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ABSTRACT

FBXWTfunctions as an E3ubiquitin ligaseto mediate oncoprotein degradationvia the ubiquitin-proteasome
systemin cancercells, effectively inhibiting the growth and survival of tumor cells. However, little is known
about the functions of FBXW7n macrophagesand the tumor immune microenvironment.In this study, we find
that FBXW7suppressedVi2-like tumor-associatedmacrophage(TAM) polarization to limit tumor progression
We identified a significantincreasein the proportion of M2-like TAMsand aggravatedtumor growth in mice
with myeloid FBXW?7deficiency by subcutaneousinoculation with Lewis lung carcinoma cells (LLCs)Wher
stimulated with LLCsupernatantin vitro, FBXW#knockout macrophagedisplayedincreasedM2 macrophag:
polarization and enhancedability of supporting cancercellsgrowth. In mechanism,we confirmed that FBXW
inhibited M2-like TAM polarization by mediating c-Myc degradation via the ubiquitin-proteasome system
Thesefindings highlight the role of FBXW7in M2-like TAM polarization and provide new insights into the
potential targetsfor cancerimmunotherapies.

INTRODUCTION

Macrophages are particularly abundant in the tumor
immune microenvironment and their density is
associated with poor prognosis of several caridera).
Macrophages are highly plastic and are broadly
classifiedinto the preinflammatory subset (M1) and
the immunosuppressive subset (M3]. Most tumor
associated macrophages (TAMs) are polarized into the
M2 subtype by specific factors expressed in the tumor
microenvironment[4]. M2-like TAMs participate in
cancer initiation, development and metastasis by

improving the invasive properties of tumor cells,
remodeling the invasive extracellular stroma, promoting
angiogenesis, and benefiting tumor cells proliferation
[5110]. At the same time, Mike TAMs mediate
immunasuppression by secreting inhibitory cytokines
and upregulatingthe expression of inhibitory receptors
[11i 14]. However, the detailed mechanisms of
macrophage polarization and its relationship with
tumorigenesis remain largely unknown. Exploring the
regulabrs of macrophage polarization and targeting the
switch that controls the direction of TAM polarization
may improve the efficiency of existing cancer therapies
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and lead to the development of

immunotherapiefl5, 16]

new cancer

Ubiquitination is a common posttranslational
modification of intracellular proteins that plays a
significant role in cell cycle, signal transduction,
proliferation, apoptosis, and immune respofisé 21].
Ubiquitination occurs through a cascade of enzymatic
reactions involving thre different classes of enzymes:
ubiquitin-activating enzymes  (El), ubiquitin
conjugating enzymes (E2), and ubiquiigating
enzymes (E3)22]. An abnormality in any one of these
enzymes can cause many diseases, including c@ger
24]. The E3 ubiquitinligase Fbox and WD repeat
domaincontaining 7 (FBXW?7) is a weknown tumor
suppressor that mediates degradation of several
oncoproteins including -Myc, cyclin E, and Mecll,
which play a critical role in regulating the cell cycle,
DNA damage and repairsignal transduction, and
transcription factor activity in tumor cellR4] [25].
Therefore, FBXW?7 suppresses tumor cell survival and
proliferation, effectively limiting cancer development.
FBXW?7-knockout in mouse embryoniibroblasts

decreased {€adherin expression and induced the
occurrence of epithelidb-mesenchymal transition,
which promotes tumor metastasif26]. FBXW7

mutations in bone marrow stromal cells (BMSCs) can
increase the CCL2 expression, which promotes
recruitment of immunosuppressive cells and metastasis
[27]. These findings indicate that FBXW7 can affect
cancer deslopment through both tumor cells
themselves and through the surrounding-nm@lignant
cells. However, the role of FBXW?7 in tumor immune
microenvironment, particularly in TAM polarization,
has not yet been described.

