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Abstract. The therapeutic blockade of immune checkpoint 
has emerged as an effective treatment option for a broad 
range of tumors. However, the objective tumor response is 
still limited to a small number of cases and tumor types. The 
full utility of monoclonal antibody (mAb)‑based treatment 
is hindered by several inherent limitations. Thus, there is an 
urgent requirement to explore alternative modalities targeting 
the same pathways. In the present study, two amide analogues 
of brefelamide, TPFS‑201 and TPFS‑202, were identified 
as small molecular immune checkpoint inhibitors, as they 
downregulated PD‑L1 expression in tumor cells. PD‑L1 was 
suppressed in cancer cells treated with TPFD compounds at both 
mRNA and protein levels, as detected by reverse transcription 
quantitative PCR and flow cytometric analysis, respectively. 
Reporter assays using a PD‑L1 promoter luciferase construct 
confirmed the transcriptional inhibition of PD‑L1 by TPFS 
compunds. TPFS compound‑mediated PD‑L1 downregulation 
in cancer cells consequently restored T cell activity, as 
identified by the reduction of apoptosis and an increase in 
interleukin‑2 promoter activity in Jurkat T cells, which were 
co‑cultured with TPFS compound‑treated A549 cells. TPFS 
compound‑mediated PD‑L1 inhibition was partially abolished 
by the disruption of the putative transcriptional co‑activator 
with PDZ (TAZ)/TEA domain (TEAD)‑binding motif in the 
PD‑L1 promoter. The inhibitory effect of TPFS compounds 
on PD‑L1 was markedly inhibited in mouse cell lines, which 
is consistent with previous research demonstrating that PD‑L1 
regulation by TAZ is not conserved in mice due to distinct 
promoter sequences flanking the TAZ/TEAD‑binding motif. 

Together, the data of the current study indicated the potential 
utility of the brefelamide amide analogues as small molecule 
immune checkpoint inhibitors, thereby providing therapeutic 
alternatives, which could be used as monotherapy or in 
combination with mAbs‑based treatment.

Introduction

As a result of persistent antigen exposure, which occurs in 
chronic viral infection and cancer, T cells progressively lost 
their effector functions, entering a state called ‘exhaustion’ (1‑3). 
Exhausted T cells are characterized by the overexpression of 
multiple inhibitory receptors (immunological checkpoints), such 
as programmed death‑1 (PD‑1, also known as CD279) (4‑6). 
After binding its ligand PD‑L1, PD‑1 attenuates antigen‑specific 
T cell response, suppressing the tumor‑killing activity of T 
cells (7,8). Functional restoration of exhausted T cells by anti-
bodies masking PD‑1 on immune effector cells or PD‑L1 on 
tumor cells has produced promising results and has become 
a significant breakthrough in cancer immunotherapy (9‑11). 
Therapeutic benefits from PD‑1/PD‑L1 axis blockade have 
been achieved in patients with an expanding scope of malig-
nancies (12‑15). Antibody‑based immune checkpoint blockade 
therapy, however, is expensive to manufacture and administer, 
and also has several disadvantages such as the lack of oral 
bioavailability, and a long half‑life, which causes difficulties 
when attempting to remove them from the body, particularly 
in cases of serious adverse events (16,17). Novel modalities 
utilizing small molecules targeting the same pathways are thus 
highly anticipated. The development of small molecules toward 
these targets, however, is hampered by the limited structural 
information on these immune checkpoint proteins (18).

PD‑L1 is an immune co‑regulatory molecule belonging to 
the B7 family (19). While PD‑1 is predominantly expressed 
on activated T cells, PD‑L1 is expressed on the surface of 
both cancer and immune cells. By triggering an inhibitory 
signal towards the T cell receptor‑mediated activation, PD‑L1 
suppresses the proliferation, activation and infiltration of 
cytotoxic T‑lymphocytes, consequently facilitating tumor 
immune escape and cancer progression (20‑22). Furthermore, 
PD‑L1 has been reported to be aberrantly overexpressed in 
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numerous types of tumor cell, including melanoma, ovarian 
and lung cancers, and patients with high PD‑L1 expression are 
associated with unfavorable prognosis and significant risk of 
cancer‑specific mortality (23‑25). Therefore, pharmaceutical 
inhibition of PD‑L1 expression represents an alternative 
approach to currently available cancer immunotherapy.

