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ABSTRACT

Background Massive tumor-associated macrophage
(TAM) infiltration is observed in many tumors, which
usually display the immune-suppressive M2-like
phenotype but can also be converted to an M1-like
antitumor phenotype due to their high degree of plasticity.
The macrophage polarization state is associated with
changes in cell shape, macrophage morphology is
associated with activation status. M1 macrophages
appeared large and rounded, while M2 macrophages
were stretched and elongated cells. Manipulating cell
morphology has been shown to affect the polarization
state of macrophages. The shape of the cell is largely
dependent on cytoskeletal proteins, especially,
microtubules. As a microtubule-targetting drug, vinblastine
(VBL) has been used in chemotherapy. However, no study
to date has explored the effect of VBL on TAM shape
changes and its role in tumor immune response.

Method We used fluorescent staining of the cytoskeleton
and quantitative analysis to reveal the morphological
differences between MO, M1, M2, TAM and VBL-treated
TAM. Flow cytometry was used to confirm the polarization
states of these macrophages using a cell surface
marker-based classification. In vivo antibody depletion
experiments in tumor mouse models were performed to
test whether macrophages and CD8* T cell populations
were required for the antitumor effect of VBL. VBL and
anti-PD-1 combination therapy was then investigated in
comparison with monotherapy. RNA-seq of TAM of treated
and untreated with VBL was performed to explore the
changes in pathway activities. siRNA mediated knockdown
experiments were performed to verify the target pathway
that was affected by VBL treatment.

Results Here, we showed that VBL, an antineoplastic
agent that destabilizes microtubule, drove macrophage
polarization into the M1-like phenotype both in vitro

and in tumor models. The antitumor effect of VBL was
attenuated in the absence of macrophages or CD8* T
cells. Mechanistically, VBL induces the activation of NF-xB
and Cyba-dependent reactive oxygen species generation,
thus polarizing TAMs to the M1 phenotype. In parallel, VBL
promotes the nuclear translocation of transcription factor
EB, inducing lysosome biogenesis and a dramatic increase
in phagocytic activity in macrophages.

Conclusions This study explored whether manipulating
cellular morphology affects macrophage polarization and
consequently induces an antitumor response. Our data
reveal a previously unrecognized antitumor mechanism of

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Recent studies showed that the phenotype of tumor
associated macrophages (TAMSs) is controlled by cell
morphology. As a microtubule-targeting chemother-
apeutic drug, the effect of vinblastine (VBL) on the
TAM morphorlogy and phenotype control as well as
the role in tumor immune response have not been
reported yet.

WHAT THIS STUDY ADDS

= Here, we showed that the antitumor efficacy of
VBL requires macrophages in mouse tumor model.
Mechanistically, VBL resets TAM toward M1 pheno-
type through upregulating cyba expression and pro-
moting reactive oxygen species generation. VBL also
induces lysosome biogenesis and promtes phago-
cytic activity in macrophages.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study reveals a different in vivo mechanism of
action of a commonly used chemotherapy drug, and
provides a rational to design combinations of VBL
with immunotherapies to achieve enhanced antitu-

mor immunity.

VBL and suggest a drug repurposing strategy combining
VBL with immune checkpoint inhibitors to improve
malignant tumor immunotherapy.

INTRODUCTION

Macrophages are among the most common
cells in the colorectal and pulmonary tumor
microenvironment,l_4 but their dynamic
changes in the course of immunotherapy
are incompletely understood.” Macrophages
infiltrating the tumor microenvironment
are recognized as tumor-associated macro-
phages (TAMs). At the tumor initiation stage,
TAMs create an inflammatory microenviron-
ment that can induce mutation and promote
tumor proliferation. However, TAMs promote
angiogenesis, enhance tumor cell migration
and invasion, and inhibit antitumor immune
response during tumor progression.®” TAMs
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are generally believed to promote tumor growth and
metastasis.” * These immune cells also contribute to the
formation of the immunosuppressive microenvironment
and promote tumor immune escape and therapy resis-
tance.'” ' Studies have demonstrated that TAM inhibits
the efficacy of anticancer drugs, such as immune check-
point blocking therapy, and increased TAM infiltration
is often strongly related to poor prognosis or tumor
progression in many types of solid tumors.'*'?

Mature macrophages typically exhibit one of two
phenotypes, including the classically activated (M1-like)
and alternatively activated macrophages (M2-like). TAMs
usually display the M2-like phenotype, which accelerates
the development and metastasis of tumors by forming an
immunosuppressive microenvironment.'* Research has
shown that M1-like macrophages can activate cytotoxic T
lymphocytes by antigen presentation or secretion of proin-
flammatory cytokines, resulting in T cell proliferation
and IFNy secretion. Therefore, M1 TAMs are considered
tumor-suppressive macrophages.'” Notably, macrophages
are highly plastic cells and can undergo marked changes
in their function. Therapeutic approaches under devel-
opment aim to re-educate TAMs for antitumor immunity
to increase tumor cell phagocytosis.

Cellular morphology has recently gained growing
attention as a robust comprehensive biomarker of cell
function.'®'” According to previous observations in both
murine'® and human studies,'’ macrophage morphology
is associated with activation status; M1 macrophages
appeared large and rounded, while M2 macrophages
were stretched and elongated cells.*” Manipulating cell
morphology has been shown to affect the polarization
state of macrophages. McWhorter et al succeeded in
polarizing murine bone marrow-derived macrophages
(BMDMs) toward an M2 phenotype by inducing the cells
to an elongated morphology on micropatterned grooves
with a width of 20pm."® The shape of the cell is largely
dependent on three groups of cytoskeletal protein fila-
ments: microtubules, intermediate filaments, and actin
filaments. Disrupting microtubules has been shown to
induce changes in both cell shape and cell volume in
macrophage cell lines.*' Cao et al found that microtubule
inhibitor cabazitaxel promotes macrophages polarization
toward M1 state through NF-kB signaling activation, and
thus enhancing the elimination of triple-negative breast
cancer cells.”” These results show that targeting macro-
phages is a promising and effective strategy for tumor
treatment. Other drugs that target microtubules have
been used as antitumor chemotherapy agents, but their
role and mechanism of actions in modulating tumor
immune response is still in the beginning stage, and
hence need further research.

The current study explored whether controlling macro-
phage morphology could trigger alterations in activation
status and cellular responses in the context of tumors.
We demonstrated that vinblastine (VBL), an antineo-
plastic drug that targets microtubule depolymerization,
display antitumor effect by resetting TAMs from the

M2 phenotype to the proinflammatory M1 phenotype.
Furthermore, VBL was shown to reprogram TAMs by
activating the NF-kB-Cyba axis to induce reactive oxygen
species (ROS) generation, which is responsible for the
phenotype conversion of macrophages. In addition,
VBL dramatically increased the phagocytosis function of
macrophages by promoting lysosome biogenesis. Collec-
tively, our findings define a novel immunomodulatory
mechanism of action of VBL for cancer treatment.

