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Abstract

Circadian rhythm disruption is implicated in the initiation and progression of many diseases,
including cancer. External stimuli, such as sunlight, serve to synchronize physiological processes
and cellular functions to a 24-h cycle. The immune system is controlled by circadian rhythms, and
perturbation of these rhythms can potentially alter the immune response to infections and tumaors.
The effect of circadian rhythm disruption on the immune response to tumors remains unclear.
Specifically, the effects of circadian disruption (CD) on immunosuppressive cell types within the
tumor, such as myeloid-derived suppressor cells (MDSCs), are unknown. In this study, a shifting
lighting schedule is used to disrupt the circadian rhythm of mice. After acclimation to lighting
schedules, mice are inoculated with 4T1 or B16-F10 tumors. Tumor growth is increased in mice
housed under circadian disrupting lighting conditions compared to standard lighting conditions.
Analysis of immune populations within the spleen and tumor shows an increased accumulation of
MDSCs within these tissues, suggesting that MDSC mediated immunosuppression plays a role in
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the enhanced tumor growth caused by circadian disruption. This paves the way for future studies
of the effects of CD on immunosuppression in cancer.
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1. Introduction

Circadian regulation allows organisms to anticipate daily environmental changes, temporally
regulating many key processes essential for the function of an organism. Circadian rhythms
are able to maintain periodicity within the 24-h period even when environmental conditions
are kept constant, but the phase of a circadian cycle is determined by external environmental
stimuli, such as sunlight. These external cues, known as zeitgebers, serve to synchronize
internal rhythms with periodic external events. Exposure to nonperiodic or unnatural
zeitgebers can disrupt circadian rhythms, alter neuroendocrine stress pathways, and impact
a wide range of biological processes. Disruption of circadian rhythm has been implicated in

the development of metabolic disease, cardiovascular disease, mental disorders, and cancer.
(1]

The role of clock genes and circadian disruption (CD) in cancer progression, metastasis, and
angiogenesis has been studied in vitro and in vivo.[2] Clinical trials have utilized melatonin
in the treatment of cancer patients to correct circadian rhythm disruptions and have also
investigated the effects of delivering pharmacological therapies at specific points of the
circadian cycle in order to improve their efficacy and tolerance. Although these initial
studies are provocative, they do not solidify our mechanistic understanding of how CD
influences cancer development and progression.

Research in recent years has shown that immune functions are regulated by circadian
rhythms. The concentration of immune mediating hormones and cytokines oscillate
throughout the day, and circulating hematopoietic cells fluctuate rhythmically in both
number and cell type.[3! This regulation of immunologic processes has the potential to be of
particular importance to cancer research because it is now accepted that the immune system
plays a pivotal role in eliminating and suppressing malignancies. Any perturbation of the
balance between anti-tumor immune cells and pro-tumor immunosuppressive cells has the
potential to allow cancer cells to escape immune control, resulting in disease progression.[4]

Two populations of immune cells that play a critical role in this balance are T cells and
myeloid-derived suppressor cells (MDSCs). Although there are many distinct types of T
cells involved in the immune response to tumors, CD8" T cells generally act as the primary
anti-tumor immune cell responsible for selectively killing tumor cells.[®] MDSCs on the
other hand, function to quench the immune response, limit inflammation, and reduce the
capacity of T cells to kill cancer cells.[6]
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We have previously shown that several types of stress, including cool housing temperature
and elevated levels of g-adrenergic receptor signaling, increase tumor growth rates and

alter the balance of immune cell populations in tumors by increasing the accumulation

and immunosuppressive function of MDSCs.[7] Here, we sought to determine whether the
stress that results from circadian rhythm disruption is another avenue through which the
anti-tumor immune response is hampered, allowing for accelerated tumor progression. Using
two distinct in vivo models of murine cancer, we found that circadian rhythm disruption
increases tumor growth rates while also increasing the accumulation of MDSCs.

