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Sulforaphane enhances the antitumor
response of chimeric antigen receptor T
cells by regulating PD-1/PD-L1 pathway
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Abstract

Background: Chimeric antigen receptor T (CAR-T) cell therapy has limited effects in the treatment of solid tumors.
Sulforaphane (SFN) is known to play an important role in inhibiting tumor growth, but its effect on CAR-T cells
remains unclear. The goal of the current study was to determine whether combined CAR-T cells and SFN could
provide antitumor efficacy against solid tumors.

Methods: The effect of combined SFN and CAR-T cells was determined in vitro using a co-culture system and
in vivo using a xenograft mouse model. We further validated the effects of combination therapy in patients with
cancer.

Results: In vitro, the combination of SFN and CAR-T cells resulted in enhanced cytotoxicity and increased lysis of
tumor cells. We found that SFN suppressed programmed cell death 1 (PD-1) expression in CAR-T cells and
potentiated antitumor functions in vitro and in vivo. As a ligand of PD-1, programmed cell death ligand 1 (PD-L1)
expression was also decreased in tumor cells after SFN treatment. In addition, β-TrCP was increased by SFN,
resulting in higher activation of ubiquitination-mediated proteolysis of PD-L1, which induced PD-L1 degradation.
The combination of SFN and CAR-T cell therapy acted synergistically to promote better immune responses in vivo
compared with monotherapy. In clinical treatments, PD-1 expression was lower, and proinflammatory cytokine
levels were higher in patients with various cancers who received CAR-T cells and took SFN orally than that in the
control group.

Conclusion: SFN improves the cytotoxicity of CAR-T cells by modulating the PD-1/PD-L1 pathway, which may
provide a promising strategy for the combination of SFN with CAR-T cells for cancer immunotherapy.
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Background
Chimeric antigen receptor T (CAR-T) cells have been
successfully used to treat hematological malignancies
[1]. However, patients with solid tumors hardly benefit
from CAR-T cell infusion due to several causes, includ-
ing T cell exhaustion and tumor immune evasion in the
tumor microenvironment [2–4]. Tumor infiltrating T
cells undergo persistent antigen and inflammation
stimulation, resulting in exhaustion, which is character-
ized by dysfunction and upregulation of multiple inhibi-
tory receptors [5, 6]. Programmed cell death 1 (PD-1) in
T cells, a negative immune checkpoint, interacts with
programmed cell death ligand 1 (PD-L1) in tumor cells,
leading to T cell exhaustion [7, 8]. In the tumor micro-
environment, PD-1 expression is sustained highly on
exhausted T cells, followed by the diminished produc-
tion of effector factors, including interferon-gamma
(IFN-γ), interleukin-2 (IL-2), and tumor necrosis factor-
alpha (TNF-α) [7]. On the other hand, PD-L1 expression
on tumor cell surfaces leads to immune escape and poor
prognosis [9]. As a multifunctional cytokine, IFN-γ has
an antitumor effect and, at the same time, can strongly
mediate PD-L1 expression [9–11]. Furthermore, IFN-γ
secreted by T cells induces PD-L1 expression on tumor
cells and engages with PD-1 on T cells [9, 12]. Thus, T
cells lose their effector functions and tumor cells escape
from the attack. This evidence establishes a foundation
for therapies that target the PD-1/PD-L1 pathway when
combined with CAR-T cells. Immune checkpoint block-
ade based on anti-PD-1/PD-L1 displays a prominent re-
sponse in tumors with high mutational burdens,
including melanoma, lung cancers, and urothelial can-
cers [13–15]. However, some patients have to discon-
tinue this treatment because of immune-related adverse
events, including fatigue, diarrhea, rash, pruritus, endo-
crinopathies, and serious visceral organ inflammatory
toxicities [16, 17]. Hence, whether there is any other
safer and more effective drug combination with CAR-T
therapies needs to be investigated.
Sulforaphane (SFN) is an isothiocyanate that is

enriched in cruciferous vegetables [18]. Since SFN was
identified as a phase II enzyme inducer in 1992 [19],
various studies have been conducted to reveal its antitu-
mor ability. Epidemiological studies have suggested that
diets rich in cruciferous vegetables decrease the risk of
cancer incidence [20]. It has been shown that SFN can
inhibit the growth of tumor cells and cell cycle progres-
sion through multiple mechanisms [21–23]. Studies
demonstrated that SFN promotes bladder cancer cell
apoptosis and cell circle arrest via ROS production [24].
Furthermore, SFN suppresses breast cancer stem cells by
impairing Wnt/β-catenin or NF-κB signaling pathways
[25, 26]. Despite deep investigations into tumor cells,
their effects can also be observed in immune cells.

According to reports, SFN increases the frequency of B
and T cells and enhances NK cell activity in a leukemia
mouse model [27]. In addition, SFN attenuates the func-
tion of Th1/17 by regulating IL-23 and IL-12 production
from dendritic cells (DCs) which protects mice from se-
vere autoimmune diseases [28].
Although there are extensive studies, whether and how

SFN modulates the tumor microenvironment remains
unknown, and whether SFN is available for cancer ther-
apy in the clinic has not been well explored. The exhaus-
tion of CAR-T cells in the tumor microenvironment
hinders their antitumor capacity. One of the reasons for
this was PD-1/PD-L1 engagement. In this study, we re-
port that SFN downregulated PD-1 expression in CAR-
T cells by inhibiting the PI3K/AKT pathway, while SFN
promoted PD-L1 degradation in tumor cells by activat-
ing the ubiquitination-mediated proteolysis pathway.
Furthermore, SFN enhanced the antitumor ability of
CAR-T cells both in vitro and in vivo. Our findings re-
vealed the effect of SFN on the antitumor response,
which may provide a potential strategy for
immunotherapy.

