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ABSTRACT

Background The cancer stem cell theory proposes that
tumor formation in vivo is driven only by specific tumor-
initiating cells having stemness; however, clinical trials
conducted to test drugs that target the tumor stemness
provided unsatisfactory results thus far. Recent studies
showed clear involvement of immunity in tumors; however,
the requirements of tumor-initiation followed by stable
growth in immunocompetent individuals remain largely
unknown.

Methods To clarify this, we used two similarly induced
glioblastoma lines, 8B and 9G. They were both established
by overexpression of an oncogenic H-RasL61 in p53-
deficient neural stem cells. In immunocompromised
animals in an orthotopic transplantation model using 1000
cells, both show tumor-forming potential. On the other
hand, although in immunocompetent animals, 8B shows
similar tumor-forming potential but that of 9G’s are very
poor. This suggests that 8B cells are tumor-initiating cells
in immunocompetent animals. Therefore, we hypothesized
that the differences in the interaction properties of 8B

and 9G with immune cells could be used to identify the
factors responsible for its tumor forming potential in
immunocompetent animals and performed analysis.
Results Different from 9G, 8B cells induced senescence-
like state of macrophages around tumors. We investigated
the senescence-inducing factor of macrophages by

8B cells and found that it was interleukin 6. Such
senescence-like macrophages produced Arginase-1,

an immunosuppressive molecule known to contribute

to T-cell hyporesponsiveness. The senescence-like
macrophages highly expressed CD38, a nicotinamide
adenine dinucleotide (NAD) glycohydrolase associated
with NAD shortage in senescent cells. The addition of
nicotinamide mononucleotide (NMN), an NAD precursor, in
vitro inhibited to the induction of macrophage senescence-
like phenotype and inhibited Arginase-1 expression
resulting in retaining T-cell function. Moreover, exogenous
in vivo administration of NMN after tumor inoculation
inhibited tumor-initiation followed by stable growth in the
immunocompetent mouse tumor model.

Conclusions We identified one of the requirements

for tumor-initiating cells in immunocompetent animals.

In addition, we have shown that tumor growth can

be inhibited by externally administered NMN against
macrophage senescence-like state that occurs in the very
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Tumor-initiating cells, so-called cancer stem cells,
defined by marker molecules, may not always form
tumor when introduced into immunocompetent
animals, highlighting the need to consider the im-
mune system’s role in tumor initiation, however, the
requirements to establish “tumor” in immunocom-
petent animals are still unclear.

WHAT THIS STUDY ADDS

= This study showed that tumor-initiating cells induce
the surrounding macrophages into a senescence-
like state and that senescence-like macrophages
produced immunosuppressive molecules. Moreover,
using the metabolic modifier nicotinamide mono-
nucleotide was shown to reduce the generation of
senescence-like macrophages, and its administra-
tion to mice with transplanted tumors led to a de-
crease in tumor development.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This finding provides a clue as to why even animals
with an immune system might allow the establish-
ment of a “tumor”. A metabolic modifier could of-
fer a novel strategy to curb tumor development by
counteracting the generation of these senescence-
like macrophages.

early stages of tumor-initiating cell development. This
therapy targeting the immunosuppressive environment
formed by macrophage senescence-like state is expected
to be a novel promising cancer therapeutic strategy.

BACKGROUND

Tumor cells in cancerous tissue are hetero-
geneous. The theory of tumor-initiating
cells (or cancer stem cells) may explain an
important aspect of the phenotypic and
functional heterogeneity among cancer cells
in some tumors." According to this theory,
only specific tumor cells can initiate stable
tumor formation in vivo. These cells are less
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sensitive or more resistant to anticancer drugs® and have
repopulating potential.” * Therefore, they are thought
to be responsible for relapse in many patients.”> Thus,
targeting these tumor-initiating cells is an important
therapeutic strategy against cancer.’ 0 Many types of
tumor-initiating cells, defined by their surface markers or
selective gene expression, have been identified.”® Several
reports suggested that Stat3 contributes to self-renewal of
the cells as well as tumorigenicity, indicating that Stat3
expression is correlated with the tumor-initiating capacity
in some tumor types.g_11 Therefore, targeting Stat3 was
assumed to be a promising therapeutic strategy. However,
no improved overall survival was achieved when targeting
Stat3 in phase III clinical trials (ClinicalTrials.gov Identi-
fier: NCT01830621 (or results still have to be reported:
NCT02178956, NCT02753127, and NCT02993731)).

Although tumor-initiating cell identification has most
often been performed in immunodeficient animals, the
currentgeneral conceptis thatimmune cellsare one of the
most important components in tumor tissue and suggests
that they affect the outcome of tumor treatment.'*” The
assumption can thus also be made that the host immune
system would influence tumor-initiation. Quintana et al'*
have reported that a detectable frequency of tumor cells
manifests efficiently depending on the host’s increased
level of immunocompromise. Therefore, a tumor forma-
tion can be initiated only from tumor cells that are resis-
tant to the attack of hostimmune systems, and such tumor
cells are perceived as tumor-initiating cells. According to
these notions, the character of tumor-initiating cells is
substantially influenced by the host immune system. In
contrast to immunocompromised mice frequently used
as models in tumor-initiation research, normal individ-
uals have a good functioning immune system. This may
be the reason for failure of clinical studies targeting
tumor-initiating cells. In other words, the tumor-initiating
cells identified in immunodeficient mice and their mech-
anisms are often not applicable to immunocompetent
individuals. Therefore, to understand tumor biology and
develop a novel therapy, it is very important to identify
the features of tumor cells which can initiate and form
a tumor in healthy individuals and to clarify the mecha-
nism(s) that support such tumor cells’ survival.

Although there are various definitions of tumor-forming
cell classes and types, in this study, we investigated the
requirements for “tumor-initiating cells” that can stably
form tumor mass in immunocompetent conditions.

METHODS

Cells and cell culture

Induced glioblastoma cell lines were cultured at 37°C
with 5% CO, in glioma media as previously described."
Knockout of the interleukin (IL)-6 gene in 8B cells was
performed using the CRISPR/Cas9 system (OriGene Tech-
nologies, Rockville, Maryland, USA) (CAT#: KN308293).
The extent of reduction of IL-6 in the supernatant was

analyzed using Legendplex with an FC500 instrument
(Beckman Coulter, Brea, California, USA).

Mice

Male C57BL/6 mice, female BALB/c, and male BALB/
¢™/™ mice (nude mice) were purchased from Japan SLC
(Shizuoka, Japan). NOD/Shific-scid mice (NOD/SCID
mice) were purchased from CLEA Japan (Tokyo, Japan).
All animal procedures were approved by the Hokkaido

University Animal Care Committee.

In vivo tumor-initiating capacity analysis

Tumor cells (1,000 cells) in 3 pL saline were transplanted
into the anesthetized mouse brain using a Hamilton
syringe through a skull hole formed by drilling. The
cells were injected into the mouse brain over a period of
30s; the syringe was left in place for another 30s. Mouse
overall survival was analyzed by the Kaplan-Meier method.
The humane endpoint for this experiment is as follows;
stipulating that if animals displayed difficulty in feeding
or drinking, signs of distress (such as abnormal posture),
prolonged visible abnormalities without signs of recovery
(such as diarrhea), a rapid weight loss of more than
20% within a few days, they are humanely euthanized by
cervical dislocation. For the purpose of our experimental
data, these instances are considered as death. Multiple
testing corrections were carried out using the Bonfer-
roni method. The p values<0.05/6=0.0083 (Bonferroni
correction) was considered as statistically significant. NS
represents non-significant.

