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Enzyme-responsive micellar JQ1 induces
enhanced BET protein inhibition and
immunotherapy of malignant tumors†

Zhenqi Zhang, Qiang Zhang, Jiguo Xie, Zhiyuan Zhong * and Chao Deng *

Bromodomain and extra-terminal (BET) proteins are attractive targets for treating various malignancies

including melanoma. The inhibition of BET bromodomains, e.g. with JQ1, is found to downregulate the

expression of both c-MYC oncoprotein and programmed cell death ligand 1 (PD-L1), which play a crucial

role in tumor growth and the immunosuppressive tumor microenvironment, respectively. The BET bro-

modomain inhibitors like JQ1 though exhibiting high selectivity and affinity show usually low bioavailability

and efficacy in vivo due to fast clearance and inferior uptake by tumor cells. The therapeutic effect of

JQ1 might further be lowered by drug resistance. Here, enzyme-responsive micellar JQ1 (mJQ1) was fab-

ricated from a poly(ethylene glycol)-b-poly(L-tyrosine) copolypeptide to enhance JQ1 delivery and the

immunotherapy of malignant melanoma. The in vitro results showed that mJQ1 induced clearly better

repression of c-MYC and PD-L1 proteins, cell cycle arrest, cell inhibition, and apoptotic activity than free

JQ1 in B16F10 cancer cells. The intratumoral administration of mJQ1 at 2.5 mg of JQ1 equiv. per kg was

found to show better inhibition of B16F10 tumors in C57BL/6 mice than the intraperitoneal administration

of free JQ1 at 50 mg kg−1. In particular, when combined with radiotherapy, mJQ1 effectively suppressed

tumor growth and brought about strong local and systemic antitumor immunity as evidenced by elevated

CD8+ T cells and increased ratios of CD8+ T cells to Tregs, affording significantly improved survival of

B16F10 tumor-bearing mice than their JQ1 counterparts and marked growth suppression of distant

tumors. The great potency of enzyme-responsive micellar JQ1 makes it interesting for immunotherapy of

various tumors.

1. Introduction

Bromodomain and extra-terminal domain (BET) proteins play a
critical role in epigenetic regulation, and are potential targets
associated with cancer cell proliferation and metastasis.1–3

Small-molecule inhibitors targeting BET proteins can selectively
impede different pathological processes by competitively
binding to acetyl-lysine recognition sites of BET proteins and
separating BET proteins from chromatin,4,5 and thus have
exhibited potentially therapeutic outcomes on the treatment of
both solid tumors and hematological malignancies in clinical
trials.6,7 Berthon et al. reported the first phase Ia study of
OTX015, a BET inhibitor for acute myeloid leukemia, and the
results showed that 3/36 patients had a complete remission

(CR) and 2/36 patients had a partial response (PR), although the
patients with a response relapsed within 5 months of therapy.8

Meanwhile, BET inhibitors including OTX015, CPI-0610, and
INCB057643 have also been employed to treat non-leukemia
like lymphoma, myeloma, and NUT (nuclear protein in testes)
carcinomas,9–11 in which patients with NUT carcinomas
acquired best clinical outcomes, inducing a 2/4 objective
response and 1/4 stable disease lasting over 3 months.10

Although BET inhibitors have clearly exhibited clinical activity
at least in certain tumors, their clinical approval is hindered by
their poor pharmacokinetics, low metabolic stability, drug resis-
tance, short response duration, and off-targeted toxicity,3,12–14

highlighting the urgent need for developing effective formu-
lations of BET protein inhibitors.

Nanodrugs with improved pharmacokinetics, elevated drug
tolerance, and promoted targetability have the potential to
improve the therapeutic effect of BET inhibitors.15–20 In par-
ticular, nanovehicles that are sensitive to pathological milieus
for triggered drug release have revealed impressive efficacy in
preclinical studies.21–25 For example, Yin et al. reported redox-
responsive nanoparticles developed from poly(disulfide amide)
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to achieve the targeted delivery of BET inhibitor JQ1 in gall-
bladder tumor, resulting in significant suppression of tumor
growth without obvious systemic toxicity.26 Kataoka et al. have
developed pH-sensitive nanodrugs using BET inhibitor JQ1
and PEG-polyaspartate micelles containing different pH-sensi-
tive bonds for fast and slow drug release.27 The fast-releasing
nanodrugs inhibited tumor development more efficiently than
the slow-releasing ones in tongue carcinoma melanoma with
high c-Myc expression, while the efficacy of the nanodrugs was
opposite in the low c-Myc pancreatic cancer. Recently, BET
inhibitors have been combined with chemical agents or func-
tional nanovehicles to achieve combination therapy,19,28 in
which a nanosystem coloaded with JQ1 and temozolomide
induced increased DNA damage and apoptosis that correlated
with an obvious decrease of tumor burden and significantly
increased survival of mice bearing orthotopic glioblastoma,19

suggesting that combined therapy of BET inhibitors might
optimize the therapeutic outcomes, alleviate the off-targeted
toxicity, and provide more durable responses.

Here, we constructed a multifunctional enzyme-responsive
micellar JQ1 (mJQ1) from a poly(ethylene glycol)-b-poly(L-tyro-
sine) (PEG-b-PTyr) copolypeptide to enhance JQ1 delivery and
the immunotherapy of malignant melanoma (Scheme 1).
Hydrophobic PTyr segments located in the micellar cores
contain a large number of phenol groups that provide strong
π–π stacking for efficient and stable encapsulation of JQ1.
Meanwhile, PTyr is prone to degradation in the presence of
enzymes, affording the nanomedicines with the enzyme-
responsive release of JQ1. JQ1 can hamper the effective tran-
scription of oncogene c-MYC by disrupting the binding
between BET proteins and acetylated recognition motifs of
chromatin.29,30 Moreover, the reduced c-MYC transcription has
been observed to cause noticeable down-regulation of PD-L1
proteins,31–34 suggesting its capability in immune microenvi-
ronment neutralization. Combined radiotherapy can not only
retard the growth of local tumors, but also induce immuno-
genic cell death (ICD) at the tumor lesions and activate tumor-
specific immune responses.35–37 In a B16F10 malignant mela-

Scheme 1 Schematic illustration of enzyme-responsive micellar JQ1 for enhanced BET protein inhibition and immunotherapy of malignant
melanoma.
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noma-bearing mouse model, the combination of X-ray radio-
therapy and mJQ1 nanodrugs showed significantly better
tumor killing ability and antitumor immune activation than
X-ray radiotherapy or mJQ1 immunotherapy alone, resulting in
significant growth inhibition of both primary and distant
tumors as well as greatly elevated survival rates.

