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Pharmacologic doses of ascorbic acid and seleno-L-methionine
are new and novel class of transforming growth factor-beta 1
inhibitor: mechanisms and therapeutic potential

Youcef M Rustum?”, Aseel O. Rataan?, Yousef Zakharia®, Marco Davila*, Obed B. Amissah®®, Gloria B. Kim>¢

ABSTRACT a OPEN ACCESS

Transforming growth factor-betal is a multifunctional cytokine often co-expressed with hypoxia-inducible
factor 1a /2a and specific microRNAs. These targets are implicated in drug resistance, immune evasion,
increased tumor angiogenesis, and an unstable tumor microenvironment. Our laboratory discovered that
pharmacologic doses of seleno-L-methionine, its active metabolite methylseleninic acid, and ascorbic
acid are potent, selective inhibitors of transforming growth factor-1. Inhibition of transforming growth
factor-B1 is associated with the suppression of hypoxia-inducible factor 1a /2a, programmed cell death
1- ligand 1, vascular endothelial growth factor, and oncogenic microRNAs, as well as the stabilization of
tumor-associated vasculature and increased drug delivery to tumor tissue. Collectively, ascorbic acid and
seleno-L-methionine represent a new class of inhibitors of transforming growth factor-gland associated
targets. This review highlights the potential of using molecularly effective doses of seleno-L-methionine
and ascorbic acid as a new and novel strategy to enhance the therapeutic efficacy of immunotherapy
in cancer patients.
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Introduction

Patients with advanced non-small cell lung cancer treated with platinum-based chemotherapy, radiation, and
targeted therapy, and those with clear cell renal cell carcinoma treated with a combination of biologic-targeted
molecules, have enhanced their overall survival. Acquired and de novo resistance, and the adverse events
associated with standard-of-care therapy continue to represent major clinical challenges and highlight the
unmet need to identify additional ‘druggable’-targets. The mechanism behind tumors’ resistance to treatment,
as opposed to normal tissues, is multifactorial, including!. The unstable vasculature within the tumor
microenvironment, but not within normal tissues, could limit drug delivery to tumor tissues in sufficient
concentrations to effectively modulate the function of the intended targets;>. While the drug’s blood
concentrations may be a sufficient determinant of toxicity to normal tissues, variability in the delivery of drug
concentrations to hypoxic tumor tissue with differential expression levels of intended targets is a critical
determinant of tumor response;®. In the case of seleno-L-methionine and ascorbic acid as modulators of drug
response, the lower blood and tumor tissue selenium and ascorbate concentrations than those of normal
individuals may not be sufficient to induce the necessary modulation of intended targets expressed in tumor
cells. Clinical evidence indicates that therapeutic benefit was achieved by administering high doses of ascorbic
acid and seleno-L-methionine'?2. A better understanding of the relationship between pharmacokinetics and
pharmacodynamics of drugs and modulators of drug response, combined with the knowledge of the protein
expression level of the intended targets in tumor tissues, may result in more qualitative and quantitative responses.
The development of such knowledge in clinically relevant tumor models would provide the optimal pharmacologic
conditions for the design of laboratory-based clinical trials for proof of concept.

Transforming growth factor-beta-1, a multifunctional, potent immunosuppressive cytokine, is overexpressed in
advanced tumors and the associated microenvironment. Transforming growth factor-g1 regulates the expression
of multiple targets implicated in the epithelial-to-mesenchymal transition, unstable tumor microenvironment,
multidrug resistance, increased tumor angiogenesis, and immune evasion*®. Transforming growth factor-
B1, directly and indirectly, regulates the expression of representative immune checkpoint and angiogenesis
targets, including hypoxia-inducible factor-1a and -2a (HIFs), Programmed Cell Death 1 (PD-1) and its ligand
1(PD-L1), vascular endothelial growth factor, cytotoxic T-lymphocyte antigen 4, epidermal growth factor
receptor®®, and negatively regulates the cytotoxic function of Chimeric Antigen Receptor-modified T cells
(CAR-T)°. Inhibition of transforming growth factor-g1 promoted the long-term efficacy of T cells against solid
tumors®. Pharmacologic doses of ascorbic acid target redox imbalance and prevent DNA hypermethylation
by activating ten-eleven translocation (TET1-3)'°!!, Transforming growth factor-B1 directly activates DNA
methyltransferases and indirectly, by the inhibition of ubiquitin-dependent and proteasomal degradation
achieved through the phosphorylation and inactivation of glycogen synthase kinase 3B*2. The activated PI3k/AKT
also regulates the stable expression of DNA methyltransferases through AKT phosphorylation at S143%3.
With the recognition that transforming growth factor-g1 is potentially a critical therapeutic target, several
approaches are under clinical development to assess the safety and efficacy of a transforming growth factor-p1
pathway antagonist. Several molecules have been evaluated clinically, including Vactosertib, a highly potent
small-molecule transforming growth factor-p1 type 1 receptor kinase inhibitor, and Bintrafusp alfa, which binds
transforming growth factor-g1 to PD-L1'**>. While transforming growth factor-B1 pathway antagonists are rapidly
emerging as highly promising anticancer agents, limited efficacy, off-target cardiovascular toxicity, and other
severe adverse events represent significant clinical challenges. The limited efficacy may be attributed to several
factors, including /n vivo stability, dose-limiting toxicity, bioavailability, and hindered delivery to tumor tissues
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of effective ‘drug concentrations’ sufficient to modulate the function of the intended target (s), due in part to
unstable tumor vasculature within the tumor microenvironment. Data generated in our laboratory identified
for the first time that pharmacologic doses of ascorbic acid, seleno-L-methionine, and its active moiety
methylseleninic acid are, /n vitro and /n vivo, potent and selective inhibitors of transforming growth factor-pg1.