Methods
Cell lines
The human lung cancer cell lines A549, H322, and the
human embryonic kidney cell line 293 T were purchased
from the cell bank of the Chinese Academy of Sciences
(Shanghai, China). All cell lines were cultured in DMEM
high glucose (Sigma-Aldrich, St. Louis, MO, USA) con-
taining 10% FBS (Lonsera, Uruguay), 100 U/mL penicil-
lin, and 100 μg/mL streptomycin without mycoplasma at
37 °C in a humidified 5% CO2 incubator.

T cell isolation and sorting
Peripheral blood mononuclear cells (PBMCs) from
healthy donors were isolated using density gradient cen-
trifugation. CD3+ T cells were positively selected using
human CD3 microbeads (Miltenyi Biotec, Bergisch Glad-
bach, Germany) according to the manufacturer’s instruc-
tions. The selected CD3+ T cells were incubated in
RPMI 1640 medium (Sigma-Aldrich, St. Louis, MO,
USA) containing 10% FBS, 100 U/mL penicillin, 100 μg/
mL streptomycin, and 200 U/mL IL-2 (Beijing SL
Pharmaceutical, Beijing, China).

Generation of meso CAR-T cells
The meso single-chain fragment variable (scFv) was syn-
thesized by Sangon Biotech (Shanghai, China) and
cloned into the pCDH lentivirus vector, containing
CD3ζ and CD28 activation domains [29]. After activa-
tion with anti-CD3/CD28 beads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany), CD3+ T cells treated with or
without SFN (15 μM; Sigma-Aldrich, St. Louis, MO,
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USA) were transduced with lentivirus particles encoding
meso CAR and cultured with 200 U/mL IL-2 and with
or without 15 μM SFN.

Flow cytometry
FACS Canto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) was used for flow cytometry analysis.
Surface marker staining was conducted with
fluorescence-conjugated antibodies for 30 min in the
dark at 4 °C. For intracellular staining, the cells were
stained with antibodies against intracellular cytokines
after surface antibody staining, fixation, and
permeabilization. All antibodies were purchased from
BioLegend (San Diego, CA, USA): APC/Cyanine7 anti-
human CD8 (SK1), PE anti-human CD107a (H4A3), PE
anti-human PD-1 (EH12.2H7), APC anti-human Tim-3
(F38-2E2), PE anti-human CD69 (FN50), PE anti-human
PD-L1 (29E.2A3), APC anti-human IFN-γ (4S.B3), PE
anti-human IL-2 (MQ1-17H12), APC anti-human Per-
forin (dG9), and PE anti-human/mouse Granzyme B Re-
combinant (QA16A02), except PE anti-human
mesothelin (REA1057; Miltenyi Biotec, Bergisch Glad-
bach, Germany).

Specific lysis analysis
Tumor cells were incubated with CAR-T cells at differ-
ent effector to target (E:T) ratios for 6 h. Tumor cells
were collected and stained with Annexin-V (BioLegend,
San Diego, CA, USA) in Annexin-V Binding Buffer (Bio-
Legend, San Diego, CA, USA) for 15 min in the dark.
Flow cytometry was used for analysis after the addition
of propidium iodide (BioLegend, San Diego, CA, USA).

Western blot analysis
To collect whole-cell lysates, cells were lysed in RIPA
lysis buffer supplemented with a Protease Inhibitor
Cocktail (Sigma-Aldrich, St. Louis, MO, USA), and
the cell lysates were centrifuged at 12,000 rpm. The
supernatant was collected, mixed with loading buffer,
and boiled for 15 min to disengage the protein sec-
ondary structure. The mixture was resolved on SDS-
PAGE gels (BioSci™ NewFlash Protein AnyKD PAGE;
DAKEWE, Beijing, China) and then transferred onto
nitrocellulose membranes (GE life, Pittsburgh, PA,
USA). After blocking with 5% non-fat milk, the mem-
branes were incubated with primary antibodies over-
night at 4 °C. The bands were probed with the
appropriate secondary antibodies and detected by en-
hanced chemiluminescence. The following primary
antibodies were purchased from Cell Signaling Tech-
nology (Danvers, MA, USA): PD-1 (D4W2J, 1:1000),
phospho-AKT (Ser473) (D9E, 1:2000), phospho-
mTOR (Ser2448) (D9C2, 1:1000), phospho-S6 riboso-
mal protein (Ser235/236) (D57.2.2E, 1:2000), AKT

(pan) (C67E7, 1:1000), mTOR (7C10, 1:1000), S6
Ribosomal Protein (54D2, 1:1000), β-TrCP (D13F10,
1:1000), and β-Actin (8H10D10, 1:1000), except anti-
PD-L1 antibody [EPR19759] (ab213524; Abcam, UK,
1:1000).