2. Results

In order to perturb the circadian rhythm of mice, we housed them in an environment

capable of precisely maintaining alternative light schedules which were programmed into the
lighting system. CD mice were exposed to a light schedule that alternated between two days
of T1 (light from 8 am to 8 pm) and three days of T2 (light from 2 am to 2 pm). This means
that the dark period would be shortened by 6 h when transitioning from T1 to T2, and the
dark period would be extended by 6 h when transitioning from T2 to T1, as shown in Figure
1. Since mice are nocturnal, the dark period would be considered the “active” phase of the
day.

The model of CD used in this study is based upon models often described as “chronic jet
lag” in the literature. These models of CD have been previously characterized to show that
an altered light schedule is sufficient to cause disruption of circadian genes and chronicity
of physiologic processes and behavior. Chronic jet lag models have been confirmed to
induce CD by causing alterations in the chronicity and amplitude of clock genes within the
suprachiasmatic nucleus (SCN)[8] and peripheral tissues.[8-9] This model has been shown
to cause physiologic changes such as desynchronization of body temperature,[82:10] chronic
inflammation in the liver,[8a] altered metabolism,[*] reduced glucose uptake in the brain,
[912] and induction of leptin resistance.[*3] Prior studies have also shown this model to
induce behavioral changes as a result of circadian disruption, such as desynchronization and
alterations in locomotor activity[820.10-11] and changes in sleep schedule without causing
sleep deprivation.[8¢.12] Although each of these individual effects of CD is potentially
important contributors, the studies in this manuscript focus on how these effects culminate to
impact tumor growth and immune dysregulation.

After 4 weeks of acclimation to the standard lighting (SL) schedule or the CD schedule,
mice were inoculated with tumors. We first tested the mouse mammary carcinoma

cell line, 4T1, in BALB/c mice. 4T1 was chosen because it has been shown to have
nonfunctional a and g adrenergic receptors, thus isolating the potential effects of perturbed
adrenergic signaling to nontumor cells within the tumor.[*4] In a separate experiment,

we inoculated C57BL/6 mice with B16-F10 murine melanoma tumors. Mice in the CD
group had significantly larger tumors than those in the SL group in both tumor models
(Figure 2). 4T1 tumor-bearing mice were euthanized 26 days after tumor inoculation

and B16 tumor-bearing mice were euthanized 19 days after tumor inoculation. Directly
following euthanasia, tumors and spleens were processed and stained for flow cytometric
analysis of MDSC and T cell populations. Polymorphonuclear-MDSCs (PMN-MDSCs)

Adv Biol (Weinh). Author manuscript; available in PMC 2022 September 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roberts et al.

Page 4

were characterized as CD11b*Ly6G*Ly6C!° and monocytic-MDSCs (M-MDSCs) were
characterized as CD11b*Ly6G~Ly6CM.

In both tumor models, a significant difference in the proportion of intratumoral PMN-
MDSCs was observed, with more PMN-MDSCs making up the live cell population in CD
tumors compared to SL (Figure 3A,C). In the 4T1 tumor model, the M-MDSC population
was also found to be increased in the spleen (Figure 3B). Significant differences in the
proportion of intratumoral M-MDSCs were not observed in either tumor model (Figure
3B,D). The cellular composition of the tumors is also notable, with around 10% of the live
cells within the 4T1 tumors being composed of PMN-MDSCs. This contrasts with the B16
model, where MDSC populations composed less than 1% of the live cells within the tumor.

In the spleens and tumors from 4T1 and B16 tumor-bearing mice, CD4* and CD8* T cell
proportions did not differ significantly between SL and CD lighting conditions (Figure 4).
This suggests that T cell recruitment into the tumors was not affected by the circadian
disruption, and that suppression of the effector function of T cells within the tumor could
contribute to the observed differences in tumor volume.