Ascorbic acid is a small natural molecule that acts as an antioxidant or pro-oxidant based on the dose. High
ascorbic acid doses act as an antioxidant, selectively toxic to non-small cell lung cancer, and relatively innocuous
to non-malignant cells'®. Ascorbic acid promotes the recycling of inactive oxidized ferric iron to active ferrous
iron, leading to the formation of toxic H.O,. Ascorbic acid serves as a cofactor by reducing Fe®*" to Fe?*. The
TET enzyme family of ferrous iron-ketoglutarate-dependent dioxygenases promotes DNA demethylation by
oxidizing 5-methyl deoxycytidine to 5-hydroxymethyl deoxycytidine (5hmdC)*. The pharmacologic dose of
ascorbic acid plays an important role in the epigenetic regulation of DNA hypomethylation by activating
TET methylcytosine dioxygenase enzymes®®. Ascorbic acid prevents CAR-T cell exhaustion?®. The antitumor
activity of ascorbic acid in BALB-c mice transplanted with clear cell renal cell carcinoma Renca tumors was
associated with the upregulation of CD4, CD8, TET2, and 5hmdC**. Low colorectal tumor Ascorbic acid level
was associated with a low level of TET2, a higher level of HIF-1a, and shorter disease-free survival*’. Cells
with epidermal growth factor receptor mutations were associated with an upregulation of DNMT1, loss of
TET, and resistance to anti-epidermal growth factor receptor therapy*®. High-dose ascorbic acid enhanced
the antitumor activity of PD-L1 inhibitors and chemotherapy and potentiated the antitumor activity of
sunitinib in clear cell renal cell carcinoma tumors with Von Hippel-Lindau and epidermal growth factor receptor
mutations®®. Based on its ability to enhance the antitumor activity of chemotherapy and targeted therapies,
a phase Il trial of high-dose ascorbic acid with platinum-based chemotherapy in patients with advanced-stage
non-small cell lung cancer (NCT02420314) was carried out. The reported ORR, mPFS, and mOS were 34.2%,
5.7 months, and 12.8 months, respectively.

Selenium is an essential dietary supplement, orally available, and acts either as an antioxidant or pro-oxidant
based on the dose. Although several types of selenium are under preclinical evaluation, the focus of our
research has been on methyl selenocysteine, seleno-L-methionine, and its active metabolite MSA. Studies
carried out in several /n vivo preclinical models demonstrated similar dose and schedule-dependent antitumor
activity when combined with anticancer therapy?. Since seleno-L-methionine is FDA-approved for prevention
and therapeutic clinical trials, the focus of recent research is on seleno-L-methionine. While the results of
the prevention trial with 200 ug daily in combination with vitamin E in prostate cancer demonstrated no
therapeutic benefit?!, our laboratory was the first to demonstrate that pharmacologic doses of seleno-L-
methionine enhanced the therapeutic efficacy of several chemotherapeutic drugs and targeted molecules
in several xenograft models and in patients with advanced clear cell renal cell carcinoma®?°. The documented
benefit was associated with time-dependent inhibition of transforming growth factor-g1and HIFs?**?*, normalization
of tumor vasculature by enhanced recruitment of pericytes, and decreased vascular permeability resulting
in a selective increase of drug delivery to tumor cells®?¢, Selenium inhibition of transforming growth factor-
B1 was also associated with decreased Foxp3 expression induced by ubiquitin-dependent and proteasomal
degradation of Foxp3 by glycogen synthase kinase 3B and skewing T helper cell differentiation toward the
Th1 phenotype?, +Khleif et al unpublished data). Results generated in xenografts provided the rationale for
the development of the phase | clinical trial of escalating doses of seleno-L-methionine in sequential combination
with axitinib in patients with metastatic clear cell renal cell carcinoma?. Oral administration of 4000 pg seleno-
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L-methionine yielded plasma selenium concentrations comparable with those determined synergistically with
anticancer drugs in xenografts. The reported ORR, mPFS, and mOS were 55.5% (7.4% CR for more than 3
years + 48.1% PR), 14.8 months (95% CI 6.0-20.71), and 19.6 months (95% CI 12.0-40.6). In addition to the
overexpressed transforming growth factor-1, clear cell renal cell carcinoma tumors express lower levels of
TET2 and higher levels of DNA methyltransferases compared with normal counterparts, enzymes regulated
by transforming growth factor-f1 and involved in DNA methylation and stable expression of PD-L1 and vascular
endothelial growth factor. Selenium was found to downregulate the expression of DNA methyltransferases?®*,
and ascorbic acid upregulates the expression of TET in lung cancer and synergizes with epidermal growth
factor receptor and KRAS inhibitors®. Treatment with selenium was found to attenuate epidermal growth
factor receptor protein, downregulate HIF, PD-L1, vascular endothelial growth factor, cytotoxic T-lymphocyte
antigen 4, and enhance the efficacy of epidermal growth factor receptor inhibitors?3*32,

In summary, the overexpressed transforming growth factor-g1 is a ‘druggable’ target by pharmacologic doses
of ascorbic acid and seleno-L-methionine. Although modulation of immune response by transforming growth
factor-Blis complex and multifactorial, it is expected that targeting transforming growth factor-g1 by therapeutic,
nontoxic doses of ascorbic acid and seleno-L-methionine will enhance immune response by: 1. Direct reduction
in the expression levels of immune checkpoint targets, including PD-L1, vascular endothelial growth factor,
cytotoxic T-lymphocyte antigen 4; in the activation of T cells, 2. Promoting epigenetic regulation of two
DNA methylation enzymes, activation of TET and inhibition of DNMT, that result in enhanced levels of 5-
hydroxymethylcytosine (5hmC) and reduced levels of 5-methylcytosine; and 3. Mediate activation of
memory T cells associated with the downregulation of CD70, and with the inhibition of Foxp3/Treg function.
Unlike other transforming growth factor-p1 under clinical development, seleno-L-methionine and ascorbic acid
are essential dietary elements, and pharmacologic doses, in addition to acting as antioxidants; inhibition of
transforming growth factor-p1 could quantitatively and qualitatively impact the selectivity and efficacy of
chemotherapy, immunotherapy, and radiation therapy without toxic side effects in patients with advanced
clear cell renal cell carcinoma. Overall, Inhibition of transforming growth factor-1 by seleno-L-methionine and
ascorbic acid doses that can be administered clinically without toxicity to normal tissues offers the potential
for the clinical development of a new and novel strategy for treating patients with advanced cancer. In brief,
this review offers pertinent insights on published preclinical and clinical trials highlighting the therapeutic
potential of targeting transforming growth factor-p1 by pharmacologic doses of seleno-L-methionine and
ascorbic acid and the opportunity for the development of a new and novel strategy for the treatment of
cancer patients.

