Acta Pharmaceutica Sinica B 2020;10(12):2299—2312

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

Berberine diminishes cancer cell PD-L1 =
expression and facilitates antitumor immunity
via inhibiting the deubiquitination activity of

CSNS

Yang Liu™', Xiaojia Liu™', Na Zhang™', Mingxiao Yin®,
Jingwen Dong”, Qingxuan Zeng”, Genxiang Mao°‘, Danqing Song”,
Lu Liu®*, Hongbin Deng™""*

Unstitute of Medicinal Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College,
Beijing 100050, China

SState Key Laboratory of Bioactive Substance and Function of Natural Medicines, Institute of Materia Medica,
Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China

“Zhejiang Provincial Key Lab of Geriatrics, Department of Geriatrics, Zhejiang Hospital, Hangzhou 310013, China
4Qingdao Women and Children’s Hospital, Qingdao University, Qingdao 266034, China

Received 26 March 2020; received in revised form 11 June 2020; accepted 23 June 2020

KEY WORDS Abstract Programmed cell death-1 (PD-1)/programmed cell death ligand-1 (PD-L1) blocking ther-
apy has become a major pillar of cancer immunotherapy. Compared with antibodies targeting,

frlr?r-rﬁllr)e checkpoint small-molecule checkpoint inhibitors which have favorable pharmacokinetics are urgently needed.
blockade: g Here we identified berberine (BBR), a proven anti-inflammation drug, as a negative regulator of PD-

COP9 signalosome 5; L1 from a set of traditional Chinese medicine (TCM) chemical monomers. BBR enhanced the sensi-
Berberine; tivity of tumour cells to co-cultured T-cells by decreasing the level of PD-L1 in cancer cells. In addi-
tion, BBR exerted its antitumor effect in Lewis tumor xenograft mice through enhancing tumor-
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PD-1/PD-L1 axis;
T-cell immunity

infiltrating T-cell immunity and attenuating the activation of immunosuppressive myeloid-derived sup-
pressor cells (MDSCs) and regulatory T-cells (Tregs). BBR triggered PD-L1 degradation through ubi-

quitin (Ub)/proteasome-dependent pathway. Remarkably, BBR selectively bound to the glutamic acid
76 of constitutive photomorphogenic-9 signalosome 5 (CSN5) and inhibited PD-1/PD-L1 axis through
its deubiquitination activity, resulting in ubiquitination and degradation of PD-L1. Our data reveals a
previously unrecognized antitumor mechanism of BBR, suggesting BBR is small-molecule immune
checkpoint inhibitor for cancer treatment.

© 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Immune escape is one of the major features of a variety of cancers,
including non-small cell lung cancer (NSCLC)'*. Cancer cells
often bypass immune surveillance through suppressing interferon-
gamma (IFN-v) production, CD8" T-cell proliferation, or onco-
Iytic activity’. Recently, immune checkpoint blockade (ICB)
therapy has dramatically reshaped the scenery of NSCLC treat-
ment’. Agents that targeting immune checkpoints, particularly
blockade of programmed cell death-1 (PD-1)/programmed cell
death ligand-1 (PD-L1) axis, are recognized as the most efficient
immunotherapies against NSCLC”. Despite these successes, re-
sponses to ICB usually remain restricted to a subpopulation of
patients, and approximately 30% relapse’. Thus, identifying the
optimal therapeutic approach that increases the efficacy of ICB is
an attractive project deserving investigation.

PD-L1 is frequently high expressed in multiple cancers,
including melanoma, lung, ovarian, pancreas, and colon cancer’"*.
As a T-cell immune checkpoint molecule, PD-L1 can inactivate
tumor-infiltrating lymphocytes (TILs) that express cell surface
PD-1 (also known as CD279)”'’. The interaction between PD-L1
and PD-1 results in differentiation of naive CD4" T-cells into
regulatory T-lymphocytes (Tregs) thus inhibits the immune acti-
vation and effector response'’. Disrupting the PD-1/PD-L1 axis
and reactivating TILs is recognized as the promising target for
cancer immunotherapy'*. Considering the critical roles of PD-L1
in immunosuppression, understanding the regulatory mechanism
of PD-L1 may develop combinatorial strategies for cancer
treatment.

CSNS5 (constitutive photomorphogenic-9 signalosome 5) is a
evolutionarily conserved multifunctional protein involved in regu-
lating DNA repair, modulating signal transduction, and controlling
cell proliferation'”. CSN5 acts as an oncogenic protein contributing
to cell survival by functionally inactivating P27, P53, and cyclin E
in cells'*. The best understood function of CSN5 is regulation of
Ub-mediated protein degradation through its deneddylation and
deubiquitination activity, which is crucial for cancer progression'”.
For instance, CSN5 blocks the ubiquitination and degradation of
survivin and snail thus enhances cancer cell invasion and migra-
tion'®'”. Tumor necrosis factor-c (TNF-a)-induced CSNS5 expres-
sion leads to PD-L1 stabilization in cancer cells to escape from
immune surveillance'®. Moreover, it has been reported that CSN5
upregulated in multiple human cancers and globally associated with
poor prognosis'’. Therefore, CSN5 is a promising therapeutic target
for cancer treatment.

Berberine (BBR) is an isoquinoline quaternary alkaloid
derived from Coptis chinensis which has been used as a thera-
peutic agent in the treatment of cancer, bacterial infections,

diabetes, cardiovascular and inflammatory diseases® >*. BBR has
been shown to have minimal cytotoxicity effects on healthy cells
but has anti-proliferative effects on cancer cells (e.g., breast, liver,
and colorectal cancer cells)*****. Despite a number of studies have
exploited the antitumor mechanism of BBR and suggest that BBR
efficiently inhibits different cell signaling pathways, including
NF-kB, JAK-STAT and MAPK/ERK signaling®™, it is unclear
whether BBR may functions as an immune modulator and me-
diates its antitumor efficacy. In the present study, we provide
evidences that BBR suppressed the PD-L1 level in NSCLC cells
and Lewis tumor xenografts mice. BBR enhances anti-NSCLC
immunity through inhibiting the deubiquitination activity of
CSNS therefore triggers ubiquitination and degradation of PD-L1.