RESULTS

VBL reprograms TAMs toward antitumor M1-like phenotype
and activates T cells

Murine bone marrow cells were first differentiated into
mature MO macrophages and then induced to the Ml
phenotype with LPS+IFNy or the M2 phenotype with
IL-4 to examine the correlation of morphology to macro-
phage polarization states. Fluorescent staining of the cyto-
skeleton revealed significant morphological differences
between the three kinds of macrophages, showing elon-
gated projections in M2-like macrophages as opposed to a
round and flattened morphology in M1-like macrophages
(figure 1A). Flow cytometry analysis further confirmed
the polarization states of these macrophages using a cell
surface marker-based classification (figure 1B). BMDMs
were treated with tumor cell conditioned medium (CM)
to better mimic the tumor environment in vivo. Subse-
quently, the polarization spectrum of TAMs induced by
different tumor cell CM was assessed using gene sets
responsible for defining macrophage polarization states.
The results revealed that M1 marker genes expression
was increased, while the expression of M2 marker genes
was decreased in VBL-treated TAM when compared with
untreated TAM (online supplemental figure 1A,B). The in
vitro-induced TAMs were treated with three microtubule-
targeting drugs, VBL, colchicine, and paclitaxel. All three
drugs could transform elongated TAMs into a round and
flattened morphology similar to the Ml-like phenotype
(figure 1C). Flow cytometry analysis revealed that all
three drugs had similar effects on inducing M1 polariza-
tion and inhibiting M2 polarization (figure 1D).

TAMs play a major role in immunosuppression by
releasing immunomodulatory factors, such as PGEZ2,
IL-10, and TGFp, which inhibit the cytotoxic activity of
CD8" T cells. Therefore, the effect of the three drugs
on CD8" T cell activation was investigated by treating
macrophages. Cell proliferation dye-labeled CD8" T cells
were co-cultured with MO macrophages or TAMs under
different treatments. Co-culture with MO or classically acti-
vated M1 macrophages (LPS+IFNyinduced) showed little
effect on T cell proliferation (figure 1E,F). As expected,
TAMs displayed a profound immunosuppressive effect
with almost 100% suppression of T cell proliferation.
However, only VBL treatment reversed the immuno-
suppressive effects of TAMs, while the other two drugs
did not (figure 1E,F). Both MC38-CM-induced (M-in-
duced) and LLC-CM-induced (L-induced) TAMs almost
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Figure 1 VBL reprograms TAMs toward the antitumor M1-like phenotype and activates T cells. (A) Immunostaining of

MO, M1 (LPS+IFNy induced), and M2 (IL-4 induced) macrophages with phalloidin and Hoechst. Scale bar: 20 um. (B) Flow
cytometry analysis for M1 (F4/80*CD11b*CD86") and M2 (F4/80*CD11b*CD206") percentages in BMDMSs under different
treatments for 24 hours. n=6. (C) Immunostaining with phalloidin and Hoechst showed morphological changes in TAM
following different treatments for 24 hours. Scale bar: 20 um. (D) Flow cytometry analysis for M1 (F4/80°CD11b*CD86%) and M2
(F4/80"CD11b*CD206") percentage in BMDMs following their respective treatments for 24 hours. n=6. (E) Representative flow
cytometry results of T cell proliferation after co-culture with Mo for 72 hours. (F) Statistical results of T cell proliferation in panel
(E). n=6. (G) Schematic workflow for macrophage and T cell co-culture by direct contact or transwell. (H) T cell proliferation
ratio after co-culture with macrophages by direct contact or transwell. n=4. (l) Representative flow cytometry results of T cell
proliferation after co-culture with macrophages sorted from MC38 tumors for 72 hours. (J) Statistical results of T cell proliferation
in panel (l). n=6. Data are presented as mean+SD. P values were determined by a two-tailed Student’s t-test. *p<0.05,
**p<0.001. TAM, tumor-associated macrophage; VBL, vinblastine.

completely suppressed CDS8'T cell activation, whereas
VBL-treated TAMs greatly restored CD8" T cell prolifer-
ation (online supplemental figure 1C,D). Furthermore,
transwells were used to separate macrophages and CD8"
T cells to examine whether the immunosuppressive func-
tion of TAMs required cell-cell contact (figure 1G). The
inhibition efficiency of cells co-cultured in transwell was
comparable to those co-cultured in direct contact, and
VBL treatment significantly restored CD8" T cell activa-
tion regardless of whether there was direct contact or not
(figure 1H). In addition, macrophages sorted and puri-
fied from MC38 and LLC tumors in mice also displayed
profound immunosuppressive effects, and macrophages
purified from VBL-treated tumor-bearing mice also

restored CD8" T cell activation (figure 1L], online supple-
mental figure 1EF). Since CD69 is rapidly induced and
transiently expressed on activated T and natural killer
(NK) cells, we next detected the changes of CD69 in these
cells using flow cytometry. CD8" T cells sorted from tumor
in vivo with VBL treatment have a higher CD69 expres-
sion level, indicating that VBL administration to tumor
bearing mice can indeed activate CD8" T cells within the
tumor (online supplemental figure 1G). To exclude the
possible direct impact of VBL on T cells or NK cells, we
treat CD8" T cells or NK cells with VBL directly. Results
indicated that VBL cannot directly activate T cells or
NK cells (online supplemental figure 1H,I), suggesting
the indispensable role of macrophages in the indirect
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activation of T cells by VBL. The above results indicated
that, at least under these experimental conditions, TAMs
suppress T cell proliferation mainly through secretory
factors, which can be reversed by VBL treatment.

VBL-mediated antitumor effect is dependent on macrophages
and CD8" T cells

Although the antitumor effect of VBL has been attributed
toits direct cytotoxicity for tumor cells, our in vitro findings
suggested that VBL could re-educate TAMs and reverse its
immunosuppressive function. To test whether VBL’s anti-
tumor effect requires immune activation, we established
MC38 or LLC subcutaneously injected tumor models. VBL

>
w

[g]

3

treatment could suppress primary tumor growth in both
models (figure 2A, online supplemental figure 2A). After
VBL monotherapy, the percentage of TAMs (figure 2B,
online supplemental figure 2B) was decreased in both
tumor models, and the M1 cell percentage was increased,
while the M2 cells decreased (figure 2C, online supple-
mental figure 2C). Meanwhile, the percentage of CD8" T
cell infiltration in tumors was also increased (figure 2D,
online supplemental figure 2D). Gene expression analysis
of macrophages purified from tumors revealed increased
expression of M1 genes, while the expression of M2 genes
was decreased after VBL treatment (figure 2E).