Brefelamide is an aromatic amide isolated from 
Dictyostelium cellular slim molds. A previous study revealed 
that brefelamide inhibits the proliferation of human‑derived 
1321N1 astrocytoma cells in response to growth factors (26), 
and the anti‑proliferative effect was associated with a reduc-
tion of phosphorylation of extracellular signal‑regulated kinase 
(ERK), AKT and c‑jun‑N‑terminal kinase (27). More recently, 
our previously published study demonstrated that brefelamide 
inhibited osteopontin (OPN) expression and OPN‑mediated 
cell invasion of human lung adenocarcinoma‑derived A549 
cells (28). In the present study amide analogues of brefelamide 
were found to suppress PD‑L1 expression in different cancer 
cell lines and mitigated PD‑1/PD‑L1‑mediated exhaustion 
of Jurkat T‑lymphocytes co‑cultured with A549 cells, and 
the Hippo pathway is possibly involved in the inhibition of 
PD‑L1 by the amide analogues, which is mediated by a puta-
tive binding site for transcriptional co‑activator with PDZ 
(TAZ)/Yes‑associated protein (YAP)‑TEA domain (TEAD) 
on PD‑L1 promoter.

Materials and methods

Plasmids. For construction of the reporter vector pPD‑L1‑luc, 
the promoter sequence from ‑2094 to +54 was amplified 
by PCR using human genomic DNA as a template with the 
following primers: Forward, 5'‑ata​ggt​acc​ACT​GCT​CTT​
CTC​CCA​TCT​CA‑3' and reverse 5'‑ata​cca​tgg​tgg​ctt​tac​caa​
cag​tac​cgg​att​gcc​aag​ctt​AAG​CTG​CGC​AGA​ACT​GGG​GC‑3'.  
The amplified products were digested with Kpn I and 
Nco I, and subsequently ligated with pGL3‑basic (Promega 
Corporation) which has previously digested with the same 
enzymes. pmTREPD‑L1‑luc and pdTREPD‑L1‑luc are 
identical to pPD‑L1‑luc, except for the mutation or deletion 
introduced to disrupt the TEAD responsive element (TRE), 
respectively, which were generated using PCR site‑directed 
mutagenesis. Briefly, using pPD‑L1‑luc as the template, the 
proximal part of the PD‑L1 promoter sequence was amplified 
using 5' primer containing either the mutation (5'‑TGA​AAG​
CTT​CCG​CCG​ATT​TCA​CCG​AAG​GTC​TCC​TTT​CTC​CAA​
CGC​CCG​GCA​AAC​TGG​ATT​TG‑3' for pmTREPD‑L1‑luc) 
or deletion (5'‑TGA​AAG​CTT​CCG​CCG​ATT​TCA​CC 
G​A AG​GTC​GCC​CGG​CA A ​ACT​GGA​T T TG‑3'  for 
pdTREPD‑L1‑luc) and the aforementioned reverse primer. The 
resultant products were then digested with HindIII and NcoI 
and inserted into pPD‑L1‑luc, which was previously digested 
with the same enzymes. The sequence of the PCR‑manipulated 
regions and the presence of the expected mutations or dele-
tions were confirmed by nucleotide sequencing.

Cells. The human lung adenocarcinoma‑derived A549 cells 
and the PC‑3 human prostate cancer cell line were purchased 
from American Type Culture Collection and maintained in 
Dulbecco's modified Eagle's medium (Invitrogen: Thermo 
Fisher Scientific, Inc.) supplemented with 10% fetal bovine 

serum (FBS) and 50 U/ml penicillin and streptomycin at 37˚C 
in a humidified incubator with 5% CO2. The THP‑1 human 
leukemia monocytic cell line and the Jurkat T‑lymphocytes 
were maintained in RPMI1640 supplemented with 10% 
FBS. The cell line, A549/PD‑L1‑luc, was established by 
co‑transfection of A549 cells with pPD‑L1‑luc and pPUR 
(Clontech Laboratories, Inc.), followed by selection in the pres-
ence of 1 µg/ml puromycin (Sigma‑Aldrich; Merck KGaA).

Cytokines, reagents and antibodies. Recombinant human 
interferon (IFN)‑γ was purchased from PeproTech, phorbol 
12‑myristate 13‑acetate (PMA), and phytohemagglutinin (PHA) 
were purchased from Sigma‑Aldrich (Merck KGaA), and Roche 
Diagnostics, respectively. Anti‑human PD‑1 antibody and 
recombinant PD‑L1 were purchased from R&D Systems, Inc.

