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Abstract: Tumor progression is dependent on tumor cells and their microenvironment. It is important to identify 
therapies that inhibit cancer cells and activate immune cells. Arginine modulation plays a dual role in cancer ther-
apy. Arginase inhibition induced an anti-tumor effect via T-cell activation through an increase in arginine in the 
tumor environment. In contrast, arginine depletion by arginine deiminase pegylated with 20,000-molecular-weight 
polyethylene glycol (ADI-PEG 20) induced an anti-tumor response in argininosuccinate synthase 1 (ASS1)-deficient 
tumor cells. ADI-PEG 20 did not cause toxicity to normal immune cells, which can recycle the ADI-degraded prod-
uct citrulline back to arginine. To target tumor cells and their neighboring immune cells, we hypothesized that the 
combination of an arginase inhibitor (L-Norvaline) and ADI-PEG 20 may trigger a stronger anticancer response. 
In this study, we found that L-Norvaline inhibits tumor growth in vivo. Pathway analysis based on RNA-seq data 
indicated that the differentially expressed genes (DEGs) were significantly enriched in some immune-related path-
ways. Significantly, L-Norvaline did not inhibit tumor growth in immunodeficient mice. In addition, combination treat-
ment with L-Norvaline and ADI-PEG 20 induced a more robust anti-tumor response against B16F10 melanoma. 
Furthermore, single-cell RNA-seq data demonstrated that the combination therapy increased tumor-infiltrating CD8+ 
T cells and CCR7+ dendritic cells. The increase in infiltrated dendritic cells may enhance the anti-tumor response of 
CD8+ cytotoxic T cells, indicating a potential mechanism for the observed anti-tumor effect of the combination treat-
ment. In addition, populations of immunosuppressive-like immune cells, such as S100a8+ S100a9+ monocytes and 
Retnla+ Retnlg+ TAMs, in tumors were dramatically decreased. Importantly, mechanistic analysis indicated that the 
processes of the cell cycle, ribonucleoprotein complex biogenesis, and ribosome biogenesis were upregulated after 
combination treatment. This study implied the possibility of L-Norvaline as a modulator of the immune response in 
cancer and provided a new potential therapy combined with ADI-PEG 20.
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Introduction

The last two decades have seen a growing 
interest in immunotherapies that exert a thera-
peutic response by regulating immune func-
tion, especially cancer treatment. The advan-

tages of cancer immunotherapies are that they 
use the immune system to accomplish a highly 
specific, efficient, and continuous treatment for 
tumors. Recently, T-cell regulation has been an 
important index to predict the responses of 
cancer immunotherapy patients, especially 
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immune checkpoint therapy (anti-PD-1/PD-L1 
or anti-CTLA-4 antibodies) [1]. Immune check-
point therapy mainly blocks inhibitory recep- 
tors and maintains T-cell cytotoxicity. However, 
approximately 60-80% of patients with mela-
noma fail to respond to immunotherapy [2], 
indicating that there are different immunoregu-
latory mechanisms [3]. The alteration of T-cell 
metabolism or the activation process is an 
essential factor in T-cell activation and therapy 
response in cancer. For example, our previous 
study showed that skin delivery of indolea- 
mine 2,3-dioxygenase (IDO; an enzyme that 
degrades tryptophan) siRNA induced an anti-
tumor effect through cytotoxic T-cell activation 
[4]. In addition to tryptophan metabolism, argi-
nine also regulates T-cell function. Arginase is 
an enzyme that transfers arginine into ornith- 
ine and urea and has two isoenzymes in 
humans, arginase 1 (ARG1) and arginase 2 
(ARG2). Importantly, arginase expression is 
common in many immunosuppressive cells  
and mainly inhibits the effects of immunothera-
py [5, 6]. Additionally, high expression of ARG2 
in cancer cells was correlated with poor prog-
noses in patients with breast cancer [7]. Many 
arginases present in the tumor microenviron-
ment (TME) may lead to arginine deficiency and 
T-cell dysfunction [8]. Moreover, exhaustion of 
extracellular arginine interferes with T-cell func-
tion through a decrease in CD3ζ expression, 
which is important for T-cell receptor (TCR) 
assembly and signal transduction [9, 10]. 
Furthermore, a lack of arginine induces G0/G1 
phase cell cycle arrest in T cells via activation 
of the general control nondepressible 2 kinase-
eukaryotic translation initiation factor axis 
(GCN2-eIF2α axis), leading to inhibition of pro-
tein synthesis and de novo DNA synthesis [11, 
12]. Certain studies have indicated that ARG1-
mediated arginine availability has an immuno-
suppressive role [13, 14]. Moreover, there is 
evidence that ARG2 can harm the anti-tumor 
immune response. ARG2 not only enhances 
Treg suppressive capacity but also inhibits the 
function and anti-tumor efficacy of DCs and 
CD8+ T cells [15-17].

Recently, it has been reported that arginase 
activity is elevated and considered a poor prog-
nostic factor in various cancer types, including 
lung, colorectal, breast, ovarian and skin can-
cers [18-22]. In epithelial ovarian cancer, tumor 
cells release arginase-containing exosomes to 
alleviate the anti-tumor immune response [23]. 

Therefore, targeting arginase can be a thera-
peutic strategy for cancer treatment. Several 
arginase inhibitors have been developed [24], 
and their anti-tumor effects on different cancer 
types have been reported, such as N-hydroxy-
nor-L-arginine (nor-NOHA) and Compound 9 
(Cpd9) in lung cancer [25, 26]. However, most 
of them are competitive inhibitors and analogs 
of arginine. L-Norvaline is a potent noncompeti-
tive arginase inhibitor [27]. Treatment with 
L-Norvaline alters the proportions of immune 
cells, such as regulatory T cells and type 17 
helper T cells, in pulmonary fibrosis [28]. 
Alteration of NO by L-Novaline conferred antihy-
perglycemic effects in animal models [29, 30]. 
In addition, L-Norvaline may be a prospective 
neuroprotective molecule and has great poten-
tial for the treatment of neurodegenerative dis-
eases such as Alzheimer’s disease [27, 30-32]. 
However, the role of L-Norvaline in cancer treat-
ment is not yet completely understood.

In argininosuccinate synthase 1 (ASS1)- and 
argininosuccinate lyase (ASL)-deficient tumor 
cells, exogenous arginine is mandatory for dis-
ease progression [33]. ASS1 and ASL are main 
enzymes to generate arginine from citrulline. 
Therefore, deprivation of arginine with arginine 
deiminase (ADI), a microbial enzyme that cata-
lyzes arginine to citrulline and ammonia, can 
induce growth inhibitory in ASS1-deficient mel-
anoma cell lines [34]. The pegylated form argi-
nine deiminase (ADI-PEG 20) modified with 
polyethylene glycol extends the in vivo circulat-
ing half-life and immunogenicity reduction [35]. 
Clinical studies have shown ADI-PEG 20 to 
cause tumor responses in ASS-negative can-
cers and to decrease arginine rapidly but 
increase citrulline in serum concentration [36]. 
Recent studies have further suggested additive 
effect of ADI-PEG 20 with other anti-tumor 
agents, possibly extending its usage in ASS1-
positive tumor [37, 38].

As noted above, immunotherapy efficacy is 
obviously obstructed by elevated levels of argi-
nase produced by immunosuppressive cells in 
the TME. However, although some arginase 
inhibitors significantly inhibit tumor progres-
sion, whether L-Norvaline, a noncompetitive 
inhibitor, has anticancer therapeutic effects 
has been far less investigated. Given that argi-
nine deprivation by ADI-PEG 20 rarely affect the 
production of immune cells [39], and that it 
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potentially result in increased T cells infiltration 
in TME [40, 41]. Therefore, we hypothesized 
combination with L-Norvaline to trigger stronger 
anticancer immune response in ASS1-negative 
tumor cells (Figure 1). To investigate the effects 
of combination treatment with ADI-PEG 20 and 
L-Norvaline, we observed tumor progression 
and immune cell alterations in tumor-bearing 
mouse models. Additionally, single-cell RNA 
sequencing was used to analyze the alteration 
of mechanisms and novel population findings in 
tumor-infiltrating immune cells.

