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Abstract 18 

Interleukin-4-induced-1 (IL4i1) is an amino acid oxidase secreted from immune cells. Recent 19 

observations have suggested that IL4i1 is pro-tumorigenic via unknown mechanisms. As IL4i1 20 

has homologues in snake venoms (LAAO, L-amino acid oxidases), we used comparative 21 

approaches to gain insight into the mechanistic basis of how conserved amino acid oxidases 22 

regulate cell fate and function. Using mammalian expressed recombinant proteins, we found 23 

venom LAAO kills cells via hydrogen peroxide generation. By contrast, mammalian IL4i1 is 24 

non-cytotoxic and instead elicits a cell productive gene expression program inhibiting 25 

ferroptotic redox death by generating indole-3-pyruvate (I3P) from tryptophan. I3P suppresses 26 

ferroptosis by direct free radical scavenging and through the activation of an anti-oxidative gene 27 

expression program. Thus, the pro-tumor effects of IL4i1 are likely mediated by local anti-28 

ferroptotic pathways via aromatic amino acid metabolism, arguing that an IL4i1 inhibitor may 29 

modulate tumor cell death pathways. 30 

  31 
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Introduction 32 

Most cells of the immune system depend on external supplies of all essential and most non-33 

essential amino acids for proliferation in active immune responses, and for diverse effector 34 

functions such as nitric oxide generation from arginine (Murray, 2016). Amino acid auxotrophy 35 

of immune cells also forms checkpoints whereby distinct amino acid metabolizing enzymes 36 

expressed in different cell types control cell proliferation, fate and function (Murray, 2016). 37 

These regulated enzymes metabolize arginine (Arginases 1 and 2 and nitric oxide synthase 2 or 38 

iNOS) and tryptophan (indole-2,3-dioxygenases, IDO1 and IDO2). The expression of each 39 

enzyme is regulated by diverse external cues such as cytokines and microbial signaling through 40 

toll like receptors, which restricts their activity to specific phases in immune responses. Because 41 

each enzyme can locally deplete essential amino acids, considerable attention has been focused 42 

on the role of arginases and IDO enzymes in suppressing access of proliferating T cells to 43 

amino acids in tumor microenvironments, a process linked with T cell tolerance and spreading 44 

or ‘infectious tolerance’ to abate ongoing T cell-mediated immunity (Cobbold et al., 2009). 45 

Tolerance to malignant cells is a hallmark of cancer, and thus drugs that target arginases and 46 

IDO have been produced and tested in the context of immune enhancement of anti-tumor 47 

immunity (Steggerda et al., 2017, Gunther et al., 2019). 48 

Another immune associated enzyme that metabolizes amino acids and linked to immune 49 

suppression in cancer is IL4i1, or interleukin-4-induced 1, which was discovered in a screen for 50 

IL4-regulated cDNAs in B cells (Chu and Paul, 1997). Unlike arginases and the IDO enzymes, 51 

IL4i1 is secreted (Boulland et al., 2007), suggesting it contributes to immune regulation in the 52 

extracellular milieu. IL4i1 is a dimeric FAD-dependent oxidoreductase with considerable 53 

similarity to L-amino acid oxidases (LAAOs) in snake venoms (Murray, 2016). Mammalian 54 

IL4i1 metabolizes L-Phe and other aromatic amino acids to their keto-acid forms with 55 

coincident production of H2O2 and ammonia (Boulland et al., 2007). However, limited 56 

information exists about the enzymology and functions of either IL4i1 or LAAOs, their 57 

substrate ranges, kinetics and the role of downstream metabolites formed from amino acids. 58 

Venomous snakes are divided into two broad groups: viperids (e.g. vipers, rattlesnakes, 59 

bushmasters) and elapids (cobras, taipans, mambas, sea snakes) based on their predation 60 

strategies and anatomy. Viperids have retractable fangs and powerful jaws and use large venom 61 

volumes to inactivate prey. Elapids have fixed fangs and strike to deliver small but potent 62 

venoms. A remarkable finding that emerged from mass spectrometry analysis of many different 63 

venoms concerns vast qualitative and quantitative venom protein diversity, even of closely 64 

related snake species (Tasoulis and Isbister, 2017, Villar-Briones and Aird, 2018). For example, 65 

cobra venoms contain many types of toxins, enzymes and neurotoxins while viperid venoms are 66 

enriched in phospholipases (Pla et al., 2017, Suryamohan et al., 2020). However, all analyzed 67 
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snake venoms contain a LAAO in different proportions depending on the snake, raising the 68 

question of the role of this enzyme in fast acting venoms. 69 

Collectively, numerous elements of IL4i1 and LAAO biology remain unresolved. These include 70 

the mechanistic basis of the association between IL4i1 and different cancers (Carbonnelle-71 

Puscian et al., 2009, Cousin et al., 2015, Sadik et al., 2020), the mode of action of LAAOs in 72 

snake venoms and how this compares to mammalian IL4i1, the cell types that express IL4i1 and 73 

relative role of IL4i1-mediated microenvironmental amino acid depletion versus product 74 

generation. To illuminate new aspects of IL4i1/LAAO biology, we initiated a comparative study 75 

between mammalian expressed recombinant forms of snake (Indian cobra, Naja naja) LAAO 76 

and mammalian IL4i1. This approach allowed us to establish that snake LAAO is an H2O2 77 

‘bomb’ that rapidly kills mammalian cells. By contrast, IL4i1 also generates H2O2 but is not 78 

cell-lethal. Instead, mammalian IL4i1 suppresses cell death by ferroptosis via product 79 

generation from L-Trp and L-Tyr. Most significantly, we show that indole-pyruvate (I3P) and 80 

4-hydroxy-phenylpyruvate (4HPP) from L-Trp and L-Tyr respectively, activate cell protective 81 

pathways that suppress ferroptosis. We propose that components of the pro-tumor effects of 82 

IL4i1 are linked to local anti-ferroptotic effects on transformed cells.  83 

 84 

Results 85 

Venom LAAO but not mammalian IL4i1 induces cell death in an H2O2-dependent way 86 

IL4i1 expression and secretion is generally associated with myeloid cells and B cells, the latter 87 

of which is the original cell type where IL4i1 was identified (Chu and Paul, 1997). As viperid 88 

and elapid LAAOs are also secreted proteins that accrue in the venom gland and bear strong 89 

sequence identity to mammalian IL4i1 (Figure 1- figure supplement 1A) and catalyze the same 90 

reactions (Figure 1A), we first asked if the cellular biochemistry of snake LAAO would help 91 

illuminate the biology of mammalian IL4i1. We expressed the authentic N. naja LAAO cDNA 92 

(Suryamohan et al., 2020) in mammalian cells (Figure 1B,C). Following purification and testing 93 

the glycosylation status (Figure 1C,D), we added different amounts of the N. naja LAAO to 94 

HeLa cells and observed them over time by live cell imaging using CellTox Green dye to stain 95 

dead cells. The membranes of LAAO-treated HeLa cells began to bleb after ~5 hr, and all cells 96 

were dead within 12 hr (Figure 1E,F; Video 1). To investigate the mechanism of LAAO-97 

mediated cell death we generated a double mutant ‘enzyme dead’ N. naja LAAO by mutating 98 

two residues predicted to be in the catalytic domain from inference for the structure of the 99 

Malayan pit viper LAAO (Pawelek et al., 2000, Moustafa et al., 2006) (Figure 1- figure 100 

supplement 1A,B). Like the wild-type N. naja LAAO, the mutant version was secreted and 101 

glycosylated as expected (Figure 1D) but was devoid of L-amino oxidase activity using L-Phe 102 
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as a substrate (Figure 1- figure supplement 1C). Following purification, the enzyme dead N. 103 

naja LAAO did not induce death of HeLa cells, suggesting that an enzymatic function of 104 

LAAOs is responsible for cell toxicity rather than binding to protein(s) associated with HeLa 105 

cells that subsequently conveyed a death signal (Figure 1G).  106 

All LAAOs and IL4i1 are predicted to produce H2O2 as a product of their oxidoreductase 107 

activity on amino acids (Figure 1A). Therefore, we next asked if H2O2 was responsible for 108 

mammalian cell death. We added the wild-type N. naja LAAO in combination with catalase, 109 

which decomposes H2O2. The addition of catalase protected HeLa cells from N. naja LAAO-110 

induced death (Figure 1H).   111 
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 112 

Figure 1. N. naja LAAO is cell-lethal via H2O2.  113 
(A) Reaction mechanism of L-amino acid oxidases. (B) Construct design to express venom 114 
LAAOs in mammalian cells. The N. naja LAAO variants contain the human VEGF signal 115 
sequence and a C-terminal Strep-tag to facilitate purification. Mutations R320A and K324A 116 
ablate catalytic activity. (C) Purification strategy for LAAO, which is isolated from the cell 117 
supernatant. (D) Immunoblotting of purified recombinant proteins. LAAO or the enzyme-dead 118 
variant are glycosylated in their secreted forms. (E) Representative microscopy images of HeLa 119 
cells stained with the cell death dye CellTox following addition of 2.5 µg/ml N. naja LAAO. 120 
(F) Quantification of cell death across time induced by N. naja LAAO. (G) N. naja LAAO 121 
R320A and K324A enzyme-dead version fails to induce death. 2.5 µg/ml of WT and mutant 122 
enzyme was added. (H) Addition of catalase (25 µg/ml) blocks cell death induced by N. naja 123 
LAAO (2.5 µg/ml). F-H: n=3 biological replicates, The graphs are representative for 3 124 
independent experiments. All error bars represent standard deviation.  125 
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We next asked if mammalian-expressed recombinant versions of human or mouse IL4i1 had 126 

similar properties to the N. naja LAAO. Unlike the cobra LAAO, neither equivalent 127 

concentrations of mouse nor human IL4i1 induced cell death in HeLa cells at the tested 128 

concentrations (Figure 2A, B). Therefore, we used the human RSA4;11, a B cell leukemia cell 129 

line, which is exquisitely sensitive to N. naja LAAO in the ng/ml range (Figure 2C). 130 

