CRC.

Clock disruption drives a Wnt-mediated inflammatory response

To define the underlying molecular mechanism of immune cell remodeling, we further
dissected the role of the circadian clock in the intestinal epithelium. Importantly, Wnt
signaling regulates development, proliferation, and stemness and is an essential pathway
for maintaining homeostasis in the intestine8®. We have previously shown that Bmal1 loss
promotes Apc loss of heterozygosity by increasing genome instability and resulting in
hyperactivation of Wnt signaling®3. A key Wnt-target gene, c-Myz, has also been shown

to regulate inflammation and immunosuppression within the tumor microenvironment87-91,
Taken together, these findings suggest that the circadian clock and Whnt 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 intestine92-94, WT and Bmall™" intestinal
monolayers and organoids were treated with recombinant mouse Wnt3a to define the
Whnt-dependent transcriptional response in the absence and presence of a functional clock.
Intestinal Bmal1~~ led to an upregulation of MYC protein, which was further heightened

in the presence of Wnt3a treatment (Figure 4A, Figure S7A). Compared to WT, Wnt target
genes c-Myc and Survivin were significantly upregulated in Bmall~~ intestinal monolayers
in a Wnt3a-dependent manner (Figure 4B). Similar results were obtained using WT and
Bmal1™ intestinal organoids treated with either recombinant mouse Wnt3a or Wnt3a
conditioned media (CM) (Figure S7B-C). Strikingly, the inflammatory cytokine Cxc/5was
also upregulated in a Wnt-dependent manner, and this response was significantly enhanced
upon intestinal clock disruption (Figure 4B, S7B-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 neutrophils, within
the intestinal epithelium (Figure 4C).
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To delineate the pro-inflammatory roles of the clock and Wnt signaling, WT and Bmal1~~
primary intestinal monolayers were treated with and without recombinant Wnt3a and a
32-plex mouse cytokine/chemokine array was performed. Importantly, both clock-dependent
and Wnt-dependent increases in cytokine production were identified in both cell lysate and
CM. IL-5, CCLS5, IL-17, and CXCL9 were found to be exclusively clock-dependent as these
cytokines were significantly upregulated in Bmal1~" intestinal monolayers compared to WT
(Figure 4D and G, Figure S7D). CCLS5, IL-17, and CXCL9 were found to be significantly
upregulated in mice during chronic intestinal inflammation and cancer, leading to the
recruitment of neutrophils®>-101, |L-17 promotes neutrophil expansion and survival as well
as the production of immune-suppressive molecules s700a8and s100a9'92-108, Collectively,
these data suggest that clock disruption promotes a pro-inflammatory response in intestinal
epithelial cells that could drive a myeloid-dependent immunosuppressive 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, TNFa, and IFNy (Figure 4E, 4G, Figure S7E),
which all have pro-inflammatory roles199, Additionally, CXCL5, CXCL6, and CXCL2
were identified to be both clock and Wnt-dependent (Figure 4F-G, Figure S8A). These
cytokines are also known to be activated during an inflammatory response and consequently
function as neutrophil chemoattractants?1:-110-116 To confirm our findings in an additional
cell model, mouse embryonic fibroblasts (MEFs) were similarly treated with recombinant
Whnt3a which resulted in a significant upregulation of the Wnt target genes c-Myc, Survivin,
and AxinZ, as well as the inflammatory cytokines Cxc/5, Cxcl1, M-csf, and Gm-csf (Figure
S8B). Similar to intestinal organoids, Cxc/5was the most highly upregulated cytokine,

with an over 100-fold induction in response to Wnt3a (Figure S8B). Finally, to define
transcriptional control of inflammatory cytokines, knockdown of MYC was performed in
primary intestinal monolayers. MYC knockdown resulted in a significant downregulation
of Cxcl5 gene expression (Figure S8C). These data suggest that MYC is at least partially
involved in the Wnt-dependent transcriptional control of the pro-inflammatory cytokine
Cxcl5.

Clock disruption promotes neutrophil migration and suppression

We identified multiple pro-inflammatory and potentially immunosuppressive cytokines that
are both clock and Wnt-dependent (Figure 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 Bmal1™~ primary intestinal monolayers were
treated with recombinant Wnt3a and CM was collected, to define the role of the clock

and Wnt signaling on neutrophil phenotype and function. Next, naive bone marrow-derived
neutrophils isolated 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 (Figure 4D-G). Notably, only neutrophils cultured with CM collected
from Bmal1™~ intestinal monolayers exhibited a Wnt-dependent upregulation of MDSC-
signature genes including $100a8, s100a9, Wfdc17, and ArgZ2 (Figure 4H). Additionally,
naive bone marrow-derived neutrophils were isolated from WT mice and placed into
transwell chambers to assess chemotaxis toward cytokine/chemokine enriched CM. Primary
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neutrophils were incubated with CM from WT and Bmal1~~ intestinal monolayers, and a
significant proportion of neutrophils were migratory in the presence of CM from Bmal1™~
primary intestinal epithelium (Figure 41). These data demonstrate that clock disruption and
Whnt activation promoted an immunosuppressive neutrophil phenotype as well as increased
neutrophil migration.

