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(TSLPR)-dependent manner. In the therapeutic model, 
intratumorally inhibiting tumor-derived HMGB1 (causing 
downstream loss of TSLP production) attenuated Treg acti-
vation, unleashed tumor-specific CD8 T cell responses, and 
elicited CD8α+/CD103+DC- and T cell-dependent antitumor 
activity. These results suggest a new pathway for the activa-
tion of Treg involving in tumor-derived HMGB1 and TSLP, 
and have important implications for incorporating HMGB1 
inhibitors into cancer immunotherapy.

Keywords  HMGB1 · TSLP · DC · Treg · Cancer 
immunotherapy · Mouse tumor model
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APC	� Antigen-presenting cells
Box A	� An antagonist for HMGB1
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HMGB1	� High-mobility group box 1
I.t.	� Intratumorally
KD	� Knockdown
KI	� Knockin
shRNA	� Short hairpin RNA
SPC	� Splenocytes
TDLN	� Tumor-draining lymph nodes
Th1 CD4+	� T helper 1
Th2 CD4+	� T helper 2
TME	� Tumor microenvironment
Treg Foxp3+	� T regulatory cells
TSLP	� Thymic stromal lymphopoietin
TSLPR	� TSLP receptor
WB	� Western blot
WT	� Wild type

Abstract  High-mobility group box  1 (HMGB1) is 
involved in the tumor-associated activation of regulatory 
T cells (Treg), but the mechanisms remain unknown. In a 
mouse tumor model, silencing HMGB1 in tumor cells or 
inhibiting tumor-derived HMGB1 not only dampened the 
capacity of tumor cells to produce thymic stromal lym-
phopoietin (TSLP), but also aborted the tumor-associated 
modulation of Treg-activating DC. Tumor-derived HMGB1 
triggered the production of TSLP by tumor cells. Impor-
tantly, both tumor-derived HMGB1 and TSLP were neces-
sary for modulating DC to activate Treg in a TSLP receptor 
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Introduction

Soluble factors produced by growing tumor cells directly 
activate Treg or indirectly modulate other cells (e.g., DC) 
to activate Treg [1–4]. As Treg play an important role 
in tumor immunity by suppressing CTL and other cells 
associated with antitumor immunity, identifying those 
tumor-derived factors and better understanding how they 
activate Treg would be a key issue for successful cancer 
immunotherapy [1–4].

HMGB1, a conserved protein with various post-trans-
lation modifications in tumor cells and the tumor micro-
environment (TME) [5], is thought to stimulate immune 
responses as a danger signal. HMGB1 released from dying 
tumor cells following some chemo-, viro- or irradiation-
therapies triggers antitumor immunity through innate path-
ways, such as the TLR pathway in DC [6–8]. Recombinant 
or isolated HMGB1 kills cancer cells [9]. Antibody block-
ade or pharmacological inhibition of HMGB1 dampens 
tumor progression [10, 11].

HMGB1 is a powerful tumor-promoting factor directly 
tied to hallmarks of tumor progression, including angi-
ogenesis, inflammation, adaptive immunity, invasion, 
and metastasis [5, 12–14]. This suggests the possibility 
of immunosuppression pathway(s) via tumor-derived 
HMGB1 during tumor progression. HMGB1 derived from 
tumor cells exhibits an inhibitory effect on both mouse 
and human DC [15]. HMGB1 interacts with T-cell immu-
noglobulin and mucin-domain-containing molecule-3 
(TIM-3) on tumor-infiltrating DC to suppress nucleic 
acid-mediated antitumor immunity [16], and contributes 
to immunosuppression by inducing and activating MDSC 
[17, 18]. HMGB1 is also involved in the tumor-associated 
activation of Treg even though the mechanisms remain 
unknown [19–21].

Regarding the mechanism(s) of action, tumor-derived 
HMGB1 may regulate yet-to-be-identified factor(s) within 
tumors and subsequently cooperate with them in the TME 
to initiate immunosuppression, for example, by activating 
Treg. Among tumor-derived factors, TSLP facilitates a 
CD4 T helper 2 (Th2)-mediated protumor immune response 
directly, or indirectly (via DC) [22–28]. TSLP is produced 
upon injury, following TLR ligation by microbial byprod-
ucts, and in response to other cytokines [29, 30]. Although 
the signals that regulate TSLP in tumor cells are largely 
unknown, myeloid cell-derived IL-1β may be a candidate 
[31].

In this study, tumor-derived HMGB1 triggered TSLP pro-
duction by tumor cells. Both tumor-derived HMGB1 and 
TSLP were required for modulating DC to activate Treg. 
In vivo inhibition of HMGB1 in the TME reduced TSLP 
production and tumor-associated Treg activation, unleashed 
tumor-specific CD8 T cell responses, and elicited CD103+/

CD8α+DC- and T cell-dependent therapeutic antitumor 
immunity.

Materials and methods

Mice, cell lines and reagents

BALB/c-wild type (WT), -Batf3−/−, -TLR4−/− or -Foxp3-
GFP mice and C57BL/6 (B6)-WT or -Batf3−/− mice [female, 
6–8 weeks (wks)] were purchased from JAX or Taconic. 
BALB/c-CD4−/− or -TSLPR−/− mice (kindly provided by 
Dr. Steven F. Ziegler at Benaroya Research Institute) were 
reported previously [32, 33]. Mice were housed under spe-
cific pathogen-free conditions in the University of Pittsburgh 
animal facility, and handled under aseptic conditions per 
an Institutional Animal Care and Use Committee-approved 
protocol, and in accordance with recommendations for the 
proper care and use of laboratory animals.

Mouse breast cancer cell lines 4T1.2-Neu and short hair-
pin RNA (shRNA)-mediated genetic stable knockdown (KD) 
of HMGB1 or control (Ctl) vector in 4T1.2-Neu (i.e., 4T1.2-
Neu-HMGB1 KD, 4T1.2-Neu-Ctl KD) were described pre-
viously [19], and cultured in DMEM (IRVINE Scientific) 
supplemented with 10% FBS (Hyclone), 2 mmol/l glutamine 
(Invitrogen), 1 × antibiotic/antimycotic solution (Sigma) 
and G-418 (500 µg/ml) (Invitrogen). Mouse melanoma B16 
cell line (ATCC) was cultured in the aforementioned media 
excluding G-418.