Chemicals. Amide analogues of brefelamide were synthesized 
by maintaining the position of the benzene rings, the carbonyl 
groups and the amino groups contained in brefelamide for the 
purpose of focusing on the suppressive effect of brefelamide 
on PD‑L1 expression. TPFS‑201 and TPFS‑202 (Fig. 1A) are 
the representative amide analogues. They were dissolved in 
DMSO at a concentration of 50 mmol/l and store at ‑20˚C. 
Aliquots of the stock solution were subsequently diluted to the 
indicated concentration before treatment of the cells.

Reverse transcription‑quantitative PCR (RT‑qPCR). Cells 
were lysed with TRIzol® reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.), and total RNA was extracted according to the 
manufacturer's instructions. After treatment with RNase‑free 
DNase (Promega Corporation), the DNA‑free RNA (250 ng) 
was used for synthesis of the first‑strand cDNA at 42˚C for 
60  min using MMLV reverse transcriptase (Invitrogen; 
Thermo Fisher Scientific, Inc.). RT‑qPCR was performed using 
Power SYBR Green PCR Master Mix (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) at 95˚C for 15 s and at 60˚C for 
1 min, for 40 cycles, in a 96‑well format on StepOnePlus™ 
Real‑Time PCR Systems (Applied Biosystems; Thermo Fisher 
Scientific, Inc.). The following primer sequences were used: 
PD‑L1 forward, 5'‑GGC​ATT​TGC​TGA​ACG​CAT‑3', and 
reverse, 5'‑CAA​TTA​GTG​CAG​CCA​GGT‑3'; GAPDH forward, 
5'‑TGA​TGA​CAT​CAA​GAA​GGT​GG‑3', and reverse, 5'‑TCC​
TTG​GAG​GCC​ATG​TGG​GC‑3'.

Flow cytometric analysis. Surface expression of PD‑L1 was 
assessed by flow cytometry. Briefly, cell suspensions were 
prepared and washed in fluorescence‑activated cell sorter 
buffer consisting of phosphate‑buffered saline containing 1% 
bovine serum albumin. After blocking with normal mouse 
serum, cells were incubated with fluorochrome (PC7) labeled 
anti‑CD274 antibody (cat. no. A78884; Beckman Coulter, Inc.) 
or mouse IgG1 isotype control (cat. no. 737662; Beckman 
Coulter, Inc.) in the dark for 30 min, in an ice bath. After 
fixation, the fluorescent signals from cells were acquired on a 
Cell Sorter SH800 flow cytometer (Sony Europe B.V.) and the 
data was analyzed using FlowJo software (BD Biosciences). To 
determine the surface expression of PD‑L1 in mouse cells, PE 
labeled anti‑mouse CD274 antibody (cat. no. 12‑5982‑82) or rat 
IgG2a κ (cat. no. 12‑4321‑80; both Thermo Fisher Scientific, 
Inc.) was used.
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Luciferase assay. A549/PD‑L1‑luc cells were cultured for 48 h 
at various concentrations of TPFS compounds. The cells were 
harvested, and the cell lysates were prepared for the luciferase 
assay with the Luciferase Reporter Assay System (Promega 
Corporation) according to the manufacturer's protocol. 
Luciferase activities were measured using a GloMax® 20/20 
Luminometer (Promega Corporation). The protein concentra-
tion in the cell lysate was determined with Pierce BCA Protein 
Assay kit (Thermo Fisher Scientific, Inc.) according to the 
manufacture's protocol. The luciferase values were normal-
ized to protein content.

T cell apoptosis assays. T cell apoptosis assays were performed 
as described previously (29). Briefly, A549 cells were treated 
with interferon (IFN)‑γ alone or together with TPFS‑201 for 
48 h. Jurkat T cells were activated with 0.25 µg/ml PHA and 
12.5 ng/ml PMA for 48 h to induce PD‑1 expression. IFN‑γ 
and/or TPFS‑201‑treated A549 cells were co‑cultured with 
PHA‑ PMA‑activated Jurkat cells at a ratio of 10:1. After 24 h, 
apoptosis in Jurkat cells was measured using the Caspase‑Glo® 
3/7 Assay Systems (Promega Corporation). In parallel 
experiments, Jurkat T cells were pre‑incubated with 10 µg/ml 
anti‑PD‑1 antibody (R&D Systems) or mouse IgG isotype 
control for 3 h prior to co‑culturing with IFN‑γ‑stimulated 
A549 cells.