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-seq1’. We focused solely on CD45* immune cells and classified naive B cells,
mature B cells, T cells, NK cells, and myeloid cells based on UMAP clustering and immune
cell lineage marker expression (Figure S9A-B). We found that myeloid cells were highly
abundant in human CRC samples when compared to patient-matched normal colon (Figure
S9C-D). Importantly, consistent with previous literature118.119 pD-L1 was found to be
highly expressed by this myeloid cluster and expression was increased in CRC samples
relative to normal colon (Figure S9E-F). These data suggest that PD-L1* myeloid cells are
highly abundant in human CRC, and this potentially immunosuppressive cell population
could be therapeutically targetable.

Time of day anti-PD-L1 treatment determines 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 (Figure
S10A-D). Importantly, the expression of PD-L1 was increased in the Bmal1™~, Apc*/~, and
Apc*’~:Bmal1™~ mice (Figure S10C-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 if immunosuppressive MDSCs and PD-L.1 expression are regulated by
the circadian clock, mice were sacrificed 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 significantly different between Apc™~;Bmall~~ mice in the ZT 4 group compared
to ZT 16 (Figure S10F-G). Of importance, the circadian clock in Apc™~;Bmall™~ mice

is disrupted in intestinal epithelial cells and remains intact in other organs. In WT mice,
there is a significant increase in the proportion of Gr1* and Gr1*PD-L1" cells in the
intestine at ZT 16 compared to ZT 4 (Figure 5A-B). In contrast, this rhythm of Gr1* and
Gr1*PD-L1* cells is lost in the intestine of Apc*/~,Bmall~~ mice (Figure 5A-B). In the
spleen, where the circadian clock remains intact, we identified a significant increase in Gr1*
and Gr1*PD-L1* cells at ZT 16 in both WT and Apc?/~;,Bmal1~~ mice (Figure 5C-D). Gr1*
and Gr1*PD-L1* cells were also profiled in mesenteric tumor-draining lymph node (mLN)
and blood, but absolute levels were low compared to the intestine and spleen (Figure S10H-
). We quantified cumulative levels of Grl* and Gr1*PD-L1* cells in both the intestine and
spleen, the organs with the greatest proportions of these MDSCs. There were significantly
more Gr1* and Gr1*PD-L1* cells at ZT 16 compared to ZT 4 (Figure S10J-K), indicating
that immunosuppressive myeloid cells peak during the early active phase. Altogether, these
data demonstrate that the abundance of Gr1* MDSCs, as well as the expression of PD-L1, is
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rhythmic and conceptually establishes a framework for time-of-day treatment of anti-PD-L1
immunotherapy.

In order 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-L1 at ZT 16, when Gr1*PD-
L1* cells are most abundant, would provide greater anti-tumor efficacy. After treatment,
tumor burden and spleen weight were assessed and flow cytometry was used to determine
the proportions of Gr1* cells and CD8* T cells (Figure 5E). Importantly, spleen weight

was increased in Apc?/~;Bmall™~ mice treated at ZT 16 and not in Apc*/~;Bmall™~ mice
treated at ZT 4 (Figure 5F), demonstrating that the inflammatory response generated by
anti-PD-L1 is dependent 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*’
~,Bmal1™~ mice (Figure 5G). Treatment of Apc*/~;Bmall~~ mice with anti-PD-L1 at ZT
16 was found to promote a greater increase in intestinal CD8* T cells compared to ZT

4 treatment (Figure 5H), suggesting a more robust anti-tumor immune response generated
upon treatment in the early active phase. Though anti-PD-L1 treatment did not significantly
decrease intestinal polyp count after only 3 weeks (Figure S10L), it significantly reduced
polyp size in Apc?~;Bmall™~ mice when administered at ZT 16, the time when Gr1*PD-
L1* cells are most abundant (Figure 5I).

In addition to our GEMM of CRC, we also performed time of day anti-PD-L1
administration in subcutaneous models of CRC (MC38), lung cancer (CMT167), and
melanoma (D4M-S), which are known to respond to immunotherapy20-125, Both ZT 4

and ZT 16 administration of anti-PD-L1 significantly reduced MC38 tumor growth over
time (Figure 5J) and tumor size (Figure 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 1/12 (8%) tumors with ZT 4 treatment versus 4/14 (30%) tumors with ZT

16 treatment (Figure 5J-K). PD was observed for 6/12 (50%) tumors with ZT 4 treatment
versus 4/14 (29%) tumors with ZT 16 treatment (Figure 5J-K). Importantly, the CMT167
lung cancer line was less responsive to immunotherapy, however, a significant reduction in
tumor volume was observed when anti-PD-L1 was administered only at ZT 16 (Figure 5L,
Figure S10M). 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 (Figure 5M, Figure S10N). Taken together, these findings demonstrate that
time-dependent regulation of PD-L1* MDSCs can be harnessed to promote the efficacy of
immune checkpoint blockade in the treatment of CRC, as well as lung cancer and melanoma
(Figure 6).