RNA sequencing
We first purified and enriched the RNA from samples.
For mRNA enrichment, RNA with a polyA tail was
enriched using magnetic beads with Oligo-dT. For RNA
purification, DNA probes were used to hybridize the
rRNA. The hybridized products were subsequently de-
graded by RNase H and DNase I. Next, the RNA was
shredded into fragments and was reverse-transcribed to
cDNA using random N6 primers. The ends of the syn-
thesized double-stranded DNA were filled, the 5 'ends
were phosphorylated, and the ligation products were
amplified by PCR with specific primers. After thermal
denaturation into a single strand, the PCR products were
circularized with a bridge primer to obtain a single-
stranded circular DNA library. Finally, the BGISEQ-500
platform was used for high-throughput sequencing.

Gene Set Enrichment Analysis (GSEA)
Whole gene counts from RNA-seq data were selected
for the GSEA enrichment analysis [30]. “c2.cp.kegg.v6.0.-
symbol” from the MSigDB database was selected to per-
form pathway enrichment based on the KEGG database.
Groups were consistent with RNA-seq, and other pa-
rameters were performed as default. Gene expression
files were modified as software’s request.

Quantitative real-time PCR
Total RNA was extracted with TRIzol (Invitrogen, Carls-
bad, CA, USA), and the quality and concentration were
detected using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). cDNA
was synthesized using the Primescript RT Reagent Kit
(TakaRa, Dalian, China). Quantitative real-time PCR
(qRT-PCR) analysis was performed using the SYBR
Green Master Mix (Roche, Basel, Switzerland). The
primers used are shown in Additional file 1: Table S1.

Tumor cell transfection
A549 or H322 cells (1.5 × 105) were seeded in 6-well
plates. Three BTRC short interfering RNA (siRNA) or
scramble (siScr) sequences (Shanghai Gene-Pharma,
Shanghai, China) were transfected into cells using jet-
PRIME transfection reagent (Polyplus transfection,
France) according to the manufacturer’s protocol. After
48 h, transfection efficacy was tested by qRT-PCR and
western blot.
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In vivo studies
All mouse experiments were approved by the Institu-
tional Animal Care and Use Committee of the First Af-
filiated Hospital of Zhengzhou University. Female 5-
week-old NOD-SCID mice were purchased from Beijing

Vital River Laboratory Animal Technology Company
and were fed in the Henan Key Laboratory for Pharma-
cology of Liver Diseases. Luciferase-expressing H322
(H322-luc) cells (5 × 105) were injected subcutaneously
(s.c.) into mice. Five days later, mice received 5 × 106

Fig. 1 Sulforaphane (SFN) enhanced the antitumor function of meso CAR-T cells in vitro by downregulating PD-1 expression. A Schematics of
meso CAR constructs. B Transduction efficacy of meso CAR-T cells. Transduction efficacy was examined by green fluorescent protein (GFP)
expression on day 5. C Analysis of specific lysis of tumor cells. H322 cells were incubated with meso CAR-T cells at various effector to target (E:T)
ratios (1:1, 5:1, and 10:1) for 6 h, and lysis of H322 cells was analyzed by flow cytometry. D H322 cells were incubated with meso CAR-T cells at a
10:1 ratio for 6 h. Expression of CD107a on CAR-T cells was tested by flow cytometry. E–G After co-culturing with H322 cells at a 1:1 ratio for 24 h,
the secretion of IFN-γ (E), perforin (F), and granzyme B (G) by CD8+ meso CAR-T cells was investigated by flow cytometry. H, I PD-1 expression
on CD8+ meso CAR-T cells with or without SFN treatment was analyzed by flow cytometry (H) and western blot (I). J PD-1 expression on CD8+

meso CAR-T cells was tested by flow cytometry, with or without treatment with SFN and PI3K/AKT inhibitor PF-04691502 (10 μM). K Western blot
analysis of phosphorylated and total AKT, mTOR, and S6 proteins, as well as PD-1 and β-actin levels, in meso CAR-T cells with or without SFN and
PF-04691502 treatment. Results are representative of five independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001
(Student’s t test)
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meso CAR-T cells intravenously injection (i.v.) with SFN
(LKT Labs, St. Paul, MN, USA) or anti-PD-1 (Pembroli-
zumab Injection, Keytruda, MSD, USA) treatment.
Tumor growth was measured by bioluminescent imaging
using a Xenogen IVIS-200 Spectrum camera and Living
Image version 4.4 (Caliper Life Sciences, Waltham, MA,
USA) for image acquisition and analysis. For the analysis
of tumor- and spleen-infiltrating meso CAR-T cells, 7
days after meso CAR-T cell injection, cells from fresh
tumor tissues were harvested using a tumor dissociation
kit (Miltenyi Biotec, Bergisch Gladbach, Germany) ac-
cording to the manufacturer’s instructions, while the
spleens were ground directly for cell collection. Pheno-
types and cytokine secretion were evaluated using flow
cytometry. Mice were sacrificed when the values of total
flux were over 2 × 1011.

Immunohistochemistry (IHC)
Tissue sections from xenograft tumor were first deparaf-
finized. The sections were placed in 0.01M sodium cit-
rate buffer for antigen retrieval. Then, 3% H2O2 was
added to remove endogenous peroxidase and 5% normal
goat serum was used to block nonspecific binding. Then,
the sections were incubated with the primary antibody
(anti-PD-L1 antibody [PDL1/2746] (ab238697; Abcam,
UK)) overnight at 4 °C, followed by incubation with
horseradish peroxidase-linked secondary antibody at
room temperature for 30 min. After stained with the
DAB solution, the samples were counterstained with
hematoxylin, dehydrated, and sealed with neutral gum.
PD-L1 expression was evaluated by the immunohisto-

chemical scoring (IHS). The proportion of positive cells
was scored as follows: 0 (no positive cells), 1 (1–25%), 2
(26–50%), 3 (51–75%), and 4 (76–100%).The staining in-
tensity was scored on a 0 to 3 scale (0, negative; 1, weak;
2, moderate; 3, strong). The final score was based on the
addition of these two scores: negative (−, 0), weakly posi-
tive (+, 1–3), moderately positive (++, 4–5), and strongly
positive (+++, 6–7).

