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IRONKILL mechanism

Tao Luo’, Meng Li', Shijie Zhang', Kang Ding', Feng Gu?, Qinguo Huang?

"Nanjing Hospital of Chinese Medicine, Nanjing University of Chinese Medicine, Nanjing 210000, China; Department of
Laboratory Medicine, Xuzhou Central Hospital, Southeast University, Xuzhou 221000, China; 3Department of Neurosurgery,
The Second Affiliated Hospital, Shantou University Medical College, Shantou 515000, China

Traditional radiotherapy and chemotherapy, despite killing
tumor cells, often lack selectivity and therefore cause sub-
stantial collateral damage in patients!. Moreover, the ability
of some cancer cells to evade these treatments may lead to
relapse and metastasis®. Since 2012, ferroptosis has been a rev-
olutionary approach in cancer therapy. Ferroptosis is driven
by an abnormal accumulation of intracellular iron ions, which
catalyze the buildup of lipid peroxides and ultimately disrupt
cellular integrity’. This mechanism challenges conventional
paradigms and offers a new strategy to combat refractory
tumors that are resistant to apoptosis and prone to drug resist-
ance. Because ferroptosis is triggered by iron-dependent lipid
peroxidation (lipROS), a key question is how to selectively
increase iron levels in tumor cells®.

IRONKILL technology integrates
ferumoxytol and DGDFi

Ferumoxytol (FMT) is an FDA-approved intravenous iron
supplement for treating iron deficiency anemia in patients
with chronic kidney disease. FMT selectively kills acute
myeloid leukemia (AML) cells with low ferroportin (FPN)
expression through iron overload and the Fenton reaction®.
In AML cells, FMT accumulates primarily in lysosomes,
whereas in normal cells, such as hematopoietic stem cells,
it localizes in the cytoplasm, where it exhibits catalase-like
activity and clears reactive oxygen species, thus indicating
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its safety for cancer therapy®. To extend the therapeutic
potential of FMT to pan-cancer applications and enhance
its anticancer efficacy, we developed a cancer cell-specific
gene interference platform, DMP-miR (Figures 1A and S1).
This platform consists of 3 components: an NF-kB decoy, a
promoter, and a microRNA targeting the coding sequence
of the gene of interest (Figure 1B). Cancer cells typically
exhibit high NF-«B (p-p65) activity, which helps sustain
malignancy, whereas normal cells show minimal activation”.
We validated this finding by testing cancer cell lines (4T1,
MC38, LLC, CT26, H22, Hepal-6, GL261, B16F10, C1498,
Pan02, BGC823, MDA-MB-453, and A549) and normal
cell lines (MPC-5, MLE-15, McCoy, NIH-3T3, L929, HT22,
NMuMG, AML-12, HL-1, C2C12, GES-1, MCFI12A, and
MRCS5) (Figures 1C and S2A). Therefore, DMP-miR enables
specific gene interference in cancer cells.

Herein, we combined knockdown of the lysosomal enzyme
GBA (glucocerebrosidase) and the iron efflux transporter
FPN to construct the gene interference vector DGDFi (DMP-
miGBA-DMP-miFPN) (Figures 1A, B and S1, Tables S1-S3).
Although lysosomes are known to serve as intracellular iron
pools, the role of GBA in iron metabolism remains unclear.
GBA hydrolyzes glucosylceramide (GlcCer) to ceramide (Cer)
and glucose (Glu), and is a key enzyme maintaining lysosomal
lipid metabolism and membrane composition homeostasis®.
We hypothesized that GBA inactivation would induce lysoso-
mal storage disorders and damage, thus leading to the release
of free iron and triggering lipROS via the Fenton reaction.
Additionally, FPN knockdown inhibits iron efflux, thereby
causing iron accumulation and promoting ferroptosis in can-
cer cells. Importantly, FMT, by acting as an iron supplement,
exacerbates DGDFi-induced ferroptosis and leads to potent
death of pan-cancer cells. We termed this strategy IRONKILL.