Transforming growth factor- Bl expression: druggable selenium target in
clear cell renal cell carcinoma

MOLECULAR CHARACTERIZATION OF CLEAR CELL RENAL CELL CARCINOMA TUMOR BIOPSIES
WITH AND WITHOUT SARCOMATOID DIFFERENTIATION

The incidence of HIFs, transforming growth factor-1, PD-L1, vascular endothelial growth factor protein
expression, and microRNA expression in 11 kidney tumor tissues relative to matched normal kidney tissue
is outlined in Figure 1A/B. The expression of transforming growth factor-g1, PD-L1, and vascular endothelial
growth factor in 47 clear cell renal cell carcinoma tumor biopsies with matched normal kidney tissue, including
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4 patients with sarcomatoid differentiation, is shown in Figure 1C. Collectively, the data indicate that over 80%
of clear cell renal cell carcinoma tumors co-express HIFs, transforming growth factor-1, miRNA210/155, and
mMiRNA34a with less intensity. Clear cell renal cell carcinoma biopsies with sarcomatoid differentiation express
higher levels of transforming growth factor-B1 and PD-L1, and lower levels of vascular endothelial growth
factor, data consistent with published results 34,

SELENIUM MODULATES TARGETS ALTERED IN TUMOR FROM PATIENT WITH ADVANCED CLEAR

CELL RENAL CELL CARCINOMA

The in vitro effects of MSA and in vivo effects of seleno-L-methionine on the expression of biomarkers altered
in clear cell renal cell carcinoma cell lines and in plasma of clear cell renal cell carcinoma patients treated with
4000 mcg seleno-L-methionine twice daily for 14 days and then daily for more than 3 months in combination
with axitinib were investigated (Figure 1). Treatment of cells with 10 pM MSA /n vitro for 24 hours resulted
in significant downregulation of HIF-1a and -2a (Figure 1D). Inhibition of transforming growth factor-f1 in
clear cell renal cell carcinoma xenografts treated orally with 10 mg/kg seleno-L-methionine daily for 7 days
(Figure 1E), and in clear cell renal cell carcinoma patients treated with 4000 mcg for 14 days alone and in
combination with axitinib for 21 days (Figure 1F), was time-dependent. The treatment of 786-0 clear cell renal
cell carcinoma cell line with 10uM MSA /in vitrofor 24 hours resulted in increased levels of the tumor suppressor
microRNAs (miRNAs), Let-7b, -185, -328, and decreased expression levels of oncogenic miRNAs-155, -210,
and -548 (Figure 1G). The treatment of 786-0 cells with axitinib for 24 hours had no significant effect on the
expression of transforming growth factor-g1 nor HIFs, data not shown. Collectively, Preclinical and clinical data
indicate that transforming growth factor-g1, HIFs, and specific types of miRNAs are /n vitroand /n vivo selenium
targets, and the effects are also time-dependent. The time-dependent inhibition of these biomarkers was
achieved with selenium doses that can be achieved clinically without toxic side effects.
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Figure 1. Expression and modulation of key molecular markers, microRNAs, and their effects in experimental conditions.
(A) The relative fold-change in the expression of key markers (HIF-1a, HIF-2a, TGF-B, PD-L1, and vascular endothelial growth
factor) under specified experimental conditions. (B) Relative fold increase of microRNAs (miR-210, miR-185, miR-34a,
miR-17, and miR-19a) under hypoxic conditions compared to controls. (C) Comparison of the percentage expression of
TGF-B, PD-L1, and vascular endothelial growth factor in sarcomatoid versus non-sarcomatoid cells, highlighting significant
differences. (D) Quantitative analysis of HIF-1a and HIF-2a mRNA expression in clear cell renal cell carcinoma cells following
treatment with MSA at 24 hours. (E) Relative vascular endothelial growth factor expression levels in clear cell renal cell
carcinoma xenografts treated with control or seleno-L-methionine were measured after the treatment period. (F) vascular
endothelial growth factor expression levels in clear cell renal cell carcinoma patient samples treated with control, seleno-
L-methionine, or a combination of seleno-L-methionine and axitinib at specified time points. (G) The fold-change in
the expression of different miRNAs in various treatment conditions. Error bars represent standard deviation. Statistical
significance is indicated as follows: ****P < 0.0001.

