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ABSTRACT

Tumor microenvironment (TME) contains a variety of infiltrating immune cells. Among them, tumor-
associated macrophages (TAMs) and their alternative activation contribute greatly to the progression of
tumors. The mechanisms governing macrophage polarization in the TME are unclear. Here, we show that
in TAMs or macrophages under tumor-conditioned medium treatment, the expression of transcription
factor EB (TFEB) is reduced and more of the TFEB protein is in an inactive cytosolic form. Transforming
growth factor (TGF)-8 is identified as a main driving force for the reduced TFEB expression and activity in
TAMs via activating ERK signaling. TFEB interference in macrophages significantly enhanced their
alternative activation, with reduced expression of MHC-Il and co-stimulatory molecule CD80, decreased
ability to activate T cells, and increased ability to attract tumor cells. When co-inoculated with tumor cells,
macrophages with TFEB knockdown significantly enhanced tumor growth with increased infiltration of
M2-like macrophages, reduced infiltration of CD8" T cells, and enhanced angiogenesis in the tumors.
Mechanistic studies revealed that TFEB downregulation resulted in macrophage M2 polarization through
reducing SOCS3 production and enhancing STAT3 activation. We further demonstrate that the activation
of TFEB by hydroxypropyl-g-cyclodextrin in macrophages suppressed their M2 polarization and tumor-
promoting capacity, and that macrophage-specific TFEB overexpression inhibited breast tumor growth in
mice. Therefore, our data suggest that TFEB plays critical roles in macrophage polarization, and the
downregulation of TFEB expression and activation is an integral part of tumor-induced immune editing in
the TME. This study provides a rationale for a new cancer treatment strategy by modulating macrophage
polarization through activating TFEB.

Abbreviations: HP 8CD, hydroxypropyl-g-cyclodextrin; IFNy, interferon-gamma; IL, interleukin; LLC, Lewis lung carci-
noma; LPS, lipopolysaccharides; pM®s, peritoneal macrophages; SOCS3, suppressor of cytokine signaling 3; STAT3,
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Introduction

‘Tumor microenvironment (TME) comprises a variety of
immune cells that modulate tumor initiation and progres-
sion.! Among them, macrophages are a major component
of the leukocyte infiltrate of tumors; they are educated in
the TME and contribute to tumor growth, angiogenesis,
metastasis, and treatment resistance through releasing vari-
ous soluble factors including chemokines, cytokines, and
growth factors.>’

Macrophages display tremendous plasticity during their
activation in response to varied environmental cues. At
the two extreme ends of the spectrum of activation, are
two polarization states: the classical activation state (M1)
and the alternative activation state (M2). Classically acti-
vated M1 macrophages, generated upon the exposure to

lipopolysaccharides (LPS) and interferon-gamma (IFNy),
produce proinflammatory cytokines, such as interleukin
(IL)-12, and exert strong microbicidal and tumoricidal
activities. Conversely, in response to Th2 cytokines such as
IL-4 and IL-13, macrophages are polarized to an immuno-
suppressive M2 state and play roles in parasite contain-
ment, tissue remodeling, and tumor progression.* In the
TME, tumor cells strategically influence the activation and
function of macrophages, educating them into immuno-
suppressive and tumor-promoting tumor-associated mac-
rophages (TAMs).” Previous studies suggested that TAMs
mainly adopt a M2-like phenotype.® TAMs execute
immune suppressive and tumor-promoting functions by
interacting with both tumor cells and other stromal cells,
such as endothelial cells, T cells, and fibroblasts, and also
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represent a major obstacle for effective cancer therapy.
Thus, a better understanding of the regulation of TAMs is
important for developing more effective therapies for
cancers.

The recently discovered transcription factor EB (TFEB)
is known to control the expression of genes involved in
autophagy and lysosomal biogenesis in response to various
stimuli, such as growth factors and nutrients.””” TFEB posi-
tively regulates cellular degradative pathways and has been
demonstrated to increase lysosomal lipid catabolism, lipoly-
sis, and cellular fatty acid oxidation.”'® Due to its role in
stress responses, enhancement of TFEB activity has
emerged as a potential therapeutic approach for multiple
lysosomal and protein aggregation disorders.''’* TFEB is
also activated in macrophages during bacterial infection or
stimulation with bacterial components, suggesting TFEB
might perform evolutionarily conserved defense functions
in the innate immune system.l‘"17 In addition, TFEB has
been shown to act as a molecular switch that regulates den-
dritic cell antigen presentation pathways.'® Very recently,
TFEB has been shown to be upregulated in cancer cells
where it helps to increase tumor malignancy through
enhancing cancer cell autophagy.'”?® However, the role
and regulation of TFEB in immune cells in tumors, includ-
ing TAMs, have not been investigated.

Here, we report that TFEB plays a major role in mac-
rophage polarization and function in the context of can-
cer. The expression and activation of TFEB are
suppressed in macrophages in response to cancer cell
derived transforming growth factor-g (TGF-B) via ele-
vated ERK signaling. Reduced TFEB expression and acti-
vation in macrophages promote their M2-like polarization
via reduced SOCS3 expression and enhanced STAT3 sig-
naling. Macrophage-cancer cell co-inoculation experi-
ments demonstrated that knockdown of TFEB in
macrophages promoted tumor growth in orthotopic
mouse cancer models. Furthermore, chemical activation of
TFEB in macrophages by HPBCD inhibited M2 macro-
phage polarization and suppressed tumor growth, and
macrophage specific TFEB overexpression inhibited ortho-
topic breast tumor growth in mice. Taken together, our
study has elucidated the regulation and function of TFEB
on macrophage activation in cancer and suggests that
TFEB could be a potential therapeutic target in cancer
therapy.