To ensure in vivo safety, we administered IRONKILL at an
FMT concentration of 50 pug/mL, which showed low toxicity
in both cancer and normal cells (Figure S3). For subsequent
experiments, we selected cancer and normal cell pairs, includ-
ing 4T1, LLC, and Hepal-6, and their normal counterparts,
NMuMG, MLE-15, and AML-12. Evaluation of the gene
interference efficiency of IRONKILL indicated significant
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Figure 1 Continued

decreases in GBA mRNA and protein levels, and consequently
GBA activity in cancer cells; moreover, FMT did not inter-
fere with DMP-miGBA or DGDFi-mediated gene knock-
down (Figure 1D-F). GBA inhibition resulted in excessive
accumulation of the GlcCer substrate in lysosomes, thereby
inducing lysosomal damage (increased Galectin-3-positive
cells, decreasing LysoTracker fluorescence, and elevating
Lamp1/Lamp?2 expression); these findings together suggested
compromised lysosomal iron storage (Figures 1G, H and
$4, S5). Subsequently, measurement of intracellular Fe** lev-
els revealed that GBA knockdown triggered substantial Fe?*
release in cancer cells (Figure 1I). Notably, lysosomal damage
was prevented in normal cells, because GBA remained unaf-
fected, given the cells’ low p-p65 levels (Figures 1C-I and S2,
S$4 and S5). Additionally, DMP-FPN or DGDFi-mediated FPN
knockdown significantly suppressed FPN mRNA and protein
expression, and further increased intracellular Fe?* levels, in
cancer cells, whereas normal cells remained unaffected (Figure
1J-L). Importantly, FMT supplementation did not interfere
with IRONKILL-mediated FPN knockdown and further ele-
vated Fe?" levels in cancer cells (Figure 1J-L). These findings
demonstrated that IRONKILL selectively modulated iron

metabolism in cancer cells and led to a substantial increase in
Fe?* content.

IRONKILL triggers marked
ferroptosis in pan-cancers

Given the substantial elevation in Fe?* levels, we assessed cell
viability. IRONKILL effectively killed cancer cells without
affecting normal cells (Figure S6). To confirm the mecha-
nism of cancer cell death, we examined ferroptosis markers,
including lipROS and GPX4 activity. IRONKILL signifi-
cantly increased lipROS levels and GPX4 activity in cancer
cells, thus indicating ferroptosis induction (Figures 1M, N
and S7). Moreover, the absence of such effects in normal
cells confirmed that IRONKILL is a cancer cell-specific fer-
roptosis inducer (Figures 1M, N and S4, S8). Compared
with DGDFi alone, IRONKILL exhibited enhanced cancer
cell killing and 1ipROS production, in synergy with FMT
(Figures 1M, N and S6-S8). Furthermore, the significant
reversal of IRONKILL-induced cell death by the ferropto-
sis inhibitor liproxstatin-1 (lipl) confirmed ferroptosis as
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the mechanism (Figure 10). Additionally, treatment with
the NF-kB inhibitor BAY 11-7082 abrogated FPN and GBA
knockdown, and consequently prevented cancer cell death;
these findings further supported that IRONKILL functions
in an NF-kB-dependent manner, thus ensuring in vivo safety
(Figure S9).

To further validate the in vivo ferroptosis-inducing effect of
IRONKILL, we engineered DGDFi into an adeno-associated
virus (AAV2 serotype) and tested it in 5 tumor models (three
solid tumors and 2 hematologic malignancies). AAV2 was
selected for in vivo delivery because of its broad tropism, in
alignment with the pan-cancer approach of this study. Because
of its well-established safety profile (low immunogenicity and
minimal genomic integration) and extensive prior validation, it
provided reliable benchmarks for transduction and biodistri-
bution. IRONKILL exhibited broad anti-tumor efficacy against
various in vivo tumors (4T1 subcutaneous breast cancer model,
LLC subcutaneous lung cancer model, Hepal-6 liver cancer
model, and WEHI-3 and C1498 intravenous acute myeloid
leukemia models): 60% of mice survived tumor-free for more
than 100 days (Figures 1P-R and S10). This prolonged sur-
vival also supported the in vivo safety of IRONKILL. Moreover,
the reversal of IRONKILLs efficacy by lipl further confirmed
that its in vivo therapeutic mechanism was ferroptosis (Figures
1P-R and S10). We subsequently measured tumor iron con-
tent, which was generally higher in the IRONKILL-treated
group than the other groups. Notably, the significant reversal
of iron accumulation in the IRONKILL group after lip1 treat-
ment further supported that the tumor-killing mechanism