DISCUSSION

Circadian control of innate immunity plays a critical role in regulating the trafficking
and recruitment of myeloid cells, such as monocytes, macrophages, and neutrophils,
which are essential components for host defense21:24-26.78,126,127  additionally, tumor
immunosurveillance has recently emerged as a dynamic process that also displays
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rhythmicity over the day/night cycle. Specifically, the rhythmic trafficking and function

of DCs that governs tumor antigen presentation and subsequent priming of cytotoxic

CD8* T cells controls tumor growth28, and likely also governs rhythmic metastatic
dissemination2’:128_ |n 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?8.126_ Therefore, we reasoned that the circadian clock likely dictates
additional unknown factors that impinge on anti-tumor immunity, which could also inform
therapeutic efficacy of immune checkpoint blockade.

Utilizing an unbiased scRNA-seq approach, we identified clock-dependent changes to the
tumor immune landscape that govern immunosuppression. Mechanistically, our data support
a model where an inherent crosstalk exists between epithelial and immune cells that is
guided by the circadian clock network in the intestine. Disruption of the intestinal epithelial
cell clock resulted in hyperactivation of pro-inflammatory cytokines and chemokines that
promote neutrophil accumulation, MDSC development, and immunosuppression. Given
that the intestinal epithelium is highly Wnt-responsive, and clock disruption hyperactivates
intestinal Wnt signaling (Figure 4)°3, 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 CRC118:119 Qur work now uncovers a previously unknown
mechanism of MDSC control that is coordinately regulated by the circadian clock and Wnt
signaling in the intestine.

Given the importance of the intestinal clock in regulating MDSCs, we now provide
evidence that MDSC accumulation is time-of-day regulated (Figure 5A-D). Importantly,
our data illustrate 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?”:68, Qur
findings now expand the repertoire of anti-tumor immunity to include clock-dependent
control of immunosuppression through MDSCs. Based on this data, we leveraged this
rhythmic control of immunosuppressive cells to show that timing of anti-PD-L1 delivery
impacts treatment efficacy and outcome in models of CRC, lung cancer, and melanoma
(Figure 5).

Finally, immunotherapy is not effective in all tumor types!29-132 and of ICI-

responsive cancers, many patients subsequently demonstrate disease progression14:15,
Circadian medicine approaches, including chronotherapy, suggest that timing of certain
chemotherapies could provide therapeutic advantage when dosed at the optimal time of
day29-31.133-135 \We now provide evidence that immunotherapy follows a similar rationale
based on the molecular underpinnings of clock-dependent control of immunosuppressive
MDSCs within the tumor microenvironment. Moreover, retrospective analysis of clinical
data suggest that dosing of ICls during the early active phase could provide therapeutic
benefit in multiple tumor types38-41. These clinical studies are in line with our findings
and further support the need for prospective clinical trials investigating the time-of-day
dependent efficacy of immune checkpoint therapies in the treatment of solid tumors.
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Apc mice that harbor a heterozygous floxed allele of exons 1 to 15 (Apc*/Aex1-15)56

were crossed with Bmall conditional mice that carry homozygous floxed alleles of exon

8 (Bmal1V™)136 |ntestine-specific targeting of epithelial cells was achieved by crossing
these conditional mice with Villin-Cre animals to create Apc2ex1-1% Bmal 17/ \/j/lin-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
(Bar Harbor, ME). 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 6575 °F, humidity 40-60%, and fed ad /ibitum. The environmental shift disruption (SD)
paradigm was performed on 2-month-old WT mice purchased from the Jackson Laboratory
(Bar Harbor, ME). Mice were shifted for 1-8 weeks by advancing the light phase by 8 hours
every other day. For the circadian ZT 4 and ZT 16 experiments, WT and Apc*/~,Bmal1™~
mice were divided into two groups. One group was kept in normal 12 hour light:12 hour
dark conditions (LD), and the other group was kept in an inverted 12 hour dark:12 hour light
condition (DL) in order to perform flow cytometry at the same time.

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 5009 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™ 11 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-pm 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 5009 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.
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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.