T cell activation bioassay. Jurkat T cells were transfected 
with an interleukin (IL)‑2 reporter plasmid, pIL2‑luc, using 
TransIT‑Jurkat Transfection Reagent (Mirus Bio LLC). The 
cells were stimulated with 0.25 µg/ml PHA and 12.5 ng/ml 
PMA to initiate PD‑1 expression, 24 h after transfection. A549 
cells were treated with IFN‑γ alone or together with TPFS‑201 
for 48 h. IFN‑γ‑ and/or TPFS‑201‑treated A549 cells were 
co‑cultured with PHA‑ and PMA‑activated Jurkat T cells at 
an effector‑to‑target ratio of 10:1. In a parallel experiment, 
PHA‑ and PMA‑activated Jurkat T cells were preincubated 
with 10 µg/ml anti‑PD‑1 for 3 h before co‑culturing with 
IFN‑γ‑stimulated A549 cells. In a further experiment, 
IFN‑γ‑ and TPFS‑treated A549 cells were co‑cultured with 
Jurkat T cells in the presence of 10 µg/ml recombinant human 
PD‑L1/B7‑H1 Fc (R&D Systems). Jurkat T cells were collected 
24 h later, and activities of luciferase driven by IL‑2 promoter 
were measured.

Statistical analysis. Experimental data are presented as the 
mean ± standard deviation from three or more independent 
experiments. All P‑values were determined using one‑way 
ANOVA followed by Dunnett's multiple comparisons test. Data 
were analyzed using Statcel 4 software (OMS, Inc.) P<0.05 was 
considered to indicate a statistically significant difference.

Results

Inhibition of PD‑L1 expression by TPFS‑201 and TPFS‑202. 
While the regulation of PD‑L1 expression is yet to be elucidated, 
transcription of PD‑L1 has been reported to be activated in 
response to different signaling pathways including EGF‑induced 
PI3K/AKT and RTK/Ras/MAPK signaling  (30‑32). 
Considering that multiple target genes downstream of these 
pathways were downregulated in microarray‑based gene 

Figure 1. Suppression of PD‑L1 transcription by TPFS compounds. 
(A) Structures of brefelamide and its derivative TPFS compounds. (B) PC‑3 
cells were stimulated with IFN‑γ and cultured in the absence or presence 
of various concentrations of TPFS‑201 for 24 h. RNA was subsequently 
prepared and subjected to reverse transcription‑quantitative PCR. All 
samples were normalized to the expression of GAPDH. (C) A549 cells, 
stably transfected with pPD‑L1‑luc, were either untreated or treated with 
different concentrations of TPFS‑201 or TPFS‑202. After 48 h of culture, 
cells were harvested and lysates were subjected to the luciferase assay and 
protein determination. The luciferase values were normalized with respect to 
protein content. Normalized luciferase activity from mock‑treated cells was 
set as 100% and values in the experimental groups were expressed as relative 
percentage. Results are presented as the mean ± standard deviation of three 
independent triplicate measurements. *P<0.05 vs. vehicle‑treated controls. 
PD‑L1, programmed death‑ligand 1; IFN, interferon.
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profiling analysis of brefelamide‑treated A549 cells (28), it 
was hypothesized whether brefelamide or its amide analogues 
could suppress PD‑L1 expression in tumor cells, thereby 
promoting T cell‑mediated antitumor immunity. To address 
this issue, the effect of brefelamide amide analogues on PD‑L1 
mRNA expression was investigated. Following culturing in 
the presence of IFN‑γ alone or in combination with TPFS‑201, 
RNA from PC‑3 was extracted and the PD‑L1 mRNA level 
was determined using RT‑qPCR. As shown in Fig. 1B, IFN‑γ 
stimulation markedly increased PD‑L1 mRNA level in PC‑3 
cells, and interestingly, treatment with TPFS‑201 dose‑depend-
ently reduced IFN‑γ‑induced PD‑L1 mRNA expression, while 
basal PD‑L1 expression levels were not affected. To further 
characterize the effect of TPFS‑201 on PD‑L1 transcription, 
an experimental system was created, using the A549 cell line 
stably transfected with pPD‑L1‑luc, in which the luciferase 
gene is under the control of human PD‑L1 promoter. After 
treatment for 48 h, with increasing concentration of TPFS‑201 
or TPFS‑202, luciferase expression in A549/PD‑L1‑luc cells 
was suppressed in a concentration‑dependent manner (Fig. 1C), 
confirming a transcriptional repression of PD‑L1 by the amide 
analogues of brefelamide. The consistent change in PD‑L1 
expression was also identified in the flow cytometric analysis, 
in which there was a 31, 56 and 83% decrease in the median 

fluorescence intensity of THP‑1 cells treated with TPFS‑201 at 
the concentration of 0.75, 1.5 and 3 µM, respectively (Fig. 2A), 
and a 41, 66 and 81% decrease in THP‑1 cells treated with 
TPFS‑202 at the concentration of 0.5, 1 and 2 µM, respectively 
(Fig.  2B). The IC50 values calculated from dose‑response 
curves were 0.93 and 0.67 µM for TPFS‑201 and TPFS‑202, 
respectively (Table SI). These results suggest that inhibition 
of PD‑L1 by amide analogues of brefelamide is not cell type 
specific.