BamHI/XhoI-digested mouse (m) TSLP was inserted 
into BamHI/XhoI-digested pLenti6-EGFP-Trip vector [33] 
following standard molecular cloning techniques, resulting 
in pLenti6-mTSLP. Insertion of mTSLP was confirmed by 
DNA sequencing. A Ctl vector, for pLenti6-mTSLP, pLenti6 
was made by digesting pLenti6-EGFP-Trip with BamHI/
XhoI, blunting the stick ends and self-ligating the vector. All 
DNA plasmids were purified using the EndoFree plasmid 
kit (Qiagen). 4T1.2-Neu-HMGB1 KD cells were transfected 
with pLenti6-mTSLP, or pLenti6 Ctl using Lipofectamine 
2000 (Invitrogen) and selected with Blasticidin (Invivogen) 
in the 4T1.2-Neu culture media. Selected TSLP- or Ctl-
knockin (KI)-4T1.2-Neu-HMGB1 KD cell lines (i.e., TSLP 
KI-4T1.2-Neu-HMGB1 KD, Ctl KI-4T1.2-Neu-HMGB1 
KD) were maintained in 4T1.2-Neu culture media contain-
ing Blasticidin.

Tumor-derived HMGB1/TSLP (i.e., HMGB1+TSLP+: 
HMGB1- and TSLP-containing tumor cell supernatants 
[19, 23]) were used to prepare tumor-derived HMGB1 (i.e., 
HMGB1+TSLP−: HMGB1-containing TSLP-depleted tumor 
cell supernatants), TSLP (i.e., HMGB1−TSLP+: HMGB1-
depleted TSLP-containing tumor cell supernatants), and 
Ctl (i.e., HMGB1−TSLP−: HMGB1- and TSLP-depleted 
tumor cell supernatants) using anti-HMGB1 and/or -TSLP 
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Abs and Dynabeads® protein G following the protocol [35] 
with modifications: 4T1.2-Neu (1 × 106) were cultured in 
2 ml RPMI 1640 (IRVINE Scientific) 3% FBS for 48 h (h). 
In a single preparation, 2 ml tumor cell supernatants were 
concentrated to 200 µl using Centricon®15 (Millipore). 
Then, HMGB1 and/or TSLP in tumor cell supernatants 
were depleted by anti-HMGB1, -TSLP or -HMGB1 and 
TSLP Abs (25–50 µg/200 µl/each) [19, R&D Systems] and 
Dynabeads® protein G following a standard protocol (Life 
technologies). Multiple batches of tumor-derived HMGB1/
TSLP, HMGB1, TSLP, and Ctl were pooled, examined by 
western blot (WB) to ensure the presence of HMGB1 and/
or TSLP in those tumor cell supernatants [19, see below], 
aliquoted, and stored at − 80 °C.

TSLP production

4T1.2-Neu, 4T1.2-Neu-HMGB1 KD, 4T1.2-Neu-Ctl KD, 
TSLP KI-4T1.2-Neu-HMGB1 KD, or Ctl KI-4T1.2-Neu-
HMGB1 KD cells (5 × 104) were cultured in 200 µl RPMI 
1640 with 10% FBS for 36–48 h. Comparable cell num-
bers among groups were seen after 48 h of culture [19, data 
not shown]. Tumor cell supernatants were harvested and 
the concentrations of total proteins were measured using a 
standard Bradford assay. Due to the absence of an internal 
(housekeeping gene encoded proteins, e.g., β-actin) control 
in tumor cell culture supernatants, supernatants containing 
equal amounts of total proteins were loaded to run WB with 
two different anti-mouse TSLP Abs (AF555 from R&D Sys-
tems; Cat#3872-100 from BioVision), following the protocol 
described previously [19]. The relative TSLP levels in the 
supernatants were measured by ImageJ software (https://
imagej.nih.gov/ij/).

4T1.2-Neu-HMGB1 KD (4T1.2-Neu as Ctl) (2.5 × 104) 
were cultured in 200 µl RPMI 1640 3% FBS (untreated) 
or 190 µl RPMI 1640 3% FBS supplemented with 10 µl of 
tumor-derived HMGB1 (i.e., HMGB1+TSLP−) or Ctl (i.e., 
HMGB1−TSLP−) for 48 h.

BALB/c mice (3–5/group) were subcutaneously (s.c.) 
inoculated with 4T1.2-Neu, 4T1.2-Neu-HMGB1 KD, or 
4T1.2-Neu-Ctl KD cells (1 × 105) at the 4th mammary fat 
pad at day (d) 0 [19]. 10 d later, sera were harvested. Simul-
taneously, primary tumors were removed and digested in 
HBSS buffer supplemented with 2% FBS, 2.7% collagenase, 
0.25% hyaluronidase and 20 Unit/ml DNase (Sigma) for 2 h 
in a 37 °C incubator. Cell suspensions were passed through 
70-μm Nylon mesh. Equal amounts of live cells, determined 
by Trypan blue staining, from primary tumors were cultured 
in RPMI 1640 10% FBS (5 mg/ml) for 24 h.

Glycyrrhizin (GL) (Calbiochem) was dissolved in 50 mM 
NaOH (80 μg/μl) (pH 7.4 adjusted with 1 M Tris–HCl: vehi-
cle solution) [36]. 4T1.2-Neu cells (5 × 104) were cultured 
with or without GL (0.5 µg/µl) or an equal volume of vehicle 

solution in 200 µl RPMI 1640 10% FBS for 48 h. This dose 
of GL or vehicle solution was shown to be nontoxic, as com-
parable cell numbers among groups were seen after 48 h of 
culture (data not shown).