MC38 tumor Mo Mo CD8" T cells
1400 100 - » 60 * 0 Vehicle
e Vehick 3 ° o VBL
E 12 . veL £ 80 580
E 1000 ' . 3 8 40 _* 3
F M 4o 60 3 3
£ w0 M 2 45 30
S 600 1 O a0 %o T2
< 5 a
- e 3]
£ [ y = 2 5 10
2 200 = ﬁ
0 2 4 6 8 10 12 & w m2
Tine (Days after initiation of treatment) A
E F c
Mg from MC38 tumor MC38 tumor MC38 tumor
25 750 2000
204 © Vehicle -
T 15 ° VBL ‘3 600 o s
feld : ° il g
£ i 2 450 ° 2 °
X a4 2 2 1000,
E * % >
2 3 s [ \3300 ;; 500 o |o
£ S °
32 oex KX Z1504 o &
ClA AP A 5
& & &F &
I P SN P S S Y & © SN
P NP D o &
Vv @ W W « ~
M1 markers M2 markers
1 ) N L MC38 tumor
Perimeter Circularity Tumor s 1200 l oot e Vehicle+igG
600 . 1.0 * X ) o I-p. depletion = VBL#IgG
Injection SR g 1000 Vi .
08 > £ | se.vBL 4~ VBL#anti-CSFIR
. 5 800
o ~+- VBL+anti-CD8
%‘ 06 Day 0 67 910 12131516 1819 21 E 600 i o
& 0 3
1 IS STV B
5% Transplantation i.p. anti-CSF1R/CD8 Tumor E
02 s.c. VBL analysis 2 200
. . 0. T . 0 7 9 11 13 15 17 19 21
Vehicle VBL Vehicle VBL Time (Days after transplantation)
M mc3g n:Tor N (o] CD8* T cells
s e
> 7 ok
£ 2
£ 3
> P
g e
5 O3
£ s
2 =2
1
o
0 O
RS
CA

Figure 2 VBL-mediated antitumor effect is dependent on macrophages and CD8" T cells. (A) Growth curve of MC38 tumor
with and without VBL treatment (1.25mg/kg weight, every other day), arrows indicate the treatment time. n=6. (B-D) Flow
cytometry analysis for total macrophages (B), M1 or M2 cells (C), and T cells (D) in MC38 tumors with or without VBL
treatment. n=6. (E) Gene expression of IL-6, Arg2, TNFa, IL-12, NOS2, Mrc1, Arg1, and IL-10 in macrophages sorted from
MC38 tumors. n=4. (F-G) ELISA analysis of IL-12 (F) and IFNy (G) levels in MC38 tumor homogenate. n=6. (H) Representative
immunochemistry staining with anti-CD68 antibodies of MC38 tumor samples collected from the vehicle or VBL (1.25mg/kg
weight, every other day for 2w) treatment. (I-J) Perimeter (I) and circularity (J) of CD68-positive cells in panel (H) were counted.
(K) Workflow for VBL treatment with or without T cells (anti-CD8) or macrophage (anti-CSF1R) depletion; s.c., subcutaneously;
i.p., intraperitoneally. (L) Growth curve of MC38 tumors during VBL treatment with or without immune cell depletion. n=6.

(M) Tumor weight at the end of treatment in panel (L). n=6. (N-O) Flow cytometry analysis for total macrophages (N) and T
cells (O) in MC38 tumors after VBL treatment with or without immune cell depletion. n=6. Data are presented as mean+SD.
Data in (A, L) were analyzed using a two-way ANOVA with time and treatment type as covariates. *Represents VBL+IgG versus
Vehicle+lgG; ##represents VBL+ anti-CSF1R versus VBL+IgG; ttrepresents VBL+anti-CD8 versus VBL+IgG. Data in (B-K,
N-P) were analyzed using a two-tailed Student’s t-test for comparisons. P values were determined by a two-tailed Student’s
t-test. *p<0.05, **p<0.01, **p<0.001. ANOVA, analysis of variance; TAM, tumor-associated macrophage; VBL, vinblastine.
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M1-like macrophages were reported to promote CD8"
T cell activation by secreting IL-12 or IFNY. Our previous
results also indicated that VBL-treated macrophages may
recover CD8" T cell proliferation by secreting certain
cytokines, so ELISA was performed to detect the secre-
tion of IFN-y and IL-12 in tumor tissues. The results
demonstrated that the protein levels of IL-12 and IFNy
were significantly increased in both tumor models after
VBL administration (figure 2F,G, online supplemental
figure 2E,F). In line with the above finding, the IL-12 and
IFNy levels in CM collected from BMDM-derived TAMs
were also significantly increased following VBL treat-
ment (online supplemental figure 2G,H). Intriguingly,
authough we found that VBL attenuated differentiation
of monocytes to macrophages in tumors (figure 2B,
online supplemental figure 2B), VBL has no effect on
the differentiation of monocyte into macrophages in
vitro (online supplemental figure 2I), suggesting that
the more complex microenvironment in vivo may lead to
differences in the functions of VBL when compared with
in vitro at least to some extent.

Meanwhile, the cytokines IL-12 and IFNY secreted from
CD8" T cells remained unchanged both in vitro (online
supplemental figure 2],K) and in vivo (online supple-
mental figure 2L,M) after direct VBL treatment. These
findings indicate that VBL-treated macrophages could
secrete IL-12 and IFNY to promote CD8" T cell activation,
although we could not rule out the contritubtion of other
cells in releasing these cytokines. Histology staining of
the macrophage marker CD68 showed that macrophages
in tumors exhibited an MIl-like round and flattened
morphology after VBL treatment, which was verified
by the reduced cell perimeter and increased cell circu-
larity. In contrast, the elongated M2-like macrophages
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were more prevalent in vehicle-treated tumor samples
(figure 2H-J).

Furthermore, in vivo antibody depletion experiments
were performed to test whether macrophages and CD8"
T cell populations were required for the antitumor effect
of VBL (figure 2K). Macrophage and CD8" T cell deple-
tion both reduced the antitumor efficacy of VBL in MC38
colorectal tumors, suggesting that both macrophages and
CD8" T cells are indispensable in VBL immunotherapy
(figure 2L,M). Moreover, cell depletion efficiency was
confirmed by flow cytometry (figure 2N,O). Collectively,
these results reveal that VBL can control tumor growth
and re-educate M2-like TAMs into antitumor MI-like
phenotype in vivo, and the prominent tumor suppression
function requires both macrophages and CD8" T cells.