Results

TFEB is involved in the regulation of macrophage M2
polarization

We first examined the expression of TFEB in macrophages
freshly isolated from EO771 and 4T1 tumors in orthotopic
mouse models. The results showed that TFEB mRNA
expression in these macrophages was significantly lower
than that in naive mouse peritoneal macrophages (pM®s)
(Fig. 1A). To mimic the TME, tumor-conditioned medium
(TCM) was collected from LLC or EO771 cell culture and
used to treat naive mouse pM®s. Freshly isolated pM®s

were treated with TCM for 24 h. The results showed that
both LLC TCM and EO771 TCM decreased TFEB mRNA
and protein levels in pM®s (Fig. 1B and C); however,
EO771 TCM did not have an effect on the expression of
two related proteins TFE3 and MITF (Fig. S1A).

To test whether TFEB plays a role in macrophage polari-
zation in the context of tumors, we transduced pM®s with
TFEB shRNA lentivirus. After transduction with LV-TFEB-
Sh2 or LV-TFEB-Sh3 lentiviruses, we observed a 40-50%
reduction of TFEB transcript (Fig. 1D), and an 85% (Sh2)
or 70% (Sh3) reduction of total TFEB protein compared
with control lentivirus (LV-Con) (Fig. 1E). The knockdown
effects of LV-TFEB-sh2 lasted at least 7 d (Fig. S1B). We
incubated the transduced cells with EO771 TCM, IL-4 or
LPS for 24 h, and analyzed the expression of M2 or Ml
macrophage markers via qPCR. We found that lentiviral
knockdown of TFEB (LV-TFEB-Sh2) significantly enhanced
Arg-1 and YM-1 expression in IL-4 or TCM treated macro-
phages, while it significantly suppressed the expression of
iNOS and TNF-o in macrophages treated with LPS
(Fig. 1F). To exclude the non-specific activity of lentiviral
knockdown vectors, we compared the effects of LV-TFEB-
sh2 and LV-TFEB-sh3 on TCM-induced macrophage M2
polarization, and similar results were obtained (Fig. S1C).
These data suggest that decreased expression of TFEB in
the TME renders macrophages prone to M2-like
polarization.

Tumor cell derived TGF-{ suppresses TFEB activation
and expression in macrophages.

Emerging evidence has shown that cancer cells educate
macrophages in the TME as an important component of
immune editing.21 Tumor cell derived soluble factors,
including IL-10, M-CSF (CSF1), IL-6, and TGEF-g, induce
macrophages to adopt an M2-like, tumor-promoting phe-
notype. To examine the regulator of TFEB in the TME, we
stimulated pM®s with several cytokines and growth fac-
tors for 24 h. As shown in Fig. 2A and B, only TGF-pB
strongly inhibited the TFEB production similar to what
was observed after TCM treatment; IL-4 and IL-10 did not
have an effect, while M-CSF and IL-6 slightly reduced
TFEB expression but without statistical significance.

It has been well known that TGF-g is upregulated in
tumors and plays a tumor-promoting role via various
mechanisms.”**> Indeed, abundant TGF-B was detected by
ELISA in EO771 and LLC TCM (Fig. 2C); and TGF-8 at
comparable concentrations substantially reduced TFEB
expression in M®s (Fig. 2D). To confirm the role of TGF-
B in the regulation of M® TFEB in the TME, we adminis-
tered a TGF-8 blocking antibody to examine if this would
diminish the effects of TCM on macrophage TFEB expres-
sion. As can be seen in Fig. 2E and F, EO771 TCM signifi-
cantly decreased TFEB expression in pM®s, whereas the
anti-TGF-B antibody reversed the effect.

Previous studies demonstrated that the transcription-
regulating activity of TFEB depends on its dephosphory-
lation and nuclear translocation, rather than its overall
cellular protein level.*** To test if TGF-B also reduces
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Figure 1. TFEB is involved in the regulation of macrophage M2 polarization. (A) M®s were isolated from tumor tissues of mice bearing 4T1 (n = 8) or EO771 (n = 8)

tumors. TFEB mRNA expression in macrophages was determined by gPCR. *p < 0.0

with or without EO771 or LLC tumor-conditioned medium (TCM) for 24 h. *p < 0.

5 vs. pMd-naive, two-tailed Student’s t-test. (B) Peritoneal macrophages were cultured
05 vs. control; two-tailed Student’s t-test. (C) Western blot analysis of TFEB protein in

mouse peritoneal M®ds treated as in (B). (D) TFEB expression in mouse peritoneal M®s transduced with control shRNA lentiviruses (LV-Con) or two different TFEB shRNA

lentiviruses (LV-TFEB-sh2 or LV-TFEB-sh3). *p < 0.05 vs. LV-Con; two-tailed Student’

s t-test. (E) Western blot analysis of TFEB in peritoneal M®ds treated as in (D). (F) Effects

of TFEB knockdown using LV-TFEB-sh2 in peritoneal M®s on the expression of M2 markers Arg-1 and YM-1 and M1 markers iNOS and TNF-«. Peritoneal M®s were

treated with IL-4 (15 ng/mL) or TCM, or LPS (10 ng/mL) for 24 h. "p < 0.05 vs. LV-

test.

TFEB nuclear translocation in macrophages, we examined
the subcellular localization of TFEB in TGF-8 treated
pM®s. Indeed, the result showed that TGF-g and EO771
TCM treatment diminished TFEB nuclear localization
(Fig. 2G). These results demonstrate that TGF-8 could
not only decrease the expression of TFEB, but also sup-
press its activation (nuclear translocation).

