
Supplementary Figures 

Figure S1 

 

Figure S1. rhCD137L-MSNs enhance CD8+ T cell proliferation. Human CD8+ T 
cells were preactivated with human CD3/CD28 dynabeads for 24 h followed by 
stimulation with 5 µg/mL of rhCD137L-MSNs or BSA-MSNs. The cell proliferation was 
measured 3 days post treatment with the protein-MSN conjugates. The proliferation of 
CD137hi and CD137lo CD8+ T cells in response to treatment with BSA-MSNs or 
CD137-MSNs are presented as (A) representative histograms and (B) are quantified 
by their expansion indices. Each symbol represents a biological replicate (n = 3). Data 
are shown as means ± SEM. Data are representative of two independent experiments 
with T cells of different donors. *** p < 0.001 using one-way ANOVA with Bonferroni’s 
multiple comparison test. BSA: bovine serum albumin. MSN: mesoporous silica 
nanoparticle.  

  



Figure S2 

 

Figure S2. rhCD137L-MSNs show significantly greater efficacy in enhancing T 
cell cytotoxicity against CD137-expressing and CD137-null NPC cells than anti-
CD137 antibodies. CD137-expressing (C666-CD137) and -null (C666) NPC cell lines 
were treated with suboptimally activated T cells and rhCD137L-MSNs or unconjugated 
anti-CD137 antibodies (urelumab or utomilumab) of equal molar concentration of 
receptor binding sites (197.5 nM) at 0 h. The tumor cytolysis results are illustrated in 
(A) as % cytolysis curves and in (B) as the area under the curve (AUC) of % cytolysis 
over 24 h post treatment. Each symbol represents a technical replicate. Data are 
shown as means ± SEM of duplicate wells. Data are representative of two independent 
experiments with T cells of different donors. ** p < 0.01, *** p < 0.001 using one-way 
ANOVA with Bonferroni’s multiple comparison test. MSN: mesoporous silica 
nanoparticle.  

 

  



Figure S3 

 

Figure S3. rhCD137L-ST induces a greater T cell cytotoxicity against CD137-
expressing and CD137-null NPC cells than anti-CD137 antibodies. (A) Schematic 
representation of the protein domain of rhCD137L and its conjugation to StrepTactin® 



XT 4Flow® resin beads. (B) Different amounts of the resin beads (Left: 0.016, 0.16 
and 0.64 μM; Right: 0.64, 1.28, 5.12 and 20.48 μM) were used to conjugate 312.5 nM 
rhCD137L. The rhCD137L on the beads was crosslinked using 
bis(sulfosuccinimidyl)suberate linker (BS3) to preserve its oligomerization status prior 
to Western blot analysis using a mouse anti-human CD137L antibody (clone: 5F4). 
CD137-expressing and -null (C666 and HK1) NPC cell lines were treated with 
suboptimally activated T cells and rhCD137L-ST or unconjugated anti-CD137 
antibodies (P2B4, urelumab or utomilumab) of equal molar concentration (70 nM) at 0 
h. Two groups of NPC cell lines were used: (C-D) C666 and C666-CD137 and (E-F) 
HK1 and HK1-CD137. The tumor cytolysis results are illustrated in (C & E) as % 
cytolysis curves and in (D & F) as the area under the curve (AUC) of % cytolysis over 
24 h post treatment. Each symbol represents a technical replicate. Data are shown as 
means ± SEM of duplicate wells. Data are representative of two independent 
experiments with T cells of different donors. Numbers above the bracket indicate p-
values. * p < 0.05, ** p < 0.01, *** p < 0.001 using one-way ANOVA with Bonferroni’s 
multiple comparison test. TEV: tobacco etch virus protease-cleavable linker.  

  



Figure S4 

 

Figure S4. Treatment with rhCD137L-MSNs significantly enhances the activation 
and effector functions of CD4+ T cells that were cocultured with C666-CD137 
cells. The expression levels of CD137, OX40, IFNγ, TNF, FasL and granzyme B (GrzB) 
in CD4+ T cells that were cocultured with (A) C666 and (B) C666-CD137 cells, were 
analyzed using flow cytometry. The expression levels of these markers in each 
treatment group were normalized to their levels in the T cell only treatment group. The 
results were obtained from T cells of four different donors, with each symbol 
representing an individual T cell donor (n = 4). A ratio of 1 (dashed line) indicates no 
difference between the T cell+treatment group and the T cell only control. Data are 
shown as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 using one-way ANOVA 
with Bonferroni’s multiple comparison test. Uto: utomilumab. Ure: urelumab. MSN: 
mesoporous silica nanoparticle.  

 

  



Figure S5 



 



Figure S5. Activation and functional profiles of T cells that were cocultured with 
HK1 and HK1-CD137 cells. The expression levels of CD137, OX40, IFNγ, TNF, FasL 
and granzyme B (GrzB) in CD8+ and CD4+ T cells that were cocultured with (A) HK1 
and (B) HK1-CD137 cells, were analyzed using flow cytometry. The expression levels 
of these markers in each treatment group were normalized to their levels in the T cell 
only treatment group. The results were obtained from T cells of four different donors, 
with each symbol representing an individual T cell donor (n = 4). A ratio of 1 (dashed 
line) indicates no difference between T cell+treatment group and T cell only control. 
Data are shown as means ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001 using one-way 
ANOVA with Bonferroni’s multiple comparison test. Uto: utomilumab. Ure: urelumab. 
MSN: mesoporous silica nanoparticle.   



