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SUMMARY

Deficiency or disorder of circadian rhythms leads to dys-
functions of Programmed cell death 1 ligand 17 regulatory B

cells in intestinal intraepithelial lymphocytes, which results
in apoptosis of CD4" T cells, and ultimately promotes the
development of enteritis and even enteritis-associated
colorectal cancer.

BACKGROUND & AIMS: The circadian clock is crucial for
physiological homeostasis including gut homeostasis. Disorder
of the circadian clock may contribute to many diseases
including inflammatory bowel disease (IBD). However, the role
and the mechanisms of circadian clock involvement in IBD still
are unclear.

METHODS: Disorder of the circadian clock including chronic
social jet lag and circadian clock gene deficiency mice
(Bmal1”", and Perl” Per2”") were established. Dextran sul-
fate sodium (DSS) and/or azoxymethane were used to
induce mouse models of colitis and its associated colorectal
cancer. Flow cytometry, immunohistochemistry, immunoflu-
orescence, Western  blot, and reverse-transcription

quantitative polymerase chain reaction were used to
analyze the characteristics of immune cells and their
related molecules.

RESULTS: Mice with disorders of the circadian clock including
chronic social jet lag and circadian clock gene deficiency were
susceptible to colitis. Functionally, regulatory B (Breg) cells
highly expressing Programmed cell death 1 ligand 1 (PDL1) in
intestinal intraepithelial lymphocytes (IELs) helped to alleviate
the severity of colitis after DSS treatment and was dysregulated
in DSS-treated Bmall”/" mice. Notably, interleukin 33 in the
intestinal microenvironment was key for Bmall-regulated
PDL1" Breg cells and interleukin 33 was a target of Bmall
transcriptionally. Dysregulated PDL1" B cells induced cell
death of activated CD4" T cells in DSS-treated Bmall”~ mice.
Consequently, circadian clock disorder was characterized as
decreased numbers of Breg®™ PDL1" cells in IELs and
dysfunction of CD4" T cells promoted colitis-associated colo-
rectal cancer (CRC) in mice. In clinical samples from CRC pa-
tients, low expression of Bmall gene in paracancerous tissues
and center area of tumor was associated closely with a poorer
prognosis of CRC patients.

CONCLUSIONS: Our study uncovers the importance of the
circadian clock regulating PDL1% Breg®™ cells of IELs in
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IBD and IBD-associated CRC. (Cell Mol Gastroenterol Hepatol
2021;12:251-276; https://doi.org/10.1016/].jcmgh.2021.02.008)

Keywords: Bmall; B Cells; Colitis; Colitis-Associated Colorectal
Cancer; PDL1.

he maintenance of intestinal homeostasis depends

on 3 key factors including the intestinal flora, the
intestinal lymphocytes, and the host’s immune system. Once
any aspect of these factors breaks down, it may cause an
inflammatory bowel disease (IBD).

The Toll-like receptor pathway and T helper (Th)1/Th2
paradigm are well known to participate in the pathogenesis of
IBD.! In addition to these, dendritic cells, macrophages, and B
cells can specifically present antigens to T cells, and then form
multiple T-cell immune responses to participate in intestinal
immunity that will contribute to IBD pathogenesis.” Among
these cells, B cells not only produce antibodies but also pre-
sent antigens or secrete cytokines.” B cells are involved in
many inflammatory diseases,”" including intestinal inflam-
mation.” It is well known that B cells can specifically differ-
entiate into plasma cells and most intestinal plasma cells
secrete IgA, acting as a barrier to protect the epithelium
against pathogenic microorganisms.”’ Nevertheless, the role
of B cells in IBD still is unclear.

Circadian homeostasis in mammals is maintained by a
central clock located in the suprachiasmatic nucleus of the
brain and operated by circadian genes such as Bmall and
Clock.®° Circadian rhythms are important drivers for most
physiological processes® and the development of colitis in
animal models'’; preliminary human studies have shown
that patients with IBD are at increased risk for altered sleep
patterns,'” and the rs2797685 variant of the PER3 gene was
increased significantly in both 1082 CD and 972 UC pa-
tients.'? However, the functional link between the circadian
clock and B lymphocytes in IBD is unclear.

In this study, we characterized Programmed cell death 1
ligand 1 (PDL1)" regulatory B (Breg) cells in intestinal
intraepithelial lymphocytes (IELs), which played a key role in
colitis after dextran sulfate sodium (DSS) treatment and were
dysregulated in mice with circadian clock disorders. Our
study established a kind of new subset of Breg cells with
circadian clock disorders in IBD pathogenesis, suggesting the
circadian clock regulates PDL1" Breg cells as a candidate for
the prevention and treatment of IBD, and even IBD-associated
colorectal cancer (CRC) in immunopathology.

Results
Circadian Clock Disorders in Mice Are
Susceptible to Colitis

To study the effects of circadian clock disorders on IBD,
chronic social jet lag (CJ) (Figure 14) and circadian clock
gene Bmall deficiency mouse models were established. We
found that mice with C] are susceptible to DSS-induced co-
litis (Figure 2A-E). Interestingly, Jonckheere-Terpstra-Ken-
dall (JTK) analysis showed that the rhythm of most clock
genes in either intestinal IELs or in hepatic lymphocytes of
CJ mice were impaired significantly (Figure2F).
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Because Bmall is one of the key components of core
clock genes, we further studied the role of biological rhythm
regulated by clock genes in colitis using Bmall knockout
(Bmal1”") mice. Western blot showed that there was no
expression of the Bmall gene in spleen lymphocytes (Figure
34) in Bmall”’" mice. We further analyzed the rhythm of
Bmall, Perl, and Per2 genes in IELs and hepatic lympho-
cytes of mice by JTK analysis.">'* Five mice were selected
every 4 hours to detect the transcription levels of the 3
genes within 24 hours by quantitative reverse-transcription
polymerase chain reaction (qRT-PCR) for analysis of the
rhythm by JTK cycle analysis. JTK results showed that
deficiency of Bmall impaired the rhythm of the 3 genes in
the hepatic lymphocytes and IELs (Figure 3B).

After DSS treatment, the weight of Bmall”" mice were
decreased significantly on the fourth day compared with that of
control wild-type (WT) mice. On the seventh day, the length of
colon in DSS-treated Bmal1”/~ mice was shortened significantly
compared with that of untreated Bmal1”" mice (Figure 3C-E).

H&E staining showed that the height of intestinal villus in
untreated Bmal1l”" mice was significantly shorter than that in
untreated WT mice. Moreover, in the DSS-induced enteritis
model, approximately 15% of the intestinal epithelium was
damaged in WT mice, while more than 30% of the intestinal
epithelium was damaged in Bmall”" mice (Figure 3F and G).

Using published data,'®> we found that the expression of
the Bmall gene in mice with ulcerative colitis (UC) was
significantly lower than that in normal controls (Figure 3H).
We further detected the expression of Bmall in 4 UC samples,
29 Crohn’s disease (CD) samples (Table 1), and 10 normal
counterparts by immunohistochemistry. The expression of
Bmall in CD and UC groups was decreased significantly
compared with that in the normal group (Figure 31 and J).

Bmal1 Deficiency Leads to Decreased
Proportions of Breg Cells in IELs and Results in
Loss of Response and Circadian Rhythm in the
Number of Breg Cells in IELs After DSS
Treatment

Proportions of main immune cells in peripheral organs
of C] mice, Bmall”/" mice, and Perl”Per2”/" mice were
analyzed by flow cytometry. B cells in IELs and spleen

Abbreviations used in this paper: AOM, azoxymethane; Breg, regula-
tory B; CD, Crohn’s disease; ChIP, chromatin immunoprecipitation; CJ,
chronic jet lag; CRC, colorectal cancer; CT, tumor center; DMEM,
Dulbecco’s modified Eagle medium; DSS, dextran sulfate sodium;
FBS, fetal bovine serum; GranzB, _; IEL, intraepithelial lymphocyte;
IFNY, interferon vy; IL, interleukin; IM, invasive margin; MCP-1, mono-
cyte chemoattractant protein-1; MFIl, mean fluorescence intensity;
mRNA, messenger RNA; PBL, peripheral blood lymphocyte; PBS,
phosphate-buffered saline; PDL1, Programmed cell death 1 ligand 1;
qRT-PCR, quantitative reverse-transcription polymerase chain reac-
tion; SPL, spleen lymphocyte; TGFg, transforming growth factor g3; Th,
T helper; UC, ulcerative colitis; WT, wild-type.
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Figure 1. Schematic diagram of experimental animal induction method. (A) Schematic diagram of CJ mouse model. (B)
Mouse model of colitis-associated CRC, (C) Bmal1™”~ or WT mice receiving B cells donated from DSS-treated WT or Bmal1™
mice, (D) Bmal1”~ or WT mice receiving B cells donated from DSS-untreated WT or Bmal1”~ mice, (F) Bmal1”~ mice receiving B
cells from WT mice with antagonist antibody to PDL1, (F) Bmal1”~ or WT mice with antagonist antibody to IL33. ZT, Zeitgeber
time.
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Figure 2. DSS-induced colitis in mice with CJ. (A) Gross appearance of colorectum, (B) body weight, (C) colorectal length,
(D) histologic score, (E) H&E of DSS-treated CJ and WT mice. (F) Transcription levels of core clock genes Bmal1, Per1, and
Per2 in intestinal IELs and hepatic lymphocytes of CJ and WT mice from ZT 0 to 20. The P value is estimated by JTK cycle

analysis. Zeitgeber time (ZT).

lymphocytes (SPLs) either from C] mice or core clock gene
deletion mice were significantly lower than that in WT mice.
In addition, T cells in IELs, SPLs, and hepatic lymphocytes
either from CJ] mice or core clock gene deletion mice were
higher than that in WT mice. In addition, monocytes in he-
patic lymphocytes from core clock gene deletion mice were
lower than that in WT mice. Natural Killer cells in IELs from
either C] mice or core clock gene deletion mice were lower
than that in WT mice, while natural killer cells in spleen
from C] mice were higher than that in WT mice. Dendritic
cells in hepatic lymphocytes either from C] mice or core
clock gene deletion mice were higher than that in WT mice,
while dendritic cells in IELs from Per1” Per2”/" mice were
lower than that in WT mice (Figure 44-D).