We next examined the mechanism by which TFEB is
downregulated by TGF-B. It has been reported that TFEB
is inactivated by phosphorylation via phosph-ERK1/2 in
the MAPK signaling pathway® and dephosphorylation and

Con under the same treatment; one-way ANOVA followed by the post-hoc Dunnett’s

activation of TFEB positively feeds back to further upregu-
late its own expression.” MAPK and PI3K-AKT pathways
are known to be affected by TGF-g signaling. Thus, we
treated pM®s with TGF-f supplemented with LY294002
(a PI3K inhibitor) or PD980059 (a MEK inhibitor). As
shown in Fig. 2H and I, PD980059 significantly prevented
TGF-B-induced TFEB downregulation and Erkl/2 phos-
phorylation, while LY294002 did not have this effect.
Taken together, these results indicated that ERK signaling
plays a key role in TGEF-B-induced downregulation of
TFEB in TAMs.
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Figure 2. TGF-8 decreases the expression of TFEB in macrophages. (A) Mouse peritoneal M®s were cultured with serum-free DMEM alone (control) or with IL-4 (15 ng/
mL), IL-10 (20 ng/mL), m-CSF (25 ng/mL), IL-6 (20 ng/mL), TGF-B (10 ng/mL), or EO771 tumor-conditioned medium for 24 h. TFEB expression was analyzed by qPCR. *p <
0.05 vs. control. (B) Western blot assay of TFEB in M®s treated as in (A). (C) TGF-8 concentrations in indicated media were measured by ELISA. (D) Mouse peritoneal M®s
were treated with TGF- at various concentrations for 24 h. TFEB expression was analyzed by qPCR. “p < 0.05 vs. control (0 ng/mL TGF-B). (E) Mouse peritoneal Mds
were treated with TGF-8 (10 ng/mL) or EO771 TCM in the presence or absence of TGF-S-neutralizing antibody (20 ;.g/mL) for 24 h, TFEB expression was analyzed by
gPCR. *p < 0.05 vs. DMEM. (F) Western blot analysis of TFEB protein in M®s treated as in (E). (G) Western blot analysis of TFEB protein levels in cytosolic or nuclear subcel-
lular fractions of M®s treated with IL-4 (15 ng/mL), TGF-8 (10 ng/mL), or EO771 TCM. TATA-box-binding protein (TBP) and actin represent control proteins for the nuclear
and cytosolic fraction, respectively. Quantification of relative intensity of the protein bands is shown under the lanes. (H) TFEB expression in mouse peritoneal M®Ps
treated with PD98059 (25 M), LY294002 (40 M), and EQ771 TCM for 24 h. “p < 0.05 vs. DMEM. (I) Western blot analysis of cell lysates of peritoneal Mds treated as in
(H).

Knockdown of TFEB in macrophages reduces their capacity —may affect this suppressive function of macrophages on T-cell
to activate T cells and increases their capacity to promote  activation and proliferation. In this assay, macrophages were
tumor cell migration and proliferation transduced with control or TFEB shRNA lentiviruses and

treated with EO771 TCM,; then, CFSE-labeled T cells were co-
T-cell activation and proliferation are essential to antitumor cultured with these macrophages and stimulated with CD3/
immune response. When TAMs adopt an M2-like phenotype, CD28. T-cell division was then detected by flow cytometry as a
they exhibit poor antigen-presenting capacity and instead can  decrease in the intensity of the CFSE signal. Titration of T-cell/
suppress T-cell activation and proliferation by producing sup- macrophage ratios revealed that knockdown of TFEB in macro-
pressive mediators.”> We tested whether TFEB knockdown phages enhanced their ability to suppress T-cell proliferation.



When TFEB-knockdown macrophages were over 5% of the
total cell number (20:1), proliferation of T cells was markedly
reduced compared with T cells co-cultured with control macro-
phages (Fig. 3A). Additionally, we found that TFEB-knock-
down macrophages expressed lower level of CD80 and MHC-II
compared with control macrophages (Fig. 3B).

M2-like TAMs promote cancer cell migration and pro-
liferation, facilitating tumor development and metasta-
sis.”**® Transwell migration assays were performed to
determine if TFEB knockdown in macrophages promotes

ONCOIMMUNOLOGY e1312042-5

tumor cell migration. As shown in Fig. 3C, migration of
EO771 cells toward TCM-treated TFEB-knockdown mac-
rophages was significantly enhanced compared with that
toward TCM-treated control macrophages, indicating that
interference with TFEB activity in alternatively activated
macrophages greatly increased their chemoattractant abil-
ity for tumor cells. Furthermore, conditioned medium of
macrophages with TFEB knockdown significantly increased
EO771 cell proliferation compared with that of control
macrophages (Fig. 3D).
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Figure 3. The effects of macrophage TFEB silencing on T-cell activation, proliferation, and tumor cell migration and proliferation. (A) Purified T-cells were labeled with
CFSE, activated in vitro by CD3/CD28 and co-cultured with M®s at the indicated T-cell:M® ratio for 60 h in the presence of EO771 TCM. Representative flow cytometry his-
tograms (left) and quantitation (right) of T-cell proliferation as measured by dilution of CFSE are shown. “p < 0.05 vs. corresponding LV-Con group. (B) M®s were trans-
duced with control or TFEB shRNA lentiviruses and treated with LPS for 24 h. Cell surface CD86, CD80, and MHC Il expression was measured by flow cytometry.
Representative histograms (upper) and quantification of MFI (lower) were shown. *p < 0.05 vs. LV-Con. (C) TFEB knockdown enhanced the migration of EO771 cells.
Transwell assays were performed as described in the Materials and methods section. (D) TFEB silencing in M®s enhanced proliferation of tumor cells. EO771 cells were cul-
tured in the presence of supernatant from LV-TFEB-sh2 or control virus transduced M®s as described in the Methods.
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Figure 4. TFEB knockdown in macrophages promotes tumor growth in vivo. EO771 cells (A) or LLC cells (B) were injected into mice along with M®s transduced with con-
trol or TFEB shRNA lentiviruses as described in the Materials and methods section. The tumor size was measured with a caliper at the indicated time points. Tumor volume
is shown as mm?. The growth curve, representative images, and quantification of the primary tumors at the end-point are shown. Each data point represents the mean =
SD of eight mice (EQ771) or five mice (LLC). *p < 0.05 vs. LV-Con; Student’s t-test. (C) Percentage of F4/80" M®s in primary tumors at the end-point as determined by
flow cytometry. *p < 0.05 vs. LV-Con; Student's t-test. Representative histograms are shown in Fig. STA. (D) Flow cytometry analysis of CD206 expression in tumor infiltrat-
ing M®s. (E) Percentage of CD8™ T cells in primary tumors at the end-point as determined by flow cytometry. Data are presented as the mean = SD, *p < 0.05 vs. LV-Con;
Student’s t-test. Representative histograms are shown in Fig. S1B. (F) Representative immunohistochemical staining images and quantification of CD31 in EO771 tumor

