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A B S T R A C T   

Modulating the metabolism of cancer cells, immune cells, or both is a promising strategy to potentiate cancer 
immunotherapy in the nutrient-competitive tumor microenvironment. Glutamine has emerged as an ideal target 
as cancer cells highly rely on glutamine for replenishing the tricarboxylic acid cycle in the process of aerobic 
glycolysis. However, non-specific glutamine restriction may induce adverse effects in unconcerned tissues and 
therefore glutamine inhibitors have achieved limited success in the clinic so far. Here we report the synthesis and 
evaluation of a redox-responsive prodrug of 6-Diazo-5-oxo-L-norleucine (redox-DON) for tumor-targeted gluta
mine inhibition. When applied to treat mice bearing subcutaneous CT26 mouse colon carcinoma, redox-DON 
exhibited equivalent antitumor efficacy but a greatly improved safety profile, particularly, in spleen and 
gastrointestinal tract, as compared to the state-of-the-art DON prodrug, JHU083. Furthermore, redox-DON 
synergized with checkpoint blockade antibodies leading to durable cures in tumor-bearing mice. Our results 
suggest that redox-DON is a safe and effective therapeutic for tumor-targeted glutamine inhibition showing 
promise for enhanced metabolic modulatory immunotherapy. The approach of reversible chemical modification 
may be generalized to other metabolic modulatory drugs that suffer from overt toxicity.   

1. Introduction 

Cancer cells and anti-cancer immune cells both rely on and compete 
for nutrients in the tumor microenvironment (TME) for growth [1,2]. 
Modulating metabolism of cancer cells, immune cells, or both has been 
explored as promising strategies for cancer treatment [3,4]. Among 
other amino acids, glutamine is the most abundant amino acid in the 
blood stream and the consumption in cancer cells is often upregulated 
[5]. It serves as a nitrogen (N)- and carbon (C)-donor in the synthesis of 
nucleotides, amino acids and amino-sugars which are essential metab
olites for cell survival and proliferation [[6]]. As an amino acid, gluta
mine is incorporated into proteins and co-factors, with a particularly 
important role as a component of the redox molecule glutathione, which 
maintains redox homeostasis within cells [7,8]. Though glutamine is a 
non-essential amino acid and can, in principle, be synthesized de novo, 
highly proliferative cells, such as cancer cells, often rely on glutamine as 
an anaplerotic substrate for the tricarboxylic acid (TCA) cycle to comply 

with their energy demands [9,10]. Therefore, exploiting cancer cell 
dependency on glutamine supply as a metabolic vulnerability is a 
promising anti-tumor strategy. In addition, glutamine inhibition typi
cally promotes anti-cancer immune cell expansion and function in tumor 
[11–13]. Glutamine restriction has been reported to direct anti-tumor 
CD8+ T cells to a long-lived, highly activated phenotype with upregu
lated oxidative phosphorylation [12], promotes infiltration of inflam
matory tumor-associated macrophages (TAMs) [13], and skew 
macrophages from an M2 to an M1 phenotype [14]. 

Most of current glutamine inhibitors, such as the clinically investi
gated CB-839 [15,16], target the glutaminase 1 (GLS1), the most 
important glutamine-converting enzyme, typically fail to completely 
hinder cells from using glutamine through other complementary pro
cesses [17]. Another type of glutamine inhibitor is glutamine analogue, 
such as 6-Diazo-5-oxo-L-norleucine (DON), in which the side chain 
amine group is replaced by a reactive diazomethane unit. DON cova
lently binds and inhibits glutamine-converting enzymes in their active 
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pocket, which completely abrogates the enzymatic activity of a broad 
spectrum of glutamine-converting enzymes. DON treatments against 
tumor cells in vitro have demonstrated the efficacy of DON against 
various tumor cell lines [18]. However, previous clinical studies with 
DON have shown severe dose-limiting toxicity in tissues of the gastro
intestinal (GI) tract [19]. 

The prodrug strategy is an effective way to mitigate toxicities. A 
prodrug of DON, JHU083, has been developed by protecting both N- 
terminal and C-terminal sides with enzymatically cleavable pro-moieties 
[20]. The increased stability of JHU083 in comparison to DON in 
monkey and human plasma demonstrated the validity of this prodrug 
approach. However, proteases are prominent in cells of the digestive 
system and other sites where toxicity had previously been found 
[21,22]. Therefore, using a tumor-targeting pro-moiety where the DON 
release would be based on altered physiological conditions specific to 
the TME could further increase the safety of glutamine inhibitors. 

Here we report the synthesis and evaluation of a novel prodrug of 
DON for tumor-targeted glutamine inhibition. Different tumor- 
promoting mechanisms have shown to increase glutathione and other 
reducing agents in the TME and within tumor cells [23,24]. Therefore, 
we chose a disulfide-based chemical pro-moiety that responds to the 
increased reducing condition in the TME as demonstrated previously 
[25–27]. DON was modified with an N-terminal 2-(pyridin-2-yldisulfa
neyl)ethyl carbamate and a C-terminal methyl ester to afford a prodrug, 
termed redox-DON (Scheme 1). We compared redox-DON and JHU083 
in multiple in vitro and in vivo experiments and found that redox-DON 
exhibited equivalent efficacy, but increased safety in comparison to 
JHU083. We further showed that redox-DON synergized with check
point blockade antibodies and recruited CD4+, dendritic cells, and M1 
macrophages to the TME for enhanced therapeutic efficacy in a mouse 
colon cancer model. The results provide evidence that redox-DON is a 
promising glutamine inhibitor drug for cancer therapy that outperforms 
current drugs of the same kind in the clinic. The chemical modification 
strategy could potentially be applied to other metabolic modulatory 
drugs. Our findings also provide insight into how immune cells can be 
metabolically supported to thrive in the immunosuppressive TME. 

2. Materials and methods 

2.1. Chemical synthesis 

2.1.1. Synthesis of compound 1 
(S)-4-((((9H-fluoren-9-yl)methoxy) carbonyl)amino)-5-methoxy-5- 

oxopentanoic acid (5 g, 13 mmoles, 1 eq.) was dissolved in dichloro
methane (20 ml) and cooled to 0 ◦C. Thionyl chloride (1.8 ml, 24.8 
mmoles, 1.9 eq.) was added, followed by N,N-dimethylformamide (101 
μl, 1.3 mmoles, 0.1 eq.). The mixture was refluxed at 40 ◦C for 4 h until 
completion of the reaction as monitored by NMR. The reaction mixture 
was washed with brine, dried over magnesium sulfate, concentrated and 
purified by flash chromatography (SiO2, n-hexane:EtOAc 50:50). Com
pound 1 was obtained as a white crystalline powder (4.0 g, 93% yield). 

1H NMR (400 MHz, CDCl3) δ 7.80–7.71 (m, 3H), 7.70 (dq, J = 7.4, 
1.0 Hz, 1H), 7.46–7.29 (m, 4H), 4.65 (dd, J = 9.4, 2.5 Hz, 1H), 4.58 (dd, 
J = 10.5, 7.2 Hz, 1H), 4.46 (dd, J = 10.6, 7.3 Hz, 1H), 4.30 (t, J = 7.2 Hz, 
1H), 3.74 (s, 3H), 2.71 (ddd, J = 17.6, 10.7, 9.4 Hz, 1H), 2.57 (ddd, J =
17.6, 9.3, 3.1 Hz, 1H), 2.39 (ddt, J = 13.4, 10.7, 9.3 Hz, 1H), 2.19–2.01 
(m, 1H). 

2.1.2. Synthesis of compound 2 
(Trimethylsilyl)diazomethane (2 M in diethyl ether, 6.57 ml, 13.1 

mmoles, 1.2 eq.) was dissolved in tetrahydrofuran (50 ml) and cooled to 
− 78 ◦C. N-butyllithium (2.5 M, 5.47 ml, 13.7 mmoles, 1.25 eq.) was 
added dropwise over 10 min. The mixture was stirred at − 78 ◦C for 30 
min and then transferred in a syringe to a solution of compound 1 (4 g, 
10.9 mmoles, 1 eq.), dissolved in tetrahydrofuran (100 ml), cooled to 
− 78 ◦C. The mixture was stirred for 30 min and then the reaction was 
quenched by the addition of saturated ammonium chloride in water 
(100 ml). The aqueous phase was then extracted twice with ethyl acetate 
(50 ml). The combined organic layers were washed with brine (50 ml), 
dried over magnesium sulfate and concentrated. The brown crude 
product was purified by flash chromatography (SiO2, n-hexane:EtOAc 
60:40). The product was obtained as a yellow oil (2.25 g, 50% yield). 