We further examined the proportions of subgroups of B
cells in the peripheral organs. Naive B cells in IELs and
hepatic lymphocytes either from C] mice or core clock gene
deletion mice were lower than that in WT mice. Notably,
Breg cells in IELs from C] mice or core clock gene deletion
mice were lower than that in WT mice, while Breg cells in
SPLs, hepatic lymphocytes, and peripheral blood lympho-
cytes (PBLs) from C] mice or core clock gene deletion mice
were higher than that in WT controls. Moreover, plasma
cells in IELs from C] mice were lower than that in WT mice,
while plasma cells in liver from C] mice were higher than
that in WT mice. There was no significant difference about
memory B cells in spleen, liver, peripheral blood, and in-
testinal epithelium from CJ mice and core clock gene dele-
tion mice compared with that in controls (Figure 4E-H).

Interestingly, we found that the proportion of classic
Breg cells (B2207CD57CD1d"™) in IELs and hepatic

lymphocytes of WT mice was decreased significantly and
fluctuated in a clock rhythm after DSS treatment (Figure 41
and /). Notably, Bmall deficiency abolished the response
and circadian rhythm of the number of Breg cells in
IELs and hepatic lymphocytes after DSS treatment (Figure
4M and N). Meanwhile, we found that there were no sig-
nificant changes in the number of Breg cells of spleen and
peripheral blood between WT and Bmall”/" mice with or
without DSS treatment (Figure 5C and D).

Interestingly, in WT mice, the levels of interleukin (IL)33
secreted by Breg cells in IELs from DSS-treated mice were
increased by approximately 50% of that in DSS-untreated
mice, while Bmall knockout attenuated the increased
levels of IL33 in DSS-treated mice (Figure 4I and K).
Meanwhile, Bmall knockout attenuated the decreased levels
of IL10 secreted by Breg cells of IELs in DSS-treated mice
(Figure 4I and L).

Adoptive Cell Transfer Treatment Using B Cells
Isolated From WT Mice Successfully Alleviates
Colitis in Bmal1”~ Mice While Adoptive Cell
Transfer Treatment Using B Cells From Bmal1™"
Mice Greatly Accelerates the Progress of Colitis
in WT Mice

To further identify the role of Breg cells regulated by the
clock gene Bmall in colitis, we used an adoptive cell transfer
strategy by transferring B cells isolated from Bmall”" mice
or WT mice to Bmall”" mice or WT mice (Figure 64). We
found that the body weight of Bmall”" mice receiving B
cells from WT mice was almost not affected, while the body
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Figure 3. DSS-induced colitis in Bmal1™™ mice. (A) Bmal1 expression in spleen lymphocytes of Bmal1™ and WT mice by Western
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Table 1.Patients With UC and CD

Classification Pathogenic site Patients, n %
CD Small intestine 16 84
Large intestine 13 68
Other (ileocecal junction) 0 0
uc Small intestine 0 0
Large intestine 3 75
Other (ileocecal junction) 1 25
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weight of Bmall”" mice without adoptive cell transfer
treatment was decreased greatly beginning the fourth day
after DSS treatment (Figure 6B). In addition, the colorectal
length of the Bmall”" mice receiving B cells from WT mice
was significantly longer than that of untreated Bmal1”" mice
(Figure 6C). Histologic severities of inflammatory responses
indexed by cumulative scores showed that inflammatory
responses of colon in Bmall”™ mice receiving B cells from
WT mice was decreased significantly compared with that in
untreated Bmal1l”" mice and Bmal1l”" mice receiving B cells
from Bmall”" mice (Figure 6D and E). Notably, Bmall”/"
mice receiving B cells from WT mice have more than a 2
times higher proportion of Breg cells of IELs, in which the
mean fluorescence intensities (MFIs) of IL10 and PDL1
gated on Breg cells were increased significantly, compared
with that of untreated Bmall”" mice and Bmall”" mice
receiving B cells from Bmall”" mice (Figure 6F-I). In
addition, we observed that Bmall”" mice receiving B cells
from WT mice have increasing proportions of Breg cells in
SPLs and PBLs, in which MFIs of IL10 and PDL1 gated on
Breg cells were not changed significantly (Figure 6/-0 and
7A and B).

Furthermore, we isolated the B cells from DSS-treated
Bmall”" mice and transferred them into DSS-treated WT
mice (Figure 6P). We found that the weight of WT mice
transferred with B cells from DSS-treated Bmall”" mice
(WT receivers) decreased more rapidly than control WT
mice after DSS treatment (Figure 6Q). The colorectal length
of WT receivers was significantly shorter than that of con-
trol WT mice (Figure 6R). Accordingly, histologic severities
of inflammatory responses indexed by cumulative scores
showed that inflammatory responses of the colon in WT
mice receiving B cells from Bmall”" mice was increased
significantly compared with that in control WT mice (Figure
6S and T).

Notably, the proportion of Breg cells of IELs in receiver
WT mice were approximately one third of that in WT con-
trols. WT mice receiving B cells from Bmall”" mice have
decreased proportions of Breg cells of IELs, in which MFIs of
IL10 and PDL1 were decreased, compared with that of un-
treated WT mice (Figure 6U). In addition, we observed that
WT mice receiving B cells from Bmall”~ mice have no sig-
nificant changes in the proportion of Breg cells and MFIs of
IL10 or PDL1 gated on Breg cells in SPLs and PBLs (Figure
7C and D).

Moreover, we isolated the spleen B cells from DSS-
untreated WT mice or Bmall”" mice and activated them
in vitro, these B cells then were used for adoptive cell
transfer treatment to the recipient mice (Figure 84). Body
weight (Figure 8B), length (Figure 8C), and inflammatory
responses of colon in Bmall”" mice receiving in vitro
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activating B cells from WT mice were partially restored
compared with that in DSS-treated Bmal1”~ mice (Figure 8D
and E). The proportion of Breg cells in IELs and SPLs of
Bmal1”" mice receiving in vitro activating B cells from WT
mice was increased significantly (Figure 8F, G, and J). MFIs
of IL10 gated on Breg cells of IELs (Figure 8F, G, and [) and
SPLs (Figure 8/ and L), but not MFIs of PDL1 on Breg cells in
SPLs (Figure 8K) or MFIs of PDL1 and IL10 gated on Breg
cells in PBLs (Figure 8M-0), was increased significantly, in
Bmal1l”/" mice receiving in vitro activating B cells from WT
mice compared with that in DSS-treated Bmal1l”" mice.

Breg Cells Expressing PDL1 in IELs Are Activated
to Alleviate DSS-Induced Severity of Colitis and
Dysregulated in DSS-Treated Bmal1”~ Mice

Our results indicate that Breg cells regulated by Bmall
are very important for IBD development. The characteristics
of Breg cells regulated by Bmal1l still are unclear. PDL1, a
key immune checkpoint molecule, is important to protect
normal, healthy tissue from an immune response. Impor-
tantly, we found that the proportion of Breg cells expressing
PDL1 of IELs in DSS-treated WT mice was increased
significantly by approximately 17% compared with that in
untreated WT mice, while the MFI of PDL1 on Breg cells of
IELs in DSS-treated Bmal1”~ mice had no significant changes
compared with that in untreated Bmal1l”" mice (Figure 54
and B). In addition, MFI values of PDL1 on Breg cells in PBLs
and SPLs had no significant changes in DSS-untreated WT
mice, DSS-treated WT mice, DSS-untreated Bmall”" mice,
and DSS-treated Bmal1”" mice (Figure 5C-F).