Effect of TPFS compounds on PD‑1/PD‑L1‑mediated immu‑
nosuppression. By engaging PD‑1 on T cells, tumor‑expressed 
PD‑L1 inactivates the anti‑tumor response by suppressing T 
cell proliferation, promoting T cell apoptosis and inhibiting 
cytokine production. The therapeutic potential of TPFS‑201 
and TPFS‑202 in restoring anti‑cancer immune response 
by targeting PD‑L1 expression was subsequently explored. 
Co‑culture experiment of A549 cells and Jurkat T cells was 
conducted to investigate if TPFS compound‑mediated PD‑L1 
inhibition could alleviate the function loss of co‑cultured 
Jurkat T cells. Apoptosis and IL‑2‑directed reporter gene 
expression (as an indicator of IL‑2 production) in co‑cultured 
Jurkat T cells were measured to monitor T cell function. 
Prior to co‑culture, A549 cells were stimulated with IFN‑γ 

Figure 2. Inhibition of cell surface PD‑L1 protein expression via TPFS compounds. Representative flow cytometry histograms (upper) and MFIs (lower) of 
PD‑L1 on THP‑1 cells untreated or treated with the indicated concentrations of (A) TPFS‑201 or (B) TPSF‑202 (n=3 independent experiments). The THP‑1 
human monocytic leukemia cell line was treated with the indicated concentrations of TPFS compounds for 48 h in the presence of interferon‑γ. Following treat-
ment, cells were harvested and PD‑L1 was analyzed using flow cytometry. All MFI values were averaged from three independent measurements. *P<0.05 vs. 
untreated controls. MFI, median fluorescence intensity; PD‑L1, programmed death‑ligand 1.
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to induce PD‑L1 expression, and Jurkat cells were activated 
with PMA and PHA to induce PD‑1 expression (Fig. 3A). As 
shown in Fig. 3B, A549 cells induced apoptosis in co‑cultured 
Jurkat T cells, and pre‑incubation of Jurkat T cells with 
anti‑PD‑1 antibody disrupting PD‑1/PD‑L1 interaction prior 
to co‑culture, almost fully abrogated apoptosis in Jurkat 
T‑cells, indicating apoptosis was mediated by PD‑1/PD‑L1 
interaction. Notably, decreases in apoptosis was also observed 
in Jurkat T cells co‑cultured with A549 cells pretreated with 
TPFS‑201. Furthermore, apoptosis inhibition in co‑cultured 
Jurkat T cells by TPFS‑201 was negated to some extent by the 
addition of recombinant human PD‑L1 protein, suggesting that 
TPFS‑201 inhibited effector (Jurkat T) cells apoptosis, at least 
partially, through downregulation of PD‑L1 expression on 
co‑cultured target (A549) cells. In addition, co‑cultivation with 
IFN‑γ‑stimulated A549 cells inhibited IL‑2‑luc expression in 
Jurkat reporter cells, which was restored by pre‑incubating 
with a PD‑1 blocking antibody (Fig. 3C). Treatment of A549 
cells with TPFS‑201 also restored IL‑2‑luc expression in 
Jurkat T cells co‑cultured with these cells, albeit less effi-
ciently. Moreover, TPFS‑201‑mediated restoration of IL‑2‑luc 
expression was less evident when co‑cultured in the presence 
of recombinant human PD‑L1 protein. Together, these results 
indicate that TPFS‑201‑mediated PD‑L1 downregulation 
in cancer cells could partially reverse the functional loss of 
co‑cultured Jurkat T cells, suggesting a therapeutic potential 
of the TPFS compound for cancer immunotherapy.