1H NMR (400 MHz, CDCl3) δ 7.78 (dd, J = 9.3, 7.3 Hz, 3H), 
7.76–7.70 (m, 1H), 7.61 (s, 1H), 7.48–7.30 (m, 4H), 4.67 (dd, J = 9.5, 

Scheme 1. Schematic illustration of DON and DON-derived prodrugs, JHU083 and redox-DON. We designed a redox-DON that retained the anti-tumor 
therapeutic effects but minimized adverse effects by specifically targeting the TME. 
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2.5 Hz, 1H), 4.61 (dd, J = 10.6, 7.2 Hz, 1H), 4.48 (dd, J = 10.6, 7.3 Hz, 
1H), 4.33 (t, J = 7.2 Hz, 1H), 3.77 (s, 3H), 2.74 (ddd, J = 17.5, 10.7, 9.4 
Hz, 1H), 2.59 (ddd, J = 17.6, 9.3, 3.1 Hz, 1H), 2.49–2.34 (m, 1H), 2.14 
(ddt, J = 12.7, 9.4, 2.9 Hz, 1H). 

2.1.3. Synthesis of compound 3 
Compound 2 (2.25 g, 5.51 mmoles, 1 eq.) was dissolved in dry 

dichloromethane (25 ml) and piperidine (1.36 ml, 13.8 mmoles, 2.5 eq.) 
was added dropwise. The mixture was stirred for 4 h, followed by a 
purification by flash chromatography (SiO2, n-hexane:EtOAc 20:80). 
The product was obtained as a colorless oil (0.8 g, 78% yield), which was 
immediately used in the next step. 

1H NMR (400 MHz, CDCl3) δ 5.30 (s, 1H), 3.75 (d, J = 1.3 Hz, 3H), 
3.57–3.45 (m, 1H), 2.50 (s, 2H), 2.14 (dq, J = 13.6, 7.2 Hz, 1H), 1.87 
(dq, J = 14.9, 7.6 Hz, 1H), 1.55–1.78 (m, 2H). 

2.1.4. Synthesis of compound 4 
2,2′-dithiodipyridine (5 g, 22.7 mmoles, 1 eq.) was dissolved in 

methanol (70 ml) under inert atmosphere. 2-mercaptoethanol (1.6 ml, 
22.7 mmoles, 1 eq.) was added dropwise over 10 min and the reaction 
was stirred for 2 h. The reaction mixture was purified by flash chro
matography (SiO2, n-hexane:EtOAc 60:40). The intermediate was ob
tained as a colorless oil (2.7 g, 64% yield). 

1H NMR (400 MHz, CDCl3) δ 8.59 (ddd, J = 5.0, 1.8, 0.9 Hz, 1H), 
7.67–7.61 (m, 1H), 7.46 (dt, J = 8.2, 1.1 Hz, 1H), 7.22 (ddd, J = 7.5, 5.0, 
1.1 Hz, 1H), 3.88–3.81 (m, 2H), 3.04–2.97 (m, 2H). 

The intermediate (1.1 g, 5.87 mmoles, 1 eq.) was dissolved in DCM 
(50 ml) and further reacted with 4-nitrophenyl chloroformate (1.3 g, 
6.46 mmoles, 1.1 eq.) and triethylamine (1.63 ml, 11.7 mmoles, 2 eq.) 
for 4 h. Then the reaction mixture was concentrated and purified by 
flash chromatography (SiO2, n-hexane:EtOAc 50:50). Compound 4 was 
obtained as a yellow oil (0.9 g, 44% yield). 

1H NMR (400 MHz, CDCl3) δ 8.54 (dt, J = 5.0, 1.4 Hz, 2H), 8.33–8.24 
(m, 4H), 7.76–7.67 (m, 4H), 7.42–7.34 (m, 4H), 7.19 (td, J = 5.1, 3.2 Hz, 
2H), 4.57 (t, J = 6.4 Hz, 4H), 3.19 (t, J = 6.4 Hz, 4H). 

2.1.5. Synthesis of compound 5 (redox-DON) 
Compound 3 (800 mg, 4.3 mmoles, 1 eq.) was dissolved in dry 

dichloromethane (20 ml), followed by the addition of CP0330-01_cr 
(1.82 g, 5.16 mmoles, 1.2 eq.) and triethylamine (717 μl, 5.16 
mmoles, 1.2 eq.). The mixture was stirred for 16 h at 23 ◦C, then washed 
with brine, dried over magnesium sulfate, concentrated and purified by 
flash chromatography (SiO2, n-hexane:EtOAc 40:60). The product was 
obtained as a pale oil (0.64 g, 43% yield). 

1H NMR (400 MHz, CDCl3) δ 8.48 (dt, J = 4.7, 1.4 Hz, 1H), 7.74–7.62 
(m, 2H), 7.11 (ddd, J = 6.8, 4.9, 1.5 Hz, 1H), 5.49 (d, J = 8.0 Hz, 1H), 
5.29 (s, 1H), 4.40–4.25 (m, 3H), 3.75 (s, 3H), 3.04 (t, J = 6.4 Hz, 2H), 
2.42 (s, 2H), 2.28–2.15 (m, 1H), 1.99 (dt, J = 14.5, 7.4 Hz, 1H), 1.74 (s, 
2H). 

2.2. Characterization of redox-DON 

2.2.1. NMR spectroscopy 
All the NMR spectra were measured by the Bruker Avance III-400 

spectrometer. The NMR spectra were measured at 295 K. The 1H NMR 
spectra were measured at a proton frequency of 400.1 MHz and the 13C 
NMR spectra at 100.8 MHz. To standardize the 1H NMR spectra, the 
internal signal of DMSO‑d6 (δ 2.50) and for the 13C NMR spectrum, the 
internal signal of DMSO‑d6 (δ39.52) were used. The spectra were 
analyzed with Mestre-Nova software. The chemical shifts are indicated 
in δ scale, and the coupling constants J are given in Hz. 

1H NMR (400 MHz, DMSO‑d6) δ 8.47–8.45 (m, 1H), 7.85–7.73 (m, 
3H), 7.27–7.24 (m, 1H), 6.06 (s, 1H), 4.23–4.13 (m, 2H), 4.05–3.98 (m, 
1H), 3.63 (s, 3H), 3.10–3.07(t, J = 6.2 Hz), 2.40 (m, 2H), 2.02–1.91 (m, 
1H) 1.83–1.74 (m, 1H). Residual ethyl acetate and water. 

13C NMR (101 MHz, DMSO‑d6) δ 193.57, 172.45, 158.95, 155.80, 

149.60, 137.84, 126.21, 121.27, 119.28, 61.85, 53.14, 51.93, 33.61, 
25.78, 19.28. 

2.2.2. LC-MS 
Redox-DON was characterized by liquid chromatography and tan

dem mass spectrometry (LC − MS/MS). Briefly, redox-DON (10 μM) was 
spiked into 1:1 acetonitrile:water mixture. Samples were analyzed using 
Waters Acquity-I-UPLC Class system (Waters Corporation, Milford, MA, 
USA) coupled with a Waters Vion IMS-QTof Mass Spectrometer equip
ped with LockSpray (Leucine-enkephalin (200 pg/μl)). Analyses were 
performed on an ACQUITY UPLC® BEH C18 1.7 μm column, 2.1 mm ×
50 mm (Waters) heated at 30 ◦C. The mobile phase was maintained at a 
flow rate of 0.4 ml/min and contained water (A), acetonitrile solution 
(B) both containing 0.1% formic acid. Over a 5 min total run, the 
gradient was: 0–0.2 min, 5% B; 0.2–3 min, 5–75% B; 3–4 min, 75–95% 
B; 4–4.1 min, 5% B and 4.1–5 min to re-equilibrate the system in initial 
conditions. The instrument was controlled by Waters UNIFI 1.9.4 (3.1.0, 
Waters Corporation, Milford, MA, USA). Injection volume was 5 μl. The 
instrument was operated in positive polarity, sensitivity mode (33,000 
FWHM at 556.2766 m/z). Data was acquired in HDMSe mode with a 
scan time of 0.036 s. The recorded mass range was from 50 to 1200 m/z 
for both low and high energy spectra. The collision energy was ramped 
from 20 to 40 V. The cone voltage was set to 30 V, capillary voltage was 
set to 3 kV, source offset was set to 50 V. Source temperature was set to 
120 ◦C and desolvation temperature set to 500 ◦C. Cone gas flow rate 
was set to 50 l/h and desolvation gas flow rate was set to 1000 l/h. 