Bone marrow collection and cell isolation

The femur and tibia were collected and flushed with HBSS supplemented with 2% FBS

and 1mM EDTA using a 25G needle. Cells were centrifuged at 500g at 4°C for 5 min,
washed with 5 mL HBSS supplemented with 2% FBS and 1mM EDTA, and filtered through
a 70-um cell strainer, and total remaining live cells were counted by Countess™ II.

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™ 11 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 4009 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 with the following combinations: CD45 [BioLegend, 103112 (APC)],
CD11b [BioLegend, 101228 (PerCP/cyanine5.5), 101205 (FITC) or 101225 (APC/CyT)],
Grl [BioLegend, 108439 (BV605) or 108407 (PE)], F4/80 [Biolegend, 123110 (PE)],
Ly6C [BiolLegend, 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 cells to assay for viability. Cells were sorted by BD FACSAria" Fusion
and desired populations were isolated for downstream experiments. Data was analyzed using
FlowJo software, v10.0.7 (Tree Star, Inc).

T cell Suppression Assay

Spleens were dissected, filtered into a single-cell suspension and depleted of red blood

cells using Tris-acetic-acid-chloride (TAC). T cells were isolated 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 resuspended at
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15 x108/mL in staining buffer (0.01% BSA in PBS). T cells were stained with proliferation
dye eFluor™ 670 (ThermoFisher Scientific, 65-0840-85) using 5mM dye per 1x107 cells and
incubated in a 37°C water bath for 10 min. Finally, T cells were washed and resuspended at
1x10%/mL in RPMI 1640 w/ HEPES+ L-glutamine complete medium containing 10% FBS,
1X non-essential amino acids, 100U/mL penicillin-100ug/mL streptomycin, 1mM sodium
pyruvate, and 55 uM B-mercaptoethanol. eFluor™ 670-labeled T cells were plated (50x103%/
well) in a U-bottom 96-well plate and activated with plate bound anti-Armenian hamster
1gG (30pg/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 (50x103 T cells:50x10° CD11b* Gri* cells). After 3 days of culture,
cells were collected and blocked with anti-mouse CD16/32 (BioLegend, 101302), stained
with Zombie Live/Dead Dye (BioLegend, 423105) and fluorescent-conjugated antibodies:
CD4 (BiolLegend, 100512; clone RM4-5) and CD8 (BioLegend, 100709; clone 53-6.7).
Single-stained samples and fluorescence minus one (FMO) controls were used to establish
PMT voltages, gating, and compensation parameters. Cells were processed using the BD
LSR Il or BD LSRFortessa™ X-20 flow cytometer and analyzed using FlowJo software,
v10.0.7 (Tree Star, Inc).

ROS Production Assay

Cells were harvested from respective tissues and processed to single cell suspensions

as described above. Cells were stained with CD45, CD11b, and Gr1 antibodies as
described above. Following staining, cells were resuspended in FACS buffer and 10mM
2’,7’-Dichlorofluorescein diacetate (H,DCFDA) (Sigma-Aldrich, D6883) was added and
incubated for 30 min at RT. Cells were then processed on the BD FACSAria" Fusion and
analyzed using FlowJo software, v10.0.7 (Tree Star, Inc).

Cytokine/chemokine ELISA

WT and Bmal1™~ primary intestinal monolayers were cultured with or without 100

ng/mL 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, Alberta, Canada).

Primary Neutrophil Assays

Neutrophils were isolated from mouse bone marrow using the EasySep Mouse Neutrophil
Enrichment Kit (STEMCELL Technologies, 19762). For the migration assay, 1 million
neutrophils were plated in the top well of a 24 well transwell insert (Corning, 3378) and

WT or Bmall™" intestinal monolayer CM was added to the bottom well. After 18 hours,
neutrophils that migrated to the bottom well were counted. For the culture with intestinal
monolayer CM, 500,000 neutrophils were plated in a 24 well plate with intestinal monolayer
CM. After 24 hours, neutrophils were collected for RNA isolation and gPCR 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!3’. The intestinal segment
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was dissected into small pieces and incubated in dissociation solution (PBS supplemented
with 2 mM EDTA and 10 uM Rho kinase inhibitor Y-27632) for 1 hour at 4°C with
agitation. Next, intestinal tissue pieces were shaken, strained, and centrifuged. Pellets were
resuspended in Matrigel (Corning Inc.) and ENR medium was added. ENR is a basal
medium supplemented with recombinant murine EGF (50 ng/ml) (PeproTech), recombinant
murine Noggin (50 ng/ml) (PeproTech), 1 mM Ak-acetylcysteine (Sigma-Aldrich), and 20%
(v/v) of R-Spondin CM (Rspol-expressing cells, Trevigen). The basal medium is 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 culture, dissociated
intestinal tissues were centrifuged and resuspended in ENR medium supplemented with
Y-27632 (Biogems) and 10 uM CHIR-99021 (Sigma-Aldrich), and then seeded on top of a
Matrigel-coated cell culture plate.