2. Materials and methods

2.1.  Cell culture

NSCLC cell lines A549, H157, H358, H460, H1299, H1975, Lewis
cells and Jurkat (E6-1) cells were purchased from Institute of Basic
Medicine, Chinese Academy of Medical Sciences (Beijing, China).
All cells were cultured in RPMI1640 medium (Gibco, Pittsburgh,
PA, USA) except A549 cells cultured in DMEM/F-12 medium.
The culture medium was supplemented with 10% fetal bovine
serum (Hyclone, Logan, UT, USA), 100 pg/mL streptomycin and
100 U/mL penicillin. Cells were incubated in a humidified atmo-
sphere with 5% CO, at 37 °C.

2.2.  Mice

Eight-week-old female C57BL/6 mice and BALB/c-nu/nu nude
mice were obtained from Beijing Vital River Laboratory Animal
Technology (Beijing, China). All animal experiments were con-
ducted in accordance with the Animal Ethics Committee of the
Institute of Medicinal Biotechnology, Chinese Academy of
Medical Sciences (Beijing, China).

2.3.  Antibodies, plasmids and reagents

Antibodies are listed in Supporting Information Table S1. Tradi-
tional Chinese medicine (TCM) chemical monomers were pur-
chased from Shanghai Standard Technology Co., Ltd. (Shanghai,
China). CHX, MG132, bafilomycin (Baf), chloroquine (CQ), and
Hoechst 33342 were purchased from Sigma (St. Louis, MO,
USA). Human PD-1 Fc recombinant protein was purchased from
R&D Systems (Minneapolis, MN, USA). The plasmids pcDNA3-
HA-Ub (18712) obtained from Addgene (Watertown, MA, USA),


http://creativecommons.org/licenses/by-nc-nd/4.0/

Berberine diminishes cancer cell PD-L1 expression and facilitates antitumor immunity 2301

pCMV3-PD-L1-Myc (HG10084-CM) and pCMV3-CSN5-Flag
(HG17128-CF) plasmids were purchased from Sino Biological
Inc. (Beijing, China).

2.4.  PD-L1/PD-1 blockade assay and T-cell-mediated tumor
cell-killing assay

The PD-L1/PD-1 blockade assay Kit (Promega, Madison, WI,
USA, J1250) was used to determine BBR-mediated functional
changes in PD-1/PD-L1 interactions. The PD-L1-expressing H460
or H1975 cells (1 x 10% were pre-treatment with BBR
(0—20 pmol/L) for 16 h. The following day, the drug-containing
media were removed, and 1 x 10* Jurkat cells stably transfected
with human PD-1 and nuclear factor of activated T-cells (NFAT)-
luciferase reporter were added to each of the treated wells. Co-
culture of these cells results in activation of NFAT-luciferase
while PD-L1 to PD-1 interaction reduces the NFAT-luciferase.
Six hours later, Bio-Glo reagent was added to each well, the
plate was read with a LB942 multimode microplate reader
(Berthold, Bad Wildbad, Germany) and the data were analyzed by
ICE software.

Human T-cell-mediated tumor cell-killing assay was conduct-
ed by the xCELLigence system (Agilent, San Diego, CA, USA) as
described previously®®. Briefly, 50 pL of culture medium was
placed in each well of the E-plate 16, followed by adding addi-
tional 50 pL medium containing of 1 x 10° H460 cells. Each
treatment includes three replicates. After treated with the indi-
cated conditions of BBR for 24 h, human T-cells (activated by
anti-CD3 plus anti-CD28 co-stimulation) were added at the ratio
of 1:5. Cell index values were measured by continuous impedance
recordings every 15 min. The results were real-time analyzed by
xCELLigence system (Agilent) with RTCA Software.

2.5.  Membrane PD-LI analysis and immunoblotting

After BBR treatment for the indicated time, cells were collected
and incubated with PD-L1 extracellular domain-specific antibody
(PE conjugate, Cell Signaling 71391) for 60 min at 4 °C. Cells
were washed in incubation buffer and resuspended in 500 pL in-
cubation buffer. The conjugate PE fluorescence was quantitatively
analyzed by Cytoflex flow cytometer with CytExpert software
(Beckman Coulter, Brea, CA, USA). Immunoblotting (IB) was
performed as described previously”®?’.

2.6.  Quantitative real-time PCR (qRT-PCR)

gRT-PCR was performed as previously described”. The primers
used are listed in the Supporting Information Table S2.

2.7.  Animal experiments

C57BL/6 mice inoculated subcutaneously with 5 x 10° Lewis
cells were intraperitoneally administered with 0, 2, 4, 8, 16 and
32 mg/kg of BBR when the average tumor volume reached
approximately 50 mm® (n = 5). During the 14-day treatment, 2
and 3 mice died in the 16 and 32 mg/kg group, respectively. No
mice were died in other groups. Therefore, 4 and 8 mg/kg of BBR
were used in our animal study as 2 mg/kg of BBR showed minor
antitumor effect. Mice were then split to three groups randomly
(n = 7) and intraperitoneally administered with 4 mg/kg BBR,
8 mg/kg BBR and PBS respectively when the average tumor
volume reached approximately 50 mm?. The tumor volume and

body weight of mice were measured every two days, and the
tumor volumes were calculated by Eq. (1):

Tumor volume (mm*) = 1 /2 x (Tumor length) x (Tumor width)®
(1)

At the end, the mice were sacrificed, the major organs (lung,
spleen, liver, and kidney) and blood samples were collected. The
biochemistry indicators in blood samples were examined by
automated biochemistry analyzer Synchron CX4 pro (Beckman
Coulter, Brea, CA, USA). The harvested organs were fixed in 4%
paraformaldehyde, stained with haematoxylin and eosin (H&E)
and captured by microscope (Axio Vert.Al, Zeiss, Oberkochen,
Germany). Immunohistochemistry was performed as described

. 26
previously~".