TRANSFORMING GROWTH FACTOR-B1 IS A DIRECT SELENIUM TARGET

To confirm that inhibition of transforming growth factor-1 resulted from a direct interaction with selenium,
transforming growth factor-p1 was expressed in 786-0 clear cell renal cell carcinoma cells that express HIF-
2a, and mutant Von Hippel-Lindau was knocked out via CRISPR or treatment of parent 786-0 cells with a
noncytotoxic concentration of MSA for 24 hours. The data in Figure 2A demonstrate that while 786-0 cells
treated with MSA resulted in a partial reduction in the expression of HIF-2a, transforming growth factor-p1
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knockout resulted in the complete reduction of both HIF2a and transforming growth factor-B1. Inhibition of
transforming growth factor-p1 by knockout or by MSA resulted in the reduction of both PD-L1 and vascular
endothelial growth factor. Treatment of 786-0 cells with either higher noncytotoxic concentrations or longer
than 24 hours resulted in the further enhancement of transforming growth factor-p1, PD-L1, vascular endothelial
growth factor, and HIF-2a reduction. Collectively, the data generated in 786-0 cells that express HIF-2a and
the mutant von Hippel-Lindau tumor suppressor gene are consistent with the hypothesis that transforming
growth factor-B1 is a direct MSA target and HIF-2a, PD-L1, and vascular endothelial growth factor are targets
regulated by transforming growth factor-1. Mixing MSA, BSA, and FBS with recombinant transforming growth
factor-p1 to determine the specificity of binding and the use of cellular thermal shift assay to confirm direct
binding of selenium to TGF- B1 provided further evidence that inhibition of transforming growth factor-g1
by MSA is direct and specific®.

PHARMACOLOGIC DOSES OF ASCORBIC ACID AND METHYLSELENIC ACID ARE POTENT INHIBITORS
OF TRANSFORMING GROWTH FACTOR-B1 IN CLEAR CELL RENAL CELL CARCINOMA CELLS WITH
AND WITHOUT SARCOMATOID DIFFERENTIATION

In vitro treatment with pharmacologic doses of ascorbic acid and MSA in the UOK127 cell line, a clear cell
renal cell carcinoma cell line that expresses both HIFs and functional Von Hippel-Lindau, and the RCC4 cell
line, a clear cell renal cell carcinoma without sarcomatoid differentiation that expresses both HIFs and mutant
Von Hippel-Lindau, was associated with pronounced transforming growth factor-g1 inhibition (Figure 2B/C).
In contrast, treatment of the normal kidney cell line, HK2, with MSA or ascorbic acid did not alter the expression
of transforming growth factor-B1(Figure 2D). The data generated indicate that: 1. non-cytotoxic concentrations
of MSA and ascorbic acid that can be achieved clinically are potent and selective inhibitors of transforming
growth factor-g1; and 2. Inhibition was independent of HIF phenotypes, Von Hippel-Lindau status, and
sarcomatoid features. Overall, the data support the hypothesis that transforming growth factor-g1, which
regulates the expression of targets implicated in increased tumor angiogenesis and immune evasion, is
targeted by seleno-L-methionine and ascorbic acid concentrations without cytotoxicity.
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Figure 2. Effect of treatments on the expression of transforming growth factor-g1, PD-L1, vascular endothelial growth
factor, and HIF-2a in 786-O cells and modulation of TGF-B protein levels in various cell lines. (A) The relative expression levels
of transforming growth factor-p1, PD-L1, vascular endothelial growth factor, and HIF-2a normalized to B-actin in 786-
O cells under control, MSA, and transforming growth factor-B1 knockout (KO). (B) Effects of methylseleninic acid (MSA)
and ascorbic acid alone and in combination on the in vitro expression of transforming growth factor-g1 in clear cell renal
cell carcinoma cells with non-sarcomatoid RCC4 cells. (C) Effects of methylseleninic acid (MSA) and ascorbic acid alone
and in combination on the in vitro expression of transforming growth factor-g1 in clear cell renal cell carcinoma cells with
sarcomatoid UOK127 cells. (D) Western blot analysis of transforming growth factor-g1 protein levels in HK-2 cells treated
with varying concentrations of ascorbate, MSA, or a combination of MSA and ascorbate for 24 hours.

TREATMENT WITH A THERAPEUTIC DOSE OF SELENO-L-METHIONINE CONTRIBUTES TO THE
STABILIZATION OF TUMOR VASCULATURE IN PRECLINICAL AND IN PATIENTS WITH ADVANCED
CLEAR CELL RENAL CELL CARCINOMA

Since instability of tumor vasculature within the TME represents a potential resistant target by limiting drug
delivery to tumor cells, the effect of a therapeutic dose of seleno-L-methionine on the functional stability of tumor
vasculature in 786-0 clear cell renal cell carcinoma xenografts was investigated. Treatment of 786-0 xenografts
with a molecularly effective and therapeutically efficacious dose of seleno-L-methionine, 10mg/kg for 7 days,
resulted in stabilization of tumor vasculature demonstrated by decreased microvessel density (Figure 3A);
decreased vessel permeability (Figure 3B); and increased delivery of the 7-ethyl-10-hydroxycamptothecin
(SN-38), the active metabolite of irinotecan a topoisomerase | poison, and doxorubicin (DOX), a topoisomerase
Il poison that inhibits DNA repair, to tumor tissue but not to normal tissues (Figure 3C). Similar results were
obtained using dual-energy computed tomography in 16 patients with advanced clear cell renal cell carcinoma
treated with 4 mg seleno-L-methionine daily in combination with axitinib (Figure 3D). The data in Figure 3,
together with published data*%¢, demonstrated that treatment with therapeutic doses of seleno-L-methionine
contributes to selective stabilization of tumor vasculature, and increased drug delivery to tumor tissue could
be a factor for the observed enhanced efficacy of anti-cancer treatment.
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Figure 3. Effects of MSC treatment on microvessel density (MVD), vascular permeability, drug delivery, iodine density, and
selenium and axitinib concentrations. (A) The average microvessel density (MVD) in control and MSC-treated groups. MSC
significantly reduced MVD compared to the control (P = 0.02). (B) The decrease in vascular permeability (ARI tumor) over
time in MSC-treated tumors compared to controls. (C) The enhanced delivery of drugs (SN38 and doxorubicin) in MSC-
treated tumors compared to the control group. Statistical significance is indicated (P = 0.04 for SN38 and P = 0.01 for
doxorubicin). (D) lodine density changes in tumors, normal liver, and normal lung tissues across three time points (T1, T2,
T3). MSC treatment led to a significant reduction in iodine density in tumors compared to normal tissues (***P < 0.001). (E)
Plasma selenium concentration, tumor selenium concentration, and tumor axitinib concentration in control (C), day 14 (d14),
and 3-month (3M) treatment groups. MSC treatment increased tumor selenium and axitinib concentrations over time.
Error bars represent standard deviation. Statistical significance is indicated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.
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PHARMACOLOGIC DOSES OF ASCORBIC ACID AND SELENO-L-METHIONINE POTENTIATE THE
ANTITUMOR ACTIVITY OF CYTOTOXIC AND BIOLOGIC-TARGETED MOLECULES IN SEVERAL
PRECLINICAL MODELS