Figure S6 

 

Figure S6. Treatment with rhCD137L-MSNs enhances the production of IL-6 
and/or IL-8 by C666-CD137 and HK1-CD137 cells. CD137-expressing (C666-
CD137 or HK1-CD137) NPC cells and their control cells (C666 or HK1) were tested 
for their production of IL-6 and/or IL-8 under different treatment conditions using ELISA. 
The levels of (A) IL-6 and IL-8 secreted by C666 and C666-CD137 cells, and (B) IL-8 
by HK1 and HK1-CD137 cells, were normalized to the levels of respective tumor cells 
treated with T cells alone. Each symbol represents a different T cell donor (n = 5-6). 
Data are shown as means ± SEM. Data are representative of two independent 
experiments.  A ratio of 1 (dashed line) indicates no difference between T 
cell+treatment group and T cell only control. * p < 0.05, ** p < 0.01 using one-way 



ANOVA with Bonferroni’s multiple comparison test. Uto: utomilumab. Ure: urelumab. 
MSN: mesoporous silica nanoparticle. 

  



Figure S7 

 

Figure S7. Surface-functionalization of MSNs with rhCD137L promotes their 
accumulation in CD137-expressing tumors. PBMC-humanized NOD-scid (JInx) 
bearing C666 and C666-CD137 tumors on their right and left flanks, respectively, were 
administrated with a single intravenous dose (10 mg/kg) of Cy5.5-labelled rhCD137L-
MSNs or naked MSNs. Bioluminescent imaging of the whole mice, isolated tumors 
and main organs were performed 48 h post-injection. (A) Representative images 
showing the localization of rhCD137L-MSNs or naked MSNs at the tumor sites (yellow 
circle). (B) Quantification of average radiant efficiency of in vivo tumors. (C) 
Representative fluorescence images and (D) average radiant efficiency of excised 
tumors. (E) Representative fluorescence images and (F) average radiant efficiency of 
livers, kidneys, lungs and spleens. Each symbol represents one mouse (n = 2). All 
data are shown as means ± SEM. Data are representative of two independent 
experiments. ** p < 0.01, *** p < 0.001 using one-way ANOVA with Bonferroni’s 
multiple comparison test. MSN: mesoporous silica nanoparticle.  



Figure S8 

 

Figure S8. Proliferation rates of CD137-expressing and -null NPC cell lines. The 
proliferation of CD137-expressing and CD137-null NPC cell lines was measured at 4, 
24 and 48 h using a CCK8 assay. Results for (A) C666 and C666-CD137 cells, and 
(B) HK1 and HK1-CD137 cells are shown. Data are representative of two independent 
experiments. OD: Optical density.  

  



Figure S9 

 

Figure S9. Phenotypic analysis of peripheral and splenic CD8+ T cells in 
C666/C666-CD137 tumor-bearing humanized mice. Number of CD8+ T cells in (A) 
peripheral blood and (B) spleen of humanized mice bearing C666/C666-CD137 
tumors. CD8+ T cells in the state of naïve (CCR7+ CD45RA+), effector memory (CCR7- 
CD45RA-), and central memory (CCR7+ CD45RA-) were examined in (C) peripheral 
blood and (D) spleen. Data are shown in % population and numbers of cells. 
Expression levels of CD137, OX40, HLA-DR, IFNγ, TNF, granzyme B (GrzB), TRAIL 



and FasL of tumor-infiltrating CD8+ T cells in (E) peripheral blood and (F) spleen were 
analyzed in terms of % population, mean fluorescence intensity (MFI), and absolute 
numbers of cells. Each symbol represents one mouse (n = 5-6). All data are shown as 
means ± SEM. Data are representative of two independent experiments. * p < 0.05, ** 
p < 0.01, *** p < 0.001 using one-way ANOVA with Bonferroni’s multiple comparison 
test. PBS: phosphate buffered saline. Ure: urelumab. MSN: mesoporous silica 
nanoparticle.  

  



Figure S10 

 

Figure S10. Increased tumor infiltration of activated and polyfunctional CD8+ T 
cells with rhCD137L-MSN treatment.  Number of CD8+ T cells in (A) HK1 and (B) 
HK1-CD137 tumors of the different treatment groups. CD8+ T cells in the state of naïve 
(CCR7+ CD45RA+), effector memory (CCR7- CD45RA-), and central memory (CCR7+ 



CD45RA-) were examined in (C) HK1 and (D) HK1-CD137 tumors. The data are shown 
in % population and numbers of cells. Expression levels of CD137, OX40, HLA-DR, 
IFNγ, TNF, granzyme B (GrzB), TRAIL and FasL of tumor-infiltrating CD8+ T cells in 
(E) HK1 and (F) HK1-CD137 tumors were analyzed in terms of % population, mean 
fluorescence intensity (MFI), and absolute numbers of cells. Each symbol represents 
one mouse (n = 5-6). All data are shown as means ± SEM. Data are representative of 
two independent experiments * p < 0.05, ** p < 0.01, *** p < 0.001 using one-way 
ANOVA with Bonferroni’s multiple comparison test. PBS: phosphate buffered saline. 
Ure: urelumab. MSN: mesoporous silica nanoparticle.   



Supplementary Table 

 NPC 

Total 113 
Sex  

M 77 (68.1%) 
F 36 (31.9%) 

Age 48 (10-75) 

 

Table S1. The baseline characteristics of NPC patients.  

 

 