To study the functions of PDL1"B220"CD5"CD1d" cells
in colitis, we isolated B cells from WT mice with or without
early immunization against PDL1 (Figure 9L and 12E), and
then transferred these B cells into Bmall”" mice (Figure
94). We found that, on the fourth day of DSS induction,
the body weight of Bmal1”~ mice receiving B cells from WT
mice were significantly restored compared with that in
Bmal1”/" mice (Figure 9B). On the 12th day, the length of the
colon in Bmal1”" mice receiving B cells from WT mice was
significantly longer than that in Bmal1”/" mice (Figure 9D).
Histologically, the inflammation and epithelial damage of the
colon in receiver Bmall”" mice with WT B-cell transfer
treatment were alleviated significantly. However, antago-
nizing PDL1 greatly abolished the recovery effects in
Bmal1l”/" mice receiving B cells from WT mice (Figure 9C
and E).

The Breg cells of IELs in receiver Bmall”" mice with WT
B-cell transfer treatment (Bmall”/" receivers) were nearly 4
times those in Bmal1l”" control mice, and PDL1 antagonism
successfully suppressed the increase of the number of Breg

Figure 5. (See previous page). The proportion of Breg cells expressing PDL1 in IELs, SPLs, and PBLs in DSS-treated
and untreated Bmal1”~ mice. (A) Fluorescence-activated cell sorter (FACS) graphs showing B220*CD1d*CD5™" cells and
MFI of PDL1 on B220"CD1d*CD5" cells in IELs, (C) SPLs, and (E) PBLs of DSS-treated and untreated Bmal1™~ and WT mice.
(B) MFI of PDL1 on B220"CD1d*CD5™ cells and proportion of B220*PDL1" cells, CD5"PDL1" cells, and CD1d"PDL1" cells
from CD45" cells in IELs of DSS-treated and untreated Bmal1”~ and WT mice. MFI of PDL1 on B220"CD1d*CD5" cells in (D)
SPLs and (F) PBLs of DSS-treated and untreated Bmal1”~ and WT mice. APC, Allophycocyanin; FITC, Fluoresceine Iso-
thiocyanate; FSC, forward scatter; NC, non-specific control; PE, Phycoerythrin; SSC, side scatter.
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cells of IELs in receiver Bmall”~ mice with WT B-cell
transfer treatment (<2 times that in Bmal1”~ control mice)
(Figure 9F and G). Meanwhile, we found that the MFI of
PDL1 on Breg cells of IELs in receiver Bmall”/~ mice with
WT B-cell transfer treatment was nearly 25% of that in
Bmal1”/" control mice (Figure 9F and G). In addition, there
were no differences in the MFIs of PDL1 or IL10 gated on
Breg cells in PBLs and SPLs in DSS-treated Bmall”" mice,
DSS-treated Bmall”" mice with WT B-cell transfer treat-
ment, DSS-treated Bmall”" mice with WT B-cell transfer
treatment, and PDL1 antagonism (Figure 9H-K).

Functionally, PDL1 reporter luciferase activity assays
showed that the Bmall/clock complex promoted the tran-
scription of PDL1 (Figure 90). Moreover, we found that
PDL1 showed rhythmic fluctuations in the hepatic lym-
phocytes and IELs of WT mice, but no rhythm in Bmall”-
mice (Figure 9M and N).

IL33 in the Intestinal Microenvironment Is Key for
Bmal1-Regulated PDL1" Breg Cells

To find the key factors involved in Bmall-regulated
PDL1" Breg cells, we examined the messenger RNA
(mRNA) expression of inflammatory factors including I1L4,
IL6, IL10, IL21, IL33, transforming growth factor ¢ (TGFg),
and monocyte chemoattractant protein-1 (MCP-1) in IELs
from DSS-treated or -untreated Bmall knockout and WT
mice.

Interestingly, we detected circadian oscillation for mRNA
levels of IL4, IL21, and IL33 among IL4, IL6, IL10, IL21,
IL33, TGFB, and MCP-1 in the IELs of DSS-treated WT mice,
while mRNA levels of these 7 cytokines had no rhythm at all
in the IELs of DSS-treated Bmall”/~ mice within 24 hours
(Figure 10A). Notably, the oscillation of IL33 transcripts in
IELs of DSS-treated WT was more than twice that in DSS-
treated Bmall”/~ mice at Zeitgeber time 16 (Figure 10A).
Expression levels of 1L4, IL6, IL10, IL21, IL33, and MCP-1,
except for TGFG, in the IELs of DSS-untreated WT mice,
showed physiological circadian oscillation. Meanwhile,
oscillation of IL6 and IL21 transcripts showed decreased
amplitude, while oscillation of IL10 and MCP-1 transcripts
showed increased amplitude in DSS-untreated Bmall”"
mice than oscillation of IL10 and MCP-1 transcripts in DSS-
untreated WT mice (Figure 104).

In addition, we also detected IL4, IL6, IL10, IL21, IL33,
TGF@G, and MCP-1 of IELs in DSS-untreated WT and Bmall”
mice, DSS-treated WT, and Bmall”/" mice at the same
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specific time. We found that DSS treatment significantly
affected mRNA expression of inflammatory factors in IELs
(among them, IL4, IL6, IL33, and TGFS were up-regulated
while IL10, IL21, and MCP-1 were down-regulated) of WT
mice (Figure 10B). However, in IELs of Bmall”/" mice, DSS
treatment only significantly up-regulated mRNA expression
of IL4, IL6, IL10, IL33, and TGFg (Figure 10B). Furthermore,
Bmall defects (Bmall'/' mice) significantly impaired DSS-
induced mRNA increases of intestinal IL33 and TGFg
when compared with that in WT mice (Figure 10B). Among
these inflammatory factors, the IL33 expression level in IELs
was the highest. At the same time, Western blot indicated
that DSS treatment greatly increased intestinal IL33
expression in WT mice and Bmall deficiency (Bmall”"
mice) significantly alleviated the DSS-treated increased
expression of intestinal IL33 (Figure 10C). Flow cytometry
analysis showed that the number of IL337B220" in IELs of
DSS-treated WT mice was increased significantly and Bmal1l
deficiency greatly eliminated the DSS-induced increasing
number of 1L33"B220" cells (Figure 10D). In addition, we
tested whether there were some binding sites for Bmall in
promoter regions among IL4, IL6, IL10, 1L21, IL33, TGFg,
and MCP-1 in the JASPAR database (http://jaspar.genereg.
net). We found that there was an E-box site (CACGTG)
with high confidence (13.2571) and an E’-box site (CACGTT)
with confidence (6.11163) in the promoter of IL33, while
among other cytokines, only the IL4 promoter region has an
E’-box binding site, with a confidence value of 6.11163
(Figure 11).

To further determine the role of IL33 in Bmal1l-regulated
colitis in WT and Bmal1”" mice, IL33 were antagonized with
specific antibodies in the following experiments (Figures
10E and F). Ten days after IL33 antagonism, we analyzed
the degree of colorectal inflammation and the proportion of
PDL1"B220"CD5"CD1d" cells among WT and IL33
neutralized WT mice, Bmall”/" and IL33 neutralized
Bmall”" mice, respectively. In DSS-treated Bmall”" mice,
antagonizing IL33 worsened the weight loss (Figure 10F)
and inflammatory damage of the colon in Bmall”/" mice
(Figure 10H and I). In DSS-treated WT mice, antagonizing
IL33 aggravated weight loss, inflammatory damage of the
colon, and prolonged the length of colon (Figure 10F-I).

Functionally, we studied the effects of IL33 antagonism
on PDL1"Breg" cells in DSS-treated WT mice and Bmal1”/-
mice. We found that IL33 antagonism significantly reduced
the number of Breg cells in IELs from DSS-treated WT mice

Figure 6. (See previous page). Effects of adoptive cell transfer treatment using B cells isolated from WT mice in DSS-
treated Bmal1™~ mice or using B cells from Bmal1”~ mice in DSS-treated WT mice. (A) Gross appearance of colorectum,
(B) body weight, (C) colon length, (D) histologic score of colon, and (E) H&E of colon from DSS-treated Bmal1™ mice, Bmal1™”
mice receiving B cells isolated from Bmal1™" mice, and from WT mice, and WT mice receiving B cells isolated from WT mice.
(F) Proportion of CD1d"CD5 ™ cells gated from B220" cells in IELs. (G) MFI of IL10 and (H) PDL1 on B220"CD1d"CD5" in IELs.
(h Fluorescence-activated cell sorter (FACS) graphs of B220"CD1d"CD5" cells, and MFI of PDL1 and IL10 on
B220*CD1d*CD5" cells in IELs. (J-L) Proportion of CD1d*CD5" cells gated from B220" cells, MFI of IL10 and PDL1
on B220"CD1d*CD5™" cells in SPLs. (M-O) Proportion of CD1d*CD5™" cells from B220" cells, MFI of IL10 and PDL1 on
B220*CD1d*CD5" cells in PBLs. (P) Gross appearance of colorectum, (Q) body weight, (R) colon length, (S) H&E of colon, and
(T) histologic score of colon from WT mice and WT mice receiving B cells from Bmal1”" mice. (U) FACS graphs showing
B220"CD1d*CD5" cells, and MFI of IL10 and PDL1 on B220*CD1d"CD5" cells in IELs. *P < .05. APC, Allophycocyanin;
FITC, Fluoresceine Isothiocyanate; FSC, forward scatter; PE, Phycoerythrin; SSC, side scatter.
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(approximately one third of that in untreated WT mice).
However, IL33 neutralization only slightly cut off the num-
ber of Breg cells in IELs from DSS-treated Bmall”/" mice
(Figure 10/ and K). Furthermore, we found that IL33
neutralization greatly decreased the numbers of
PDL1"B220" cells including PDL17CD1d" cells and
PDL1*CD5" cells - in IELs from DSS-treated WT mice.
Similarly, IL33 neutralization had little effect on the number
of PDL1"B220" cells, including PDL17CD1d" cells and
PDL17CD5" cells (PDL1% Breg cells) in IELs from DSS-
treated Bmal1”/" mice (Figure 10L-0).

