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Abstract
Tumor-in�ltrating CD4+Foxp3+ regulatory T (Treg) cells express high levels of TNFR2 which mediates
TNF-induced proliferation and promotes tumor progression by suppressing anti-tumor immune
responses. Therefore, the blockage of TNF-TNFR2 pathway represents a strategy to eliminate tumor-
in�ltrating Treg activity and leads to the recovery of host immune responses against tumor. In this study,
screening of in-house small-molecule library resulted in the identi�cation of 1-aryl-1,2,3,4-tetrahydro-
isoquinolines as potent inhibitors of Treg proliferation mediated by TNF-TNFR2 signaling. Moreover, in-
depth analysis of structure-activity relationship (SAR) revealed that the 6,7-dimethoxylation and 1-
naphthyl substitution could improve the activity. Therefore, further investigation is warranted to evaluate
if 1-aryl-1,2,3,4-tetrahydro-isoquinolines could be used as adjuvants to enhance cancer immunotherapy.

Introduction
CD4+ Foxp3+ regulatory T (Treg) cells are immunosuppressive cells crucial for maintaining
immunological homeostasis and preventing autoimmune diseases (Bluestone and Tang, 2018).
Accumulation of Tregs in tumor microenvironment (TME) can promote tumor progression by suppressing
anticancer immune responses (Togashi, et al., 2019). We (Xin Chen and Joost J. Oppenheim) for the �rst
time found and reported that tumor-in�ltrating Tregs express high levels of TNFR2 which mediates the
effect of TNF in the activation and proliferation of Tregs (Chen, et al., 2007; Chen, et al., 2008; Chen and
Oppenheim, 2017). Therefore, the blockage of TNF-TNFR2 pathway represents a strategy to eliminate
tumor-in�ltrating Treg activity, and consequently restores naturally occurring or therapeutic-induced host
immune responses against tumor. For example, it was reported that anti-TNF antibody could increase the
in�ltration of tumor-speci�c T cells in MC38-derived tumors, decrease activation-induced cell death
(AICD) in CD8+ T cells from mice and humans, and enhance the anti-tumor activity of combined anti-PD-1
and anti-CTLA-4 immunotherapy (Perez-Ruiz, et al., 2019). Torrey et al. found that antagonistic TNFR2
antibodies inhibited TNF induced activation of human Tregs derived from peripheral blood and
consequently reduced the number, proportion, and immunosuppressive activity of Tregs. The capacity of
these TNFR2 antibodies in the killing of Tregs isolated from ovarian cancer ascites was stronger than
that from healthy donor samples, indicating that these antibodies might preferentially act on tumor-
in�trating TNFR2-expressing Tregs (Torrey, et al., 2017). We have also reported that a blocking anti-
TNFR2 antibody markedly enhanced the antitumor e�cacy of immunotherapy with CpG ODN in mouse
models of colon and breast cancer by reducing the number of tumor-in�ltrating TNFR2+ Tregs (Nie, et al.,
2018).

Results And Discussion
To identify small molecules which can block TNFR2-mediated Treg proliferation, we optimized the
screening system based on our previous in vitro experiment setting of TNF-stimulated Treg proliferation
(Chen, et al., 2007; Nie, et al., 2018). Splenocytes and LN cells from C57BL/6-Tg(Foxp3-
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DTR/EGFP)23.2Spar/Mmjax mice which allow unambiguously identi�cation of Foxp3+ Treg populations
based on EGFP expression (Lahl, et al., 2007) were used in the initial screening. As can be seen in
Supplementary Fig. S1, the addition of TNF (5 ng/ml) to mixed lymphocytes resulted in raised EGFP-
Foxp3 expression in CD4+ T cells, increased divided number of EGFP-Foxp3+ cells (monitored by the
dilution of CellTrace™ Violet) and high expression of TNFR2, which could be markedly inhibited by the
positive control etanercept (ETA), a combination of the extracellular domain of TNFR2 linked to the Fc
portion of a human IgG1.