Mammalian IL4i1 required concentrations more than 30-fold higher than the N. naja LAAO to 131 

cause cytotoxicity (Figure 2D). We observed cell death induced by mIL4i1 at concentrations 132 

higher than 2 µg/ml, which was, consistently to our observations with the snake venom LAAO, 133 

ablated in an enzyme-dead K351A mIL4i1 mutant (Figure 2- figure supplement 1). Thus, by 134 

contrast to snake venom LAAO, it is very likely that mediating cytotoxicity is not the main 135 

purpose of mammalian IL4i1. Nevertheless, we cannot exclude the possibility that IL4i1 may 136 

have cell toxicity in a circumstance where enzyme accumulation was concentrated in the 137 

extracellular milieu to µg/mL ranges. 138 

To understand the biochemical differences between the mammalian and snake enzymes we 139 

performed a comparative kinetic and substrate utilization analysis of the N. naja LAAO and 140 

human IL4i1. When we compared the N. naja LAAO with human IL4i1 using all individual 20 141 

amino acids using an H2O2 assay, the hydrophobic and aromatic preference of both enzymes 142 

was evident (Figure 2E). However, N. naja LAAO generated much more H2O2 in presence of its 143 

amino acid substrates within the analyzed time window of 5 minutes, indicating a higher 144 

enzymatic activity, and also metabolized L-Leu compared to human and mouse IL4i1. Taken 145 

together, these data indicate that snake LAAO has a superior reaction rate and substrate range 146 

compared to mammalian IL4i1 suggesting that upon envenomation, rapid H2O2 production 147 

contributes to venom efficiency. Given that human IL4i1 does not induce cell death via H2O2 148 

(Figure 2D) or another mechanism in the time frame of the experimental system used, we next 149 

asked if the keto-acid products of amino acid metabolism influenced cell state. Therefore, we 150 

investigated whether we could detect IL4i1-associated amino acid metabolites, when incubating 151 

cell culture medium with the recombinant enzyme. Using an untargeted metabolomics 152 

approach, we found human IL4i1 to cause significant increases in indole-3-pyruvate (I3P), 4-153 

hydroxy-phenylpyruvate (4HPP), phenylpyruvate (PP), 2-keto-4-methylthiobutyric acid 154 

(KMBA) and 2-oxoarginine (2OA) (from L-Trp, L-Tyr, L-Phe, L-Met and L-Arg respectively) 155 

(Figure 2F). We note that several of these metabolites including I3P can be generated by 156 

microbiota or in infection and these could be present in serum (Dodd et al., 2017). However, 157 

they were significantly increased in medium incubated with IL4i1, suggesting the enzyme is 158 

actively generating these metabolites. These data are indicative of the overall biology of 159 

immune-associated amino acid metabolizing enzymes that can regulate neighboring cells via 160 

essential acid depletion and product generation. 161 



 8 

 162 

Figure 2. Substrate ranges and properties of IL4i1 compared to LAAO 163 
(A) Human or mouse IL4i1 fail to induce cell death of HeLa cells at equivalent concentrations 164 
to N. naja LAAO (all enzymes added at 2.5 µg/ml) (n=3 biological replicates). (B) 165 
Representative microscopy images with CellTox staining from an experiment similar to that in 166 
(A). (C) Activity of N. naja LAAO or its enzyme-dead mutant to RS4;11 human leukemia cells. 167 
1x104 cells were plated in round-bottom 96 well plates and treated with the indicated 168 
concentrations of LAAO enzyme. The final viable cell number was determined 72 hr after 169 
treatment (n=3 biological replicates). (D) As in (C) comparing human and mouse IL4i1 to N. 170 
naja LAAO (n=4 biological replicates). (E) Comparative enzyme activity of human and mouse 171 
IL4i1 versus N. naja LAAO using single amino acids. The graph includes 3 independent 172 
experiments. (F) Log2 fold change of ion counts compared to untreated medium of significantly 173 
increased amino acid metabolites (p<0.01) detected by untargeted metabolomics in DMEM 174 
incubated for 24 or 72 hr with 1 µg/ml of human IL4i1. n=3 biological replicates. All error bars 175 
represent standard deviation. 176 

 177 

IL4i1 generates metabolites that activate stress protection pathways 178 

To investigate if the products of the IL4i1 reaction were involved in modulating cell state, we 179 

performed RNAseq analysis on human THP-1 monocytic cells treated with I3P, 4HPP or PP for 180 

24 hr (Figure 3A-C). THP-1 cells were used in these experiments because IL4i1 has highest 181 

expression in myeloid cells (Boulland et al., 2007, Rieckmann et al., 2017). Thus, we reasoned 182 

that autocrine-paracrine effects of IL4i1-mediated amino acid metabolism would be detected in 183 

this cell system. We found that PP had an almost undetectable effect on the global quality and 184 
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quantity of THP-1 mRNAs. By contrast, I3P, and to a lower extent 4HPP, induced the 185 

expression of a suite of mRNAs including those encoding SLC7A11, NQO1, ATF4, CYP1B1 186 

and different members of the AKR1C family (Figure 3). Most of these mRNAs encode proteins 187 

involved in cellular stress, especially in oxidative stress response (Figure 3D), and are regulated 188 

by the ATF4, Nrf2 and AhR pathways (Zgheib et al., 2018, Liu et al., 2020). 189 

 190 

Figure 3. IL4i1 products induce specific stress and redox-protective gene expression 191 
programs. 192 
(A-C) THP-1 human monocytic cells were treated for 24 hr with PP, 4HPP or I3P (200µM) and 193 
RNAseq analysis was used to quantify gene expression changes compared to untreated controls. 194 
(D) Top hits of GO term overrepresentation analysis of the most significantly (p-value cutoff 195 
p<10-9 ) upregulated genes by I3P treatment (left). The full table of significant GO terms is 196 
provided (Supplementary file 3). Heat map of genes detected in the analysis under the term 197 
GO:0006979 (right). 198 

 199 

IL4i1 metabolites suppress ferroptosis 200 

Because I3P and 4HPP induced a selective gene expression profile consistent with stress 201 

protection and particularly defense against oxidative stress, we reasoned these IL4i1 metabolites 202 

could intersect at some point in the pathways that control the suppression of ferroptosis, a 203 

programmed oxidative cell death characterized by massive lipid peroxidation (Stockwell et al., 204 

2017, Conrad and Pratt, 2019, Tang and Kroemer, 2020) (Figure 4A). We therefore performed 205 

live cell imaging to monitor ferroptosis in HeLa cells induced by erastin (targeting SLC7A11, 206 
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the cysteine-glutamate exchanger) and RSL3, which inhibits GPX4, required for glutathione 207 

mediated lipid peroxide decomposition. Ferrostatin-1 (Fer-1) was used as a protection  control 208 

for ferroptosis (Dixon et al., 2012). We pre-treated or concurrently treated the cells with I3P, 209 

4HPP or PP, with the expectation that PP could serve as a type of negative control consistent 210 

with its limited effect on gene expression in THP-1 cells. Indeed, while PP had no protective 211 

effect, we found I3P suppressed ferroptosis in a titratable way (Figure 4B,C; Figure 4- figure 212 

supplement 1), which was accompanied by significantly decreased lipid peroxidation measured 213 

with C11-BODIPY (Figure 4D). 4HPP exhibited weaker anti-ferroptotic properties than I3P and 214 

required 24 hr pre-incubation to potently protect from RSL3 mediated cell death (Figure 4B,C; 215 

Figure 4- figure supplement 1D). In contrast to I3P, L-Trp failed to protect cells from 216 

ferroptosis, indicating that the conversion of L-Trp to I3P by IL4i1, is required for the 217 

protection (Figure 4- figure supplement 1E). Importantly, I3P was active in a concentration 218 

range starting from ~50 µM (Figure 4- figure supplement 1 and 2). Considering blood 219 

concentrations of L-Trp and L-Tyr (~70 µM and ~90 µM respectively) (Geisler et al., 2015), 220 

I3P was detected at ~80 µM (Dodd et al., 2017), and that IL4i1 is a secreted protein and active 221 

in the extracellular milieu, the protective concentrations of I3P and 4HPP are within a range to 222 

operate on neighboring cells, especially in limited perfusion cellular environments such lymph 223 

nodes were numerous IL4i1-positive cells reside. We verified our observations made in HeLa 224 

cells in HT1080 cells, a human fibrosarcoma cell line frequently used in ferroptosis studies 225 

(Figure 4- figure supplement 2A-C). Additionally, measuring cell death using 7-AAD and 226 