Western blot showed that IL33 neutralizing antibody
decreased expressions of PDL1 in B cells from both WT mice
and Bmall”" mice, while exogenous TGFS or IL21 signifi-
cantly increased the expression of PDL1 in B cells from WT
mice, but had no effect on expression of PDL1 in B cells from
Bmall”/" mice (Figure 10P). Furthermore, exogenous IL33
increased the expression of PDL1 in B cells both from WT
mice and Bmall”" mice, however, the effects of exogenous
IL33-induced increased expression of PDL1 were impaired
significantly in B cells from Bmal1”~ mice (Figure 10Q). These
results suggest that IL33 is key for PDL1 expression in B cells.

Using a luciferase reporter system of the IL33 pro-
moter, we found that the Bmall/clock complex signifi-
cantly promotes luciferase activity of the IL33 promoter
while the Bmall/clock complex had no effect on luciferase
activity of the IL33 promoter if the E-box binding site for
Bmall/clock complex was mutated (Figure 10R). More-
over, in mouse IELs and even B cells, we found that Bmal1l
could bind directly to the IL33 promoter through the E-box
binding site by chromatin immunoprecipitation (ChIP)
(Figure 10S), further supporting IL33 as a target of Bmall
transcriptionally.

PDL1" B Cells Induce Cell Death of Activated
CD4" T Cells in DSS-Treated Bmal1™”~ Mice

To further study the effects of Bmal1-regulated PDL1" B
cells, especially Breg cells in IBD and its related diseases, we
analyzed the number of CD4" T cells and CD8™ T cells in
IELs of DSS-treated WT and Bmal1”" mice. Surprisingly, the
number of CD4" T cells in Bmall”/" mice was approximately
half of that in WT mice, while the number of CD8" T cells in
Bmal1l”/" mice was approximately 18% of that in WT mice
(Figure 124-C). Then, CD8™ T cells and CD4" T cells from
spleens of DSS-treated WT and Bmal1”~ mice were isolated
to detect protein levels of activated caspase 3, Bcl-2 Asso-
ciated X Protein, and Bcl2, respectively. The results showed
that the expression of activated caspase 3 in CD4™ T cells
and CD8™ T cells from Bmal1”~ mice was higher than that in
WT mice. The expression of Bcl2 in CD41 T cells from
Bmall”" mice was lower than that in WT mice obviously,
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while Bcl2 expression in CD8™ T cells between Bmal1l”/" and
WT mice had no significant difference (Figure 12D and E).

To further identify that the B cells expressing PDL1 are
key for proliferation CD4" T cells or CD8™ T cells of the colon
in the DSS-induced mouse colitis model, we transferred the B
cells of WT mice back to Bmall”" mice or transferred the B
cells from WT mice antagonized with PDL1 antibody to
Bmal1”/" mice. We found the proportion of CD4" T cells or
Ki67" CD4" T cells in Bmall”/" mice receiving B cells from
WT mice was increased significantly and PDL1 antagonism
partly reduced the effects of adoptive cell transfer therapy
using B cells isolated from WT mice in Bmal1”~ mice (Figure
12F-H). However, the proportion of CD8" T cells in both
recipients was not significantly changed compared with
control DSS-treated Bmal1”~ mice (Figure 121).

Furthermore, we analyzed early and late apoptosis of
B220" cells, CD4" T cells, and CD8" T cells of IELs in
Bmal1l”/~ and WT mice treated by DSS for 3 days. We found
that only the late apoptosis index of CD4™" T cells not B220*
cells, CD8™ T cells of IELs in Bmal1”~ mice were significantly
higher than that in WT mice (Figure 12/-P). Functionally,
the proportion of Th17 cells in Bmall”" mice was approxi-
mately 3-7 times that of WT mice (Figure 12Q and U), and
the proportion of Treg cells in Bmall”" mice was approxi-
mately one seventh to one fifth of the control group (Figure
12R and V). The transcription levels of cytokines IL17, IL21,
and IL6 closely related to Th17 function in Bmall”" IELs
were significantly higher than those in the control group
(Figure 125). The transcription levels of cytokines Forkhead
Box P3, IL6, TGF@, and interferon v (IFNvy), which are
closely related to Treg cell function, were significantly lower
than those of the control group (Figure 12T).

Circadian Clock Disorders Characterized as
Decreased Numbers of Breg"PDL1" Cells and
Dysfunction of CD4" T Cells Promotes Colitis-
Associated CRC

Azoxymethane (AOM) and DSS were used to produce
colitis-associated CRC in CJ, Bmal1™", and Per1” Per2”" mice
(Figure 1B). The results showed that circadian clock disor-
ders in mice were susceptible to pathogenesis of colon
cancer. The number of colorectal tumors in CJ, Bmal1l”/", and
Per1”/"Per2”/~ mice was increased significantly compared
with that in control WT mice. For example, the number of
colorectal tumors in Bmal1l”~ mice was more than twice that
in WT mice (Figure 134-C).

First, we analyzed the Breg cells in IELs containing
infiltrating lymphocytes in these tumors among CJ, Bmal17",
and Per1”/"Per2”” and WT mice of enteritis-related bowel
cancer model. The proportion of Breg cells in AOM-/DSS-
induced mice with circadian clock disorders (CJ, Bmal1l”",

Figure 7. (See previous page). Fluorescence-activated cell sorter (FACS) graphs showing B220*CD1d*CD5™ cells, and
the MFI of PDL1 and IL10 on (A) B220*CD1d*CD5™" cells in SPLs and (B) PBLs from DSS-treating Bmal1”" mice,
Bmal1” receiving B cells from Bmal1”~ mice, Bmal1” receiving B cells from WT mice, and WT receiving B cells from
WT mice. FACS graphs showing B220"CD1d*CD5™ cells, and MFI of PDL1 and IL10 on B220*CD1d*CD5" cells in (C) SPLs
and (D) PBLs from DSS-treating WT mice and WT receiving B cells from Bmal1”~ mice. APC, Allophycocyanin; FITC, Fluo-
resceine Isothiocyanate; FSC, forward scatter; PE, Phycoerythrin; SSC, side scatter.
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Figure 8. Effects of adoptive cell transfer treatment using adoptive B cells activated in vitro and isolated from WT mice
in DSS-untreated Bmal1™~ mice or using B cells from Bmal1”~ mice in DSS-untreated WT mice. (A) Gross appearance of
colorectum, (B) body weight, (C) colon length, (D) histologic score of colon, (E) H&E of colon from DSS-treated Bmal1™~ mice,
Bmal1”~ mice receiving B cells isolated from Bmal1™~ mice and from WT mice, and WT mice receiving B cells isolated from WT
mice. (F) Fluorescence-activated cell sorter (FACS) graphs showing B2207CD1d"CD5™ cells, and MFI of IL10 and PDL1 on
B220"CD1d*CD5" in IELs from models. (G) Proportion of CD1d*CD5™" cells from B220™ cells, and MFI of (H) PDL1 and (/) IL10
on B220*CD1d*CD5™ cells in IELs from models. (J) Proportion of CD1d*CD5™" cells from B220™ in SPLs, and (K) MFI of PDL1
and (L) IL10 on B220*CD1d*CD5™" cells in SPLs from models. (M) Proportion of CD1d"CD5™" cells from B220" in PBLs, and
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and Per1”/"Per2”/ mice) was significantly lower than that in
control WT mice (Figure 13D). The number of B2201IL10"
cells also was lower in Bmal1”/ and Per1”"Per2”" mice than
that in WT mice (Figure 13E). Furthermore, we detected the
cell proportions of PDL1*B220", PDL1'CD1d", and
PDL1*CD5*. We found that the proportion of PDL1"Breg"
cells in IELs of Bmall”" mice was significantly lower than
that of controls (approximately one third of the control)
(Figure 13F).

Then, we examined the number of CD8" T cells and only
the number of CD8" T cells in Bmall”~ mice was slightly
higher than those in control mice (Figure 13G). Furthermore,
only the number of CD8" T cells expressing PD1 in the CJ
group was significantly higher than that in the control group
(Figure 13H). We also examined the effective molecules
killing tumor cells, including IFNy and Granzyme B (GranzB)
in CD8" T cells. The proportion of GranzB"CD8" cells, not
IFNyTCD8" cells, was significantly lower in mice with
circadian clock disorders than that in WT mice (Figure
131-K).