The anti-tumor activity of ascorbic acid in combination with anti-PD1 was evaluated in a syngeneic mouse
lymphoma model (Figure 4A). The data generated by Luchtel et al*® indicates that although treatment with either
ascorbate or anti-PD1 alone resulted in significant antitumor activity, the combination was highly significant,
with a p-value = 0.003. The data generated also indicated that cellular accumulation of 5-hmC was ascorbic
acid time and dose-dependent, optimal at 24 hours of exposure, and treatment with 100 uM for 24 hours
resulted in a 5-fold increase in 5-hmC, indicative of the activation of the TET enzyme by ascorbic acid (data not
shown). The time-dependent inhibition of tumor growth was demonstrated in 786-0 clear cell renal cell carcinoma
xenografts treated with 1 g/kg/day for 5 weeks, ascorbic acid*. The data generated by Li M et al*® demonstrated
that the DNMT1 positive rate was higher in clear cell renal cell carcinoma tumor cells compared with non-tumor
tissues, 52% vs 27%, respectively. The inhibition of DNMT1 was associated with decreased colonies and
increased apoptosis. The data is consistent with the hypothesis that TET and DNMT1 are potentially critical
therapeutic targets.

The antitumor activity of seleno-L-methionine in combination with irinotecan in head and neck FaDU and A253
xenografts (Figure 4B) treated with 10 mg/kg/d for 7 days of seleno-L-methionine, then daily in combination
with 100 mg/kg (MTD), 300 mg/kg irinotecan, weekly for 4 weeks resulted in significant efficacy enhancement
of irinotecan in FaDU and the A253 head and neck tumor xenograft. Pre and concurrent treatment with
seleno-L-methionine selectively protects normal tissues from toxicity induced by a lethal dose of 300 mg/kg
irinotecan (Figure 4C) and was associated with further enhancement of the antitumor activity of irinotecan
in the A253 less sensitive tumor (Figure 4B). Similarly, pre- and concurrent treatment with seleno-L-methionine
potentiated the efficacy of axitinib in clear cell renal cell carcinoma xenografts and in patients with advanced
clear cell renal cell carcinoma®2°%7,

Collectively, although seleno-L-methionine and ascorbic acid action may be expressed by different mechanisms,
the data generated in different preclinical models and in cancer patients are consistent with the hypothesis that
the dose and time-dependent enhancement of the antitumor efficacy of anticancer treatment are multifactorial,
including the modulation of the activity of key enzymes required for DNA methylation. Seleno-L-methionine
protection of normal host tissue from drug-induced toxicity by pharmacologic doses of ascorbic acid and
seleno-L-methionine allowed the administration of higher drug doses than the maximally tolerated doses,
and the prolonged treatment duration resulted in quality and quantity enhancement of treatment outcome.

THERAPEUTIC POTENTIAL OF PHARMACOLOGIC DOSES OF ASCORBIC ACID AND SELENI-L-
METHIONINE IN PATIENTS WITH ADVANCED CANCER

Based on therapeutic and mechanistic data generated in preclinical models, clinical trials were initiated in
previously treated patients with advanced clear cell renal cell carcinoma employing 4 g/day seleno-L-methionine
administered orally in combination with axitinib?, and in patients with advanced non-small cell lung cancer treated
with 75g ascorbic acid administered IV twice weekly in combination with platinum-based chemotherapy?.
The data in Table 1 indicated that the administered doses of seleno-L-methionine and ascorbic acid resulted
in a significant increase in plasma selenium and ascorbic acid concentrations compared to baseline levels of
2.2 yM and < 200 pM, respectively. The increase in plasma selenium and ascorbate was associated with enhanced
efficacy of axitinib in patients with clear cell renal cell carcinoma and platinum-based chemotherapy in patients
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with non-small cell lung cancer. The results generated in the two clinical trials are encouraging and deserve
further clinical validation.
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Figure 4. (A) Antitumor activity of ascorbic acid in combination with anti-PD1 in mouse lymphoma. (B) Seleno-L-
methionine in combination with irinotecan in head and neck tumor xenografts. (C) Survivors of xenografts treated with
irinotecan dose higher than the maximum tolerated dose of 100 mg/kg/week for 4 weeks.

Table 1: Plasma selenium and ascorbic acid concentrations and response of clear cell renal cell carcinoma
patients treated with 4 mg oral seleno-L-methionine in sequential combination with axitinib and non-small cell
lung cancer patients treated with 75 g ascorbic acid in combination with platinum-based chemotherapy

Clear cell renal cell carcinoma Non-small cell lung cancer
Treatment Seleno-L-methionine + axitinib Platinum-based chemotherapy
Plasma baseline concentration 2.2 uM <200 uM
Plasma treated concentration 75.6 mM* 17.6 mM**
ORR (%) 55.6 (11.1CR) 34.2 PR
PFS (months) 14.8 (95%Cl, 6.0-20.7) 5.7 (95%Cl, 4.3-7.0)
OS (months) 19.6 (95%Cl, 12.0-40.6) 12.8 (95% ClI, 8.7-21.7)

* 2 hours after the administration of 4 mg seleno-L-methionine and axitinib for 7 months
** Average post-infusion of 75 g twice weekly for 12 weeks
15 patients, 12 PR achieved cycle 3-4, 3 CR after C8