We then screened natural and synthetic small-molecule library in our lab (Kunming Institute of Botany,
Chinese Academy of Sciences), which led to the identi�cation of 1-phenyl-1,2,3,4-tetrahydro-isoquinoline
(Alk2) possessing inhibitory activity on TNF-induced increase of EGFP-Foxp3 expressing cells in CD4 T
cells (Supplementary Fig. S2). We further con�rmed the activity of Alk2 on Tregs from wild type C57BL/6
mice. As shown in Fig. 1, under non-toxic concentrations (Supplementary Fig. S3), Alk2 signi�cantly
inhibited TNF-induced proliferation of Tregs in a concentration-dependent manner (p < 0.05 − 0.01), as
assessed by the proportion of Foxp3+ cells in CD4+ T cells (Fig. 1A & B) and by the replication of
CD4+Foxp3+ T cells (Fig. 1C & 1D). Furthermore, Alk2 signi�cantly inhibited the elevation of TNFR2
expression on Tregs induced by TNF (Fig. 1E & F). We further con�rmed the results with puri�ed Tregs. As
shown in Fig. 2A&B, Alk2 at 0.5 µM signi�cantly inhibited TNF-induced proliferation of FACS-sorted Tregs
(p < 0.01).

Previously, we found that TNF promoted the expansion and function of Tregs through its receptor TNFR2
(Chen, et al., 2007). To further examine if Alk2 inhibited Treg proliferation depended on TNFR2-pathway,
high concentration (10 ng/ml) of IL-2 only was used to induce the expansion of Tregs. As shown in Fig.
2C&D, in contrast to the obvious inhibition of Alk2 (0.5 µM) on TNF-induced proliferation (Fig. 2A & 2B),
Alk2 at 0.5 µM and even 1 µM did not show any inhibition on IL-2-induce proliferation of puri�ed Tregs.
These effects were further con�rmed with TNFR2-de�cient Tregs. As shown in Fig. 2E&F, high
concentration of IL-2 was able to stimulate the proliferation of TNFR2-de�cient Tregs which could be
markedly inhibited by vindesine (Vin), an inhibitor of mitosis. However, Alk2 at 0.5 µM did not show any
inhibition, albeit at 1 µM showed marginal inhibition. In another experiment (Supplementary Fig. S4), we
assayed the expression of 4-1BB and CD25 on IL-2-stimulated TNFR2-de�cient Tregs. In consistent with
aforementioned results, Alk2 did not inhibit IL-2-induced elevation of 4-1BB and CD25 expression on
Tregs. These results clearly indicated that Alk2 selectively inhibited TNFR2-mediated proliferation of
Tregs.

To investigate if Alk2 interferes with TNF-TNFR2 pathway by directly blocking the binding of TNF to
extracellular domain of TNFR2, we determined the effect of Alk2 on TNF-induced cell death of WEHI-13
VAR, since we found previously that the cytotoxicity of TNF on WEHI-13 VAR was mediated by TNFR2.
The result was shown in Supplementary Fig. S5. TNF signi�cantly decreased the cell viability by 60% as
compared with the vehicle control group. ETA, but not Alk2 markedly inhibited the cytotoxic effect of TNF.
This result suggested that Alk2 did not directly block extracellular TNF-TNFR2 binding. These data
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favored that idea that the inhibition of Alk2 on Treg proliferation depended on the blockade of
intracellular TNFR2 signaling pathway.

In TME, increase of the ratio of effector T cells (Teffs) to Tregs is vital in the immune surveillance of
malignancy and for a better prognosis of patients (Verma, et al., 2019). To examine the effect of Alk2 on
the proliferation of Teffs, CD4 and CD8 T cells were stimulated with anti-CD3 antibody and anti-CD28
antibody. Result in Supplementary Fig S6 showed that Alk2 at 5 µM did not inhibit the proliferative
responses of both CD4+ and CD8+ T cells in response to the stimulation with anti-CD3/28 antibodies.
Furthermore, anti-CD3/28-induced Th1/Th2/Th17 cytokines secretion from T cells was not inhibited by
Alk2 at 5 µM. Moreover, Alk2 (5 µM) did not inhibit the differentiation of TGF-β-induced Treg
differentiation (Supplementary Fig. S7). It is worth noting that the IC50 of Alk2 in the inhibition of C8166
cell proliferation was 30.9 µM (Cheng, et al., 2008). Therefore, inhibition of Alk2 at 5 µM on TNF-induced
expansion of Tregs was not based on the general cytotoxic effect of this compound. Instead, our data
favored the idea that the effect of this compound is likely mediated by inhibition of TNF-TNFR2 signaling.
The exact mechanism should be further clari�ed in the future study.