2.2.3. In vitro release study by 1H NMR spectroscopy 
For the in vitro release study, redox-DON (12.5 mmol, 1 equiv) was 

dissolved in DMSO‑d6. Then, 2-mercaptoethanol (25 mmol, 2 equiv) was 
added to the dissolved redox-DON and the reaction was monitored at rt. 
by 1H NMR spectroscopy over time (5 min-8 days). All the NMR spectra 
were measured by the Bruker Avance III-400 spectrometer at 295 K. 

2.2.4. DON release study in mouse plasma and bioanalysis by LC-MS/MS 
For the DON release studies, mouse plasma was used. Redox-DON 

(10 μM) was spiked into the plasma matrix and incubated in a thermo
mixer at 37 ◦C. At predetermined times (0, 2 and 30 min) 100 μl of the 
mixture was aliquoted and cold methanol (250 μl) was added to extract 
DON from the plasma. The samples were vortexed and centrifuged at 
16000g for 5 min for protein precipitation. The supernatant (200 μl) was 
added to a new tube and the remaining solvent was evaporated at 45 ◦C. 
Then, 0.2 M sodium bicarbonate buffer (50 μl, pH 9.0) and 10 mM of 
dabsyl chloride in acetone (100 μl) were added to the tube. For the 
derivatization, the mixture was vortexed and incubated at 60 ◦C for 15 
min. Analyses of DON release were conducted on a Xevo G2-S QTOF 
mass spectrometer coupled to the Acquity UPLC Class Binary Solvent 
manager and BTN sample manager (Waters, Corporation, Milford, MA). 
The injection volume was 5 μl. Mass spectrometer detection was oper
ated in positive ionization using the ZSpray™ dual-orthogonal multi
mode ESI/APCI/ESCi® source. The TOF mass spectra were acquired in 
the sensitive mode over the range of m/z 50–1200 at an acquisition rate 
of 0.036 s/spectra. The instrument was calibrated using a solution of 
sodium formate (0.01 mg/l in isopropanol/H2O 90:10). A mass accu
racy better than 5 ppm was achieved using a Leucine Enkephalin solu
tion as lock-mass (200 pg/μl in ACN/H2O (50,50)) infused continuously 
using the LockSpray source. Source settings were as follows: cone, 25 V; 
capillary, 3 kV, source temperature, 150 ◦C; desolvation temperature, 
500 ◦C, cone gas, 10 L/h, desolvation gas, 500 L/h. Data were processed 
using MassLynx™ 4.1 software. The separation was achieved using an 
ACQUITY UPLC® BEH C18 1.7 μm column, 2.1 mm × 50 mm (Waters) 
heated at 30 ◦C The mobile phase was maintained at a flow rate of 0.4 
ml/min and contained water (A), acetonitrile solution (B) both con
taining 0.1% formic acid. Over a 5 min total run, the gradient was: 0–0.2 
min, 5% B; 0.2–3 min, 5–75% B; 3–4 min, 75–95% B; 4–4.1 min, 5% B 
and 4.1 to 5 to re-equilibrate the system in initial conditions. 
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Appearance of DON derived from redox-DON was measured by the peak 
area of the DON-dabsyl derivative. 

2.3. Biological assays 

2.3.1. Mice 
Five-week-old female BALB/c (BALB/cByJ) mice were purchased 

from Charles River Laboratories and acclimatized in the École Poly
technique Fédérale de Lausanne (EPFL) Center of PhenoGenomics ani
mal facility for one week before starting experiments. T-cell receptor 
(TCR)-transgenic Thy1.1+ pmel-1 (Pmel) mice (B6.Cg-Thy1a/Cy Tg 
(TcraTcrb)8Rest/J) and TCR transgenic OT-II mice (C57BL/6-Tg 
(TcraTcrb)425Cbn/Crl) were purchased from Jackson Laboratory and 
maintained in the animal facility of the CPG at EPFL. The mice were 
housed in the EPFL Center of PhenoGenomics and were kept in indi
vidually ventilated cages with up to five mice per cage, at 19–23 ◦C, with 
45–65% humidity and with a twelve-hour light-dark cycle. Experimental 
procedures in mouse studies were approved by the Swiss authorities 
(Canton of Vaud, animal protocol ID 3533) and performed in accordance 
with the guidelines from the Center of PhenoGenomics of EPFL. 

2.3.2. Cells and tumor models 
CT26 mouse colorectal cancer cells, B16F10 mouse melanoma cell, 

4T1 mouse breast cancer cells, SW480 and LS1034 human colorectal 
cancer cells, and SKBR-3 human breast cancer cells were originally ac
quired from the American Type Culture Collection (ATCC). MC38 mu
rine colon adenocarcinoma was a gift from Irvine lab (MIT). The 
ovalbumin-expressing B16OVA melanoma cell line was a gift from Ho 
lab (University of Lausanne). CT26 and SKBR-3 cells were cultured in 
complete RPMI-1640 medium, GlutaMAX™ Supplement (Gibco™/ 
Thermo Fisher Scientific) supplemented with fetal bovine serum (FBS) 
(10% v/v, Gibco™/Thermo Fisher Scientific), HEPES (1 M, pH range 7.2 
to 7.5, 1% v/v, Gibco™/Thermo Fisher Scientific), penicillin/strepto
mycin (1% v/v, Gibco™/Thermo Fisher Scientific), sodium pyruvate 
(100 mM, 1% v/v, Gibco™/Thermo Fisher Scientific) and 2-mercaptoe
thanol (55 mM, 0.1% v/v, Gibco™/Thermo Fisher Scientific). LS1034 
cells were cultured in complete RPMI-1640 medium, GlutaMAX™ 
Supplement (Gibco™/Thermo Fisher Scientific) supplemented with 
fetal bovine serum (FBS) (10% v/v, Gibco™/Thermo Fisher Scientific) 
and penicillin/streptomycin (1% v/v, Gibco™/Thermo Fisher Scienti
fic). SW480 cells were cultured in complete Leibovitz’s L-15 medium 
(Sigma-Alridch) supplemented with fetal bovine serum (FBS) (10% v/v, 
Gibco™/Thermo Fisher Scientific). B16F10 and B16OVA cells were 
cultured in complete DMEM, GlutaMAX™ Supplement (Gibco™/ 
Thermo Fisher Scientific) supplemented with fetal bovine serum (FBS) 
(10% v/v, Gibco™/Thermo Fisher Scientific), HEPES (1 M, pH range 7.2 
to 7.5, 1% v/v, Gibco™/Thermo Fisher Scientific), penicillin/strepto
mycin (1% v/v, Gibco™/Thermo Fisher Scientific), sodium pyruvate 
(100 mM, 1% v/v, Gibco™/Thermo Fisher Scientific) and 2-mercaptoe
thanol (55 mM, 0.1% v/v, Gibco™/Thermo Fisher Scientific). Cells were 
passaged every 2–3 days. For in vivo experiments, CT26 mouse colorectal 
cancer cells (3 × 105 or 5 × 105) were subcutaneously inoculated into 
the right flanks of BALB/c mice. 

2.3.3. Tumor cell killing by DON prodrugs 
B16F10 tumor cells were seeded at 10′000 cells/well in complete 

DMEM medium (200 μl/well) in a 96-well flat-bottom plate for 16 h. 
Then the stimuli-responsive DON-prodrug candidates, dissolved in 
DMSO, were added at concentrations between 0.1 and 100 μM to the 
adherent B16F10 cells (0.5% v/v). The cells were incubated with the 
prodrugs for 48 h at 37 ◦C, followed by the addition of 3-(4,5-dime
thylthiazol-2-yl)-2,5- diphenyltetrazolium bromide (MTT) in PBS (5 
mg/ml, 10 μl/well) for 4 h at 37 ◦C. The formed crystals were dissolved 
by adding isopropanol (100 μl/well) at 37 ◦C for 16 h. The absorbance 
was measured at 590 nm and the data was normalized to the controls. 
Cells were resuspended in FACS buffer, stained with 4′,6-diamidino-2- 

phenylindole (DAPI) and analyzed with flow cytometry. 