VBL combined with PD-1 blockade enhances immunotherapy

Considering the limitations of anti-PD-1 in inhibiting
colorectal tumors, the efficiency of VBL and anti-PD-1
combination therapy was investigated in comparison
with monotherapy. MC38 tumor models were established
and VBL was coadministered with anti-PD-1 (figure 3A).
After combination therapy, tumor development was
almost completely suppressed (figure 3B,C). Although
VBL treatment decreased macrophage infiltration in
tumors, anti-PD-1 treatment alone appeared to increase
the proportion of macrophages in tumors (figure 3D).
The combined VBL and anti-PD-1 treatment resulted
in an increased M1/M2 ratio, but was not significantly
higher than monotherapy (figure 3E). VBL and anti-PD-1
combination maximized the proportion of CD8" T cells
in the tumor compared with monotherapy (figure 3F),
indicating an enhanced immunotherapy effect. Overall,
these results indicated that the combination of VBL and
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Figure 3 VBL combined with PD-1 blockade enhances immunotherapy. (A) Schematic experimental workflow for combination
treatment; s.c., subcutaneously; i.p., intraperitoneally. (B) Growth curve of MC38 tumors under anti-PD-1 treatment combined
with VBL treatment. n=6. (C) Tumor weight at the end of treatment in panel (A). (D-F) Flow cytometry analysis for percentage

of total macrophages (D), M1/M2 ratio (E), and percentage of T cells (F) in MC38 tumors after anti-PD-1 treatment combined
with VBL treatment. n=6. Data are presented as mean+SD. Data in (B) were analyzed using a two-way ANOVA with time and
treatment type as covariates. *Represents VBL+IgG versus vehicle+IgG; ##represents Vehicle+anti-PD-1 versus VBL+IgG;
Ttrepresents VBL+anti-PD-1 versus vehicle+anti-PD-1. Data in (C-F) are analyzed using a two-tailed Student’s t-test for
comparisons. P values were determined by a two-tailed Student’s t-test. *p<0.05, **p<0.01, **p<0.001. ANOVA, analysis of

variance; VBL, vinblastine.
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Figure 4 VBL targets NF-kB-Cyba to reprogram macrophages. (A) Gene ontology analysis of RNA-sequencing data collected
from BMDMs with or without VBL treatment for 24 hours. (B) A heatmap of genes related to the NFkB pathway from RNA-
sequencing data collected from macrophages (Mg in vivo), sorted and analyzed from Vehicle/VBL treated tumors. The heat
map was created based on the normalized FPKM of genes in the NF-kB pathway. (C) Venn diagrams of upregulated genes
enriched in ROS production pathway. (D) Gene expression of Mmp8, Cyba, Cd36, Dcxr, and Alox5 in macrophages sorted

from MC38 tumors. n=4. (E) Representative western blot against p-NF-«xB, NF-kB, p22P™, and B-actin in macrophages

sorted from indicated tumor samples. (F) Fold change of p-NF-xB, NF-kB, and p22°"* protein level in panel (E). n=3.

(G) Representative western blot against p22°" and B-actin in BMDMs. (H) Fold change of p22°"* protein levels in panel

(G). n=3. (I) Flow cytometry analysis for percentages of M1 (F4/80*CD11b*CD86*) and M2 (F4/80*CD11b*CD206") BMDMs after
the corresponding treatment for 24 hours. n=6. (J) Representative flow cytometry results of T cell proliferation after co-culture
with BMDMs for 72 hours. (K) Statistical results of T cell proliferation in panel (J). n=6. Data are presented as mean+SD. P values
were determined by a two-tailed Student’s t-test. *p<0.05, **p<0.01, ***p<0.001. BMDMs, bone marrow-derived macrophages;

ROS, reactive oxygen species; VBL, vinblastine.

anti-PD-1 could enhance the immunotherapy efficiency
and almost completely inhibit tumor growth.

VBL targets NF-kB-Cyba to reprogram macrophages

Next, the molecular mechanism through which VBL resets
TAMs was explored. Bulk RNA sequencing (RNA-seq) was
first performed to explore the changes in gene expres-
sion profiles. Macrophages differentiated from BMDMs
(in vitro M@) and sorted from M(C38 colorectal tumor (in
vivo M@) with or without VBL treatment were collected
separately for RNA-seq. Gene ontology (GO) analysis
was performed, which revealed an enhanced nuclear
factor kappa-B (NF-xB) signaling pathway, a transcription
factor that plays a key role in immune responses, both in
macrophages in vitro and in vivo (figure 4A,B). RNA-seq
of the two macrophage datasets also revealed that regu-
lation of ROS biosynthetic pathway was activated, among
which Cyba (encodes the p22P"* nicotinamide adenine

dinucleotide phosphate (NADPH) oxidase subunit) was
the only upregulated gene in both datasets (figure 4A,C;
online supplemental figure 3A). Several genes from the
RNA-seq results were selected for verification, and Cyba
was very likely to be one of the target genes (figure 4D,
online supplemental figure 3B), of which the expression
could also be regulated by NF-«xB.* **

Activated phosphorylated NF-kB and p22°"™ protein
levels were both significantly elevated in macrophages
sorted from colorectal MC38 tumors or LLC pulmo-
nary tumors (figure 4EJF). Furthermore, phosphor-
ylated NFxB and p22""** were also upregulated in
VBL-treated BMDMs (online supplemental figure 3C,D).
Cyba was knocked down in macrophages by siRNA inter-
ference (figure 4G,H), and the VBL-induced increase
of M1 polarization and decrease of M2 polarization
were both significantly abrogated (figure 4I), as well as

6

Wang Y-N, et al. J Immunother Cancer 2023;11:¢007253. doi:10.1136/jitc-2023-007253

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold
" jooyasaboysnwseig
V.11-Z39 swiredad 1e 5202 ‘TZ AN uo /w09 fwa o1l diy wouy papeojumoq €20z 1sNBNy T U0 £62/00-£202-01/9ETT 0T St paysiignd 1s1i) 18dued Jaylounwuwi ¢


https://dx.doi.org/10.1136/jitc-2023-007253
https://dx.doi.org/10.1136/jitc-2023-007253
https://dx.doi.org/10.1136/jitc-2023-007253
http://jitc.bmj.com/

MitoROS MFI

Mg from MC38 tumor BMDMs

10000 60 o Mo
o TAM
o TAM+VBL

TAM+VBL+NAC

8000

6000:

4000:

2000

% of CD11b*F4/80" cells

B
A Me from MC38 tumor
100 00T Vehicle
O veL |
® ® \\J,Ju ('
w w [
© e Iy
€ 5 \
Sau 3» | \
2 ! L
o, ©, ) |
W 0 a0 Wt
MitoROS MFI ————
D CD8" T cells E
90 . Control
8 80: Pa— Mo
70 ** —
_§ 60 = . TAM Co-culture
B L S o TAMSVBL with Mo
2
Sa TAM+VBLNAC
5 30 °
320 °le
[
Bl |

“VM

0% 0 10 "
MitoROS MF| ———>

Figure 5 VBL-induced ROS repolarizes TAMs. (A, B) Flow cytometry analysis of cytosolic ROS (A) and mitoROS (B) levels
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the CD86 and CD206 expression levels (online supple-
mental figure 3E). Macrophages treated with VBL after
Cyba knockdown lost their ability to activate CD8" T
cells (figure 4],K). However, addition of recombinant
IL-12+IFNy significantly rescue CD8" T cell proliferation
in context of co-culture with Cyba-depleted macrophages,
suggesting that VBL induces these cytokines secretion in
macrophages and thus promoting CD8" T cell activation
(figure 4],K). GO analysis also demonstrated that proin-
flammatory cytokines IL-12, TNF, IFNy, IL-1B, and IL-6
were all increased after VBL treatment (online supple-
mental figure 3F-H). In addition, GSEA analysis revealed
that NF-xB signaling, TNF signaling, and T cells medi-
ated cytotoxicity pathways were enriched in VBL-treated
macrophages (online supplemental figure 3I-K). Collec-
tively, these results suggested that VBL-stimulated macro-
phages were repolarized to the M1-like phenotype via the
NF-kB-Cyba signaling pathway.

VBL-induced ROS repolarizes TAMs

Since p22P"* is an important component of the
superoxide-generating NADPH oxidases (NOXs),
p22P'*NOX complexes are one of the most critical
sources of ROS in cells and tissues.”” ** Subsequently, the
ROS levels in macrophages after VBL treatment were
evaluated. Both cytosolic ROS and mitochondrial ROS
(mitoROS) were elevated in macrophages sorted from
VBL-treated MC38 tumors and LLC tumors (figure 5A,B,
online supplemental figure 4A,B), as well as BMDMs after
VBL treatment (online supplemental figure 4C,D).

ROS was depleted by using the ROS scavenging
reagent N-acetylcysteamine (NAC), resulting in signif-
icant abrogation of VBL-induced MI polarization and
restored M2 polarization (figure 5C). Consistent with this
phenotype, macrophages treated with VBL during ROS
depletion dramatically lost their ability to recover CD8"
T cell proliferation in both direct contact and transwell
co-cultures (figure 5D). As expected, Cyba knockdown
by siRNA interference significantly hindered ROS and
mitoROS production from VBL-treated macrophages
(figure 5E,F). In conclusion, these results indicated that
the NF-xB-Cyba-ROS axis is a crucial signaling pathway in
VBL-induced TAM repolarization.

ROS-activated transcription factor EB promotes lysosome
activation and biogenesis

Recent research showed that ROS induces autophagy and
lysosome biogenesis by regulating nuclear transcription
factor EB (TFEB) nuclear translocation.”* The RNA-seq
data also showed significant upregulation in the lysosome
activation pathway (figure 4A and figure 6A). Moreover,
immunofluorescence staining of lysotracker revealed that
VBL treatment induced a marked lysosome increase in
macrophages (figure 6B,C). Flow cytometry analysis of
lysosome membrane protein Lamp]l expression also indi-
cated elevated lysosome contents (figure 6D,E). Although
colchicine and paclitaxel could increase the content of
lysosomes in macrophages compared with the control
group, far fewer lysosomes were present compared with
the VBL-treated group (online supplemental figure 5A,B).

Wang Y-N, et al. J Immunother Cancer 2023;11:¢007253. doi:10.1136/jitc-2023-007253
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Figure 7 VBL reprograms macrophages to be tumoricidal through increased phagocytic capacity. (A) Schematic experimental
workflow for evaluating the phagocytic capacity of macrophages. (B) Representative flow cytometry results of BMDMs after VBL
treatment and co-culture with CFSE* MC38 tumor cells. (C) Statistical results of CFSE* BMDMs in (B). n=6. (D) Representative
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Data are presented as mean+SD. P values were determined by a two-tailed Student’s t-test. “*p<0.01, ***p<0.001. BMDMs,
bone marrow-derived macrophages; CFSE, carboxyfluorescein succinimidyl amino ester; HCQ, hydroxychloroquine; NAC, N-
acetylcysteamine; ROS, reactive oxygen species; VBL, vinblastine.

VBL reprograms macrophages to be tumoricidal through
increased phagocytic capacity

Defective lysosomal degradation has been linked to atten-
uated phagocytosis.”’ However, whether increased lyso-
somal activity enhances phagocytic capacity has not been
reported. The effect of VBL treatment on the phagocytic
capacity of macrophages was explored (figure 7A). Both
BMDMs and TAMs showed low tumor cell phagocytic
capacity, whereas VBL-treated macrophages displayed
dramatically increased MC38 (figure 7B,C) and LLC tumor
cell phagocytosis (online supplemental figure 6A). In accor-
dance with their lysosomal activity, colchicine and paclitaxel
treatment only marginally increased phagocytosis of both
tumor cells (figure 7D,E, online supplemental figure 6B,C).
This increased phagocytosis was not due to increased apop-
tosis of tumor cells, as CM from VBL-treated macrophages
only slightly increased the proportion of Annexin V' tumor
cells (online supplemental figure 6D). Notably, the clas-
sically activated (LPS+IFNy induced) MI macrophages

did not show a significant increase in phagocytic capacity
(figure 7D,E, online supplemental figure 6B,C), suggesting
the unique role of VBL in inducing phagocytosis.