Annexin-V staining via flow cytometry, we confirmed the anti-ferroptotic effect of I3P towards 227 

erastin, RSL3, an additional ferroptosis inducer termed FINO2, and the thioredoxin-reductase 228 

inhibitor ferroptocide in murine NIH3T3 (Figure 4E) and HT1080 cells (Figure 4- figure 229 

supplement 2D), showing that I3P acts as a general, species-independent protector from 230 

ferroptosis. 231 
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 232 

Figure 4. IL4i1 metabolites form an anti-ferroptotic hierarchy.  233 
(A) Simplified schema of ferroptosis control showing the points of chemical perturbation by 234 
erastin and RSL3. (B) Quantification of cell death of HeLa cells treated with the ferroposis 235 
inducer erastin in presence of 200 µM PP, 4HPP or I3P by live cell imaging using CellTox 236 
straining. Ferrostatin-1 (Fer-1) was added as a control to block erastin-induced death and has an 237 
equivalent suppressing effect as I3P. Right panel, representative CellTox staining images from 238 
an experiment similar to (B). (C) as in B, using RSL3 to induce ferroptosis. B,C: n=3 biological 239 
replicates, The graphs are representative for 3 independent experiments. (D) I3P blocks lipid 240 
peroxidation induced by erastin and RSL3 determined by flow cytometry using C11-BODIPY. 241 
n=3 biological replicates; Data was analyzed by one-way ANOVA with Tukey's multiple 242 
comparisons test; ****p<0.0001. All error bars represent standard deviation. (E) Flow 243 
cytometry analysis of the anti-ferroptotic activity of I3P (200 µM) using Fer-1 as positive 244 
control. Murine NIH3T3 cells were treated with erastin, RSL3, FINO2 or ferroptocide to induce 245 
ferroptosis in the absence or presence of Fer-1or I3P and death quantified by 7-AAD and 246 
Annexin-V staining. See Methods for details of reagent concentrations and timing. The plots are 247 
representative for 2 independent experiments. 248 

  249 
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IL4i1 metabolite I3P protects from ferroptosis by radical scavenging and activation of 250 

anti‐oxidative stress pathways 251 

We next investigated the mechanisms associated with IL4i1 metabolite I3P-mediated ferroptosis 252 

suppression. As described above, we found that I3P induced a network of genes involved in the 253 

protection from oxidative stress in THP-1 cells (Figure 3). However, there is also evidence for 254 

I3P acting as a free radical scavenger (Politi et al., 1996). Therefore, we tested the radical 255 

scavenging activity of the IL4i1 amino acid metabolites PP, 4HPP and I3P towards the stable 256 

radical Diphenyl-2-picrylhydrazyl (DPPH). Ascorbic acid and Fer-1, which have been shown to 257 

scavenge the DPPH radical (Niki, 1991, Dixon et al., 2012) were used as positive controls at 258 

200 µM. By contrast to PP, we found both, 4HPP and I3P to exhibit radical scavenging 259 

properties, with I3P having the highest scavenging potency of the tested IL4i1 metabolites 260 

(Figure 5A). Thus, the anti-ferroptotic activity could either depend on radical scavenging or the 261 

activation of anti-oxidative stress pathways. To unravel these two potential mechanisms of 262 

protection we focused on I3P, the most potent anti-ferroptotic metabolite. We hypothesized that 263 

a scavenging effect would require the direct presence of I3P, whereas after the induction of a 264 

protective gene network I3P would not have to be present anymore at the time point of 265 

ferroptosis induction, a concept validated for other ferroptosis inhibitors (Tang and Tang, 266 

2019). Therefore, we took advantage of the fluorescent properties of I3P to monitor its presence 267 

in the cells using flow cytometry (Figure 5- figure supplement 1). After pre-incubating HeLa 268 

cells for 24 hr with I3P, an increase in fluorescence measured in the AmCyan channel was 269 

observed as compared to cells incubated in control medium. We washed and removed the I3P 270 

containing medium and tracked the decline in intracellular I3P fluorescence over time (Figure 271 

5B). Four hours after I3P removal, the cells reached fluorescence levels similar to control cells, 272 

indicating the deprivation of intracellular I3P. Thus, we asked whether I3P was still protective 273 

under this condition (Figure 5C). Strikingly, we found I3P to retain its protective effect towards 274 

erastin-induced ferroptosis, but a complete loss of protection from RSL3-mediated cell death 275 

(Figure 5D, E). These results suggest that I3P uses at least two different modes to protecting 276 

cells from ferroptosis: (i) free radical scavenging and (ii) the induction of specific protective 277 

gene expression. Protection from RSL3 mainly depends on radical scavenging, whereas the 278 

persistent protection from erastin after I3P removal, indicates the major involvement of anti-279 

oxidative gene expression under these conditions.  280 

Ferroptosis can be initiated at different levels of cellular metabolism including perturbations in 281 

cysteine import needed for glutathione biosynthesis, glutathione homeostasis, which requires 282 

cysteine, glycine, glutamate and NADPH, iron-heme homeostasis and the relative balance 283 

between ROS generation and decomposition (Stockwell et al., 2017, Conrad and Pratt, 2019, 284 

Tang and Kroemer, 2020). In contrast to RSL3, which directly inhibits the detoxification of 285 
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lipid peroxides by GPX4, erastin disturbs the cellular redox balance by inhibiting cysteine 286 

import (Figure 4A). Since this balance can be restored by the induction of anti-oxidative gene 287 

networks, we tested if I3P modulates the intracellular ratio of reduced and oxidized GSH 288 

(GSH/GSSG ratio). Indeed, we observed a significant increase in the GSH/GSSG ratio in HeLa 289 

cells upon I3P treatment (Figure 5F). Additionally, we found an I3P-dependend increase of 290 

SLC7A11 protein under steady state conditions in Hela cells treated for 24 hr (Figure 5G) 291 

coinciding with the transcriptional increase of SLC7A11 in THP-1 cells (Figure 3). Erastin itself 292 

upregulates SLC7A11 (Dixon et al., 2014) as a compensatory mechanism to elevate intracellular 293 

cysteine. In presence of I3P however, SLC7A11 upregulation was strongly enhanced (Figure 294 

5G) and also HO-1, one target gene of anti-oxidative Nrf2 signaling, was also upregulated, 295 

suggesting that I3P increases anti-oxidative gene expression under erastin-mediated redox 296 

stress. In line, we also found 4HPP upregulated SLC7A11 and HO-1 in presence of erastin 297 

(Figure 5- figure supplement 2A). HO-1 was reported to have both detrimental and protective 298 

functions in ferroptosis (Chiang et al., 2018). Therefore, we tested whether HO-1 activity was 299 

required for the anti-ferroptotic effect of I3P upon erastin treatment. We observed that HO-1 300 

inhibitors, ZnPP and ketoconazole (Yang et al., 2018), reduced the protective effect of I3P 301 

(Figure 5- figure supplement 2B,C). However, genetic perturbation via siRNA-mediated 302 

knockdown of HO-1 did not interfere with I3P-mediated ferroptosis protection (Figure 5- figure 303 

supplement 2D,E), suggesting that the inhibitors are not completely specific and may target 304 

other proteins such as HO-2 or other heme-dependent enzymes. Taken together, our results 305 

indicate that, apart from ROS scavenging, the IL4i1 metabolite I3P (and to some extend also 306 

4HPP) protects from ferroptosis by triggering a complex network of intracellular anti-oxidant 307 

signaling pathways resulting in increased GSH levels.  308 

  309 
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 310 
 311 

Figure 5. Anti-ferroptotic mechanisms of I3P  312 
(A) Cell-free scavenging activity of 200 µM PP, 4HPP, I3P, ascorbic acid (Asc) and Fer-1 313 
determined by changes in the absorbance at 517 nm of the stable radical DPPH relative to H2O 314 
control. n=4 technical replicates; The graphs are representative for 3 independent experiments. 315 
Data was analyzed by one-way ANOVA with Dunnett’s multiple comparisons test; 316 
****p<0.0001; ns = not significant. (B) Design of a wash-out experiment to quantify 317 
intracellular I3P. HeLa cells were incubated for 24 hr with or without 200 µM I3P. After 318 
washing-out the I3P containing medium remaining intracellular I3P was determined by flow 319 
cytometry at the indicated time points. n=3 biological replicates; The graphs are representative 320 
for 3 independent experiments. Data was analyzed by two-way ANOVA with Sidak's multiple 321 
comparisons test; **p<0.01; ****p<0.0001; ns = not significant. (C) Adaptation of the assay 322 
in (B) to quantify direct versus indirect protective effects of I3P. (D) I3P retains protective 323 
activity against erastin-induced ferroptosis after wash-out. (E) I3P only protects against RSL3-324 
induced ferroptosis if present in cells during the time of GPX4 inhibition. D,E: n=2 biological 325 
replicates; The graphs are representative for 3 independent experiments. (F) GSH/GSSG ratio 326 
in HeLa cells treated with 200 µM I3P for 24 hr relative to untreated control. n=4 biological 327 



 15 

replicates; Data was analyzed using an unpaired t-test; * p< 0,05. All error bars represent 328 
standard deviation. (G) I3P induces the expression of SLC7A11 and HO-1 at protein level. 329 
HeLa cells were treated with I3P in the absence or presence of erastin or RSL3 for 24 hr and 330 
SLC7A11 and HO-1 levels determined by immunoblotting. Grb2 was used as loading control.  331 

 332 

IL4i1 generates a ferroptosis-suppressive milieu 333 

A key implication from our finding that I3P and 4HPP are anti-ferroptotic IL4i1 metabolites, 334 

concerns the effects of IL4i1 in generating an anti-ferroptotic environment that would promote 335 

redox stress survival. To test this concept, we added 1 µg/ml of recombinant WT or K351A 336 

mutant, enzymatically inactive (Figure 2- figure supplement 1B), murine IL4i1 to DMEM and 337 

incubated for 72 hr at 37°C allowing the enzyme to produce its metabolites. We compared the 338 

gene expression signature of HeLa cells left untreated, incubated for 24 hr with IL4i1 339 

conditioned medium (retaining the enzyme) or 200 µM I3P. Hierarchical clustering of 340 

significantly regulated genes showed concordance of differentially expressed genes in cells 341 

treated with I3P or medium containing the WT IL4i1 enzyme, whereas the gene expression in 342 

HeLa cells treated with medium containing the enzyme-dead mutant IL4i1 clustered with the 343 

untreated control (Figure 6A). Thus, the enzymatic activity IL4i1 is required for the changes in 344 

the gene expression and the generation of I3P seems to be one major factor for the IL4i1-345 

mediated gene expression profile, which is likely enhanced by the additional generation of 346 