Species‑specific inhibition of PD‑L1 by TPFS‑202. Following 
the characterized of the inhibitory effect of the brefelamide 
amide analogues on PD‑L1 in vitro, an in vivo evaluation of 
the efficacy of these compounds as novel immunotherapeu-
tics was subsequently considered. One concern in utilizing a 
mouse model for drug development, as a prediction of human 
immunology, is the divergence in the transcriptional programs 
between the immune systems of the two species, despite a 
significant similarity in the expression of immune‑related 
genes between the two species (33‑35). To explore the feasi-
bility of using immunocompetent syngeneic mouse model for 
this purpose, it was investigated whether TPFS‑202 could also 
suppresses PD‑L1 expression in mouse cancer cell lines. As 
expected, the B16F10 mouse melanoma cell line efficiently 
expressed PD‑L1 in response to mouse IFN‑γ stimulation. 
However, treatment with TPFS‑202 only slightly inhibited 
PD‑L1 expression on B16F10 cells (Fig. 4A), with an IC50 value 
of 6.2 µM for TPFS‑202, which is 9‑fold higher compared 
with the corresponding value for THP‑1 cells. Consistently, 
RT‑qPCR results revealed that treatment with TPFS‑201 or 
TPFS‑202 only marginally inhibited PD‑L1 mRNA expres-
sion in B16F10 and RAW264.7 cells, a murine macrophage 
cell line (Fig. 4B). The IC50 values of TPFS‑201 and TPFS‑202 
in B16F10 and RAW264.7 cells were 6.4 and 6.1 µM and 
6.6 and 6.2 µM, respectively (Table SI). Accordingly, the 
results show that inhibition of PD‑L1 by TPFS compounds is 
species‑specific.

Involvement of Hippo signaling in TPFS‑202‑mediated PD‑L1 
suppression. While hypothesizing the molecular basis under-
lying the observed divergence between human and mouse cells, 
a study by Janse van Rensburg et al (29) identified PD‑L1 as 

Figure 3. Restoration of T cell function by TPFS‑201. (A) PD‑L1 expression 
in A549 cells treated with 100 U/ml interferon‑γ (upper). PD‑1 expression in 
Jurkat T cells stimulated with 12.5 ng/ml PMA and 0.25 µg/ml PHA (lower). 
(B) Decreased apoptosis and (C) enhanced IL‑2‑luciferase expression in 
Jurkat T cells co‑cultured with TPFS‑201‑treated A549 cells. A549 cells 
were pretreated with interferon‑γ alone or in combination with TPFS‑201 and 
co‑cultured with Jurkat T cells stimulated with 12.5 ng/ml PHA and 0.25 µg/ml 
PMA. Caspase 3/7 activities and IL‑2‑directed luciferase expression were 
determined as indicators of T cell function. Caspase 3/7 activities or luciferase 
expression in Jurkat T cells co‑cultured with TPFS‑201‑treated A549 cells 
were normalized to that of T cells co‑cultured with vehicle‑treated A549 cells, 
which was arbitrarily set as 100%. Results are presented as the mean ± stan-
dard deviation from three independent experiments. *P<0.05 vs. co‑cultured 
vehicle‑treated A549 cells. PD‑L1, programmed death‑ligand 1; PMA, phorbol 
12‑myristate 13‑acetate; PHA, phytohemagglutinin; IL, interleukin.
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a novel member in the Hippo pathway‑regulated gene network 
in human breast and lung cancer cell lines, and transcriptional 
regulation of PD‑L1 by TAZ and YAP was not conserved in 
mouse cell lines. In view of this publication, it was postulated 
that the distinct effect of TPFS compounds on PD‑L1 expres-
sion in human and mouse cell lines may be associated with a 
different regulation mechanism of PD‑L1 by TAZ in these two 
species. Reporter vectors, in which the TRE was substituted 
(pmTREPD‑L1‑luc) or deleted (pdTREPD‑L1‑luc) to create a 
mutant PD‑L1 promoter, were constructed to investigate this 
hypothesis (Fig. 5), and A549 cells stably transfected with 
these constructs were established. Consistent with data shown 
in Fig. 1C, treatment with TPFS‑202 dose‑dependently inhib-
ited luciferase expression in cells with wild‑type pPD‑L1‑luc 
plasmid, and disruption of TRE in the two mutant constructs, 
especially in pdTREPD‑L1‑luc, markedly abrogated the 
inhibition mediated by TPFS‑202. This suggests that inhibi-
tion of PD‑L1 by TPFS‑202 is mediated, at least partially, by 
Hippo‑TAZ/YAP signaling, although another pathway may 
also be involved in the observed inhibition of PD‑L1.