Western blot

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 phenylmethylsulfonyl fluoride, 20 mM NaF, 1 mM NazVOy, 1 uM trichostatin A,
and 10 mM nicotinamide]. Protein lysates were resolved on an SDS—polyacrylamide gel.
Antibodies used for Western blot were the following: c-MYC (Abcam, ab32072) and p84
(GeneTex, GTX70220).

Lentiviral transduction of organoids

The third-generation lentiviral packaging system was used for transduction of intestinal
organoids. For production of viral particles, HEK293T cells were transfected with

plasmids encoding lentiviral packaging (pPRSV-Rev and pMDLg/pRRE), lentiviral envelope
(pMD2.G), and the desired transfer vector. Lentivirus-containing medium was harvested

48 hours after transfection, filtered through a 0.45-um syringe filter, and concentrated over
100-fold in volume by ultracentrifugation. For transduction of organoid monolayers, virus
was incubated with 10 pg/mL polybrene in medium supplemented with Y-27632 (Biogems)
and 10 pM CHIR-99021 (Sigma-Aldrich). Primary intestinal monolayers were collected 48
hours later. For the lentiviral transduction of c-MycshRNA in WT intestinal monolayers,
Lenti-sh1368 plasmid was used (Addgene, #29435).

Single-Cell RNA Sequencing (scRNAseq)

FACS-sorted CD45* cells were isolated at ZT 4 from the small intestine of 9-10 month
old WT, Bmal1™~, Apc*’~ and Apc*’~;Bmall™~ mice (n=3 mice/genotype). Cells were
washed once in PBS with 0.04% BSA, and a total of 0.2-2x106 cells per genotype were
used for cell multiplexing barcoding using the CellPlex Kit (10X Genomics), according to
manufacturer’s instructions. Briefly, cells were pelleted after washing by centrifugating at
300 rcf, for 5 minutes at room temperature, and resuspended in 100 pl Cell Multiplexing
Oligos (one oligo/barcode per genotype). Oligos were allowed to bind cell membranes by
incubating at room temperature for 5 min, and unbound multiplexing oligos were washed
3 times with 2 ml ice-cold PBS + 1% BSA. After washing, cells were resuspended in
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chilled PBS + 1% BSA to a concentration of approximately 1,000 cell/uL, and loaded

onto the 10X Genomics Chromium Controller for droplet-enabled scRNAseq according to
the manufacturer’s instructions. Library generation was performed following the Chromium
NextGEM Single Cell v3.1 Cell Multiplexing Reagents Kits User Guide: CG000388Rev B.
A total of 3 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 Illumina HiSeq. Alignment of 3’ end counting
libraries from scRNAseq analyses was completed utilizing 10x Genomics CellRanger-6.1.2.
Each library was aligned to an indexed mmZ10 genome using cellranger count.

Mouse scRNA-seq 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 packagel38. Cell Ranger outputs were loaded into R using the
Read10X() function, and Seurat objects from each sample were generated using the
CreateSeuratObject() function, where genes that were not detected in at least 3 cells
(min.cells = 3) and cells containing less 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 PercentageFeatureSet() function. Low
quality cells were filtered out from Seurat objects utilizing the subset() function, where only
cells with nFeature_ RNA > 200 and < 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 “LogNormalize” method and a scale factor of
10,000. After normalization, the top 2,000 most variable genes were calculated using the
FindVariableFeatures() function, utilizing the vst selection method. Data was 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
FindNeighbors() 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 top expressed genes in each cluster using the FindAllIMarkers()
function. 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 p-value below the specified
threshold (default = 0.01). This provided data for 17,692 cells. The data was analyzed again
for low quality cells; this time, cells with nFeature < 3,000 and percent.mt < 10 were
additionally excluded. This step reduced the data to 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-L1
expression > 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’s instructions. cDNA was used for quantitative real-time PCR using PowerUp
SYBR Green Master Mix (Applied Biosystems). Gene expression was normalized to 185
ribosomal RNA. Primer sequences used for gene expression analysis by gPCR are listed in
Table 1.

Human scRNA-seq data analysis

All human scRNA-seq analysis was performed in R (v4.2.1) using Rstudio (v 2023.03.1
Build 446) and the Seurat v4 packagel38. Data was obtained from Pelka et al.117,
downloaded, and converted into a Seurat object. Percentages of mitochondrial genes
(percent.mt) expressed in each cell were calculated using the PercentageFeatureSet()
function. The data had 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 in
order to focus on immune cells, resulting in 82,611 cells. The object was then normalized
using the NormalizeData() function, using the “LogNormalize” method and a scale factor
of 10,000. After normalization, the top 5,000 most variable genes were calculated using the
FindVariableFeatures() function, utilizing the vst selection method. Data was 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 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 identities
were manually assigned after examining the expression of immune-lineage specific genes
in each cluster using the DotPlot() function (Figure S9A). 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 p-value 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, resulting in 1,253 cells.