4HPP and low levels of H2O2. Indeed, more than 90% of the most significantly upregulated 347 

genes (adjusted p-value <10-9) upon I3P treatment overlapped with the most significantly 348 

upregulated genes by WT IL4i1 (Figure 6B) – many of them representing target genes of Nrf2 349 

and AhR signaling, and involved in oxidative stress protection.   350 

Moreover, monitoring I3P fluorescence via flow cytometry, we detected a dose dependent 351 

increase in the AmCyan fluorescence in cells treated with WT IL4i1 conditioned medium, but 352 

not in cells treated with the enzyme dead mutant, confirming that IL4i1-generated I3P was taken 353 

up by the cells (Figure 6C). In line with our previous findings, we observed this to be linked to a 354 

dose-dependent increase in HO-1 and SLC7A11 (Figure 6D), which was absent when using the 355 

control medium or the K351A mutant enzyme (Figure 6E). To examine whether cells treated 356 

with the IL4i1 conditioned medium are protected from ferroptosis, we treated cells with erastin 357 

or RSL3 to induce ferroptosis after transferring the medium to the cells. Importantly, whereas 358 

the mutant enzyme had no protective effect, WT IL4i1 successfully inhibited ferroptosis in a 359 

titratable manner (Figure 6F, Figure 6- figure supplement 1A), indicating that IL4i1 can create a 360 

ferroptosis-suppressive milieu due to its enzymatic activity. To additionally confirm that these 361 

effects do not require IL4i1 to bind to any receptor, but the changes in the metabolic 362 

environment are sufficient, we used filtration to remove IL4i1 from the conditioned medium 363 

before addition to the Hela cells, which also resulted in upregulation of HO-1 and SLC7A11 364 
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and protection from ferroptosis (Figure 6- figure supplement 1B-D). Since amino acid 365 

concentrations in cell culture medium do not reflect the physiological levels, we verified that the 366 

protective effect of IL4i1 was also retained in medium containing human plasma concentrations 367 

of amino acids and glucose as described before (Leney-Greene et al., 2020) (Figure 6- figure 368 

supplement 1E). These data indicate that after IL4i1 is secreted, it generates I3P, 4HPP and 369 

other metabolites that have an autocrine-paracrine anti-ferroptotic effect. Thus, whereas snake 370 

venom LAAO quickly generates cytotoxic levels of H2O2, IL4i1 produces non-lethal amounts of 371 

H2O2 and amino acid metabolites protecting cells from oxidative ferroptotic cell death (Figure 372 

6G). Therefore, we tested if IL4i1 could also protect cells from LAAO toxicity. As in Figure 6F, 373 

we transferred medium pre-incubated for 72 hr with IL4i1 to Hela cells and added a toxic 374 

concentration (1.25 µg/ml; Figure 1F) of snake venom LAAO. However, IL4i1 could not 375 

prevent cells from LAAO toxicity (Figure 6- figure supplement 1F). In concordance with our 376 

previous observations regarding ferroptosis protection we confirmed that the venom LAAO 377 

does not induce this mode of cell death (Figure 6- figure supplement 1G). Thus, we speculate 378 

that IL4i1 can rather protect from endogenous ROS accumulation, but not from the rapid 379 

exogenous H2O2 accumulation induced by the venom protein. 380 

 381 
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 382 
 383 
Figure 6. IL4i1 generates an anti-ferroptotic milieu.  384 
(A) Heat map of differentially expressed genes in HeLa cells after 24 hr incubation with IL4i1 385 
(WT or K351A inactive mutant (Figure 2- figure supplement 1)) conditioned DMEM, 200 µM 386 
I3P or untreated control medium. (B) Overlap of most significantly upregulated genes as 387 
compared to the untreated HeLa cells (adjusted p-value <10-9) in HeLa cells treated with I3P 388 
and WT IL4i1 conditioned medium. Many of the overlapping genes are associated with Nrf2 389 
and AhR signaling. (C) I3P uptake by HeLa cells was quantified after 24 hr of incubation with 390 
IL4i1 conditioned DMEM by flow cytometry. n=3 biological replicates; The graph is 391 
representative for 3 independent experiments. Data was analyzed by two-way ANOVA with 392 
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Sidak's multiple comparisons test; ***p<0.001; ****p<0.0001; ns = not significant. (D, E) HO-393 
1 or SLC7A11 expression was determined by immunoblotting following transfer of complete 394 
DMEM media treated with increasing concentrations of IL4i1 or enzyme-dead K351A mutant 395 
for 24 hr. (F) Quantification of erastin-induced ferroptosis in HeLa cells in presence of IL4i1 396 
conditioned DMEM. WT but not K351A mutant IL4i1 conditioned medium (1 µg/ml) 397 
suppressed ferroptosis (left). The anti-ferroptotic effect of IL4i1 is concentration dependent 398 
(right). n=2 biological replicates; The graphs are representative for 3 independent experiments. 399 
All error bars represent standard deviation. (G) Schematic representation of the death-inducing 400 
versus death-protection mechanisms of venom LAAO versus mammalian IL4i1. 401 
  402 
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Discussion 403 

Our results indicate that snake venom L-amino acid oxidases and mammalian IL4i1 diverged in 404 

their functions to kill or protect cells, respectively. We found that a venom LAAO killed 405 

mammalian cells via H2O2 generation. N. naja LAAO oxidized five amino acids to generate 406 

H2O2, which was lethal to mammalian cells. N. naja LAAO was far more potent than its 407 

mammalian counterparts, even though the substrate range was almost similar to IL4i1 (with the 408 

main exception of L-Leu being metabolized by LAAO). These data are consistent with the 409 

notion that venom LAAOs evolved to rapidly metabolize amino acids from their target, and 410 

work in concert with other cytotoxic enzymes such as phospholipases, to increase cell 411 

permeability and death in and around the site of envenomation. We note that although LAAOs 412 

are almost universal in viperid and elapid venoms, their relative amounts differ remarkably 413 

across snake species, consistent with the prey- dependent evolutionary pressure to tailor venom 414 

for the target food source (Tasoulis and Isbister, 2017). For example, spitting cobras use 415 

directed venom ejection as a defensive strategy (Kazandjian et al., 2021); whether these snakes 416 

retain the same quantities and activities of LAAOs compared to their close cousins, such as N. 417 

naja, may provide additional insights into venom evolution. 418 

 419 

By contrast to venom LAAOs, we discovered that mammalian IL4i1 protected against death. 420 

We found the death protection mechanism of IL4i1 is via suppression of ferroptosis. IL4i1 421 

mediated its anti-ferroptotic activities by overlapping and distinct mechanisms that we speculate 422 

synergize in vivo. First, we found that human and mouse IL4i1 are non-cytolytic compared to 423 

snake LAAO. Second, the products of the IL4i1 reaction, PP, 4HPP and I3P induced the 424 

hierarchical activation of a gene transcriptional signature linked to networks of cell protective 425 

genes, including SLC7A11, CYP1B1 and AKR1C1. PP had almost no detectable effect on 426 

expression of the cell protection gene network, while I3P induced a readily-identifiable cluster 427 

of mRNAs, and 4HPP was intermediate between PP and I3P. Third, IL4i1 is a secreted enzyme 428 

and therefore we expect that all the products of the reaction will be made at the same time 429 

(though their clearance and downstream metabolism may differ substantially) and could 430 

therefore work collectively to activate anti-ferroptotic effects in neighboring cells. Indeed, our 431 

media filtration experiments using media treated with IL4i1 and compared to the enzyme-dead 432 

version controls, argue that the products of the IL4i1 reaction are necessary and sufficient to 433 

block ferroptosis also in neighboring cells. These experiments additionally argue against a 434 

model where IL4i1 binds to other proteins and acts like a cytokine or hormone in this context 435 

(Aubatin et al., 2018). 436 

 437 
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Using information from the cell protective gene network induced by IL4i1 metabolites, we 438 

speculated that I3P and 4HPP but not PP, may modulate the response to redox stress. We 439 

focused on ferroptosis as this pathway is amenable to both activation and suppression by well-440 

defined on-target drugs. We found I3P was highly protective against ferroptotic death induced 441 

by both GPX4 (RSL3) or SLC7A11 (erastin) inhibition. 4HPP had an intermediate effect on 442 

suppressing ferroptosis, while PP had no modulatory effect, coinciding closely with our 443 

RNAseq data showing the distinct magnitude of gene expression by I3P relative to either 4HPP 444 

or PP. Ferroptosis can be interrupted by distinct mechanisms leading from modulating cysteine 445 

metabolism to form glutathione (Stockwell et al., 2017, Conrad and Pratt, 2019), to  446 

detoxification of lipid peroxides. In dissecting each key step, we found I3P blocked ferroptosis 447 

by at least two distinct mechanisms. First, using a radical scavenging assay and a strategy to 448 

load ferroptosis-susceptible cells with I3P and then trace its decay, we observed that I3P has 449 

direct free radical scavenging properties. We noted that I3P has previously been shown to be a 450 

free radical scavenger in an unrelated system (Politi et al., 1996). Second, and independent of 451 

the radical scavenging properties, I3P induced a cell redox protective gene network, sufficient to 452 

prevent erastin-mediated ferroptosis and associated with an increased ratio of reduced GSH. 453 

Moreover, especially under erastin-mediated stress conditions, I3P elevated the activation of 454 

compensatory gene expression as indicated by increased protein levels of SLC7A11 and HO-1, 455 

two important target genes of anti-oxidative stress pathways. Nevertheless, further studies are 456 

required to identify the main conductors of ferroptosis suppression and the upstream 457 

transcription pathways. Our RNAseq data from I3P and IL4i1 treated cells suggest a possible 458 

involvement of ATF4 and especially Nrf2 and AhR signaling. Indeed, also a recent study 459 

suggested the AhR was activated by I3P (Sadik et al., 2020). Determining the relative 460 

contributions of these pathways however, will require a systematic evaluation in cell systems 461 

devoid of each or even combinations of these transcription factors, since there is evidence for 462 

the overlap of the pathways (Zgheib et al., 2018). 463 

So far, very little is known about IL4i1 protein levels in tissues or serum, mainly due to 464 

limitations in validated antibodies. Since IL4i1 expression is highly inducible in immune cells 465 