Discussion

Immune checkpoint blockade has emerged as an effective 
treatment option for a wide range of tumor types, however, 
the objective tumor response is still limited to a fraction of 
cases and tumor types. Furthermore, monoclonal antibody 
(mAb)‑based checkpoint inhibitors are associated with 
unique immune‑related adverse events and high costs (36,37). 
Therefore, there is an urgent requirement to explore alternative 
modalities based on non‑mAb‑based therapeutics, including 
small molecules. In the present study, the feasibility and 

Figure 4. Marginal inhibition of PD‑L1 expression in a murine cell line 
by TPFS compounds. (A)  The B16F10 mouse melanoma cell line was 
pre‑stimulated with mouse IFN‑γ and cultured in the absence or presence of 
the indicated concentrations of TPFS‑202. After 48 h, cells were harvested 
and PD‑L1 was analyzed using flow cytometry. Histograms (upper) and bar 
graphs of mPD‑L1 median fluorescence intensities (lower) represent data 
acquired from three independent experiments. (B) B16F10 or RAW264.7 
cells were stimulated with IFN‑γ and cultured in the absence or presence of 
various concentration of TPFS compounds for 24 h, after which RNA was 
extracted and used for reverse transcription‑quantitative PCR analysis. All 
samples were normalized to the expression of GAPDH. Data are presented 
as the fold change of mPD‑L1 expression in comound‑treated groups 
relative to the vehicle control. All graphs represent results from three inde-
pendent experiments. *P<0.05 vs. untreated controls. PD‑L1, programmed 
death‑ligand 1; IFN, interferon.

Figure 5. Involvement of putative TRE in TPFS‑mediated PD‑L1 inhibi-
tion. A549 cells stably transfected with reporter vectors under the control 
of PD‑L1 promoter (pPD‑L1‑luc) or its mutants (pmTREPD‑L1‑luc and 
pdTREPD‑L1‑luc), in which the putative TRE was mutated or deleted as 
delineated at the left, were cultured in the absence or presence of the indicated 
concentrations of TPFS‑202 for 48 h. Cells were subsequently harvested and 
cell lysates were subjected to the luciferase assay and protein determina-
tion. The luciferase values were normalized with respect to protein content. 
Normalized luciferase activity from vehicle‑treated cells was set as 100% 
and the values in the compound‑treated groups are expressed as the rela-
tive percentage. The results presented are from three independent triplicate 
transfections. *P<0.05 vs. untreated controls. TRE, TEAD response element; 
PD‑L1, programmed death‑ligand 1; pm, mutant; pd, deletion.
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therapeutic potential of amide analogues of brefelamide as 
small molecule immune checkpoint inhibitors by suppressing 
PD‑L1 expression on tumor cells was investigated. The data 
presented in the current study revealed inhibitory effects of 
TPFS‑201 and TPFS‑202 on promoter activity, endogenous 
mRNA and PD‑L1 surface protein expression, and inhibition 
of PD‑L1 by the TPFS compounds consequently restored T cell 
activity, as evidenced by diminished apoptosis and increased 
IL‑2 production from Jurkat T cells co‑cultured with TPFS 
compound‑treated A549 cells.

The majority of orthologous transcription factors play 
conserved roles in both human and mouse, however, some 
immune‑related transcription regulation appear to be species 
specific (38,39). A part of this regulation divergence in humans 
and mice is attributable to the differential expression of the 
transcriptional regulators in both species. Indeed, the expres-
sion pattern of transcriptional regulator, even master regulator, 
was found to be only partially conserved between humans 
and mice. Another possible mechanism for this difference in 
regulation between species is based on cis‑regulatory elements 
being enriched in one species but not in the other (40,41). In 
this regard, a recent study by Janse van Rensburg et al (29) has 
revealed species‑specific regulation in the TAZ transcription 
program, and a couple of TAZ‑regulated genes, including 
PD‑L1 in human cells, were weakly responsive to TAZ over-
expression in mouse cells, possibly due to difference in the 
cis‑regulatory element of the promoter. In view of this distinc-
tion, it is not surprising that TPFS‑mediated PD‑L1 inhibition 
was blunted in mice cell lines. Considering the distinct regu-
lation of PD‑L1 by TAZ in the two species, it is reasonable 
to assume that PD‑L1 inhibition by TPFS compounds may 
involve Hippo‑TAZ signaling. The reporter assay performed 
in the present study revealed that disruption of the putative 
TAZ/TEAD‑binding motif markedly abrogated the inhibi-
tion of PD‑L1 by TPFS‑202 (Fig. 5), suggesting a role for the 
Hippo‑TAZ pathway in TPFS‑mediated PD‑L1 inhibition.