This study demonstrates that L-Norvaline treat-
ment could only inhibit tumor growth and regu-
late immune-related pathways in tumor cells. 
Additionally, the L-Norvaline-mediated anti-
tumor effect was dependent on the immune  
system. ADI-PEG 20 treatment significantly 
enhanced the therapeutic effect on tumor 
regression induced by L-Norvaline or cisplatin. 
Moreover, combination treatment with L-Nor- 
valine and ADI-PEG 20 increased infiltrated 
cytotoxic T cells and induced T-cell proliferation 
and riboprotein biogenesis. Interestingly, com-
bination treatment also significantly decreased 
two populations of immunosuppressive-like 
immune cells, S100a8+ S100a9+ monocytes 
and Retnla+ Retnlg+ macrophages.

mg/kg or 100 mg/kg L-Norvaline did not cause 
weight loss in LL2 and B16F10 tumor-bearing 
mice (Figure 2B and Supplementary Figure 1A). 
In an orthotopic B16F10 melanoma mouse 
model, administration of 20 mg/kg L-Norvaline 
significantly suppressed tumor growth (Figure 
2C). However, 20 mg/kg L-Norvaline showed no 
inhibitory effect on LL2 tumors; interestingly, a 
higher concentration (100 mg/kg) of L-Norva- 
line could slightly inhibit the growth of LL2 
tumors (Supplementary Figure 1B). Due to the 
impact of arginine on the immune system and T 
cells activation, we hypothesized that the L- 
Norvaline-mediated anti-tumor response was 
dependent on immune system. We observed 
the tumor growth of B16F10 tumor-bearing 
immunodeficient mice (NOD-SCID mice) that 
received L-Norvaline. The results revealed that 
L-Norvaline had no therapeutic effect in tumor-
bearing NOD-SCID mice (Figure 2D). These 
results indicate that L-Norvaline significantly 
restrained tumor growth in B16F10 tumor-bear-
ing mice in a manner dependent on the immune 
system and did not cause toxic effects in mice.

L-Norvaline treatment is involved in immune-
related pathways

Our data revealed that L-Norvaline inhibited 
tumor growth in the B16F10 mouse model. We 

Figure 1. Hypothesis for the combination of L-Norvaline (arginase inhibitor) 
and ADI-PEG 20 anticancer potential. ADI-PEG 20 (an arginine-depleting 
agent) degrades arginine into citrulline, which can be recycled back into argi-
nine in normal cells. However, ASS1-deficient tumor cells are sensitive to ADI-
PEG 20 treatment since tumor cells lack the ASS1 enzyme to resynthesize 
arginine from citrulline. Moreover, arginase produced by some immunosup-
pressive cells or tumor cells degrades arginine and impairs the proliferation 
and function of immune cells in the tumor environment. Therefore, inhibition 
of arginase is expected to enhance tumor immunity. Based on decreased tu-
mor growth and improved immune cell functions, the combination of L-Norva-
line and ADI-PEG 20 is a potential therapeutic for cancer.

Results

L-Norvaline inhibits tumor 
progression via the immune 
system

Due to the multiple effects of 
arginine in tumor progres-
sion and activation of the 
immune system, we inves- 
tigated the impact of L- 
Norvaline on immunocompe-
tent mice. C57BL/6 mice 
were subcutaneously inocu-
lated with both B16F10 mel-
anoma cells and LL2 cells, 
and tumor development was 
monitored over time. When 
tumors were palpable, mice 
were treated with PBS or 
L-Norvaline. The treatment 
schedules for the two mouse 
models are described in 
Figure 2A. Treatment with 20 
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first to identify whether L-Norvaline could regu-
late immunity, such as immune-related cyto-
kines and inflammatory pathways, through 
tumor cells, we performed RNA sequencing of 
B16F10 cells treated with or without 0.1 mg/
mL L-Norvaline and analyzed the enriched path-
ways of differentially expressed genes (DEGs) 
by the Metacore platform. We intersected 
genes with fold changes greater than or equal 
to 1.5 in the two experiments (Figure 3A). The 
pathway enrichment analysis with DEGs com-
pared to the control group demonstrated that 
B16F10 cells treated with L-Norvaline were 
associated with immune reactions such as 
inflammation and cytokine production, neuron 
generation and other cellular processes. The 
“NETosis in SLE” and “Bone metastases in 
Prostate Cancer” were the most significant 
pathways in up- and down-regulated genes, 
respectively (Figure 3B and 3C). To further 

investigate these results, we carried out RNA-
seq in B16F10 and LL2 cancer cell lines treat- 
ed with or without 0.1 mg/mL L-Norvaline and 
incubated for 3 days (Supplementary Figure 
2A). By dissecting the RNA-seq expression data 
between two cancer cells, 168 and 33 overlaps 
of upregulated (fold change ≥ 1.5) and down-
regulated (fold change ≤ 1.5) genes, respec-
tively, were identified (Supplementary Tables 1 
and 2). To gain further insights into the func-
tions of these DEGs, we used the online soft-
ware Database for Annotation, Visualization 
and Integrated Discovery (DAVID) for KEGG 
pathway analyses. Both upregulated and down-
regulated DEGs were significantly enriched in 
cytokine-cytokine receptor interactions (Figure 
3D). In addition, MetaCore pathway analysis 
revealed that upregulated genes were involved 
in various immune-related pathways, such as 
the “immune response_IL-33 signaling path-

Figure 2. Induction of the anti-tumor response by L-
Norvaline treatment is dependent on immunity. A. 
Schedule of L-Norvaline administration in B16F10 and 
LL2 tumor-bearing mice. Mice were inoculated with 1 × 
105 B16F10 cells or 2 × 105 LL2 cells, and L-Norvaline 
injections were administered intraperitoneally daily. B. 
Body weight changes of B16F10 tumor mice during 
treatments. C. Growth of B16F10 tumors over time for 
mice following different treatments. (Black: PBS, n = 5; 
Red: 20 mg/kg L-Norvaline, n = 4). D. Tumor growth of 
NOD-SCID mice bearing B16F10 melanoma. Mice were 
treated every day with L-Norvaline or PBS. The column 
scatter dot plot represents the mean values ± SEM, and 
unpaired t-test were used. *P < 0.05, versus the PBS 
group. P values of the tumor curve were obtained by 
two-way ANOVA.
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Figure 3. L-Norvaline treatment is involved in immune-related pathways. A. Flow chart of gene analysis. B16F10 
cells were treated with or without 0.1 mg/mL L-Norvaline. RNA sequencing was performed in two independent 
experiments. Upregulated and downregulated genes with fold changes greater than or equal to 1.5 from the two 
experiments were selected and intersected. B. Bar chart showing the top 10 pathways enriched for 287 upregulated 
genes. C. Bar chart showing the top 10 pathways enriched for 436 downregulated genes. D. KEGG pathway enrich-
ment analysis of differentially expressed genes in B16F10 and LL2 tumor cells treated with L-Norvaline by using the 
DAVID functional annotation tool. Bar chart showing the top 5 enriched pathways of upregulated and downregulated 
genes.
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way”, “immune response reactive oxygen spe-
cies (ROS) in IL-4 signaling” and “eosinophil 
survival in asthma” (Supplementary Figure 2B). 
Taken together, by performing a bioinformatics 
analysis of DEGs, several immune-related path-
ways may be associated with the anticancer 
responses triggered by L-Norvaline. These find-
ings showed that the anti-tumor effect of 
L-Norvaline might be induced by tumor cells by 
regulating immune-related genes.

Combination treatment of L-Norvaline with ADI-
PEG 20 or an FDA-approved drug induces an 
additive effect on tumor inhibition

Previous results showed that L-Norvaline trig-
gered anticancer responses with the aid of 
immunity. However, a lot of arginine in the TME 
provided the survival possibility of ASS1-
deficient tumors. Thus, we were curious wheth-
er the combination of L-Norvaline and ADI-PEG 
20 could induce additive tumor growth inhibi-
tion. We used the B16F10 melanoma mouse 
model to evaluate the impact of combining 
L-Norvaline and ADI-PEG 20 treatment on 
tumor growth since previous studies have 
reported that B16F10 tumors are arginine 
auxotrophic cancers. After 7 days of tumor 
implantation, L-Norvaline (20 mg/kg), ADI-PEG 
20 (2 IU), or their combination was injected 
intraperitoneally (Figure 4A). Importantly, the 
combined treatment showed greater inhibi- 
tions of tumor volume and weight than L- 
Norvaline or ADI-PEG 20 alone (Figure 4B and 
4C). Next, to dissect the changes among tu- 
mor-infiltrating immune cell subsets following 
treatment with combination therapy, we applied 
flow cytometry. The numbers of CD4+ and CD8+ 
T cells were elevated (Figure 4D and 4E). 
Together, these results suggest that the combi-
nation treatment was superior to the single 
agent in B16F10 melanoma tumors.