Alk2 belongs to the isoquinoline class which has a broad variety of biological activities (Shang, et al.,
2020). To investigate if the isoquinoline itself has the Alk2-like activity, �ve isoquinoline analogs were
tested. As shown in Supplementary Fig. S8, these compounds at 5 or 10 µM did not inhibit the replication
of CD4+ Foxp3+ T cells and the up-regulation of TNFR2 expression on TNF-stimulated Tregs. Therefore,
the isoquinoline itself has no activity on TNF-induced Treg proliferation. The above facts suggested that
the 1-aryl substitution was required for the activity of Alk2.

To further study the structure-activity relationships (SARs), the effect of Alk2 analogs synthesized as
reported previously (Cheng, et al., 2008) on TNF-induced proliferation of Tregs were examined. These
compounds were divided into two types, namely, 6,7-dimethoxylated and 6,7-dihydroxylated derivatives.
To this end, lymphocytes from C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax mice were stained with
CellTrace™ Violet, and then the cells were cultured with TNF, in the presence or absence of Alk2 analogs.
The results, shown in Table 1, indicated that all 6,7-dimethoxylated derivatives showed similar or higher
activity than the 6,7-dihydroxylated derivatives except for the pyridin-2-yl and 3-bromophenyl derivatives.
The following SARs were discussed according to the above two skeletons.  
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Table 1
Inhibitory activities of 1-aryl-1,2,3,4-tetrahydro-isoquinolines on

TNF-induced proliferation of Tregs.
No. R Inhibitory rate (%) No. R Inhibitory rate (%)

1 36.3 23 27.9

2 25.4 24 30.8

3 25.1 25 22.9

4 24.3 26 25.7

5 24.3 27 22.9

6 25.6 28 24.7

7 32.6 29 25.4

8 20.6 30 28.3

9 40.7 31 24.7

10 26 32 17.2

11 33.9 33 31.1

12 39.1 34 33.0

13 29.9 35 28.1

14 19.4 36 9.9

15 26.2 37 25

16 28.4 38 24.3

17 24.9 39 17.6

18 27.5 ‒ ‒ ‒

19 39.8 40 30.1

20 41.2 41 25.6

21 49.6 ‒ ‒ ‒

22 42.3 ‒ ‒ ‒

For the 6,7-dimethoxylated derivatives: the introduction of hetero atoms in aryl groups decreased the
activity, e.g. the furan-2-yl (25.1%) and pyridin-2-yl (25.4) derivatives showed weaker activity than the
phenyl derivative (36.3%). The position of halogens on the aryl group also in�uenced the activity.
Different halogens (F, Cl, Br) with the ortho-substitution showed similar activity; whereas the chlorinated
derivative showed higher activity than the bromated derivative when located at meta-position.



Page 7/13

Interestingly, the para-bromated derivative showed the highest activity with an inhibition ratio of 40.7%.
Similarly, the para-methylated derivative (33.9%) also displayed higher activity than ortho-substitution
(26.0%). In accordance with the previous report, the tri�uoromethyl derivative showed increased effect
than the methylated analogue, which might be due to the electron-withdrawing effects of the �uorine
atoms. The introduction of methoxy groups on phenyl always decreased the activity, especially the para-
methoxylated derivative showed the weakest activity (19.4%), markedly lower than the 2-methoxy and 2,4-
dimethoxy derivatives. Compared with the non-substituted phenyl group, the introduction of nitro and
cyano groups showed decreased activity. When the phenyl group was changed to be a naphthyl group,
the inhibition was increased, suggesting that the large conjugated system was associated with the
activity. For the naphthalen-1-yl derivatives, the 4-methoxylation showed the highest activity with
inhibition ratio of 49.6%. The 6,7-dihydroxylated derivatives always showed similar or weaker activity
than their respective 6,7-dimethoxylated derivative, except for the pyridin-2-yl and the meta-bromophenyl
derivatives.