2. Experimental methods
2.1 Preparation of JQ1-loaded micelles

mPEG-b-PTyr copolymers were acquired by the ring-opening
polymerization of an L-tyrosine-N-carboxyanhydride (Tyr-NCA)
monomer in the presence of PEG-NH2 as previously
reported.38,39 JQ1-loaded micelles (mJQ1) were fabricated by
slowly pouring a mixture of PEG-b-PTyr copolypeptides (50 mg
mL−1 in DMF, 20 µL) and a predetermined amount of JQ1
(20 mg mL−1 in DMSO) into HEPES buffer (pH 6.8, 10 mM,
980 µL) under stirring at room temperature (RT). Then, the
above solution was sequentially dialyzed (MWCO 3500 Da)
against HEPES buffer for 4 h and PB buffer for 2 h, and the
medium was refreshed every one hour. The enzymatic sensi-
tivity of micelles was observed in PB (10 mM, pH 7.4) with pro-
teinase K (6.0 U mL−1) at 37 °C. For determining the drug
loading content (DLC) and drug loading efficiency (DLE), the
solution of mJQ1 was diluted with acetonitrile to extract the
loaded JQ1, which was quantitated using high performance
liquid chromatography (HPLC, λ = 267 nm), and the theore-
tical DLC, determined DLC and DLE were calculated as
follows:

DLC wt%; theoreticalð Þ ¼
weight of feed JQ1=total weight of feed JQ1 andpolymerð Þ � 100:

DLC wt%; determinedð Þ ¼
weight of encapsulated JQ1=total weight of mJQ1ð Þ � 100:

DLE ð%Þ ¼ ðweight of encapsulated JQ1=feed weight of JQ1Þ
� 100:

2.2 c-MYC and PD-L1 expression

The levels of c-MYC and PD-L1 in B16F10 cells were evaluated
using western blot analysis. B16F10 cells following seeding in
a 6-well plate at a density of 2 × 105 cells per well were cultured
for 24 h in DMEM. mJQ1 or free JQ1 (JQ1 concentration: 0.25,
0.5 or 1.0 μg mL−1) was added and co-incubated for 48 h.
Harvested cells were incubated with RIPA lysis buffer
(Beyotime Biotechnology, Nantong, China) and centrifuged to
isolate total proteins. The protein concentration of cells
treated with free JQ1 and mJQ1 was measured using a BCA
protein assay kit (Thermo Scientific). Equal amounts of total
proteins from each sample were mixed with loading buffer,
boiled for 5 min, detached on 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gels, and trans-
ferred to poly(vinylidene fluoride) (PVDF) membranes.

Following blocking with 5% bovine serum albumin for 1 h at
RT, the obtained membranes were incubated with the corres-
ponding primary antibodies (1 : 1000 dilution) for c-MYC,
PD-L1 and GAPDH at 4 °C overnight. The next day, the PVDF
membranes were washed with Tris buffer containing 0.1%
Tween-20, and incubated with secondary antibodies at RT for
1 h. Proteins were observed using a chemiluminescence detec-
tion system (GE Healthcare), and quantified using the ImageJ
software.

2.3 In vivo antitumor efficacy and histological analysis

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animal of
Soochow University and approved by the Animal Ethics
Committee of Soochow University. The antitumor effect was
assessed using a subcutaneous B16F10 melanoma-bearing
mouse model that was developed by subcutaneously injecting
a mixture (50 μL) of B16F10 cells (5 × 105) and 40% of
Matrigel in PBS solution into the right abdomen of C57BL/
6 mice. The day when the tumor volume reached 50–100 mm3

was defined as day 0 and the inoculated mice received eight
different treatments as follows (7 mice per group): (1) PBS; (2)
X-ray; (3) free JQ1; (4) mJQ1 (2.5 mg kg−1); (5) X-ray + free JQ1
(50 mg kg−1); (6) X-ray + mJQ1 (5.0 mg kg−1); (7) X-ray + mJQ1
(2.5 mg kg−1); and (8) X-ray + mJQ1 (1.3 mg kg−1) (kg). The
dose of X-ray irradiation was fixed at 8 Gy (RS-2000 Pro bio-
logical X-ray irradiator), mJQ1 was injected intratumorally
into mice, and free JQ1 dissolved in a mixture of DMSO
(10%), PEG300 (40%), Tween-80 (5%), and stroke-physiologi-
cal saline solution (45%) was administered through intraperi-
toneal injection. These formulations were injected on days 0,
5, 10, and 15 for a total of 4 doses. During the experimental
period, the length (L) and width (W) of the tumors were
measured using a vernier caliper to assess the tumor volume
with a formula of V = 0.5 × L × W2. The relative tumor volume
was acquired according to V/V0 (V0: tumor volume on day 0).
The mice were weighed every two or three days, and the rela-
tive mice weight was acquired according to m/m0 (m0: mice
weight on day 0). Hematoxylin–eosin staining (H&E) was pre-
pared by Servicebio Company (Shanghai, China), and the
images were acquired using an inverted fluorescence micro-
scope (Leica QWin, Germany). The tumor suppression rate
was calculated using the following formula:

Tumor suppression rate %ð Þ ¼
ðaverageweight of PBS group� averageweight of therapy groupÞ=
averageweight of PBS group� 100:

2.4 Immunomodulatory effect of mJQ1 on the tumor
microenvironment

On day 16, one mouse in each group was sacrificed to collect
tumors. The tumor tissue was homogenized in PBS containing
1% FBS, filtered through 50 μm nylon gauze, washed with PBS
several times, and lysed with red blood cell lysis buffer to
obtain a single cell suspension of tumor tissue. The cell sus-
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pension was diluted to an appropriate concentration, co-incu-
bated with the corresponding antibody (including anti-CD8a-
FITC, anti-CD4-PE, anti-CD3-APC, anti-CD3-FITC, anti-FoxP3-
647, anti-CD45-PerCP-Cy5.5, anti-Live/Dead-APC-Cy7) at 4 °C
for 20 minutes in the dark, and then detected using flow cyto-
metry (FACSCalibur, BD Biosciences, USA).