Conventional cancer therapeutics have been 
shown to regulate immune responses involved 
in therapeutic efficacy [42]. It has been report-
ed that cisplatin not only causes DNA damage 
but also reduces the levels of immunosuppres-
sive cells [43]. Therefore, we assumed that cis-
platin might enhance the effect of L-Norvaline. 
To test this hypothesis, cisplatin and L-Norvaline 
were administered to B16F10 tumor-bearing 
mice, as illustrated in Figure 4F. L-Norvaline 
treatment in combination with cisplatin signifi-

cantly reduced tumor size and weight com-
pared with single treatment (Figure 4G and 
4H), indicating that combination treatment with 
L-Norvaline and cisplatin improved the anti-
tumor response. Overall, these results suggest 
that the combination treatment of L-Norvaline 
with chemotherapy or arginine depletion is 
superior to the single agent in B16F10 melano-
ma tumors.

Combination treatment with L-Norvaline and 
ADI-PEG 20 causes an alteration of immune 
cells in the TME

To further investigate the signaling change in 
immune cells in the TME, we used single-cell 
RNA sequencing on a microwell-based system 
(BD Rhapsody) to evaluate this profile. Live 
tumor-infiltrating immune cells (CD45+ and 
7-AAD-) were isolated from the L-Norvaline 
treatment, ADI-PEG 20 treatment, combination 
treatment and control groups. Then, we per-
formed staining of CD45+ cells with a BD sam-
ple tag, which carries a specific sequence, to 
identify the different groups during sequencing. 
After library construction and sequencing (the 
processes have been written in the Methods), 
we obtained 7334 cell information samples 
and further analyzed the gene information with 
the “Seurat” package.

First, we separated the cells into 15 clusters 
(Supplementary Figure 3A). Then, to identify dif-
ferent types of immune cells in each cluster, we 
analyzed the expression levels of common 
marker genes (Cd3e for T cells, Cd14 for mono-
cytes, Adgre1 for macrophages, H2-Aa for den-
dritic cells (DCs), Cd19 for B cells, and Col1a1 
for fibroblasts). The macrophage marker Adgre1 
(F4/80) was highly expressed in Clusters 0, 1, 
8, 10, and 11 but not in Clusters 2 and 3; how-
ever, Clusters 2 and 3 had higher expression  
of Cd14. Additionally, Clusters 4, 6, 7, and 13 
had a specific expression of Cd3e and Cd19, 
respectively. Clusters 5, 9, and 12 strongly 
expressed H2-Aa. Except for Cluster 14, all 
clusters expressed Ptprc (CD45), an important 
marker for immune cells. Additionally, we found 
high expression of Col1a1 in Cluster 14 
(Supplementary Figure 3B). After preliminary 
analysis, we identified five tumor-associated 
macrophages (Cluster 0: TAM-1, Cluster 1: TAM-
2, Cluster 8: TAM-3, Cluster 10: TAM4, and 
Cluster 11: TAM-5), two monocytes (Cluster 2: 
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Figure 4. Combination treatment of L-Norvaline with ADI-PEG 20 or an FDA-approved drug induces an additive effect 
on tumor inhibition. (A) Overview of the treatment strategy: mice were subcutaneously injected with B16F10 cells. 
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Monocyte-1, and Cluster 3: Monocyte-2), three 
DCs (Cluster 5: Dendritic cell-1, Cluster 9: 
Dendritic cell-2, and Cluster 12: Dendritic cell-
3), three T cells (Cluster 4: T cell-1, Cluster 6: T 
cell-2, and Cluster 7: T cell-3), one B cell (Cluster 
13), and one fibroblast (Cluster 14). Next, we 
calculated and displayed the top five DEGs and 
marker genes in each cluster (Supplementary 
Figure 3C and Supplementary Data 1) for fur-
ther annotation. Additionally, we identified the 
specific expression genes from DEGs in each 
cluster for cluster annotation (Supplementary 
Table 3), and the expression levels of specific 
genes were analyzed (Supplementary Figure 4). 
Moreover, we renamed clusters and visualized 
the results by uniform manifold approximation 
and projection (UMAP) (Figure 5A). To investi-
gate whether combination treatment with 
L-Norvaline and ADI-PEG 20 regulated the TME, 
we further analyzed the alteration of each 
immune cell type after different treatments. 
Combination treatment increased six immune 
cells by over 1.5-fold (C0: Mmp12-positive 
macrophages, C2: Itga5- and Socs3-positive 
monocytes, C6: regulatory T cells, C7: cytotoxic 
T cells, C9: Ccr7-positive DCs, and C10: prolifer-
ated TAMs). Additionally, two immune cells  
were dramatically decreased (C3: S100a8- and 
S100a9-positive monocytes and C4: Retnla- 
and Retnlg-positive macrophages) (Figure 5B 
and Table 1).

Anti-tumor response observed with the combi-
nation treatment of L-Norvaline and ADI-PEG 
20 is associated with an increase in Ccr7+ 
dendritic cells and CD8+ cytotoxic T cells

Previous data showed an increase in the num-
ber of infiltrated CD4+ and CD8+ T cells follow-
ing combination treatment (Figure 4D and 4E). 
Single-cell RNA seq data revealed a 3.49-fold 
increase in CD8+ cytotoxic T cells after combi-
nation treatment (Figure 5B and Table 1). Flow 

cytometry analysis also detected an increase in 
the numbers of CD8+ cytotoxic T cells following 
combination treatment, but without statistical 
significance (Supplementary Figure 5A).

To further understand what mechanisms were 
activated after the combination treatment, we 
performed Gene Set Enrichment Analysis 
(GSEA) and biological process analysis in CD8+ 
cytotoxic T cells. The GSEA results showed that 
combination treatment with L-Norvaline and 
ADI-PEG 20 mainly upregulated cell cycle-relat-
ed pathways, including the E2F target, G2/M 
checkpoint, and mitotic spindle (Figure 5C). 
Additionally, biological process analysis show- 
ed that most upregulated genes were involved 
in ribosome-related pathways, and some genes 
were enrichened in T cells activation pathway 
(Figure 5D). Indeed, the cluster 7 (CD8+ cyto-
toxic T cells) highly expressed the cell cycle-
related gene, stathmin (Stmn1) (Figure 5E), 
which regulated the T-cell cytotoxicity and T-cell 
activation [44]. Furthermore, DCs also played 
an important role in the activation of CD8+ cyto-
toxic T cells. Single-cell RNA seq data revealed 
that the combination treatment increased the 
numbers of all subsets of DCs (Table 1). Flow 
cytometry analysis also demonstrated that the 
total number of DCs were weakly increased in 
the TME following the combination treatment, 
but did not reach statistical significance 
(Supplementary Figure 5B). Importantly, single-
cell RNA sequencing data demonstrated that 
C-C chemokine receptor type 7 (CCR7) positive 
DCs, an important role in regulated the CD8+ T 
cell activation [45], were increased in the group 
of combination treatment. Moreover, our previ-
ous study also demonstrated that mature  
CCR7 positive DCs in the TME was correlated 
with the numbers of CD8+ cytotoxic T cells and 
anti-tumor response following the low-dose 
nitric oxide donor treatment [46]. These results 
suggested that the anti-tumor response of the 

Seven days after implantation, mice received different treatment strategies: (i) PBS, (ii) 20 mg/kg L-Norvaline, (iii) 2 
IU ADI-PEG 20, and (iv) L-Norvaline and ADI-PEG 20. Mice were administered L-Norvaline once daily and intraperito-
neally injected with ADI-PEG 20 once weekly. (B) Final tumor image and tumor weight of harvested tumors on Day 
26. (C) Comparison of tumor size in C57BL/6 mice among the different groups. (D) The percentages of CD4+ and 
(E) CD8+ T cells among CD45+CD3+ cells were analyzed by flow cytometry. Tumors of treated mice were harvested 
on Day 26. (F) Overview of the treatment strategy: Mice were subcutaneously injected with B16F10 cells. Five days 
after implantation, 5 mg/kg cisplatin was administered intraperitoneally, followed by 20 mg/kg norvaline daily for 
four days as a treatment cycle. Mice received three treatment cycles. (G) Comparison of tumor size in C57BL/6 
mice among different groups. (H) Final tumor weight of harvested tumors on Day 20. P values of the tumor curve 
were obtained by two-way ANOVA. P values of tumor weight were obtained by one-way ANOVA. The tumor results are 
presented as the means ± SEM. **P < 0.01, ***P < 0.001, ***P < 0.0001.