Subsequently, the roles of ROS and lysosomes in VBL-
induced phagocytosis enhancement were explored by
using the ROS scavenging reagents NAC and lysosome
inhibitor hydroxychloroquine (HCQ). Either NAC or
HCQ treatment could dramatically abolish the increased
phagocytic capacity induced by VBL (figure 7FG),
suggesting that ROS and lysosome activation play a crit-
ical role in VBL-induced phagocytosis in macrophages.
Collectively, these results suggested for the first time
a direct link between increased lysosomal activity to
sustained phagocytic capacity, which can be enhanced in
TAMs on VBL treatment.
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DISCUSSION
The antitumor effects of VBL have long been attributed
to the inhibition of tumor cell division by targeting micro-
tubule depolymerization, but the immunomodulatory
effect of VBL has been ignored for a long time. Our study
provides new evidence that the antitumor effect of VBL
in promoting immune response in tumors by reprogram-
ming M2-like TAMs into Ml-like antineoplastic pheno-
type and subsequently activating CD8" T cells, at least in
part, through the NF-kB-Cyba-ROS axis (figure 8).
Microtubules are highly dynamic cytoskeletal fibers
composed of o-tubulin and B-tubulin heterodimers,
which are the cellular targets of many chemotherapy
drugs that either stabilize or destabilize microtu-
bules.”' ** Dynamic microtubules have become one of the
most successful cancer chemotherapeutic targets, such
as paclitaxel targeting microtubule depolymerization,
which is among the most effective microtubule-targeted
chemotherapeutic drugs.” Similar to VBL, paclitaxel
treatment also repolarized TAMs into Ml-like pheno-
type based on surface marker expression. However,
paclitaxel neither reversed the immunosuppressive
effect nor increased the phagocytic capacity of TAMs
(figure 1E,F; figure 7D,E), indicating a specific function
of VBL in activating antitumor immunity. Microtubule-
targeting agents (MTAs) can be largely divided into
MT-stabilizing agents (such as paclitaxel) and MT-desta-
bilizing agents (such as colchicine and VBL). Different
MTAs have different binding sites on the tubulin dimers,
which might account for the different effects of the
MTAs used in this study on modulating macrophages.
Natoli et alreported that plinabulin, an MTA sharing the
same binding site as colchicine, induced M1 polarization
via the JNK signaling pathway.” In addition, treatment

with colchicine induced M1 macrophage polarization,
as defined by surface marker expression. However,
similar to paclitaxel, colchicine treatment did not
reverse the suppressive function of TAMs. Nevertheless,
these studies suggested that despite the common mech-
anism of interrupting MT dynamics, different MTAs
exert vastly different functions in modulating immune
cells. As many of these drugs have been used for centu-
ries to treat inflammatory diseases and cancer, further
studies of the detailed molecular pathways underlying
the mechanisms of action of these drugs on different
cells will increase the effectiveness of MTAs.

Chemotherapy and immunotherapy are the most
effective antitumor therapies in clinical practice besides
surgical resection. Several studies have reported roles of
macrophages in amplifying cytotoxic effects of chemo-
therapy.”* * But paradoxically, other studies demon-
strated that TAMs limit chemotherapy induced mitotic
arrest, resulting in continued cancer cell proliferation.
Previous studies suggested high dose taxol promoted TAM
infiltration in breast tumor through a cathepsin depen-
dent manner, thereby inhibiting tumor cell death.® %7
However, in our study, continuous low-dose VBL injection
can reduce TAM infiltration in mouse tumors. There-
fore, in addition to the pleiotropic effect on tumor cells,
more and more evidences show that some chemotherapy
drugs have changed the tumor microenvironment, as we
describe here for VBL in colon cancer. Clearly, the effect
of these chemotherapy drugs depends on the types of
tumor and immune cell phenotypes in tumor microen-
viroment. Further studies of the mechanism of action of
VBL in other types of tumor may provide opportunities
to develop a more effective cancer immunomodulatory
strategy.

10

Wang Y-N, et al. J Immunother Cancer 2023;11:¢007253. doi:10.1136/jitc-2023-007253

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold
jooyasaboysnwseig
V.11-Z39 swiredad 1e 5202 ‘TZ AN uo /w09 fwa o1l diy wouy papeojumoq €20z 1sNBNy T U0 £62/00-£202-01/9ETT 0T St paysiignd 1s1i) 18dued Jaylounwuwi ¢


http://jitc.bmj.com/

Our research shows that VBL can not only activate T
cells by changing the phenotype of macrophages, but also
activate the lysosome of macrophages and thus endowing
them stronger phagocytotic ability. Studies have shown
that in the process of tumor development, lysosome of
tumor cells increases in size and activity to meet the rapid
growth and metabolic needs of tumor cells. The highly
active lysosome in tumor cells can uptake and store some
chemotherapy drugs, thus decreasing treatment efficacy.
Therefore, there are some specific targeted drugs devel-
oped for tumor lysosome.” * However, the treatment
efficacy of VBL is rather abolished in the absence of
macrophages in our model, therefore, it is unlikely that
VBL is trapped in lysosome in macrophages.

The results suggested that VBL treatment transcription-
ally upregulated Cyba expression, resulting in increased
ROS generation, which further repolarized TAMs to the
MI-like phenotype. ROS scavenger NAC treatment or
siRNA-mediated Cyba knockdown abolished the repolar-
ization effect of VBL on TAMs. However, the role of ROS
in inducing macrophage polarization remains contro-
versial. ROS are involved in both pro-inflammatory and
anti-inflammatory control of macrophage polarization.
Research reported that ROS plays an essential role in
the activation of p38 MAPK and NF-kB signaling path-
ways, subsequently promoting pro-inflammatory gene
expression in macrophages.*”™* However, other studies
have shown that inhibition of ROS production in human
monocytes prevents M2-like polarization and the subse-
quent response to M2-polarizing cytokine IL-4.*" **
Overall, the conditions for preferential activation of M1-
or M2-like polarization remain unclear. The present study
demonstrates that VBL repolarizes macrophages to the
Ml-like phenotype via the NF-kB-Cyba-ROS axis and
activates CD8" T cells to suppress tumor growth, conse-
quently promoting antitumor immune response.

Antitumor therapies involving the use of immune-
checkpoint inhibitors such as anti-PD-1 have emerged as
new therapeutic pillars within oncology. These antibodies
target regulatory pathways in T cells to enhance anti-
tumor immune responses, which has led to major clin-
ical advances and provided a new strategy against cancer.
However, for colorectal cancers and other tumors, the
effect of T-cell checkpoint-blocking therapy is limited.
Furthermore, combined immunotherapy for CD8" T cell
activation is currently under-research. The current study
demonstrates that VBL reprograms macrophages to the
MI-like phenotype via the NF-kB-Cyba-ROS axis and
then activates CD8" T cells to inhibit tumor growth, thus
enhancing immunotherapy when combined with an anti-
PD-1 monoclonal antibody. These findings highlight the
potential of a new combination therapeutic strategy to
treat malignant tumors.

MATERIALS AND METHODS

Animals

All mice were congenic to the C57BL6/] background
and were purchased from SLAC Biotechnology. Mice
were housed under a 12-hour light-dark cycle in plastic
cages and fed an irradiated chow diet. Housing tempera-
tures and humidity were kept within 21.7°C-22.8°Cand
40%—-60%, respectively. The water and cages were auto-
claved. Cages were changed once weekly, and the health
status of the mice was monitored using a dirty bedding
sentinel program. The mice were allowed free access to
food and water. Unless otherwise indicated, male mice at
7-8 weeks of age were used in these studies. For all in vivo
studies, cohorts of greater than or equal to three mice per
treatment were assembled, and experiments were inde-
pendently repeated two to three times.