2.3.4. Preparation of PMEL CD8+ T cells 
Spleens from PMEL mice were mechanically disrupted and ground 

through a 70-μm strainer (Fisher Scientific). Red blood cells (RBCs) were 
lysed with ACK lysis buffer (2ml per spleen, Gibco™/Thermo Fisher 
Scientific) for 5min at 23 ◦C. The splenocytes were washed twice with 
cold PBS (pH 7.4, Gibco™/Thermo Fisher Scientific), followed by 
resuspension at a cell density of 2 × 106 per ml in complete RPMI me
dium supplemented with mouse IL-2 (10ngml− 1, BioLegend) and IL-7 
(2ngml− 1, BioLegend), as well as human gp10025–33 (1μM, Gen
Script). After two days of culture, live cells were enriched by density 
gradient centrifugation against Ficoll-Paque PLUS (GE Healthcare), 
followed by another two days of culture at a cell density of 0.5 to 1.0 ×
106 per ml in complete RPMI medium supplemented with mouse IL-2 
(10ngml− 1) and IL-7 (2ngml− 1) to afford activated CD8+ T cells with 
purity >95% (validated by automated cell counter (Thermo Fisher Sci
entific) and flow cytometry analyses). The CD8+ T cells were maintained 
in culture up to day 10 in complete RPMI medium supplemented with 
mouse IL-2 (10ngml− 1) and IL-7 (2ngml− 1) unless otherwise noted. 
Live cells were enriched by density gradient centrifugation against 
Ficoll-Paque PLUS before every experiment to a purity >95%. 

2.3.5. Preparation of OTII CD4+ T cells 
Spleens from OTII mice were mechanically disrupted and ground 

through a 70-μm strainer (Fisher Scientific). Red blood cells (RBCs) were 
lysed with ACK lysis buffer (2ml per spleen, Gibco™/Thermo Fisher 
Scientific) for 5min at 23 ◦C. The splenocytes were washed twice with 
cold PBS (pH 7.4, Gibco™/Thermo Fisher Scientific), followed by 
resuspension at a cell density of 2 × 106 per ml in complete RPMI me
dium supplemented with mouse IL-2 (10ngml− 1, BioLegend) and IL-7 
(10ngml− 1, BioLegend), as well as OVA323–339 (1μM, GenScript). 
After three days of culture, live cells were enriched by density gradient 
centrifugation against Ficoll-Paque PLUS (GE Healthcare), followed by 
another three days of culture at a cell density of 0.5 to 1.0 × 106 per ml 
in complete RPMI medium supplemented with mouse IL-2 (10ngml− 1) 
and IL-7 (10ngml− 1) to afford activated CD4+ T cells with purity >95% 
(validated by automated cell counter (Thermo Fisher Scientific) and 
flow cytometry analyses). The CD4+ T cells were maintained in culture 
up to day 10 in complete RPMI medium supplemented with mouse IL-2 
(10ngml− 1) and IL-7 (10ngml− 1) unless otherwise noted. Live cells 
were enriched by density gradient centrifugation against Ficoll-Paque 
PLUS before every experiment to a purity >95%. 

2.3.6. Preparation of bone marrow-derived dendritic cells (BMDC) 
Femur and tibia bones of mice were cleaned from skin and flesh. The 

bones were placed into 70% ethanol for 2 min and then into cold PBS. 
The epiphysis of the bones was cut off and the shafts were flushed with 
PBS using a 5 ml syringe topped with a 23 g needle until all the red 
marrow came out. The monocytes were obtained as a suspension by a 
passage through the 23 g needle and filtration through a 70-μm strainer 
(Fisher Scientific). Red blood cells (RBCs) were lysed with ACK lysis 
buffer (2ml per spleen, Gibco™/Thermo Fisher Scientific) for 5min at 
23 ◦C. The monocytes were cultured in complete RPMI medium sup
plemented with 20 ng/ml GM-CSF at a cell density of 0.4 × 106 per ml. 
After 3 days the medium was replaced. The suspension cells were har
vested on day 8 for cell assays. 

2.3.7. Preparation of bone marrow-derived macrophages (BMDM) 
Femur and tibia bones of mice were cleaned from skin and flesh. The 

bones were placed into 70% ethanol for 2 min and then into cold PBS. 
The epiphysis of the bones was cut off and the shafts were flushed with 
PBS using a 5 ml syringe and a 23 g needle until all the red marrow came 
out. The monocytes were obtained as a suspension by a passage through 
the 23 g needle and filtration through a 70-μm strainer (Fisher Scienti
fic). Red blood cells (RBCs) were lysed with ACK lysis buffer (2ml per 
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spleen, Gibco™/Thermo Fisher Scientific) for 5min at 23 ◦C. The 
monocytes were cultured in complete DMEM medium supplemented 
with 5% horse serum and 20% L929-derived culture medium containing 
M-CSF at a cell density of 0.4 × 106 per ml. After 4 days the medium was 
replaced. The adherent cells were harvested on day 8 for cell assays. 

2.3.8. Peripheral blood mononuclear cells (PBMC)-derived human CD8+ T 
cells 

Frozen aliquots of human PBMCs from anonymous healthy donors 
(prepared as buffy coats) were used. After gentle thawing, the PBMCs 
were incubated in complete RPMI medium for 1 h at 37 ◦C. Human CD8+

T cells were then isolated by magnetic-activated cell sorting (MACS) 
using a human CD8+ T cell isolation kit (Miltenyi Biotec). The CD8+
enriched T cells were resuspended at a cell density of 1 × 106 per ml in 
complete RPMI medium and activated by Gibco™ Dynabeads™Human 
T-Activator CD3/CD28 for T Cell Expansion and Activation (Fisher 
Scientific) at a dynabeads to cell ratio of 1:1. The T cells were then 
supplemented with human IL-2 (50 IU ml− 1) and human IL-15 (1 ng/ml) 
and cultured for 3 days at a cell density of 1 × 106 per ml in complete 
RPMI. After 3 days of culture, the dynabeads were removed by placing 
the cell suspension on a magnet for 1–2 min. The T cells were then rested 
for another 4 days at cell density of 0.5 to 1.0 × 106 per ml in complete 
RPMI medium supplemented with IL-2 (30 IU ml− 1) to afford activated 
human CD8+ T cells with purity >92% (validated by automated cell 
counter (Thermo Fisher Scientific) and flow cytometry analyses). 

2.3.9. Proliferation of Pmel CD8+ T cells and other immune cells in the 
presence of DON prodrugs 

Pmel CD8+ T cells (day 4 after activation) in a round-bottom 96-well 
plate (50′000 cells/well) were suspended in complete RPMI medium 
(200 μl/well) supplemented with recombinant mouse IL2 (10 ng/ml) 
and DON prodrug candidates at concentrations between 0.1 and 100 
μM. The cells were incubated for 48 h at 37 ◦C, followed by staining with 
DAPI and flow cytometry analysis. Other immune cells were seeded at 
equivalent densities in adequate well plates (96-wells for CD8+, CD4+ T 
cells and BMDC, 12-well plates for BMDM). 

2.3.10. In vitro co-culture of T cells and tumor cells 
B16F10 and B16OVA tumor cells were cultured in complete DMEM 

as described above. Collected B16F10 and B16OVA tumor cells (1.5 ×
104/well) were seeded in 96-well microplates in complete RPMI me
dium (described above) at 37 ◦C for 16 h. Following aspiration of tumor 
culture medium, activated PMEL CD8+ T cells or OT-II CD4+ T cells (3 ×
103/well or 1.5 × 104/well) on day 4 after activation as described above 
were suspended in complete RPMI medium supplemented with IL-2 
(10ngml− 1) and added to the tumor cell culture at a T cell/tumor cell 
ratio of 1:1 or 1:5. After another two days of coculture, CD8+ and CD4+

T cells were analyzed in flow cytometry analyses. To determine the lysis 
of target cells, the viability of tumor cells from the coculture was 
measured with DAPI staining and flow cytometry. 

2.3.11. Antitumor therapy experiments 
Mice bearing established tumors with areas around 20–50mm2 (day 

5 post inoculation or as indicated) received DON prodrug (1 mg/kg/ 
dose, s.c.) or vehicle (30% propylene glycol in PBS) treatments daily on 
days 5–9 and lower doses of DON prodrugs (0.3 mg/kg/dose, s.c.) on 
days 10–15 post tumor inoculation unless otherwise noted. Tumor area 
and body weight were measured every other day. Tumor area was 
calculated by the formula Area = Length × Width from caliper mea
surements of two orthogonal diameters. Mice were euthanized when 
body weight loss was beyond 15% of predosing weight, or tumor area 
reached 150mm2 (as a predetermined endpoint). 