At the same time, we observed the proportion of CD4" T
cells in IELs including infiltrating lymphocytes in intestinal
adenoma tissue in mice. The results showed that the number
of CD4 " cells in Bmal1”~ and Per1” Per2”" mice with internal
circadian rhythm disorder or C] mice with external circadian
rhythm disorder were significantly lower than that in WT
mice (Figure 13M). Notably, among these CD4™" cells in mice
with abnormal biological clocks, especially in Perl” Per2/"
mice, the number of immunosuppressive CD4™ cells, such as
PD17CD4" cells, was higher than that in WT mice (Figure
13N and 0). The number of effective CD4 cells such as
IFNy"CD4" and GranzB"CD4" in mice with internal rhythm
disorder were both significantly lower than those in WT
(Figure 13P and Q).

To further identify the potential role of Bmall-regulated
lymphocytes in the pathogenesis of CRC, we examined the
expression of the Bmall gene in the lymphocytes among tu-
mor centers (CT), the front of the tumor invasion (invasive
margin [IM]), and the paracancerous area in 91 cases of
colorectal specimens of CRC patients without metastasis
(Table 2). Semiquantitative analyses showed that the number
of Bmall® lymphocytes in the paracancerous area was
significantly higher than that in CT, and the number of
Bmall™ lymphocytes in the IM area was significantly higher
than that in the CT (Figure 13R and S). In addition, we found
that patients with high expression of Bmall (more Bmall*
lymphocytes) in the IM area had a better prognosis than those
with low expression of Bmall (few Bmall™ lymphocytes)
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(Figure 13T). The correlation analysis showed that the
expression of Bmal1l in lymphocytes correlated positively with
the expression of CD19 in the IM area (Figure 13U).

Discussion

B cells are important components of acquired immune
systems in the gut, which exert an effect in a microenvi-
ronment where they are exposed to commensal microflora
and food antigens, but at the same time they fight against
harmful pathogens. Clinical evidence has shown that shift
work and CJ can cause sleep disorders and increased risk for
pathogenesis of IBD.'*'°"?° However, the role of the circa-
dian clock, especially the mechanism by which the circadian
clock regulates IBD, still largely is unclear.

Here, we found that mice with circadian clock disorders
are susceptible to colitis. We used different mouse models
for circadian clock disorders including C]J mice, or mice
lacking the core clock gene Bmall, to establish the rela-
tionship between regulation of the circadian clock and IBD.
It was observed that shifting the 12:12-hour light-dark cy-
cle in mice led to more severe enteritis than a constant
12:12-hour light-dark cycle in mice.’* In addition, several
studies have suggested that the core clock gene Bmall is
involved in regulating colonic permeability in a circadian
manner”” intestinal regeneration.23

Moreover, we found that circadian clock disorders pro-
mote colitis in mice by regulating Breg cells in IELs. Breg cells
have been suggested in the inhibition of excessive inflam-
mation®* and experimental enteritis in mice.>™ In addition,
Breg cells also are important for antitumor immune re-
sponses as suppressors.”” Notably, we found that Bmall
deficiency lead to loss of rhythmic oscillation for the number
of Breg cells in colons from DSS-treated mice. Our study re-
ports on the role of circadian clock-regulated B cells in colitis
mouse models. Several studies have reported that the circa-
dian protein Nuclear Receptor Subfamily 1 Group D Member
1 directly regulates Th17 differentiation by directly binding
and inhibiting Nuclear Factor, Interleukin 3 Regulated.”®™*°
Notably, we characterized a type of Breg cells highly
expressing PDL1 in IELs, which are key for circadian clock
disorder-mediated colitis and colitis-associated CRC. Inter-
estingly, a recent study found that recombinant PDL1 protein
significantly ameliorated DSS-induced acute and CD4
CD45RB"8" T-cell-induced chronic colitis in mice by patho-
genic Th17 responses and the production of cytokines form
PD-1-expressing dendritic cells in diseased colons.’” Here,
our study not only characterized a potentially important

Figure 9. (See previous page). The effects of Breg cells expressing PDL1 in IELs in DSS-treated Bmal1

7~ mice. (A) Gross

appearance of colorectum, (B) body weight of mice, (C) H&E of colon, (D) colon length, (E) histologic score of colon from DSS-

treated Bmal1™~ mice, Bmal1™ mice receiving B cells donated from WT mice, and Bmali

“mice receiving B cells donated from

WT mice and PDL1 antagonist antibody. (F) Fluorescence-activated cell sorter (FACS) graphs showing B220"CD1d"CD5"
cells, and MFI of PDL1 and IL10 on B220"CD1d*CD5™ in IELs, (H) SPLs, and (J) PBLs. (G) Proportion of CD1d"CD5™ gated on
B220" cells, and MFI of IL10 and PDL1 on B220"CD1d"CD5™ cells in IELs, (/) SPLs, and (K) PBLs. (L) FACS graphs showing
PDL1"B220" cells in IELs, SPLs, and PBLs of donor mice that antagonize PDL1. (M) Transcription levels of PDL1 in the IELs
and (N) hepatic lymphocytes of Bmal1”~ and WT mice among 24 hours. The P value is estimated by JTK cycle analysis. (O) The
effects of Bmal1 and clock complexes on luciferase activities of PDL1 promoter reporter. *P < .05. APC, Allophycocyanin;
FITC, Fluoresceine Isothiocyanate; FSC, forward scatter; PE, Phycoerythrin; SSC, side scatter.
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source for PDL1 from B cells, but also uncovered a new and response in the gut. Interestingly, Xiao et a

Liu et al
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1! identified a

key subset of Breg cells, PDL1" Breg cells, functioning as a  subset of B cells (CD5" CD247/" CD27 ™" cD38%™) in
key suppressor for DSS-triggered excessive inflammatory advanced-stage hepatocellular carcinoma, which promoted
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tumor progression. The roles and mechanisms of these B-cell
subsets in circadian clock disorder-elicited colitis and colo-
rectal cancer progression still are unclear. More studies are
needed to identify more subsets of circadian clock-regulated
B cells in inflammatory response and tumor progression.

In addition, we found that IL33 is a target of Bmall
transcriptionally and IL33 in the intestinal microenviron-
ment is key for Bmall-regulated PDL1" Breg cells. It also
has been reported that experimental animals have shown
that IL33 can regulate a type of Breg cells that produce IL10,
thereby effectively reducing intestinal inflammation.* In a
mouse sepsis model, a study reported that deletion of Bmall
up-regulated Pyruvate Kinase M2 and then influenced PDL1
expression through the signal transducer and activator of
transcription 1 pathway in macrophages.** In our study,
IL33, an innate cytokine, played an important role in
mucosal organs,”* >’ and was expressed mostly and down-
regulated significantly in the intestinal microenvironment of
either WT or Bmall”" mice treated with or without DSS. It
has been suggested that IL33 is secreted by intestinal
epithelial cells and is highly unregulated in UC,* and IL33
can regulate the number of Breg cells in mouse colitis
models.*” Our results show that there were E-box classic
binding sites in the mouse IL33-promoter regions and
Bmall can bind directly to and regulate IL33 expression in
lymphocytes. In addition, we found that IL33 increased the
expression of PDL1 in B cells from both WT mice and
Bmal1”" mice, and IL33-neutralizing antibody decreased the
expression of PDL1 in B cells from both WT mice and
Bmal1”" mice.

Moreover, our results showed that dysregulated PDL1"
B cells induce cell death of activated CD4" T cells in DSS-
treated Bmall”" mice. A previous study reported that UC
patients and DSS-induced experimental IBD in mice were
characterized as decreased the BCL2/Bcl-2 Associated X
Protein ratio of CD4 " T cells.?” Interestingly, among tumor
microenvironments, macrophages and tumor cells
expressing PDL1 effectively inhibit functions of infiltrating
T cells and promote tumor progression,*’*" suggesting the
key role of macrophages and tumor cells in the regulation
of T-cell function. Notably, in the early stage of colitis-
associated CRC, we found that Bmall depletion in B cells
also inhibited functions of T cells, indicated as decreased
numbers of GranzB secreted by CD4" and CD8" T cells.
More studies are needed to establish the interactions
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between these cell types and mechanisms involved.
Notably, our findings also uncovered that circadian clock
disorders are characterized as decreased numbers of
Breg® PDL1" cells and dysfunction of CD4" T cells pro-
motes IBD-associated CRC in mice. Interestingly, there are
some studies that have shown that defects of Clock Circa-
dian Regulatorl, BMAL1, and PER and Cryptochrome
Circadian Regulator proteins in IELs play the critical roles
in the development and progression of CRC by increasing
or activating MYC Proto-Oncogene/p21 and Wingless-Type
MMTV Integration Site Family/g-catenin pathways.** Our
results show that abnormal circadian clocks in B cells in
either jet lag mouse models or mouse models with defec-
tive clock core genes can promote pathogenesis of CRC. In
an experimental IBD-related CRC mouse model, we found
that CD4" T cells in abnormal biological clock mice were
dramatically fewer than those in WT mice. Among these
CD4™ cells, PD17CD4™ cells were much higher in abnormal
biological clock mice than in WT mice.