Tumor mouse models

The MC38 colorectal tumor cell line and LLC pulmo-
nary tumor cell line were purchased from American Type
Culture Collection. The tumor cells (1><106cells/mouse
in 100pL PBS) were subcutaneously injected into the
posterior back or armpit area of the C57BL6/] mice to
establish the transplanted tumor models.

Cell culture

The MC38 and LLC tumor cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Gibco)
supplemented with 10% (v/v) fetal bovine serum (FBS)
(Sigma-Aldrich). During the culture period, the medium
containing new FBS was replaced every other day. All cells
were cultured and maintained at 37°C in a 5% COZ2 incu-
bator, and the medium was supplemented with 1% peni-
cillin and 1% streptomycin (Invitrogen).

Culture of BMDM

Bone marrow cells were isolated from the femur and tibia
of 6-7 weeks male C57BL/6] WT mice and differentiated
to mature macrophages for 7days as described previ-
ously.45 Briefly, cells were maintained in DMEM with 10%
FBS, containing 10ng/mL M-CSF (Perprotech). On day
7, a CM collected from tumor cells was added for TAM
differentiation for 24 hours.

BMDMs and tumor cell co-culture assay

BMDMs were first planted on a 12-well plate and treated
with different reagents after differentiation. The tumor
cells were collected and labeled with carboxyfluores-
cein succinimidyl amino ester (CFSE, 1pM, Invitrogen)
fluorescence dye. After macrophages pretreated with
VBL before co-culturing with tumor cells, reagents were
removed from BMDMs culture medium. Then tumor
cells were added to the BMDMSs culture plate in propor-
tion for 48 hours of co-culture.

CD8* T cells activation assay

CDS8" T cells were isolated from the spleens of 6-7 weeks
male C57BL/6] WT mice with a CDhS8* magnetic cell
sorting Kit (Miltenyi Biotec, 130-117-044) according
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to the manufacturer’s instructions. Macrophages were
differentiated from the bone marrow of these mice and
were pretreated with VBL before co-culturing with T cells.
VBL was washed out from BMDMs culture medium with
PBS. Both macrophages and T cells were placed into the
plate, which was coated with CD3 (Biolegend, 100340)
according to a certain proportion for co-culture. CD8" T
cells were labeled with fluorescent Violet dye and then
cultured with or without macrophages under different
experimental conditions for 72hours, in RPMI-1640
medium with 20% FBS, 200mM L-glutamine, 100 mM
sodium pyruvate, 50 mM 2-mercaptoethanol, and supplied
with purified anti-mouse CD28 antibody (Biolegend,
102101) costimulatory factor. To isolate and purify
CD8" T cells in MC38 tumor, tumors were mechanically
minced and digested with 0.075% collagenase I (Sigma-
Aldrich) and 0.075% collagenase IIT (Sigma-Aldrich) in
PBS containing DNase I (4U/mL) at 37°C for 45 min
to 1 hour. Subsequently, the cells were lysed with ACK
lysis buffer and filtered with a 40 pm cell strainer. CD8"
T cells were isolated from tumors with a CD8" magnetic
cell sorting Kit (Miltenyi Biotec, 130-117-044) according
to the manufacturer’s instructions and then treated with
VBL for 24 hours. The violet or mean fluorescence inten-
sity (MFI) was detected as an activation indicator of CD8"
T cells by flow cytometry.

NK cells isolation and analysis

The spleen single cell suspension were lysed with ACK
lysis buffer and then selected using a EasySep Mouse
NK magnetic cell sorting Kit (STEMCELL Technologies,
19855) according to manufacturer’s instruction. The
NKI.1" NK cells were treated with VBL for 24hours and
then CD69 MFI was analyzed by flow cetometry.

CM transfer assay

In the CM transfer assay, the original tumor cell culture
medium was discarded and the cells were gently washed
with fresh blank medium. Then, fresh medium without
any additional agents was added and the cells were
cultured for another 24 hours. Finally, the medium was
collected as CM.

In vivo tumor experiments

In vivo, tumor size was measured with calipers,
and tumor volume was calculated by the formula
volume:(lengthxwidth2/2). Treatment was initiated
when tumors reached 5-6mm in size (approximately
the 7th day) and 1.25mg/kg weight VBL (Selleck) was
injected into the tumors subcutaneously according to the
indicated frequency. The total volumes of all tumors were
calculated for each mouse and reported.

For the anti-PD1 combination therapy experiments,
100pg/mouse anti-PD1  (BioXCell, BE0146) mono-
clonal antibodies were injected into tumor-bearing mice
through intraperitoneal injection, and 1.25mg/kg weight
VBL were injected subcutaneously around the tumors
according to the indicated frequency.

For the immune cell depletion experiments, anti-CD8
(BioXCell, BE0004-1) or anti-CSFIR (BioXCell, BE0213)
antibodies were injected intraperitoneally 1day before
treatment with VBL. For the depletions, 0.2mg of anti-
CD8 or 0.5mg of anti-CSFIR were injected per mouse
according to the indicated frequency.

Flow cytometry

Two days after the last intraperitoneal or subcutaneous
injection, tumors were mechanically minced and digested
with 0.075% collagenase I (Sigma-Aldrich) and 0.075%
collagenase III (Sigma-Aldrich) in PBS containing DNase
I (4U/mL) at 37°C for 45 min to 1 hour. Subsequently,
the cells were lysed with ACK lysis buffer and filtered
with a 40pm cell strainer. For flow cytometry staining,
cells (1x10%) were incubated with mouse Fc receptor
blocker (Biolegend) at 4°C for 20 min, then stained with
the appropriate antibodies to surface markers at 4°C for
20min in the dark, and/or fixed/permeabilized (Fixa-
tion/Permeabilization Solution Kit, Biolegend) and
stained with intracellular antibodies at 4°C for 30 min. The
stained single cells were analyzed using a Fortessa flow
cytometer (BD Biosciences). The data were analyzed with
Flow]Jo V.10.7.0 (BD Biosciences). Gates were constructed
to identify target populations based on surface marker
staining. Mainly, M2-like TAMs were identified as
CD45'CD11b'F4/80°CD206", and MI-like macrophages
were identified as CD45" CD11b'F4,/80"CD86".