2.3.12. Combination therapy of DON prodrugs with checkpoint inhibitors 
Mice bearing established tumors with areas around 20–50mm2 (day 

5 post inoculation or as indicated) received checkpoint inhibitors anti- 

PD1 (200 μg/mouse/dose, s.c.) and anti-CTLA-4 (100 μg/mouse/dose, 
s.c.) or PBS control on days 5, 7 and 9 and DON prodrug (1 mg/kg/dose, 
s.c.) or vehicle (30% propylene glycol in PBS) treatments daily on days 
5–9 and lower doses of DON prodrugs (0.3 mg/kg/dose, s.c.) on days 
10–15 post tumor inoculation unless otherwise noted. Tumor area and 
body weight were measured every other day. Tumor area was calculated 
by the formula Area = Length × Width from caliper measurements of 
two orthogonal diameters. Mice were euthanized when body weight loss 
was beyond 15% of predosing weight, or tumor area reached 150mm2 

(as a predetermined endpoint). In tumor cell rechallenging experiments 
3 × 105 CT26 tumor cells were re-implanted subcutaneously into the left 
flanks of the surviving mice from treatment groups at day 90 post pri
mary inoculation. Age-matched BALB/c mice were subcutaneously 
inoculated with the same number of tumor cells as the control. Survival 
of rechallenged mice was monitored for at least another 60days. 

2.3.13. Analyses of immune cells in tumors and spleens 
BALB/c mice were inoculated subcutaneously with CT26 tumor cells 

(5 × 106) and received checkpoint inhibitors or PBS control subcuta
neously (s.c) in three doses and DON prodrug or vehicle s.c. treatments 
in ten doses starting on day 5 post tumor inoculation. On day 14 (or as 
indicated), tumors were dissected from the surrounding tissues, 
weighed, mechanically minced and stirred at 1000r.p.m. in RPMI-1640 
medium with collagenase Type IV (1mgml− 1, Gibco/Thermo Fisher 
Scientific), dispase II (100μgml− 1, Sigma-Aldrich), hyaluronidase 
(100μgml− 1, Sigma-Aldrich) and DNase I (100μgml− 1, Sigma-Aldrich) 
at 37 ◦C for 60min for digestion. RBC lysis was performed on the 
digested tumor samples with ACK lysing buffer. The tumor samples were 
washed with FACS buffer (cold PBS with BSA albumin (0.2%, wt/v, 
Sigma-Aldrich)) and filtered through 70-μm strainers. Tumor- 
infiltrating leukocytes were then enriched by density gradient centri
fugation against Percoll (GE Healthcare), resuspended in FACS buffer, 
stained with indicated antibodies and analyzed with flow cytometry. 

2.3.14. Histology analysis 
Mice were sacrificed at the respective endpoints. Spleens, colons and 

livers were collected and stored in 4% PFA in PBS solution and packaged 
in histology cassettes. After a total of 48 h of incubation in 4% PFA in 
PBS, the cassettes were washed and transferred into PBS. The samples 
were paraffin perfused, embedded into paraffin blocks and cut to 4 mm 
tissue slices with a microtome. The tissue slices were loaded on slides 
and stained with hematoxylin and eosin for analysis. 

2.3.15. Measurement of liver enzymes in serum 
For serum biochemistry, blood samples (200 μl) were collected in 

Serum Gel CAT tubes (Microvette® 500, Sarstedt AG) from inferior vena 
cava of the mice immediately after euthanasia. The serum was isolated 
after centrifugation at +4 ◦C and then stored at − 80 ◦C. 

Serum parameters were measured on 2 times diluted samples (1,1 
ratio of serum to diluent) using Dimension®Xpand Plus (Siemens 
Healthcare Diagnostics AG, Dudingen, Switzerland). The biochemical 
tests were performed according to the manufacturer kit for each 
parameter, including transaminase ASAT (Siemens Healthcare, DF41A) 
and transaminase ALT (Siemens Healthcare, DF143). 

2.3.16. Flow cytometry analyses 
For surface marker staining, cells were collected in U-bottom 96-well 

plates (Thermal Fischer Scientific), blocked with anti-mouse CD16/32 
antibody (BioLegend) and incubated with indicated antibodies at 4 ◦C 
for 20min, followed by live/dead staining by DAPI (Sigma-Aldrich) or 
Zombie Aqua Fixable Dye (BioLegend). Cells were then washed with 
FACS buffer and resuspended in the same buffer for flow cytometry 
analyses. For intracellular cytokine staining, cells were first stimulated 
by a Cell Stimulation Cocktail (protein transport inhibitors included, 
Invitrogen/Thermo Fisher Scientific) at 37 ◦C for 4–6h. Then cells were 
first stained for surface markers and Aqua Fixable Dye as described 
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above. Next, cells were fixed and permeabilized with a Cytofix/Cyto
perm Fixation/Permeabilization Solution Kit (BD Biosciences) for cyto
kine staining or a Foxp3/Transcription Factor Staining Buffer Set 
(eBioscience) for transcription factors staining following the manufac
turer’s instructions. Intracellular staining was performed by incubation 
with the respective antibodies. Cells were then washed with buffers from 
the fixation/permeabilization kits and resuspended in the same buffers 
for flow cytometry analyses. Data was collected using an Attune NxT 
Flow Cytometer with Attune NxT Software v.3 (Invitrogen/Thermal 
Fischer Scientific). Analyses were performed using FlowJo™ 10.8.0 (BD 
Life Sciences). Gate margins were determined by isotype controls and 
fluorescence-minus-one controls. 

2.3.17. Antibodies and reagents for flow cytometry 
The following antibodies or staining reagents were purchased from 

BioLegend: CD16/32 (93, 101302), CD45 (QA17A26, 157605; 30-F11, 
103139), CD8α (53–6.7, 100714), CD8β (YTS256.7.7, 126606; 
YTS156.7.7, 126633), CD4 (RM4–5, 100526, 100543), CD11b (M1/70, 
101228, 101208), CD11c (N418, 117348, 117307), CD19 (6D5, 
115520), F4/80 (BM8,123108), I-A/I-E (MHC-II, M5/114.15.2, 
107643), NKp46 (29A1.4, 137630), NK1.1 (PK136, 108739, 108707), 
CD19 (6D5,115520), CD80 (16-10A1, 104714), CD86 (GL-1, 105037), 
Gr-1 (RB6-8C5, 108424, 108408, 108405), CD44 (IM7, 103006, 
103028), CD69 (H1.2F3, 104512, 104514), PD-1 (29F.1A12, 135216, 
135205), Foxp3 (MF-14, 126406), Ki67 (16 A8, 652424), T-bet (4B10, 
644828), IL-4 (11B11, 504133), Granzyme B (GB11, 515403), IFN-γ 
(XMG1.2, 505826), TNF-α (MP6-XT22, 506308, 506306), IL-2 (JES6- 
5H4, 503822), CD117 (c-Kit, 2B8, 105824), CD3 (17A2, 100206), CD25 
(PC61, 102024), CD62L (MEL-14, 104408, 104432), Ly-6A/E (Sca-1, 
D7, 108105), CD122 (5H4, 105906), TER-119 (TER-119, 116208), B220 
(RA3-6B2, 103207), Ly-6C (HK1.4, 128026), CD163 (S15049F, 
156703), CD206 (C068C2, 141719). 

2.3.18. Statistical analysis 
Statistical analysis was performed using GraphPad Prism (GraphPad 

Software, Version 9.4.0). Data are presented as mean ± s.e.m. unless 
otherwise indicated. Comparisons of two groups were performed by 
using two-tailed unpaired Student’s t-test. Comparisons of multiple 
groups at a single time point were performed by using one-way analysis 
of variance (ANOVA). Survival data were analyzed using the Kaplan- 
Meier log-rank test. No statistically significant differences were 
considered when P values were larger than 0.05. 