BALB/c mice (3–5/group) were inoculated s.c. with 
4T1.2-Neu (1 × 105) as described above. 6–8 d later, mice 
bearing tumors (mean sizes of tumors around 3 mm in diam-
eter) were intratumorally (i.t.) injected daily with 10 μl of 
GL (800 μg) or vehicle solution for 2 wks. In the independ-
ent experiments, tumor-bearing mice were i.t. injected with 
20 μl of Box A from HMGB1 (HM-014, HMGBiotech) 
(50  μg), ethyl pyruvate (EP) (E47808, Sigma-Aldrich) 
(80 mg/kg), or vehicle solution (1XPBS) every 3 d for four 
times. On d 21 (GL) or 25 (Box A or EP), sera from mice 
were collected.

The concentrations of TSLP in tumor cell culture super-
natants, sera, or primary tumor cell culture supernatants 
were measured by ELISA (eBioscience).

Flow cytometry analysis

BALB/c mice were s.c. inoculated with 4T1.2-Neu as 
described above. 10 d later, single-cell suspensions of tumor-
draining lymph nodes (TDLN) or LN from age-matched 
naïve mice were preincubated with anti-CD16/32 and then 
stained with anti-CD11c-APC (HL3) and either anti-TLR2-
PE (TL2.1), -TLR4-PE (UT41), or -RAGE (MAB11795) 
(followed by anti-Rat IgG 2nd Ab-PE) [isotype (ISO) Abs 
for Ctl staining] (eBioscience, BD Biosciences, R&D Sys-
tems). Propidium iodide (BD Biosciences) was used to check 
cell viability. Forward scatter and side scatter were used to 
exclude cell debris. After three final washes using FACS 
staining buffer, the cells were resuspended in 500 μl 1% 
PFA. Sample data were acquired on a BD LSRII with Cell-
Quest software (BD Biosciences) and analyzed with FlowJo 
software (Tree Star).

DC modulation

CD11c+DC were purified from spleens/LN of naïve 
BALB/c mice (5/group) using anti-mouse CD11c (N418) 
microbeads (Miltenyi Biotec). DC (4 × 105) were cultured 
with 4T1.2-Neu (1 × 104) in 200 µl of RPMI 1640 plus 10% 
FBS, with or without anti-HMGB1 or rabbit IgG (20 µg/
ml) [19]. 3 d later, DC were pooled and stained with anti-
CD11c-APC (HL3) and sorted using a BD FACSAria High 
Speed Cell Sorter (BD Biosciences). Sorted DC (1 × 104) 
were cocultured with Treg (2 × 105) that were sorted strin-
gently from spleens/LN of naïve BALB/c-Foxp3-GFP 
mice in 200 µl RPMI 1640 plus 10% FBS for 3 d. To avoid 
possible contamination, sorted GFP+ cells were stained 
using the Treg staining kit (eBioscience) to ensure actual 
Foxp3 expression by naïve GFP+CD25+CD4+ T cells in 

https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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each experiment. Foxp3+CD25+CD4+ T cells > 95% of 
GFP+ cells were used in experiments.

CD11c+DC (1 × 106) purified from spleens/LN of naïve 
BALB/c-WT, -TSLPR−/−, or -TLR4−/− mice were cultured 
in 450 µl of RPMI 1640 plus 3% FBS plus 50 µl of tumor-
derived HMGB1, TSLP, or HMGB1 + TSLP (25 µl each). 
3 d later, harvested DC (1 × 105) were cocultured with 
naïve Treg (2 × 106), sorted from naïve BALB/c-Foxp3-
GFP mice, in 200 µl RPMI 1640 plus 10% FBS for 3 d.

BALB/c mice (5/group) were inoculated with 4T1.2-
Neu, 4T1.2-Neu-HMGB1 KD, or 4T1.2-Neu-Ctl KD [19]. 
Some of 4T1.2-Neu-bearing mice were left untreated, or 
treated with GL or vehicle solution as described above. 
After 10  d (4T1.2-Neu, 4T1.2-Neu-HMGB1 KD, or 
4T1.2-Neu-Ctl KD inoculated mice) or 21 d (4T1.2-Neu-
bearing mice untreated or treated with GL or vehicle 
solution), CD11c+DC were sorted from pooled TDLN 
(i.e., TDLN DC). Sorted TDLN DC (5 × 104) were cocul-
tured with naïve Treg (2 × 105), sorted from spleens/

LN of BALB/c-Foxp3-GFP mice, in 200 μl RPMI 1640 
plus10%FBS for 3 d.

Treg were purified from pooled DC–Treg cocultures 
using anti-mouse CD4 microbeads (Miltenyi Biotec) for the 
assays of their suppressive activity.

Treg activity

4T1.2-Neu-bearing BALB/c-Foxp3-GFP mice (3/group) 
were left untreated, or treated with GL or vehicle solu-
tion as described above. At d21, Treg (GFP+) in the TDLN 
and spleens were sorted as described above. The ability of 
Treg, activated by tumors in vivo or by Treg-activating DC 
ex vivo (described above), to suppress T-cell activation was 
measured as reported previously [37]. Briefly, 4T1.2-Neu-
primed CD4 T cells (2 × 105), 4T1.2-Neu lysate-loaded 
naïve BALB/c splenic DC (2 × 105), and naïve BALB/c 
splenic CD8 T cells (2 × 105) were cultured with or without 
Treg (2 × 105) for 3 d. Then, concentrations of IFN-γ in 
the cell culture supernatants were measured by ELISA (BD 
Biosciences).