(Molinier-Frenkel et al., 2019) it is possible that inflammatory conditions are required for IL4i1 466 

accumulation. However, a recent study reported serum IL4i1 levels of up to 300 pg/ml in a 467 

mouse leukemia model (Sadik et al., 2020). Given that IL4i1 expression is often associated with 468 

tumor associated myeloid cells (Ramspott et al., 2018), we speculate that especially in low 469 

perfused tissue environments, such as found in solid tumors, local concentrations of IL4i1 can 470 

reach much higher levels, attaining a ng/ml range in which we found IL4i1 to mediate its 471 

protective effects. We also note that I3P has previously been detected in plasma at ~80 µM and 472 

was speculated to be derived from microbiome tryptophan metabolism (Dodd et al., 2017) and 473 

that related microbiota-derived tryptophan metabolites are associated with radio-protection 474 
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(Guo et al., 2020). Notably, we were able to demonstrate anti-ferroptotic activity of I3P within 475 

this concentration range. Given that the microbiome and IL4i1 activate anti-ferroptosis 476 

pathways via I3P and potentially other indoles, one plausible way to account for the pro-tumor 477 

effects of IL4i1 and the pathway we discovered herein, is that local IL4i1 production in the 478 

tumor microenvironment increases the available I3P (and 4HPP) concentrations, protecting 479 

tumor cells from ferroptosis. While no direct evidence for this link exists, yet the association 480 

between IL4i1 and cancer is substantial (Ramspott et al., 2018, Molinier-Frenkel et al., 2019, 481 

Sadik et al., 2020). Thus, we speculate that an inhibitor of IL4i1 may be a useful anti-cancer 482 

drug, as it may sensitize cancer cells to ferroptotic death by blocking IL4i1-mediated amino acid 483 

metabolism. 484 

 485 
 486 
Materials and Methods 487 

Key Resource Table 488 

Reagent 

type 

(species) or 

resource 

Designation Source or 

reference 

Identifier

s 

Additional 

informatio

n 

Chemical 

compound, 

drug 

Doxycycline Sigma D9891  1 µg/ml 

Chemical 

compound, 

drug 

PNGaseF New England 

Biolabs 

P0704  

Chemical 

compound, 

drug 

Erastin Selleckchem S7242  

Chemical 

compound, 

drug 

(1S, 3R)-RSL3 Selleckchem S8155  

 Chemical 

compound, 

drug 

Catalase Sigma C1345  

 Chemical 

compound, 

drug 

Zinc (II) 

Protoporphyrin IX 

Sigma 691550  

 Chemical 

compound, 

drug 

Ketoconazole Acros 

Organics 

455470010  

Chemical 

compound, 

Ferrostatin-1 Sigma SML0583 2 µM 
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drug 

Chemical 

compound, 

drug 

Liproxstatin-1 Selleckchem S7699 1 µM 

Chemical 

compound, 

drug 

Indole-3-pyruvic acid Sigma I7017  

Chemical 

compound, 

drug 

Sodium 

phenylpyruvate 

Alfa Aesar H56767.06  

Chemical 

compound, 

drug 

4-

Hydroxyphenylpyruvi

c acid 

Sigma 114286 200 µM 

Chemical 

compound, 

drug 

2,2-Diphenyl-1-

pikryl-hydrazyl 

Sigma D9132  

Chemical 

compound, 

drug 

Horse Radish 

Peroxidase 

Sigma P8375  

Peptide 

recombinan

t protein 

Recombinant human 

IL4i1 

R&D systems 5684-AO-

020 

 

Sequenced-

based 

reagent 

HO-1 siRNA  Invitrogen 4390824 

(S6673) 

50 nM 

Sequenced-

based 

reagent 

Scrambled siRNA  Invitrogen 4390843  50 nM 

Antibody Anti-Slc7a11 

(Rabbit 

monoclonal) 

Cell 

Signaling 

Technolog

y  

12691 1:1000 

Antibody Anti-HO-1 

(Rabbit polyclonal) 

Enzo ADI-SPA-

895 

1:1000 

Commercia

l assay, kit 

CellTox™ Green Promega G8731 1:4000 

Commercia

l assay, kit 

Amplex UltraRed Thermo 

Fisher 

Scientific 

A36006  

 489 
 490 

Cell lines and media 491 
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Cell lines were purchased from the American Type Culture Collection (ATCC). All cell lines 492 

were tested to be free from Mycoplasma contamination by routine PCR screening. 493 

THP-1 and RS4;11 cells were grown in in RPMI Medium 1640 containing GlutaMAX 494 

(Gibco/Life Technologies Corp., Grand Island, NY) plus 10% fetal bovine serum (FBS), 1% 495 

Penicillin-Streptomycin (Sigma, St. Louis, MO) and 0.1% 2-Mercaptoethanol (Sigma Aldrich). 496 

HeLa cells, HEK293T cells, HT-1080 and NIH3T3 cells were grown in DMEM high glucose, 497 

pyruvate (Gibco/Life Technologies Corp., Grand Island, NY) plus 10% fetal bovine serum 498 

(FBS) and 1% Penicillin-Streptomycin (Sigma, St. Louis, MO). Medium containing human 499 

plasma concentrations of amino acids was prepared using D9800-13 Dulbecco’s MEM 500 

(DMEM) Low Glucose, w/o Amino Acids, Pyruvic Acid (Powder) (USBiological) adding 501 

amino acids as previously described (Leney-Greene et al., 2020). All cell lines were grown in 502 

humidified tissue culture incubators at 37°C with 5% CO2.  503 

 504 

siRNA knockdown 505 

HeLa cells were seeded at 2 × 105 cells/well in six well plates. After 24 h incubation at 37 °C, 506 

the cells were transfected with 50 nM of HO-1 siRNA (4390824, s6673, Invitrogen) or 507 

scrambled siRNA (4390843, Invitrogen) using Lipofectamine™ RNAiMAX Transfection 508 

Reagent (Invitrogen) according to the manufacturer’s instructions. Cells were re-plated 10 hr 509 

after transfection for the ferroptosis assay and western blot analysis. 510 

 511 

Recombinant protein expression and purification 512 

HEK293T (ATCC) cell lines stably expressing Twin-Strep-tagged Naja naja LAAO (WT and 513 

R320A, K326A double mutant) and murine IL4i1 (WT and K351A mutant) were generated 514 

using the PiggyBac transposon system (Yusa et al., 2011, Li et al., 2013). For both proteins the 515 

human VEGF leader sequence (MNFLLSWVHWSLALLLYLHHAKWSQA) was used to 516 

ensure efficient secretion. Cells were grown at a density of 1 × 106 cells per ml in FreeStyle 293 517 

Expression Medium (Gibco, Thermo Fisher Scientific) and protein expression was induced 518 

using 1 µg/ml doxycycline. For purification of the secreted proteins the supernatant was 519 

collected 7 days after doxycycline induction and filtered using a Nalgene Rapid-Flow 75mm 520 

bottle top filter (Thermo Scientific). 521 

For N. naja LAAO purification the supernatant was concentrated from a starting volume of 2 L 522 

to a final volume of 50 ml in 20 mM MES (pH 6.0) and 50 mM NaCl by diafiltration using a 523 

Satocon Slice 200 (Sartorius). The protein was loaded onto a Toyopearl Sulfate-650F 5 ml 524 

column (Tosoh Bioscience) for ion exchange chromatography using a linear gradient up to 20 525 

mM MES (pH 6.0) and 2000 mM NaCl for elution. The LAAO containing fractions were 526 

further purified by incubation with Strep-TactinXT Superflow Beads for 1 hour on a rotating 527 

wheel. After washing with PBS the protein was eluted with PBS +50 mM Biotin.  528 
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To purify murine IL4i1 the supernatant was loaded on a Strep-TactinXT Superflow cartridge 529 

(Iba) using an ÄKTA pure chromatography system. After washing the protein was eluted in two 530 

consecutive steps for 30 minutes with PBS containing 50 mM Biotin. Protein purity was 531 

confirmed via SDS PAGE. 532 

 533 

Western blotting 534 

Cells were lysed in lysis buffer and protease inhibitor cocktail. Cell lysates were separated on 535 

4–15% Criterion TGX Stain-Free protein gels (5678085, Bio-Rad), transferred to nitrocellulose 536 

membranes (0.2 µm, 10600001, Amersham) and blocked in 5% milk in PBS containing 0.1% 537 

Tween-20 5% milk.  Membranes were incubated overnight at 4°C with a 1:1000 dilution of the 538 

following primary antibodies: StrepMAB (2-1507-001, Iba), SLC7A11 (12691S, Cell Signaling 539 

Technology, CST), HO-1 (ADI-SPA-895, Enzo), Vinculin (13901, CST) and Grb2 (610112, 540 

BD). Membranes were washed and incubated with 1:10000 HRP-conjugated secondary 541 

antibodies Goat Anti-Rabbit and Goat Anti-Mouse (respectively, 111-035-003 and 115-035-542 

003, Jackson ImmunoResearch) before visualization with SuperSignal West Pico Substrate 543 

(34080; Pierce). 544 

 545 

Cell death analysis  546 

Cells were seeded in 48-well plates and, 24 hr after plating, ferroptosis was induced with either 547 

10 μM erastin or 1 μM RSL3. Cells were monitored by live phase‐contrast microscopy using the 548 