http://www.ajcr.us/files/ajcr0144017suppldata1.pdf
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Figure 5. Combination treatment of L-Norvaline with ADI-PEG 20 induces cell-cycle-related pathways in infiltrated 
CD8 cytotoxic T cells. A. A total of 6485 immune cells are shown in the UMAP projection. Fifteen clusters were identi-
fied by the “Findcluster” function. Each dot plot represents one cell. B. The proportion of each cluster. C. Gene set 
enrichment analysis of CD8 cytotoxic T cells. All pathways had significance (p value < 0.05). All genes were obtained 
from the marker gene list, and the log2 fold change of each gene was over 0.25. D. Dot plot of CD8 cytotoxic T-cell 
biological processes showing the top 20 enriched pathways. A log2 fold change over 0.5 was chosen as a cutoff 
value. The dot size was proportional to the number of upregulated genes in the signaling. E. The expression levels 
of Stmn1 in each cluster. The log values were calculated.
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combination treatment might be attributed, in 
part, to an increase in DCs and dendritic cell-
mediated activation of CD8+ cytotoxic T cells.

Reducing immunosuppressive S100a8+ 
S100a9+ monocytes and Retnla+ Retnlg+ 
TAMs was correlated with tumor regression by 
L-Norvaline and ADI-PEG 20 combination treat-
ment

The combination treatment of L-Norvaline and 
ADI-PEG 20 resulted in a significant decrease  
in Retnla+ Retnlg+ TAMs and S100a8+ S100a9+ 
monocytes. However, the role of S100a8+ 
S100a9+ monocytes in cancer progression is 
not fully understood yet. Therefore, we used 
GSEA and biological process analysis to identi-
fy potential mechanisms for the anti-tumor 
response of the combination treatment in 
S100a8+ S100a9+ monocytes. Interestingly, 
GSEA data showed a significant downregula-
tion in the interferon gamma response (Figure 
6A, top). Previous studies showed that S100A9 
inhibited the adaptive immune system via inhi-
bition of antigen presentation by DCs and sub-
sequent T-cell priming [47]. These results sug-
gested that S100a8+ S100a9+ monocytes 
might impede CD8+ cytotoxic T cell-mediated 
cell killing. Furthermore, reducing the number 
of S100a8+ S100a9+ monocytes was correlat-
ed with an anti-tumor response to the combina-
tion treatment with L-Norvaline and ADI-PEG 
20. On the other hand, the up-regulated genes 
in S100a8+ S100a9+ monocytes significantly 

regulated immune cell migration, including  
leukocytes, myeloid cells, and granulocytes 
(Figure 6A, bottom). However, the role of 
immune cell migration in tumor progression is 
still unclear [48]. Therefore, further research is 
necessary to determine whether S100a8+ 
S100a9+ monocytes can interfere with the 
anti-tumor response through immune cell 
migration. Additionally, Retnla+ Retnlg+ TAMs 
showed a 13-fold decrease in the combination 
treatment group (Table 1). We further used 
GSEA to demonstrate its role in tumor progres-
sion. The up-regulated DEGs of Retnla+ Retnlg+ 
TAMs were enrichened in transforming growth 
factor-beta (TGF-β) signaling, an immunosup-
pressive pathway. Conversely, the down-regu-
lated genes were enrichened in interferon-gam-
ma response (Figure 6B), implying that Retnla+ 
Retnlg+ TAMs interfere with the function of 
CD8+ cytotoxic T cells. Overall, the reduction in 
the number of S100a8+ S100a9+ monocytes 
and Retnla+ Retnlg+ TAMs in the TME was found 
to be correlated with an additive effect on the 
anti-tumor response of the combination treat-
ment with L-Norvaline and ADI-PEG 20.

To summarize, the administration of L-Norvaline 
had an anti-tumor effect by regulating immune 
signaling in tumor cells and the complete 
immune system. Furthermore, the combination 
treatment of L-Norvaline and ADI-PEG 20 ex- 
hibited an additive effect in tumor destruction 
and modulated the TME from an immunosup-
pressive state to an immunoreactive state. This 

Table 1. The alteration of immune cells population in different treatments
Clusters Control L-Norvaline ADI-PEG20 Combination Fold Change (Combination/Control)
Mmp12+ Gpnmb+ TAMs 11.15 16.40 15.64 20.20 1.81
Chil3+ Ly6c2+ TAMs 15.48 18.27 17.49 10.62 0.69
Itga5+ Socs3+ Mono 7.74 19.05 8.78 13.35 1.72
S100a8+ S100a9+ Mono 22.58 5.14 12.55 2.88 0.13
Double Negative T 6.45 6.95 7.96 8.54 1.32
cDC2 5.81 6.75 7.82 7.54 1.30
Regulatory T 3.87 5.81 4.18 9.58 2.47
Cytotoxic T 2.49 3.63 5.49 8.68 3.49
Retnla+ Retnlg+ TAMs 13.55 4.62 4.87 0.99 0.07
CCR7+ DC 3.13 4.62 4.87 5.31 1.69
Proliferated TAMs 1.57 3.37 2.33 4.86 3.10
CD163+ TAMs 2.49 1.66 2.88 3.52 1.42
cDC1 1.84 1.97 3.09 2.68 1.45
B cells 1.29 1.19 1.51 0.89 0.69
Fibroblast 0.55 0.57 0.55 0.35 0.63
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modulation was achieved by altering the pro-
portions of Retnla+ Retnlg+ TAMs, S100a8+ 
S100a9+ monocytes, Ccr7+ DCs, and CD8+ cyto-
toxic T cells. Additionally, the combination treat-
ment promoted the proliferation and cell cycle 
progression of CD8+ cytotoxic T cells.

Discussion

Arginase has been described as an immuno-
suppressive regulator in tumors. Tumors that 

express high levels of arginase tend to have 
worse clinical outcomes in patients. Accordingly, 
arginase is an attractive target for anticancer 
agent development. Indeed, several arginase 
inhibitors have been reported to effectively 
reduce tumor development. However, the role 
of L-Norvaline in tumorigenesis has been less 
investigated. Our research is in accordance 
with previous findings suggesting that blocking 
arginase activity restrains tumor growth. In the 
present study, we found that 20 mg/kg 

Figure 6. S100a8+ S100a9+ monocytes and Retnla+ Retnlg+ TAMs down-regulate interferon gamma response and 
mediate leukocyte migration in the TME. (A) Hallmark gene set analysis and biological process analysis of significant 
genes in S100a8+ S100a9+ monocytes and (B) Retnla+ Retnlg+ TAMs. A log2 fold-change over 0.5 was chosen as 
a cut-off value in biological process analysis. Dot size was proportional to the number of up-regulated genes in the 
signaling. The significant genes were identified by the “FindMarker” function in the Seurat package. All pathways 
have significance (p value < 0.05).
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L-Norvaline could inhibit the growth of B16F10 
melanoma and LL2 Lewis lung carcinoma and 
that the anticancer responses of L-Norvaline 
required complete immunity. In addition, our 
findings suggest that L-Norvaline enhance can-
cer therapeutics when combined with ADI-PEG 
20, indicating its potential as an immunomodu-
lator for cancer treatment. Moreover, it is 
important to note that L-Norvaline is a dietary 
supplement and it decreases cell viability in 
mammalian cells even at concentrations higher 
than 125 μM [49]. Interestingly, our in vitro 
data showed that L-Norvaline had no cytotoxic 
effect on tumor cells at concentrations lower 
than 100 μM (data not shown). Although 
L-Norvaline does not kill tumor cells directly, it 
may induce the anticancer immune response 
by alteration of the tumor immune microenvi-
ronment and immune-related pathways of 
tumor cells themselves. Indeed, KEGG and 
MetaCore pathway analyses suggested that 
DEGs of two cultured tumor cell lines, B16F10 
and LL2, in response to L-Norvaline were 
enriched in many immune-related pathways. To 
further investigate whether the anti-tumor 
responses of L-Norvaline were partially mediat-
ed by specific tumor genes, the number of over-
lapping upregulated genes was narrowed (i.e., 
to fold changes (Nor/Ctrl) more than or equal to 
2.0). Only 29 genes were upregulated in both 
B16F10 and LL2 cells treated with L-Norvaline. 
TNFSF18 (GITRL) is one such gene and is relat-
ed to the immune response. TNFSF18 is a 
transmembrane protein and is expressed by 
some types of tumors or released in soluble 
form. Previous studies suggested that TNFSF18 
expression in tumor cells inhibits cancer devel-
opment and promotes the accumulation of 
CD8+ T cells [50]. Hence, it was supposed that 
the anti-tumor response of L-Norvaline might 
partially depend on TNFSF18.