Therapeutic antitumor immunity

BALB/c-WT, -Batf3−/−, -TLR4−/− or -CD4−/− mice were s.c. 
inoculated with 4T1.2-Neu as described above. 6–8 d later, 
mice bearing tumors (mean sizes of tumors around 3 mm in 
diameter) were injected i.t. daily with 10 μl of GL (800 μg) 
or vehicle solution for 2 wks. In independent experiments, 
tumor-bearing mice were injected i.t. with 20 μl of Box A 
from HMGB1 (50 μg), EP (80 mg/kg), or vehicle solution 
(1XPBS) every 3 d for four times. In some experiments, 
anti-mouse CD8 mAbs (53-6.7, Bio X Cell) were intraperi-
toneally (i.p.) injected (200 µg/injection) into 4T1.2-Neu-
bearing mice on d 7, 9, and 14 post-tumor inoculation [19]. 
B6-WT or -Batf3−/− mice were inoculated s.c. with mela-
noma B16 (5 × 104). 8 d later, B16-bearing mice were treated 
with 10 μl of GL or vehicle solution as described above. 
Tumor sizes were measured using an electronic caliper every 
3 d to determine the two perpendicular diameters, and the 
mean sizes of tumors were calculated [(length + width)/2] 
[19, 37]. Mice were euthanized if tumors exceeded 10 mm 
in diameter, when tumors became ulcerated or bled, or when 
mice displayed signs of disease-associated distress. Lung 
metastases were examined by weighing the lungs, or by 
fixing the lungs with Bouin’s solution (Sigma) and count-
ing tumor foci [32]. In some experiments, 28 d after tumor 
cell inoculation, CD8 T cells were purified from TDLN and 
spleens using anti-CD8 microbeads (Miltenyi Biotec), and 
restimulated with 4T1.2-Neu lysate- (or irrelevant CT26 
tumor cell lysate-) pulsed CD8− splenocytes (SPC) (serv-
ing as antigen-presenting cells: APC) from naïve BALB/c 

Fig. 1   a–c Silencing HMGB1 in tumor cells reduces their produc-
tion of TSLP in  vitro. 4T1.2-Neu-WT, -HMGB1 KD or -Ctl KD 
were cultured for 48 h. Tumor cell supernatants were harvested and 
the concentrations of whole proteins in the supernatants were meas-
ured. Supernatants containing equal amounts of whole proteins were 
loaded to run WB using anti-mouse TSLP Ab. One representative 
of three independent experiments is shown (a). The relative TSLP 
levels in the supernatants of WT-, HMGB1 KD- and Ctl KD-tumor 
cells from three independent experiments are shown (b).  The TSLP 
level in WT-tumor cell supernatants was normalized to be 1.  The 
concentrations of TSLP in tumor cell supernatants were measured 
by ELISA (c). d, e Silencing HMGB1 in tumor cells impairs TSLP 
production in  vivo. BALB/c mice were s.c. inoculated with 4T1.2-
Neu-WT, -HMGB1 KD or -Ctl KD at d 0. 10  d later, sera were 
harvested  (e). Simultaneously, equal amounts of live cells of pri-
mary tumors were cultured for 24 h (d). f–h I.t. inhibiting HMGB1 
reduces TSLP production in  vitro and in  vivo. 4T1.2-Neu tumor 
cells were cultured with or without GL or equal volumes of vehicle 
solution for 48 h (f). BALB/c mice were s.c. inoculated with 4T1.2-
Neu. 6–8 d later, 4T1.2-Neu-bearing mice were untreated or treated 
with either GL (g) or EP and Box A (h) or vehicle solution. 21 (g) 
or 25 (h) d later, sera were collected. i Tumor-derived HMBG1 trig-
gers TSLP production by tumor cells. 4T1.2-Neu-HMGB1 KD were 
cultured in the absence or presence of tumor-derived HMGB1 (i.e., 
HMGB1+TSLP−: HMGB1-included TSLP-depleted tumor cell 
supernatants) or Ctl (i.e., HMGB1−TSLP−: HMGB1- and TSLP-
depleted tumor cell supernatants) for 48  h. 4T1.2-Neu-WT served 
as Ctl. The concentrations of TSLP in tumor cell supernatants (c, f, 
i), sera (e, g, h) or primary tumor cell supernatants (d) were meas-
ured by ELISA. Data from two (g, h) or three (b–f, i) independent 
experiments are shown and were statistically analyzed using a Stu-
dent’s t test. HMGB1 KD vs. Ctl KD: p < 0.01 (b); WT or Ctl KD 
vs. HMGB1 KD: p < 0.001(c); WT vs. HMGB1 KD: p < 0.05, Ctl 
KD vs. HMGB1 KD: p < 0.01(d); WT or Ctl KD vs. HMGB1 KD: 
p < 0.01(e); WT vs. Ctl KD: NS (c–e); Untreated vs. GL: p < 0.01, 
Vehicle vs. GL: p  <  0.05 (f); Untreated vs. GL: p  <  0.05, Vehicle 
vs. GL: p  <  0.01 (g); Untreated vs. Vehicle: NS (f, g); Vehicle vs. 
Box A or EP: p < 0.01 (h); Untreated or Ctl vs. HMGB1: p < 0.001, 
Untreated vs. Ctl: NS (i)

◂
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for 3 d [19, 37]. Then, concentrations of IFN-γ in the cell 
culture supernatants were measured by ELISA.

Statistical analysis

Differences between groups were analyzed using a Stu-
dent’s t test (Graph Pad Prism version 6). p < 0.05 was 
considered statistically significant; *p < 0.05; **p < 0.01; 
***p < 0.001; NS: not significant.