3. Discussion

Our experiments using murine breast and melanoma tumor models showed that mice with
a disrupted circadian rhythm experience faster tumor growth compared to those at SL
conditions. This is consistent with previous studies using other tumor models.[10:15] From
the results of this study and others, it is clear that external derailment of a mouse’s circadian
rhythm alone is enough to amplify tumor growth. However, the mechanisms that lead to
this enhanced tumor growth are not as clear, and there are likely multiple factors involved.
External CD through light manipulation may lead to disruptions of the internal circadian
rhythms within cancer cells, potentially amplifying growth and proliferation. Central CD
may lead to altered signaling from noncancerous cells within the tumor that could promote
tumor growth as well. However, differences in MDSC accumulation suggest a contribution
from MDSCs to tumor growth, which would likely be suppression of the tumor-specific
immune response.

This is the first known circadian rhythm study to look at the subtypes of MDSCs, PMN-
MDSCs, and M-MDSCs, which are phenotypically and morphologically distinct, each
having unique functional characteristics.[6] Due to differences in suppressive capabilities
and mechanisms of immune suppression between the two subtypes, it is important to
quantify each type within the tumor as well as in peripheral immune organs, such as the
spleen.

The proportionality of splenic and tumoral MDSC subtypes differed greatly between the
two tumor models, indicating that MDSC accumulation differs between tumor models and
may be more relevant to specific cancer types. The 4T1 tumors were highly infiltrated by
PMN-MDSCs, while M-MDSCs made up only a small portion of the total cells within

the tumor. In contrast, the B16 model featured MDSCs as a much lower proportion of

the live cell population, and M-MDSCs were more prominent in the tumor compared to
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PMN-MDSCs, but this is the opposite of what was seen in the spleen. However, in the
field of MDSCs, more research is necessary to determine the relationship between MDSC
proportionality and subsequent immune suppression. Some studies have shown M-MDSCs
to be more suppressive on a per cell basis, so the much larger proportion of PMN-MDSCs
compared to M-MDSCs in the 4T1 tumor model does not mean that the PMN-MDSCs are
solely responsible for any immune suppression within the tumor.[17]

This study showed increases in tumoral and splenic MDSCs in mice with disrupted circadian
rhythms. However, further studies are necessary to determine the underlying causes of

these increases in MDSCs. Prior research in our laboratory has shown that adrenergic

stress increases the frequency and suppressive function of MDSCs.[718] Experiments using
the beta blocker, propranolol, or 82-AR™~ mice have shown reductions in MDSCs in
tumor-bearing mice compared to untreated or wild-type mice. Since the nervous system

is responsible for the detection of zeitgebers and for relaying these signals to peripheral
tissues, it is possible that the increased accumulation of MDSCs is due to increased
adrenergic signaling caused by circadian disruption.

The SCN of the hypothalamus is the central circadian pacemaker, and is entrained to solar
time via signaling from the retina.lx%] Circadian signaling from the SCN regulates the
systemic production of epinephrine and norepinephrine via neural linkages between the SCN
and the paraventricular nucleus, which is the driver of the hypothalamic—pituitary—adrenal
(HPA) axis.[20] Systemic catecholamine production is also regulated by the innervation of
the adrenal glands via neurons connected to the SCN. The SCN can also send direct signals
to tissues through the sympathetic nervous system, inducing the release of norepinephrine at
the innervated tissue site.[2X] Additionally, circadian control of the HPA axis can alter levels
of circulating glucocorticoids in addition to catecholamines, which can modulate the activity
of immune cells. Circadian control of the sympathetic nervous system can induce local
adrenergic signaling in immune tissues and organs. This type of signaling is responsible

for circadian fluctuations in circulating hematopoietic stem cells and their expression of
CXCL12.[22] Rhythmic adrenergic signaling through sympathetic innervation of the spleen
modulates the cytokine expression and cytolytic function of natural killer (NK) cells.[23] In
order to determine the contribution of adrenergic signaling to the tumor-promoting effects
of circadian disruption, future studies could utilize B2-adrenergic receptor global knockout
mice or treat mice in CD conditions with beta blockers, such as propranolol.