3. Results 

3.1. Design, synthesis, and characterizations of redox-DON 

Scheme 1 illustrates our rationale for designing a novel redox- 
responsive DON prodrug. The parent molecule DON had been re
ported to cause side effects in patients, among them severe nausea, 
vomiting, mucositis, hepatic encephalopathy and myelosuppression 
[28]. We hypothesized that we would increase the safety of previously 
reported DON prodrugs that bore enzymatically cleavable moieties [20], 
such as JHU083, by designing a prodrug in response to the reducing 
condition, a chemical characteristic of the TME. We chose to use 2- 
(pyridin-2-yldisulfaneyl)ethyl carbamate as the redox-responsive moi
ety for the redox-DON due to the minimal modification of the parent 
drug DON and the easy installability from the unstable common inter
mediate of previously reported DON prodrugs [20]. Redox-DON was 
synthesized in four steps from N and C-terminal-protected glutamic acid 
(Fig. S1). At the N-terminus we started with a base-cleavable fluo
renylmethoxycarbonyl (Fmoc) group, at the C-terminus we used a 
methyl group which is present in the final molecule as a methyl ester. 
First the glutamic acid side chain was activated to generate a cyclic 
intermediate, followed by the installation of the diazomethane moiety as 
previously reported [20]. This step required profound chemical 

expertise due to the use of the highly reactive trimethylsilane- 
diazomethane reagent. Next, the N-term protection group Fmoc was 
cleaved to form the unstable intermediate, C-term-protected DON, 
which was subsequently coupled to the redox-responsive pro-group to 
yield redox-DON. The structure of the final redox-DON molecule is 
composed of DON at the core, an esterase-cleavable C-terminal methyl 
ester and a redox-responsive N-terminal disulfide linker. The structure of 
redox-DON was confirmed by proton (1H) and carbon (13C) nuclear 
magnetic resonance (NMR) (Fig. 1A and B). 

Next, we investigated the redox responsiveness of redox-DON when 
exposed to mouse plasma. Upon reaction with reducing thiols in the 
TME or glutathione in the cytoplasm of cells, the linker was designed to 
release DON in the tumor, leaving no traces of the redox-modification. 
Redox-DON and DON released from its pro-moieties were investigated 
by ultra-performance liquid chromatography – tandem mass spectrom
etry (UPLC-MS/MS) (Fig. 1C, Fig. S2A–B). Due to the instability of DON 
and the difficulty to detect DON in complex matrices, we derivatized 
released DON with dabsyl chloride for detection [20,29]. We observed 
the molecular peak of the DON-derivative shortly after the exposure and 
thereby confirmed that the parental drug DON was released from redox- 
DON in a matrix that mimics in vivo conditions. Furthermore, redox- 
DON was exposed to different thiol-containing reducing agents 
including 2-mercaptoethanol (2-ME), 1,4-dithiothreitol (DTT), gluta
thione (GSH) in deuterated dimethyl sulfoxide/water (DMSO‑d6/D2O) 
mixtures, to further reveal the releasing mechanism by 1H NMR. The 
reducing agents reacted with the disulfide bond of redox-DON in a thiol- 
disulfide exchange reaction to from new disulfide species with the pre
vious redox-DON which we termed intermediates (Fig. S3A). We 
observed that these intermediates were stable over prolonged time 
(Fig. S3B), indicating that DON release from redox-DON in mouse 
plasma as described above was likely subject to a mixture of reducing 
and enzymatic in vivo conditions. 

3.2. Redox-DON shows equivalent antitumor efficacy and enhanced 
safety in comparison to the state-of-the-art DON prodrug JHU083 

Despite glutamine being an unessential amino acid, different tumors 
have been reported to be glutamine addicted and sensitive to glutamine 
inhibition [30]. We set out to evaluate the extent of dependence on 
glutamine metabolism in the context of different cancer cell lines treated 
by DON prodrugs. The influence on the growth of all investigated cell 
lines, including mouse colon carcinoma CT26 and MC38, melanoma 
B16F10, and mammary carcinoma 4T1, was tested in a dose-dependent 
manner mediated by both DON prodrugs, redox-DON and JHU083 
(Fig. 2A-D), showing potent cell growth inhibition when concentrations 
were above 10 nM. The corresponding effective concentrations at half 
maximum (EC50) were derived from the dose-response curves (Fig. 2E). 
In all the tested cell lines, redox-DON and JHU083 exhibited similar 
EC50 values, suggesting both prodrugs possess equivalent cytotoxicity 
against different cancer cell lines. A similar trend was observed in 
human colorectal carcinoma cell lines SW480 and LS1034, as well as 
human breast cancer line SKBR-3 (Fig. S4A–C). The trend of equiva
lently low EC50 of these DON prodrugs against various cancer cell lines 
was confirmed in repeated experiments. 

Human colon carcinoma has shown sensitivity towards glutamine 
restriction in preclinical models [9,18]. We chose the CT26 tumor cell 
line with an EC50 value of 37 and 30 nM for JHU083 and redox-DON, 
respectively, for further in vivo evaluation. We treated BALB/c mice 
bearing subcutaneous CT26 tumors according to the dosing schedule 
reported for JHU083 [12]. Mice received vehicle, JHU083, or redox- 
DON over the course of 15 days. For the first five days, the mice 
received 67 nmol per injection (1× dose) of DON prodrugs, followed by 
10 days of 20 nmol per injection (0.3× dose) to avoid lethal toxicities 
(Fig. 2F). Initially, both DON prodrugs could control tumor growth; 
concurrently with the withdrawal of treatment, however, the tumors 
grew fast to the endpoint in both treatment groups (Fig. 2G). There were 
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no noticeable differences between JHU083 and redox-DON-treated 
groups in tumor growth and survival (Fig. 2G and H). Despite the 
different responsiveness, the in vivo anti-cancer efficacy was equivalent 
for both prodrugs in the CT26 tumor model. 

Surprisingly, we observed a marked deviation of the body weight 
development between JHU083 and redox-DON-treated mice (Fig. 2I and 
J). Particularly, on days 12 and 18 of the treatment there were note
worthy drops in average body weight in the group of mice receiving 
JHU083 but not the group of mice treated with redox-DON, suggesting 
an improved safety profile of redox-DON as compared to JHU083. The 
body weight drops occurred with increasing accumulated dose of the 
administered JHU083 indicating likely a chronic toxicity. We hypothe
sized that the origin of toxicity of JHU083 could be related to adverse 
effects observed in human trials with the parent drug DON, which was 
ameliorated in the prodrug of redox-DON. 

3.3. Redox-DON mitigates the systemic toxicities in spleen and 
gastrointestinal tract 

Next, we investigated and compared the toxicity of JHU083 and 
redox-DON in a dose-escalation study in mice [12]. BALB/c mice 
bearing CT26 tumors were treated with daily injections of vehicle, 
JHU083, and redox-DON at doses of 67 (1× dose) or 200 (3× dose) 
nmol, respectively, from day 9 post inoculation (Fig. 3A). After six in
jections, the mice treated with JHU083 at high dose (200 nmol) reached 
an average of 15% body weight loss, the predetermined endpoint to 
sacrifice the mice, while the mice receiving redox-DON at the same high 
dose (200 nmol) showed noticeably less body weight loss (10%) 
(Fig. 3B). At low dose (67 nmol), treatment with redox-DON showed no 
toxicity as compared to the vehicle-treated group, whereas JHU083 
caused 7% body weight drop even at the low dose (67 nmol). This trend 

Fig. 1. Characterization and release study of redox-DON. The structure of redox-DON was confirmed by 1H NMR (400 MHz) (A) and 13C NMR (100 MHz) (B) 
acquired in DMSO‑d6. (C) Schematic illustration of redox-DON exposure in mouse plasma and subsequent derivatization for the detection by UPLC-MS/MS. Redox- 
DON was spiked into plasma and the released DON was quickly extracted at 2 min and derivatized with dabsyl chloride. Substrate and product were observed at the 
respective [M + H]+ ion peaks for redox-DON (399.08) and the dabsyl-DON-derivative (459.15). Asterisks (*) labels are the residual solvent peaks corresponding to 
ethyl acetate. 
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manifested also in individual body weight curves (Fig. S5A). No signif
icant difference in body weight drops between the high dose redox-DON 
(200 nmol) and the low dose JHU083 (67 nmol) was observed, indi
cating that a three times higher dose of redox-DON could be applied, 
leading to the same adverse effects as the standard dose of JHU083. It is 
worth mentioning that in all treatment groups, the tumor growth was 

significantly inhibited compared to the vehicle-treated group, suggest
ing the doses were effective therapeutically (Fig. S5B). No correlation 
between tumor growth and body weight drop could be noted. 