Results

Silencing HMGB1 in tumor cells, or inhibiting 
tumor‑derived HMGB1, dampens the capacity of tumor 
cells to produce TSLP

To explore the impact of HMGB1 on TSLP, which has been 
shown to be a tumor-promoting cytokine [22–28], 4T1.2-
Neu-WT, -HMGB1 KD, or -Ctl KD tumor cells were cul-
tured in vitro or inoculated into mice. As shown in Fig. 1a–e, 
silencing HMGB1 in tumor cells in vitro and in vivo (d 10 
post-tumor cell inoculation) reduced their production of 
TSLP. To verify this finding, 4T1.2-Neu tumor cells were 
cultured in vitro in the presence of GL (a specific inhibitor 
of extracellular HMGB1) [36], and mice bearing 4T1.2-Neu 
tumors were injected i.t. with GL. The HMGB1 inhibitor GL 
decreased the production of TSLP by tumor cells in vitro and 
in tumor-bearing mice (d 21 post-tumor cell inoculation) 
(Fig. 1f–g). To further confirm the influence of HMGB1 on 

TSLP in vivo, mice bearing 4T1.2-Neu tumors were injected 
i.t. with either a potent HMGB1 inhibitor EP, which reduces 
HMGB1 levels and was explored in cancer treatments [11, 
38], or the antagonist for HMGB1 (i.e., Box A) [17, 38, 39]. 
Both Box A and EP reduced the production of TSLP in vivo 
(Fig. 1h). To directly demonstrate the effect of HMGB1 on 
TSLP production by tumor cells in vitro, 4T1.2-Neu-derived 
HMGB1 was added to cultures of 4T1.2-Neu-HMGB1 KD 
tumor cells. As shown in Fig. 1i, tumor-derived HMGB1 
significantly restored the production of TSLP by HMGB1 
silenced tumor cells (which had substantially reduced 
TSLP production, Fig. 1a–c), indicating that tumor-derived 
HMGB1 triggers the production of TSLP by tumor cells. 
The result may also explain why HMGB1-silenced tumor 
cells (which lack extracellular HMGB1) [19] were inef-
fective in producing TSLP (Fig. 1a–c). Taken together, the 
results suggest that tumor-derived HMGB1 may act as an 
extracellular signal to trigger TSLP production by tumor 
cells.

Silencing or inhibiting tumor‑derived HMGB1 (causing 
downstream loss of TSLP production) abrogates 
the tumor‑associated modulation of DC that activates 
Treg

Tumor-derived HMGB1 has been linked to tumor-induced 
activation of Treg in in  vivo mouse tumor models and 
in  vitro human cancer models [19–21]. Tumor-derived 
HMGB1 enhanced the production of IL-10 by tumor-
associated Treg but could not directly activate Treg in vitro 
[19], suggesting that tumor-derived HMGB1 may indi-
rectly activate Treg through other immune cells, such as 
DC. To test this hypothesis, tumor cells were cocultured 
with DC isolated from naïve mice, those tumor cell-DC 
were cocultured with Treg sorted from naïve mice, and the 
suppressive activity of those tumor cell-DC-activated Treg 
was measured (Fig. 2a). The suppressive activity of Treg 
activated by tumor cell-modulated DC was determined by 
their capacity to suppress T-cell activation as measured by 
IFN-γ production in vitro [37]. As shown in Fig. 2b, synge-
neic naïve Treg were activated by tumor cell-modulated DC 
(tumor cell-DC), and neutralizing tumor-derived HMGB1 in 
tumor cell-DC cultures impaired the capacity of tumor cells 
to modulate DC to activate Treg. To confirm this finding 
in vivo, DC isolated from mice bearing 4T1.2-Neu-HMGB1 
KD tumors, or 4T1.2-WT tumors treated by HMGB1 inhibi-
tor GL or vehicle, were cocultured with Treg isolated from 
naïve mice, and the suppressive activity of those DC-acti-
vated Treg was measured (Fig. 2c). As shown in Fig. 2d, e, 
silencing HMGB1 in tumor cells or i.t. inhibiting tumor-
derived HMGB1 in vivo [causing downstream loss of TSLP 
production (Fig. 1a–g)] reduced the capacity of tumor cells 

Fig. 2   a, b Neutralizing HMGB1 impairs the ability of tumor cells 
to in  vitro modulate DC to activate Treg. Experimental outline (a): 
(1) DC purified from naïve BALB/c mice were cultured with 4T1.2-
Neu with or without anti-HMGB1 Ab or rabbit IgG; (2) 3  d later, 
sorted DC were cocultured with Treg sorted from naïve BALB/c-
Foxp3-GFP mice for 3 d, and then Treg were purified from pooled 
DC–Treg coculture; (3) The ability of those Treg to suppress T-cell 
activation was measured. Data from three independent experiments 
are presented and were statistically analyzed using a Student’s t test 
(b). DC vs. tumor cell-DC: p < 0.05; Tumor cell-DC + anti-HMGB1 
vs. tumor cell-DC or tumor cell-DC + rabbit IgG: p < 0.05; DC vs. 
tumor cell-DC  +  anti-HMGB1: NS; tumor cell-DC vs. tumor cell-
DC  +  rabbit IgG: NS. c–e Silencing HMGB1 in tumor cells or i.t. 
inhibiting HMGB1 in tumors impairs the ability of tumor cells to 
in vivo modulate DC to activate Treg. Experimental outline (c): (1) 
BALB/c mice were inoculated with 4T1.2-Neu-WT, -HMGB1 KD or 
-Ctl KD (d) and some of 4T1.2-Neu-WT-bearing mice were untreated 
or treated with GL or vehicle solution (e); 2) 10 (d) or 21 (e) d later, 
DC were sorted from TDLN and Treg were sorted from naive BALB/
c-Foxp3-GFP mice; (3) Sorted TDLN DC were cocultured with 
sorted naïve Treg for 3 d, and then Treg were purified from pooled 
DC–Treg coculture; (4) The ability of those Treg to suppress T cell 
activation was measured. Experiments were performed independently 
three times and results were statistically analyzed using a Student’s 
t test (d, e). HMGB1 KD vs. WT or Ctl KD: p < 0.001 (d); GL vs. 
untreated or vehicle: p < 0.01 (e)

◂
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in vivo to modulate DC to activate Treg. Taken together, the 
results suggest that tumor-derived HMGB1 and TSLP are 
involved in modulating DC to activate naïve Treg.