In summary, we identified the role of the biological clock,
or biological clock genes regulated a class of PDL1"Breg"
cells in experimental IBD and IBD-associated CRC in mice.
We found that circadian clock disorders led to high risks for
IBD and IBD-associated CRC by decreasing the number of
Breg"PDL1" cells and dysfunction of CD4" T cells.

Materials and Methods

Animal Models

Bmall”" mice were kindly gifted by Dr Ying Xu from
Soochow University. All mice were housed under specific
pathogen-free conditions of Soochow University. Approval
for this research was obtained from the ethic committees of
Animal Ethics of Soochow University.

CJ mice were established as described before (Figure
1A). C57BL/6 mice kept in a steady 12:12-hour light-dark
cycle were used as the control group. Zeitgeber time is a
unit of time based on the period of a zeitgeber, such as the
12:12-hour light-dark cycle. We labeled the period when
the lights were turned on or off on in Figure 12.

To establish DSS-induced colitis models, mice were fed
1.0% or 1.5% DSS dissolved in distilled drinking water for 4,
7, or 11 days (Figure 1).

To establish AOM/DSS-induced CRC, Bmall”~ and WT
mice were injected intraperitoneally with AOM (A5486;

43,44

Figure 10. (See previous page). The effects of IL33 in intestinal microenvironment on PDL1* Breg cells in DSS-treated
Bmal1~~ mice. (A) Transcription levels of IL4, IL6, IL10, IL21, IL33, TGF3, and MCP-1 in the |ELs of DSS-treated and untreated
Bmal1”" and WT mice among 24 hours. The P value was estimated by JTK cycle analysis. (B) Transcription levels of in-
flammatory cytokines IL4, IL6, IL10, IL21, IL33, TGF3, and MCP-1 in the IELs of DSS-treated Bmal1”" and WT mice at the
same time. (C) Protein expressions of Bmal1 and IL33, (D) proportion of B22071L33" cells in IELs of DSS-treated Bmal1”~ and
WT mice. (E) Gross appearance of colorectum, (F) body weight during DSS induction, (G) colorectal length, (H) histologic score
of colon, (/) H&E of colon from DSS-treated WT mice, WT mice with IL33 antagonist antibody, Bmal1™”" mice, and Bmal1™ mice
with IL33 antagonist antibody. (J) FACS graphs and (K) proportion of CD5*CD1d" cells from B220" cells in IELs. (L)
Fluorescence-activated cell sorter (FACS) graphs and (M) proportion of B220"PDL1™, (V) CD1d*PDL1", and (O) CD5"PDL1+
cells in [ELs. (P) PDL1 expressions in B cells isolated from WT and Bmal1™ spleen treated with IL21, TGF8, or IL33 neutralizing
antibodies by Western blot. (Q) PDL1 expression in B cells isolated from WT and Bmal1™ spleen treated with IL33 by Western
blot. (R) The effects of Bmal1 and clock complexes on luciferase activities of IL33 promoter reporter with or without E-box site
mutation. (S) ChIP assay to detect the binding of IL33 gene promoter with Bmal1 in SPLs and B cells. *P < .05. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase.
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Figure 11.Binding sites for Bmal1 in promoter regions among 7 cytokine genes were predicted in the JASPAR
database.

Sigma, St. Louis, MO) once a week for the first 3 weeks, Bmall”/" mice. Mice were killed, and the colorectums
fed with 1% DSS for 1 week, and drinking water for the were isolated and fixed in formaldehyde before further
following 2 weeks. The cycle was repeated 3 times. processing and immunohistochemistry procedures. In
From the eighth week the mice were fed with drinking some mice, tissues were used for isolation of infiltrating
water (Figure 1B). At the 19th week, blood in the stool leukocytes, and the function of them was examined by
and prolapse of the anus were found in most of the flow cytometry.
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Patients and Specimens Cohorts of 91 CRC patients without lymph node

Four UC patients, 29 CD patients (Table 1), and para- metastasis who underwent curative resection at the
cancerous specimens from 10 CRC patients were collected Department of Pathology of Sun Yat-Sen Memorial Hos-
from Guangdong General Hospital (Table 1). pital (Guangzhou, China) (Table 2) between November
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2016 and November 2017 were used for analyses of ex-
pressions of Clock genes and immune cells. None of the
patients had received anticancer therapy before the
sampling. Ninety-one patients’ cohorts including areas of
CT, the IM, and paracancer were obtained in an unbiased
manner (according to Mlecnik et al*®). Approval for this
research was obtained from the Ethic Committees of the
Sun Yat-Sen Memorial Hospital.

Flow Cytometry

Single-cell suspensions prepared from livers, spleens,
and intestinal IELs were generated by macerating the
tissues through a 70-mm nylon mesh. Blood was
collected with an anticoagulant tube, transferred into a
centrifuge tube, and diluted with phosphate-buffered
saline (PBS). For lymphocyte isolation from liver and
spleen, tissues were cut into small pieces and incubated
in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 5% fetal bovine serum (FBS). For intestines,
Peyer’s patches and fat tissue were carefully removed.
The small intestine and colon was opened longitudinally,
washed in RPMI 1640 medium, and cut into 5-mm
pieces, which were transferred to a 50-mL conical tube
(Falcon 2070, Becton, Dickinson and Company) contain-
ing 25 mL EDTA-RPMI medium including 10 mmol/L/L
HEPES, 25 mmol/L/L NaHCO3;, 1 mmol/L/L EDTA, 1
mmol/L/L dithiothreitol, 2% FBS, and 40 ug/mL peni-
cillin and streptomycin. The tube was shaken at 37°C for
30 minutes (horizontal position; orbital shaker at 280
rpm). Cell suspensions were collected in a new 50-mL
conical tube and passed through a 70-um strainer to
deplete cell debris and sticky cells (crude cell prepara-
tion), and centrifuged at 1200 rpm at room temperature
for 6 minutes. Cell pellets were resuspended with EDTA-
RPMI medium, filtered through 70-um nylon mesh, and
then centrifuged at 1200 rpm at room temperature for 6
minutes. Subsequently, the pelleted cells were suspended
in 40% Percoll (17089101; GE, Uppsala, Sweden). Percoll
was diluted with PBS to make 1x Percoll. Cells were
suspended with 16 mL of 40% Percoll in 15-mL tubes.
Two milliliters of 75% Percoll was added into the lower
layer of 40% Percoll in each 15-mL tube. IELs were
collected by harvesting the center layer between 40%
and 70% Percoll after being centrifuged at 2000 rpm for
15 minutes at 20°C with free-brake and low-accelerator
conditions.
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Aliquots of 1 x 10° cells of these tissues were stained
with fluorochrome-conjugated antibodies (Table 3). Flow
cytometric acquisition was performed using FACScan (BD
Biosciences, Franklin Lakes, NJ]), and data were analyzed
using FlowJo software (version X.0.7; Tree Star, Inc). For
intracellular cytokine GranzB, IFN+, IL10, and IL33 staining,
cells were restimulated. Fixation and Permeabilization So-
lution (554722, BD Cytofix/Cytoperm, Becton, Dickinson
and Company), Perm/Wash Buffer (554723, BD Perm/
Wash), protein transport inhibitor (containing monensin)
(554724, BD GolgiStop), PMA (16561-29-8; Sigma), and
ionomycin calcium salt (5608212, Peprotech, BioGems,
Cranbury, NJ) were used. For measurement of Ki67, the
eBioscience Transcription Factor staining buffer set
(00-5523; Invitrogen) was used.

Isolating B Cells and Adoptive Lymphocyte
Transfer Treatment

Spleen of donor Bmall”" and WT mice were treated
with 1.5% DSS for 4 days, and some donors that were
untreated were isolated. We used the BD IMag Mouse B
Lymphocyte Enrichment Set (557792, BD Pharmingen, San
Diego, CA, USA) and followed the kit instructions to isolate
B cells (cells of >90% purity and >90% viability). A total
of 1 x 10° sorted B cells in 200 uL PBS were injected into
the recipient mice in an intravenous injection every other
day. Throughout the process, recipient mice received 1.5%
DSS. Bmal1”~ and WT mice with 1.5% DSS treatment only
were used as the control group (Figure 1C).

For adoptive B cells activated in vitro experiment, B cells
from spleen of naive Bmall”~ and WT mice were isolated
and activated by 10 pg/mL lipopolysaccharide (Sigma) for
72 hours. A total of 1 x 10° sorted B cells in 200 uL PBS
were injected into the recipient mice in an intravenous in-
jection every other day. Throughout the process, recipient
mice received 1% DSS (Figure 1D).