Arginine is extremely vital for T cell proliferation 
and activation, and thus, concerns are made 
for the impact to tumor immunity when environ-
mental arginine is modulated. Our single-cell 
RNA-seq data revealed that combined treat-
ment of L-Norvaline and ADI-PEG 20 promoted 
tumor infiltration of CD8+ cytotoxic T cells, 
which were also suggested having proliferative 
potential by the upregulated Mki67 (Ki67) 
gene. This is in agreement with several studies 
that inhibition of arginase activity would pro-
mote the accumulation of tumor-infiltrating T 
cells [51-53]. In our data, enhanced ribosome 

biogenesis and ribonucleoprotein complex bio-
genesis was noted in CD8+ cytotoxic T cell. 
Ribosome biogenesis is frequently regulated by 
methyltransferases, such as protein arginine 
methyltransferase 3 [54] and RNA cap methyl-
transferase (RNMT). Remarkably, RNMT was 
upregulated during T-cell activation [55]. 
However, whether a high arginine concentra-
tion induces CD8+ cytotoxic T-cell activation via 
methyltransferase-mediated ribosome biogen-
esis is unknown. Notably, another regulator of 
ribosome biogenesis [56], protein arginine 
methyltransferase 5 (PRMT5), modulates T-cell 
proliferation, survival, and differentiation [57]. 
Our results and these studies implied that 
methyltransferases that regulate ribosome bio-
genesis might modulate CD8+ cytotoxic T cells 
during combination treatment with L-Norvaline 
and ADI-PEG 20.

It was reported that T cells are able to regener-
ate endogenous arginine from recycled citrul-
line, the by-product of ADI-PEG 20 [58], ADI-
PEG 20 treatment consumed arginine and then 
produced numerous citrulline in plasma [59], 
retaining CD8+ T cells. Interestingly, we found 
regulatory T cells were also increased for 2.47-
fold more than the control group during combi-
nation treatment. This is in accordance with the 
finding that suggested exogenous citrulline to 
induce regulatory T cells differentiation and 
increased cytokines production, such as IL-10 
and TGF-β, which were essential for the anti-
inflammatory response [60]. Additional strate-
gy to combine with anti-CTLA4 antibodies to 
mitigate regulatory T cells is expected to pro-
mote anti-tumor response [61].

The anti-tumor immune responses were very 
complicated. Immune cells usually include mul-
tiple subsets of cells with distinctive phenotyp-
ic and functional properties. The total clusters 
identified based on some specific cell markers 
were not thorough enough. Although single-cell 
RNA-seq analysis revealed that the combina-
tion of L-Norvaline and ADI-PEG 20 induced sig-
nificant changes in some types of tumor-infil-
trating immune cells, the major cause of tumor 
growth inhibition awaits further investigation. 
Furthermore, experiments should be undertak-
en to determine the underlying mechanisms.

Combination therapy with L-Norvaline and ADI-
PEG 20 regulated T cells and significantly 
decreased resistin-expressing macrophages. 
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Resistin is an adipokine secreted from macro-
phages that regulates inflammation and 
immune diseases. A previous study indicated 
that resistin inhibited neuronal autophagy 
through Toll-like receptor 4 [62]. Autophagy is 
an important mechanism for cancer cell sur-
vival. Notably, ADI-PEG 20 treatment drove argi-
nine turnover and systemic autophagy to dic-
tate energy metabolism [63]. Additionally, ADI-
PEG 20 induced cytotoxic autophagy in ASS1-
deficient prostate cancer cells [64]. These stud-
ies and our results implied that combination 
treatment with L-Norvaline and ADI-PEG 20 
might further enhance the anti-tumor effect 
through autophagy improvement.

To the best of our knowledge, this is the first 
study to demonstrate the effect of a combina-
tion of arginase and arginine deiminase treat-
ment on immune alterations and tumor 
progression.

Methods

Cell culture

B16F10 cells were maintained in Dulbecco’s 
modified Eagle’s medium with high glucose 
(HyClone), and LL2 cells were maintained in 
Dulbecco’s modified Eagle’s medium with low 
glucose (HyClone). DMEM was supplemented 
with 10% fetal bovine serum (NQBB) and 1% 
penicillin-streptomycin (HyClone). All cells were 
cultured at 37°C in a 5% CO2 atmosphere.

Xenogeneic tumor model

Female seven- to eight-week-old C57BL/6 mice 
and six-week-old NOD/SCID mice were pur-
chased from the Laboratory Animal Center, 
National Cheng Kung University (NCKU). A total 
of 1 × 105 B16F10 and 2 × 105 LL2 cancer cells 
were suspended in 100 µL serum-free high- or 
low-glucose DMEM and were subcutaneously 
injected into the right hind flanks of C57BL/6 or 
NOD/SCID mice. Mice were randomly grouped 
for experiments 5 days after tumor injection. 
L-Norvaline was purchased from Sigma and  
dissolved in 1 × PBS. Mice were given a daily 
intraperitoneal administration of L-Norvaline 
(20 or 100 mg/kg body weight) or vehicle con-
trol. ADI-PEG 20 was obtained from Dr. Kwang-
Yu Chang. For the experiment of arginase inhi-
bition combined with ADI-PEG 20 (Polaris 
Pharmaceuticals) treatment, ADI-PEG 20 (2 IU/
mouse) was injected intraperitoneally on Days 

7, 14 and 21 after tumor implantation. For the 
experiment of arginase inhibition combined 
with cisplatin (Fresenius Kabi) treatment, cispl-
atin (5 mg/kg body weight) was injected intra-
peritoneally on Days 5, 10 and 15 after tumor 
implantation. The tumor volumes were mea-
sured with a caliper and obtained using the for-
mula volume = Length × Width2 × 0.52. Tumor 
size and body weight were recorded every two 
days.

Flow cytometry analysis of tumor immune mi-
croenvironment

Tumors were harvested and minced into fine 
pieces in serum-free medium containing 100 
IU/ml DNase I (Roche) and 1 mg/mL Coll- 
agenase A (Sigma). The samples were incubat-
ed for 1 hour under shaking (150 rpm) at 37°C, 
filtered through a 70 µM cell strainer, hemo-
lyzed in RBC lysis buffer at room temperature 
for 5 minutes, and washed twice with flow 
staining buffer (FBS). Next, the cells were sus-
pended in stain buffer and filtered through a  
35 µM mesh strainer. The collected cells were 
then stained with Fc Block (BD Pharmingen) on 
ice for 15 minutes, and the following fluores-
cently labeled antibodies were used on ice for 
30 minutes in the dark: anti-CD45-BV510, anti-
CD4-APC, anti-CD8-BV510, anti-CD8-APC, anti-
CD107-BV421, and anti-CD11C-BV421 (all from 
BD Pharmingen). The stained cells were ana-
lyzed by a flow cytometer (CytoFLEX, Beckman 
Coulter).