Tumor‑derived HMGB1 and TSLP are 
required for modulating DC to activate Treg 
in a TSLPR‑dependent manner

To determine the impact of tumor progression on the 
expression of putative HMGB1 receptors on DC (e.g., 
TLR4, TLR2 and RAGE) [13, 40, 41], single-cell suspen-
sions of TDLN from tumor-bearing mice were stained and 

a b

c d

Fig. 3   Tumor progression up-regulates the expression of HMGB1 
receptors on DC. BALB/c mice were inoculated with 4T1.2-Neu. 
10 d later, single-cell suspensions of TDLN or LN from naïve mice 
were stained with anti-TLR2, -TLR4 or -RAGE or ISO Ab and ana-
lyzed by flow cytometry. Data shown the expression of RAGE, TLR2 
or TLR4 on gated CD11c+DC are representative of three independ-
ent experiments (a). The data of median fluorescence intensity (MFI) 
from three independent experiments are presented and were statisti-
cally analyzed using a Student’s t test (b). Tumor-bearing vs. naïve: 
p < 0.05 (TLR4, TLR2), p = 0.077 (RAGE). c Both tumor-derived 
HMGB1 and TSLP are needed to modulate DC to activate Treg. 
CD11c+DC purified from spleen/LN of naïve BALB/c mice were cul-

tured in the presence or absence of tumor-derived HMGB1, TSLP or 
HMGB1 + TSLP for 3 d and then cocultured with Treg sorted from 
naïve BALB/c-Foxp3-GFP mice. 3 d later, the ability of those Treg 
purified from pooled coculture of DC–Treg to suppress T cell activa-
tion was measured. d TSLPR but not TLR4 on DC is required for the 
HMGB1/TSLP-mediated modulation of Treg-activating DC. Experi-
ments were performed as described (c) except that DC were purified 
from LN/spleen of naïve BALB/c-WT, -TSLPR−/− or TLR4−/− mice. 
Data from two independent experiments are shown and were statisti-
cally analyzed using a Student’s t test (c, d). HMGB1  +  TSLP vs. 
HMGB1 or TSLP: p < 0.01, HMGB1 vs. TSLP: NS (c); TSLPR−/− 
vs. WT or TLR4−/−: p < 0.01 (d)
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analyzed by flow cytometry. Tumor progression increased 
the expression of TLR4 and TLR2 (p < 0.05), and RAGE 
(p  =  0.077) on DC in the TDLN (Fig.  3a, b). It also 
slightly increased the expression of receptors of TSLP 
[IL-7Rα, TSLP receptor (TSLPR)] on those DC (data not 
shown). To examine the requirements of tumor-derived 
HMGB1, TSLP, or both, and the corresponding recep-
tors for modulating Treg-activating DC, DC isolated from 
naïve WT, TSLPR−/−, and TLR4−/− mice were cultured in 
the presence of tumor-derived HMGB1, TSLP, or both. 
While neither tumor-derived HMGB1 nor TSLP alone 
could modulate DC to activate Treg, they worked together 
to modulate DC to activate Treg (Fig. 3c). In experiments 
with tumor-derived HMGB1/TSLP-based modulation of 
DC, TSLPR- but not TLR4-deficient DC lost the capac-
ity to activate Treg (Fig. 3d). These results indicate that 
tumor-derived HMGB1 cooperates with TSLP to modu-
late DC to activate Treg in a TSLPR-dependent manner.

To restore TSLP production in HMGB1 KD tumor 
cells, TSLP gene was reintroduced into HMGB1-silenced 
tumor cells (TSLP KI-HMGB1 KD). TSLP KI-HMGB1 
KD tumor cells significantly restored their TSLP produc-
tion (Fig. 4a). To examine the impact of TSLP restoration 
in the HMGB1 KD tumor cells on tumor immunity, TSLP 
KI-HMGB1 KD tumor cells were inoculated s.c. into 
mice. TSLP in HMGB1-silenced tumor cells enhanced 
the HMGB1 KD-provoked antitumor activity (Fig. 4b), 

indicating that TSLP in the HMGB1-lacking tumors pro-
motes antitumor responses. The data further suggest an 
important role of HMGB1 in tumor progression, probably 
through tumor-derived HMGB1 cooperating with TSLP 
to modulate Treg-activating DC (Fig. 3c).

Intratumoral inhibition of HMGB1 (causing 
downstream loss of TSLP production) attenuates 
tumor‑associated Treg activation, unleashes 
tumor‑specific CD8 T‑cell responses, and elicits 
CD8α+/CD103+DC‑ and T cell‑dependent therapeutic 
antitumor immunity

Silencing HMGB1 in tumor cells leads to a substantial 
reduction in extracellular HMGB1 and CD8 T cell-depend-
ent antitumor responses [19]. To determine the effect of 
intratumorally inhibiting HMGB1 on antitumor responses, 
mice with established 4T1.2-Neu tumors were injected i.t. 
with the HMGB1 inhibitor GL [36]. Intratumoral injec-
tion of GL did not directly inhibit tumor progression at an 
early stage shown by comparable tumor growth within 5 d 
of the 1st treatment (vehicle vs. GL) (Fig. 5a). However, 
this treatment attenuated tumor-associated Treg activation 
(Fig. 5b), enhanced tumor-specific CD8 T-cell responses 
(Fig. 5c), and generated therapeutic antitumor immunity to 
control tumor growth at later stages and lung metastases 
(Fig. 5a, Supplementary Fig. 1a). This effective therapeutic 
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Fig. 4   a TSLP KI restores the production of TSLP in HMGB1 
KD tumor cells. 4T1.2-Neu-WT, 4T1.2-Neu-HMGB1 KD, TSLP 
KI-4T1.2-Neu-HMGB1 KD, or Ctl KI-4T1.2-Neu-HMGB1 KD were 
cultured for 36 h. The concentrations of TSLP in tumor cell superna-
tants were measured by ELISA. Data from three independent experi-
ments are shown and were statistically analyzed using a Student’s t 
test. TSLP KI-HMGB1 KD vs. HMGB1 KD: p < 0.001; TSLP KI-
HMGB1 KD vs. Ctl KI-HMGB1 KD: p < 0.05; HMGB1 KD vs. Ctl 