For some experiments, donor WT mice were injected
with anti-PDL1 (BE0101, 100 pg/mice, intraperitoneally;
Bioxcell, NH) on the fourth day after they received DSS
treatment (Figure 1E). For some experiments, Bmal1”~ and
WT mice were injected with IL33-neutralizing antibody
(AF3626, 1 ug/mice, intraperitoneally; RD) every 3 days, 4
times in total. After that, both groups were treated with
0.5% DSS (Figure 1F). To analyze whether cytokines
regulated B cells by Bmall, spleen of donor mice that were
treated with 1.5% DSS or from untreated mice were

Figure 12. (See previous page). Cell death of activated CD4™ T cells in DSS-treated Bmal1”~ mice and the effects of
PDL1 antagonist antibody. (A) Fluorescence-activated cell sorter (FACS) graphs and (B) proportions of CD8" and (C) CD4™" T
cells in the colon of DSS-treated Bmal1”~ mice and WT mice. (D) Protein expression of Bmal1, activated caspase 3, Bcl-2
Associated X Protein, and Bcl2 in CD8™ T cells and (E) CD4™ T cells in the colons of DSS-treated Bmal1™~ mice and WT mice.
(F) FACS graphs of CD4"Ki67* cells, (G) proportions of CD4™ T cells, (H) CD4"Ki67" cells, and (/) CD8" T cells in the IELs of
Bmal1”" mice, Bmal1”" mice receiving B cells from WT mice, Bmal1”" mice receiving B cells from WT mice and PDL1
antagonist antibodies. (J) FACS graphs and proportion of (K) Annexin-vComp-7-AAD B220" or (L) Annexin-vtComp-7-AAD"
B220" cells, (M) Annexin-v Comp-7-AAD"CD4™" or (N) Annexin-vtComp-7-AAD* CD4™" cells, and (O) Annexin-vComp-7-
AADCD8" or (P) Annexin-vComp-7-AAD" CD8" cells in IELs from DSS-treated WT mice and Bmal1”~ mice. (Q) FACS
graphs and (U) proportions of CD4*IL17™" cells in IELs. (R) FACS graphs and (V) proportions of CD4"Foxp3* cells in IELs. (S)
Transcription expression of Bmal1, IL17, RORyt, IL21, and IL6 in IELs of DSS-treated WT and Bmal1™" mice. (T) Transcription
expression of Forkhead Box P3, IL2, IL10, TGFg, and IFNy in IELs of DSS-treated WT and Bmal1”" mice. *P < .05. APC,
Allophycocyanin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 13. Effects of disorders of biological rhythm on colitis-associated CRC and expression and prognosis of Bmal1
in clinical samples of CRC. (A) Gross appearance of colorectum, (B) H&E of colon, and (C) tumor numbers from CJ, Bmal1™",
Per1”"Per2”", and WT mice of enteritis-related bowel cancer model. (D) Proportion of CD1d*CD5™ cells from B220™ cells, (E)
IL107B220™ cells, (F) B220*/CD1d*/CD5*PDL1™ cells in IELs of models. (G) Proportion of CD8™" cells, (H) PD1* CD8™ cells, (/)
CD8"GrazB™ cells and (J) Fluorescence-activated cell sorter (FACS) graphs of CD8"GrazB™ in IELs of models. (K) Proportions
and (L) FACS graphs of CD8"IFNy™ cells in IELs of models. (M) Proportion of CD4™ T cells in IELs of models. (N) Proportion
and (O) FACS graphs of CD4"PD17 cells in IELs of models. (P) Proportion of GranzB*CD4™ cells, (Q) IFNyTCD4™ cells in the
IELs of models. (R) Semiquantitative analysis and (S) immunochemical staining of Bmal1* immune cells from CT, the front of
the IM, and paracancerous area (Norm) in 91 CRC patients. (T) Survival curves of CRC patients with low or high expression of
Bmal1 in the 3 regions of tumor samples. (U) Correlation of CD19™ cells and Bmal1™ immune cells in the 3 regions of tumor
samples. *P < .05.
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isolated. B cells were isolated, counted for 4 x 10° per
well, and added into the DMEM medium containing 10%
FBS. Lipopolysaccharide (10 pug/mL; Sigma) was added to

Table 2.Patients With CRC Without Distant Metastasis

Characteristic Patients, n % the medium to activate B cells for 72 hours. For others, 5
Age, y ng/mL TGF@ (7666-MB; RD) was added in DMEM medium
<60 46 50.55 for 72 hours, 50 ng/mL IL21 (210-21; Peprotech) for 72
>60 45 49.45 hours, 30 ng/mL anti-IL-33 neutralizing antibody
Tumor (AF3626; RD) for 48 hours, and 10 ng/mL IL33 (3626-ML/
E 199 2822 CF; RD) for an hour, respectively. B cells subsequently
T3 o8 3077 Wwere collected for Western blot.
T4 35 38.46
Regional lymph node ,
No e 9 100 Isolation of CD4" and CD8™" T cells
N1 0 0.00 The mouse CD4" T-Cell Isolation Kit (130-104-454;
Hg 8 888 Miltenyi Biotec, Bergisch Gladbach, Germanywas used
’ for isolating CD4" T cells from spleen of mice. The
M?\Llic#ia(:_)subtypes 85 934 Mouse CD8" T Lymphocyte Enrichment Set - DM
MSH2(+) 86 0451 (558471; BD) was used for isolating CD8* T cells from
MSH6(+) 85 9341 spleen of mice. CD3 (B257866; Biolegend), CD28
Egﬂcsggﬂ gj %g; (B256182; Biolegend), and IL2 (402-ML; R&D Systems)
Ki67(+)(+) 86 o451 Wwere used to activate CD8" T cells in vitro.
NSE(+) 5 5.49
Syn(+) 7 7.69
89D’)*((2+()+) 2 220 Apoptosis Analysis
Villin 2 290 Apoptosis was determined using the Annexin V Apoptosis
Ck 2 2.20 Detection Kit (559763; BD). Briefly, cells were incubated with
8%/1 8 8 888 buffer containing phycoerythrin-conjugated Annexin V and 7-
CK19 1 140 amino-actinomycin D antibody for 15 minutes at room tem-
P53 0 0.00 perature. After incubation, cells were washed and resus-
CK20 6 6.59 pended in binding buffer. After 1 hour, cells were analyzed by
CD56 1 1.10

flow cytometry.

Table 3.Antibodies Used for Flow Cytometry

Name Company Catalog number Clone
APC-Cy7 anti-mouse B220 antibody BD Pharmingen San Diego, CA 552094 RA3-6B2
FITC anti-mouse CD45 antibody BD Pharmingen 553080 30-F1
PE rat anti-mouse IgD antibody BD Pharmingen 558597 11-26¢.2a
BV421 anti-mouse CD138 antibody BD Horizon, Piscataway, NJ. 562610 281-2
PE-CF594 anti-mouse CD3e antibody BD Horizon 562332 145-2C11
Alexa Fluor 647 anti-mouse CD1d antibody BD Pharmingen 564706 1B1
BB700 rat anti-mouse CD5 antibody BD OptiBuild, Becton, Dickinson and Company 742083 53-7.3
APC anti-mouse CD11b antibody BD Pharmingen 553312 M1/70
PerCP-Cy5.5 anti-mouse CD8a antibody BD Pharmingen 551162 53-6.7
APC anti-mouse CD4 antibody BD Pharmingen 553051 RM4-5
BV421 mouse anti-Ki67 antibody BD Horizon 562899 B56
PE anti-mouse granzyme B antibody eBioscience, San Diego, CA 12-8898-80 NGzZB
APC-Cy7 anti-mouse IFNy antibody BD Pharmingen 561479 XMG1.2
BV421 anti-mouse CD279 antibody BD Horizon 562584 J43
PerCP-Cy5.5 anti-mouse CD11c antibody BD Pharmingen 560584 HL3
PE anti-mouse CD49b antibody BD Pharmingen 553858 DX5
PE anti-mouse CD274 antibody BD Pharmingen 745135 MIH5
Alexa Fluor 647 anti-mouse IL33 antibody RD, Mckinley Place NE IC3626R 396118
APC anti-mouse IL10 antibody BD Pharmingen 561059 JES5-16E3
Annexin V apoptosis detection kit BD 559763

APC, Allophycocyanin; FITC, Fluoresceine Isothiocyanate; PE, Phycoerythrin.
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Table 4.Antibodies Used for Western Blot, ChIP, and
Immunohistochemistry

Catalog
Name Company number
Anti-SBNO1 Atlas, Mount  HPA042388
Prospect, IL
BMAL1 (D2L7G) rabbit mAb CST, Danfoss, 14020
MA
Mouse PD-L1/B7-H1 antibody RD, Mckinley AF1019
Place NE
Cleaved caspase-3 (Asp175) CST 9664
(5A1E) rabbit mAb
Bax antibody CST 2772
Mouse anti-Bcl2 Bioss Beijing, Bsm33411
China
Anti-CD19 antibody Abcam, Ab31947

Cambridge, MA

Bax, Bcl-2 Associated X Protein; mAb, monoclonal antibody |

Histologic Analyses and Scorings of Colitis and
Colitis-Associated CRC

Mice colorectums were fixed in 10% neutral-buffered
formalin or 4% paraformaldehyde, embedded in paraffin,
sectioned, and stained with H&E. The colitis severity of the
mouse models was estimated by measuring body weight loss,
colon length, and colon weight. Histology was scored by 2
pathologists in a blinded fashion as a combination of the
presence and severity of inflammatory cell infiltration, hy-
perplasia, or epithelial damage according to Seregi et al.*® For
each lesion, a weighted average percentage was calculated as
follows: (1 x the number of fields with score = 1) + (2 x the
number of fields with score = 2) + (3 x the number of fields
with score = 3)]/3 x the total number of fields.
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Assessing the severity of enteritis-associated bowel
cancer in the mouse is usually quantitative by counting the
number of intestinal polyps.