2.8.  Tumor-infiltrating lymphocyte isolation and T-cell profile
analysis

Tumors tissues in mice treated with PBS or BBR (4 or 8 mg/kg)
were collected and cut into small pieces, followed by enzyme
digestion with type 4 collagenase (1 mg/mL, Sigma) and DNase 1
(0.1 mg/mL, Sigma) for 1 h at 37 °C. Suspension cells were
blocked with anti-CD16/CD32 antibodies and stained with fixable
viability dye for 15 min at 4 °C. Next, cells were incubation with
surface marker antibodies CD45, CD3, CDS8, CD69, CD?25,
CD137,CD11b, and Gr-1 for 30 min at 4 °C. After that, cells were
fixed and permeabilized after the stimulation with Cell Stimula-
tion Cocktail (eBioscience, San Diego, CA, USA) at incubator for
6 h, and labeled with anti-mouse IFN-y or GzmB for 30 min at
4 °C. Cells were washed three times with cell staining buffer and
quantitatively analyzed by Cytoflex flow cytometer with CytEx-
pert software (Beckman Coulter).

2.9.  CSN5 deubiquitinating activity assay

CSNS5 deubiquitinating activity assay were conducted in a 96-well
plate in a 100 pL reaction buffer with Ub—7-amino-4-
methylcoumarin (AMC)-conjugated proteins (U-550; Boston
Biochem, Cambridge, MA, USA). Purified CSNS5 protein was
incubated in Ub—AMC assay buffer (50 mmol/L Tris-HCI, pH 7.5,
1 mmol/L EDTA, 1 mg/mL ovalbumin, 5 mol/L MgCl,, 1 mmol/L
DTT, 1 mmol/L ATP). Ub—AMC was added in assay buffer and
incubated for 30 min. AMC fluorescence was measured with an
excitation wavelength of 345 nm and an emission wavelength of
445 nm.

2.10.  Small interfering RNA knockdown and transfection

Small interfering RNA (siRNA) targeting CSN5 (5'-CCAGA-
CUAUUCCACUUAAU TT-3’) and control siRNA (5'-
UUCUCCGAACGUGUCACGUTT-3') were purchased from
GenePharma (Shanghai, China). For siRNA-mediated silencing,
cells were transfected with 100 nmol/L of target siRNA and a
control siRNA using Vigofect (Vigorous Biotechnology, Beijing,
China) according to the manufacturer’s recommendations. Forth-
eight hours post-transfection, the protein expression was analyzed
by immunoblotting.
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2.11.  Preparation of biotin-conjugated BBR (BBR—biotin)

To a stirred solution of 10-OH substituted protoberberine (1.0 g)
in anhydrous CH3CN, K,CO5; (3 eq.) was added and heated to
70 °C. Then TsO-[(CH;),0]»(CH,),-NHBoc (1.5 eq.) was added
and stirred for 24 h. The mixture was dissolved in CH;OH/HCI
and stirred for 5—6 h, filtered and washed with ethanol to afford
compound N8. Next, N8 (100 mg) was mixed with D-Biotin (1.1
eq.), EDCI (1.2 eq.) HOBT (1.2 eq.) and DIPEA (2.8 eq.) in 5 mL
of DMF at room temperature for 12 h. The resulting mixture was
evaporated and the residue was purified by flash chromatography
using CH,Cl,/CH30H to afford BBR—biotin as a yellow solid.
The structure of BBR—biotin was elucidated by NMR and MS.

2.12.  BBR—biotin pulldown assay and site-directed
mutagenesis

BBR—biotin (100 pmol/L) was incubated with streptavidin—agarose
beads in Hepes buffer (20 mmol/L Hepes, pH 7.4, 1 mmol/L dithio-
threitol, 100 mmol/L NaCl, 0.05% NP-40) at room temperature for
2 h. BBR—biotin immobilized on streptavidin—agarose beads
(10 pL) was then incubated with Flag—CSNS protein (1.5 pg of each)
with various concentrations of BBR, or with 293T-cell lysates
expressed Flag—CSNS5-wild type (WT), Flag—CSN5-E76A, M78A,
H138A,Y143A,D151R at25 °C for 2 h. The beads were then washed
with Hepes buffer and bound proteins were subjected to IB with Flag
antibody. Site-directed mutagenesis of CSNS5 was performed with the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA,
USA) using Flag—CSNS5 as a template. The primers are listed in
Supporting Information Table S2.

2.13.  Surface plasmon resonance (SPR) analysis

SPR analysis was performed on a Biacore S200 instrument with
CMS5 sensor chip (BR-1005-30; GE Healthcare China Company,
Beijing, China). Recombinant human CSNS5 (TP300979; Origene,
Rockville, MD, USA) was immobilized in parallel-flow channels
of CMS5 chip by using amine-coupling kit (BR-1000-50; GE
Healthcare). BBR was dissolved in PBS-P (28-9950-84; GE
Healthcare), series concentrations of BBR were injected into the
flow system at the flow rate of 20 pL/min. The association time
was 120 s and the dissociation time was 300 s. The binding ki-
netics was analyzed by Biaevaluation software 2.0.

2.14.  Molecular modelling

The molecular docking model of BBR with 3D structure of CSN5
(PDB code: 5JOG) was carried out by Discovery Studio 4.5 and
UCSF chimera 1.7. The regularized protein was used in deter-
mination of the important amino acids in the predicted binding
pocket. Interactive docking for all the conformers of BBR to the
selected active site was performed by LibDock after energy
minimization using prepares ligand protocol. A score was
assigned to the docked compound according to its binding mode
onto the binding site.

2.15.  Statistics

The data were presented as mean + standard deviation (SD) and
analyzed using GraphPad Prism 6 software (GraphPad Software,

La Jolla, CA, USA). The unpaired, two-tailed Student’s 7-test and
ANOVA with a Tukey’s post hoc test were used to analyze the
significance of differences between groups. P < 0.05 was
considered statistically significant.