Recent studies suggest that FBXW7 carediate
CCAAT/enhancebinding protein delta G/ EBPQ
degradation to suppress$ir4 expression, attenuating
inflammation, and regulating the innate immune
response of macrophages to pathog@8]. Our
previous study showed that FBXW?7 catalyzes SHP2
degraddbn via the ubiquitinproteasome system to
stabilize RIGI to promote IFNI production in
macrophages, which subsequently orchestrates innate
immune response against RNA virus infectif#®9].
Since FBXW?7 plays an integral role in macrophage
function, we hypothesized that itmight regulate
macrophage phenotype switching in the tumor
microenvironment. Here, wévestigated the role of
myeloid celtspecific FBXW7knockout on tumor
progression in mice and on MiRe TAMs. We found
that myeloid cellspecific FBXW7-deficient
(Lysm'FBXW7™) C57BL/6 mice showedxacerbated
tumor progression and had a higher proportion of M2
like TAMs in solid tumor tissues after the subcutaneous

injection of Lewis lung carcinoma cells (LLCs)
FBXW?7 inhibited M2 macrophage polarizat and
repressed the production of turpmmomoting factors
with the stimulation of LLC supernatamt vitro. In
mechanism, FBXW?7 catalyzed the ubiquitination and
degradation of -Myc, which restricts M2like
macrophage polarization. Altogether, our firghn
clarify the previously unrecognizetble of FBXW?7 in
regulating the function of Mlke TAMs, and provide
new potential target for antancer therapies.

RESULTS

FBXW?7 deficiency in myeloid cells promotes tumor
progression in an LLC-inoculated lungcancer model

FBXW?7 mutants have been previously identified in
various tumor tissues[30]. Mice with FBXW7
conditional depletion in the T cell lineages, bone
marrow stromal cells could develop cand2r]. To
determine whether FBXW?7 affects tumor progressi
by regulating the function of innate immune cells in
remodeling the tumor immune microenvironment,
myeloid celtspecific FBXW#deficient
(Lysm'FBXW7") C57BL/6 mice were generated. After
confirming the efficiency of FBXW7 knockout
(Supplementary FigurelAi 1C), cells in the bone
marrow and spleen from FBXW?7 and
Lysm'FBXW7"" mice were collected and analyzed by
flow cytometry. We observed no significant differences
between FBXWY% and LysmiFBXW7"" mice in terms
of the percentage of myeloid cells ahgmphocytes
(Supplementary Figure 1DI). Thus, FBXW?7
knockout in myeloid cells did not affect the
development of myeloid cells and lymphocytes.

Next, we injected LLCs subcutaneously into the flanks
of the FBXW?" and LysmiFBXW7"" mice. Tumor
volume clange was recorded 16 days after the injection
of LLCs and was used to evaluate tumor growth. We
observed increased tumor volume and accelerated tumor
growth in LysmMiFBXW7" mice (Figure 1A). At 16
days after injection, tumors were dissected, weighed
and hotographed. We found that the tumor weight was
significantly increased in mice with FBXW?7 knockout
in myeloid cells (Figure 1B). The appearance of the
tumors in two groups was evaluated (Figure 1C) and
indicated that FBXW?7 depletion in myeloid cells
promded tumor development. To analyze the ldagn
effects of FBXW7 knockout in myeloid cells on tumor
prognosis, the survival rates of tummraring mice
were recorded. Early death was observed more
commonly in LysmiFBXW7" mice than in FBXWY
mice (Figue 1D). We further analyzed the rates of
tumor cell proliferation and found that Ki67 was more
highly expressed in Lyst®BXW7" mice than in
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FBXW7" mice (Figure 1E). Taken together, these
results indicate that the LySEBXW7" mice show
enhanced tumorrpgression.

FBXW?7 depletion in myeloid cells promotes cancer
development by facilitating M2-like TAM polarization

Tumor development is a complicated process that
involves many interactions between tumor cells and the
tumor microenvironment. At the onsgft tumorigenesis,
innate and adaptive immune cells are recruited to
construct a tumorigenic immune microenvironment
[31134]. To investigate which kind of tumorigenic
immune microenvironment compositions promoted
tumor progression in LysfRBXW7" mice, we
compared the proportion of immune cells infiltrating
the tumor tissues of FBXW?7 and LysniFBXwW7"
mice by flow cytometry. In innate immune cells, the
percentage  of Ly6CD116  myeloid-derived
suppressor cells (MDSCs), Ly6GD116 MDSCs, and
MHCII'CD11¢ dendritic cells were comparable
between the two groups (Figure 2A, 2B). Thiggested
that these cells were not the cause of the difference in
tumor progression observed between FBXWand
Lysm"FBXW7™ mice.