Peripheral blood samples were collected prior to euthanasia
on the 16th day, and centrifuged at 10 000 g min−1 for
10 minutes to obtain the serum. The samples were frozen at
−80 °C for subsequent immune-related cytokine detection.
The levels of TNF-α, IFN-γ and IL-6 in the peripheral blood of
mice were determined by enzyme-linked immunosorbent assay
(ELISA) according to the manufacturer’s instructions
(Invitrogen).

2.5 The inhibitory effect of mJQ1 on distant tumors

A bilateral tumor-bearing model was established to explore the
inhibitory effect of mJQ1 on distal tumors. Seven days before
the first administration, 1.5 × 105 B16F10 cells were subcu-
taneously inoculated into the right flank of C57BL/6 mice
(defined as the primary tumor); four days later, 0.5 × 105

B16F10 tumor cells were subcutaneously injected into the left
flank to establish a secondary tumor (defined as the distal
tumor). The bilateral tumor-bearing mice were separately
administered (nine mice per group) with the following formu-
lations: (1) PBS; (2) X-ray; (3) mJQ1 (2.5 mg of JQ1 equiv. per
kg); and (4) X-ray + mJQ1 (2.5 mg of JQ1 equiv. per kg). These
formulations were injected on days 0, 5, 10, and 15 for a total
of 4 doses. The body weight of the mice was monitored every
two or three days and the primary and distal tumor volumes
(mm3) were measured using vernier calipers. The tumor sup-
pression rate was calculated using the above formula.

3. Results and discussion
3.1 Preparation and characterization of mJQ1

A PEG-b-PTyr copolymer with an Mn of 5.0–4.8 kg mol−1 and a
polydispersity (Mw/Mn) of 1.07 was prepared according to a pre-
vious report.38 Blank micelles (Ms) and JQ1-loaded micelles
(mJQ1) were fabricated via the solvent exchange method.
Benefiting from strong π–π stacking and the hydrophobic

interactions between the drug and PTyr moieties, robust
loading of JQ1 in Ms was achieved, in which a DLC of
38.8 wt% was attained at a theoretical DLC of 50 wt%
(Table 1). It is interesting to note that the drug loading
capacity boosted upon increasing the amount of JQ1, possibly
owing to the elevated hydrophobicity of micellar cores follow-
ing the introduction of hydrophobic JQ1. In previous studies,
micelles based on PEG-b-PTyr displayed superb loading of tra-
ditional anticancer drugs like doxorubicin and docetaxel with
DLCs of up to 63.1 wt% and 17.5 wt%, respectively, and the
loading efficiency was slightly decreased upon increasing the
feed amount of drugs.38 Physical interactions including π–π
stacking, H-bonding, and coordination interactions are facile,
easily available, robust, and reversible, and have emerged as
vigorous approaches to encapsulate and stabilize different
drugs like doxorubicin, docetaxel, irinotecan, and volasertib in
nanomedicine.40–45 Compared with blank micelles (37 nm),
mJQ1 showed increased sizes from 40.8 nm to 62.3 nm upon
increasing the DLC from 3.3 wt% to 38.8 wt%. Moreover,
mJQ1 displayed a narrow distribution (PDI < 0.11) and a
slightly negative surface charge. Transmission electron
microscopy (TEM) further corroborated that mJQ1 had a small
size, spherical structure, and narrow distribution (Fig. 1A).
Notably, mJQ1 exhibited negligible changes in size and size
distribution under the 30-day storage in PB at 4 °C (Fig. S1A†).

Considering that the lysosomes of cancer cells possess plen-
tiful enzymes including proteases, glycosidases, and
sulfatases,22,46 we evaluated the enzyme-sensitivity and in vitro
drug release of mJQ1 in the presence of proteinase K that is a
serine protease and has been broadly employed to assess the
degradation profiles of different polypeptides and
proteins.47,48 DLS measurement showed that mJQ1 following
2 h incubation with proteinase K (6.0 U mL−1) exhibited
increased sizes and size distribution with two obviously separ-
ated signals, and the sizes increased to over 500 nm upon
extending the incubation time to 4 h (Fig. S1B†). Accordingly,
about 90% of JQ1 was released from mJQ1 within 24 h in the
presence of proteinase K (6.0 U mL−1), signifying the rapid
enzyme-responsive drug release behavior of mJQ1 (Fig. 1B). In
contrast, JQ1 was found to stably reside in micelles in PB
without enzyme, and less than 30% of JQ1 was released from
mJQ1 within 24 h.

Table 1 Characteristics of mJQ1

Entry

DLC (wt%)

DLEa (%) Sizeb (nm) PDIb Zetac (mV)Theoretical Determineda

1 0 0 0 37.4 0.10 −8.3
2 10 3.3 30.8 40.8 0.11 −3.4
3 20 8.3 36.1 46.0 0.08 −2.5
4 30 14.7 40.3 49.7 0.09 −2.8
5 40 28.5 59.9 56.0 0.05 −2.8
6 50 38.8 63.3 62.3 0.07 −2.6

aMeasured using HPLC. bMeasured using DLS (1.0 mg mL−1, 25 °C). cMeasured using electrophoresis in PB (1.0 mg mL−1, 25 °C).
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3.2 In vitro cytotoxicity of mJQ1

The cell cytotoxicity of blank Ms was evaluated in B16F10
cancer cells and L929 fibroblast cells using MTT assays.
Fig. 1C shows that cells following a 48 h incubation with Ms at
concentrations of 0.125–1.0 mg mL−1 had a decent cell viabi-
lity of over 90%, signifying that the blank Ms is essentially
non-toxic.