If increased adrenergic signaling due CD is responsible for increased MDSCs, further
research is needed to determine the mechanisms that ultimately lead to increased
intratumoral and splenic MDSCs. Sympathetic signaling within the bone marrow

could directly induce the production of MDSCs. Circadian fluctuations in circulating
hematopoietic stem cells have been shown to be controlled by the local noradrenergic
release of sympathetic nerves within the bone marrow,[22] so it is possible that MDSC
progenitors also undergo sympathetic signaling directly tied to central circadian rhythms.
However, further research is needed to determine if fluctuations in tissue levels of MDSCs
are also dependent on circadian rhythms. Additionally, chronic stress has been shown

to mobilize hematopoietic stem progenitor cells to induce extramedullary myelopoiesis
in the spleen, mediated by adrenergic signaling.[24] Increases in myelopoiesis through
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extramedullary myelopoiesis could result in greater overall numbers of MDSCs in mice
in CD conditions.

CD mediated alterations in the production of cytokines and signaling factors could also

be responsible for the increased MDSCs in CD mice. The accumulation of MDSCs

is dependent on two groups of signals: signals involved in the expansion of immature
myeloid cells and signals mediated by inflammatory cytokines and damage-associated
molecular patterns.[25] The signals involved in myeloid expansion include granulocyte-
macrophage colony-stimulating factor (GM-CSF), granulocyte-CSF (G-CSF), macrophage-
CSF (M-CSF), stem cell factor (SCF), and vascular endothelial growth factor (VEGF), and
are produced directly by the tumor or are produced within the bone marrow as a result of
infection or inflammation. The second group of signals includes inflammatory signals such
as IFN-y, IL-18, IL-6, and TNFa. Many of these signaling factors are known to fluctuate
rhythmically within circulation or are expressed and released from specific cell types

in a rhythmic manner under normal or inflammatory conditions,[26] and perturbations in
circadian rhythm could alter the signaling to immature myeloid cells and bias them toward
an MDSC phenotype. Additionally, alterations in central circadian rhythm could induce
tumor cells to produce more of these signaling factors, especially if their transcription

is regulated by clock genes in the tumor cells. Knockout of the clock proteins Cryl

and Cry?2 have been shown to cause constitutive elevation of proinflammatory cytokines
through constitutive NF-xB and protein kinase A (PKA) signaling, showing direct circadian
gene regulation of cytokine expression.[27] In future studies, cytokines that contribute to
the development of MDSCs should be measured within the tumor and bone marrow to
determine if they are present in sufficient concentrations to drive the development of
MDSCs.

While greater MDSC accumulation under disrupted circadian rhythm may be due to
increased production of MDSCs, it could also be a result of enhanced MDSC trafficking into
peripheral tissues and the tumor. Perturbations in the internal circadian rhythm of individual
MDSCs could induce alterations in their trafficking patterns, as myeloid-specific deletion

of circadian genes has been shown to disrupt diurnal rhythms in chemokine expression

and recruitment to tissues of Ly6CN monocytes.[28] Additionally, adhesion molecules and
chemokine expression in endothelial cells have been found to oscillate in a circadian
fashion, mediated by local sympathetic innervation, resulting in circadian oscillations in
leukocyte adhesion and extravasation.[29]

The importance of circadian rhythms in their regulation of essential biological functions is
demonstrated by pathologies that occur when circadian rhythms are disrupted. With regard
to CD and human cancers, epidemiological studies have identified higher levels of breast,
colorectal, and prostate cancers in shift workers.[39 Outside of more specific cases of
circadian disruption, such as shift-work and jet lag, the general population is at risk for CD
due to the sleep-wake habits of modern lifestyles and the regular usage of man-made light
sources when sunlight is absent. There is some evidence for artificial light at night (ALAN)
being correlated with breast cancer incidence,[31] and ALAN has been shown to drive
resistance to tamoxifen therapy in rats with breast tumors.[321 ALAN may also contribute
to the development of conditions that are associated with the development of cancer, such
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as obesity.[33] Light pollution in urban environments presents as another source of circadian
disruption, as animal studies utilizing dim light at night with similar intensity to urban light
pollution have shown CD as a result.[34] Due to the widespread prevalence of ALAN and
light pollution in our modern lives, more research is necessary to determine subsequent risks
to human health and how these factors influence the development and progression of cancer
and the subsequent immune response.