In conclusion, this study indicated that 1-aryl-1,2,3,4-tetrahydro-isoquinolines could inhibit TNF-induced
Treg proliferation through interruption of intracellular TNFR2 signaling pathway. Therefore, these
compounds may be useful as adjuvants for cancer immunotherapy and thus merit further research.

Experimental
Mice

Wildtype C57BL/6, B6.129S2-Tnfrsf1btm1Mwm/J or C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/ Mmjax mice
which were initially purchased from Jackson Laboratory were maintained under speci�c pathogen-free in
Animal Facility of University of Macau. The animal research protocol was given approval by the Animal
Research Ethics Committee of the University of Macau.

Reagents

Alk2 and other 1-Aryl-1,2,3,4-tetrahydro-isoquinoline analogs were synthesized as reported
previously. Mouse CD4+CD25+ Regulatory T Cell Isolation Kit were purchased from Miltenyli Biotec.
Etanercept (ETA) was purchased from Shanghai TheraMabs Bio-technology co., LTD (China). Puri�ed
Hamster anti-mouse CD3e (145-2C11), CD28 (37.51), Recombinant Mouse TNF (rmTNF), rmIL-2, and
Antibodies including PE-Cy7 anti-mouse TCRβ (H57-597), PerCP-Cy5.5 anti-mouse CD4 (RM4-5), APC
anti-mouse CD4 (RM4-5), PerCP-Cy5.5 anti-mouse CD25 (PC61), PE anti-mouse 4-1BB (17B5) and PE
anti-mouse CD120b (TNFR2, TR75-89) and Mouse Th1/Th2/Th17 Cytokine Kit were purchased from BD
Pharmingen (San Diego, CA). PE anti-mouse CD8a (53-6.7), APC anti-mouse/rat Foxp3 (FJK-16s), Mouse
TGF beta 1 Recombinant Protein (rmTGF-b) and Foxp3 / Transcription Factor Staining Buffer Set were
purchased from Invitrogen (ebioscience). CellTrace™ Violet and LIVE/DEAD™ Fixable Near-IR Dead Cell
Stain Kit were purchased from Thermo�sher Scienti�c. 

Isolation and culture of Treg cells
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Mouse lymphocytes were harvested from spleens and lymph nodes. CD4+CD25+ Regulatory T Cell
Isolation Kit were used for purifying CD4+CD25+ Regulatory T Cell. If not particularly indicated, these cells
were cultured in RPMI-1640 Medium supplemented with 10% FBS, 250 pg/mL rmIL-2, 2 mM L-
glutamine,1 mM sodium pyruvate, 100 μM non-essential amino acids, 5 mM HEPES, 50 µM 2-
mercaptoethanol and 100 U/ml Penicillin/Streptomycin.

Cytotoxicity assay

Lymphocytes (1×106 cells/well) were seeded into a 96-well �atbottom plate and cultured with
compounds for 72 h, the cell viability was detected by an MTT assay. To determine cytotoxicity of
compounds on puri�ed Treg cells, CD4+CD25+ regulatory T cells (5×104 cells/well) were seeded into a u-
shaped 96-well plate and stimulated with rmIL-2 (250 pg/mL) plus rmTNF (5 ng/mL). Compounds were
added and cultured for 3 days, the cells were collected and cell viability was assayed by LIVE/DEAD™
Fixable Near-IR Dead Cell Stain Kit. 

Treg activation and proliferation assay

In a u-shaped 96-well plate, CellTrace™ Violet labeled lymphocytes (1×106 cells/well) or puri�ed CD4+

CD25+ Regulatory T Cells (5×104 cells/well) were stimulated with rmIL-2 (250 pg/mL) plus rmTNF (5
ng/mL), in the presence of compound. After culture for 3 days, the cells were collected, �xed and
permeabilized. The proportion of CD4+Foxp3+ T subset, the replicating Foxp3+ cells and the expression of
TNFR2, CD25 or 4-1BB were analyzed by �ow cytometry.