JQ1 can specifically bind to BET protein and regulate the
transcription of c-MYC genes, inducing a significant antiproli-
feration effect in various cancer cells.49 MTT assays revealed
that mJQ1 elicited a substantial antitumor activity toward

B16F10 cells and exhibited a half-maximal inhibitory concen-
tration (IC50) of 0.25 µg JQ1 equiv. per mL, which was approxi-
mately 4 times lower than that of free JQ1 (1.0 µg JQ1 equiv.
per mL) (Fig. 1D). In the colony formation experiment shown
in Fig. 1E, we found that the number and area of colonies
formed by mJQ1 treated cells were significantly less than those
treated with free JQ1 on day 9. The elevated cytotoxicity of
mJQ1 compared with that of the free drug in B16F10 cancer
cells could be attributed to the enhanced cellular uptake and
retention as evidenced by volasertib-loaded PTyr-based nano-
vesicles.45 Remarkably, L929 cells treated with mJQ1 at JQ1
concentrations of up to 1.0 mg mL−1 demonstrated a cell viabi-

Fig. 1 Characterization and cytotoxicity of mJQ1 (Table 1, entry 3). (A) Size distribution of mJQ1 determined using DLS. The inset shows the TEM
image of mJQ1. (B) In vitro release of mJQ1 (0.1 mg mL−1) in PB with or without proteinase K (6.0 U mL−1). (C) MTT assays of blank Ms against L929
and B16F10 cells following 48 h of incubation. (D) MTT assays of mJQ1 and free JQ1 in B16F10 cancer cells. (E) Antiproliferative effects of B16F10
cells treated with different formulations. Following 48 h of incubation, 300 cells per well were re-plated on a 6-well plate, cultured for another 9
days, and then stained with crystal violet solution. (F) MTT assays of mJQ1 and free JQ1 in L929 cells.
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lity of over 80% (Fig. 1F), signifying its selective toxicity
towards B16F10 tumor cells.

3.3 Cell apoptosis, cycle arrest and PD-L1 protein expression

Bromodomain inhibitor JQ1 can inhibit the transcription of
key oncogenes including c-MYC by competitively binding with
acetyl lysine residues at the end of histones, and thus induce
tumor cell apoptosis and G1 cell cycle arrest.50,51 Here, the
Annexin V-FITC/PI double staining technique was employed to
evaluate the ability of mJQ1 and free JQ1 to induce apoptosis
in B16F10 cells. The results showed that both mJQ1 and free
JQ1 could effectively induce cell apoptosis, in which the
mJQ1 group exhibited over 2.0-fold late apoptosis rate than
free JQ1 at a concentration of 0.5 μg mL−1, and mJQ1 with a
higher JQ1 concentration induced more apoptosis (Fig. 2A).
Meanwhile, flow cytometry analysis showed that both free JQ1
and mJQ1 could promote G1 cell cycle arrest in B16F10 cancer
cells (Fig. 2B). mJQ1 at a JQ1 concentration of 0.5 μg mL−1

could accomplish over 80% of cell arrest in the G1 phase, in
contrast to around 69.4% cell arrest in the G1 phase for free
JQ1 at the same concentration.

In addition, the BET bromodomain inhibitor JQ1 can sup-
press c-MYC and PD-L1 expression and limit tumor
progression.28,52 By reducing the expression of PD-L1 on the
surface of tumor cells, JQ1 can alleviate the status of immuno-
suppression in the tumor microenvironment and induce an
enhanced antitumor immune response. Hence, western blot
experiments were performed to determine the expression of
c-MYC and PD-L1 proteins in B16F10 cells, and the inhibition
degree of proteins was further obtained by grayscale quantifi-
cation. As shown in Fig. 2C, the expression of c-MYC and
PD-L1 proteins in B16F10 cells was significantly inhibited by
both free JQ1 and mJQ1. At the same JQ1 concentrations,
mJQ1 demonstrated greater potency for protein inhibition
than free JQ1 (Fig. 2D and E). Both free JQ1 and mJQ1 dis-
played dose-dependent inhibition tendency of protein
expression, in which the gray value rates of PD-L1 in cells
treated with mJQ1 were 73.3%, 64.2%, and 44.3% at JQ1 con-
centrations of 0.25, 0.5, and 1.0 μg mL−1, respectively (Fig. 2D).

3.4 In vivo therapeutic efficacy

We used a subcutaneous B16F10 tumor-bearing C57BL/
6 mouse model to assess the in vivo antitumor activity of
mJQ1. Previous reports showed that multiple radiation doses
at 8 Gy demonstrated better local tumor control and abscopal
response than multiple low doses and a single high dose of 20
or 30 Gy when co-treated with immune checkpoint inhibitors,
and a single radiation dose of 12–18 Gy was capable of break-
ing RT-induced immune stimulation by upregulating the DNA
exonuclease TREX.53,54 Thus, multiple doses of 8 Gy⊇4 were
selected for the evaluation of in vivo therapeutic efficacy. mJQ1
with varying doses of 1.3, 2.5, and 5.0 mg of JQ1 equiv. per kg
(intratumoral injection), free JQ1 with a dose of 50.0 mg kg−1

(intraperitoneal injection), and X-ray irradiation with a dose of
8 Gy were administered every 5 days for a total of 4 doses (i.e.
on days 0, 5, 10, and 15) (Fig. 3A). The intraperitoneal injection

of free JQ1 at 50.0 mg kg−1 was employed as a control because
most works on JQ1 including the seminal work12 and most pre-
clinical studies29,55–58 used this dosing scheme. The intratu-
moral injection of free JQ1 was much less used and only
reported in a couple of papers, where free JQ1 at a dose of
10 mg kg−1 was shown to induce fewer therapeutic effects com-
pared to the PBS control.34,59 Interestingly, mJQ1 at a low dose
of 2.5 mg of JQ1 equiv. per kg exhibited a better inhibitory
effect against tumor growth than free JQ1 with a 20-fold higher
dose (50.0 mg of JQ1 equiv. per kg) (Fig. 3B), corroborating that
mJQ1 has much higher bioavailability than the free drug. The
intratumoral injection of mJQ1 could be clinically feasible for
varying solid tumors including melanoma and breast tumors.
However, for metastatic and inaccessible tumors, systemic
administration would be more practical, for which tumor-target-
ing mJQ1 would be preferred and developed in further studies.
Although X-ray alone displayed obvious suppression of tumor
growth, combining mJQ1 with X-ray exhibited a significantly
higher inhibition effect, in which the X-ray + mJQ1 (2.5 mg
kg−1) group displayed the highest inhibition rate of 94.6% com-
pared with the PBS group at day 13. Consistently, the mice
treated with X-ray + mJQ1 displayed a remarkably prolonged
median survival time of 43 d, in contrast to 15 d and 35 d in
mJQ1 and X-ray groups, respectively (Fig. 3C). Hematoxylin and
eosin (H&E) staining of tumors harvested one day after the last
treatment showed that the PBS group caused negligible apopto-
sis or necrosis as characterized by an intact nuclear structure
(Fig. 3D). In contrast, the X-ray + mJQ1 (2.5 mg kg−1) treated
group displayed the largest apoptosis or necrosis with signifi-
cant nuclei deficiency. Noticeably, the mice treated with
different formulations all revealed negligible body weight loss
(Fig. 3E), suggesting that these formulations generated few sys-
temic side effects. The safety of combined formulations of
mJQ1 and X-ray was further corroborated by the histological
analysis of the main organs in mice using H&E staining, which
demonstrated that the mice following the treatment had
healthy heart, liver, spleen, lungs and kidneys (Fig. S1†).