of IRONKILL was ferroptosis (Figure S11). Although AAV2
shows good efficacy in mice, clinical translation might require
alternative systems (e.g., lipid nanoparticles), because of AAV
immunogenicity in humans. This caveat does not diminish
AAV?2’s utility for proof-of-concept studies but may inform
future clinical development. In summary, IRONKILL inte-
grated the iron-supplementing function of FMT with the
disruption of lysosomal iron pools and cellular iron efflux
mechanisms, and markedly elevated intracellular Fe?* levels
in cancer cells. This technology demonstrated potent ferrop-
tosis-inducing activity against pan-cancers and has substantial
promise for clinical application.

Innovation and challenges of
IRONKILL

The innovation of IRONKILL lies in its strategic approach:
rather than suppressing the high NF-«kB activity in can-
cer cells, it exploits this feature as a precise entry point for
attack. However, systemic inflammatory states might tran-
siently elevate NF-«kB in normal tissues; this challenge could
be addressed through careful patient selection, monitoring
of inflammatory markers such as C-reactive protein, and, if
needed, anti-inflammatory pre-treatment. In a similar para-
digm, rigorous management in the arsenic trioxide treatment
of acute promyelocytic leukemia has transformed a potent
toxin into a life-saving therapy®!°. Both approaches demon-
strate that in highly lethal malignancies, therapeutic success
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Figure 1 FMT enhances ferroptosis interfered by GBA and FPN in cancer gene therapy. (A) Schematic model of the IRONKILL technology
mechanism. IRONKILL selectively responds to the high expression of p-p65 in cancer cells and expresses microRNAs that knock down GBA
and FPN, thus significantly increasing Fe2* levels within the cancer cells. Meanwhile, FMT further induces intracellular iron accumulation and
results in pronounced ferroptosis in tumors. Normal cells, because of their low expression of p-p65, escape the cytotoxic effects of IRONKILL.
(B) Introduction to IRONKILL technology, encompassing FMT, an NF-kB-based DMP vector, miGBA, and miFPN. (C) p-p65 expression level. (D)
GBA mRNA expression level. (E) GBA protein level. (F) GBA activity assay. (G) Quantification of the GBA substrate GlcCer. (H) Statistical data
for galectin-3-positive cells. (I) Cellular Fe?* content after treatment with PBS, miNT, or DMP-miGBA. (J) FPN mRNA expression level. (K) FPN
protein level. (L) Cellular Fe?* content after treatment with PBS, FMT + miNT, DMP-miFPN, DGDFi, or IRONKILL. (M) Cellular lipROS measure-
ment, presented as the ratio of reduced state fluorescence intensity at 590 nm to oxidized state fluorescence intensity at 510 nm. (N) GPX4
activity assay. (O) Cell viability after treatment with FMT, miNT, FMT + miNT, DGDFi, or IRONKILL. Cells were harvested for data collection after
overnight plasmid transfection, and FMT (50 ng/mL) was added as indicated and incubated for 48 h. Kaplan-Meier survival curves for (P) 4T1
breast cancer mice (s.c., n = 10), (Q) LLC lung cancer mice (s.c., n = 10), and (R) Hepa1-6 liver cancer mice (s.c., n = 10). For in vivo IRONKILL
administration, FMT and DGDFi were administered at doses of 2 mg/kg and 10" vg/mouse, respectively, as a single combined dose. Lip1 (10
mg/kg, i.p.) was used to perform the ferroptosis rescue assays. GBA, glucocerebrosidase gene; FPN, ferroportin gene; MT, ferumoxytol; DGDF;,
DMP-miGBA-DMP-miFPN; LipROS, lipid peroxidation; s.c., subcutaneous injection; Lip1, liproxstatin-1; i.p., intraperitoneal injection. Statistical
analysis and graphing were performed in GraphPad Prism 8.0.

hinges not on avoiding risk but on controlling it through FHJH202402), the Medical Scientific Research Foundation of
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providing a safe, clinically translatable approach that achieves
potent efficacy across multiple tumor models and enables
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