3. Results
3.1.  BBR is a new negative regulator of PD-LI

Inspired by the bioactive substances of natural medicines in cancer
treatment, we start our chemical screen by testing the ability of a
panel of 55 TCM chemical monomers (Supporting Information
Table S3) to alter PD-L1 protein expression in H460 cells. The
compounds (10 pmol/L) were incubated with H460 cells for 24 h
and PD-L1 level was determined by IB. Unexpectedly, we found
that BBR (Fig. 1A) efficiently suppressed the constitutive PD-L1
expression in H460 cells (compound 8 in Fig. 1B). Although
homoharringtonine, triptolide, and Paris I also reduced the
constitutive PD-L1 expression (Supporting Information Fig. S1), a
massive cell death was caused after treatment with the three
compounds for 24 h (data not shown), therefore it was excluded
for the further study. In addition, BBR did not induce apparent
apoptosis and activation of cleaved caspase 9/3 as compared with
staurosporine-treated control (Supporting Information Fig. S2A
and S2B). At concentration up to 50 umol/L, BBR also failed to
affect cell viability of NSCLC cells as well as normal epithelial
cells BEAS-2B (Fig. S2C). Therefore, 0—20 pmol/LL. BBR was
used for the subsequent experiments in this study. Altogether, we
identified BBR as a negative PD-L1 regulator with little cytotoxic
effects on cancer cells.

3.2.  BBR effectively decreases PD-LI expression in cancer cells

We sought to further validate the ability of BBR-mediated PD-L1
downregulation in NSCLC cells. We found that BBR induced a
significant dose and time-responsive decrease of constitutive
PD-L1 expression in H460, H1975, H358 and HCCS827 cells
(Fig. 1C and D). The expression of other immune inhibitory li-
gands, such as CD47 and B7—H3, were not eliminated when cells
were treated with BBR (Fig. 1C and D and Supporting Informa-
tion Fig. S3A). This data suggests that BBR selectively reduced
the expression of PD-L1 in cancer cells. As PD-L1 in tumor cells
can be upregulated by pro-inflammatory cytokines IFN-vy*’, we
then examined whether BBR affected inductive PD-L1 expression
in IFN-y-stimulated NSCLC cells’>. BBR decreased IFN-y-
induced PD-L1 expression in both A549 and H1299 cells, while
IFN-v-induced IDO1 expression remained similar when cells
were treated with BBR (Fig. 1E). Next, we investigated whether
BBR regulates membranous PD-L1 expression. Indeed, flow
cytometry assay revealed that BBR dramatically attenuated the
cell surface PD-L1 in H157 (Fig. 1F) and H460 cells (Fig. S3B),
indicating BBR could also decrease the PD-L1 functional
expression on the cell membrane. Taken together, these results
suggest that BBR decreased PD-L1 expression in NSCLC cells.

3.3. BBR recovers sensitivity of cancer cells to T-cell killing
in vitro

Because PD-L1 expression on cancer cells binds its cognate
receptor PD-1 on infiltrating T-cells and eliminates their
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Figure 1

BBR decreases PD-L1 expression in NSCLC cells. (A) Chemical structure of BBR. (B) IB analysis of PD-L1 expression in

H460 cells treatment with the indicated natural compounds (10 pmol/L) for 24 h. (C) and (D) H460, H1975, H358 and HCC827 cells were treated
with 10 pmol/L BBR for the indicated times (C), or treated with different concentrations of BBR for 24 h (D), PD-L1 and CD47 expression levels
were detected by IB. (E) A549 or H1299 cells were pre-treated with 10 pmol/L BBR for 2 h, followed by IFN-vy (5 ng/mL) stimulation for 24 h,
PD-L1 and IDO1 expression levels were detected by IB. (F) H157 cells were treated with BBR (5 and 10 pmol/L) for 24 h, the plasma membrane
PD-L1 was detected by flow cytometry. Statistic of PD-L1 mean fluorescence intensity (MFI) is shown in right (» = 3). Data shown are mean
value of three independent experiments+-standard error of mean (SEM). **P < 0.01, ***P < 0.001 compared with DMSO group.

antitumor activity’’, we next tested whether BBR affected the
ability of cancer cells bind to PD-1. H460 cells were incubated
with recombinant PD-1 protein together with green fluorescence
(Alexa 488)-conjugated human Fc antibody, the interaction be-
tween PD-L1 and PD-1 was measured by immunofluorescence
microscope’®. Decreased green fluorescence in BBR-treated
H460 cells indicated that BBR attenuated the ability of cancer
cells bind to PD-1 by reducing the PD-L1 level (Fig. 2A). To
validate the functional changes in BBR-mediated PD-L1
downregulation in cancer cells, we co-cultured of PD-LI1-
expressing H460 or H1975 cells with PD-1-expressing NFAT-

luciferase transfected Jurkat cells. PD-1/PD-L1 binding results
in T-cell inactivation and the abrogation of luminescent signal,
whereas blockade of PD-1/PD-L1 binding reactivates NFAT and
results in luminescent signal’'. BBR induced markedly
transcriptional-mediated bioluminescent signal in a dose-
dependent manner in both H460 and H1975 cells, indicating
that BBR disrupted PD-L1’s checkpoint activity thus promotes
the activation of T-cells (Fig. 2B). To investigate the role of BBR
in T-cell-mediated cancer cell killing, the cytotoxicity of acti-
vated human T-cells toward co-cultured H460 cells was
measured by cell impedance assay’°. The reduced cell index in
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Figure 2 BBR recovers the cytotoxicity of T-cells. (A) PD-L1/PD-1 binding assay in H157 cells treated with BBR (5 and 10 pmol/L, 24 h).
The nuclei were stained with Hoechst. Scale bar, 200 pm. Bound PD-1 was calculated according to the intensity of green fluorescence (n = 3).
*#%kp < (0.001 compared with DMSO group. (B) PD-L1/PD-1 blockade assay performed with H460 and H1975 cells treated with 5, 10, and
20 pmol/L BBR for 16 h. Jurkat NFAT-luciferase reporter cells (10,000 cells/well) were added, and cells were co-cultured for 6 h. Data are
presented as fold induction over untreated control (n = 3). *P < 0.05, ***P < 0.001 compared with DMSO group. (C) Cell impedance assay
analyzing human T-cell (activated by anti-CD3 plus anti-CD28 co-stimulation)-meditated tumor cell killing in H460 cells treated with BBR (5 or
10 umol/L) for 24 h (n = 3). ***P < 0.001 compared with control, *P < 0.01, **P < 0.001 compared with T-cell only group. (D) Jurkat cells
were activated by 1 mg/mL phytohemagglutinin (PHA) plus 50 ng/mL phorbol 12-myristate 13-acetate (PMA) and co-cultured with H460 cells in
12-well plates for 2 days in the presence of BBR and the surviving tumor cells were visualized by crystal violet staining. Relative fold ratios of
surviving cell intensity are shown (n = 3). P < 0.01 compared with H460 DMSO group; **P < 0.01, ***P < 0.001 compared with
H460+Jurkat DMSO group. Data shown are mean value of three independent experiments=tstandard error of mean (SEM).