3.5 In vivo immune stimulation

To better understand the mechanisms underlying the
improved antitumor effect, the intratumoral infiltration of
cytotoxic T lymphocytes was examined by flow cytometry at
24 h post-administration. The results showed that both X-ray
and mJQ1 groups could induce the infiltration of T cells as
characterized by a slight increase of CD45+ cells and activated
CD8+ T cells (Fig. 4A and B). It should be noted that X-ray
irradiation simultaneously offered an increase of FoxP3 +
Tregs at the tumor lesion (Fig. 4C), indicating that X-ray
irradiation alone may aggravate immunosuppression in the
tumor microenvironment, while the combination of mJQ1
with X-ray obviously downregulated the amount of FoxP3 +
Tregs to 88.1% of the PBS group, and generated the highest
proportions of CD45+, CD8+ and CD4+ T cells in tumors that
were around 3.0-fold higher than those of PBS groups,
affording significant activation of effector T cells. As shown in
Fig. 4D, mice treated with X-ray + mJQ1 had a high CD8+ T
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cells/Tregs ratio of 8.97 which was 3.9-fold, 2.2-fold, and 2.5-
fold of PBS (2.30), X-ray (4.05), and mJQ1 (3.65), respectively,
signifying that the X-ray + mJQ1 group induced a clear in vivo
shift from an immunosuppressive (cold) to an immunoactive
(hot) environment in tumor sites.

To evaluate the secretion levels of immune cytokines follow-
ing different treatments, the amounts of IFN-γ, TNF-α and IL-6
in peripheral blood samples of mice were measured using
ELISA kits. Both X-ray and X-ray + mJQ1 promoted the
secretion of IFN-γ, and X-ray + mJQ1 exhibited the highest

secretion level (Fig. 5A), signifying that the combined formu-
lation can largely enhance the infiltration of T lymphocytes.
Remarkably, mice treated with X-ray + mJQ1 revealed much
more TNF-α secretion than other groups, in which the X-ray +
mJQ1 group revealed around 1.86-fold and 1.77-fold more
TNF-α levels than both X-ray only and mJQ1 (Fig. 5A), further
corroborating that the X-ray + mJQ1 group had the best antitu-
mor efficacy. Compared with PBS, all treatment groups exhibi-
ted significantly increased IL-6 expression (Fig. 5A), suggesting
that obvious inflammation was generated at tumor lesions.

Fig. 2 Evaluation of cell apoptosis, cell cycle arrest, and the expression of c-MYC and PD-L1 proteins in B16F10 cancer cells treated with different
formulations. (A) Cell apoptosis following 48 h of incubation. (B) Cell cycle arrest following 24 h of incubation. (C) Expression of c-MYC and PD-L1
proteins in B16F10 cells following 48 h of incubation. (D–E) Quantification of the mean gray values of c-MYC (D) and PD-L1 (E) bands.
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Thus, combined X-ray and mJQ1 induced significantly elevated
immune cytokines and afforded strong antitumor immunity in
the tumor microenvironment.

At the end of the study, tumors were harvested for immuno-
histochemical (IHC) analysis. Compared with the PBS group,
the mice treated with both free JQ1 and mJQ1 groups pre-
sented significantly decreased PD-L1 expression (Fig. 5B),
implying an obvious reversal of the immunosuppressive
environment. Noticeably, little PD-L1 protein was observed at
the tumor area of mice treated with X-ray + mJQ1 at JQ1 con-
centrations of 1.3 to 5.0 mg kg−1, although X-ray only induced
the perceptible expression of the PD-L1 protein. Besides,
obvious nuclear lysis, apoptosis, and melanin deposition were
observed in tumors of mice treated with X-ray + mJQ1, signify-
ing their potent therapeutic effect in B16F10 tumor-bearing

mice. Thus, X-ray + mJQ1 is able to reverse the “cold” immuno-
suppressive environment of malignant tumors into a “hot”
immunoactive milieu by increasing immune cytokines to
recruit cytotoxic T cells and suppressing the PD-L1 expression
to relieve the immune brakes.

3.6 In vivo antitumor effect towards distal tumors

In order to explore the systemic immune response and “absco-
pal effect”, a bilateral B16F10-bearing mouse model was estab-
lished and was administered with different formulations once
every 5 days for four consecutive doses (Fig. 6A). Although
X-ray resulted in obvious growth inhibition of primary tumors,
while very limited efficacy was observed on distant tumors as
characterized by fast tumor growth (Fig. 6B) and five mice died
on day 25. In contrast, X-ray + mJQ1 combined formulations

Fig. 3 Therapeutic efficacy of mJQ1 combined with X-ray in B16F10 melanoma-bearing C57BL/6 mice. Different formulations were administered
on days 0, 5, 10, and 15. (A) Dosing regimen (n = 7). (B) Tumor volume changes (n = 7, *p < 0.05, **p < 0.01, ***p < 0.001). (C) Kaplan–Meier survival
curves (log-rank test). (D) H&E staining images of tumor blocks harvested on day 16. The images were acquired with a Leica microscope at 20× mag-
nification. (E) Body weight changes (n = 7).
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could significantly suppress the growth of both primary and
distal tumors with a suppression rate of distal tumors as high
as 78.6% (Fig. 6B). The remarkable inhibition of distal tumor
growth could be attributed to those mice treated with X-ray +
mJQ1 in primary tumor induced systemic antitumor immu-
nity, and the activated cytotoxic immune cells afforded potent
antitumor effects on distal tumors. Consistent with this, the

combined formulations of X-ray + mJQ1 afforded the longest
survival rate with a median survival time of 40 d, which was
much longer than those treated with X-ray irradiation (25 d) or
mJQ1 (18 d) (Fig. 6C). Interestingly, a slight increase of body
weight loss was observed in mice treated with different formu-
lations (Fig. 6D), signifying the satisfactory safety of both
mJQ1 nanodrugs and radiotherapy.