POTENTIAL ROLE OF SELENO-L-METHIONINE EFFECTS IN ENHANCING THE EFFICACY OF CHIMERIC
ANTIGEN RECEPTOR-MODIFIED T CELLS

CAR-T cell therapy has demonstrated transformative efficacy in hematologic malignancies, but with limited
efficacy in solid tumors such as clear cell renal cell carcinoma®. Although the mechanisms associated with
CAR-T cell therapy are multifactorial, TME-mediated immunosuppression, persistence, exhaustion, and limited
trafficking are considered critical determinants of response. Recent findings presented at AACR 2026 emphasize
hypoxia, TGF-B signaling, and metabolic stress as central, convergent barriers that drive CAR-T cell dysfunction
by limiting trafficking, promoting exhaustion, and impairing persistence®. While next-generation CAR-T
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engineering strategies are advancing, they predominantly rely on genetic modifications and cytokine support,
with minimal integration of pharmacologic approaches that target these suppressive pathways at the metabolic
level. With the demonstration that the transforming growth factor-B1/HIFs axis is a therapeutic target by
pharmacologic seleno-L-methionine, our central hypothesis is that seleno-L-methionine can restore CAR-
T cell function by coordinately modulating redox homeostasis, suppressing transforming growth factor-p1
signaling, and destabilizing HIF-dependent metabolic adaptation within the TME. This hypothesis is supported
by emerging evidence linking redox regulation and metabolic fithess to T-cell persistence and antitumor
activity. The rationale is that a mechanism-based metabolic adjunct can be seamlessly integrated into existing
CAR-T platforms to overcome fundamental barriers in solid tumors. This approach introduces a novel
immunometabolism CAR-T platform that shifts the paradigm from receptor engineering alone to coordinated
tumor-immune metabolic reprogramming. Key innovations include: 1. Metabolic CAR-T conditioning: Ex
vivo MSA priming to enhance CAR-T mitochondrial function, oxidative stress resilience, and effector persistence.
2. Dual-Antigen targeting: Integration of CD70 and Fn14 CAR constructs to address tumor heterogeneity
and antigen escape. 3. TME reprogramming strategy: Direct modulation of HIF-2a and TGF-B-associated
metabolic suppression rather than downstream checkpoint inhibition alone. 4. Combination immunotherapy
framework: Rational synergy with immune checkpoint inhibitors (ICIs) to reinforce T-cell activation in a
metabolically permissive tumor niche. Together, these innovations define a precision immunometabolism
strategy that targets upstream drivers of CAR-T failure in solid tumors.

Significance

Seleno-L-methionine and ascorbic acid are new and novel classes of transforming growth factor-g1 inhibitors,
in that nontoxic doses can be administered clinically without toxicity. The inhibition of transforming growth
factor-p1 was associated with time-dependent modulation of targets implicated in immune evasion and
DNA methylation. Selective inhibition of transforming growth factor-p1 by pharmacologic doses of seleno-
L-methionine and ascorbic acid may offer new and novel treatment strategies for the treatment of cancer
patients with the combination of ICIs and CAR-T cell therapy.

Discussion

ICIs-based combination therapy is currently considered the frontline standard of care for patients with
advanced clear cell renal cell carcinoma. Innate and acquired resistance, severe adverse events, and cost
continue to represent major challenges and unmet needs for patients with advanced cancer treated with
the standard of care. The focus of this review is to identify ‘druggable’ targets alternative to those clinically
approved. Transforming growth factor-g1 is ubiquitously overexpressed in patients with advanced cancer
and the associated microenvironment. Transforming growth factor-p1 plays a major role in multiple cellular
processes and is identified as a poor prognostic marker implicated in drug resistance, immune evasion, increased
tumor angiogenesis, and unstable TME. It is likely that the degree of expression, cellular distribution of
transforming growth factor-g1, as well as the ability to selectively deliver effective concentrations of inhibitor
to tumor tissue, represent a major barrier to quantitative and qualitative treatment outcomes. Transforming
growth factor-p1 protein is expressed at a higher level in tumors of patients with advanced clear cell renal
cell carcinoma that express sarcomatoid differentiation and in tumors with and without a functioning Von
Hippel-Lindau tumor suppressor gene** “°. Non-small cell lung cancer tumors resistant to epidermal growth
factor receptor inhibitors express elevated levels of transforming growth factor-g1, HIF, PD-L1, and vascular
endothelial growth factor, lower levels of TET1, and higher levels of DNA methyltransferases*“2. Ascorbic acid
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attenuation of epidermal growth factor receptor protein expression was associated with enhanced efficacy of
gefitinib*-,