Human Subjects
Peripheral blood was obtained from patients with cancer
who voluntarily participated in a clinical trial approved
by the Institutional Review Board of the First Affiliated
Hospital of Zhengzhou University (NCT03229876,
NCT03638206). Written informed consent was obtained
from all the participants. Four patients received sulfo-
raphane from broccoli sprout extract (Swanson, USA),
two capsules per day for 30 days at the beginning of
CAR-T therapy, and another four patients only received
CAR-T therapy as a control group. The clinical charac-
teristics of the patients are presented in Additional file 2:
Table S2. PBMCs from the peripheral blood of these pa-
tients were collected by density gradient centrifugation.

PD-1 expression and cytokine secretion were analyzed
by flow cytometry.

Statistical analysis
Data were analyzed using GraphPad Prism 8.2.1(Grap-
Pad Software, La Jolla, CA, USA) and R language (ver-
sion 3.6). Student’s t test was used for comparison of
two groups. Both methods were achieved by the
“Analyze” function in GraphPad Prism. Survival curves
were determined by Kaplan-Meier analysis using the R
packages “Survival” and “Survminer.” All boxplot and
barplot images are presented as the mean ± SEM. Statis-
tical significance is shown as *(P < 0.05), **(P < 0.01),
***(P < 0.001), and **** (P < 0.0001), and ns meant not
significant (P > 0.05).

Results
SFN promotes cytotoxicity of meso CAR-T cells in vitro by
downregulating PD-1 expression
We transduced CD3+ T cells with a second-generation
anti-mesothelin CAR construct containing the CD3ζ and
CD28 activation domains (Fig. 1A). The transduction ef-
ficacy was greater than 51% (Fig. 1B). Surface mesothelin
expression was evaluated in lung tumor cell lines by flow
cytometry. H322 cells highly expressed mesothelin with
a percentage of over 90% (data not shown). Therefore,
we used H322 as the target cells. To further analyze the
role of SFN in the antigen-specific cytotoxicity of meso
CAR-T cells, the tumor cells were incubated with meso
CAR-T cells in the presence or absence of SFN. Our re-
sults showed that meso CAR-T cells had a more potent
cytotoxic function against tumor cells with addition of
SFN (Fig. 1C) and expressed higher levels of CD107a as
an indicator of degranulation (Fig. 1D). Meanwhile, the
cytokine secretion of IFN- γ, perforin, and granzyme B
was significantly increased in the SFN-treated CAR-T
cell group compared to the control group (Fig. 1E–G).
However, whether SFN could prevent CAR-T cell ex-
haustion remains unknown. We then tested the effect of
SFN on PD-1 expression and found that PD-1 was sig-
nificantly inhibited by SFN in meso CAR-T cells (Fig.
1H, I, Additional file 3: Fig. S1A). It has been reported
that the PI3K/AKT signaling pathway contributes to
many aspects of T cell differentiation, metabolism, func-
tion, and survival [31]. Thus, we determined whether
SFN affected the PI3K/AKT axis. We treated meso
CAR-T cells with SFN or PI3K inhibitor PF-04691502
and observed that PD-1 was downregulated both in SFN
and PF-04691502-treated meso CAR-T cells (Fig. 1J).
Meanwhile, SFN inhibited the downstream cellular activ-
ity of PI3K similar to PF-04691502, including p-AKT, p-
mTOR, and p-S6, which was consistent with PD-1 re-
duction (Fig. 1K, Additional file 3: Fig. S1A). However,
we found that the effect of the PI3K inhibitor on PD-1
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Fig. 2 (See legend on next page.)
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was weaker than that of SFN, which indicated that the
PI3K/AKT axis was not the only pathway for SFN. Our
findings suggest that SFN may regulate PD-1 expression
partially through a PI3K/AKT-dependent pathway.

Meso CAR-T cells show stronger antitumor efficacy
in vivo after SFN treatment
Next, we analyzed the function of SFN-treated meso
CAR-T cells in vivo. H322-luc cells were injected sub-
cutaneously into mice. The meso CAR-T cells were
treated with SFN in vitro before adoptive transfer. Com-
pared with untreated meso CAR-T cells, SFN-treated
meso CAR-T cells had a more potent cytotoxic function
against tumor cells (Fig. 2A). The expression of the in-
hibitory receptors PD-1 in SFN-treated meso CAR-T
cells were attenuated that of the IFN-γ secretion was in-
creased (Fig. 2B, C). Then, the untransduced T cells (T
cell only), meso CAR-T cells (CAR-T only), and SFN-
treated meso CAR-T cells (SFN-CAR-T) were infused
i.v. into tumor-bearing mice. Tumor growth in the
mouse models was assessed using a bioluminescence
(IVIS) imaging system. Compared with the CAR-T-only
group, the SFN-CAR-T group showed a reduction in
tumor growth and improvement in overall survival (Fig.
2D–F). These observations support that SFN improves
the meso CAR-T cytotoxicity function in vivo.