BBR-treated H460 cells confirmed that BBR enhanced the
cytotoxicity of human T-cells (Fig. 2C). The antitumor effect of
BBR was further evaluated by determining the surviving tumor
cells using crystal violet staining after co-culturing H460 cells
and activated Jurkat cells. Treatment with BBR significantly
reduced the surviving of H460 cells and induced caspase3/7
activity in H460 cells than those with control (Fig. 2D). All
together, these results suggest that BBR increases the

cytotoxicity of T-cells toward cancer cells by down-regulation of
PD-L1 expression in cancer cells.

3.4.  BBR suppresses xenograft tumor growth in vivo
The antitumor effect of BBR was examined by comparing the tumor

growth suppression of Lewis-tumor-bearing mice that were intra-
peritoneally administrated with vehicle or BBR (4 and 8 mg/kg)
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once a day for 18 days. BBR treatment displayed significant sup-
pression in the growth of Lewis tumor xenografts with an inhibition
rate of 46.8% and 75.8% at 4 and 8 mg/kg, respectively (Fig. 3A).
This result was further demonstrated by the comparison of the tumor
weights (Fig. 3B) and the ex vivo observation of the tumors
(Fig. 3C). We thus confirm that BBR has intrinsic antitumor activity.
Interestingly, in T-cell-deficient nude mice, the tumor-inhibiting
effect of BBR against Lewis tumor was lost (Fig. 3D), suggesting
that the antitumor effect of BBR is ascribed to its activating T-cell
immunity. Furthermore, immunohistochemistry (IHC) assay show
that the levels of PD-L1 and Ki67 (a marker of proliferation) were
decreased, while the level of cleaved caspase 3 was increased in
BBR-treated tumor xenografts mice (Fig. 3E), indicating BBR
triggers an obvious apoptosis in tumor mice.

During the treatment period, BBR did not induce significantly
changes in mice body weight (Fig. 3F). BBR has no systemic
toxicity on mice as demonstrated by the fact that BBR induced no
change on the organ indexes, the serum biochemical indices and

>
w

no significant changes on the major organs of mice (Supporting
Information Figs. S4A—S4C).

3.5.  BBR exerts its antitumor effect through activating tumor-
infiltrating T-cell

To demonstrate BBR-mediated antitumor T-cell immunity, we
performed TILs profile analysis. We found obvious elevations in
the number of CD8™" T-cell and the ratio of CD8™ to CD4™ T-cell
in BBR-treated mice (Fig. 4A and B), demonstrating that BBR
increases intratumoral T-cell infiltration. Additionally, the pop-
ulations of CD69" CD137% CD8" T-cells in tumor tissues from
BBR-treated mice were significantly increased compared to
those treated with PBS (Fig. 4C), indicating BBR induces more
effective T-cells activation in mice. IFN-vy plays a critical role in
T-cell-mediated antitumor immunity’>. BBR treatment boosted
the level of IFN-y producing by CD8" T-cells (Fig. 4D),
demonstrating BBR activates cytotoxic T-cell in TILs. Analysis
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Figure 3

BBR suppresses tumor xenograft growth in vivo. (A) C57BL/6 mice (n = 7) with subcutaneous Lewis tumor were i.p. treated with

PBS or BBR (4 and 8 mg/kg) and the tumor growth was monitored. (B) Comparison of the weight of the tumors from the mice treatment with PBS
or BBR. (C) Ex vivo observation of the tumors from the treated mice (A: PBS, B: BBR 4 mg/kg, C: BBR 8 mg/kg). (D) Nude mice (n = 6)
bearing Leiws tumor were received daily i.p. injection of PBS or BBR for 2 weeks. Tumor growth was measured. (E) Representative IHC staining
results for PD-L1, cleaved caspase 3 and Ki67. Scale bar, 200 um. Quantification of IHC staining is shown (n = 3). (F) The body weight curves of
the mice measured every two days. Data shown are mean value + standard error of mean (SEM). *P < 0.05, **P < 0.01 and ***P < 0.001

compared with PBS group.



2306 Yang Liu et al.

< 601 * 2,51 £ 80, * .
‘3\., LI 1] * * +
[o0)
é4o jf £ " G 601 4} g?‘
— *%k
+ < 1.5 ‘G ° .
3 _:E . s o % i 401 ﬁ__r—
320 2 10 : 2
o . [m] fa)
o O o5 T . o201 °
3 o
© ol — . : 0.0+— . . 8 ol— . :
PBS 4 8 PBS 4 8 o PBS 4 8
D BBR (mg/kg) BBR (mg/kg) BBR (mg/kg)
N —~
] & 40;
2 *
S 304
ok &
il E 2 20
= o A
;iw- e ﬂ.‘f
z
> L 0 T T T
PBS 4 8
E BBR (mg/kg)
N —
b X 807 sk
2 A
8 60
2] ; :
Ak R 40 =
Ol] 9 -
=
i 201 —&
FSC-A PBS 4 8
F BBR (mg/kg)
3 ;\340.
3 L’.' °
e
‘T o +E ok
s < 20 -
[O]
2 4 iy
o
O ol— , ,
PBS 4 8
G BBR (mg/kg)
N i .
E & 50
@ e N
‘ | 24
3 = .
£ 304 e
to % u
8 "
10 :
. > S 0l— . .
CcD25 o PBS 4 8
BBR (mg/kg)

Figure 4 BBR stimulates the activation of tumor-infiltrating T-cells. (A), (B) and (C) C57BL/6 mice (n = 5) with subcutaneous Lewis tumor
were i.p. treated with PBS or BBR (4 and 8 mg/kg). The populations of CD8" (A), CD8"/CD4" (B) in CD3" TILs, and CD69"CD137" in
CD3*CDS8™ TILs (C) were analyzed by flow cytometry. (D) and (E) Representative flow cytometric plots and quantification of IFN-y expression
(D) and GzmB level (E) in CD3"CD8" TILs from PBS or BBR-treated Lewis tumor was measured by flow cytometry. (F) and (G) Representative
flow cytometric plots and quantification of MDSCs (F) number and Tregs (G) number in PBS or BBR-treated Lewis tumor. Data shown are mean
value =+ standard error of mean (SEM). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with PBS group.
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the level of granzyme B, an indicator of cytotoxic T-cell acti-
vation, also supported the conclusion that the BBR increased the
cytotoxic T-cell activity (Fig. 4E).