Macrophages are the most abantdimmune cells in the
tumor stroma. Hypoxia, lactate, and other factors in
tumor microenvironment promote Mike TAMs
polarization[4]. In turn, M2like TAMs support tumor
growth and metastasis through intercellular
communication and by producing mediet to shape
the tumor microenvironmerjl6, 35] According to our
data, although the percentage of macrophages
(F4/80°CD11b) infiltrating the tumor tissues was no
different between FBXW7 and LysmiFBXW7"" mice,

a higher percentage of CDZ08ubset inmacrophages
was observed in the FBXWkhockout group (Figure
2C, 2D). These results indicate that conditional FBXW7
knockout may switch the TAM phenotype and facilitate
polarization to the M2 subset, thus benefiting tumor
growth.

Lymphocytes also servesamportant and direct anti
tumor effector cell§36, 37} We detected CD3 CD4',
and CD8 lymphocytes from singkeell suspensions of
tumor tissues by flow cytometry. There were no
significant differences in the proportion of CDJF
cells, CD4 T cells, and CD8 T cells between
FBXW7™ and LysmMiFBXW7" mice (Figure 2E, 2F),
suggesting that FBXW?7 knockout did not influence the
proportion of the lymphocytes in tumor tissues.

The neutrophil is one of granulocyte expressing a high
level of Lyz2 and contributes significantly to cancer
development33, 38] To examine whether neutrophils

are related to the aggravated tumor progression observed
in Lysm FBXW7" mice, we depleted neutrophils using
an antiLy6G Ab (Supplementary Figure 22B). Anti-
Ly6G Ab reduced neutrophil recruitment in tumor tissues
but did not abolish the difference in tumor
progression between FBXWand LysmiFBXW7" mice
(Supplemental;y Figure 22G). Interestingly,
Lysm'FBXW7" mice showed enhanced tumor
progression comped to FBXW?" mice, with a higher
percentage of CD20@nacrophages in the tumor tissue,
regardless of neutrophil depletion (Supplementary Figure
2H, 2I). These findings indicated that the function of
conditional FBXW?7 knockout in tumors might be
dependenbn M2-like TAMs rather than on neutrophils.

To further determine whether the ablation of FBXW7
was responsible for the increase in -Nk& TAMSs in

the tumor microenvironment, we subsequently detected
MRNA expression of the immunosuppressive factors
Arginase 1 Argl), resistin like alpha(Fizzl), and
chitinaselike 3 (Yml) as markers of Mpolarized
macrophages in tumor tissues. Higher levelsAafl,
Fizz1, andYmlwere found in the LysiFBXW7" mice
compared to the FBXW?7mice (Figure 2G). Next, we
analyzed changes in the expression of vascular
endothel i al g V& BF knd fmatrixt o r
metalloproteinase 9IMMP9), which are produced by
M2-like TAMs to support tumor growth by inducing
neovascularization and modifying eth extracellular
matrix (ECM) [39, 40] Both factors showed higher
levels in the LysAFBXW7" mice compared to the
FBXW7" mice (Figure 2G). Collectively, these data
demonstrate that FBXW7 knockout promotes cancer
development by facilitating Mke TAM polarization

to modify the microenvironment.

FBXW?7 knockout
polarization in vitro

facilitates M2 macrophage

To further determine the role of FBXW?7 in the
polarization of M2ike TAMs, we stimulated
macrophages with LLC supernatant to mimic the lung
cancer condition and detected the expression of
FBXW?7 in M2 macrophages. The gene and protein
expression of Argl and Ym1, markers of the M2
phenotype, gradually increased in peritoneal
macrophages over time. Simultaneously, FBXW7
expression decreased at both th&NA and protein
levels in early time (Figure 3A, 3B). Similar results
were observed in bone marrow derived macrophages
(BMDMs) (Figure 3C, 3D). Therefore, we assumed that
the expression of FBXW?7 played a role in the
regulation of M2 macrophage polarizati