Treg differentiation assay

In a u-shaped 96-well plate, puri�ed CD4+ T cells (1×105 cells/well) were activated by plate-coated anti-
CD3e antibody (1 μg/mL) and soluble anti-CD28 Antibody (0.5 μg/mL) in the presence of rmTGF-β (5
ng/mL). Compound was added into wells accordingly. After culture for 2 days, the cells were collected,
�xed and permeabilized. Foxp3 expression by CD4+ cells was determined by �ow cytometry.

CD4+ andCD8+ T cell proliferation assay

In a u-shaped 96-well plate, CellTrace™ Violet labeled lymphocytes (1×105 cells/well) were stimulated with
plate-coated anti-CD3e antibody (1 μg/mL) and soluble anti-CD28 Antibody (0.5 μg/mL) in the presence
or absence of compound. After culture for 3 days, the cells were collected. The replicating CD4+ and CD8+

T cell were analyzed by �ow cytometry.

Flow cytometry

After blocking FcR, cells were incubated with appropriately diluted antibodies and �nally suspended in
FACS buffer for cytometric analysis. Acquisition was performed by BD LSRFortessa �ow cytometry.
FlowJo software (Tree Star Inc., Ashland, OR, USA) was used for data analysis. 
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TNF-induced cell death of WEHI-13VAR Cells

WEHI-13VAR cell line was purchased from the American Type Culture Collection (ATCC). It was cultured in
RPMI-1640 Medium with 10% fetal calf serum (FBS) in humid air containing 5% CO2 at 37 °C. Cells were

seeded into a 96-well �at-bottom plate (1×104 cells/well) and cultured for 24 h.Thereafter, TNF (50 pg/ml)
and chemicals or the postive control Etanercept (10μg/ml) were added. The plates were incubated for 48
h and the cell viability was detected by MTT assay.

Measurement of cytokines production

In a 96-well plate, lymphocytes (1×105 cells/well) were stimulated with plate-coated anti-CD3e antibody
(1 μg/mL) and soluble anti-CD28 Antibody (0.5 μg/mL) in the presence or absence of Alk2. After culture
for 24h, their supernatants were collected and cytokines contents in which were measured by CBA mouse
Th1/Th2/Th17 Cytokine Kit.

Statistical analysis

All data were presented as means ± SD and the statistical analysis was performed by t test or one-way
ANOVA test using GraphPad Prism 7.0. A p value <0.05 was considered to be statistically signi�cant.
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Figure 1

Alk2 inhibits TNF-induced proliferation and TNFR2 expression of Tregs in lymphocytes. Mixed splenic
and LN cells were harvested from wild-type C57BL/6 mice. The cells were stained with CellTrace™ Violet
and were stimulated with rmIL-2 (250 pg/mL) with or without rmTNF (5 ng/mL), in the absence or
presence of Alk2 with indicated concentration. After cultured for three days, the cells were collected and
the proportion of CD4+Foxp3+ T subset, the replicating Foxp3+ cells and the expression of TNFR2 were
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analyzed by �ow cytometry. Representative �ow cytometry plots were shown in Fig A, C & E (the number
indicates the proportion of gated cells). Typical results from three separate experiments were shown in
Fig B, D & F and presented as means ± S.D. (n = 3). ETA was used as the positive control. *p<0.05,
**p<0.01 and ***p<0.001 vs TNF-treated group; ###p<0.001 vs control group without TNF treatment.

Figure 2
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Alk2 inhibits TNFR2-dependent proliferation of puri�ed Tregs. CD25+CD4+ T cells were �ow-sorted from
wild-type or B6.129S2-Tnfrsf1btm1Mwm/J (TNFR2 KO) mice. The cells were labelled by CellTrace™ Violet
and cultured with medium containing rmIL-2 (250 pg/mL) with or without rmTNF (5 ng/mL) or rmIL-2 (10
ng/mL), in the absence or presence of Alk2 with indicated concentrations. After cultured for three days,
the cells were collected and the replicating Foxp3+ cells were analyzed by �ow cytometry. Representative
�ow cytometry plots were shown in Fig A, C & E (the number indicates the proportion of gated cells). The
values in Fig B, D & F were presented as means ± S.D. (n = 3). ETA or Vin was used as the positive control.
*p<0.05, **p<0.01 and ***p<0.001 vs TNF or IL-2-treated group; ###p<0.001 vs control group without TNF
treatment.
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