sections. “p < 0.05 vs. LV-Con; Student’s t-test.

TFEB knockdown in macrophages enhances tumor growth
in co-inoculation mouse models

To examine the effects of TFEB manipulation in TAMs on
tumor progression, macrophage-cancer cell co-inoculation
mouse models were used. TFEB knockdown macrophages
together with EO771 or LLC cancer cells were injected
into C57BL/6 mice as described in the Materials and meth-
ods section. As shown in Fig. 4A and B, TFEB-knockdown
macrophages significantly enhanced the growth of EQ771
and LLC tumors, compared with control macrophages.
TAM:s are a major constituent of the infiltrating inflamma-
tory cells in the TME. It has been reported that increased

TAMs are associated with tumor vascularization, metastases,
and poor prognosis. Interestingly, although it is unlikely that
the initially injected macrophages could survive until the end
point of the experiment, initial co-inoculation of TFEB-knock-
down macrophages significantly increased the infiltration of
total macrophages (F4/80") at the end point (Figs. 4C and
S1A); and these macrophage expressed M2 marker CD206 at a
higher level (Fig. 4D). We believe the injected macrophages
may have affected the outcome of the endogenous macro-
phages, thus leading to a long-lasting effect on the TME. In
addition, there were fewer CD8™ T cells in the tumors with ini-
tial TFEB-knockdown macrophage co-inoculation (Figs. 4E
and S1B). Furthermore, we conducted immunohistochemistry



to detect the expression of mouse endothelial cell marker
CD31, a specific marker of angiogenesis. Co-inoculation with
TFEB-knockdown macrophages increased CD317" cells in the
tumors, implying more angiogenesis occurred (Fig. 4F). These
results demonstrate that TFEB-knockdown macrophages
enhance the progression of tumors.

STAT3 is involved in TFEB-knockdown mediated
promotion of macrophage M2 polarization

We next sought to examine the molecular mechanisms by
which TFEB-knockdown increased macrophage M2 polari-
zation. It has recently been shown that suppressor of cyto-
kine signaling 3 (SOCS3) is induced by TFEB during
infection, and SOCS3 then inhibits the action of signal
transducer and activator of transcription 3 (STAT3).* We
found that IL-4 and TCM-treated TFEB-knockdown mac-
rophages exhibited a significantly decreased level of SOCS3
compared with control macrophages (Fig. 5A). As shown
in Fig 5B, TFEB knockdown in macrophages enhanced the
activation of STAT3 post IL-4 and TCM stimulation, and a
reverse relationship was observed with SOCS3, while

ONCOIMMUNOLOGY e1312042-7

phosphorylation of STAT6 did not show any difference.
The STAT3 signaling pathway plays critical roles in the
macrophage M2 polarization.* To directly investigate the
contribution of STAT3 activation to the enhanced M2
polarization of TFEB-knockdown macrophages, we used
the STAT3 inhibitor stattic, which inhibited phosphoryla-
tion of STAT3.”” We found that stattic significantly dimin-
ished STAT3 phosphorylation in IL-4 or TCM treated
macrophages (Fig. 5C). Importantly, as shown in Fig. 5D,
stattic treatment completely blocked TFEB-knockdown
enhanced M2 polarization in macrophages induced by IL-4
or TCM, but had much less profound effects on control
macrophages. These data suggested that TFEB-knockdown
mediated promotion of macrophage M2 polarization is
mainly due to increased activation of the STAT3 signaling
pathway.

Activation of TFEB by HPSCD attenuates macrophage M2
polarization and their tumor-promoting properties

To explore the translatability of the above findings, we tested if
pharmacological activation of TFEB can alter macrophage
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Figure 5. SOCS3-STAT3 pathway plays a key role in TFEB silencing-enhanced macrophage M2 polarization. (A) M®s were transduced with control or TFEB shRNA lentivi-
ruses and treated with IL-4 (15 ng/mL) or EO771 TCM for 24 h. The expression of SOCS3 was analyzed by qPCR. “p < 0.05 vs. corresponding LV-Con group. (B) Cellular pro-
teins were analyzed by Western blot analysis after the cells were treated as in (A). (C) Cellular proteins were analyzed by Western blot analysis after Mds were treated as
in (A), with or without pretreatment with stattic (5 «M) for 2 h. (D) Mds were treated as in (C). The expression of Arg1 and YM-1 mRNA was analyzed by gPCR. *p <

0.05 vs. corresponding control.
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phenotype and function in the context of tumors. A chemical
named 2-hydroxypropyl-8-cyclodextrin (HPBCD) was recently
reported to function as a direct chemical activator of TFEB.>**!
We found that HPBCD treatment significantly increased
nuclear translocation of TFEB in pM®s (Fig. 6A), indicating
TFEB was activated and adopted a dephosphorylated form.
HPBCD treatment under these conditions was also confirmed
not to induce apoptosis of macrophages (data not shown).