Immunohistochemical analysis

Brain samples were embedded in Tissue-Tek OCT
(Sakura Finetek, Torrance, California, USA). Thick
sections of 5 pm were used. For combined staining of
senescence-associated P-galactosidase (SA-f-Gal) and
H&E, SA-B-Gal staining'® performed at first, then the
sections were stained with H&E. For combined staining
of SPiDR-BGal and F4/80, staining of SPiDR-BGal was
performed at the same time as staining of the secondary
antibody. For immunohistochemical analysis, the sections
were stained with primary antibody and then treated
with an appropriate secondary antibody conjugated with
Alexa488/Alexab55/Alexa647 (Thermo Fisher Scien-
tific). The antibodies used were as follows: anti-CD3
(17A2), anti-F4/80 (BMS8), and anti-CD38 (90). These
primary antibodies were purchased from BioLegend (San
Diego, California, USA). The fluorescein isothiocyanate
(FITC)-conjugated anti-CD3{ (H146-968) monoclonal
antibody was purchased from Abcam (San Francisco,
California, USA). Nuclei were counterstained with
4’,6-diamidino-2-phenylidole  dihydrochloride (DAPI;
Sigma Aldrich, St. Louis, Missouri, USA). For multiple
immunofluorescent staining, the Opal 4-color fluores-
cent IHC kit (PerkinElmer) was used.

Conditioned medium culture experiment
Glioblastoma cells (8x10° cells) were cultured in 10 mL
glioblastoma medium. After 4days of culture, the
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supernatant was collected and filtered through a 0.45 pm
filter. The culture supernatant containing 20% (v/v)
fresh glioma medium was used as a conditioned medium.
F4/80" cells were magnetically sorted using the MACS
system (Miltenyi Biotec, Bergisch Gladbach, Germany).
For quantitative reverse transcription PCR (RT-qPCR),
MO, M1, or M2 macrophages (M¢s) were prepared from
splenic F4,/80" cells as previously described.'”

Flow cytometry

Flow cytometry was performed using an FC500 or BD
FACSCelesta (BD Biosciences, Franklin Lakes, New
Jersey, USA); data were analyzed using Flow]Jo software
(Tree Star, Ashland, Oregon, USA). Anti-mouse CD3
(17A2), CD4 (RM4-5), CD8 (53-6.7), B220 (RA3-6B2),
CD11b (M1/70), CD11c (N418), F4/80 (BM8), and Lyb6g
(1A8) were used; corresponding isotype controls were
purchased from BioLegend. For analysis, live cells were
gated based on forward and side scatter as well as lack
of DAPI or propidium iodide uptake. All antibodies were
used at 1:100 dilutions.

Cell proliferation assay

Whole splenocytes from C57BL/6 mice were stained
with 5-(and -6)-carboxyfluorescein diacetate succin-
imidyl ester (CFSE) (Dojindo, Kumamoto, Japan) and
then co-cultured with 8B or 9G for 4days. To identify
the proliferation of various immune cell lineages, we
stained the resulting cells with various immune cells
markers; CFSE reduction in each immune cell was flow
cytometrically measured. For the Ki-67 assay, total splenic
cells were co-cultured with 8B or 9G for 4days. All cells
were harvested and subsequently stained with antibodies
specific for CD11b, F4/80, CD3, and B220 on the cell
surface. Following the surface staining, cells were fixed
and permeabilized using the FoxP3 Staining kit. Intracel-
lular staining was then performed for Ki-67, which was
subsequently quantified using flow cytometry.

Senescence-associated f-galactosidase assay

Cells or tissue sections were fixed with 4% paraformal-
dehyde for 10min; then, 0.5mg/mL of X-Gal in 5mM
potassium ferricyanide, 5mM potassium ferrocyanide,
and 2mM MgCl, solution was added. The cells were incu-
bated at 37°C for 16hours. After incubation, the cells
were washed with phosphate-buffered saline and evalu-
ated under a microscope. In the combination of immuno-
fluorescence staining and SA-B-Gal assay, a SPIDER-BGal
kit (Dojindo) was used. SPIDER-BGal positive or F4/80
positive areas as well as their merged areas were calcu-
lated using Image | software. Ten independent regions
were analyzed, and the means were compared using the
unpaired Student’s t-test.

Quantitative reverse transcription PCR (RT-qPCR)

RNA was isolated using Tripure Isolation Reagent (Roche,
Basel, Switzerland). Reverse transcription was carried
out using ReverTra Ace qPCR RT Master Mix (Toyobo,
Shizuoka, Japan). qPCR analysis was performed using

a KAPA SYBR Fast qPCR Kit (KAPA Biosystems, Wilm-
ington, Massachusetts, USA) and Step One Real-Time
PCR System (Applied Biosystems, Foster City, California,
USA). Primer sequences information will be provided on
request.

Morphological analysis of Mes

For smear preparations, Cytospin (Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA) was used; Diff-Quik
(Sysmex Corporation, Kyoto, Japan) was used for staining.
Specimens were observed via optical microscopy.

Cytokine array

For cytokine array analysis, 8x10° glioblastoma cells were
cultured in 10mL glioblastoma medium. After 4days
of culture, the supernatant was collected and filtered
through a 0.45 pm filter. The supernatants were analyzed
by Legendplex (BioLegend) using an FC500 instrument.

Identification of cytokine(s) secreted by 8B that induce Mgs
into a senescence-like state

Splenocytes were cultured in media containing 8B-se-
creting cytokines. We used a glioma medium, which is the
same as 8B or 9G culture medium. To ensure M¢s survival,
macrophage colony stimulating factor (M-CSF) (5ng/
mL) and IL-34 (5ng/mL) were added to the glioma
medium (base-medium). To identify the factor(s) respon-
sible for M¢s’ senescence, we prepared base-medium
containing major factors secreted by 8B, including Ccl2
(20ng/mL), Cxcll (b5ng/mL), Cxcll0 (5ng/mL), Cclb
(bng/mL), and IL-6 (Ing/mL) (all factors) All cytokines
were purchased from BioLegend. We then analyzed the
effect of removing individual factors on the induction of
senescent M¢s. The concentration of cytokines/chemo-
kines was determined by cytokine array. The generated
Mos were analyzed by the SA-B-Gal assay.

Effect of nicotinamide mononucleotide on inhibiting senescent
Me induction by 8B supernatant

Magnetic-sorted splenic ¥4/ 80" cells were cultured with
the 8B supernatant for 14 days. During culture, 1 mM
nicotinamide mononucleotide (NMN) or saline was
added three times per week; then, an SA-B-Gal assay was
performed.