To examine potential toxicities in vital organs, on day 15 post tumor 
inoculation, we sacrificed the mice and collected spleen and colon tis
sues for flow cytometry and histopathological analyses. While treatment 

Fig. 2. Redox-DON shows equivalent antitumor efficacy and enhanced safety in comparison to JHU083. (A-D) Representative dose-response curves of DON 
prodrug-treated tumor cells including CT26 (A), MC38 (B), B16F10 (C) and 4T1 (D). Cell viability was normalized to vehicle-treated cells (n = 3). The error bars 
present the data as mean ± s.e.m. All experiments were performed at least twice. (E) EC50 values (mean ± s.e.m) derived from dose-response curves in (A-D) to 
compare cytotoxicity of JHU083 and redox-DON in vitro. (F-J) BALB/c mice were inoculated subcutaneously with CT26 tumor cells (0.5 × 106) and received daily 
intraperitoneal (i.p.) injections of vehicle, JHU083 or redox-DON from day 6 until day 20 with indicated doses (n = 5 mice). Shown is the schematic illustration of 
treatment schedule (F), average tumor growth curves (G), survival curves (H), and average body weight curves (observed body weight drops are indicated with 
arrows) (I). The average body weights in the different groups were compared on day 12 and day 18 (J). *All mice in the vehicle-treated group reached the endpoint 
between day 12 and 14 post tumor inoculation. 
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with low-dose redox-DON (67 nmol) exhibited no overt toxicities in the 
spleen, low and high-dose JHU083 (67 and 200 nmol) and high-dose 
redox-DON (200 nmol) induced marked decrease in spleen weight as 
well as total counts of CD45+ lymphocytes (Fig. 3C-D). Total counts of 
CD8+ and CD4+ T cells were reduced in the high-dose JHU083 (200 
nmol) treated group (Fig. 3E-F). This suggests at the low dose (67 nmol), 
JHU083 but not redox-DON induced toxicity towards the spleen. 

The morphological impact of the different treatments was compared 
in tissue sections from the spleen stained with hematoxylin and eosin 
(H&E) for analysis. White and red pulp were present in all tissue sections 
(Fig. 3G-K). The red pulp was largely extended by extramedullary he
matopoiesis (EMH) of all cell lineages, activation of B-lymphocytes 
presented in follicles within geminal centers of the white pulp (Fig. 3L- 

P). Only in the high-dose JHU083 (200 nmol)-treated group, the red 
pulp surface area was clearly reduced due to decreased EMH, suggesting 
severe adverse effects of the treatment. We therefore deduced that the 
size shrinkage of spleens was not only due to toxicity towards CD45+

lymphocytes, but also due to decreased areas of erythroid and myeloid 
progenitor cell maturation. 

The parental DON drug has been reported to cause gastrointestinal 
toxicities [28]. Therefore, we examined potential toxicities in colons by 
characterizing the length of the colons, as a measure of inflammation, 
and performing tissue level histopathological analysis, which are com
mon procedures in models of colitis [31,32]. The average colon length 
was considerably decreased in mice treated with JHU083 at both low 
and high doses in comparison to the vehicle (Fig. 4A). However, 

Fig. 3. Redox-DON reduces the toxicity of DON-prodrug glutamine inhibition in the spleen. (A-F) BALB/c mice bearing CT26 tumors were administered daily i. 
p. injections over six days of vehicle, 67 nmol or 200 nmol of JHU083 and redox-DON, respectively. Mice were euthanized on day 15, and the tissues were processed 
for histopathological and flow cytometry analyses (n = 5 mice). Shown are the schematic illustration of treatment schedule (A), average body weight curves (B), 
spleen weight (C), total counts of CD45+ lymphocytes (D), CD4+ T cells (E) and CD8+ T cells (F). (G-P) are H&E-stained spleen tissue sections of representative 
individuals from the different treatment groups. (G-K) are spleen images at low power field magnification (40×), (L-P) at high (200×) magnification of vehicle- (G, 
L), JHU083 (67 nmol)- (H, M), JHU083 (200 nmol)- (I, N), redox-DON (67 nmol)- (J, O) and redox-DON (200 nmol)-treated (K, P) mice. Asterisks (*) indicate areas of 
reduced red pulp. Scale bar 500 μm (G-K), 100 μm (L-P). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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treatment with redox-DON at low dose (67 nmol) showed no impact on 
the colon length. In comparison to vehicle and redox-DON-treated mice, 
colons from mice treated with JHU083 at low and high doses contained 
less compacted feces, suggesting inflammation and digestive problems 
(Fig. 4B-F). Further histological analysis of H&E-stained proximal colon 
sections revealed different levels of immune cell infiltration in mucosa 
and submucosa as well as damages to mucosal crypts in treated groups 
(Fig. 4G-P). While the low dose redox-DON (67 nmol)-treated mice 
showed a mild increase of lymphocytes and plasma cells in the mucosa, 
low dose JHU083 (67 nmol)-treated mice presented mucosal lymph 
follicles and single cell necrosis of epithelial cells as well as elongated, 
tortured crypts with multiple mitotic figures and suggesting a stage of 
regeneration. Moreover, the submucosa was edematous supporting an 
ongoing inflammatory process. In high-dose redox-DON- and JHU083- 
treated mice (200 nmol), we observed multiple chronic ulcers, charac
terized by loss of the epithelial layer and underlying crypts and 

replacement of these structures by fibrosis and inflammatory cells. 
Further, we investigated possible toxicities in the liver. We measured 

the activity of the liver enzymes alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) in the serum of mice from the different 
treatment groups. We did not observe any significant changes in the 
ALT/AST ratios (Fig. S5C). Moreover, H&E-stained liver tissue sections 
did not show any signs of toxicity in the treated mice (Fig. S5D–H). 

3.4. Redox-DON synergizes with checkpoint blockade antibodies for 
cancer treatment 

We next set out to test the influence of glutamine inhibition towards 
various immune cells in vitro. Both prodrugs, JHU083 and redox-DON, 
showed similar dose-dependent toxicities towards immune cells in 
vitro, including mouse and human CD8+ T cells, mouse CD4+ T cells, 
bone-marrow derived macrophages (BMDMs) and bone-marrow derived 

Fig. 4. Redox-DON reduces the toxicity of DON-prodrug glutamine inhibition in the colon. BALB/c mice bearing CT26 tumors were administered daily with i. 
p. injections over six days of vehicle, 67 nmol or 200 nmol of JHU083 and redox-DON, respectively. Mice were euthanized on day 15 for the analysis of the colons (n 
= 5 mice). Depicted are the average colon length (A), individual colons and their lengths after treatment with vehicle (B), JHU083 (67 nmol) (C), JHU083 (200 nmol) 
(D), redox-DON (67 nmol) (E), redox-DON (200 nmol) (F). (G-P) H&E-stained longitudinal sections of proximal colons of representative individuals from the different 
treatment groups. (G-P) are colon images at high power field 100× magnification and 200× magnification from vehicle- (G, L), JHU083 (67 nmol)- (H, M), JHU083 
(200 nmol)- (I, N), redox-DON (67 nmol)- (J, O), and redox-DON (200 nmol)-treated (K, P) mice. Daggers (†) indicate lymph follicles in the mucosa; asterisks (*) 
indicate areas of edematous submucosa; hashtags (#) depict areas of ulceration and fibrosis. Scale bar 200 μm (G-K), 100 μm (L-P). 
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dendritic cells (BMDCs) (Fig. S6A-E). Noticeably, the EC50 values of 
immune cells are 10–400-fold higher than those of cancer cell lines 
tested above (Fig. 5A and Fig. 2E), indicating much higher tolerance of 
glutamine restriction in immune cells than cancer cells. Interestingly, at 
concentrations below 1 μM, the DON prodrugs promoted the expansion 
of CD8+ and CD4+ T cells co-cultured with target cells (Fig. 5B, Fig. S6F- 
G). Together, the in vitro results suggest that glutamine restriction may 
be used in combination with immunotherapies for cancer. 

Glutamine inhibitors combined with immune checkpoint blockade 
(ICB), such as antibodies that block programmed cell death protein 1 
(PD1) or cytotoxic T lymphocyte associated protein 4 (CTLA-4), have 
shown some promise in preclinical models [12,13]. We therefore next 
tested the synergistic effects of redox-DON with checkpoint blockades. 
We compared four treatment groups, vehicle, redox-DON, ICB (anti-PD1 
and anti-CTLA-4), and ICB + redox-DON (Fig. 5C). At the beginning, 
redox-DON alone showed a certain level of tumor control but eventually 
failed to exhibit long term efficacy (Fig. 5D). Starting from day 15 post 
tumor inoculation, we could observe the action onset of the treatment of 
ICB alone or ICB plus redox-DON, both leading to durable tumor growth 
control and long-term responses in 40% and 60% of treated mice, 
respectively (Fig. 5E). The combination of ICB and redox-DON exhibited 
the most potent anti-tumor efficacy. Noticeably, all the treated mice did 

not experience any body weight drop, suggesting low or none systemic 
toxicities (Fig. 5F). Further, the tumor-free mice from the group treated 
by ICB + redox-DON all rejected a rechallenge with CT26 tumor cells 
(Fig. S7), suggesting that glutamine restriction together with ICB may 
elicit long term anti-cancer immune memory responses that prevents 
relapses. 