To evaluate the impact of HPBCD-induced TFEB activation
on macrophage polarization, we treated pM®s with HPBCD
alone, or with IL4 or EO771 TCM. We found HPSCD dose-
dependently reduced Arg-1 and YM-1 expression in IL-4 or
TCM treated pM®s after 24 h treatment, indicating an attenua-
tion of M2 polarization by HPBCD (Fig. 6B). The impact of
HPBCD on TCM-induced macrophage M2 polarization main-
tained after 48 h (Fig. S3A). Consistently, LPS-stimulated mac-
rophages displayed enhanced expression of M1 markers iNOS
and IL-12 with HPBCD treatment (Fig. S3B).

A HPBCD ) 4

(mM) 10 O

We then tested the effects of TFEB activation in macro-
phages on tumor growth. TCM-treated macrophages with or
without HPBCD treatment were mixed with 4T1 cells and were
co-inoculated in BALB/c mice. Tumor growth was monitored
for 24 d. The results showed that co-inoculation of HPBCD-
treated macrophages significantly halted tumor growth in mice,
compared with co-inoculation of control macrophages (Fig. 6C
and D). Taken together, our data suggested that activation of
TFEB in macrophages by HPBCD attenuates the M2-like phe-
notype and pro-tumor function of TAMs.

We further explored the possibility to use HPBCD as a ther-
apy for breast cancer. Ten-week-old female Balb/c mice were
inoculated 2 x 10° 4T1 cells in the fourth mammary fat pad.
After 3 d, mice began daily intraperitoneal injections with
0.67 g/kg HPBCD in PBS, or same volume of PBS as control.
These injections continued for 4 weeks during which tumor
size were measured daily. Fig. 6E shows that HPSCD injection
significantly halted tumor growth in mice.

1 10

- G - - — oo

- e s TEP

—_— s = B-actin
Cytosol Nuclei
YM-1
B & S 800 I DMEM
o ‘n 700 * B 1 mM HPBCD
® » 600
2 o 5001 H B3 10 mM HPRCD
3 s
x X
o o I
o P :
2 2
b e
< 5
[} : = ]
= DMEM  IL-4 TCM x
C &~
= 10
E 68001 o+ con D B iy
= = HPBCD . - £ 0 .
2 400 i T AR T = 0.6
5 .. Control ¢
S * 5 04
> *
E 8 8@ Heeco £ o
g = oo
3 0 r . . . ’ . I T
- *g U T S §o Q;(’O
F P P P P & &

E 2000

-= vehicle

15001

10004

Tumor Volume [mm®]
o
(=]
2

0

- 0.67 glkg HPBCD

S NN R e ol

Days Since Tumor Injection

Figure 6. Activation of TFEB suppresses tumor growth in mice. (A) Western blot analysis of cytosolic and nuclear fractions obtained from M®s treated with HPSCD for
24 h. (B) Expression of Arg1 and YM-1 in M®s treated with IL-4 (15 ng/mL) or EO771 TCM with or without HPBCD for 24 h. (C) 4T1 cells and HP SCD-treated macrophages
were co-injected into BALB/c mice. The tumor size was measured with a caliper at the indicated time points. Tumor volume is shown as mm?>. Primary tumor growth curve
is shown. Each data point represents the mean =+ SD of 10 mice. *p < 0.05 vs. Con. (D) Representative images of primary tumors in mice at the end-point are shown (left);
and tumor weight was measured and analyzed (right). (E) Effects of intraperitoneal administration of HPBCD on the tumor growth in Balb/c mice inoculated with 4T1
breast cancer cells (n = 10). Data are presented as the mean = SD, “p < 0.05 vs. control; Student’s t-test.



Overexpression of TFEB in macrophages suppresses breast
tumor growth

To further examine the impact of macrophage TFEB on breast
tumor growth, we generated chimeric mice to introduce TFEB
overexpression specifically in macrophages. Mice with macro-
phage specific overexpression of TFEB (M®-TFEBtg) were
generated and characterized as described previously in Dr.
Babak Razani’s laboratory at Washington University, St. Louis.
> We transplanted bone marrow cells from female M®-
TFEBtg mice (TFEBtg bone marrow) or control LysM-Cre
mice (WT bone marrow) to lethally irradiated female WT
C57Bl/6 mice. Four weeks after the bone marrow transplanta-
tion, the recipients were inoculated with EO771 cells, and the
tumor growth was monitored for 34 d. The mice were then
killed and leukocytes in the tumors were analyzed by flow
cytometry. As shown in Fig. 7A, the tumor growth was signifi-
cantly suppressed in the mice received bone marrow cells with
macrophage specific TFEB overexpression. At the end point,
the tumors were significantly smaller in these mice (Fig. 7B).
Flow cytometry analysis showed that although the total leuko-
cytes (CD45" cells) in the tumors, the percentage of macro-
phages (F4/80" cells) in tumor-infiltrating leukocytes, and the
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percentage of M2 macrophages (CD206" cells) in tumor-infil-
trating macrophages were not different in the tumors of the
two groups of mice (Fig. 7C), CD206 intensity in tumor-infil-
trating macrophages in the mice with macrophage TFEB over-
expression was significantly lower (Fig. 7D). Moreover,
CD3"CD8" T cells were significantly increased in the tumors
of the mice with macrophage TFEB overexpression (Fig. 7E).