Fig. 4 In vivo antitumor immunity induced by different formulations on day 16. (A) The proportion of immune cells (CD45+) in the tumor examined.
(B) The intratumoral infiltration of CD4+ and CD8+ T cells (gated on CD45+ T cells). (C) The frequency of FoxP3 + CD4+ T cells. (D) The relative con-
tents of CD45+, CD4+, CD8+ T cells, and FoxP3 + Tregs compared to PBS, and the ratios of CD8+ T cells vs. Tregs. The significance of the differ-
ences was evaluated by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001; n = 3.
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Fig. 5 Tumor specific cytokines and pro-inflammatory mediators induced by different formulations. (A) IFN-γ/TNF-α/IL-6 level in the peripheral
blood (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001. (B) Immunohistochemical staining of the tumor sections with PD-L1 (magenta) examined at
the end of the in vivo antitumor study (bar = 50 μm).

Fig. 6 (A) Schematic illustration of the suppression of primary and distant tumors in bilateral B16F10 melanoma-bearing C57BL/6 mice. Different
formulations were administered on days 0, 5, 10, and 15. (B) Distal tumor volume changes. (C) Kaplan–Meier survival curves (log-rank test). (D) Body
weight changes. n = 9; ***p < 0.001.
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4. Conclusion

Enzyme-responsive micellar JQ1 (mJQ1) has been developed to
achieve enhanced JQ1 delivery and immunotherapy of malig-
nant melanoma. mJQ1 with PTyr moieties in the core exhibits
superb drug loading capacity, decent sizes of 40–60 nm, great
storage stability, and enzyme-triggered drug release. Compared
with free JQ1, mJQ1 exhibits superior repression of c-MYC and
PD-L1 proteins, cell cycle arrest, cell inhibition, and apoptotic
activity in B16F10 cancer cells. Remarkably, the intratumoral
injection of mJQ1 at 2.5 mg of JQ1 equiv. per kg displays much
better inhibition of B16F10 tumors in C57BL/6 mice than the
intraperitoneal administration of free JQ1 at 50 mg kg−1, sig-
nifying its high bioavailability. When combined with radio-
therapy, mJQ1 can activate the local and systemic antitumor
immunity by increasing the immune cytokine level, suppres-
sing PD-L expression, and recruiting cytotoxic T cells,
affording marked growth suppression of both primary and
distant tumors as well as significantly improved survival of
B16F10 tumor-bearing mice. Thus, the enzyme-responsive
micellar JQ1 combined with radiotherapy provides an intri-
guing methodology to modulate the immunological microenvi-
ronment for potent immunotherapy of various tumors.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The financial support from the National Natural Science
Foundation of China (NSFC 51973149, 51773145, and 51633005)
and the Natural Science Foundation of the Jiangsu Higher
Education Institutions of China (19KJA220002) is acknowledged.

References

1 A. G. Cochran, A. R. Conery and R. J. Sims III, Nat. Rev.
Drug Discovery, 2019, 18, 609–628.

2 P. K. Mazur, A. Herner, S. S. Mello, M. Wirth, S. Hausmann,
F. J. Sanchez-Rivera, S. M. Lofgren, T. Kuschma, S. A. Hahn,
D. Vangala, M. Trajkovic-Arsic, A. Gupta, I. Heid, P. B. Noel,
R. Braren, M. Erkan, J. Kleeff, B. Sipos, L. C. Sayles,
M. Heikenwalder, E. Hessmann, V. Ellenrieder, I. Esposito,
T. Jacks, J. E. Bradner, P. Khatri, E. A. Sweet-Cordero,
L. D. Attardi, R. M. Schmid, G. Schneider, J. Sage and
J. T. Siveke, Nat. Med., 2015, 21, 1163–1171.

3 O. Bechter and P. Schoffski, Pharmacol. Ther., 2020, 208,
107479–107493.

4 V. Sahai, A. J. Redig, K. A. Collier, F. D. Eckerdt and
H. G. Munshi, Oncotarget, 2016, 7, 53997–54009.

5 Z. Li, S. Xiao, Y. Yang, C. Chen, T. Lu, Z. Chen, H. Jiang,
S. Chen, C. Luo and B. Zhou, J. Med. Chem., 2020, 63,
3956–3975.

6 A. Andrikopoulou, M. Liontos, K. Koutsoukos,
M.-A. Dimopoulos and F. Zagouri, Cell. Oncol., 2021, 44,
237–249.

7 A. S. Leal, P. Liu, T. Krieger-Burke, B. Ruggeri and
K. T. Liby, Cancer, 2021, 13, 96–111.

8 C. Berthon, E. Raffoux, X. Thomas, N. Vey, C. Gomez-Roca,
K. Yee, D. C. Taussig, K. Rezai, C. Roumier, P. Herait,
C. Kahatt, B. Quesnel, M. Michallet, C. Recher, F. Lokiec,
C. Preudhomme and H. Dombret, Lancet Haematol., 2016,
3, e186–e195.

9 S. Amorim, A. Stathis, M. Gleeson, S. Iyengar, V. Magarotto,
X. Leleu, F. Morschhauser, L. Karlin, F. Broussais, K. Rezai,
P. Herait, C. Kahatt, F. Lokiec, G. Salles, T. Facon,
A. Palumbo, D. Cunningham, E. Zucca and
C. Thieblemont, Lancet Haematol., 2016, 3, 196–204.

10 A. Stathis, E. Zucca, M. Bekradda, C. Gomez-Roca,
J.-P. Delord, T. d. L. M. Rouge, E. Uro-Coste, F. de Braud,
G. Pelosi and C. A. French, Cancer Discovery, 2016, 6, 492–500.