Effect of NMN on inhibition of Arginase-1 expression

Whole splenocytes from C57BL/6 mice were cultured
with the 8B supernatant for 7days. During culture,
ImM NMN or saline were added on days 0, 1, 3, and
6. On day 7, resulting cells were harvested and stained
with anti-CD11b antibody. After washing twice, cells were
fixed in 4% paraformaldehyde. After permeabilizing the
cells using Intracellular Staining Permeabilization Wash
Buffer (BioLegend), they were stained with anti-Arginase
1 monoclonal antibody (clone AlexFb, Thermo Fisher
Scientific). Cells were analyzed with BD FACSCelesta (BD
Biosciences); data were analyzed with FlowJo software.
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Analysis of M¢’s immune activating capacity

Whole splenocytes from C57BL/6 mice were cultured
in M-CSF (20ng/mL) or in 8B conditioned medium as
described above with 1 mM of NMN or saline for 7 days.
NMN or saline was added to the culture at days 1, 3,
and 6. Resulting adherent macrophages were used. T
cells were collected from the spleens of BALB/c mice
by magnetic cell sorting using anti-Thyl.2 MACS beads
(Miltenyi Biotec). Collected BALB/c T cells were labeled
with CFSE and then co-cultured with collected macro-
phages (responder/stimulator ratio=2) for 4days. T-cell
proliferation was evaluated by measuring the reduction
in CFSE fluorescence by flow cytometry.

Effect of NMN on 8B-transplanted mice survival

C57BL/6 mice were transplanted with 1,000 8B cells
in the brain. The mice received 10mg NMN or saline
by intraperitoneal injection three times per week. The
survival time of the mice was determined.

Effect of NMN on tumor-initiation and mice survival in CT26-
transplanted animals

Syngeneic immunocompetent BALB/c mice were subcu-
taneously injected with 5x10* CT26 cells. The mice
received 10mg NMN or saline by intraperitoneal injec-
tion three times per week. Tumor initiation was evaluated
using ocular inspection and palpation. Tumor volume was
calculated by the following formula: ((short diameter)? x
(long diameter)) /2

Statistics

JMP software (JMP V.16.0.0, SAS Institute) was used for
statistical analysis. Data represents mean+SEM. The
Student’s t-test (unpaired, two-tailed) or Tukey’s honest
significant difference test was used to test for statistically
significant differences. Mouse survival was analyzed by
Kaplan-Meier survival curves with the log-rank test. When
more than three experimental groups were performed,
the results of the analysis were adjusted by Bonferroni
correction.

RESULTS

Host immunodeficiency level does not affect 8B tumor
formation, whereas 9G tumor formation is affected

To analyze the requirement for tumor initiation followed
by stable growth in immunocompetent individuals, we
used the mouse inducible glioblastoma cell lines 8B and
9G," which were previously established by overexpres-
sion of an oncogenic H-Ras"®' in pb3-deficient neural
stem cells on the C57BL/6 background. As Hide et al'®
previously described, 8B and 9G lines showed similar
growth profiles in vitro (Hide et al”” and online supple-
mental figure 1A). However, these two lines showed a
different phenotype when the cells were inoculated into
nude mouse brains; 8B cells stably grew in the inoculated
mouse brain and eventually killed the mice, but 9G cells
did not stably grow in the brain and all mice survived

during the observation period."” Hide et alhad concluded
the difference in tumorigenicity between 8B and 9G was
tumor-cell-intrinsic. However, we wondered whether this
difference in tumorigenicity of both cell lines was not only
due to cell-intrinsic properties but also to active immu-
nity. To address this, we further performed experiments
using C57BL/6 mice which are immunocompetent and
syngeneic to the 8B and 9G. In the C57BL/6 mice, 85% of
the animals did not survive inoculation with 8B cells while
after injection with 9G cells only ~40% of the mice died
(p=0.0033, log-rank test) (figure 1A), which are similar
data as previously observed using nude mice."” Next, we
tested tumor-formation of 8B and 9G cells in severe immu-
nodeficient NOD/SCID mice that have a deficiency in T
and B cells and reduced macrophage (M¢) and natural
killer (NK) cell activity. Interestingly, all the NOD/SCID
mice died not only after 8B tumor cell inoculation but
also due to 9G cell tumor formation, although at a slower
pace as it took nearly double the time for all mice to be
dead (NS; p=0.0083 (ie, 0.05/6), Bonferroni correction,
log-rank test) (figure 1A). These results suggested that
the tumor-initiation and following stable growth were
regulated at least partly by host immunity. Similar to
the observation by Quintana e al,'* the tumor forming
capacity of 8B and 9G cells was significantly influenced by
immune deficiency at the host level.

Although CD133 is awell-known marker of glioblastoma-
initiating cells,”** its expression was detected neither on
8B nor 9G (online supplemental figure 2).

Mes have overwhelmingly infiltrated the 8B-tumor and
9G-tumor microenvironment

Tumor cells arise from normal cells whose genome has
been genetically/epigenetically altered by various factors,
such as mutagens or radiation, and are characterized by
their ability to multiply indefinitely. Whether such de
novo tumor cells eventually lead to stable tumor forma-
tion in an individual may be influenced by immunolog-
ical factors in that individual. We therefore analyzed why
potential tumor-initiating cells such as 8B cells stably
form tumors in immunocompetent individuals, but not
9G cells, focusing on differences in the interaction of 8B
and 9G with immune cells.

To analyze what interaction between potential tumor
initiating/forming cells and immune cells in the early
period of tumor stable formation, we injected only 1,000
8B or 9G glioblastoma cells orthotopically as a potentially
tumor-initiating population into syngeneic immunocom-
petent animals. We analyzed what kind of immune cells
infiltrated the tumor area. Immunohistochemical anal-
ysis showed a remarkable infiltration of CD11b", F4/80"
cells, a small population of CD11c¢" cells; as well as a small
number of CD3" T cells and several CD19" cells or Ly6g"
cells were observed in both 8B and 9G tumor tissues
(online supplemental figure 3). This result in the glio-
blastoma model suggests that immune cell infiltration
into the tumor occurs and interaction is likely.
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Figure 1 8B and 9G glioblastoma cells differently affected macrophages (M¢s). (A) One thousand 8B or 9G cells were transplanted
into C57BL/6 mouse brain (8B (red solid line) n=30, 9G (blue solid line) n=27) or NOD/SCID mouse brain (8B (red dotted line) n=5,
9G (blue dotted line) n=5); then, mouse survival was observed. Statistical analyses were performed using the log-rank test with
Bonferroni correction. The p values<0.05/6=0.0083 (Bonferroni correction) were considered as statistically significant. NS, not
significant. (B) Proliferation of immune cells in co-culture with 8B or 9G cells. Whole splenocytes from C57BL/6 mice were stained
with carboxyfluorescein diacetate succinimidyl ester (CFSE) and then co-cultured with 8B or 9G for 5days. The resulting cells were
stained with the individual immune cell marker indicated in the plots; CFSE reduction in each immune cell was flow cytometrically
measured. The proliferation immune cell in 8B-co-cultured cells is shown in red histograms; 9G-co-cultured cells are shown in

blue histograms. The percentage of proliferated immune cell in 8B-co-cultured cells is shown in red numbers; corresponding result
of 9G-co-cultured cells are shown in blue numbers. (C) 8B and 9G cells were co-cultured with whole splenic cells for 4days. The
percentage of Ki67-positive cells among CD11b, F4/80, B220, and CD3 positive cells was determined by flow cytometry analysis.
The bars indicate the mean (xSD). Each dot represents the Ki-67 positive percentage in each sample. *p<0.05, Student’s t-test. (D)
Phase contrast images of generated M¢s by co-culture of splenic F4/80" cells and 8B or 9G supernatant. Bars; 50 um. (E) Whole
splenocytes were cultured in 8B supernatant or 9G supernatant for 11 days. Generated cells were analyzed by flow cytometry.
Forward scatter and side scatter of generated CD11b* cells are shown. Red lines show 8B-cultured cells; blue lines show 9G-
cultured cells. (F and G) Morphological analysis of generated M¢s that proliferated in response to 8B (F) or 9G (G) supernatants.
CFSE-labeled splenocytes were co-cultured with 8B or 9G for 4 days. Quiescent or proliferated CD11b* cells were sorted based on
CFSE fluorescence reduction. Proliferated CD11b* cells were further subdivided into Ly6c-positive or Ly6c-negative fractions. Each
fractionalized cell type was stained using a Diff-quick stain. Bars; 10um.