Discussion

TFEB has been recognized as an important regulator of auto-
phagy and lysosomal biogenesis and function, implying that it
may play a role in many autophagy defect-related conditions
and lysosomal and protein aggregation disorders.>''"" Tt has
recently become appreciated that TFEB is linked to innate and
adaptive immunity. For instance, TFEB is activated and
required for a proper host response in macrophages infected by
Staphylococcus aureus'® and is involved in IFN-independent
activation of antiviral genes.”> It has also been reported that
TFEB is critical for T-cell function and humoral immunity
through its direct control of CD40L expression.”> Therefore,
TFEB has been proposed as a key regulator of the immune
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Figure 7. Macrophage specific TFEB overexpression suppressed breast tumor growth. Female C57BL/6 mice were transplanted with bone marrow cells from either control
LysM-Cre mice (WT bone marrow) or macrophage specific TFEB transgenic mice (TFEBtg bone marrow) and inoculated with EO771 cells in mammary fat pads. Tumor
growth curve (A) and representative tumor images and tumor weight quantification at the end point (B) are shown. Tumor tissue leukocytes were analyzed by flow
cytometry. Percentage of CD45™ leukocytes in tumor cells, percentage of F4/80" macrophages in total leukocytes, and percentage of CD206™ M2 macrophages in total
macrophages (C). Mean fluorescent intensity (MFI) of CD206 in all F4/80™ cells (D), and the number of CD37CD8™" T cells in tumor tissue (E) are shown. “p < 0.05; “*p <

0.01; Student’s t-test; n = 4-5.
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system. However, the roles of TFEB in cancer immunity have
not been studied. Here, for the first time, we demonstrated that
the decreased TFEB expression in TAMs may be an intrinsic
feature of the TME, and reduction of TFEB expression and acti-
vation confers TAMs an M2-like phenotype and renders them
more tumor-promoting. We provide evidence that the macro-
phage polarization modulating effects of TFEB are controlled
through a TFEB-SOCS3-STATS3 signaling pathway. We further
showed that knockdown of TFEB in macrophages promoted
tumor growth, and chemical activation of TFEB in macro-
phages or macrophage specific TFEB overexpression inhibited
tumor growth in mice. This study suggests that macrophage
TFEB may be a potential target for cancer therapy.

TAMs have been shown to promote tumor growth, angio-
genesis, invasion, and metastasis in many cancer types. TAMs
are generally thought to more closely resemble the M2-polar-
ized phenotype.® The TME includes several soluble factors,
such as IL-4, M-CSF, TGF-8, and IL-10, all of which lead to
polarization of macrophages toward an M2 phenotype.”** Our
data suggested that the factors in the TME, particularly TGF-8,
decreased TFEB expression in macrophages. TGF-8 has been
reported to be a multifunctional cytokine in cell proliferation,
differentiation, and apoptosis.*> It has been found that there is
a marked increase in the expression of TGF-8 mRNA and pro-
tein in cancers. In many of these cancers, high expression of
TGF-B correlates with more advanced stages of malignancy
and decreased survival.””> Our study provides a novel mecha-
nism by which TGF-g executes its tumor-promoting function.
We also noticed that M-CSF and IL-6 also slightly reduced
TFEB expression although without statistical significance; we
believe it is possible that some other tumor-derived factors in
addition to TGF-g in the TME may also impact TFEB activa-
tion in TAMs to various extents. This warrants further
investigation.

It has been reported that TFEB activity is modulated by phos-
phorylation and the positive feedback of TFEB on its own expres-
sion.” Upstream negative regulation by the kinases mTORC1 and
ERK2 maintains TFEB in an inactive state.®***> TGF-8 utilizes a
multitude of intracellular signaling pathways including various
branches of the MAP kinase pathways and phosphatidylinositol-3-
kinase/AKT/mTOR pathways.”>** Therefore, we hypothesized
that TGF-B might use one of these signaling axes to regulate TFEB
expression and activity. In support of this hypothesis, we observed
that a MEK inhibitor, PD980059, significantly reversed TGF-
B-induced downregulation of TFEB, indicating that TGF-g inhibits
TFEB transcription by activating ERK signaling.

It has recently been shown that suppressor of cytokine
signaling 3 (SOCS3) might be induced by TFEB during
infection.'” In accordance with this, our data demonstrated
TFEB knockdown indeed decreased SOCS3 expression in
IL-4 or TCM-treated macrophages. STATs are well-known
transcription factors with important roles in macrophage
polarization.*?” STAT-mediated activation of macrophages
is regulated by members of the SOCS family including
SOCS3.’® STAT3 and STAT6 activation results in M2 mac-
rophage polarization and associated immune suppression
and tumor progression.”” Our results showed IL-4 and
TCM induced a dramatic elevation of STAT3 phosphoryla-
tion in TFEB knockdown macrophages, while TFEB

knockdown did not have an effect on STAT6 phosphoryla-
tion. Furthermore, the inhibition of STAT3 activation could
sufficiently block TFEB knockdown-enhanced M2 macro-
phage polarization. Collectively, our data suggested that
TFEB regulates macrophage M2 polarization through the
SOCS3-STATS3 signaling axis.

While TFEB is well known as a master regulator of auto-
phagy and lysosomal biogenesis,”® interestingly, not much
is known regarding the role of autophagy and lysosome
function in macrophage polarization, reports have sug-
gested that autophagy actually promotes macrophage M2
polarization,” and lysosomal lipolysis is essential for alter-
native activation of macrophages;40 however, our results
showed that TFEB knockdown promoted macrophage M2
polarization, suggesting that the M2 polarization regulating
effects of TFEB in the TME may be independent of its roles
in autophagy and lysosome biogenesis. This warrants fur-
ther investigation.