KI-HMGB1 KD: NS. b TSLP in HMGB1 KD tumor cells enhances 
HMGB1 KD-provoked antitumor activity. BALB/c mice were s.c. 
inoculated with 4T1.2-Neu-WT, 4T1.2-Neu-HMGB1 KD, TSLP 
KI-4T1.2-Neu-HMGB1 KD, or Ctl KI-4T1.2-Neu-HMGB1 KD. 
Tumor growth was monitored. Experiments were performed indepen-
dently twice and results were statistically analyzed using a Student’s t 
test. TSLP KI-HMGB1 KD vs. Ctl KI-HMGB1 KD or HMGB1 KD: 
p < 0.05; WT vs. HMGB1 KD or Ctl KI-HMGB1 KD: p < 0.01
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antitumor activity of GL was lost in Batf3-deficient, CD4 T 
cell-deficient, or CD8 T cell-depleted mice (Fig. 5a, d, e). 
This finding was further supported in a distinct B16 mela-
noma model (Supplementary Fig. 1b, c).

The potent inhibitor of HMGB1 (i.e., EP), or the 
antagonist for HMGB1 (i.e., Box A), were demonstrated 
to control tumor growth [11, 38]. Especially in a similar 
4T1 breast tumor model, intraperitoneal injection of Box 

A inhibits tumor growth [17]. To confirm the antitumor 
activity provoked by i.t. inhibiting HMGB1, tumor-bearing 
mice were injected i.t. with EP or Box A. As shown in 
Fig. 5f and Supplementary Fig. 1d, intratumoral injection 
of either EP or Box A effectively inhibited the growth of 
primary tumors and lung metastases. Indeed, inhibiting 
HMGB1 with i.t. EP or Box A also significantly decreased 
the levels of TSLP in sera (Fig. 1h).
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Taken together, the data suggest that in vivo inhibition 
of HMGB1 in the TME reduces tumor-associated Treg 
activation, unleashes tumor-specific CD8 T-cell responses 
and elicits CD8α+/CD103+DC- and T cell-dependent ther-
apeutic antitumor immune responses.

Discussion

HMGB1 has been documented to play paradoxical roles in 
tumor models [5–21]. The protumor effect of HMGB1 dur-
ing tumor progression has been emerging [5, 10–21, 30–43]. 
HMGB1 could be involved in tumor-associated immune 
cells, such as DC, MDSC, macrophages, T cells, and Treg 
in a direct or indirect manner, even though the mechanisms 
remain elusive [15–21, 42, 43]. HMGB1 acts via multiple 
pathways and is therefore complex and somewhat controver-
sial [5–21, 42–54]: it is specifically structurally modified, 
binds to multiple receptors and associates with its ‘partner’ 
molecules under various physiological or disease conditions.

Silencing HMGB1 expression in tumor cells, or inhibiting 
tumor-derived HMGB1, either in vitro or in vivo, impeded 
the capacity of tumor cells to produce TSLP, which could 
be triggered by tumor-derived HMGB1. Silencing TSLP in 
tumor cells delays growth and lung metastasis but does not 
result in tumor-rejection [23]. However, silencing HMGB1 

(causing downstream loss of TSLP production) in tumor 
cells does lead to impaired Treg activation and tumor-
rejection [19]. In the current study, TSLP KI in HMGB1 
KD tumor cells has no effect on initial growth of the tumor 
in vivo (just as HMGB1 KD tumor cells), but then suddenly 
has an effect from d6–10, inducing antitumor immunity. 
This observation might be explained by the possibility that 
spontaneous antitumor immune responses have not yet been 
generated during the initial growth of the tumor (d1–6) after 
inoculation. TSLP may strengthen the spontaneous antitu-
mor immunity induced by HMGB1 KD tumor cells, leading 
to the robust inhibition of TSLP KI-HMGB1 KD tumors 
when compared to HMGB1 KD tumors from d6–10. Indeed, 
TSLP has been indicated to be associated with antitumor 
responses [55–57]. However, tumor cell (or other cells, such 
as myeloid cell)-derived TSLP promotes tumor progression 
by facilitating tumor-promoting Th2-inducing DC [22–24, 
58]. TLR2 is linked to TSLP regulation through transcrip-
tion factor NF-κB signaling in epithelial cells [59]. Tumor 
cells express TLR2 (Supplementary Fig. 2). Whether tumor-
derived HMGB1 directly acts as an extracellular signal on 
tumor cells via TLR2 needs further studies. Alternatively, 
HMGB1 may indirectly induce other signals (e.g., IL-1β) 
on tumor or other cells including myeloid cells to heighten 
TSLP production by tumor cells [31, 58].

HMGB1 produced by cells may be oxidized through reac-
tive oxygen species, and oxidized HMGB1 induces immune 
tolerance [35]. HMGB1 released from dying tumor cells 
after some therapies triggers antitumor immune responses 
via TLRs, such as TLR2 or TLR4 on DC [6, 7]. Oxidized 
HMGB1, which might have altered receptor-binding activity, 
does not interact with TLR4 [60]. HMGB1 binds with low 
amounts of TLR ligands including LPS to exert its immune 
stimulation through TLR including TLR4 [53]. TSLP was 
shown to induce Treg activation by DC in human thymus 
[61]. Tumor-derived TSLP alone failed to modulate Treg-
activating DC. Both tumor-derived HMGB1 and TSLP were 
necessary for modulating Treg-activating DC in a TSLPR-
dependent manner. HMGB1 easily attaches to other mol-
ecules, especially glycosylated proteins. Accumulated data 
indicate that HMGB1 may bind with its ‘partner’ molecule 
via the partner molecule receptor to exert its biological 
function [42–54]. Whether tumor-derived HMGB1 com-
plexes with TSLP to modulate DC via TSLPR, especially 
under physiological conditions, remains to be determined. 
Alternatively, tumor-derived HMGB1 may interact with its 
receptor(s) (e.g., RAGE, TLR2) in cooperation with the 
TSLP-TSLPR axis on DC, thereby modulating DC to acti-
vate Treg. Silencing or inhibiting HMGB1 (causing down-
stream loss of TSLP production) reduced the capacity of 
tumor cells to modulate Treg-activating DC, suggesting they 
are the main players in activating Treg in the TME. The fact 
that tumors did not regress in CD8α+/CD103+DC-deficient 