As schematically outlined in Figure 5, transforming growth factor-1, a multifunctional cytokine serves as a
potent immunosuppressive cytokine that regulates the expression of multiple targets implicated in the
epithelial-to-mesenchymal transition*’, unstable tumor microenvironment*®, multidrug resistance*, increased
tumor angiogenesis®*!, immune evasion®?°3, DNA methylation>, activation of p38MAPK, PI3K/AKT/mTOR
signaling pathway, the phosphorylation of the inactive form of glycogen synthase kinase 3p*****> and a critical
drivers of the development of CD8* T cell exhaustion, and upregulates CD70 expression which is targeted
by CAR-T cell***8, Inhibition of TGF- B1 in CAR-T cells via CRISPR reduced the induced Treg conversion and
prevented the exhaustion of CAR-T cells®. As indicated in Figure 5A, overexpressed transforming growth
factor-p1 regulates DNA hypermethylation by direct inhibition of the TETs and by direct activation of the
DNA methyltransferase enzymes. In addition, stable expression of DNA methyltransferases is also regulated
through the inhibition of their degradation by the phosphorylation and inactivation of glycogen synthase
kinase 3B by transforming growth factor-f1. Stable expression of HIFs, PD-L1, cytotoxic T-lymphocyte antigen
4, vascular endothelial growth factor, and immune response targets is regulated directly by transforming
growth factor-g1 and indirectly through the DNA methyltransferase activation of PISBK/AKT, inhibition of PHD2,
and HIF-hydroxylation®®. The proposed effects of pharmacologic doses of seleno-L-methionine and ascorbic
acid on targets regulated by transforming growth factor-B1 are outlined in Figure 5B. As indicated in Figure
2C/B, MSA, a metabolite of seleno-L-methionine, and ascorbic acid are potent inhibitors of TGF- 1. Thus,
inhibition of transforming growth factor-B1 induces pleotropic effects, 1. Induce DNA hypomethylation by
ascorbic acid activation of TETs!?!*%° and by the selenium inhibition of DNA methyltransferases®3°%; 2. Reduces
the expression levels of targets implicated in immune evasion and T cell exhaustion®®1627:5657: 3 - Activates
PHD2, promotes HIFs degradation, resulting in reduced expression levels of PD-L1, vascular endothelial growth
factor, and cytotoxic T-lymphocyte antigen 4222 4. Stabilized tumor vasculature was associated with a selective
increase of drug delivery to tumor tissue®?¢; and 5. Collectively, these effects were associated with tumor cells’
sensitization to subsequent treatment with multiple anticancer drugs and biological agents in multiple tumor
xenograft models®*, in clear cell renal cell carcinoma patients treated with seleno-L-methionine and axitinib?,
and enhanced the efficacy of CAR-T cells in solid tumors®. On the basis of data generated and the focus on
TGF- B1 as a critical therapeutic target, the therapeutic potential of seleno-L-methionine and ascorbic acid as
potent inhibitors of TGF- B1 could be verified clinically in patients with advanced clear cell renal cell carcinoma,
non-small cell lung cancer, leukemia, and lymphoma. Advanced clear cell renal cell carcinoma is recognized as
an immunologically sensitive tumor with an unstable TME and leaky tumor-associated vasculature. Histologically,
5-20% of patients have sarcomatoid differentiated tumors. Molecularly, these tumors are characterized by
higher expression of transforming growth factor-g1, HIFs, PD-L1, and TP53%*34 are highly aggressive, metastasize
primarily to the lung, and have an overall survival of 6-13 months. The demonstration that knockout of
transforming growth factor-B1 by CRISPR was associated with the complete down expression of HIF-2a
(Figure 2A) combined with the demonstration that the higher expression levels of transforming growth factor-p1
and PD-L1 in clear cell renal cell carcinoma cells with sarcomatoid differentiation can be significantly down
regulated by noncytotoxic concentrations of MSA and ascorbic acid (Figure2B), offer the opportunity for clinical
evaluation of the therapeutic potential of molecularly effective doses of seleno-L-methionine and ascorbic
acid in sequential combination with checkpoint-based inhibitors, such as pembrolizumab and ipilimumab in
patients with advanced clear cell renal cell carcinoma and other cancers with similar target expression. In
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addition, targets associated with immune evasion are upregulated by transforming growth factor-g1 (Figure
5A) and downregulated by seleno-L-methionine and ascorbic acid (Figure5B), suggesting the possibility that
treatment with seleno-L-methionine and ascorbic acid may sensitize tumor cells to immunotherapy, including
CAR-T cell therapy. Proof-of-concept in previously treated patients with clear cell renal cell carcinoma demonstrated
that a seleno-L-methionine dose of 4000 pg in sequential combination with axitinib was associated with
stabilization of tumor vasculature, increased delivery of selenium and axitinib to tumor tissues, time-dependent
inhibition of transforming growth factor-B1, and enhanced efficacy of axitinib 2 in comparison with published
data with axitinib in second-line therapy®. Although significant and incremental advances have been achieved
in the treatment of patients with advanced non-small cell lung cancer, patients with tumors that express
epidermal growth factor receptor mutations respond less favorably to immune checkpoint inhibitors and
express higher levels of transforming growth factor-p1. High transforming growth factor-g1 expression and
epidermal growth factor receptor mutation were reported to induce the suppression of CD8* T cells and
resistance to PD-L1 therapy®’. The overexpressed transforming growth factor-g1 and HIF-1a are associated with
PD-L1 resistance to epidermal growth factor receptor-TKI in epidermal growth factor receptor mutant non-small
cell lung cancer” . Transforming growth factor-g1 and epidermal growth factor receptor play a critical role in
the regulation of DNA methylation by inducing lower levels of TETs and by activating DNA methyltransferases,
resulting in the reduced expression level of 5hmC with the accumulation of 5-methylcytosine®®. In ongoing
efforts to identify an inhibitor of transforming growth factor-p1, selenium supplementation and ascorbic acid
were demonstrated as selective and potent inhibitors of TGF- 1 (Figure 2B-D). Selenium and ascorbate were
reported to enhance the efficacy of epidermal growth factor receptor/KRAS inhibitors®*262 and restrict the
development of resistance to epidermal growth factor receptor-targeted therapy** %. Transforming growth
factor-p1 also induces epithelial-to-mesenchymal transition that overexpresses CD70 as a target for CAR-T
cells®®. The data generated to date demonstrate the pleiotropic effects of overexpressed transforming growth
factor-B1 in non-small cell lung cancer with and without epidermal growth factor receptor mutation. It is expected
that the potent and sustained inhibition of transforming growth factor-g1 by seleno-L-methionine and ascorbic
acid could effectively reverse resistance to epidermal growth factor receptor-TKI therapy and enhance the
efficacy of the standard care for patients with advanced non-small cell lung cancer without additional side
effects. Like solid tumors, previously treated myeloid and lymphoid leukemias relapse with resistant disease.
Tumors from relapsed patients express higher levels of transforming growth factor-g1, lower Levels of TET,
and higher levels of DNMT1 than those from newly diagnosed patients, and inhibition of transforming growth
factor-B1 was associated with decreased resistance to chemotherapy®°. Inhibitors under clinical development
are reported to have limited efficacy and toxic side effects'* **. These limitations highlighted the need to identify
alternative approaches. Pharmacologic doses of ascorbic acid that activate TET have been shown to induce
death of AML®, and the inhibition of DNMT by selenium® provides the rationale for evaluating the therapeutic
potential of seleno-L-methionine and ascorbic acid in newly diagnosed and relapsed patients with leukemia
and lymphoma.