In these glioma tissues, CD11b" cells were overwhelm-
ingly infiltrated. In the brain, not only macrophages but
also microglia are known as CD11b expressing cells,19
so we questioned whether microglia had infiltrated into
the glioblastoma tissues. To elucidate this, we stained
the tumor tissue with the microglia-specific P2RY12
antibody% 2o distinguish microglia from peripherally
infiltrating M¢s. Co-staining using P2RY12 and F4/80 anti-
bodies indicated that F4/80° M¢s, rather than P2RY12"
microglia, selectively infiltrated into the glioblastoma
tissue (online supplemental figure 4A,B). Therefore, we
hereafter focused on peripherally infiltrating M¢s rather
than microglia for further in vitro experiments.

Me depletion prolong survival of 8B inoculated mouse
To define the importance of M¢s in tumor initiation
followed by stable growth in immunocompetent mice, we
depleted M¢s in vivo. In mouse glioblastomas, the timing
of tumor initiation and stable growth itself is difficult to
monitor and was therefore assessed by mouse death.

We observed survival/death of 8B-transplanted mice
for a long enough period to be able to evaluate the M¢

contribution in tumor-initiation followed by stable growth:
in mice orthotopically implanted with 8B, the time to
final death was 266 days (N=30) (figure 1A). Therefore,
day 365 was set as a sufficient period to observe the final
survival/death of mice transplanted with 8B, and the
contribution of M¢ in tumor development was assessed
with the mice alive or dead at 365 days.

Since the F4/80 antibody do not deplete F4/ 80" cells
in vivo, we instead administered an anti-CD11b anti-
body (M1/70 proven for CD11b" cells depletion,? as
the majority of F4/80" cells are CD11b positive (data
not shown). Following the administration of the CD11b
antibody, the CD11b/F480 positive macrophages (M¢)
in the tumor area were almost entirely depleted (online
supplemental figure 5). We further used the RB6-8CH
(anti-Gr-1) antibody* which depletes other types of
myeloid lineage cells, mainly granulocytes, and rat IgG
as experimental controls. In the M¢-depleted group
(anti-CD11b group), the ratio of live mice tended to be
higher, although not significantly so, than in the control
IgG group (x2 test (Pearson), x2 (1) =4.286, p=0.0384)
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(The p values<0.05/3=0.0167 (Bonferroni correction)
was considered as statistically significant) (online supple-
mental figure 6A,B), suggesting that the role of M¢s was
important during the tumor-initiation and following
growth.

8B cells made resistant to macrophage proliferation

To analyze whether tumor cells regulate the activity of
immune cells, we performed a co-culture experiment of
tumor cells and spleen cells. Splenocytes include various
kinds of immune cells, including macrophages. In the
analysis, Mos depicted by F4/80" or CD11b" efficiently
proliferated in the 9G co-culture, although their prolif-
eration was less in the 8B co-culture compared with the
9G co-culture (figure 1B,C). Additionally, in brain tumor
tissues, proliferation of CD11b was less in 8B tumors
compared with 9G (online supplemental figure 7).

The reduced proliferation was also observed when
tumor supernatant was used instead of tumor cells (data
not shown). These results suggest that one or more
soluble factor(s) secreted by these tumor cells affect Mo
proliferation. After 14 days culturing F4/80" cells with 8B
or 9G tumor cell supernatant (8B-M¢ or 9G-M¢, respec-
tively), the morphology of the resulting M¢s showed
clear differences. A large proportion of 8B-M¢s showed
a flattened and enlarged appearance compared with the
9G-M¢s (figure 1D). This difference in cell size was also
observed by flow cytometry (figure 1E).

We also performed morphological analysis of the
Mos after splenocytes were cultured with the respective
tumor supernatants. The M¢s that did not proliferate
(figure 1F,G, gate I) and those that did proliferate and
expressed Lybc (figure 1F,G, gate II) appeared round-
shape, just like the senescent cells in both the 8B-sup and
9G-sup cultures. Interestingly, the CFSE-reduced, that
is, proliferated, Ly6c-negative M¢ populations of 9G-sup
cultures (figure 1G, gate III) clearly had pseudopodia,
suggesting that these M¢ were not in the senescent state.
On the other hand, the corresponding M¢ population in
8B-sup cultures showed a round shape (figure 1F, gate III),
suggesting that they may have entered the senescence-
like state after proliferation. These morphological obser-
vations indicate that some fractions of 9G-M¢s were in a
non-senescence-like state, but most fractions of 8B-M¢s
were in a senescence-like state.

8B induced M¢s into a senescence-like state

These observations suggested that the appearance of
Mos induced by 8B tumors was similar to that of cells in
a senescence-like state. Therefore, we explored whether
the M¢s were in such a state using an SA-B-Gal assay. Flat-
tened and enlarged M¢s showed B-galactosidase activity.
The proportion of B-galactosidase-positive Mds was about
1.6-times larger in 8B-M¢s than in 9G-M¢s (figure 2A).
Additionally, we performed SA-B-Gal staining in brain
tumors that were established after injection of 8B and
9G cells. Positive B-gal activity was observed around the
tumor region in the 8B-transplanted brain, whereas no

significant positive staining was detected in the 9G-trans-
planted brain (figure 2B). Most of the cells showing
SA-B-gal activity (senescent cells) in the 8B tumor were,
although not all, F4/80 positive (online supplemental
figure 8). The proportion of the SA-B-Gal positive area
within the F4/80" population was approximately 1.8-
fold higher in 8B than in 9G tumors (figure 2C). Subse-
quently, we analyzed the expression of pl6, p2l, and
YH2AX, which are marker molecules of senescent cells.
In the 8B tumor tissues, although not in all, some SPiDR-
BGal positive macrophages were positive for these senes-
cence cell markers. Interestingly, in the 9G tumor tissues,
almost no SPIDR-BGal positive macrophages co-expressed
these senescence marker molecules (online supple-
mental figure 9). Furthermore, we analyzed the series
of cellular senescence-related gene expression in M¢s.
The analysis revealed that 8B-M¢s highly expressed p21
and Gib1 (figure 2D) compared with 9G-M¢s among six
tested genes which are known to correlate with cellular
senescence.”!