SFN downregulates IFN-γ-induced PD-L1 expression on
tumor cells
PD-L1 is a ligand of PD-1 that is expressed on tumor
cells. In previous reports, SFN had a direct inhibitory ef-
fect on tumor cells [20]; however, whether SFN can in-
hibit PD-L1 expression remains unclear. To examine the
effect of SFN on tumor cells besides direct inhibition of
cell growth, we treated tumor cells with 15 μM SFN
which had little impact on tumor apoptosis (Fig. 3A).
IFN-γ is known to be the most potent inducer of PD-L1.
We found that PD-L1 expression was induced by IFN-γ
in a dose- and time-dependent manner (Fig. 3B). Thus,
we used 100 U/mL IFN-γ to treat tumor cells for 24 h in
subsequent studies. Furthermore, the results from both
flow cytometry and western blot analysis demonstrated
that the addition of IFN-γ strongly mediated the expres-
sion levels of PD-L1 on A549 and H322 cells, while SFN

significantly reduced this upregulation in both cell lines
(Fig. 3C–F, Additional file 3: Fig. S1B). Similar results
were observed in tumor cells co-cultured with meso
CAR-T cells. PD-L1 expression, which was induced by
meso CAR-T cells, was downregulated in the presence
of SFN (Fig. 3G–J). These results revealed that SFN sig-
nificantly attenuated the IFN-γ-induced PD-L1 expres-
sion on tumor cells.

SFN negatively regulates PD-L1 degradation in a poly-
ubiquitination dependent manner
To further investigate the molecular mechanisms of PD-
L1 downregulation by SFN, A549 cells were treated with
different treatments for RNA sequencing (RNA-seq), in-
cluding untreated group (control), IFN-γ-treated group
(IFN- γ) and IFN- γ together with SFN-treated group
(IFN- γ + SFN). Interestingly, PD-L1 mRNA expression
was not consistent with the protein level, which showed
no significant difference between the IFN-γ and IFN-γ +
SFN groups. Furthermore, this result was confirmed in
our samples (Fig. 4A, B), indicating that SFN may regu-
late PD-L1 expression by inducing post-translational
modifications (PTMs). The bioinformatics analysis
process is shown in Fig. 4C.
According to GSEA analysis, we found that the

ubiquitination-mediated proteolysis pathway was highly
activated in the presence of SFN (Fig. 4D). We then ana-
lyzed the core enrichment genes enriched in this path-
way and ranked them according to their Rank Matrix
Score. Genes with a score less than − 1 were identified
as key genes that were actively involved in the ubiquiti-
nation pathway in the IFN-γ + SFN group. Moreover,
we calculated the fold change and p values of all the core
enrichment genes between the IFN-γ and IFN-γ + SFN
groups (Fig. 4E). After taking the intersection of genes
with scores less than − 1 and p values less than 1e−10,
we obtained seven genes (MDM2, HERC4, RHOBTB2,
CBLB, ANAPC13, NHLRC1, BTRC) (Fig. 4F). Among
these genes, BTRC, called β-TrCP at the protein level, is
characterized as a ubiquitin E3 ligase adaptor protein
that mediates PD-L1 poly-ubiquitination and degrad-
ation [32]. Expression of BTRC was significantly upregu-
lated by SFN (Fig. 4G). We then verified BTRC
expression in A549 and H322 cells by qRT-PCR and

(See figure on previous page.)
Fig. 2 CAR-T cells showed stronger antitumor activity in vivo after SFN pre-treatment. A Analysis of specific lysis of tumor cells. H322 cells were
incubated with meso CAR-T cells at various effector to target (E:T) ratios (1:1, 5:1, and 10:1) for 6 h, and lysis of H322 cells was analyzed by flow
cytometry. B The expression of PD-1 on SFN-treated CD8+ meso CAR-T cells was analyzed by flow cytometry. C After co-culturing with H322 cells
at a 1:1 ratio for 24 h, the secretion of IFN-γ by CD8+ meso CAR-T cells was investigated by flow cytometry. D, E NOD/SCID mice were injected
with 5 × 105 H322-luc cells. After 5 days, mice were divided into three groups randomly and were infused with 5 × 106 T cells (i.v.).
Bioluminescence images of five representative mice in the three treatment groups are shown after adoptive therapies (D). The bioluminescence
signal was measured at different time points (E). F Kaplan-Meier survival curves are presented. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001
(Student’s t test)
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Fig. 3 (See legend on next page.)
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western blot (Fig. 4H–J, Additional file 3: Fig. S1C).
Additionally, we silenced BTRC expression using siRNA
(Fig. 4K–M, Additional file 3: Fig. S1D). Thus, the si-1
and si-Scr sequences were used in subsequent studies.
Due to BTRC knockdown, the expression of PD-L1 was
not downregulated by SFN (Fig. 4N, Additional file 3:
Fig. S1E). These data demonstrated that SFN suppressed
PD-L1 by promoting the ubiquitination process by in-
creasing BTRC expression.