IncuCyte S3 system with the 10X objective, taking 9 images per replicate for 36-48 hr as shown 549 

in the figures. Cell death was monitored over time using CellTox™ Green. 550 

 551 

Cell death analysis by flow cytometry  552 

Ferroptosis was induced using ferroptosis inducers (FINs): erastin, RSL3, FINO2 (provided by 553 

Keith Worpel & Brent Stockwell) and ferroptocide (provided by Paul Hergenrother, (Llabani et 554 

al., 2019)). Cells were seeded in 6-well plates and, 24 hr after plating, treated with the indicated 555 

compounds. We used 5 μM erastin, 1.13 μM RSL3, 10 μM FINO2 and 10 μM ferroptocide. As 556 

a control for protection from ferroptosis, we used the ferrostatin Fer-1 at 1 µM. At indicated 557 

time points, cells were harvested, washed twice in PBS and stained with 5 μl of 7-AAD (BD 558 

Biosciences) and 5 μl of annexin-V-FITC (BD Biosciences) in 100 μl annexin-V binding buffer 559 

(BD Biosciences). After 15 min, cells were recorded on the LSRII with the FACS Diva 6.1.1 560 

software (BD Biosciences). 561 

 562 

Quantification of lipid peroxidation 563 

Lipid peroxidation was assessed using C11-BODIPY 581/591 (Molecular Probes/Life 564 

Technologies) according to the manufacturer’s instructions.  565 
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 566 

DPPH scavenging assay 567 

Radical scavenging activity of PP, 4HPP and I3P was analyzed using the stable free radical 1,1-568 

Diphenyl-2-picrylhydrazyl (DPPH). Fer-1 and ascorbic acid were used as positive controls. All 569 

compounds were used at a concentration of 200 µM and added to a 200 µM DPPH solution in 570 

pure methanol. After 10 min incubation the absorbance was measured at 517 nm. The decrease 571 

in absorbance due to radical scavenging was calculated relative to the H2O control. 572 

 573 

GSH/GSSG assay 574 

Quantification of GSH/GSSG ratio in the cell lysates of HeLa cells treated for 24 hr with 200 575 

µM I3P was performed as previously described (Rahman et al., 2006).   576 

 577 

I3P fluorescence spectrum 578 

I3P was dissolved at a 2 mM in ddH2O. The fluorescence was measured in a black microplate 579 

using a CLARIOstar Plus microplate reader (BMG Labtech). For the excitation spectrum the 580 

fluorescence intensity was measured for excitation wavelengths from 320 nm to 440 nm with a 581 

stepwidth of 1 nm at an emission wavelength of 470 nm (20 nm bandwidth). The emission 582 

spectrum was generated using an excitation wavelength of 395 nm (20 nm bandwidth) and 583 

detecting the emission at wavelengths from 430 nm to 600 nm with a stepwidth of 1 nm. 584 

 585 

I3P uptake 586 

To monitor I3P uptake, HeLa cells (2 x 104) were seeded in triplicates into 48-well plates and 587 

treated with 200 μM of Indole-3-pyruvic acid dissolved in the culture medium. AmCyan 588 

fluorescence was acquired at 2, 6 and 24 hr on a LSRFortessa with DIVA software (BD 589 

Biosciences). All flow data were analyzed by FlowJo software (version 10.5.0, Tree Star, Inc. 590 

Ashland, OR, USA). 591 

 592 

LAAO enzymatic assay 593 

Specific L-amino acid oxidase activity towards the proteinogenic amino acids was measured by 594 

determination of H2O2 generation using Amplex UltraRed (AUR). Recombinant Naja naja 595 

LAAO, human or murine IL4i1 were added to a mixture containing 1 U/ml HRP, 50 µM AUR 596 

and 1 mM of the specific L-amino acid (CELLPURE, Roth) in 50 mM Sodium Phosphate 597 

(Sigma), pH 7.0 in a final volume of 100 µl per well of a black 96-well microplate. H2O2 598 

production was measured over 5 minutes at 37°C using a CLARIOstar Plus microplate reader 599 

(BMG Labtech) at 530 nm excitation and 590 nm emission wavelength.   600 

 601 

Untargeted Metabolomics  602 



 26 

DMEM containing 10% FBS was incubated for 24 h and 72 h with 1 µg/ml of recombinant 603 

human IL4i1. The identical medium without IL4i1 was used as control. All samples were 604 

prepared in triplicates and frozen in liquid nitrogen. For analysis, samples were thawed on ice 605 

and proteins were precipitated with methanol. Upon centrifugation at 4 °C for 10 min at 15,000 606 

rcf, the extracts were transferred to a new tube. 10 μL of each sample were pooled and used as a 607 

quality control (QC) sample and the extracts were randomly assigned into the autosampler. 608 

Metabolites were separated on an iHILIC®-(P) Classic HPLC column (HILICON, 100 x 2.1 609 

mm; 5 µm; 200 Å; equipped with a guard column) with a flow rate of 100 µL min-1 delivered 610 

through an Ultimate 3000 HPLC system (Thermo Fisher Scientific). The stepwise gradient of 611 

HILIC analysis (Wernisch and Pennathur, 2016) involved starting conditions of 90% A (100% 612 

ACN), ramp to 25% B (25 mM ammonium hydrogen carbonate) within 6 min, 2 min hold at 613 

25% B, ramp to 60% B from 8 to 21 min, switch to 80% B at 21.5 min, following by a flushing 614 

(21.5-26 min: 80% B) and re-equilibration step (26.1-35 at 10% B). All samples were analyzed 615 

by HILIC separation followed by ESI-HRMS in polarity switching mode in the mass range of 616 

70-900 m/z. Sample spectra were acquired by data-dependent high-resolution tandem mass 617 

spectrometry on a Q Exactive Focus (Thermo Fisher Scientific). Ionization potential was set to 618 

+3.5/-3.0 kV, the sheath gas flow was set to 20, and an auxiliary gas flow of 5 was used. 619 

Samples were analyzed in a randomized fashion bracketed by a blank (MeOH: H2O; 2:1 v/v) 620 

and QC sample for background correction and normalization of the data, respectively. QC 621 

samples were additionally measured in confirmation and discovery mode to obtain further 622 

MS/MS spectra for identification. The obtained data sets have been processed by compound 623 

discoverer (CD) 3.1.0.035 (Thermo Fisher Scientific). Our internal database, mzCloud database, 624 

and ChemSpider database (BioCyc, HMDB, KEGG) were used for compound annotation. A 625 

mass accuracy of 5 ppm was set and for our internal database a retention time window of 0.4 626 

min was considered to compare against authentic standards. Acetonitrile (ACN) HiPerSolv 627 

CHROMANORM® for HPLC-Supergradient was obtained from VWR Chemicals, methanol 628 

Optima® LC/MS Grade from Fisher Chemicals, formic acid Suprapur® was purchased from 629 

Merck, and H2O was obtained from a Mili-Q® Advantage A10 water purification system 630 

(Merck). 631 

 632 

RNA-sequencing and analysis 633 

THP-1 cells were treated in triplicates for 24 hr with 200 µM of PP, 4HPP or I3P dissolved in 634 

RPMI medium. RPMI medium was used as control. HeLa cells were treated in triplicates for 24 635 

hr with DMEM containing 200 µM I3P or DMEM pre-incubated with 1 µg/ml murine IL4i1 636 

(WT or K351A mutant). DMEM medium was used as control. 637 

RNA was extracted using Qiagen RNeasy Mini kits (Qiagen) according to the manufacturer's 638 

protocol. mRNA sequencing libraries were prepared with 1 µg of total RNA of each sample 639 
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using the NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina® (E7765, NEB) 640 

with NEBNext® Poly(A) mRNA Magnetic Isolation Module (E7490, NEB), according to 641 

standard manufacturer’s protocol. Total RNA and the final library quality controls were 642 

performed using Qubit™ Flex Fluorometer (Q33327, Thermo Fisher Scientific) and 2100 643 

Bioanalyzer Instrument (G2939BA, Agilent) before and after library preparation. Paired-end 644 

sequencing was performed on Illumina NextSeq 500 (2 x 43 bp reads). The samples were 645 

multiplexed and sequenced on one High Output Kit v2.5 to reduce a batch effect. BCL raw data 646 

were converted to FASTQ data and demultiplexed by bcl2fastq Conversion Software (Illumina). 647 

BAM and bigwig files are generated by STAR alignment and file conversion scripts - bam2wig 648 

& wigToBigWig. 649 

After quality-checking using the tool FastQC (v.0.11.7) the files were mapped to the human 650 

genome (Genome build GRCh38) downloaded from Ensembl using the star aligner (v. 2.7.3a) 651 

(Dobin et al., 2013). The mapped files were then quantified on a gene level based on the 652 

ensembl annotations, using the featureCounts (Liao et al., 2014) tool from the SubRead package 653 

(Liao et al., 2013) (v. 1.4.6-p4).  654 

Using the DESeq2 package (R 3.6.0, DESeq version 1.26.0) (Anders and Huber, 2010) the 655 

count data was normalized by the size factor to estimate the effective library size. After 656 

calculating the gene dispersion across all samples, the comparison of each two different 657 

conditions resulted in a list of differentially expressed genes for each comparison. A filtering 658 

step of removing genes with no reads in at least three samples was used.  659 

Genes with an adjusted p-value of <= 0.05 were than considered to be differentially expressed 660 

for generation of volcano plots. Gene Ontology (GO) biological process overrepresentation 661 

analysis was computed with the web-based PANTHER tool using Fisher’s exact test and False 662 

Discovery Rate (FDR) calculation. GO term overrepresentation was analyzed for the most 663 

significantly I3P-upregulated genes with a p-value cutoff of p<10-9 using all detected genes 664 

from the dataset as the reference.  665 

Clustering analysis was performed using the Perseus software (version 1.6.14.0). Genes were 666 

filtered for protein-coding genes and the reads log2 transformed. Multiple sample testing using 667 