Anti-PD-L1 treatment in Apc*/~;Bmall~~ mice

Apc*’~:Bmall1™~ 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
inverted light schedule. Mice were subjected to a gradual shift in time (1 hour/day) to
minimize systemic circadian disruption. Anti-PD-L1 (BioLegend, 124329) was administered
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two times weekly (200 ug per mouse) by intraperitoneal injection. After 3 weeks, mice were
sacrificed for tumor burden and flow cytometric analysis.

Anti-PD-L1 treatment in subcutaneous models

Mice received a subcutaneous injection of 1x106 MC38 cells, 2x106 D4M-S cells, or
2x106 CMT167 cells per tumor at ZT 4. Cells were resuspended in Matrigel to facilitate
engraftment. Two tumors were injected per mouse 1cm off the midline in both sides of the
abdomen. 1gG (BioLegend, 400668) or anti-PD-L1 (BioLegend, 124329) were administered
every 2-3 days (200 ug per mouse) for a total of 4 treatments by intraperitoneal injection.
Mice were sacrificed before the tumor size exceeded 1000 mm3,

Statistical Analysis

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

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Circadian clock disruption alters the immune landscape.
(A) Schematic depicting the workflow for scRNA-seq of live, CD45* immune cells sorted

from mouse small intestine isolated at ZT 4. (B) UMAP of cell types clustered by single-cell
transcriptional analysis (n=15,234 cells, n= 3 mice/genotype). (C) UMAP of cell types
clustered by single-cell transcriptional analysis broken down by mouse genotype WT,
Bmal1™=, Apct'=, and Apc'=;Bmal1~=. (D) Immune cell composition by genotype from
WT, Bmal1™~, Apct'=, and Apct'=;Bmal1™"~ mice. (E) Pie chart of neutrophils, CD8* T
cells, monocytes/macrophages, and CD4* T cells from WT, Bmal1™'=, Apct'-, and Apc*!
~BmalI™!~ mice.
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Fig. 2. Genetic and environmental clock disruption alter the immune landscape.
(A) Neutrophils, monocytes, macrophages, and CD8* T cells shown as percent of CD45*

cells from the small intestine of WT and BmalZ~/~ mice sacrificed at ZT 4 and analyzed

by flow cytometry (n=7 mice/genotype). (B) Neutrophils, monocytes, macrophages, and
CD8* T cells shown as percent of CD45* cells from the small intestine of Apct’~ and Apc*!
~:Bmal1™'~ mice sacrificed at ZT 4 and analyzed by flow cytometry (n=7 mice/genotype).
(C) Schematic of environmental shift disruption (SD) paradigm in WT mice performed

for 8 weeks. Light versus dark schedule is shown for 5 days. (D) Neutrophils, monocytes,
macrophages, and CD8* T cells shown as percent of CD45" cells from the small intestine
of WT mice subjected to 12:12 light/dark (LD) versus SD paradigm. Mice were sacrificed at
ZT 4 and analyzed by flow cytometry (n=8 mice/genotype). (E) Representative proportions
of neutrophils and monocytes in the small intestine of WT mice subjected to 12:12 LD
paradigm versus 1 week SD, 3 weeks SD, and 5 weeks SD. (F) Neutrophils, monocytes,
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macrophages, and CD8* T cells shown as percent of CD45™ cells from the small intestine of
WT mice subjected to 12:12 LD paradigm versus 1 week SD, 3 weeks SD, and 5 weeks SD.
Mice were sacrificed at ZT 4 and analyzed by flow cytometry (n=6 mice/genotype). Data
represent the mean £ SEM and statistical significance was determined by two-tailed Mann-
Whitney T-test for A, B, and D, and one-way ANOVA with Tukey’s multiple comparison
test for 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 < 0.001, and
ns = not significant.
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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, reactive oxygen species (ROS) quantification, and MDSC gPCR from live,
CD45*CD11b*Gr1* sorted cells. (B) Representative percent of Gr1* cells after gating for
live, CD45*CD11b* cells from WT, Bmal1™'=, Apc™!~, and Apct'~;Bmal1~'~ small intestine
using flow cytometry. (C-D) Quantification of Gr1* cells as percent of CD45* cells from
WT, Bmal1™~, Apct'~, and Apc*'=;Bmal1™~ small intestine sacrificed at ZT 4 and analyzed
by flow cytometry (n=3 mice/genotype). (E-F) Geometric mean of DCFDA from WT,
Bmal1™=, Apct'=, and Apct!'=;Bmal1~ small intestine sacrificed at ZT 4 and analyzed by
flow cytometry (n=4 mice/genotype). (G-H) Gr1*PD-L1" cells shown as percent of CD45*
cells from WT, Bmal1™~, Apc*!=, and Apct'~; Bmal1~'~ small intestine sacrificed at ZT 4
and analyzed by flow cytometry (n=3 mice/genotype). (1-J) Expression of s100a8, s100a9,
and Widc17as determined by qPCR using splenic Gr1* sorted cells from WT, Bmal1™~,
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Apct'=, and Apct!'=; Bmal1™~ mice sacrificed at ZT 4 (n=3 mice/genotype). (K) Bar graph
of CD4" and CD8* T cell counts measured by FACS quantification in inactivated T cells
or CD3/CD28 activated T cells with a 1:1 ratio of CD11b*Gr1* cells from WT, Bmal1-,
Apct!'= and Apct'~;Bmal1™~ spleen (n=3 mice/genotype). Data represent the mean + SEM.
Statistical significance was determined by two-tailed Mann-Whitney T-test for C-J, and
one-way ANOVA with Tukey’s multiple comparison for K. 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, **** a p-value of < 0.0001, and ns = not
significant.
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Fig. 4. Circadian clock disruption and Whnt signaling promote an inflammatory response.
(A) Western blot of MYC and p84 in WT and Bmal1~/~ intestinal organoids untreated