SFN and meso CAR-T cells synergistically mediate tumor
remission in vivo
We investigated the effect of meso CAR-T cells
combined with SFN against tumors in our estab-
lished xenograft mouse model. Tumor-bearing mice
received a daily intraperitoneal injection (i.p.) of SFN
only (SFN only), or meso CAR-T cell infusion with
exogenous SFN administration (CAR-T + SFN), or
anti-PD-1 treatment (CAR-T + anti-PD-1) (Fig. 5A).
Although SFN injection alone did not induce
complete tumor regression, a single meso CAR-T
adoptive transfer synergy with SFN showed a stron-
ger ability to delay tumor growth and prolonged sur-
vival, which was similar to the effect in conjunction
with anti-PD-1 therapy (Fig. 5B–D). To estimate the
impact of different modes of administration of SFN
on meso CAR-T cells in vivo, we tested PD-1 ex-
pression and cytokine secretion of tumor- and
spleen-infiltrating meso CAR-T cells from mice with
different treatments (Fig. 5E–J). Regardless of the
tumor tissue or spleen, CD8+ meso CAR-T cells with
SFN pre-treatment or exogenous SFN administration
showed less PD-1 expression and stronger IFN-γ and
IL-2 secretion ability compared with untreated meso
CAR-T cells, while exhibiting no significance com-
pared to treatment with meso CAR-T cells plus anti-
PD-1. To verify the impact of SFN on PD-L1
in vivo, we analyzed the PD-L1 expression on tumor
tissues by IHC staining (Fig. 5K, L). The results
showed that PD-L1 expression was significantly de-
creased after SFN treatment. Overall, our results in-
dicated that different SFN administrations enhanced
the function of meso CAR-T cells.

SFN improves antitumor ability of CAR-T cells in patients
with cancer
To determine whether SFN could promote CAR-T cell
cytotoxicity in patients with cancer who received adop-
tive immunotherapy, we simultaneously treated patients
with SFN orally and examined PD-1 expression and
cytokine secretion of CD8+ CAR-T cells in the blood
drawn at different time points (Fig. 6A). We observed
that PD-1 was decreased in SFN-treated patients,
whereas IFN-γ and IL-2 expression were increased (Fig.
6B–E), which indicated that SFN might have a potential
therapeutic effect.

Discussion
SFN has been shown to directly suppress tumor growth
[20]. In this study, we investigated whether and how
SFN regulates immune responses through its effect on
CAR-T cells. We demonstrated that SFN effectively po-
tentiated adaptive cellular therapy responses against
tumor cells by inhibiting the PD-1/PD-L1 pathway,
which indicated that SFN exhibited double benefits with
CAR-T cells in mediating tumor regression.
A major limitation of CAR-T cells is the dysfunction

and exhaustion of the infused T cells [33, 34]. PD-1 has
been reported as a negative immune regulator related to
T cell exhaustion in several studies [8]. Tumor-
infiltrating CAR-T cells showed an increase in the ex-
pression of inhibitory receptors, including PD-1, consist-
ent with low effector cytokine secretion upon
engagement with PD-L1 [35]. Furthermore, PD-1 ex-
pression on HER2-specific CAR-T cells was increased
after incubation with PD-L1+ tumor cells, whereas the
effector functions of CAR-T cells were reversed by PD-1
blockade [36]. Our previous study showed that replacing
the PD-1 glycosylated residue on CAR-T cells with the
adenine base editor resulted in PD-1 suppression to aug-
ment CAR-T cell therapy [37]. In addition, we have re-
ported that the anti-diabetic drug metformin could
prevent the exhaustion of CD8+ T cells in patients by
downregulating PD-1 expression [38]. Herein, we found
that SFN elevated CAR-T cell antitumor function by
impairing PD-1 expression through partial inhibition of
the PI3K/AKT pathway. After SFN treatment, the killing
ability and cytokine secretion of CAR-T cells were

(See figure on previous page.)
Fig. 3 SFN attenuated IFN-γ-induced PD-L1 expression on tumor cells. A A549 cells were treated with SFN at different concentrations. After 24 h,
the cells were collected and stained with Annexin-V in a binding buffer. Then, apoptosis was tested by flow cytometry after the addition of
propidium iodide. B A549 cells were treated with IFN-γ at various concentrations for different time periods. PD-L1 expression was investigated by
flow cytometry. C, D A549 and H322 cells were treated with or without IFN-γ and SFN for 24 h, and PD-L1 expression was tested by flow
cytometry. E, F Western blot was performed to detect PD-L1 expression after the cells were treated with IFN-γ or SFN. G–J A549 and H322 cells
were incubated with meso CAR-T cells at various effector to target (E:T) ratios (1:1, 1:5, 1:10) for 24 h, and PD-L1 expression on tumor cells was
examined by flow cytometry (G,I). A549 and H322 cells were incubated with meso CAR-T cells at a 1:1 ratio and were additionally treated with
SFN. After 24 h, PD-L1 expression was tested by flow cytometry (H, J). Results are representative of five independent experiments. *, P < 0.05; **, P
< 0.01; ***, P < 0.001; ****, P < 0.0001 (Student’s t test)
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increased to some extent in vitro. Regardless of the
method of administration, CAR-T cells from the SFN
pre-treated group and the SFN exogenous injection
group showed lower PD-1 expression and more potent
antitumor function in vivo. Compared to treatment with
CAR-T cells plus anti-PD-1, CAR-T cell therapy with
exogenous SFN injection showed similar effects in a
mouse model, which indicated that SFN might be add-
itionally used for PD-1 blockade therapy.
Upregulation of PD-L1 on tumor cells suppresses