ANOVA with a FDR threshold of 0.0001 was conducted and z-scores generated for the 668 

significant genes, which were used for hierarchical clustering (Euclidean distance, average 669 

linkage) generating a heat map. 670 

 671 

Statistical analyses 672 

Statistical analyses were performed using GraphPad Prism software program (version 7, 673 

www.graphpad.com). Statistical tests are reported in the figure legends.  674 

 675 



 28 

Acknowledgments 676 

We thank Matthias Feige and Karen Hildenbrand for discussion and experimental insights and 677 

Rin Ho Kim and Assa Yeroslaviz for RNA sequencing and bioinformatic analysis of the 678 

RNAseq data. We thank Alexander Strasser for technical support, Claudia Strasser, Leopold 679 

Urich and Judith Scholz for protein purification.  680 

Work in the PJM laboratory is supported by FOR-2599 (Type 2 Tissue Immunity), SFB-TRR 681 

127 from the Deutsche Forschungsgemeinschaft (DFG) and the Max-Planck-Gesellschaft. Work 682 

in the AL laboratory is supported by the SFB-TRR 205, SFB-TRR 127, the international 683 

research training group (IRTG) 2251 and by the DFG (Heisenberg-Professorship to A.L. 684 

(project number 324141047)). The CO lab is supported by grants from the European Research 685 

Council (ERC Starting grant project number 716718), the DFG - project number 395357507 – 686 

SFB-1371 and grant number OH 282/1-1within FOR-2599). The VBCF Metabolomics Facility 687 

is supported by the City of Vienna through the Vienna Business Agency. 688 

 689 

Competing interests 690 

The authors declare that no competing interests exist. 691 

 692 

Additional files 693 

Figure supplement 694 

Video 1: Video file of N. naja LAAO action on HeLa cells 695 

Supplementary file 1: I3P RNAseq GO terms 696 

 697 

Data availability 698 

We generated RNAseq data from THP-1 cells stimulated with different IL4i1 metabolites, 699 

which is deposited in Gene Expression Omnibus under the serial number GSE161159. 700 

RNAseq data from HeLa cells treated with I3P and murine IL4i1 (WT or K351A) are deposited 701 

under GSE167136. 702 

 703 

References 704 

Anders, S. and W. Huber. 2010. Differential expression analysis for sequence count data. 705 
Genome Biol 11:R106. 10.1186/gb-2010-11-10-r106, PMID: PMID 706 

Aubatin, A., N. Sako, X. Decrouy, E. Donnadieu, V. Molinier-Frenkel and F. Castellano. 2018. 707 
IL4-induced gene 1 is secreted at the immune synapse and modulates TCR activation 708 



 29 

independently of its enzymatic activity. Eur J Immunol 48:106-119. 10.1002/eji.201646769, 709 
PMID: PMID 710 

Boulland, M. L., J. Marquet, V. Molinier-Frenkel, P. Moller, C. Guiter, F. Lasoudris, C. Copie-711 
Bergman, M. Baia, P. Gaulard, K. Leroy and F. Castellano. 2007. Human IL4I1 is a secreted L-712 
phenylalanine oxidase expressed by mature dendritic cells that inhibits T-lymphocyte 713 
proliferation. Blood 110:220-227. 10.1182/blood-2006-07-036210, PMID: PMID 714 

Carbonnelle-Puscian, A., C. Copie-Bergman, M. Baia, N. Martin-Garcia, Y. Allory, C. Haioun, 715 
A. Cremades, I. Abd-Alsamad, J. P. Farcet, P. Gaulard, F. Castellano and V. Molinier-Frenkel. 716 
2009. The novel immunosuppressive enzyme IL4I1 is expressed by neoplastic cells of several 717 
B-cell lymphomas and by tumor-associated macrophages. Leukemia 23:952-960. 718 
10.1038/leu.2008.380, PMID: PMID 719 

Chiang, S. K., S. E. Chen and L. C. Chang. 2018. A Dual Role of Heme Oxygenase-1 in Cancer 720 
Cells. Int J Mol Sci 20. 10.3390/ijms20010039, PMID: PMID 721 

Chu, C. C. and W. E. Paul. 1997. Fig1, an interleukin 4-induced mouse B cell gene isolated by 722 
cDNA representational difference analysis. Proc Natl Acad Sci U S A 94:2507-2512. 723 
10.1073/pnas.94.6.2507, PMID: PMID 724 

Cobbold, S. P., E. Adams, C. A. Farquhar, K. F. Nolan, D. Howie, K. O. Lui, P. J. Fairchild, A. 725 
L. Mellor, D. Ron and H. Waldmann. 2009. Infectious tolerance via the consumption of 726 
essential amino acids and mTOR signaling. Proc Natl Acad Sci U S A 106:12055-12060. 727 
10.1073/pnas.0903919106, PMID: PMID 728 

Conrad, M. and D. A. Pratt. 2019. The chemical basis of ferroptosis. Nat Chem Biol 15:1137-729 
1147. 10.1038/s41589-019-0408-1, PMID: PMID 730 

Cousin, C., A. Aubatin, S. Le Gouvello, L. Apetoh, F. Castellano and V. Molinier-Frenkel. 731 
2015. The immunosuppressive enzyme IL4I1 promotes FoxP3(+) regulatory T lymphocyte 732 
differentiation. Eur J Immunol 45:1772-1782. 10.1002/eji.201445000, PMID: PMID 733 

Dixon, S. J., K. M. Lemberg, M. R. Lamprecht, R. Skouta, E. M. Zaitsev, C. E. Gleason, D. N. 734 
Patel, A. J. Bauer, A. M. Cantley, W. S. Yang, B. Morrison, 3rd and B. R. Stockwell. 2012. 735 
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell 149:1060-1072. 736 
10.1016/j.cell.2012.03.042, PMID: PMID 737 

Dixon, S. J., D. N. Patel, M. Welsch, R. Skouta, E. D. Lee, M. Hayano, A. G. Thomas, C. E. 738 
Gleason, N. P. Tatonetti, B. S. Slusher and B. R. Stockwell. 2014. Pharmacological inhibition of 739 
cystine-glutamate exchange induces endoplasmic reticulum stress and ferroptosis. Elife 740 
3:e02523. 10.7554/eLife.02523, PMID: PMID 741 

Dobin, A., C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson 742 
and T. R. Gingeras. 2013. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29:15-21. 743 
10.1093/bioinformatics/bts635, PMID: PMID 744 

Dodd, D., M. H. Spitzer, W. Van Treuren, B. D. Merrill, A. J. Hryckowian, S. K. Higginbottom, 745 
A. Le, T. M. Cowan, G. P. Nolan, M. A. Fischbach and J. L. Sonnenburg. 2017. A gut bacterial 746 
pathway metabolizes aromatic amino acids into nine circulating metabolites. Nature 551:648-747 
652. 10.1038/nature24661, PMID: PMID 748 

Geisler, S., P. Mayersbach, B. Becker, H. Schennach, D. Fuchs and J. M. Gostner. 2015. Serum 749 
tryptophan, kynurenine, phenylalanine, tyrosine and neopterin concentrations in 100 healthy 750 
blood donors. Pteridines 26:31-36. PMID: PMID 751 

Gunther, J., J. Dabritz and E. Wirthgen. 2019. Limitations and Off-Target Effects of 752 
Tryptophan-Related IDO Inhibitors in Cancer Treatment. Front Immunol 10:1801. 753 
10.3389/fimmu.2019.01801, PMID: PMID 754 

Guo, H., W. C. Chou, Y. Lai, K. Liang, J. W. Tam, W. J. Brickey, L. Chen, N. D. Montgomery, 755 
X. Li, L. M. Bohannon, A. D. Sung, N. J. Chao, J. U. Peled, A. L. C. Gomes, M. R. M. van den 756 



 30 

Brink, M. J. French, A. N. Macintyre, G. D. Sempowski, X. Tan, R. B. Sartor, K. Lu and J. P. 757 
Y. Ting. 2020. Multi-omics analyses of radiation survivors identify radioprotective microbes 758 
and metabolites. Science 370. 10.1126/science.aay9097, PMID: PMID 759 

Kazandjian, T. D., D. Petras, S. D. Robinson, J. van Thiel, H. W. Greene, K. Arbuckle, A. 760 
Barlow, D. A. Carter, R. M. Wouters, G. Whiteley, S. C. Wagstaff, A. S. Arias, L. O. 761 
Albulescu, A. Plettenberg Laing, C. Hall, A. Heap, S. Penrhyn-Lowe, C. V. McCabe, S. 762 
Ainsworth, R. R. da Silva, P. C. Dorrestein, M. K. Richardson, J. M. Gutierrez, J. J. Calvete, R. 763 
A. Harrison, I. Vetter, E. A. B. Undheim, W. Wuster and N. R. Casewell. 2021. Convergent 764 
evolution of pain-inducing defensive venom components in spitting cobras. Science 371:386-765 
390. 10.1126/science.abb9303, PMID: PMID 766 

Kwon, M. Y., E. Park, S. J. Lee and S. W. Chung. 2015. Heme oxygenase-1 accelerates erastin-767 
induced ferroptotic cell death. Oncotarget 6:24393-24403. 10.18632/oncotarget.5162, PMID: 768 
PMID 769 

Leney-Greene, M. A., A. K. Boddapati, H. C. Su, J. R. Cantor and M. J. Lenardo. 2020. Human 770 
Plasma-like Medium Improves T Lymphocyte Activation. iScience 23:100759. 771 
10.1016/j.isci.2019.100759, PMID: PMID 772 