3.5. Redox-DON increases immune cell infiltration in the tumor 

To investigate how redox-DON may impact immune cell infiltrates in 
tumor, we treated the mice the same way as above but collected all the 
tumor tissues for profiling infiltrating immune cells. The time point of 
the sacrifice was chosen at the tumor size-dependent endpoint of the 
group of vehicle-treated mice, which coincides with the onset of effects 
from the ICB treatment. We found the total number of leucocytes 
(CD45+) in the tumor were increased in all treatment groups as 
compared to the vehicle group, but only to a statistically significant 
extent in the combination group of redox-DON plus ICB (Fig. 6A). 
Interestingly, the count of CD4+ T cells was markedly increased in the 
redox-DON only and the combination group as compared to the vehicle 
group (Fig. 6B). Importantly, redox-DON plus ICB enhanced mostly the 
expansion of effector CD4+ T cells (Teff, Foxp3− among CD4+ T cells) 

Fig. 5. Redox-DON is well tolerated by immune cells and synergizes with checkpoint inhibitors. (A) EC50 values (mean ± s.e.m) derived from dose-response 
curves of DON prodrug-treated immune cells. (B) Dose-response curves of Pmel CD8+ T cells in co-culture with B16F10 cells in an effector-to-target (E:T) ratio of 1:5. 
The error bars present the data as mean ± s.e.m. All experiments were performed at least twice. (C–F) BALB/c mice were inoculated subcutaneously with CT26 
tumor cells (0.3 × 106) and received from day 5 on i.p. 3 doses of checkpoint inhibitors anti-PD-1 (200 μg/injection) and anti-CTLA-4 (100 μg/injection) plus vehicle 
or redox-DON daily until day 19 according to the reported dosing schedule of JHU083 (n = 5 mice). Mice were euthanized when the tumor size of individual mice 
reached 150 mm2. Shown are the schematic illustration of treatment schedule (C), average tumor growth curves (D), survival curves (E), and average body weight 
curves (F). 
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(Fig. 6C), but not the regulatory T cells (Treg, defined as Foxp3+CD4+), 
as the frequency of Treg cells was decreased in the combination group as 
compared to the redox-DON-treated group (Fig. 6D). Moreover, we 
noticed that the treatment with redox-DON led to the increase of 
antigen-presenting cells in tumor including M1 macrophages (defined as 
CD45+CD8− CD4− CD11b+Gr-1− MHCII+) and dendritic cells (defined as 
CD45+CD8− CD4− CD11c+Gr-1− MHCII+) in mice treated with the com
bination of ICB + redox-DON (Fig. 6E-F). 

The CD45+ lymphocyte counts in the tumor-draining lymph node 
were increased in the ICB-treated groups, but not in the vehicle or redox- 
DON only groups (Fig. S8A). Increased CD45+, CD4+ and CD8+ cell 
counts were more prominent in the redox-DON+ICB group in compar
ison to the ICB only group (Fig. S8B–C). No significant changes were 
observed for the counts of immune cells in the peripheral blood 
(Fig. S8D-E). 

4. Discussion 

Among several metabolic hallmarks of cancer, the increased demand 
of glutamine is a particular metabolic vulnerability that can be explored 
in anti-cancer therapy. We synthesized and characterized a novel 
glutamine inhibitor, redox-DON, which was selectively activated in 
response to elevated reducing activity in the TME and showed promise 
as a safe and effective therapeutic drug for tumor-targeted glutamine 
inhibition. The approach of reversible chemical modification can be 
potentially generalized for mitigating high toxicity of promising drugs. 

Glutamine inhibition by DON prodrugs can abrogate the complete 
glutamine metabolism in cells. However, the safety of applying such 
inhibitor as a therapeutic drug has to be addressed. While the previously 
reported DON prodrugs all relied on protease-responsive pro-moieties 
[20,33], we chose a redox-responsive design to target the TME. The 
redox-DON prodrug increased the safety towards the GI tract and spleen 
tissue in comparison to the state-of-the-art DON prodrug JHU083, while 
maintaining equivalent efficacy. In a dose escalation study, we found an 
approximate threefold decrease of toxicity as manifested in similar side 
effects caused by the low dose JHU083 (67 nmol) treatment as 
compared to the high dose redox-DON (200 nmol) treatment. The 

histology results indicate a reduction of EMH in the spleen of JHU083 
(200 nmol)-treated mice compared to control and redox-DON-treated 
animals which may reflect an augmented need of immune cells in the 
ulcerated colon. Usually, mild to moderate EMH in the spleen is a 
normal finding in young mice, as the need of new blood and immune 
cells is higher in juvenile compared to adult mice [34]. 

During the preparation of this paper, a study appeared in which the 
protease-responsive prodrug JHU083 was further developed to DRP-104 
[33]. This new prodrug comprises a more sophisticated protease- 
responsive design, which focused on the reduction of the toxicity to 
the GI tract. DRP-104 was found after an extensive screen and from the 
comparison with JHU083 seemed to show similar safety profile as the 
redox-DON reported here [33]. Our results suggest that chemical-based 
prodrug design, such as the redox-responsive strategy, is also promising 
in addition to the protease-responsive delivery system for tumor- 
targeted metabolic modulation. 

Similar as JHU083, treatment with redox-DON increased immune 
cell infiltration in the tumor, in particular CD4+ T cells, M1 macro
phages, and dendritic cells. The effect of glutamine inhibition together 
with checkpoint blockade in the CT26 mouse colon cancer model shows 
the potential of combining metabolic reprogramming of the TME with 
existing immunotherapies. Together with previous findings, the results 
suggest that DON prodrugs mainly affect cancer cells rather than im
mune cells in the TME. Immune cells can increase their glucose uptake 
and better survive in the glutamine-inhibited environment [12,13]. 
Tumor cell death in response to DON prodrug treatment and the sub
sequent secretion of danger-associated signals may promote recruitment 
of anti-tumor associated macrophages as well as other immune cells 
such as dendritic cells and T cells [11,13], which further enhance anti
gen presentation and the cytotoxic response in the tumor. Several pre
vious reports showed that M2 macrophages could be skewed to an M1 
phenotype in a glutamine-deprived microenvironment [14]. In addition, 
we found treatment with redox-DON increased M1 macrophages in the 
TME, thereby supporting previous observations. This phenotype is 
pronounced when not only glutamine to glutamate conversion by GLS1, 
but also glutamine synthetase (GLUL) is inhibited [35]. 

As suggested in previous reports with JHU083, the combination of 

Fig. 6. Redox-DON increases immune cells infiltration in the tumor. BALB/c mice were inoculated subcutaneously with CT26 tumor cells (0.3 × 106) and 
received from day 9 on 3 doses of checkpoint inhibitors including anti-PD-1 (200 μg, i.p.) and anti-CTLA-4 (100 μg, i.p.) plus daily injection (i.p.) of vehicle or redox- 
DON at a dose of 67 nmol for 5 days, followed by a dose of 20 nmol for 4 days. Mice were euthanized on day 16 and the tumors were processed for flow cytometry 
analyses (n = 5 mice). Shown are CD45+ tumor infiltrating leucocytes (A), CD4+ TILs (B), Teff cells (C), Treg cells (D), M1 macrophages (E), and dendritic cells (F). 

C.J. Prange et al.                                                                                                                                                                                                                                



Journal of Controlled Release 368 (2024) 251–264

263

glutamine inhibitors with ICB can increase the therapeutic efficacy in 
comparison to the single agent treatments [12,13]. Here, we used the 
combination of anti-PD1 and anti-CTLA-4 as the ICB therapy, which 
skewed CD4+ TILs from Treg to Teff phenotypes. This effect has been 
mostly attributed to the treatment with anti-CTLA-4, while anti-PD1 
prevents T cell exhaustion in the tumor [36]. 

5. Conclusion 

Our results suggest that the novel redox-responsive DON prodrug 
could improve the safety of glutamine inhibition therapy in comparison 
to the protease-responsive JHU083, while maintaining equivalent effi
cacy. The combination of redox-DON with checkpoint inhibitors 
improved the efficacy of ICB treatment, which indicates a potential role 
of glutamine inhibition in combination with ICB therapy for patients in 
which ICB alone cannot lead to the expected outcomes. This report 
suggests an important role of antigen-presenting cells and CD4+ T cells 
for the synergy of DON prodrugs and ICB. Overall, the detailed mech
anisms of glutamine inhibition through DON prodrugs will need further 
investigation. 
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