Fig. 5   a I.t. inhibiting HMGB1 by GL generates CD8 T cell-
dependent antitumor immunity. BALB/c mice were s.c. inoculated 
with 4T1.2-Neu. On d 8, tumor-bearing mice were i.t. injected 
daily with GL or vehicle solution for 2  wks. Anti-mouse CD8 Abs 
were i.p. injected into some tumor-bearing mice on d 7, 9 and 14. 
Tumor growth was monitored. Data present two independent experi-
ments and were statistically analyzed using a Student’s t test. GL vs. 
GL + anti-CD8 or vehicle: p < 0.01. b I.t. inhibiting HMGB1 by GL 
reduces the tumor-associated Treg activation. Tumor-bearing BALB/
c-Foxp3-GFP mice were treated as listed (a). D 21, Treg (GFP+) in 
TDLN were sorted. The ability of those Treg to suppress T cell acti-
vation was measured. IFN-γ in culture supernatants were measured 
by ELISA. Data present three independent experiments and were sta-
tistically analyzed using a Student’s t test. GL vs. vehicle: p < 0.05. 
c I.t. inhibiting HMGB1 by GL induces tumor-specific CD8 T cell 
responses. Tumor-bearing BALB/c mice were untreated or treated 
(a). D 28, CD8 T cells purified from spleen were restimulated with 
4T1.2-Neu lysates (irrelevant CT26 tumor cell lysates as tumor-spe-
cific control)-pulsed CD8− SPC (served as APC) of naïve BALB/c for 
3 d. the concentrations of IFN-γ in culture supernatants were meas-
ured by ELISA. Data present three independent experiments and 
were statistically analyzed using a Student’s t test. GL vs. vehicle or 
untreated: p < 0.01. d, e I.t. inhibiting HMGB1 by GL elicits CD8α+/
CD103+DC- and CD4 T cell-dependent antitumor immunity. 4T1.2-
Neu-bearing BALB/c-Batf3−/− or -CD4−/− mice were treated with GL 
or vehicle solution and tumor growth was monitored (a). f I.t. inhibit-
ing HMGB1 by Box A or EP controls tumor growth. BALB/c mice 
were s.c. inoculated with 4T1.2-Neu. On d 6, tumor-bearing mice 
were i.t. injected with Box A, EP or vehicle every 3  d for 4 times. 
Tumor growth was monitored. Data present two independent experi-
ments and were statistically analyzed using a Student’s t test. Box A 
or EP vs. vehicle: p < 0.01

◂
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Batf3−/− mice, indicates that CD8α+/CD103+DC may not 
be responsive to HMGB1/TSLP signaling. The exact DC 
subset that is modulated by tumor-derived HMGB1/TSLP 
for the activation of Treg needs to be identified in the future.

Anti-CD4 treatment depletes all CD4 T cells including 
Treg and CD4 T helper 1 (Th1). The question remains why 
Treg depletion (via anti-CD4 treatment) had no impact on 
the antitumor response. One possible explanation is that Th1 
depletion impairs the induction of effective antitumor CD8 
T cells. Although tumor progression induced the expres-
sion of putative receptors of HMGB1 (i.e., TLR4, RAGE, 
TLR2) on tumor-associated Treg (Supplementary Fig. 3), 
deficiency of TLR4 did not significantly affect the produc-
tion of IL-10 by tumor-associated Treg, or the growth of 
tumors (Supplementary Fig. 4). Tumor-derived HMGB1/
TSLP-based modulation of Treg-activating DC was TLR4-
independent. The data indicate that TLR4 on Treg and DC 
may be not the major receptor for tumor-derived HMGB1 
in this tumor model.

As a potent inhibitor of HMGB, EP was used to reduce 
HMGB1 levels as experimental cancer treatments [11, 
38]. Box A from HMGB1, an antagonist for HMGB1, 
was also used to block tumor-derived HMGB1 for anti-
tumor responses [38]. In a similar 4T1 model, intraperi-
toneal injection of Box A inhibits tumor growth, and 
tumor-derived HMGB1 is suggested to enhance immune 
suppression through promoting MDSC [17]. While GL, the 
specific inhibitor for the activity of extracellular HMGB1 
[36], exhibits the ability to suppress multiple cell signal-
ing pathways (e.g., down-regulating transcription factors, 
growth factors, enzymes, cell-surface adhesion molecules, 
and chemokines), inhibiting cancer cells (e.g., breast can-
cer and melanoma) and promoting immune cell (e.g., natu-
ral killer cells and T cells) activity against cancer [62–70], 
results from this study suggest a novel functionality of GL 
in impeding tumor-derived HMGB1-mediated activation of 
Treg. Mechanisms of action (e.g., cell death, autophagy and 
cross-presentation) involved in T cell-dependent antitumor 
immunity caused by inhibiting HMGB1 i.t. need further 
investigation. Also, it is worthwhile to examine whether i.t. 
inhibiting tumor-derived HMGB1 may prevent lung metas-
tases by controlling primary tumor growth. In consideration 
of the paradigm in which HMGB1 promotes TSLP induction 
that then develops a feed-forward autocrine loop associated 
with DC licensing of Treg, HMGB1 inhibition may be an 
alternative approach, possibly superior to Treg (or MDSC) 
depletion/antagonism, to prevent Treg and promote Type-1 
responses in cancer immunotherapy. HMGB1 inhibitors, 
such as GL, EP, and Box A, may enhance the efficacy of 
immunotherapeutic approaches including vaccination or 
checkpoint blockade.

In summary, this study suggests a new pathway for the 
activation of Treg involving in tumor-derived HMGB1 and 

TSLP, and has important implications for incorporating 
HMGB1 inhibitors into cancer immunotherapy.
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