RNA isolation and bulk sequencing of murine 
cancer cell lines

Cancer cells were seeded in a 6 cm plate at 1 × 
104 per well, cultured at 37°C for 16-18 hours, 
and then treated with L-Norvaline-mixed com-
plete medium for 72 hours. Total RNA was iso-
lated from cell pellets using TRIzol reagent 
(CyrusBioscience). A TruSeq Stranded mRNA 
Library Prep Kit (Illumina, San Diego, CA, USA) 
was used for library construction. An Agilent 
Bioanalyzer 2100 and real-time PCR were used 
to check the quality of the libraries. The librar-
ies were sequenced on an Illumina NovaSeq 
6000 platform with 150 bp paired-end reads. 
These services were provided by Genomics 
BioSci & Tech Co., Ltd. (New Taipei City, Taiwan). 
Clean data were obtained from Genomics 
BioSci & Tech Co., Ltd. (New Taipei City, Taiwan). 
Trimmomatic (version 0.39) was used to filter 
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raw data by removing adapter sequences and 
low-quality bases. In the gene expression list, a 
fold change (L-Norvaline/control) ≥ 1.5 or ≤ 0.5 
was the criterion for significantly differentially 
expressed genes. To gain insight into L-Norva- 
line-mediated pathways in tumor cells, the 
pathway analysis platforms KEGG (Kyoto 
Encyclopedia of Genes and Genomes) and 
MetaCore™ (GeneGo Inc., St. Joseph, MI, USA) 
were used.

Murine tumor sample processing and single-
cell RNA sequencing

Subcutaneous tumors were harvested using 
forceps and scissors and minced into fine piec-
es in serum-free medium containing 100 IU/ml 
DNase I (Roche) and 1 mg/ml Collagenase A 
(Sigma). The samples were incubated for 1 
hour under shaking (150 rpm) at 37°C, filtered 
through a 70 µM cell strainer, hemolyzed in 
RBC lysis buffer at room temperature for 5  
minutes, and washed twice with flow staining 
buffer. Next, the cells were suspended in flow 
staining buffer and filtered through a 35 µM 
mesh strainer. The collected cells were then 
stained with Fc Block at room temperature for 
10 minutes and colabeled with sample tags 
(one sample tag per treatment group) and 
CD45-BV510 antibody (all from BD Pharmin- 
gen). Finally, the cells were stained with 7-ami-
noactinomycin D (7-AAD). Viable immune cells 
were sorted by a BD FACSAria™ instrument. 
Only CD45+ 7-AAD- cells were sorted into re- 
ceiving tubes containing cold sample buffer 
(BD Pharmingen; Cat. No. 650000062).

Viable immune cells sorted from each treat-
ment group were stained with Calcein AM and 
Draq7 (Thermo) to determine the precise cell 
concentration and viability using a BD 
Rhapsody™ Scanner. The cell viability ranged 
from 85% to 90%. The BD Rhapsody Express 
system was used for single-cell transcriptomic 
capture based on Fan et al. All samples were 
pooled together and then loaded onto a BD 
Rhapsody™ Cartridge. Next, cell capture beads 
(BD Pharmingen; Cat. No. 650000089) were 
loaded onto the cartridge. According to the 
manufacturer’s protocol, cells were lysed, and 
cell capture beads were retrieved and washed. 
Then, reverse transcription was performed  
and treated with exonuclease I (Cat. No. 
650000072). Transcriptome and sample tag 
information of single cells were obtained from 

the BD Rhapsody System. The cDNA library and 
sample tag library were established from micro-
bead-captured single-cell transcriptome and 
sample tag sequences, respectively. The library 
construction and library sequencing were per-
formed by the Institute of Molecular and 
Genomic Medicine of the National Health 
Research Institute, and the single-cell library 
was analyzed with the NovaSeq 6000 system.

Bioinformatics and computational biology 
analyses

Raw data were aligned to the mouse genome 
(GRCm38.p6, gencode M19), and transcrip-
tomic information was produced by Rhapsody 
WTA pipeline V1.9. The control group had  
1223 cells, the L-Norvaline group had 2134 
cells, the ADI-PEG 20 group had 1637 cells, 
and the combination group had 2350 cells for 
analysis. We analyzed the count matrix via 
Seurat (Version 4.0.5) [65]. Genes and cells 
were removed by the following conditions: cells 
with less than 200 feature genes and 25% 
mitochondrial gene expression. In total, we ob- 
tained 6485 cells (control: 1085, L-Norvaline: 
1927, ADI-PEG: 1458, combination: 2015). The 
Seurat function “normalize Data” was used to 
normalize the raw count data, and the normal-
ized method was log normalization. Variable 
genes were found by the “FindVariableFeatur- 
es” function. Default parameters were used for 
the Seurat function. Clusters were identified by 
the “FindClusters” function. The dimensions of 
the data were reduced through uniform mani-
fold approximation and projection (UMAP). The 
significant genes in each cluster were identified 
via the “FindMarkers” function. If the values of 
log2 fold change (log2FC) were lower than  
0.25, these genes were removed from the gene 
list. Biological process (BP) and Kyoto Ency- 
clopedia of Genes and Genomes (KEGG) analy-
ses were performed using the “ClusterProfiler” 
package. Additionally, gene set enrichment 
analysis (GSEA) was performed by the “fgsea” 
package in R. We selected hallmark gene set 
databases from GSEA for our analysis.

Statistical analysis

Graphic representation and statistical calcula-
tions were conducted using GraphPad Prism 
version 8 (La Jolla, CA, USA). All data are shown 
as the mean ± standard error of the mean 
(SEM). Statistical significance was determined 
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by t-test or one- and two-way ANOVA. Figures 
marked with asterisks indicate that the differ-
ences between groups were statistically 
significant.
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Supplementary Figure 1. 100 mg/kg L-norvaline treatment inhibits the growth of LL2 tumors. A. Body weight chang-
es of LL2 tumor mice in 20 mg/kg and 100 mg/kg L-norvaline treatments. B. The growth curve of LL2 tumors over 
time for mice following different treatments. Black, red, and orange lines is PBS, 20 mg/kg L-Norvaline, and 100 
mg/kg L-Norvaline treatment, respectively. The p value of tumor curve was calculated by two-way ANOVA. The results 
of the tumor growth curve are presented as the means ± SEM. *p < 0.05.
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Supplementary Figure 2. L-norvaline-induced upregulated genes are involved in immune-related signaling. A. The 
process of genes selection. B16F10 and LL2 cancer cells were treated with or without 0.1 mg/mL L-norvaline. After 
three days, RNA was extracted from these cultured cells and performed on RNA sequencing. Venn diagram illustrat-
ing the distribution of differentially expressed genes and the overlap between the two L-norvaline-treated cancer 
cells. Upregulated genes were defined as a fold change (Nor/Ctrl) more than or equal to 1.5, and downregulated 
genes were defined as a fold change (Nor/Ctrl) less than or equal to 0.5. The overlapping genes (168 and 33 genes) 
were input to KEGG and Metacore platform for pathway enrichment analysis. B. Bar chart showing the top 15 path-
ways enriched for upregulated genes.
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Supplementary Table 1. Overlapping upregulated genes in L-Norvaline-treated B16F10 and LL2 cells

Gene Name Description FC  
(B16F10)

FC  
(LL2)