or treated with 100 ng/mL recombinant Wnt3a for 72 hours. (B) Expression of c-Myzc,
Survivin, and Cxcl5 determined by qPCR using WT and Bmal1~/~ primary intestinal
monolayers untreated or treated with 100 ng/mL recombinant Wnt3a for 72 or 96 hours.
(n=5 independent monolayer lines/genotype). (C) Proposed model of hormal versus clock
disrupted/Wnt activated intestinal epithelium. (D) Concentration of secreted IL-5, CCL5,
IL-17, and CXCL9 in CM from WT and Bmal/I'~ intestinal monolayers determined by
ELISA (n=3 independent monolayer lines/genotype). (E) WT intestinal monolayers were
untreated or treated with 100 ng/mL recombinant Wnt3a for 96 hours (n=3 untreated, n=5
Whnt3a-treated independent monolayer lines/genotype). Concentration of secreted CXCL1,
G-CSF, GM-CSF, CCL2, VEGF, and TNFa was determined by ELISA. (F) WT and
Bmal1™'~ intestinal monolayers were untreated or treated with 100 ng/mL recombinant
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Whnt3a for 96 hours (n=3 untreated, n=4 Wnt3a-treated independent monolayer lines/
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 Bmal1~/~ intestinal monolayers CM (n=6
independent monolayer lines/genotype). (1) Neutrophil migration toward WT and Bmal1™/-
intestinal monolayers CM (n=6 independent monolayer lines/genotype). Data represent the
mean + SEM. Statistical significance was determined by two-tailed Mann-Whitney T-test
for D-E and I, and one-way ANOVA with Tukey’s multiple comparison for B, F, and H.
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, **** a p-value
of <0.0001, and ns = not significant.

Nat Immunol. Author manuscript; available in PMC 2024 September 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Fortin et al.

Page 33
A Intestinal Intestinal B Intestinal Intestinal
Gr1* Cells Gr1* Cells Gr1*PD-L1* Cells Gr1*PD-L1* Cells
e 3+ * 10 ns
» ¢ *okk » b ﬁ"s » 1 ” | |
0 N t g g -
o 4 ° o e o, % o oo o WT
& »* i 15 i b . ® Apc*;Bmal1*
a a . a a 3
o . o 10 . (3] 14 O 4 o
‘s 27 see |° k] . k] e . k]
. .
T4 2T16 T4 7T16 T4 7716 T4 7T16
C Spleen Spleen Spleen Spleen
Gr1* Cells Gr1* Cells Gr1*PD-L1* Cells Gr1*PD-L1* Cells
154 30 Fokk 6 Aok 8, sk
@ lLl @ . @ H @ N
?10_ o ‘3 3 > § 4 § 10
g .3 ok g .. [~
o o o . o
6 57 5 10 @ 5 27 5 51 s
= | 23 S = =
M | | ;
T4 7716 T4 7T16 T4 7716 T4 716
E Anti-PD-L1
Sacrifice for tumor burden
7T 4 7T 16 and flow cytometry