Historically, many classifications of M¢s have been
proposed,” the major being M1,/M2.*® Tumor-associated
Mg¢s are commonly classified as M2 M¢s.” * Although
8B cells with tumor-initiating capacity are expected to
induce M¢s with an M2 phenotype, 8B-M¢s did neither
express most of the M2-M¢s-related genes such as Irf4 or
Retnla, except for Argl, nor did 8B-M¢s M1-related genes.
Furthermore, 9G-M¢s also do not express the typical gene
profile to fit the M1/M2 classification (figure 2E). Thus,
these data indicated that 8B-M¢s and 9G-Mos cannot be
classified as M1 or M2 based on their gene expression
pattern.

8B tumor infiltrating CD3" T cells downregulate CD3(

Despite the infiltration of CD3" T cells in the 8B-tumor
environment in immunocompetent mice (online supple-
mental figure 3), tumor growth was persistent (figure 1A),
suggesting suppression of T-cell activity in the tumor
tissue. Arginase-1 is known to be a strong immunosup-
pressive molecule that downregulates the expression of
CD3{, a key intracellular molecule in T-cell signaling,
and inducing hyporesponsiveness of these cells.”® We
observed an expression of Argl in 8B-M¢s but not in
9G-M¢s (figure 2E). When we analyzed CD3( expres-
sion in T cells from 8B and whole splenocyte co-cul-
tures, including T cells and macrophages, 17A2 antibody
staining positive CD3e/y/ 3" T cells, that is, surface CD3
positive T cells lost their CD3{ expression. In contrast,
surface CD3" T cells retained CD3{ expression in the
9G co-culture (figure 3A). In vivo analysis revealed that
CD3( expression was observed in ~75% of surface CD3"
T cells in 9G tumors, but only in ~30% of surface CD3"
cells in 8B-tumor tissue (figure 3B). To further under-
stand the activity of tumor-specific T cells, we analyzed
T cells harvested from 8B tumor-immunized C57BL/6
mice. As expected, interferon-gamma (IFN-y) production
was approximately 10-fold lower in CD3{megative T cells
compared with CD3C-positive T cells (figure 3C). Thus,
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Figure 2 8B tumor cells induced senescence-like macrophages (Mo). (A) Senescence-associated B-galactosidase (SA-B-
Gal) assay was performed with generated M¢s in figure 1C. M¢s with flattened and hypertrophic round morphology, that is,
senescent cells, are stained blue. SA-B-Gal positive cells (at least 550) in six different views were counted; the proportion of
positive cells was calculated. The bars indicate the mean (+SD). Each dot represents the SA-B-Gal % in each sample. **p<0.01,
Student’s t-test. (B) SA-B-Gal staining of the 8B or the 9G tumor-transplanted brain. Orange arrow heads indicate SA-B-Gal
positive cells. From the photographs of each tumor, tumor regions were identified for 8B (23 sites) and 9G (21 sites), and the
area of the SA-B-Gal positive region was measured. The bars indicate the mean (+SD). Each dot represents the percentage of
SA-B-Gal area in each sample. **p<0.001, Student’s t-test. Bars: 20 ym. (C) SPiDR-BGal staining combined with F4/80 was
applied on brain tissue 7 days after mice were inoculated with 1,000 cells of 8B or 9G. Sky-blue arrowheads indicate SPiDR-
BGal staining positive cells. Percentages of SPiDR-BGal positive area in the F4/80" area in 10 different views were calculated.
The bars indicate the mean (+SD). Each dot represents the SPiDR-BGal positive area in the F4/80" area in each sample.
*p<0.05, Student’s t-test. Bars: 100 um. (D) Splenic F4/80" cells were cultured with 8B supernatant (pink) or 9G supernatant
(sky blue). MO- (light gray), M1- (green), and M2- (purple) M¢s were also induced from splenic F4/80* M¢s as described by
Riquelme et al.'” Gene expression related to cellular senescence in M¢s was analyzed by quantitative reverse transcription
PCR (RT-gPCR). The bars indicate the mean (+SD). Each dot represents the relative value normalized to Hprt of each sample.
(E) Splenic F4/80" cells were cultured with 8B- (pink) or 9G- (sky blue) supernatant for 7 days. MO- (right gray), M1- (green), and
M2- (purple) Mos were also induced from splenic F4/80* M¢s as described by Riquelme et al.'” Gene expression related to the
M¢é M1/M2 classification was analyzed by RT-gPCR. The bars indicate the mean (+ SD). Each dot represents the relative value

normalized to Hprt of each sample.

although T cells infiltrated heavily into the 8B tumor,
most of these T cells lost their CD3{ expression and
became dysfunctional. It is therefore suggested that 8B
tumors induce dysfunction of infiltrating T cells by down-
regulating their CD3( expression and that resulted in the
development of tumors in immunocompetent mice.

8B-derived IL-6 induce M¢s into a senescence-like state

Next, we focused on the unknown factor(s) that induced
the senescence-like phenotype of M¢s. We analyzed the
tumor culture supernatant by cytokine/chemokine array
and found IL-6, Cclb, Cxcll, and Cxcl10 were selectively
secreted by 8B cells, where Ccl2 was secreted at a 2x higher
amounts (figure 4A). Notably, some of these factors, such
as IL-6 and Cxcll, are known to be senescence-related
cytokines/ chemokines.? * To identify which of these
cytokine (s) is/are important for inducing the senescence-
like state in M¢s, we cultured splenocytes in the presence
of the cytokines secreted by 8B or after withdrawal of each
individual cytokine/chemokine from the five candidates
(figure 4B). Accelerated senescence induction in M¢s was

observed in the presence of the five cytokines compared
with in their absence. After withdrawal of either Ccl2 or
IL-6, the numbers of B-galactosidase-positive M¢s were
reduced. Notably, SA-B-Gal-positive M¢s were reduced to
the same level as in the negative control by withdrawing
IL-6. This result, together with the observation that 9G-sup
also contained Ccl2, suggests that IL-6 is the responsible
factor for inducing M¢s into the senescence-like state.

The p38 MAPK signaling pathway is responsible for IL-6
secretion in 8B

Next, we attempted to identify the signaling pathway that
induces selective expression of IL-6 in 8B cells. We used
the following inhibitors: U0126 (MEKI1/2 inhibitor),
LY294002 (PISK inhibitor), BAY117082 (NFxB inhibitor),
SB203580 (p38 inhibitor), SP600125 (JNK inhibitor), and
PD0325901 (MEKI1 /2 inhibitor). Because BAY117082 was
strongly cytotoxic for 8B at low concentrations (even at
1 pM), it was difficult to use it in this assay (online supple-
mental figure 10A). Although all inhibitors were relatively
more toxic for the cells than vehicle alone, I1.-6 secretion
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Figure 3 8B macrophage (M¢) downregulated CD3( expression in T cells. (A) Whole splenocytes were co-cultured with 8B

or 9G cells for 7 days. Intracellular CD3( expression in CD3* cells was analyzed by flow cytometry. Blue lines indicate CD3(
staining; black lines indicate isotype control staining. (B) 8B or 9G cells were transplanted into the brain of C57BL/6 mice. after
28 days, the mouse brains were harvested. CD3{ expression in CD3e/y/6 positive cells (it means whole CD3 positive T cells,
here) in the tumor region was analyzed by fluorescence immunohistochemistry. The proportion of CD3(* cells in CD3e/y/8" cells
was calculated based on cell number, and the averages and the SD were calculated based on the results of four independent
views. The bars indicate mean (+SD) of % CD3(" cells in CD3e/y/3"* cells. Each dot represents the % of CD3(* cells in CD3¢e/vy/
8" cells in each sample. **p<0.01, Student’s t-test. (C) C57BL/6 mice were immunized with irradiated 8B cells once per week for
2 weeks. One week after the last immunization, spleens were harvested. Whole splenocytes were co-cultured with intact tumor
cells for 4days; then, T cells were stimulated with PMA/ionomycin for 5hours in the presence of Golgistop reagent; intracellular
interferon-gamma (IFN-y) expression was measured by flow cytometry. The proportion of IFN-y" cells among CD3(* or CD3(~
cells in the CD3e/y/8* population is shown in a bar graph. Error bars indicate SD. Each dot represents the percentage of IFN-y*
cells among CD3(* or CD3(™ cells in the CD3¢/y/8" population in each sample. **p<0.01, Student’s t-test.