In tumor microenvironment, myeloid-derived suppressor cells
(MDSCs) and Tregs contribute to tumor immune escape by
strongly inhibiting T-lymphocyte immunity****. Notably, acti-
vated MDSCs and Tregs express a large amount of PD-L1 that
interacts with PD-1 on T-cells and eventually leads to their
exhaustion®™*®. Flow cytometric analysis revealed that the pop-
ulations of activated MDSCs (CD11b"Gr-1") and Tregs
(CD4"CD25"Foxp3™) cells within the TILs were significantly
reduced in BBR-treated tumors as compared with those in the
control tumors (Fig. 4F and G). Furthermore, the levels of PD-L1
were reduced on BBR-treated tumor-infiltrating MDSCs and
Tregs as compared with that in the PBS treated group (Support
Information Fig. S5). Our results thus demonstrate BBR switches
the immune microenvironment from immunosuppressive to
immunoactivation. Overall, these data suggest that BBR can
effectively stimulate the activation of tumor-infiltrating T-cells
through down-regulation of PD-L1, resulting significant antitumor
efficacy in Lewis-tumor-bearing mice.

3.6.  Ub/proteasome pathway contributes to BBR-mediated PD-
L1 degradation

Next, we sought to investigate the mechanisms through which
BBR negatively regulates PD-L1 expression. Real-time PCR assay
revealed that BBR did not significantly change the mRNA level of
PD-L1I neither in H460, H1975, HCC827 and H157 cells, nor in
IFN-v-stimulated NSCLC cells (Fig. 5A and B), suggesting BBR
down-regulation of PD-L1 expression is not a transcriptional
event. This conclusion was further confirmed by half-life analysis
of PD-L1. NSCLC cells were exposed to the protein translation
inhibitor cycloheximide (CHX) with or without BBR. The CHX
pulse-chase analysis show that the turnover rate of PD-L1 in BBR-
treated cells was faster than that in untreated cells (Fig. 5C),
demonstrating BBR regulated PD-L1 expression at the post-
translational level.

It has been reported that PD-L1 exerts both the proteasome-
and lysosome-dependent degradation pathways®’ *°. To clarify
which pathway involved in BBR-mediated PD-L1 down-
regulation, H460 cells were co-treated BBR with proteasome in-
hibitor MG132 or lysosome inhibitor bafilomycin (Baf) or chlo-
roquine (CQ). Co-incubation of MG132 alleviated BBR-mediated
PD-L1 degradation (Fig. 5D and Fig. S5B), but Baf or CQ dis-
played no effect on the action of BBR (Fig. 5E). This finding
suggests that BBR ubiquitinates PD-L1 to induce protein degra-
dation. To further confirm this conclusion, we transfected Myc-
PD-L1 into H460 cells and monitored its degradation. BBR-
mediated Myc-PD-L1 degradation was completely restored by
MG132 instead of Baf (Fig. 5F). Furthermore, we analyzed PD-L1
ubiquitination in the presence of BBR and found that BBR trig-
gered PD-L1 ubiquitination (Fig. 5G). These findings consistently
demonstrate that Ub/proteasome pathway contributes to BBR-
mediated PD-L1 degradation.

3.7.  BBR destabilizes PD-LI by binding to and inhibition of
CSNS5 activity

Recent studies have demonstrated that PD-L1 is generally regu-
lated by the Ub/proteasome pathway via E3 ligase cullin3, (-
TrCP, C-terminus of HSP70 interacting protein (CHIP), and

deubiquitinase CSN5'%7%49 To clarify the possible contribution
of Ub/proteasome regulator to BBR-mediated PD-L.1 degradation,
we tested whether BBR interacts with cullin3, 8-TrCP, STUBI1 or
CSNS. To this end, we synthesized biotin-conjugated BBR probe
(BBR—biotin) for pull-down assay. The streptavidin agarose beads
precoupled with BBR—biotin were incubated with 293T-cell ly-
sates, the precipitated proteins were subjected to IB to monitor the
presence of 3-TrCP, STUB1 or CSNS. Interestingly, CSN5 was
specifically pulled down by BBR—biotin from 293T-cell lysates or
Flag—CSN5 overexpressed 293T-cell lysates (Fig. 6A). In addi-
tion, BBR has no obvious effect on the mRNA and protein ex-
pressions of CSN5 (Supporting Information Fig. S6A). These data
suggest that BBR targets CSNS5 or a complex that contains CSNS.

To examine whether BBR directly binds to CSNS5, we gener-
ated recombinant CSN5 protein by transfecting Flag—CSN5
plasmid into 293T-cells and purified it by anti-Flag beads. The
purified Flag—CSNS5 protein was incubated with DMSO or
increasing concentrations of BBR—biotin, and BBR—biotin
coupled with Flag—CSNS5 were determined by IB with streptavi-
din antibody. As shown in Fig. 6B, BBR—biotin was captured by
CSNS in a concentration-dependent manner. In addition, CSN5-
captured BBR—biotin could be competed away by excess unla-
belled BBR (Fig. 6C). The direct interaction between BBR and
CSNS was further confirmed by SPR assay using a biacore plat-
form. The determined equilibrium dissociation constant (Kp)
evaluating the BBR binding to the CSN5 protein is about
16.25 pmol/L (Fig. 6D). These results demonstrate that there is an
interaction between BBR and CSNS5.