The following commercial antibodies were used:
CD45-PE/Cyanine7 (Biolegend, 103114), CD45-PerCP/
Cyanineb.5 (Biolegend, 103132), CD11b-APC/Cyanine7
(Biolegend, 101226), F4/80-PE (Biolegend, 123110),
CD206-APC (Biolegend, 141708), CD86-FITC (Biolegend,
105005), CD8a-APC (Biolegend, 100712), CD80-FITC
(Biolegend, 100705), CD69-FITC (Biolegend, 104505),
NKI.1-APC (Biolegend, 156506). All the antibodies were
used at a 1: 500 dilution in 1% FBS in PBS.

RNA extraction and quantitative real-time PCR

RNA was extracted from cultured cells using TRIzol
(Invitrogen). Normalized RNA was reversed transcribed
using RevertAid First Strand cDNA Synthesis kit (Thermo
Fisher) and cDNA was analyzed by qRT-PCR with the
7500 Fast Real-Time PCR System (Applied Biosystems).
Subsequently, relative mRNA levels were calculated using
the comparative CT method and normalized to 18s
rRNA mRNA. The average of the control group was set
as one, and all the results were presented as the relative
mRNA expression. All primers used are listed with their
sequences in online supplemental table 1.

Western blot

For western blotting, whole cell lysates were lysed in 2%
sodium dodecyl sulfate (SDS) buffer containing protease
inhibitor cocktail (Roche) and phosphatase inhibitor
cocktail (Roche). A protein of 10-30pg was separated by
SDS-PAGE and then transferred onto a polyvinylidene
fluoride (0.22pm) transfer membrane using the wet
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transfer method. Membranes were blocked with 5% fat-
free milk in TBST (Tris-buffered saline plus 0.1% Tween-
20) for 1 hour at room temperature, and the membranes
were incubated in primary antibodies overnight at 4 °C.
The next day, the membranes were washed in TBST
(3x10min) and then incubated with HRP-conjugated
secondary antibodies for 1hour at room temperature.
After TBST washes (4x10min), Pierce ECL western blot-
ting substrate was added onto the membrane and incu-
bated for 2min to develop the chemiluminescent signal.

The following commercial antibodies were used: anti-
phospho-NF-kB (Cell Signaling Technology, 3033S), anti-
NF-xB (Cell Signaling Technology, 8242S), anti-p22P"*
(Cell Signaling Technology, 27297S), anti-B-actin (Sigma
A1978), anti-mouse (Abcam ab6728), anti-Rabbit (Abcam
ab6721). All the primary antibodies were used at a 1:1000
dilution in 3% bovine serum albumin (BSA) in TBST.
Secondary antibodies were used at a 1:5000 dilution in
5% non-fat milk in TBST.

Histology

Freshly isolated tumor tissue was fixed in 4% parafor-
maldehyde for 24 hours at room temperature. Tissues
were embedded in paraffin, sectioned at 8pm thickness,
deparaffinized, and rehydrated through graded concen-
trations of ethanol in water. Sections were then probed
with primary antibodies against CD68 (Abcam ab283654,
1:500), followed by biotinylated secondary antibodies.
The binding of the secondary antibodies was visualized by
using diaminobenzidine chromogen A (Thermo Fisher).

Immunofluorescence imaging

BMDMs were fixed with 2% PFA, permeabilized with a
buffer containing 0.1% Triton X-100 and 0.25% BSA, and
blocked with 2% normal goat serum and 0.02% BSA. The
cells were then incubated with 0.5pg/mL of the primary
antibodies overnight at 4°C, and the nuclei were counter-
stained with Hoechst. Images were scanned and analyzed
using a FLUOVIEW FV3000 microscope (OLYMPUS).

ELISA

The IL-12 levels (Biolenged, 433607) and IFNY levels
(Biolenged, 430807) of the CM and tumor tissue homog-
enate were detected and quantified by an ELISA kit
according to the manufacturer’s instructions. The tissue
was homogenized in chilled PBS buffer with proteinase
inhibitors, and the supernatants were collected by centrif-
ugation at 4°C for ELISA analysis to evaluate the cyto-
kine levels in tumor tissue. The cytokine levels were then
normalized to the weight of the total tissue.

Sirna-Mediated knockdown assay

The following target sequences (5-3’) were used for
siRNAs. siNC: CCTTCCGAAGTATCTCTTT; siCyba:
GACUCCCAUUGAGCCUAAATT. Macrophages were
transfected with siRNAs using Lipofectamine RNAIMAX
(Invitrogen) according to the manufacturer’s instruc-
tions, and further experiments were performed after 48
hours of siRNA transfection.

RNA-sequencing

For RNA-sequencing of in vitro cultured M@, RNA
was extracted from cultured BMDMs with or without
VBL treatments using TRIzol (Invitrogen). For RNA-
sequencing of M@ in tumor, RNA was extracted from
macrophages sorted by FACS with a BD Ariallll (BD
biosciences) flow cytometer using a EasySep Mouse F4/80
Positive Selection Kit (STEMCELL Technologies, 100-
0659) according to manufacturer’s instruction, the RNA
was then extracted for RNA-sequencing. RNA-sequencing
was then executed and analyzed as described previously.”
Hisat2 V.2.0.5 was used to map paired-end reads to the
mouse genome and feature Counts V.1.5.0-p3 was used to
count the reads numbers mapped to each gene. The orig-
inal read count was normalized, mainly for the correction
of sequencing depth and p value was generated. Finally,
multiple hypothesis testing was performed to obtain the
Padj value. Finally, the list of differentially expressed
genes were generated based on enrichment of Kyoto
Encyclopedia of Genes and Genomes gene functional
pathway. The raw data of RNA-sequencing are available at
Sequence Read Archive (SRA accession: PRJNA934654).

Data randomization statement

All of the data collection was randomized, and animals
and cell samples were randomly assigned to the various
experimental groups. In addition, the experimental
conditions and stimulus presentation were both random-
ized. However, the researchers involved in data collection
and analysis were not blinded to the conditions of the
experiments. No data were excluded from the analysis.

Statistics and reproducibility

The data were assumed to follow a normal distribution,
but this was not formally tested. All data were analyzed
using GraphPad Prism V.8.0.2.263 and were represented
in the figures as mean values+SD. P values were deter-
mined by a two-tailed Student’s t-test for comparing two
groups, and two-way analysis of variance for multiple
groups. P values were indicated with *p<0.05, **p<0.01,
and **¥p<0.001 on graphs. Graphs not labeled with an
asterisk indicate that the differences between the test
groups and the control groups were not statistically signif-
icant. ‘n’ in the figure legends indicates the number of
biologically independent replicates. The Western blot
and micrograph results were representative of three
biologically independent replicates. All the results were
independently repeated more than three times, yielding
similar results.
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