Immunohistochemical Staining

Immunohistochemical staining was performed on
formalin-fixed, paraffin-embedded samples. Sections were
dewaxed and rehydrated through a graded series of ethanol.
Endogenous peroxidase was quenched by incubation in
hydrogen peroxide (3% w/v in methanol for 15 minutes).
Antigen retrieval was performed by boiling in a pressure
cooker for 10 minutes in citrate buffer. Sections were
blocked for 30 minutes with 10% normal goat serum (Life
Technologies, Carlsbad, CA) before incubation with primary
antibody overnight at 4°C. Sections and slides were stained
for Bmall and CD19 (Table 4). Histology was scored by 2
pathologists in a blinded fashion. At low power, the tissue
sections were screened, and the 5 most representative fields
were selected. Thereafter, to evaluate the density of these
genes, the respective areas were measured at a magnifica-
tion of 400, and the Bmal1l*t lymphocytes and CD197 cells
in each area were counted.

Western Blot

B cells, CD4" T cells, and CD8" T cells were collected
in RIPA lysis buffer (1% Triton X-100, Sigma-Aldrich, St.
Louis, M0O), 20 mmol/L Tris, pH 7.5, 137 mmol/L NaCl, 1
mmol/L ethylene glycol-bis(8-aminoethyl ether)-N,N,N',N'-
tetraacetic acid, 10% glycerol, 1.5 mmol/L MgCl,, and
protease inhibitor mixture and phosphatase inhibitors
(Roche Products Limited, Welwyn Garden City, UK). Ly-
sates were sonicated and centrifuged at 4°C. Per lane,
whole-cell lysate was separated on 12% sodium dodecyl
sulfate-acrylamide gels and transferred on Immobilon
polyvinylidene difluoride membranes (Millipore). The

Table 5.Primers Used for gRT-PCR, ChIP, and Plasmid Construction

Gene

Forward primer

Reverse primer

PDL1

Bmal1

Per1

Per2

L4

IL6

IL10

21

IL33 (for RT-PCR)

IL33 (for ChIP)
Nonsense /L33 (for ChIP)
TGFB

MCP-1

IL33 (for expression vector)

IL33 without E-box sites
(for expression vector)

PDL1 (for expression vector)

GCTCCAAAGGACTTGTACGTG
ACAGTCAGATTGAAAAGAGGCG
TTCGTGGACTTGACACCTCTT
ACAGAGGCAGAGCACAACCC
GGTCTCAACCCCCAGCTAGT
TCTATACCACTTCACAAGTCGGA
GGCCCAGAAATCAAGGAG
GGACCCTTGTCTGTCTGGTAG
TCCAACTCCAAGATTTCCCCG
GCCAGAAAGGATGACTGACC
TGCCTTGGTCAGCTATTGTG
CTCCCGTGGCTTCTAGTGC
ATCCCAATGAGTAGGCTGGAGAGC
CCGCTCGAGGGCAAAGAATAAAGGCCACCATAC
CCGCTCGAGGCTTGCAGCTTCTTAGCTTTGTG

CTAGCTAGCCAGGCGTGGTGGCGCACACCTT

TGATCTGAAGGGCAGCATTTC
GCCATCCTTAGCACGGTGAG
GGGAACGCTTTGCTTTAGAT
TAGCCTTCACCTGCTTCACG
GCCGATGATCTCTCTCAAGTGAT
GAATTGCCATTGCACAACTCTTT

CCT TGT AGA CAC CTT GGT
TGTGGAGCTGATAGAAGTTCAGG
CATGCAGTAGACATGGCAGAA
AGCTGCAAGCATTCAAAACC
TTGGAGCGAGAGCTACAGGT
GCCTTAGTTTGGACAGGATCTG
CAGAAGTGCTTGAGGTGGTTGTG
CCCAAGCTTCCAACTATATGGACCTGAAGTCATC
CCCAAGCTTGAAGCAACCTTGGCTATCTCACC

CCCAAGCTTGGAGACTGGCCCGCGACGTGC
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membranes were probed with primary antibodies
(Table 4) overnight at 4°C and incubated for 1 hour with
secondary peroxidase-conjugated antibodies. For detecting
the apoptotic pathway, anti-caspase 3, anti-Bcl-2
Associated X Protein, and anti-Bcl2 (Table 4) were used.
Chemiluminescent signals then were developed with
Lumiglo reagent (Cell Signaling Technology) and detected
by the ChemiDoc XRS gel documentation system (Bio-
Rad).

ChiIP Assay

The ChIP assay was performed using the EZ-Magna ChIP
A/G Chromatin Immunoprecipitation Kit (17-10086; Milli-
pore, Merck, Bedford, MD). The experiment was performed
according to the manufacturer’s instructions.

The immunoprecipitated DNA was used in PCR. Results
were shown as a percentage of input. The Bmall antibody
used for ChIP (Table 4) and the primers (Table 5) used for
DNA quantification are listed.

RNA Isolation and qRT-PCR Analysis

To test whether the clock genes, cytokines, and immune
checkpoints fluctuate in mice models with circadian rhythm,
we isolated hepatic lymphocytes and IELs from each group
(5 mice) for qRT-PCR every 4 hours within 24 hours.

RNA was isolated from lymphocytes using TRIzol (Invi-
trogen) according to the manufacturer’s instructions. For
mRNA, complementary DNA was generated from 1 ug total
RNA per sample using the Transcriptor First Strand Com-
plementary DNA Synthesis Kit (Roche). qRT-PCR was per-
formed using the ABI StepOne Plus and the SYBR Select
Master Mix (Applied Biosystem, CA). mRNA expression was
normalized using detection of 18S ribosomal RNA. Results
are represented as fold induction using the AACt method
with the control set to 1. The sequences of qRT-PCR primers
are listed in Table 5.

Plasmid Construction

To construct the expression vector of mouse IL33, a 2.8-
kb DNA fragment containing E-Box of the 5’ region IL33 was
amplified by PCR from mouse genomic DNA (primers are
listed in Table 5). The PCR fragment was digested with
Xanthomonas holcicola I and Hindlll, and then ligated to the
multiple cloning sites of a pGL4.17[luc2/Neo] Vector
(Promega, Madison, WI) to generate the IL33:luc reporter
plasmid. In addition, a fragment without the E-box of the 5’
region IL33 also was cloned into the reporter vector. For
expression vector of mouse PDL1, a 1.8-kb DNA fragment
containing E-Box was digested with Neisseria mucosa hei-
delbergensis 1 and Hemophilus influenzae D III, and then
ligated to the multiple cloning sites of a pGL4.17[lutetium
carbide 2/Neo] Vector.

Luciferase Assay

Two days after 293T cells had been transfected with the
plasmids they were treated under normoxic or hypoxic
conditions for 24 hours and then harvested in passive lysis
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buffer (Promega) for the luciferase assay. The luciferase
assay was performed using the Dual Luciferase Assay Sys-
tem (Promega) according to the manufacturer’s in-
structions. Each experiment was conducted in triplicate.

Statistical Analysis

To detect the transcription levels of Bmall and other
clock genes in enteritis samples, we used the expression
profile data from GSE22307 and obtained the mRNA
expression values of Bmall, Clock, Cryl, Cry2, Perl, and
Per2 in normal mouse colon and colons of mice treated with
DSS through GEO2R of NCBL'® A box plot with P value
(calculated by the Wilcox test) was used.

The results are presented as means + SD, and analyses
were performed with SPSS version 17.0 (SPPS Inc, Chicago,
IL). Differences between the groups were evaluated by 1-
way analysis of variance and correlation analysis was per-
formed using Spearman rank correlation. A P value less than
.05 was considered significant. JTK_CYCLE (https://
openwetware.org/wiki/HughesLab: JTK Cycle, HughesLab
Ohio State University, University of Pennsylvania School of
Medicine, Philadelphia, PA) was used to distinguish the
rhythmic transcripts.>** All data come from the results of
experiments that were repeated at least twice. Relevance
and prognostic analysis were performed by GraphPad Prism
8.0 (Graphpad Software, Inc, San Diego, CA).
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