%

gl scafl: s

®» -

o

@ Apc*;Bmal1* untreated

Week 1 Week 2 Week 3 [[] Apc*;Bmal1* anti-PD-L1
F Spleen Weight G Intestinal Gr1* Cells H Intestinal cD8* T Cells Polyp Size
*k ns ne *kkok
sk sokkk
ns *
10009 i 2 |_|"s I_I** 40 | | | 6 |_|ns i
1) n —_
800 315 3 £
] g% E,
600 o =
z g 10 22 l 3 Ty
400 e o % o E, 55| F 9
r T |"| 5 s ' A ) 3
pilli 101 <101
i I
ma 7116 74 7116 zma 7116 ma 7T 16
MC38 K L M ZT 419G
J F 10009 zT4CR: 8% f CcmMT167 Dam-s -=- ZT 4 anti-PD-L1
£ ZT 16 CR: 29% ns * ZT 16 1gG
< 750 Y/ = 250 M1 1 250 *k Fokkk g
s 7. Z 2000 T 5 T M1 1= zT16anti-PDL1
3 500 4 == E £ 200 £ 200
s v/ 5 1500 % . . >
- vt £ £ 150 T £ 150
5 250 =7 3 1000- = ag oo 32 .
E o i S S 100 o Q100
= 0 3 6 9 12 15 18 21 S 500 E 50 . E 50 =3 N
D: S ]
S L 3 Pl e
Antibody I.P.

Fig. 5. Time-of-day anti-PD-L1 treatment determines efficacy.
(A-B) Small intestinal Gr1* or Gr1*PD-L1* cells as percent of CD45" cells from WT and

Apc*'=; Bmal1~'~ mice (n=5 mice/group for A and 8 mice/group for B). (C-D) Splenic
Grl* or Gr1*PD-L1* cells as percent of CD45™ cells from WT and Apc*/~;Bmal1~'~ mice
(n=5 mice/genotype for C, n=7 mice/genotype for D). For A-D, animals were sacrificed

at ZT 4 and ZT 16 and analyzed by flow cytometry. (E) Graphical schematic of anti-PD-
L1 administration experiment at two circadian time points. (F) Spleen weight of Apc*/
~:BmalI”"~ mice untreated or treated with anti-PD-L1 at ZT 4 or ZT 16 (n=5 mice/group).
(G-H) Small intestinal Gr1* cells or CD8* T cells as percent of CD45* cells from Apc*/
~:BmalI™"~ mice untreated or treated with anti-PD-L1 at ZT 4 or ZT 16 and analyzed by
flow cytometry (n=6 mice/group). (1) Small intestinal polyp size from Apc*’=; Bmal1™~
mice untreated or treated with anti-PD-L1 at ZT 4 or ZT 16 (n=70 polyps/group). (J) Tumor
volume over time for WT mice after subcutaneous injection of MC38 cells and treatment
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with 1gG or anti-PD-L1 at ZT 4 or ZT 16 (n=7 mice/group). (K) Tumor volume of WT mice
21 days after subcutaneous injection of MC38 cells and treatment with 1gG or anti-PD-L1
at ZT 4 or ZT 16 (n=7 mice/group, 2 tumors/mouse). (L) Tumor volume of WT mice 18
days after subcutaneous injection of CMT167 cells and treatment with IgG or anti-PD-L1 at
ZT 4 or ZT 16 (n=5 mice/group, 2 tumors/mouse). (M) Tumor volume of WT mice 12 days
after subcutaneous injection of D4M-S cells and treatment with 1gG or anti-PD-L1 at ZT

4 or ZT 16 (n=5 mice/group, 2 tumors/mouse). Data represent the mean + SEM. Statistical
significance was determined by two-tailed Mann-Whitney T-test for A-D, one-way ANOVA
with Tukey’s multiple comparison for F-I and K-M, and two-way ANOVA with Tukey’s
multiple comparison for J. 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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Fig. 6. Model depicting circadian regulation of MDSCs for anti-PD-L1 treatment.
MDSC abundance and PD-L1 expression is regulated by the circadian clock with a peak

during the early active phase. By treating with anti-PD-L1 during the early active phase,
when PD-L1 expressing MDSCs are most abundant, immune infiltration is stimulated and
tumor growth is inhibited. Figure created using biorender.com.
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Table 1.
List of primers used for gene expression analysis.
Mouse gPCR Primer Name | Primer Sequence (5° to 3°)
18S mRNA Fwd CGCCGCTAGAGGTGAAATTC
185 MRNA Rev CGAACCTCCGACTTTCGTTCT

S100a8 mRNA Fwd

GTCCTCAGTTTGTGCAGAATATAAA

S100a8 mRNA Rev

TTTGTGAGATGCCACACCCA

S100a9 mRNA For

TGGCAACCTTTATGAAGAAAGAGAA

S100a9 mRNA Rev

GCCATCAGCATCATACACTCC

Wfdc17 mRNA For TTTGATCACTGTGGGGATG
Wfdcl7 mRNA Rev ACACTTTCTGGTGAAGGCTTG
Arg2 mRNA For AGGAGTGGAATATGGTCCAGC

Arg2 mRNA Rev

AGGGATCATCTTGTGGGACATT

c-Myc mRNA For AGCTCGCCCAAATCCTGTAC
c-Myc mRNA Rev TTGTGCTGGTGAGTGGAGAC
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
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