11 A. Forero-Torres, S. Rosen, D. C. Smith, G. Lesser,
J. Peguero, S. Gupta, J. M. Watts, M. Noel, R. Kurzrock,
H. Park, P. LoRusso, C. C. Coombs, F. Zheng, J. Switzky,
S. Yeleswaram and G. Falchook, Blood, 2017, 130, 4048–
4048.

12 P. Filippakopoulos, J. Qi, S. Picaud, Y. Shen, W. B. Smith,
O. Fedorov, E. M. Morse, T. Keates, T. T. Hickman,
I. Felletar, M. Philpott, S. Munro, M. R. McKeown, Y. Wang,
A. L. Christie, N. West, M. J. Cameron, B. Schwartz,
T. D. Heightman, N. La Thangue, C. A. French, O. Wiest,
A. L. Kung, S. Knapp and J. E. Bradner, Nature, 2010, 468,
1067–1073.

13 J. Seal, Y. Lamotte, F. Donche, A. Bouillot, O. Mirguet,
F. Gellibert, E. Nicodeme, G. Krysa, J. Kirilovsky, S. Beinke,
S. McCleary, I. Rioja, P. Bamborough, C.-W. Chung,
L. Gordon, T. Lewis, A. L. Walker, L. Cutler, D. Lugo,
D. M. Wilson, J. Witherington, K. Lee and R. K. Prinjha,
Bioorg. Med. Chem. Lett., 2012, 22, 2968–2972.

14 O. Mirguet, R. Gosmini, J. Toum, C. A. Clement,
M. Barnathan, J.-M. Brusq, J. E. Mordaunt, R. M. Grimes,
M. Crowe, O. Pineau, M. Ajakane, A. Daugan, P. Jeffrey,
L. Cutler, A. C. Haynes, N. N. Smithers, C.-W. Chung,
P. Bamborough, I. J. Uings, A. Lewis, J. Witherington,
N. Parr, R. K. Prinjha and E. Nicodeme, J. Med. Chem.,
2013, 56, 7501–7515.

15 J. Shi, P. W. Kantoff, R. Wooster and O. C. Farokhzad, Nat.
Rev. Cancer, 2017, 17, 20–37.

16 Q. Sun, M. Barz, B. G. De Geest, M. Diken, W. E. Hennink,
F. Kiessling, T. Lammers and Y. Shi, Chem. Soc. Rev., 2019,
48, 351–381.

17 H. Cabral, K. Miyata, K. Osada and K. Kataoka, Chem. Rev.,
2018, 118, 6844–6892.

18 W. Gu, F. Meng, R. Haag and Z. Zhong, J. Controlled
Release, 2021, 329, 676–695.

19 F. C. Lam, S. W. Morton, J. Wyckoff, T.-L. V. Han,
M. K. Hwang, A. Maffa, E. Balkanska-Sinclair, M. B. Yaffe,
S. R. Floyd and P. T. Hammond, Nat. Commun., 2018, 9,
1991–2002.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2021 Biomater. Sci., 2021, 9, 6915–6926 | 6925

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

by
 S

oo
ch

ow
 U

ni
ve

rs
ity

 C
hi

na
 o

n 
11

/1
2/

20
21

 2
:4

3:
04

 A
M

. 
View Article Online

https://doi.org/10.1039/d1bm00724f


20 V. Maggisano, M. Celano, R. Malivindi, I. Barone, D. Cosco,
C. Mio, C. Mignogna, S. Panza, G. Damante, M. Fresta,
S. Ando, D. Russo, S. Catalano and S. Bulotta, Cancer, 2020,
12, 91–105.

21 S. Mura, J. Nicolas and P. Couvreur, Nat. Mater., 2013, 12,
991–1003.

22 R. Cheng, F. Meng, C. Deng and Z. Zhong, Nano Today,
2015, 10, 656–670.

23 S. Wang, P. Huang and X. Chen, ACS Nano, 2016, 10, 2991–
2994.

24 C. Deng, Y. Jiang, R. Cheng, F. Meng and Z. Zhong, Nano
Today, 2012, 7, 467–480.

25 Y. Wang, N. Shen, K. Sakurai and Z. Tang, Macromol.
Biosci., 2019, 19, 1900329.

26 Q. Xu, L. Wang, T. Tong, X. Huang, C. Huang, F. Li, Q. Su,
Y. Tien, J. Wu, W. Zhao and X. Yin, Appl. Mater. Today,
2020, 21, 100849–100860.

27 H. Shibasaki, H. Kinoh, H. Cabral, S. Quader, Y. Mochida,
X. Liu, K. Toh, K. Miyano, Y. Matsumoto, T. Yamasoba and
K. Kataoka, ACS Nano, 2021, 15, 5545–5559.

28 Y. Tian, X. Wang, S. Zhao, X. Liao, M. R. Younis, S. Wang,
C. Zhang and G. Lu, ACS Appl. Mater. Interfaces, 2019, 11,
46626–46636.

29 J. A. Mertz, A. R. Conery, B. M. Bryant, P. Sandy,
S. Balasubramanian, D. A. Mele, L. Bergeron and
R. J. Sims, III, Proc. Natl. Acad. Sci. U. S. A., 2011, 108,
16669–16674.

30 R. Vazquez, M. E. Riveiro, L. Astorgues-Xerri, E. Odore,
K. Rezai, E. Erba, N. Panini, A. Rinaldi, I. Kwee, L. Beltrame,
M. Bekradda, E. Cvitkovic, F. Bertoni, R. Frapolli and
M. D’Incalci, Oncotarget, 2017, 8, 7598–7613.

31 G. P. Andrieu, J. S. Shafran, C. L. Smith, A. C. Belkina,
A. N. Casey, N. Jafari and G. V. Denis, Cancer Lett., 2019,
465, 45–58.

32 S. C. Casey, L. Tong, Y. Li, R. Do, S. Walz, K. N. Fitzgerald,
A. M. Gouw, V. Baylot, I. Guetgemann, M. Eilers and
D. W. Felsher, Science, 2016, 352, 227–231.