To further confirm this hypothesis, we treated peritoneal
macrophages and BMDMs from FBXW?7 and
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Lysm"FBXW7" mice with LLC supernatant. We found
that higher mRNA levels oArgl, Fizzl, andYmlwere
expressed in FBXWEnockout peritoneal macrophages
compared to the wiltlype peritoneal macrophages
(Figure 4A). At the protein level, Argl and Ym1 levels
were increased to a greater extent due to FBXW7
knockout, as confirmed by immunoblotting (FigutB).
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Similar results were observed in BMDMs under the
same conditions (Figure 4C, 4D). Subsequently, we
performed F4/80 and CD206 staining to examine the
proportion of CD206 M2 macrophages in stimulated
peritoneal macrophages and BMDMs by flow
cytometry The percentage of CD2DBI2 macrophages
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Figure 1.Lysm+FBXW‘?‘f mice show aggravated tumor progression in an Lih@culated model.(A) LLCs were subcutaneously
injected into the mice. The volume of tumors from FBX\nd Lysrﬁ:BXW‘ff mice were measured and recorded in 16 days (n =5 per
group). (B) The weight of tumors at 16 days from both groups (n = 5 per grdi@)The appearanceof tumors dissected 16 days
after inoculation in FBXW/7and Lysrﬁ:BXWf?f mice. (D) The survival curve of tumdrearing FBXW?7and LysrrTBXW‘ff mice (n = 10 per
group). (B Representative images of tumors from two groups immunohistochemically staiitbdan antibody against Ki67. Scale bars:

106l & HN/XgPEZpmn>Yd 51 GF
**P< 0.01; **P< 0,0001 (twewvay ANOVAAD =

I NB  &ritl hibl#Bpiesebtiivel ofithrae K& peNdsrt ekpermerdx 0.05;
{ ( dzR Byandlgganktesi §a i 6

6o60-TAPA2Y

HNnodomT !

DLbD



>

Fexwri/f

e FBXWT
e Lysm*FBXW7"f

Lysm*FBXw7flf

Te

0 T

% in CD45* Cells
[
<

n.s

2

n.s

<~

Ly6G*MDSC Ly6C*MDSC DC

C
e FBXWT
= 33.9% 21.4% e Lysm*FBXWT7
I~
) (> n.s
% 7] 40 2 60
é 3 30 e Y 7‘5
- == © 2 40
“‘=§ 31.6% 45.5% g’ 20 8 .
< - o g 20 A
o g 10 F
+E t 2, |.|=. 0
» 8 ] %) [V} T T - v T T
53 2 F4/80*°CD11b* = CD206*
cD11b CD206
E
< F s FBXW7'
- 10.5% 57-2% o Lysm*FBXW7
.-I.: —
E w T 207 n.s 80 n.s
2 2 15-
- 224% 8 2 601 {, K
E o 190 "Te elo o ¢ n.s
S 10.8% 56.9% 3 + 40 ns
2 > S 5
D S - el 4
+ . 2 :
B4 % 21.0% 0- 0 — '
28 gL . e cp3* CD4* T cell CD8* T cell
B220* cDs*
G o FBXWT™
® Lysm*FBXW7f
s Arg1 5 Fizz1 5 Ym1 H Vegfa 5 MMP9
S S S S S .
ﬁ 8_ kkkk § 4_ § 12_ * . § 3_ o § 18_ .
= = Hkk ok = = =
£ 6l : R 3 & 8 3 g 129
° ot % ® L] o 2+ ® : 6-
s g S 4 .g [ 2 1 °
& 4 *  E 2 * E1s] & * 5 27
s |, s g5 o g 4 ,:Tf 8 %
2 1 ? 7 % < < 14
s 3 . s 0.6+ z . 4
A 4 @ @ & .
13 0 T T [ 0 T T £ 0.0 T T E 0 T T £ 0‘_I_I_

Figure 2.FBXW?7 knockout in myeloid cells remodels the tumor immune microenvironment by promotingliki2 TAM
polarization. (A) Tumors were digested to obtain singtell suspensions. Ly8GD11BH myeloidderived suppressor cells (MDSCs),
Ly6CCD116 MDSCs, and MHOIID11& dendritic cells in the tumors were analyzed by flow cytome(®y Statistical analysis of the results in
(A) (n =5 per group)C, D) Flow cytometry analysi€)and statistial analysis[j) of F4/80CD11B macrophages and CD20@iacrophages in
tumors (n = 5 per group)E F) Flow cytometry analysi&)(and statistical analysig)(of CD3 T cells infiltrating the tumor, CD4nd CD8