was maintained by MEKI1/2 inhibition by U0126 and
PI3K inhibition by LY294002. In contrast, JNK inhibition
by SP600125 and MEKI1 /2 inhibition by PD0325901 strik-
ingly up-regulated IL-6 secretion, whereas p38 inhibition
by SB203580 led to decrease of IL-6 secretion (online
supplemental figure 10B); thus, p38 MAPK signaling is
important for IL-6 secretion in 8B cells.

As described above, both the IL-6 producer 8B and the
non-producer 9G originate from the same cell line."”” The
cause of their different IL-6 secretion is unclear. Ohsawa
et aP' reported that constitutive activation of Ras and
mitochondrial dysfunction in drosophila cells resulted in
upd (an ortholog of human/mouse IL-6) secretion and
tumor formation in vivo. As 8B and 9G cells both bear
constitutive active Ras, we speculated that a difference in
their respective mitochondrial dysfunction results in the
different IL-6 production. As mitochondrial dysfunction
results in the accumulation of reactive oxygen species
(ROS) within cells, we compared ROS accumulation in 8B
and 9G cells. In the presence of excess amounts of N-ace-
tylcysteine (NAC) (5000pM), ROS levels were detected
almost equally in 8B and 9G. In contrast, higher ROS
levels were recorded in 8B in the presence of 500 pM NAC
or in the absence of NAC (online supplemental figure
10C). Considering that elevated ROS levels induce p38
activation,” activation of the ROS-p38 axis was suggested
to be the possible mechanism of selective IL-6 secretion
in 8B in relation to 9G.

8B derived IL-6, a senescence inducible factor of Mgs,

is one of the factors responsible for tumorigenesis in
immunocompetent C57BL/6 mice

Next, we focused on the impact of IL-6 secreted by 8B on
senescence induction in M¢s and tumor-forming capacity
in vivo. We created 8B-IL-6-knockout cells (8B-IL-6-KO)

by CRISPR/Cas9 technology as well as mock transfectants
with scrambled guide-RNA transfected 8B cells (8B-mock)
(figure 4C). Both cell lines proliferated comparably in
vitro (figure 4D). The flattened and enlarged appearance
of M¢s was observed when cells were cultured in 8B-mock
supernatant culture, whereas M¢s with pseudopodia
were observed in the 8B-IL-6-KO supernatant culture
(figure 4E). In 8B-IL-6-KO-M¢s, expression of Glbl,
pl6, p19, p21, and Argl was lower than in 8B-mock-M¢s
(figure 4F). Thus, M¢s induced by the 8B-IL-6-KO super-
natant lost their senescent features, suggesting that IL-6
secreted by 8B cells is indeed the factor responsible for
senescence induction in M¢s.

We further analyzed the impact of IL-6 on tumorige-
nicity (figure 4G). 8B-IL-6-KO cells, as well as 8B-mock
cells, exerted tumorigenicity in NOD/SCID mice, and all
mice died by 200 days after tumor inoculation. Interest-
ingly, only 8B-mock cells still exerted tumorigenicity in
immunocompetent C57BL/6 mice, and almost all the
mice died in a similar time course as the NOD/SCID
mice. In contrast, 8B-IL-6-KO cells showed remarkably
reduced tumorigenicity in C57BL/6 mice as about 60%
of the mice survived more than 400 days after the inocu-
lation of 8B-IL-6-KO cells. This indicates that tumor cells
that were not secreting IL-6 were not capable to forming
a tumor in immunocompetent mice, although they could
do so in immunodeficient mice. In contrast, IL-6 secre-
tion by tumor cells allowed tumor formation not only in
immunodeficient mice but even in immunocompetent
mice. Thus, IL-6 secretion by tumor cells defines their
capacity of tumor-initiation and following growth in
immunocompetent mice in this orthotopic glioblastoma
transplantation model.
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Figure 4 Interleukin (IL)-6 secretion by glioblastoma cells defined the tumor-initiating capacity in immunocompetent animals. (A)
Cytokine secretion in 8B and 9G cells and medium was analyzed by cytokine array. Each dot represents the cytokine concentration
by three independent experiments. (B) Identification of the responsible cytokine(s) secreted by 8B that induce macrophages (M¢s)
into a senescence-like state. Splenocytes were cultured in medium containing recombinant cytokines corresponding to the types

of cytokines secreted by 8B identified in A. Glioma medium as used for 8B or 9G cultures was used to culture splenocytes. To
support M¢s survival, macrophage colony stimulating factor (M-CSF) and IL-34 were added to the glioma medium (base-medium).
To determine the factors responsible for M senescence, Base-medium containing the major factors secreted by 8B, including Ccl2,
Cxcl1, Cxcl10, Ccl5, and IL-6 (all factors) was used. Each factor from a pool of five cytokines were removed from the base-medium
and splenocytes were cultured to analyze the requirement of each cytokine in the induction of senescence-like Mo¢s. The generated
Mos were analyzed by SA-B-Gal assay. SA-f-Gal-positive cells in six different views were counted; the proportion of positive cells
was calculated. The bars indicate the mean (+SD). Each dot represents the percentage of 3-Galactosidase positive Mos in each
sample. *p<0.05, **p<0.01, Tukey-Kramer honest significant difference test. (C) The IL-6 gene was targeted in 8B cells by CRISPR/
Cas9. Gray bar indicates 8B-mock; blue bar indicates 8B-IL-6-knockout (8B-IL-6-KO). (D) Cell proliferation activity was measured
daily by the MTT assay. 8B-mock and 8B-IL-6-KO proliferated comparably in vitro. The symbols indicate the mean (+SD). Gray
circles indicate 8B-mock; navy triangles indicate 8B-IL-6-KO. (E) Impact of 8B derived IL-6 on M¢s induction into a senescence-
like state. Four-day culture supernatant of 8B-mock or 8B-IL-6-KO cells was used during splenic-F4/80" cell culture. After 14 days,
generated Mos were observed by phase-contrast microscopy. Bars; 50 um. (F) Gene expression of generated M¢s prepared in C
was analyzed by quantitative reverse transcription PCR (RT-gPCR). The bars indicate the mean (+SD). Each dot represents the
relative value normalized to Hprt of each sample. (G) One thousand 8B-mock or 8B-IL-6-KO cells were transplanted into NOD/SCID
(8B-mock (gray) n=9, 8B-IL-6-KO (navy) n=11), or C57BL/6 mouse brain (8B-mock (gray) n=18, 8B-IL-6-KO (blue) n=19), and mouse
survival was examined. **p<0.01, log-rank test.