Increases in MDSC accumulation are likely only part of the explanation for increased

tumor growth under CD conditions. The immune contribution to this phenomenon likely
involves the action of other immunosuppressive cell types as well as disruption of the
internal circadian rhythms of effector cells. Increased levels of circulating glucocorticoids
and catecholamines likely have a broad range of effects, one being direct suppression of
effector cells. Effects outside of the immune system likely contribute to the increased tumor
growth as well, as disruption of the central circadian clock puts all individual cells at risk for
internal CD and subsequent effects. However, this study and others show that the function of
the immune system is controlled by circadian rhythm and the immune system’s response and
contribution to tumor progression can be perturbed by external manipulation of circadian
rhythm. Modern life contains many sources of external stimuli capable of inducing circadian
disruption, and a greater understanding of this phenomena in the context of cancer and
immunity is necessary to efforts to improve cancer prevention and treatment efficacy.

3.1. Limitations

In this study, we did not conduct an extensive immunophenotyping of the spleen and

tumor immune cells and therefore did not collect data on the proportions of regulatory T
cells, NK cells, and tumor-associated macrophages. We also did not collect data on the
expression of immune checkpoint molecules on the surface of leukocytes or tumor cells
such as programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1).
The expression of markers of senescence and exhaustion on T cells was also not tested

in this study. While CD4* and CD8" T cell levels were similar between the experimental
groups, those populations could differ greatly in their expression of functional markers

and immune checkpoint molecule expression. These limitations demonstrate a need for
more extensive immunophenotyping in follow-up studies in order to determine the root
cause of immunosuppression in the CD model. Future studies could also utilize T cell
intracellular cytokine assays to determine the functional capabilities of intratumoral T cells
to determine if their function is suppressed by increased MDSC populations. Future studies
should also monitor physiologic changes and behaviors of the mice such as locomotion,
food intake, body weight, and chronicity of activities to determine if observed immune
perturbations can be attributed in part to these specific factors. The brain and peripheral
organs should also be taken at the endpoint and the expression of circadian genes in

these tissues should be compared between experimental groups and to a separate group
housed with the experimental mice prior to CD acclimation to serve as a baseline. This
data would confirm the perturbation of endogenous circadian rhythms from the CD model.
Nonsignificant differences in our data could potentially be due to a lack of statistical power.
Future studies should conduct power calculations to determine mouse sample sizes to ensure
that experiments are not underpowered.
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4. Experimental Section

Animals:

4-week-old BALB/c and C57BL/6 mice were purchased from Charles River. All mice used
in this study were female. All mice were age maintained in specific-pathogen-free housing,
and all mouse studies were reviewed and approved by the Roswell Park Comprehensive
Cancer Center IACUC (protocol humbers 757M and 1038M).

Light Schedules and Housing:

Cell Culture:

Mice were housed in standard cages placed inside chambers equipped with fluorescent
lighting that was controlled by a light timer program. The lighting chambers blocked

all external light, leaving mice in complete darkness during the dark period. Mice were
provided food and water ad libitum and cages were changed weekly. All mice underwent
a 4-week acclimation period in the light chambers prior to tumor inoculation to acclimate
them to the new housing environment in addition to the lighting conditions. SL schedule
consisted of 12 h of light, followed by 12 h of darkness, which would change at the same
time every day. CD also featured 12 h of light and dark but would shift by 6 h every 2-3
days (Figure 1). Mice were observed once daily during the scheduled light period, and all
interactions with the mice took place during the scheduled light period.

The murine mammary carcinoma cell line, 4T1, was used in all experiments involving
BALB/c mice, and the murine melanoma cell line, B16-F10, was used in experiments
involving C57BL/6 mice. Both cell lines were purchased from the ATCC. Cell lines were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine,
and 1% penicillin/streptomycin. Cell lines were thawed and passaged twice prior to tumor
inoculation. 4T1 cells were injected into the mammary fat pad of female BALB/c mice at a
concentration of 10 000 cells in 100 pL of phosphate buffered saline (PBS). B16-F10 cells
were injected subcutaneously into the lower left abdomen of female C57BL/6 mice at a
concentration of 200 000 cells in 100 uL of PBS.