T cells in CO3 cells (n = 5 per groud)3) Relative mRNA expression Afgl, Fizz1, Ym% 9 D,@md MMP9in tumors was measured by
gRFPCR (n = 6 per group). Data are shown as the mean an&@re representative of three independent experimert® < 0.05;
% P< 0001; *** P< 0.0001; n.s, no significande § dzZR Sy (RDAF@). i Sad o
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wild-type macrophages (Figure 4H). Altogether, our expression at both the mRNA and protein levels

results revealed that FBXW7 knockoiatcilitated M2 following multiple stimuli.

macrophage polarization after incubation with LLC

supernatant, consistent with the observed function of We also analyzed the regulation of FBXWT the

FBXW?7 in our LLGinoculated mouse model. human monocyte cell line,THP-1. We silenced
FBXW?7 with small interfering RNA (siRNA) in THR

As reported in previous studies, macrophage cells and found significantly increased expression of the

polarization is triggered by multiple stimyB, 41]. In M2 macrophage markers; Argl, CD163, transforming
addiion to LLC supernatant, we used-4L. a classical growth factor b ( TGEéilénged and
M2 macrophagénducing factor, to polarize macro THP1 cells after A549 supeatant treatment compared
phages derived from FBXW?7and LysniFBXwW7" to the unsilenced THR cells (Supplementary Figure

mice and compared M2 markers expression. The gene 4Ai4E).
and protein expression of Argl, Fizz1, and Yml were

substatially higher in  FBXW#%#knockout M2 These data demonstrate that FBXW?7 plays an integral
macrophages under 4 stimulation (Supplementary role in M2 macrophage polarization.

Figure 3A3D). Flow cytometry analysis also

demonstrated that FBXW?7 knockout promoted4iL FBXW7 knockout promotes expression of pre

induced M2 macrophage polarization, with a  tumoral factors in macrophages

significantly higher proportion of CED6" macrophages

(Supplementary Figure 3BH). Taken together, M2-like TAMs contribute totumor progression by
FBXW7 knockout enhances Mgssociated gene expressing behditGdnglogerico process
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Figure 3. FBXW?7 expression decreases inlie TAMSs.(A, B) Peritoneal macrophages were stimulated with conditioned medium
containing LLC supernatant for the indicated time periods. The mRN&n@ protein B) expression levels of Argl, Ym1, and FBXW7 were
measured by qRPCR and immunoblotting, respectivelg, D) BMDMs were incubated in conditioned medium, and the mRgJArid
protein (D) expression levels of Argl, Ym1, and FBXW7 were measured 3C#Rand immunoblotting. Data are shown as the mean + SD
and are representative of three independent experiments. n=8<10.01; *P< 0.001; ***P< 0.0001 (onevay ANOVAA, O).
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Figure 4.FBXW7 knockout facilitates M2 macrophage polarization in a tumor microenvironmairhicking condition.

(A) Peritoneal macrophages extracted from FBXWanhd LysiFBXWY mice were treated with conditioned medium containing LLC
supernatant. The mRNA expressionAo§ 1, Fizz1l andYmlwere analyzed by gRICR(B) The protein levels of Argl and Ym1 in wijge

and FBXW&nockout peritoneal macrophages were detected by imwoihiotting after conditioned medium stimulationG(D) The mRNA
(O and protein D) expression of Argl, Fizz1, and Ym1 were analyzed bPQRTand western blotting, respectively, in BMDMs incubated
with conditioned medium.& F) Flow cytometry analysi&€) and statistical analysi§)(of the percentage of M2 macrophages (CD?06
wild-type and FBXWRnockout peritoneal macrophages stimulated with conditioned medium (n = 3 per gragpi) (Flow cytometry
analysis @) and statistical analysisif of the percentage of M2 macrophages (CD2306 wildtype and FBXWRnockout BMDMs stimulated
with conditioned medium (n = 3 per group). Data are shown as the meanan&Bre representative of three independent experiments
*P< 0.05; *P< 0.01; **P< 0001; *** P< 0.0001 (tweway ANOVAA, C F, H)).
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