Since CSN5 is a deubiquitination enzyme for PD-L1'%, we
next examined whether BBR inhibits the deubiquitination activity
of CSNS. In vitro deubiquitination assay revealed that BBR sup-
pressed  CSN5  hydrolyzing Ub from Ub—7-amido-4-
methylcoumarin (AMC), a fluorogenic substrate for Ub hydro-
lases (Fig. 6E). As CSN5 interacts directly with P27*' and P53*
and induces their proteasome-dependent degradation in cancer
cells, we further examined the effect of BBR on these two pro-
teins. Indeed, BBR treatment induced an increase of P27 and P53
(Fig. 6F). Moreover, BBR-mediated PD-L1 ubiquitination and
degradation was lost when CSNS was silenced by siRNA, while
overexpression of CSNS reversed the action of BBR (Fig. 6G and
H, and Supporting Information Figs. S6B and S6C). Taken
together, these results suggest that BBR destabilization of PD-L1
by directly binding to and inhibition of CSN5 activity.

3.8.  Glu76 of CSNS5 is critical for binding to BBR

To further confirm BBR directly binds to and inactivates CSN5, a
molecular docking model of BBR with crystal structure of CSN5
(PDB ID: 5JOG) was established. According to the computational
study, BBR could dock to the JAMM Zn*"-metalloprotease motif
(Fig. 7A) that provides the catalytic center to the CSN5*. The
score of binding affinity between BBR and CSNS5 is 83. BBR
forms favorable interactions with residues including Glu76,
Met78, His138, Tyrl43, and Aspl51 (Fig. 7B). Next, we indi-
vidually mutated these five residues of CSNS5 into alanine to
examine which residue is critical for binding of BBR. We found
that E76A mutant dramatically reduced the ability of CSNS5 to
interact with BBR (Fig. 7C), suggesting GIu76 is critical for CSN5
binding of BBR. Moreover, PD-L1 ubiquitination assay revealed
that BBR interrupted WT-CSNS, but not E76A-CSN5- mediated
PD-L1 ubiquitination (Fig. 7D). Collectively, these results suggest
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Figure 5  BBR induces ubiquitin-dependent PD-L1 degradation. (A) and (B) Quantitative RT-PCR analysis of the mRNA level of PD-L1 in H460,
H1975, HCC827 and H157 cells treated with BBR (10 umol/L, 12 h) (A) or in A549 cells treated with BBR (10 pmol/L) and 5 ng/mL IFN-vy for
12h (B). *P < 0.05 compared with DMSO group. (C) IB analysis of the PD-L1 expression in H460 cells treated with DMSO or BBR (10 umol/L) for
the indicated time points in the presence of CHX (25 pg/mL). Quantification of PD-L1 intensity is shown in right (n = 3). The abundance was
normalized to GAPDH; each group was normalized as a percentage of that at 0 h. *P < 0.05 compared with DMSO group. (D) and (E) IB measuring
the PD-L1 expression in H460 cells pre-treated with indicated concentration of MG132 (D), 200 nmol/L Baf or 100 pmol/L CQ (E), followed by
10 pmol/L BBR treatment for 24 h in the presence of CHX (25 pg/mL). (F) H1975 cells were transiently transfected with Myc-PD-L1 for 24 h,
followed by Baf or CQ pretreatment for 1 h and BBR treatment for 24 h, PD-L1 level was analyzed by Myc antibody. (G) HEK293T-cells were
transiently transfected with the indicated constructs. Ubiquitinated PD-L.1 was immunoprecipitated (IP) and subjected to IB analysis with the
ubiquitin antibody. Cells were treated with MG132 prior to ubiquitination analysis. Data shown are mean value of three independent exper-
iments=standard error of mean (SEM). *P < 0.05 compared with DMSO group.
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Figure 6 BBR directly binds to and inhibits CSN5 activity. (A) The 293T or 293T expressing Flag-CSN5 cell lysates were incubated with
BBR-biotin at 4 °C overnight, the lysates were used for streptavidin—agarose pull-down assays, and the precipitates were resolved by IB for
CSNS. (B) The recombinant Flag—CSNS5 proteins were incubated with BBR—biotin for 1 h at 37 °C, followed by IB with biotin (upper band) or
Flag (lower band). (C) The recombinant Flag—CSNS5 protein was incubated with BBR—Dbiotin in the absence or presence of indicated concen-
tration of unlabelled BBR for 1.5 h at 37 °C, and the mixtures were IB for biotin or flag. (D) SPR analysis of the binding between BBR and CSNS5.
Recombinant human CSNS protein was immobilized on an activated CMS5 sensor chip, BBR was then flowed across the chip. (E) CSNS5 activity in
an in vitro deubiquitination assay. The activity was measured by 7-amino-4-methylcoumarin (AMC) released from the fluorogenic substrate,
ubiquitin—AMC (n = 3). **P < 0.01 and ***P < 0.001 compared with DMSO group. (F) IB analysis of the P53 and P27 levels in H460 cells
treated with indicated concentration of BBR for 24 h. (G and H) H460 cells were transfected with siRNA control, siRNA targeting CSNS5 for
24 h (G), or transfected with 2 pg empty vector, 2 pg Flag—CSNS for 24 h (H), followed by BBR (10 pmol/L) treatment for 24 h, the PD-L1
expression level was determined by IB. Data shown are mean value of three independent experiments+standard error of mean (SEM).

that BBR inhibits CSN5 activity by directly binds to CSN5 at
Glu76.

PD-L1 was down-regulated by BBR in human NSCLC cells and
in Lewis xenograft mice. In addition, BBR enhanced the sensi-
tively of NSCLC cells to T-cells, increased the number effective
CD8™" T-cells and decreased number of MSDCs and Tregs cells
in Lewis xenograft mice, thus activating the immune microen-
vironment in tumor.

4. Discussion

Compared with antibody-based PD-1/PD-L1 inhibitors, small-
molecule inhibitors that disrupt PD-L1-mediated tumor tolerance
are highly desirable. BBR, an old anti-inflammation drug, has
been shown to inhibit the growth of various tumor cells in a
number of preclinical models**. Here, we show that BBR exerts
its antitumor activity through its immune-regulating function.