Circadian Rhythm Disruption Experimental Design:

Mice were acclimated to their assigned lighting schedules for 4 weeks prior to tumor
injection. Tumors for both light conditions were implanted at 12:00 when the CD group
was under the same light conditions as the SL controls. Mice continued living in their
specific lighting conditions following tumor implantation. Tumors were allowed to grow for
a week and then were measured every 3—4 days using calipers. Tumor measurements were
scheduled to take place during the light period for all experimental groups. Tumor volume

w, with SD being the shorter

dimension of an ovoid tumor and LD being the longer dimension.

was estimated using the following equation: v =

Flow Cytometry:

At the experimental endpoint, tumors and spleens were removed for processing. Tumors
were chopped into small pieces ~5 mm3 and were enzymatically dissociated with
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collagenase/hyaluronidase, then passed through a 70 um nylon cell strainer. Spleens were
mechanically disrupted and passed through a 70 um cell strainer and red blood cells were
lysed with ACK buffer. Tumor and spleen cells were washed with flow buffer and incubated
with Fc receptor block for 10 min. For the MDSC panel, cells were stained for CD45,
CD11b, Ly6C, Ly6G, and L/D Aqua was used to gate live cells. For the T cell panel, cells
were stained for CD45, CD3, CD4, CD8, and L/D Aqua. All data were collected on an LSR
Fortessa flow cytometer and analyzed with FlowJo v7 software.

Statistical Analysis:

Exclusions in the flow cytometry data were determined based on abnormally low viability
staining compared to the other samples in the group as well as compared to the viability
reading of the same tissue sample used in other panels. These outliers are attributed to
errors in sample processing and were therefore excluded. All data are presented as mean
+ SEM. For each tumor model, five mice were used per experimental group. For single
variable comparisons, an unpaired, two-tailed Student’s #test was used. For comparisons
of tumor growth curves, two-way ANOVA (Analysis of Variance) was used with multiple
comparisons using the Sidak correction. For all analyses, a p-value less than 0.05 was
considered to be statistically significant. Statistical analyses were conducted in GraphPad
Prism 9 software.
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Figure 1.
Circadian Disruption Lighting Schedule. CD schedule is shown. Lighting schedule would

alternate between T1 and T2 schedules for the entirety of the experiment. SL schedule
followed the same light timing as T1 and the light on and off times did not change at any
point.
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Circadian disruption increases tumor growth. Tumor growth in mice bearing 4T1 (A) or
B16-F10 (B) tumors, housed in either SL conditions or CD lighting conditions (7= 5). Data
presented as mean + standard error of the mean (SEM). Two-way ANOVA was used to
determine statistical significance. *p < 0.05, **p < 0.01, and ****p < 0.0001.
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Figure 3.
Circadian disruption alters MDSCs accumulation in spleen and tumor. Flow cytometric

analysis of MDSC subtypes in the spleen and tumor tissue of mice, as a proportion of the
live cell population. A) PMN-MDSC populations in 4T1 tumor-bearing mice. B) M-MDSC
populations in 4T1 tumor-bearing mice. C) PMN-MDSC populations in B16-F10 tumor-
bearing mice D) M-MDSC populations in B16-F10 bearing mice. (7= 3-5) Data presented
as mean + SEM. A two-tailed unpaired Student’s £test was used to analyze the statistical
significance between the SL and CD groups. * = p< 0.05.
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Figure 4.

T cell proportions in tumor-bearing mice are not altered by circadian disruption. Flow
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Page 15

cytometric analysis of CD4" and CD8* T cells in the spleen and tumor tissue of mice, as a

proportion of the live cell population. A) T cell populations in 4T1 tumor-bearing mice B) T
cell populations in B16-F10 tumor-bearing mice. (1= 4-5) Data presented as mean + SEM.
A two-tailed Student’s #test was used to analyze statistical significance between the SL and
CD groups. p-value less than 0.05 was considered to be statistically significant.
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