Increasing evidence has demonstrated YAP/TAZ‑driven 
tumorigenesis in multiple types of solid tumors and highlighted 
a link between YAP/TAZ activation and cancer cell stemness, 
proliferation, chemoresistance and metastasis (42,43). Thus, 
YAP/TAZ are emerging as promising therapeutic targets in 
malignant diseases. Further investigation of the effect of the 
brefelamide amide analogues on other downstream targets of 
Hippo signaling, besides PD‑L1, may be warranted to deter-
mine if the compounds TPFS‑201 and TPFS‑202 are bona 
fide negative regulators of Hippo signaling. If confirmed, the 
anti‑YAP/TAZ activities of these compounds have potential 
clinical relevance, and it may be worthy for further develop-
ment of brefelamide amide analogues as promising therapeutic 
candidates for the malignancies associated with ablated 
YAP/TAZ activation.

Compared with those observed in pdTREPD‑L1‑luc, the 
inhibition effect of TPFS‑202 was less attenuated by the substi-
tution of TEAD responsive element in pmTREPD‑L1‑luc. 
While it is well known that transcription factors (TFs) bind 
to cis‑regulatory elements with specific sequence preference, 
DNA structure is emerging as another important determinant 
of TF‑DNA binding specificity. The mechanism in which 
TEAD/TAZ utilizes to recognize their cognate DNA in the 
PD‑L1 promoter has not been fully elucidated, however, it 

is possible that the TEAD/TAZ‑DNA interaction may be 
affected, not only by the primary nucleotide sequence, but by 
the structural features of the TEAD‑binding sites in the PD‑L1 
promoter. The DNA structure crucial for TEAD‑binding may 
be disrupted to a lesser extent in pmTREPD‑L1‑luc constructs 
compared with that in pdTREPD‑L1‑luc, which may account 
for their difference in respond to treatment with TFPS 
compounds.

The regulation of PD‑L1 expression is complex and 
multiple transcription regulators are involved. In addition to 
IFN‑γ, a well‑characterized stimulus for PD‑L1 expression, 
recent evidence has linked multiple cell‑intrinsic oncogenic 
pathways to PD‑L1 expression in cancer cells. Among them are 
epidermal growth factor receptor (EGFR), mitogen‑activated 
protein kinase kinase (MEK)‑ERK and mitogen‑activated 
protein kinase p38, the transcription factor MYC, and the kinase 
AKT (44‑46). Thus, in addition to Hippo‑TAZ/YAP signaling, 
the impact of the compounds TPFS‑201 and TPFS‑202 on 
these pathways may also contribute to the PD‑L1 inhibition 
observed in the present study. Consistent with this hypothesis, 
it was found that disruption of the putative TRE did not fully 
abolished the PD‑L1 inhibition by TPFS‑202, the retained 
inhibition may partially be attributable to the effect of 
TPFS‑202 on the oncogenic pathways aforementioned. Indeed, 
brefelamide was reported to inhibit phosphorylation of EGFR 
and attenuated EGFR‑mediated ERK signaling cascade (27).

In addition to a critical role in the tumor immune evasion 
mechanism, PD‑L1 has been reported to be involved in 
tumor proliferation, stemness, metastasis, and chemoresis-
tance in multiple tumor types via tumor‑intrinsic PD‑L1 
signaling (47‑49), therefore it is reasonable to assume that 
besides attenuation of PD‑1/PD‑L1‑mediated immunosup-
pression, the compounds TPFS‑201 and TPFS‑202 may exert 
extra‑immune anti‑tumor effect by downregulation of PD‑L1 
expression on tumor cells. Future work will be necessary to 
investigate this hypothesis. If confirmed, the amide analogues 
of brefelamide may be a promising therapeutic candidate 
used not only as an invigorator of immune response but as a 
monotherapy or in combination with conventional treatment to 
provide additive or synergistic anticancer effects.

The data presented in the present study suggest the effect 
of TPFS compounds on PD‑L1 expression is species‑specific. 
The presence of such species‑related differences suggests that 
the predictive value of a conventional syngeneic mouse model 
is limited in evaluating the efficacy and safety of a therapeutic 
approach transcriptionally targeting PD‑L1. In this regard, 
humanized mouse models, which are derived by engrafting 
human hematopoietic stem and progenitor cells into immunodefi-
cient mice, may provide an alternative approach for this purpose.

In conclusion, the data presented in the present study indi-
cate that the TPFS compounds suppressed PD‑L1 expression 
and partially restored PD‑1/PD‑L1‑mediated immunosuppres-
sion. These findings suggest the potential utility of brefelamide 
amide analogues as small molecule immune checkpoint inhibi-
tors, thereby providing therapeutic alternatives, which can be 
used as monotherapy or combination with mAb‑based blockade.
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