We evaluated the effects of macrophage TFEB knock-
down and activation on tumor growth using orthotopic
tumor models. Our data show that knockdown of TFEB in
macrophages significantly promoted tumor cell prolifera-
tion, migration, and T-cell immunosuppression in vitro,
and accelerated tumor growth in vivo by increasing M2
macrophages, reducing CD8" T cells, and enhancing
angiogenesis in tumors. Conversely, chemical activation of
TFEB in macrophages or macrophage-specific TFEB over-
expression suppressed their M2 polarization and signifi-
cantly attenuated tumor growth in mice.

On the basis of our data, we propose a model to describe the
regulation and function of TFEB in TAMs as follows. Tumor
cells produce and secrete TGF- B, which acts on the TAMs in
the TME and increases the phosphorylation of Erk. Phosphory-
lated Erk increases phosphorylation of TFEB and thus reduces
TFEB nuclear translocation. Reduced nuclear translocation of
TFEB downregulates its own expression as well as the expres-
sion of SOCS3. Reduced SOCS3 leads to de-repression of
STAT3 phosphorylation and thus its activation. Activation of
STATS3 promotes M2-like polarization of TAMs. In these M2-
like TAMs, the expression of Arg 1 and YM-1 is increased while
the expression of CD80 and MHC-II is decreased. These TAMs
acquire tumor-promoting functions, including promoting
angiogenesis, tumor cell proliferation and migration, and inhib-
iting T-cell activation (Fig. 8). In conclusion, this study suggests
that modulation of macrophage TFEB expression and activa-
tion may be of therapeutic value for cancers.

Materials and methods
Animals

BALB/c and C57BL/6 mice (all female, 6-8 weeks old)
were purchased from Jackson Laboratories (Bar Harbor,
Maine) and housed in the University of South Carolina
Animal Research Facility. Animal care procedures and
experimental methods were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Univer-
sity of South Carolina according to National Institutes of
Health guidelines.
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Figure 8. A model depicting the regulation and the role of TFEB in macrophage
polarization in tumors.

Cell culture

Lewis lung carcinoma (LLC) and 4T1 mouse mammary tumor
cell lines were obtained from the American Type Culture Col-
lection (ATCC). EO771 cells, developed from an ER+ sponta-
neous mammary adenocarcinoma,*** were maintained in
culture as described previously.*> LLC cells were used within 6
mo after being obtained from ATCC. EO771 and 4T1 cell lines
were authenticated in 2016 by IDEXX Laboratories (IDEXX
BioResearch Case #7479-2016). The samples were confirmed to
be of mouse origin and no mammalian interspecies contamina-
tion was detected. A genetic profile was generated for each sam-
ple using a panel of microsatellite markers for genotyping. The
4T1 cells were confirmed to match identically to the genetic
profile established for this cell line. The genetic profile for the
EO771 cell line is more consistent with having been derived
from a mouse with a mixed/stock genetic background. A very
similar profile has been seen in other sources of EO771 cell
lines.** The cells were cultured in high glucose Dulbecco’s mod-
ified Eagle medium (DMEM; Invitrogen Life Technologies)
with 10% FBS (Invitrogen) and penicillin/streptomycin at
37 °C in a humidified 5% CO, atmosphere.

Tumor cell injection

For tumor growth experiment, 2 x 10° LLC cells (in 200 uL
PBS) were subcutaneously injected into the back of each mouse.
4T1 cells (2 x 10°) or EO771 cells (2 x 10°) in 20 L PBS were
injected into both sides of the 4th pair of mammary fat pads of
BALB/c or C57BL/6 mice, respectively. Tumor cells were mixed
with mouse peritoneal macrophages (M®s) (3:1) transduced
with control lentivirus (LV-Con) or TFEB shRNA lentivirus
(LV-TFEB-sh2) and pretreated with corresponding TCM for
24 h. After tumor cell inoculation, the tumors were measured
using calipers every 3 d. The tumor volume was determined by
the formula: (length x width?)/2.

Tumor conditioned medium

To obtain TCM, LLC or EO771 cells were seeded at 5 x 10°
cells per 75-cm” dish and cultured to 90% confluence. The
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media were then replaced with serum-free DMEM. After 24 h,

the supernatant was collected and filtered through a 0.45-pum
filter.

Cell isolation

Splenocytes were isolated by mechanical disruption. Tumors
were weighed, cut into small fragments (< 3 mm) and digested
in 5 mL of dissociation solution (RPMI 1640 medium supple-
mented with 10% FBS, Collagenase type I (200 U/mL) and
DNase I (100 pug/mL)) for 60 min at 37 °C. Erythrocytes were
lysed with red blood cell lysing buffer (Sigma, St. Louis, MO).
Cell suspensions were passed through 70-pum cell strainers,
then washed and resuspended in staining buffer. TAMs (F4/
80") were isolated from tumor suspensions by positive selec-
tion using the magnetic beads.

In vitro macrophage treatment

BALB/c or C57BL/6 mice were injected with 3 mL of 3% thio-
glycollate in sterile PBS intraperitoneally. Three days later,
mice were killed and peritoneal macrophages (pM®Ps) were
harvested by lavaging the peritoneal cavity with 2 x 10 mL
PBS. Macrophages were resuspended with DMEM containing
10% FBS and seeded in 6-well or 12-well plates. The non-
adherent cells were removed by washing with PBS 2 h later,
and the adhered macrophages were further cultured in serum-
free DMEM overnight. Macrophages were then treated with
serum-free DMEM, TCM or IL-4 (15 ng/mL, AASN BioAb-
Chem Inc., Ladson, SC) for the indicated period of time.