Senescence-like Mgs induced by 8B express high levels of
CD38, and supplementation with its substrate, nicotinamide
mononucleotide, suppresses the M¢s go into a senescence-
like state

To identify a surface protein that was selectively expressed
in senescence-like Mo@s, we examined a series of cell
surface molecules by flowcytometry. From the experi-
ments, we found that 8B-sup induced senescence-like

M¢s expressed CD38 at a higher level compared with
9G-sup induced Mos (figure bA and online supplemental
figure 11). In addition, more than 70% of F4/80" cells
expressed CD38 in 8B-tumors. In contrast, CD38 expres-
sion was detected only on ~25% of the F4/80" cells in
9G-tumors (figure 5B). CD38 is a membrane-bound
multifunctional protein with NADase activity that hydro-
lyzes NAD" to nicotinamide and cyclo-ADP-ribose, and
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Figure 5 Supplementation of nicotinamide mononucleotide (NMN) inhibited macrophages (M¢s) to go into a senescence-like state,
induced expression of an immunosuppressive phenotype and improved survival of immunocompetent mice after lethal inoculation
of tumor cells. We screened expressed surface proteins on 8B-sup cultured senescence-like M¢s. (A) 8B-supernatant-cultured or
9G-supernatant-cultured Mos were stained with anti-CD38 monoclonal antibody (mAb). (B) Mouse brains that were given 8B or 9G

tumor cells 7 days earlier were stained with F4/80, CD38, and DAPI. The bar graph shows the proportion of CD38 positive area in
the F4/80 positive area. Ten independent regions were analyzed, and the means were compared using unpaired Student’s t-test.
**p<0.001. Each dot represents the percentage of CD38 positive area in F4/80* area in each sample. Bars; 100um. (C) Splenic
F4/80" cells were cultured in 8B-supernatant with/without NMN for 14 days followed by a senescence-associated B-galactosidase
(SA-B-Gal) assay. The left image is a phase-contrast microscopy view, while the right is a bright-field view. Black arrowheads
indicate SA-B-Gal* cells. SA-B-Gal positive and negative cells in 10 different views were counted; the proportion of positive cells was
calculated from the total number. The bars indicate the mean (+SD) of percentage SA-B-Gal positive cells from three independent
cultures. Each dot represents the percentage B-Galactosidase™ cells in each independent culture. **p<0.01, Student’s t-test.

(D) Arginase-1 expression of the generated cells in B. The bars indicate the mean (xSD) from three independent flow cytometry
analyses. Each dot represents the percentage of Arginase-1* cells in each independent culture. **p<0.01, Student’s t-test. (E)
Assessment of NMN treatment on the immune activating capacity of 8B-M¢s. The allogeneic T cell activating capacity of Mos were
evaluated by carboxyfluorescein diacetate succinimidyl ester (CFSE) assay. 8B-M¢s were induced with/without NMN. Macrophage
colony stimulating factor (M-CSF) induced M¢ was used as a positive control. The M¢s and CFSE-labeled Thy1* T cells from
BALB/c were co-cultured for 4 days; then stained with CD4 and CD8, their proliferation was analyzed by CFSE reduction. The bars
indicate the mean (xSD) from four independent flow cytometry analyses. Each dot represents the percentage of proliferated cells in
each culture. *p<0.01, NS: not significant, Tukey-Kramer honest significant difference test. (F) 8B cells (1x10% were transplanted
into the C57BL/6 mouse brain. NMN or saline was inoculated twice per week. Mouse survival was observed. The dark blue line
shows NMN-treated mice (n=6); the gray line shows saline-treated mice (n=6). *p<0.05, log-rank test.

its expression is known to increase with age and aging.”
A recent analysis revealed that CD38 is the main enzyme
involved in NAD precursor NMN degradation in vivo.*
As the NAD level is reduced with age and is involved in
age-related metabolic decline,34 exogenously supplying
NAD may prevent senescence. Therefore, we predicted
that adding NMN would cancel the senescence pheno-
type of M¢s and change the tumor microenvironment
into an antitumorigenic state. We found that the addi-
tion of NMN to the 8B-M¢ culture resulted in M¢s with
pseudopodia (figure 5C). Furthermore, the number of

SA-B-Gal-positive senescence-like M¢s was reduced after
addition of NMN (figure 5C), and Arginase-1 expression
in 8B-M¢s cultured in the presence of NMN showed a
threefold reduction of Arginase-1 expression compared
with the control culture (figure 5D).

Possible existence of senescent Mg in human glioblastoma
tissue

Several gene expression datain human glioblastoma tissues
were analyzed using GEPIA, a web server for cancer and
normal gene expression profiling and interactive analyses
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based on the Cancer Genome Atlas Program (TCGA)
and Genotype-Tissue Expression Project (GTEx) data
(online supplemental figure 12A,B).” High expression
of CD11B and CD14, those mainly observed in monocytes
and macrophage, was identified in human glioblastoma
tissues than in normal brain tissues, suggesting a macro-
phage infiltration in glioblastoma tissue. IL-6, defined as
Mo senescence inducible cytokine in the mouse glioblas-
toma model (figure 4A-G), and CD38, detected in senes-
cent M¢s (figure HA), were also detected with higher
levels in glioblastoma tissues than in normal tissues.
These results suggested a possibility that senescent Mo
were infiltrated in human glioblastoma tissues. Further,
pairwise Pearson correlation between CD38 and ARGI
expression in human glioblastoma tissues were analyzed
using GEPIA. There was a significant correlation between
them, suggesting a possibility of senescent M expressing
ARGI.

Exogenous supplementation of NMN converts Mgs from an
immunosuppressive to an immunogenic state

We analyzed whether the addition of NMN contributes
to the improvement of immune activating capacity of
senescence-like macrophages. The addition of NMN to
the 8B-M¢ culture resulted in M¢s with pseudopodia,
resembling dendrites of dendritic cells (figure 5C). From
this result, we speculated NMN treatment might improve
the immune activating capacity of 8B-M¢. Therefore,
we further measured the effect of NMN treatment on
the immune activating capacity of 8B-M¢s by using an
allogeneic T-cell response assay as one of immune acti-
vating capacity evaluation (figure 5E). Although CD8"
T cells proliferated efficiently in an M-CSF induced M¢
co-culture, their proliferation ratio was ~3-fold reduced
in saline-treated 8B-M¢ co-cultures, to the same extent as
the NMN-treated culture. CD4" T cells showed a ~2-fold
reduced proliferation in the saline-treated 8B-M¢ co-cul-
ture compared with the M-CSF induced M¢ co-culture.
Notably, CD4" T-cell proliferation in the NMN-treated
8B-M¢ co-culture was restored to the level as was obtained
in the M-CSF induced Mo co-culture. Given that the
effector immune cells responsible for tumor immunity
are primarily T cells and NK cells, we added an analysis on
the impact of senescent M¢p and NMN-treated M$ on NK
cells (online supplemental figure 13). In co-culture with
saline-treated 8B-M¢, the proportion of IFN-y positive
activated NK cells among the total NK cells experienced
an approximately 70% reduction compared with co-cul-
ture with M-CSF-induced M¢. Conversely, in co-culture
with NMN-treated 8B-M¢ resulted in a twofold increase
in the proportion of IFN-y" NK cells compared with the
co-culture with saline-treated 8B-M¢. Thus, NMN treat-
ment improves the immune activating capacity of SB-M¢s.