Lipc lipase, hepatic 5.48 1.67
Mst1r macrophage stimulating 1 receptor (c-met-related tyrosine kinase) 4.98 1.93
Duxbl1 double homeobox B-like 1 4.39 1.85
Cts8 cathepsin 8 4.14 2.81
Mir8091 microRNA 8091 4.14 2.78
Unc45b unc-45 myosin chaperone B 4.14 1.67
Podn podocan 4.03 1.53
Bik BCL2-interacting killer 3.89 2.78
Rab3c RAB3C, member RAS oncogene family 3.61 1.9
Csf3 colony stimulating factor 3 (granulocyte) 3.59 1.69
Tsnaxip1 translin-associated factor X (Tsnax) interacting protein 1 3.59 4.55
Gm15328 predicted gene 15328 3.59 2.12
Pinlyp phospholipase A2 inhibitor and LY6/PLAUR domain containing 3.53 1.85
Foxa3 forkhead box A3 3.41 1.62
Hp haptoglobin 3.41 2.1
Mettl21c methyltransferase like 21C 3.3 1.85
5730403I07Rik RIKEN cDNA 5730403I07 gene 3.18 2.78
Abcb11 ATP-binding cassette, sub-family B (MDR/TAP), member 11 3.18 1.66
Epgn epithelial mitogen 3.18 1.62
4921517D22Rik RIKEN cDNA 4921517D22 gene 3.15 2.86
Pdzd9 PDZ domain containing 9 3.07 1.56
Bcas1 breast carcinoma amplified sequence 1 2.81 1.93
Erich5 glutamate rich 5 2.81 2.86
H60c histocompatibility 60c 2.78 2.42
6330410L21Rik RIKEN cDNA 6330410L21 gene 2.73 1.93
Gm16287 predicted gene 16287 2.72 1.74
0610005C13Rik RIKEN cDNA 0610005C13 gene 2.69 2.78
1700001O22Rik RIKEN cDNA 1700001O22 gene 2.69 2.69
Acot6 acyl-CoA thioesterase 6 2.69 1.93
Kcne2 potassium voltage-gated channel, Isk-related subfamily, gene 2 2.69 4.38
Rfx8 regulatory factor X 8 2.69 1.85
Snora2b small nucleolar RNA, H/ACA box 2B 2.69 1.93
Spint2 serine protease inhibitor, Kunitz type 2 2.69 2.09
Srms src-related kinase lacking C-terminal regulatory tyrosine and N-terminal myristylation sites 2.69 1.93
Dgkg diacylglycerol kinase, gamma 2.67 1.93
Cxcl15 chemokine (C-X-C motif) ligand 15 2.57 2.68
Gm20753 predicted gene, 20753 2.57 1.93
Gpr20 G protein-coupled receptor 20 2.57 1.85
Hsh2d hematopoietic SH2 domain containing 2.57 1.85
Nepn nephrocan 2.57 2.86
Scnn1b sodium channel, nonvoltage-gated 1 beta 2.57 1.85
Snora31 small nucleolar RNA, H/ACA box 31 2.54 1.52
Ano2 anoctamin 2 2.53 1.85
Snora78 small nucleolar RNA, H/ACA box 7 2.49 5.32
4930549G23Rik RIKEN cDNA 4930549G23 gene 2.45 2.86
Ccr4 chemokine (C-C motif) receptor 4 2.45 1.93
Fam219aos family with sequence similarity 219, member A, opposite strand 2.45 2.86
Gm3363 predicted gene 3363 2.45 3.19
Hist3h2ba histone cluster 3, H2ba 2.45 2.69
Svopl SV2 related protein homolog (rat)-like 2.45 1.93
Tnfsf18 tumor necrosis factor (ligand) superfamily, member 18 2.45 2.2
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Vwa2 von Willebrand factor A domain containing 2 2.45 1.62
Mroh8 maestro heat-like repeat family member 8 2.44 2.12
Nkain3 Na+/K+ transporting ATPase interacting 3 2.42 2.78
Elf5 E74-like factor 5 2.42 1.93
Gm7904 predicted gene 7904 2.35 3.08
Usp17la ubiquitin specific peptidase 17-like A 2.34 1.59
Ghrl ghrelin 2.27 2.6
Gm3264 predicted gene 3264 2.22 2.04
Rab33a RAB33A, member RAS oncogene family 2.17 3.79
Lhx4 LIM homeobox protein 4 2.14 1.93
Apom apolipoprotein M 2.13 1.82
Sult6b1 sulfotransferase family, cytosolic, 6B, member 1 2.09 5.4
6030440G07Rik RIKEN cDNA 6030440G07 gene 2.07 1.91
Hk1os hexokinase 1, opposite strand 2.07 1.56
1810024B03Rik RIKEN cDNA 1810024B03 gene 2.01 1.93
Gucy1a2 guanylate cyclase 1, soluble, alpha 2 2 1.79
Cacna2d2 calcium channel, voltage-dependent, alpha 2/delta subunit 2 1.94 1.85
Ceacam2 carcinoembryonic antigen-related cell adhesion molecule 2 1.92 1.85
C130060C02Rik RIKEN cDNA C130060C02 gene 1.91 1.9
Olig3 oligodendrocyte transcription factor 3 1.9 3.59
G630055G22Rik RIKEN cDNA G630055G22 gene 1.89 1.6
Noxo1 NADPH oxidase organizer 1 1.89 1.57
4933405L10Rik RIKEN cDNA 4933405L10 gene 1.89 1.93
Scarna6 small Cajal body-specific RNA 6 1.89 2.1
Rprml reprimo-like 1.87 2.06
Tmod4 tropomodulin 4 1.86 1.74
1600014C23Rik RIKEN cDNA 1600014C23 gene 1.84 2.69
1700010B08Rik RIKEN cDNA 1700010B08 gene 1.84 2.17
2610528A11Rik RIKEN cDNA 2610528A11 gene 1.84 2.9
4933424G05Rik RIKEN cDNA 4933424G05 gene 1.84 1.85
Acbd7 acyl-Coenzyme A binding domain containing 7 1.84 1.55
Ccdc180 coiled-coil domain containing 180 1.84 2.86
Chrd chordin 1.84 2.78
Chrna10 cholinergic receptor, nicotinic, alpha polypeptide 10 1.84 1.93
Ctla4 cytotoxic T-lymphocyte-associated protein 4 1.84 3.54
Cyp26c1 cytochrome P450, family 26, subfamily c, polypeptide 1 1.84 1.85
Gcm1 glial cells missing homolog 1 1.84 1.67
Gm10390 predicted gene 10390 1.84 1.93
Gm16998 predicted gene, 16998 1.84 2.12
Gm8773 predicted gene 8773 1.84 1.71
Heatr9 HEAT repeat containing 9 1.84 1.67
Hecw1 HECT, C2 and WW domain containing E3 ubiquitin protein ligase 1 1.84 1.85
Hoxc5 homeobox C5 1.84 1.95
Il22ra1 interleukin 22 receptor, alpha 1 1.84 1.93
Mia2 melanoma inhibitory activity 2 1.84 1.93
Nccrp1 non-specific cytotoxic cell receptor protein 1 homolog (zebrafish) 1.84 1.85
Prss42 protease, serine 42 1.84 2.86
Ptprcap protein tyrosine phosphatase, receptor type, C polypeptide-associated protein 1.84 1.67
Trpm5 transient receptor potential cation channel, subfamily M, member 5 1.84 1.68
Zcchc13 zinc finger, CCHC domain containing 13 1.84 1.93
Zscan10 zinc finger and SCAN domain containing 10 1.84 1.93
Il4i1 interleukin 4 induced 1 1.84 3.85
Dusp15 dual specificity phosphatase-like 15 1.84 1.92
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Wnt11 wingless-type MMTV integration site family, member 11 1.82 1.62
Henmt1 HEN1 methyltransferase homolog 1 (Arabidopsis) 1.81 3.71
Sp7 Sp7 transcription factor 7 1.81 1.85
Dnah11 dynein, axonemal, heavy chain 11 1.8 1.93
Hhipl2 hedgehog interacting protein-like 2 1.77 2.37
Ntf5 neurotrophin 5 1.76 1.52
Hist2h2ac histone cluster 2, H2ac 1.75 2.17
Rims1 regulating synaptic membrane exocytosis 1 1.75 3.79
Krtcap3 keratinocyte associated protein 3 1.74 1.75
4930484H19Rik RIKEN cDNA 4930484H19 gene 1.73 2.86
4933417E11Rik RIKEN cDNA 4933417E11 gene 1.73 1.53
5031425F14Rik RIKEN cDNA 5031425F14 gene 1.73 2.25
8030442B05Rik RIKEN cDNA 8030442B05 gene 1.73 1.85
Adra2b adrenergic receptor, alpha 2b 1.73 1.85
Dusp13 dual specificity phosphatase 13 1.73 1.62
Foxn1 forkhead box N1 1.73 2.69
Frmd7 FERM domain containing 7 1.73 2.13
Gm2022 predicted pseudogene 2022 1.73 1.93
Lhfpl3 lipoma HMGIC fusion partner-like 3 1.73 2.86
Prr19 proline rich 19 1.73 2.55
Rnf224 ring finger protein 224 1.73 1.93
Slc16a5 solute carrier family 16 (monocarboxylic acid transporters), member 5 1.73 1.85
Slc4a9 solute carrier family 4, sodium bicarbonate cotransporter, member 9 1.73 1.85
Stat4 signal transducer and activator of transcription 4 1.73 1.85
Tspan1 tetraspanin 1 1.73 2.69
Cpne9 copine family member IX 1.72 1.61
Tcap titin-cap 1.71 4.55
Gm4841 predicted gene 4841 1.68 1.56
Hist1h4c histone cluster 1, H4c 1.68 2.05
BC030499 cDNA sequence BC030499 1.67 2.34
Gstt1 glutathione S-transferase, theta 1 1.65 3.62
Duox2 dual oxidase 2 1.65 1.85
B130006D01Rik RIKEN cDNA B130006D01 gene 1.65 2.03
9330158H04Rik RIKEN cDNA 9330158H04 gene 1.64 1.74
Hist1h3a histone cluster 1, H3a 1.62 1.71
Oas1b 2’-5’ oligoadenylate synthetase 1B 1.61 2.68
P2ry4 pyrimidinergic receptor P2Y, G-protein coupled, 4 1.6 1.85
Fam46c terminal nucleotidyltransferase 5C 1.6 3.14
Snx22 sorting nexin 22 1.58 1.62
Il5ra interleukin 5 receptor, alpha 1.58 3.54
4930590J08Rik RIKEN cDNA 4930590J08 gene 1.57 2.06
Ndnf neuron-derived neurotrophic factor 1.57 1.93
Aldh8a1 aldehyde dehydrogenase 8 family, member A1 1.56 1.57
Cmya5 cardiomyopathy associated 5 1.56 1.91
Gm13498 predicted gene 13498 1.56 2.11
Slc5a11 solute carrier family 5 (sodium/glucose cotransporter), member 11 1.56 1.93
Il33 interleukin 33 1.56 1.98
Atp8b5 ATPase, class I, type 8B, member 5 1.54 1.85
Sorcs2 sortilin-related VPS10 domain containing receptor 2 1.54 1.82
G630025P09Rik RIKEN cDNA G630025P09 gene 1.54 1.74
Tmprss5 transmembrane protease, serine 5 (spinesin) 1.53 1.85
2310003N18Rik RIKEN cDNA 2310003N18 gene 1.53 1.85
Gm12216 predicted gene 12216 1.53 1.68
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Rnf151 ring finger protein 151 1.53 2.98
Npc1l1 NPC1 like intracellular cholesterol transporter 1 1.52 2
4632428C04Rik RIKEN cDNA 4632428C04 gene 1.52 1.85
Tctex1d4 Tctex1 domain containing 4 1.51 2.75
Cideb cell death-inducing DNA fragmentation factor, alpha subunit-like effector B 1.51 2.86
Ihh Indian hedgehog 1.5 2.98
G630064G18Rik RIKEN cDNA G630064G18 gene 1.5 2.69
Dio2 deiodinase, iodothyronine, type II 1.5 1.87
Dhh desert hedgehog 1.5 2.69
Hspb7 heat shock protein family, member 7 (cardiovascular) 1.5 1.9
4930447M23Rik RIKEN cDNA 4930447M23 gene 1.5 2.86
FC abbreviation represented fold change (treatment/control).