33 F. Zhou, J. Gao, Z. Xu, T. Li, A. Gao, F. Sun, F. Wang,
W. Wang, Y. Geng, F. Zhang, Z. P. Xu and H. Yu, Nano
Today, 2021, 36, 101025.

34 H. Qiao, X. Chen, Q. Wang, J. Zhang, D. Huang, E. Chen,
H. Qian, Y. Zhong, Q. Tang and W. Chen, Biomater. Sci.,
2020, 8, 2472–2480.

35 Y. Chao, L. Xu, C. Liang, L. Feng, J. Xu, Z. Dong, L. Tian,
X. Yi, K. Yang and Z. Liu, Nat. Biomed. Eng., 2018, 2, 611–
621.

36 C. Grassberger, S. G. Ellsworth, M. Q. Wilks, F. K. Keane
and J. S. Loeffler, Nat. Rev. Clin. Oncol., 2019, 16, 729–745.

37 S. M. Hiniker, S. A. Reddy, H. T. Maecker,
P. B. Subrahmanyam, Y. Rosenberg-Hasson, S. M. Swetter,
S. Saha, L. Shura and S. J. Knox, Int. J. Radiat. Oncol., Biol.,
Phys., 2016, 96, 578–588.

38 X. Gu, M. Qiu, H. Sun, J. Zhang, L. Cheng, C. Deng and
Z. Zhong, Biomater. Sci., 2018, 6, 1526–1534.

39 X. Gu, Y. Wei, Q. Fan, H. Sun, R. Cheng, Z. Zhong and
C. Deng, J. Controlled Release, 2019, 301, 110–118.

40 Y. Shi, T. Lammers, G. Storm and W. E. Hennink,
Macromol. Biosci., 2017, 17, 1600160.

41 J. Li and K. Kataoka, J. Am. Chem. Soc., 2021, 143, 538–
559.

42 S. Lv, Y. Wu, K. Cai, H. He, Y. Li, M. Lan, X. Chen, J. Cheng
and L. Yin, J. Am. Chem. Soc., 2018, 140, 1235–1238.

43 Y. Shi, R. van der Meel, B. Theek, E. Oude Blenke,
E. H. E. Pieters, M. H. A. M. Fens, J. Ehling,
R. M. Schiffelers, G. Storm, C. F. van Nostrum, T. Lammers
and W. E. Hennink, ACS Nano, 2015, 9, 3740–3752.

44 W.-R. Zhuang, Y. Wang, P.-F. Cui, L. Xing, J. Lee, D. Kim,
H.-L. Jiang and Y.-K. Oh, J. Controlled Release, 2019, 294,
311–326.

45 Q. Fan, Y. Liu, G. Cui, Z. Zhong and C. Deng, J. Controlled
Release, 2021, 329, 1139–1149.

46 N. Fehrenbacher and M. Jäättelä, Cancer Res., 2005, 65,
2993–2995.

47 X. Wu, Y. Wu, H. Ye, S. Yu, C. He and X. Chen, J. Controlled
Release, 2017, 255, 81–93.

48 Y. Ren, H. Luo, H. Huang, N. Hakulinen and T. Tu,
Int. J. Biol. Macromol., 2019, 154, 1586–1595.

49 V. M. Wu, J. Mickens and V. Uskoković, ACS Appl. Mater.
Interfaces, 2017, 9, 25887–25904.

50 S. Jostes, D. Nettersheim, M. Fellermeyer, S. Schneider,
F. Hafezi, F. Honecker, V. Schumacher, M. Geyer,
G. Kristiansen and H. Schorle, J. Cell. Mol. Med., 2017, 21,
1300–1314.

51 Y. Zhang, S. Duan, A. Jang, L. Mao, X. Liu and G. Huang,
Exp. Eye Res., 2021, 202, 108304.

52 Z.-D. He, M. Zhang, Y.-H. Wang, Y. He, H.-R. Wang,
B.-F. Chen, B. Tu, S.-Q. Zhu and Y.-Z. Huang, Acta
Pharmacol. Sin., 2021, 42, 1516–1523.

53 M. Z. Dewan, A. E. Galloway, N. Kawashima,
J. K. Dewyngaert, J. S. Babb, S. C. Formenti and S. Demaria,
Clin. Cancer Res., 2009, 15, 5379–5388.

54 C. Vanpouille-Box, A. Alard, M. J. Aryankalayil, Y. Sarfraz,
J. M. Diamond, R. J. Schneider, G. Inghirami,
C. N. Coleman, S. C. Formenti and S. Demaria, Nat.
Commun., 2017, 8, 15618.

55 C. J. Ott, N. Kopp, L. Bird, R. M. Paranal, J. Qi, T. Bowman,
S. J. Rodig, A. L. Kung, J. E. Bradner and D. M. Weinstock,
Blood, 2012, 120, 2843–2852.

56 F. Lamoureux, M. Baud’huin, L. Rodriguez Calleja,
C. Jacques, M. Berreur, F. Rédini, F. Lecanda, J. E. Bradner,
D. Heymann and B. Ory, Nat. Commun., 2014, 5, 3511.

57 O. Melaiu, M. Mina, M. Chierici, R. Boldrini, G. Jurman,
P. Romania, V. D’Alicandro, M. C. Benedetti, A. Castellano,
T. Liu, C. Furlanello, F. Locatelli and D. Fruci, Clin. Cancer
Res., 2017, 23, 4462–4472.

58 P. L. Garcia, A. L. Miller, T. L. Gamblin, L. N. Council,
J. D. Christein, J. P. Arnoletti, M. J. Heslin, S. Reddy,
J. H. Richardson, X. Cui, R. C. A. M. van Waardenburg,
J. E. Bradner, E. S. Yang and K. J. Yoon, Mol. Cancer Ther.,
2018, 17, 107–118.

59 X. Wang, B. Yu, B. Cao, J. Zhou, Y. Deng, Z. Wang and
G. Jin, Int. J. Cancer, 2021, 148, 437–447.

Paper Biomaterials Science

6926 | Biomater. Sci., 2021, 9, 6915–6926 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
7 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

by
 S

oo
ch

ow
 U

ni
ve

rs
ity

 C
hi

na
 o

n 
11

/1
2/

20
21

 2
:4

3:
04

 A
M

. 
View Article Online

https://doi.org/10.1039/d1bm00724f

	Button 1: 