CAR-T cell antitumor capacity after chronic antigen
stimulation [39]. IFN-γ plays a role in inducing PD-L1
expression on tumor cells both in vitro and in the tumor
microenvironment [12, 40]. We wondered whether SFN
affected PD-L1 expression, in addition to its effect on
PD-1 inhibition. In this study, we observed that SFN sig-
nificantly downregulated the IFN-γ-mediated PD-L1 ex-
pression on tumor cells. In addition to SFN, other
nutrients, including apigenin and curcumin, exhibit not
only tumor cell suppression effect but also inhibit PD-L1
expression. Apigenin has been shown to restrict IFN-γ-
induced PD-L1 expression on both human and mouse
breast cancer cells by inhibiting STAT1 phosphorylation
[41]. As for melanoma cells, apigenin and curcumin
inhibited PD-L1 expression, besides tumor growth-
suppressive and pro-apoptotic effects. Similar to the
mechanism in breast cancer, both apigenin and curcu-
min impaired the phosphorylation of STAT1. In
addition to tumor cells, apigenin and curcumin also de-
creased PD-L1 expression on DCs, which augmented T
cell activity [42]. These findings revealed that apigenin
and curcumin regulated PD-L1 through the IFN-γ-JAK-
STAT signaling pathway at the transcriptional level. The
mechanism by which IFN-γ controls PD-L1 expression
has been well investigated. Upon IFN-γ stimulation, the
activated JAK-STAT signaling pathway promotes the
binding of the transcription factor IRF1 to the PD-L1
promoter, mediating the transcription of PD-L1 [10]. Al-
though the IFN-γ signaling pathway plays a major role
in the transcriptional regulation of PD-L1, other path-
ways also contribute to the control of PD-L1 expression.
PTMs, including ubiquitination, phosphorylation,

glycosylation, methylation, and acetylation, play key
roles in regulating protein biological processes, such

as activity, degradation, and interaction [43]. Accumu-
lating evidence has revealed that PTMs participate in
PD-L1 regulation [32, 44, 45]. In our study, we found
that PD-L1 expression was not significantly affected
after SFN treatment at the transcriptional level, but
was significantly downregulated at the protein level,
which prompted us to hypothesize that PD-L1 under-
goes PTMs that affect its stability. Finally, we found
that ubiquitination was activated by SFN according to
RNA-seq and GSEA analysis, and β-TrCP played a
critical role in PD-L1 regulation. β-TrCP acts as an
E3 ligase adaptor protein that has been reported to
affect PD-L1 degradation [32]. Deng et al. found that
inhibition of mTORC1/p70S6K resulted in the reduc-
tion of β-TrCP expression, which is involved in medi-
ating PD-L1 degradation [46]. Interestingly, PD-L1
glycosylation antagonizes GSK3β binding, subse-
quently disrupting the β-TrCP interaction, which con-
tributes to PD-L1 stability [47].
In Liang’s review, SFN inhibited T cell activation by

increasing ROS level and decreasing GSH [48]. Ac-
cording to another paper from Liang, they treated T
cells with SFN at 10 μM for 1 h and T cell activation
was impaired, whereas a few studies found that SFN
promoted the frequency and function of immune cells
in vivo [49]. It is reported that the combination of
SFN and doxorubicin inhibited MDSC expansion and
enhanced antitumor activities of CD8+ T cell in mice
model [50]. Thejass et al. demonstrated that SFN sig-
nificantly enhanced the production of IL-2 and IFN-
γ in NK cell in both normal and tumor-bearing mice
model [51]. In our study, we observed the similar re-
sults in mice model and found that co-administration
of SFN and CAR-T cell therapy restricted the tumor
growth by promoting the cytotoxicity of CAR-T cells.
Thus, the effect of SFN on immune cells is controver-
sial. In order to explore the effect of different concen-
trations of SFN, CAR-T cells were treated with
different concentration of SFN in in vitro assay. After
treated with 5 μM, 10 μM, and 15 μM of SFN, CAR-T
cells was cocultured with H322 cells for 6 h. Then,
the specific lysis of tumor cells and CD107a expres-
sion on CAR-T cells were measured by flow cytome-
try. Tumor cell apoptosis and CD107a expression on