Supplementary Table 2. Overlapping downregulated genes in L-Norvaline-treated B16F10 and LL2 
cells
Gene Name Description FC (B16F10) FC (LL/2)
A330041J22Rik RIKEN cDNA A330041J22 gene 0.5 0.41
Asgr1 asialoglycoprotein receptor 1 0.48 0.24
Tnnt1 troponin T1, skeletal, slow 0.48 0.23
Hist1h2ah histone cluster 1, H2ah 0.48 0.46
2010109I03Rik RIKEN cDNA 2010109I03 gene 0.47 0.38
Col11a1 collagen, type XI, alpha 1 0.47 0.49
Psmb11 proteasome (prosome, macropain) subunit, beta type, 11 0.46 0.42
Gm5512 predicted gene 5512 0.45 0.01
Scube1 signal peptide, CUB domain, EGF-like 1 0.44 0.41
Lbhd1 LBH domain containing 1 0.44 0.29
Hist1h2al histone cluster 1, H2al 0.42 0.41
Gm38415 predicted gene, 38415 0.4 0.33
Myo7b myosin VIIB 0.4 0.41
Sox7 SRY (sex determining region Y)-box 7 0.4 0.45
Tnfrsf17 tumor necrosis factor receptor superfamily, member 17 0.4 0.35
Tub tubby bipartite transcription factor 0.4 0.14
1810019D21Rik RIKEN cDNA 1810019D21 gene 0.39 0.31
1700008O03Rik RIKEN cDNA 1700008O03 gene 0.39 0.19
Acta1 actin, alpha 1, skeletal muscle 0.39 0.29
Ldlrad2 low density lipoprotein receptor A domain containing 2 0.38 0.23
Mpp3 membrane protein, palmitoylated 3 (MAGUK p55 subfamily member 3) 0.38 0.45
Skint2 selection and upkeep of intraepithelial T cells 2 0.38 0.3
Paqr5 progestin and adipoQ receptor family member V 0.32 0.19
Aurkc aurora kinase C 0.3 0.28
Skint4 selection and upkeep of intraepithelial T cells 4 0.3 0.3
Cuzd1 CUB and zona pellucida-like domains 1 0.29 0.32
Atp1a2 ATPase, Na+/K+ transporting, alpha 2 polypeptide 0.24 0.41
Gdf5 growth differentiation factor 5 0.24 0.41
Zfp91Cntf predicted readthrough transcript (NMD candidate), 44505 0.21 0.21
Asb5 ankyrin repeat and SOCs box-containing 5 0.15 0.28
Abca17 ATP-binding cassette, sub-family A (ABC1), member 17 0.14 0.3
Tmem254c transmembrane protein 254c 0.14 0.01
Hnf1b HNF1 homeobox B 0.14 0.35
FC abbreviation represented fold change (treatment/control).
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Supplementary Figure 3. Single-cell RNAseq analysis of intratumoral immune cells indicates numbers in each cell 
type. A. A UMAP projection analysis of infiltrated immune cells (n = 6485 cells from four 14 groups: 1085 PBS treat-
ment, 1927 L-Norvakine treatment, 1458 ADI-PEG20 treatment, and 2015 combination treatment). B. Expression 
levels of common marker genes in each cluster. C. Heatmap displaying the top 5 feature genes in each clusters.
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Supplementary Table 3. The characteristic in each cluster
Clusters Cell Type Annotation Gene expression
0 TAM-1-Macrophages Mmp12+ Gpnmb+ TAMs Gpnmb, MMP12, Adgre1 (F4/80)
1 TAM-2-Macrophages Chil3+ Ly6c+ TAMs Ly6c, Plac8, Chil3, Adgre1 (F4/80)
2 Monocytes-1 Itg5a+ Socs3+ Monocytes Itga5, Socs3, CD14
3 Monocytes-2 S100a8+ S100a9+ Monocytes S100a8, S100a9, CD14,
4 T cell-1 Double negative T cells CD3 positive, CD4 and CD8 negative
5 Dendritic cell-1 Conventional type 2 Dendritic cells Clec10a, H2-Ab1, CD209a
6 T cell-2 CD4 Regulatory T cells CD4, Foxp3, CD25
7 T cell-3 CD8 Cytotoxic T cells CD8, Gzmb, Prf1, Nkg7
8 TAM-3-Macrophages Retnla+ Retnlg+ TAMs Retnlg, Retnla, Adgre1 (F4/80)
9 Dendritic cell-2 Ccr7+ Dendritic cells Fscn1, CCR7
10 TAM-4-Macrophages Proliferated TAMs Pclaf, Mki67, Top2a, Adgre1 (F4/80)
11 TAM-5-Macrophages CD163+ TAMs CD163, Lyve1
12 Dendritic cell-3 Conventional type 1 Dendritic cells Xcr1, Clec9a, Btla
13 B cells B cells CD79a, Ms4a1, CD19
14 Fibroblast Fibroblast Col6a2, Col1a1
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Supplementary Figure 4. Expression levels of sig-
nature genes indicate the difference within immune 
cell subsets. (A) Violin plot demonstrating the expres-
sion levels of two significant genes in each subset 
of tumor-associated macrophages (TAMs), (B) Mono-
cytes, (C) Dendritic cells, (D) T cells. All significant 
genes were obtained by wilcox test.
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Supplementary Figure 5. Combination treatment of L-Norvaline and ADI-PEG20 induced an increase of infiltrated 
cytotoxic CD8+ T cells and dendritic cells. A. FACS analysis of the number of CD8+ CD107+ cytotoxic T cells in the 
TME. B. FACS analysis of the percentage of total dendritic cells in the TME. The mice were sacrificed on the 20th day 
after implantation of B16F10 tumor cells, and tumor infiltrating lymphocytes were analyzed. The column scatter dot 
plot represents the mean values ± SEMs.