NMN supplementation therapy prevents tumor initiation in
8B-inoculated immunocompetent mice

Finally, we analyzed the effectiveness of NMN treatment
in preventing 8B-tumor initiation using the orthotopic

tumor transplantation model in immunocompetent
C57BL/6 mice (figure 5F). In the saline treated group,
~70% of mice showed tumor initiation and died as a
result. In contrast, in the NMN treated group, tumor
initiation was observed in only ~20% of mice, and survival
was improved compared with that in the saline group
(p=0.076, log-rank test).

In the glioblastoma orthotopic transplantation model,
it is difficult to precisely determine the date of tumor
initiation and formation. To examine the precise timing,
we attempted to analyze subcutaneous tumor formation.
However, 8B and 9G cells did not form any tumor when
subcutaneously inoculated (data not shown). Therefore,
we chose CT26 subcutaneous engraftable syngeneic tumor
model to analyze the effect of NMN on tumor formation.
As the CT26 mouse colorectal cancer cells secrete IL—6,?’6
M¢ senescence induction via IL-6 in the tumor microen-
vironment is expected. We therefore injected CT26 cells
subcutaneously into syngeneic BALB/c immunocompe-
tent mice and evaluated the effect of NMN treatment
on tumor formation. The NMN treatment significantly
delayed the tumor initiation (p<0.05, log-rank test)
(online supplemental figure 14A) and efficiently inhib-
ited the tumor growth (online supplemental figure 14B).
Collectively, these results suggested that NMN treatment
suppressed the senescence of M¢s that induces T-cell
dysfunction by expressing Arginase-1, and eventually but
temporarily, prevented tumor initiation in immunocom-
petent mice.

DISCUSSION

Our understanding of the requirements and mechanisms
allowing tumor-initiating cells to form tumors in immu-
nocompetent individuals remains insufficient. In this
study, a series of experiments showed that senescence in
Mos played a pivotal role in tumor-initiation in immuno-
competent mice. One of the mechanisms is that tumor
cell-derived IL-6 induces senescence of M¢, which in
turn induces T-cell dysfunction through the expression
of Arginase-1 by their macrophages, enabling tumor
development even in immunocompetent animals. These
results suggest that tumor cells that have the capacity
to induce macrophage senescence could be authentic
tumor-initiating cells in immunocompetent animals.

It is known that cellular senescence affects immune
responses,includingbothstimulationandsuppression.””
In the radiation-inducing osteosarcoma mouse model,
tumor cells go into senescence and express senescence-
associated secretory phenotype (SASP) factors, including
IL-6. In this model, IL-6 plays an immune-activation role
by recruiting NK cells.”® In another model, senescent
stromal cells express Ccl2, which plays an immunosup-
pressive role by recruiting myeloid-derived suppressor
cells that inhibit tumor clearance by NK cells.” In the
current study, we propose a new mechanism whereby
Mo-senescence-like phenotypes driven by tumor cell-
derived IL-6 induce immunosuppression that eventually
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leads to tumor initiation in immunocompetent individ-
uals. Moreover, preventing senescence by the exogenous
administration of a metabolic substrate suppressed tumor
initiation in vivo. This finding clearly indicates that M¢
senescence can contribute to tumor initiation.

8B tumor cells have infinite cell division activity with
continuous IL-6 production, leading to immunosup-
pression. Such cells achieved tumor-initiation cell-
autonomously even in immunocompetent individuals.
Therefore, we considered that having both features in one
cell is one of the requirements for autonomous tumor-
initiation by cells in immunocompetent individuals. From
another perspective, our results give consideration to the
simultaneous existence of infinitely proliferating tumor
cells and an immunosuppressive environment that also is
a condition that can lead to tumor-initiation in immuno-
competent individuals. Patients with inflammatory bowel
disease (IBD) are susceptible to colorectal cancer,” and
this may be an example of the concept. Abundant ROS
exist in inflammatory environments'' and can cause
genetic damage," generating cells that divide infinitely.
IL-6 is also present in the same environment.*? Thus,
the bowel environment of patients with IBD seems to
correspond to the tumor-initiation requirement, even if
the patient has a healthy (although overactive) immune
system. This may explain why patients with IBD are more
susceptible to colorectal cancer.

We cannot exclude the possibility of other tumor-
initiation mechanisms that may exist depending on the
individual organ in immunocompetent individuals; in
fact, subcutaneous inoculation of 8B cells (1,000 cells; this
number is sufficient for tumor formation in the brain)
did not form a tumor mass (data not shown) in the skin.

In this study, we identified the presence of CD38-positive
macrophages (8B-M¢) within the 8B tumor tissue. CD38
is expressed in M1-M¢.** M¢s that form a favorable envi-
ronment for tumor cells are generally known as M2-M¢s,
and M1-M¢s are rather known as Mos that induce anti-
tumor responses. Therefore, if 8B-M¢$ were classified as
MI-macrophages, it would seem counterintuitive. Based
on the gene expression analysis of 8B-M¢, it is difficult to
classify these cells as either M1 or M2 (figure 2E). Rather,
as various cellular senescence markers were detected,
8B-M¢ should be referred to as senescence-like M¢s.

As we mentioned above, the contribution of cellular
senescence to cancer remains controversial. However,
Haston et al** recently showed that human premalignant
lung tumors contained macrophages expressing senescent
markers. Furthermore, they showed that the depletion of
senescent macrophages promoted immune surveillance
in a KRAS-driven lung cancer model, resulting in a signif-
icant reduction in tumor burden and prolonged survival.
These results support our findings. Further, we indicated
that the addition of a metabolic substrate, NMN, which
is reduced during senescence, inhibited the production
of the immunosuppressive molecule Arginase-1 in M¢s,
improving their T-cell stimulating capacity towards CD4"
T cells and NK cells (figure 5E and online supplemental

figure 13). These observations suggested that senescence,
at least in M¢, contributes to tumor development. Conse-
quently, modulating M¢ senescence using NMN, a meta-
bolic modulator, to reactivate the immune system could
potentially emerge as a promising avenue for cancer
therapy.

CONCLUSIONS

In this study, we found that the tumor cells that are
secreting IL-6 did allow tumor formation in immunocom-
petent animals by inducing senescence of macrophages.
That means, the tumor cells which have such phenotypes
are authentic tumor-initiating cells in immunocompe-
tent animals. Further, in vivo administration of NMN
prolonged the tumor-free duration and survival in IL-6
expressing tumor inoculated immunocompetent mice.
We speculate that NMN administration would have inhib-
ited M¢ senescence and would have induced immuno-
genicity of the tumor microenvironment at the moment
thata tumor was “justinitiated”. This is a time point where
only a small number of tumor cells and surrounding
Mos are present at the same location. Thus, for clinical
application, NMN administration should be expected to
suppress de novo tumor-initiation including metastasis
suppression and could be applied after primary tumor
resection. Therefore, this newly defined tumor-initiation
mechanism in immunocompetent individuals will help to
construct a novel strategy for cancer therapy.
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