Transwell migration assay

Cell migration assays were performed in 24-well plates with 8-
um polyethylene terephthalate membrane filters (Corning,
USA) separating the lower and upper culture chambers. M®s
transduced with LV-TFEB-sh2 lentiviruses (LV-Con as con-
trol) were cultured in the lower chambers. TCM was added to
the lower chambers. EO771 cells (1 x 10* cells) suspended in
100 uL serum-free DMEM were added to the upper chamber.
After 2 h, tumor cells that migrated across the insert were
stained with DAPI and counted under an inverted wide field
fluorescence microscope at 400x magnification (20 fields per
well, triplicate for each experimental group).

T-cell-macrophage co-culture proliferation assay

Resident peritoneal M®s were isolated from mice as described
above. Splenocytes were isolated from another C57BL/6 mouse.
The spleen was removed and gently squeezed between frosted
glass slides, and red blood cells were lysed with a hypotonic
solution. T cells were purified using the CD4™" T Cell Isolation
kit from STEMCELL Technologies by negative selection. The
resulting purified T-cell suspension, lacking platelets and RBCs,
was labeled with carboxyfluorescein diacetate succinimidyl
ester (CFSE, BioLegend). CFSE-labeled T cells (1 x 10°) were
plated in 24-well CD3™ antibody-coated (5 ug/mL) plates with
CD28 soluble antibody (1 pg/mL) added to the medium to
induce T-cell proliferation either with or without M®s at an
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indicated ratio. M®s were added 3 h after T-cell activation.
Cells were then incubated for 60 h and then analyzed by flow
cytometry.

Flow cytometry

Cells were stained with anti-CD80 PE mAb, anti-CD86 APC
mAb, anti-CD3 PE mAb, anti-MHC-II PE mAb, anti-F4/80
FITC mADb, or anti-CD206 PE mAb (all from eBioscience, San
Diego, CA) in staining buffer (PBS containing 2% FBS) for
30 min on ice in the dark. Samples were washed twice with
staining buffer, and then analyzed by flow cytometry using a
FACSAria flow cytometer.

Immunohistochemistry

Primary tumor tissues were fixed in 4% paraformaldehyde at
4 °C for 12 h, dehydrated in 30% sucrose overnight, and
embedded in OCT. Serial sections (8 um thick) were cut
throughout the entire tumor tissue. For CD31 staining, the
tumor tissue sections were fixed in 4% paraformaldehyde,
rinsed with PBS, and incubated with 0.3% H,O, in methanol
for 10 min. After washing with PBS, anti-mouse CD31 anti-
body (1:200; Abcam) was applied. Immunocomplexes were
detected with biotin-conjugated secondary antibodies and AEC
chromogen/HRP substrate kit (GeneTex). The sections were
counterstained with hematoxylin and mounted with a perma-
nent mounting medium. Microvessel density was assessed with
CD31 staining and counted on 200x magnification fields.
CD31-positive endothelial cells or cell clusters clearly separate
from adjacent structures were considered single vessels.

Quantitative real-time PCR (qPCR)

Total RNA was extracted using the TRIzol reagent (Invitrogen).
RNA (1 pg) was reverse-transcribed using iScript cDNA Syn-
thesis Kit (Bio-Rad, Life Science). gPCR was conducted on a
CFX96 system (Bio-Rad) using iQ SYBR Green Supermix (Bio-
Rad). All primers used for qPCR analysis were synthesized by
Integrated DNA Technologies. All assays were conducted fol-
lowing the manufacturer’s instructions. The relative amount of
target mRNA was determined using the comparative threshold
(Ct) method by normalizing target mRNA Ct values to those of
18S RNA. PCR thermal cycling conditions were 3 min at 95°C,
and 40 cycles of 15 s at 95°C and 58 s at 60°C. Samples were
run in triplicate. The primer sequences are listed in Table S1.

Western blot analysis

Cells were lysed in RIPA buffer (Pierce) supplemented with
protease inhibitor cocktail and phosphatase inhibitor cocktail
(Sigma). Total cellular extract (20 ng) was separated in 10%
SDS-PAGE precast gels (Bio-Rad) and transferred onto nitro-
cellulose membranes (Millipore Corp.). Membranes were first
probed with TFEB (1:2,000; Bethyl Laboratories, Inc.), TBP
(1:1,000; Abcam), ERK1/2, phosphor-ERK1/2, STATS, phos-
phor-STAT6 (1:1000, Cell Signaling), STAT3, phosphor-
STAT3 (1:1,000 Santa cruz), SOCS3 (1:500 Proteintech), or
B-actin (1:1,000; Sigma) antibodies, followed by goat anti-

rabbit secondary antibody conjugated with horseradish peroxi-
dase (HRP; Millipore). Protein detection was conducted using
Pierce ECL Western Blotting Substrate (Pierce). Image-Pro
Plus 6.0 analysis software was used to quantify signal
intensities.

Lentiviral vector generation and lentiviral transduction

General procedures for lentivirus preparation and macrophage
transduction were described previously.*>*’

Bone marrow transplantation

Bone marrow cells from macrophage-specific TFEB overex-
pression mice'” were obtained from Washington University at
St. Louis. Bone marrow transplantation was performed as
described previously.***

Statistical analysis

Data were presented as mean =+ SD or SEM as indicated. Statis-
tical significance was calculated using the Student’s t-test (two
group comparison) or one-way ANOVA followed by post-hoc
Dunnett’s test (multi-group comparison) using the GraphPad
Prism statistical program (GraphPad Prism; GraphPad Soft-
ware, Inc.). p < 0.05 was considered significant.
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