We provide evidence that BBR arouses T-cell immunity for
its antitumor effect. First, the antitumor effect of BBR disappears
in T-cell-deficient mice, and second, BBR induces more effective
T-cells activation and boosts the production of IFN-y and
granzyme B by tumor-infiltrating CD8" T-cells, demonstrating
that BBR could activate cytotoxic T-cell in tumor
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Figure 7

Glu76 of CSNS is critical for binding to BBR. (A) Molecular docking model carried out by Discovery Studio 4.5 revealed that BBR

binds to the JAMA domain of CSN5. (B) BBR forms an ionic bond with the backbone of Glu76 and interacts favorably with several residues
including Met78, His138, Tyr143, and Asp151. (C) 293T-cells were transfected with WT-CSNS5 and CSN5-mutant plasmids for 48 h, cell lysates
were incubated with BBR—biotin at 37 °C for 2 h, followed by pull-down with streptavidin—agarose; the precipitates were then immunoblotted by
flag antibody. (D) 293T-cells were co-transfected with Myc—PD-L1, HA—Ub and Flag—CSN5 WT or Flag—CSN5 E76A, followed by BBR
treatment for 8 h. The ubiquitination of PD-L1 were analyzed by IB. (E) Proposed model of BBR-mediated PD-L1 degradation. BBR specific
binds to and subsequently inactivates CSNS5, which led to degradation of PD-L1 and activation of tumor-infiltrating T-cells.

microenvironment. Reactivating T-cells in tumor microenviron-
ment is a promising therapeutic strategy to improve antitumor
immunity. Currently, many antibody-based ICB target PD-1/PD-
L1 axis to reactivate T-cell immunity. However, our present
study provides an alternative strategy of reactivating T-cells.
Being a small chemical compound, BBR possesses inherent
advantages in terms of higher tissue and tumor penetration and
better oral bioavailability, thus BBR is easily distributed in tumor
microenvironment to target T-cells. Moreover, BBR is a exten-
sively used drug with a confirmed safety record as it has been
shown to have minimal effects on healthy cells**. Therefore, our
findings identify BBR as a new tumor immunotherapeutic agent.

Consistent with previous reports>***, we found that BBR is
unable to directly kill NSCLC cells at concentrations lower than
20 pmol/L. Therefore, it is likely that BBR inhibits tumor growth
through modulating tumor microenvironment. Our in vivo animal
data also suggested that BBR exerts its immune-regulating func-
tion mainly at 4 mg/kg, because 8 mg/kg of BBR may inhibit the
mitochondrial energy metabolism and induce the decrease of the
mice body weight. MDSCs and Tregs are the immunoregulatory
cells that profoundly inhibits tumor-specific T-cell immune
response via PD-1/PD-L1 interaction® ®. Our results show that
BBR attenuates the activation of MDSCs and Tregs by reducing
their PD-L1 expression in the tumor microenvironment, which is
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in line with previous reports that blockade of PD-L1 expression in
MDSC and Tregs decreased their immunosuppressive pheno-
type®>*. Our study thus demonstrates that BBR eliminates the
suppressive effect on T-cells and promotes antitumor T-cell im-
munity through down-regulation of PD-L1.

An important finding in this study is that BBR triggers PD-L1
Ub/proteasome-dependent degradation via inhibition of CSNS5. It
has been established that PD-L1 is generally regulated by the Ub/
proteasome pathway*®, suggesting that targeting of PD-LI
polyubiquitination is an alternative strategy to enhancing im-
mune checkpoint therapy. CSN5 directly deubiquitinates and
stabilizes PD-L1 in cancer cells to escape from immune sur-
veillance'®. In the present study, we found BBR specific binds to
and inhibits the activity of CSNS5, leading to ubiquitination and
subsequent degradation of PD-L1. Disrupting the MPN domain
of CSN5 affected CSN5-mediated PD-L1 stabilization and deu-
biquitination*. Aberrant upregulation of CSN5 has been
observed in the progression of diverse types of human cancer and
closely correlated with poor prognosis' "*'. NSCLC patients with
high CSNS expression levels have poor 5-year overall survival
rate of 43.9%, compared with 63.1% for patients with low CSN5
expression' *’. In this regard, inhibition of CSN5 activity by
BBR reduces PD-L1-based immunosuppression and is likely to
have a significant effect on cancer treatment. Except CSNS5, we
also found other DUBs, such as USP28, could stabilize PD-L1
expression in cancer cells. However, BBR failed to interact
with them except CSNS5 (unpublished data). In addition, although
pull-down assay suggested that biotin-conjugated BBR did not
directly bind with cullin3, 8-TrCP, STUB1, we could not exclude
the possibility that BBR may strength the E3 ligase activity to
destabilize PD-L1. This issue needs further investigation.

Accumulating studies suggest that BBR suppresses the growth of
different tumor cells through multiple mechanisms*®. Our findings
show that BBR inhibited CSN5 activity and reduced PD-L1-based
immunosuppression. This suggests that functioning as an
immune-modulator is one of BBR’s antitumor mechanisms. Of
note, CSNS5 knockout mice may be needed to further validate the
in vivo antitumor effect of BBR. However, it is impossible for us to
compare the antitumor effect of BBR between WT and CSNS5
knockout mice since ablation of CSN5 results in embryonic death'*.
Further study may address this issue by using mice with myeloid-
specific deleting CSN5 or Glu76 of CSNS5 knock in mice.

In summary, our study shows that BBR diminishes PD-L1
expression and promotes antitumor immunity via inhibiting the
deubiquitination activity of CSN5 in NSCLC (Fig. 7E). BBR
specific binds to the Glu76 of CSN5 and subsequently in-
activates CSNS, which led to degradation of PD-L1 and acti-
vation of tumor-infiltrating T-cells. Therefore, our study reveals
that BBR functions as an immune-modulator by facilitating
antitumor T-cell immunity. Our findings provide a rationale for
the potential application of BBR as small-molecule inhibitor that
disrupts PD-L1-mediated immunosuppression.
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