Medical Research Archives 15



THE EUROPEAN SOCIETY OF MEDICINE

A
TGF-BI
VEGF
GSK3B PHDZL
TETs DNMTS PI3k/Akt |/ HIF-OH —— CTLA4
5hmC 5mC C \
PD-L1

8

AA SLM

GSK3B-P

degradation PHD2
A 2 ‘/ \
TETs DNMTs =—— PI3k/Akt HIF-OH
5hmC S5mC C PD-L1 +——HIF degradation—— VEGF
CTLA4

Figure 5. (A) Relationship of transforming growth factor-B1 on cytotoxic T-lymphocyte antigen 4, HIFs, vascular
endothelial growth factor, PD-L1, glycogen synthase kinase 3B, TETs, DNA methyltransferases, and PHD2.
(B) The effect of ascorbic acid and seleno-L-methionine on transforming growth factor-g1 and subsequent
changes in cytotoxic T-lymphocyte antigen 4, HIFs, PD-L1, vascular endothelial growth factor, glycogen
synthase kinase 3B, TETs, DNA methyltransferases, and PHD2.

Seleno-L-methionine and ascorbic acid offer several advantages: 1. Both are essential nutrients in human diets
and, depending on the dose, act as either pro-oxidants with low doses or antioxidants with pharmacologic doses;
2. Tumor cells express lower ascorbic acid and selenium concentrations than their normal tissue counterpart;
3. Therapeutic doses of seleno-L-methionine and ascorbic acid increased tumor selenium and ascorbic acid
concentrations, and this increase is dose- and time-dependent; therefore, protracted administration is critical,
4. Inhibition of transforming growth factor-B1 by therapeutic doses of seleno-L-methionine and ascorbic
acid was associated with reduced levels of HIF-1a, vascular endothelial growth factor, and the activation of
immune response targets; 5. Oral administration of seleno-L-methionine and IV administration of ascorbic
acid for several weeks were efficacious when combined with axitinib in relapsed clear cell renal cell carcinoma
patients and with non-small cell lung cancer patients treated with platinum-based combination therapy; and
6. In addition to the enhancement of the anti-tumor activity of anticancer treatment, seleno-L-methionine
and ascorbic acid offer selective protection of normal tissues against drug-induced toxicities, allowing the
administration of higher drug doses and longer stay on treatment. Pre-clinical /n7 vitro and /n vivo studies
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have shown that ascorbic acid sensitizes a variety of solid tumors to chemotherapy and radiation™. To further
elucidate the therapeutic impact of dose, route of administration, and mechanism of action, several ongoing
clinical trials are investigating high-dose ascorbic acid in combination with chemotherapy and radiation
across various solid tumor types, with preliminary findings demonstrating promising efficacy.

Conclusion

This review aims to advance the therapeutic potential of targeting transforming growth factor-1/HIFs by
pharmacologic doses and schedules of seleno-L-methionine and ascorbic acid that can be administered
clinically without host toxicity. The emphasis is on high doses of oral seleno-L-methionine, and 1V ascorbic acid
is based on the following data. 1. Clinical administration of pharmacologic doses of seleno-L-methionine
and ascorbic acid yields plasma concentrations determined in preclinical models that are molecularly and
therapeutically efficacious when combined with anticancer therapeutics without additional toxicity; 2. /n
vitro and /n vivo inhibition of transforming growth factor-p1 and the regulated HIFs, PD-L1, and vascular
endothelial growth factor targets are seleno-L-methionine and ascorbic acid dose and time-dependent; and 3.
Overexpression of TGF- B1 directly and indirectly regulates the expression of multiple targets involved in DNA
methylation, immune evasion, drug resistance, angiogenesis, and unstable TME. Collectively, the pleiotropic
effects associated with the inhibition of TGF- 1 by pharmacologic doses of seleno-L-methionine and ascorbic
acid provide the opportunity to develop new and novel therapy using molecularly effective doses of seleno-
L-methionine and ascorbic acid administered sequentially in combination with current immunotherapy and
chemotherapy. Pharmacologic doses of seleno-L-methionine and ascorbic acid should be evaluated not as
cytotoxic drugs but as selective modulators of unstable TME and as a sensitizer of tumor tissues to subsequent
treatment with a variety of chemotherapeutic drugs of different structures and mechanisms of action, with
biologic-targeted molecules, and with CAR-T cell therapy. Confirming the therapeutic potential of the sequential
combination of seleno-L-methionine and ascorbic acid with anticancer therapeutics should be carried out
initially in several clinically relevant preclinical /n vivo models and then validated clinically in patients with
advanced clear cell renal cell carcinoma, non-small cell lung cancer, AML, and B-cell lymphoma for proof-
of-concept. Specifically, the ex vivo MSA and ascorbic acid concentrations and sequence in priming CAR-T cells
followed by /n vivo stabilization by seleno-L-methionine and ascorbic acid should be evaluated and confirmed
in preclinical models and validated clinically. Seleno-L-methionine and ascorbic acid exhibit high bioavailability
are inexpensive and water-soluble, and their delivery to tumor tissues is time-dependent. Moreover, prolonged
administration of ascorbic acid and seleno-L-methionine for several months in cancer patients has shown no
evidence of toxicity or treatment resistance.
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