(See figure on previous page.)
Fig. 4 PD-L1 was downregulated by SFN in a poly-ubiquitination dependent manner. A PD-L1 expression (count) according to RNA-seq data. B
Analysis of PD-L1 expression on A549 cells at the transcriptional level in three groups (control, IFN-γ, and IFN-γ + SFN) by qRT-PCR. C Schematic
representation of the bioinformatics analysis process. D Gene set enrichment analysis (GSEA) analysis of whole-gene counts from RNA-seq data. E
The core enrichment genes enriched in ubiquitination-mediated proteolysis pathway were ranked by Rank Metric Score and p value. F List of
genes with scores less than − 1 and p values less than 1e−10. G Analysis of BTRC expression (count) from RNA-seq data. H–J Analysis of BTRC (β-
TrCP) expression in the control, IFN-γ, and IFN-γ + SFN groups by qRT-PCR and western blot in A549 and H322 cells. K–M Analysis of the
transfection efficacy of BTRC siRNA in A549 and H322 cells by qRT-PCR and western blot. N PD-L1 expression was detected in the presence of
IFN-γ or SFN after transfection with si-Scr or si-BTRC by western blot on A549 and H322 cells. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001; ns, not significant (Student’s t test)
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Fig. 5 SFN and meso CAR-T cells act synergistically to mediate tumor regression in vivo. A H322-luc cells (5 × 105) were injected s.c. into NOD/
SCID mice. Five days later, mice were divided into four groups randomly. Two groups were treated with PBS or SFN (40 mg/kg/day, i.p.). Another
two groups received 5 × 106 meso CAR-T cell infusion (i.v.) combined with SFN (40 mg/kg/day) or anti-PD-1 (200 μg/mouse/3 days) injection (i.p).
B, C Bioluminescence images of five representative mice in the four treatment groups are shown after adoptive therapies (B). The
bioluminescence signal was measured at different time points (C). D Survival analysis was performed by using Kaplan-Meier survival curves. E–J
NOD/SCID mice were injected with 5 × 105 H322-luc cells. Five days later, mice were injected (i.v.) with meso CAR-T cells only (CAR-T only), meso
CAR-T cells pre-treated with SFN (SFN-CAR-T), a combination of meso CAR-T cells and SFN (40 mg/kg/day, i.p.) (CAR-T + SFN), and meso CAR-T
cells combined with anti-PD-1 (200 μg/mouse/3 days, i.p.) (CAR-T + anti-PD-1). After 7 days, tumor tissues and spleens were harvested. Then, PD-1
expression and secretion of cytokines including IFN-γ and IL-2 of CD8+ meso CAR-T cells from tumor tissues (E–G) and spleens (H–J) were tested
by flow cytometry. K Representative images of PD-L1 immunohistochemical staining on tumor tissues from different groups of mice model. J IHC
score of PD-L1 in tumor tissues. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 ns; not significant (Student’s t test)
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CAR-T cells were increased significantly under the
concentration of 15 μM (data not shown).
Since SFN displays dramatic outcomes in preclinical

models, whether and how SFN affects human bodies
should be taken into account. To date, several clinical
trials have evaluated the effect of SFN in both healthy
donors and patients with cancer [52]. A randomized,
placebo-controlled, double-blind clinical study for safety
of SFN extracts was conducted in healthy volunteers
[53]. No significant adverse events were observed which
provided evidence for the safety of SFN treatment. In
addition, the efficacy of SFN in patients with cancer has
also been investigated. In a double-blinded, randomized,
placebo-controlled, multicenter clinical trial, 78 patients
with biochemical recurrence after radical prostatectomy
were randomly treated with 60mg of SFN orally for 6
months, followed by 2 months without treatment. The
median log PSA slopes were significantly lower, and PSA
doubling time was longer in the SFN-treated group than
in the placebo group [54]. The encouraging results from
a randomized, double-blinded 3-arm parallel interven-
tion for 12 months involved 49 participants diagnosed
with low/intermediate-risk prostate cancer. The results
showed that the consumption of broccoli was consistent
with a decrease in the risk of cancer progression [55].
These findings demonstrated that patients with cancer
could benefit from monotherapy with SFN-based

preparations. However, whether patients could benefit
from SFN treatment in combination with CAR-T cells is
unclear. In this study, various patients with cancer re-
ceived CAR-T therapy combined with oral SFN treat-
ment. CAR-T cells from the SFN-treated group showed
lower PD-1 expression and higher effector cytokine se-
cretion compared with patients in the control group,
which demonstrated that SFN promoted CAR-T cell ef-
fector function in clinical applications.
In our study, we found that SFN both decreased PD-1

expression on CAR-T cells and PD-L1 on tumor cells.
Furthermore, CAR-T cell infusion combined with SFN
administration showed a stronger ability against tumor
growth in mice model, suggesting that this combination
therapy may provide a strategy for the clinical applica-
tion of immunotherapy. However, there are still several
limitations in this study. Although we observed effect of
SFN on patients with different type of cancer, the sample
size we used was small with a relatively short observa-
tion time. The therapeutic effect of SFN for other tu-
mors needs further verification. In addition, the
antitumor mechanism of SFN in vivo remains unclear.
For further study, we will expand the sample size of pa-
tients with solid tumor for observation of the safety and
efficacy. Future in vivo study will be also needed to in-
vestigate the underlying mechanisms of SFN against
tumor.

Fig. 6 SFN enhances the antitumor ability of CAR-T cells in patients with cancer. A Time line of immunotherapy treatment. B The expression of
PD-1 on CD8+ CAR-T cells derived from patients who had or had not received sulforaphane (SFN) at different time points. D, E The expression of
IFN-γ and IL-2 in CD8+ CAR-T cells derived from patients who had or had not received SFN on day 2, 7, 14, and 21. *, P < 0.05; **, P < 0.01
(Student’s t test)
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In conclusion, we reported that SFN not only potenti-
ated CAR-T cell function by downregulating PD-1 ex-
pression, but also reduced PD-L1 expression by
activating the ubiquitination-mediated proteolysis path-
way, which indicated the double benefit of combination
therapy in inducing tumor remission.

Conclusions
In this study, we found that SFN regulated immune re-
sponse through the PD-1/PD-L1 pathway. Further study
showed that SFN downregulated PD-1 expression on
CAR-T cells by inhibiting PI3K/AKT signaling pathway,
and PD-L1 degradation was induced by SFN in a
ubiquitination-dependent manner. In addition, SFN in
combination with CAR-T cell treatment enhanced anti-
tumor response both in mice and patients. Hence, SFN
has a potential therapeutic effect in the design of com-
bination therapies with CAR-T cells.
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