Li, Z., I. P. Michael, D. Zhou, A. Nagy and J. M. Rini. 2013. Simple piggyBac transposon-773 
based mammalian cell expression system for inducible protein production. Proc Natl Acad Sci 774 
U S A 110:5004-5009. 10.1073/pnas.1218620110, PMID: PMID 775 

Liao, Y., G. K. Smyth and W. Shi. 2013. The Subread aligner: fast, accurate and scalable read 776 
mapping by seed-and-vote. Nucleic Acids Res 41:e108. 10.1093/nar/gkt214, PMID: PMID 777 

Liao, Y., G. K. Smyth and W. Shi. 2014. featureCounts: an efficient general purpose program 778 
for assigning sequence reads to genomic features. Bioinformatics 30:923-930. 779 
10.1093/bioinformatics/btt656, PMID: PMID 780 

Liu, Z., Q. Zhao, Z. X. Zuo, S. Q. Yuan, K. Yu, Q. Zhang, X. Zhang, H. Sheng, H. Q. Ju, H. 781 
Cheng, F. Wang, R. H. Xu and Z. X. Liu. 2020. Systematic Analysis of the Aberrances and 782 
Functional Implications of Ferroptosis in Cancer. iScience 23:101302. 783 
10.1016/j.isci.2020.101302, PMID: PMID 784 

Llabani, E., R. W. Hicklin, H. Y. Lee, S. E. Motika, L. A. Crawford, E. Weerapana and P. J. 785 
Hergenrother. 2019. Diverse compounds from pleuromutilin lead to a thioredoxin inhibitor and 786 
inducer of ferroptosis. Nat Chem 11:521-532. 10.1038/s41557-019-0261-6, PMID: PMID 787 

Molinier-Frenkel, V., A. Prevost-Blondel and F. Castellano. 2019. The IL4I1 Enzyme: A New 788 
Player in the Immunosuppressive Tumor Microenvironment. Cells 8. 10.3390/cells8070757, 789 
PMID: PMID 790 

Moustafa, I. M., S. Foster, A. Y. Lyubimov and A. Vrielink. 2006. Crystal structure of LAAO 791 
from Calloselasma rhodostoma with an L-phenylalanine substrate: insights into structure and 792 
mechanism. J Mol Biol 364:991-1002. 10.1016/j.jmb.2006.09.032, PMID: PMID 793 

Murray, P. J. 2016. Amino acid auxotrophy as a system of immunological control nodes. Nat 794 
Immunol 17:132-139. 10.1038/ni.3323, PMID: PMID 795 

Niki, E. 1991. Action of ascorbic acid as a scavenger of active and stable oxygen radicals. Am J 796 
Clin Nutr 54:1119S-1124S. 10.1093/ajcn/54.6.1119s, PMID: PMID 797 

Pawelek, P. D., J. Cheah, R. Coulombe, P. Macheroux, S. Ghisla and A. Vrielink. 2000. The 798 
structure of L-amino acid oxidase reveals the substrate trajectory into an enantiomerically 799 
conserved active site. EMBO J 19:4204-4215. 10.1093/emboj/19.16.4204, PMID: PMID 800 

Pla, D., B. W. Bande, R. E. Welton, O. K. Paiva, L. Sanz, A. Segura, C. E. Wright, J. J. Calvete, 801 
J. M. Gutierrez and D. J. Williams. 2017. Proteomics and antivenomics of Papuan black snake 802 
(Pseudechis papuanus) venom with analysis of its toxicological profile and the preclinical 803 



 31 

efficacy of Australian antivenoms. J Proteomics 150:201-215. 10.1016/j.jprot.2016.09.007, 804 
PMID: PMID 805 

Politi, V., S. D'Alessio, G. Di Stazio and G. De Luca. 1996. Antioxidant properties of indole-3-806 
pyruvic acid. Adv Exp Med Biol 398:291-298. 10.1007/978-1-4613-0381-7_46, PMID: PMID 807 

Rahman, I., A. Kode and S. K. Biswas. 2006. Assay for quantitative determination of 808 
glutathione and glutathione disulfide levels using enzymatic recycling method. Nat Protoc 809 
1:3159-3165. 10.1038/nprot.2006.378, PMID: PMID 810 

Ramspott, J. P., F. Bekkat, L. Bod, M. Favier, B. Terris, A. Salomon, L. Djerroudi, K. S. 811 
Zaenker, Y. Richard, V. Molinier-Frenkel, F. Castellano, M. F. Avril and A. Prevost-Blondel. 812 
2018. Emerging Role of IL-4-Induced Gene 1 as a Prognostic Biomarker Affecting the Local T-813 
Cell Response in Human Cutaneous Melanoma. J Invest Dermatol 138:2625-2634. 814 
10.1016/j.jid.2018.06.178, PMID: PMID 815 

Rieckmann, J. C., R. Geiger, D. Hornburg, T. Wolf, K. Kveler, D. Jarrossay, F. Sallusto, S. S. 816 
Shen-Orr, A. Lanzavecchia, M. Mann and F. Meissner. 2017. Social network architecture of 817 
human immune cells unveiled by quantitative proteomics. Nat Immunol 18:583-593. 818 
10.1038/ni.3693, PMID: PMID 819 

Sadik, A., L. F. Somarribas Patterson, S. Ozturk, S. R. Mohapatra, V. Panitz, P. F. Secker, P. 820 
Pfander, S. Loth, H. Salem, M. T. Prentzell, B. Berdel, M. Iskar, E. Faessler, F. Reuter, I. Kirst, 821 
V. Kalter, K. I. Foerster, E. Jager, C. R. Guevara, M. Sobeh, T. Hielscher, G. Poschet, A. 822 
Reinhardt, J. C. Hassel, M. Zapatka, U. Hahn, A. von Deimling, C. Hopf, R. Schlichting, B. I. 823 
Escher, J. Burhenne, W. E. Haefeli, N. Ishaque, A. Bohme, S. Schauble, K. Thedieck, S. 824 
Trump, M. Seiffert and C. A. Opitz. 2020. IL4I1 Is a Metabolic Immune Checkpoint that 825 
Activates the AHR and Promotes Tumor Progression. Cell. 10.1016/j.cell.2020.07.038, PMID: 826 
PMID 827 

Steggerda, S. M., M. K. Bennett, J. Chen, E. Emberley, T. Huang, J. R. Janes, W. Li, A. L. 828 
MacKinnon, A. Makkouk, G. Marguier, P. J. Murray, S. Neou, A. Pan, F. Parlati, M. L. M. 829 
Rodriguez, L. A. Van de Velde, T. Wang, M. Works, J. Zhang, W. Zhang and M. I. Gross. 830 
2017. Inhibition of arginase by CB-1158 blocks myeloid cell-mediated immune suppression in 831 
the tumor microenvironment. J Immunother Cancer 5:101. 10.1186/s40425-017-0308-4, PMID: 832 
PMID 833 

Stockwell, B. R., J. P. Friedmann Angeli, H. Bayir, A. I. Bush, M. Conrad, S. J. Dixon, S. 834 
Fulda, S. Gascon, S. K. Hatzios, V. E. Kagan, K. Noel, X. Jiang, A. Linkermann, M. E. 835 
Murphy, M. Overholtzer, A. Oyagi, G. C. Pagnussat, J. Park, Q. Ran, C. S. Rosenfeld, K. 836 
Salnikow, D. Tang, F. M. Torti, S. V. Torti, S. Toyokuni, K. A. Woerpel and D. D. Zhang. 837 
2017. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and 838 
Disease. Cell 171:273-285. 10.1016/j.cell.2017.09.021, PMID: PMID 839 

Suryamohan, K., S. P. Krishnankutty, J. Guillory, M. Jevit, M. S. Schroder, M. Wu, B. 840 
Kuriakose, O. K. Mathew, R. C. Perumal, I. Koludarov, L. D. Goldstein, K. Senger, M. D. 841 
Dixon, D. Velayutham, D. Vargas, S. Chaudhuri, M. Muraleedharan, R. Goel, Y. J. Chen, A. 842 
Ratan, P. Liu, B. Faherty, G. de la Rosa, H. Shibata, M. Baca, M. Sagolla, J. Ziai, G. A. Wright, 843 
D. Vucic, S. Mohan, A. Antony, J. Stinson, D. S. Kirkpatrick, R. N. Hannoush, S. Durinck, Z. 844 
Modrusan, E. W. Stawiski, K. Wiley, T. Raudsepp, R. M. Kini, A. Zachariah and S. Seshagiri. 845 
2020. The Indian cobra reference genome and transcriptome enables comprehensive 846 
identification of venom toxins. Nat Genet 52:106-117. 10.1038/s41588-019-0559-8, PMID: 847 
PMID 848 

Tang, D. and G. Kroemer. 2020. Ferroptosis. Curr Biol 30:R1292-R1297. 849 
10.1016/j.cub.2020.09.068, PMID: PMID 850 

Tang, H. M. and H. L. Tang. 2019. Cell recovery by reversal of ferroptosis. Biol Open 8. 851 
10.1242/bio.043182, PMID: PMID 852 



 32 

Tasoulis, T. and G. K. Isbister. 2017. A Review and Database of Snake Venom Proteomes. 853 
Toxins (Basel) 9. 10.3390/toxins9090290, PMID: PMID 854 

Villar-Briones, A. and S. D. Aird. 2018. Organic and Peptidyl Constituents of Snake Venoms: 855 
The Picture Is Vastly More Complex Than We Imagined. Toxins (Basel) 10. 856 
10.3390/toxins10100392, PMID: PMID 857 

Wernisch, S. and S. Pennathur. 2016. Evaluation of coverage, retention patterns, and selectivity 858 
of seven liquid chromatographic methods for metabolomics. Anal Bioanal Chem 408:6079-859 
6091. 10.1007/s00216-016-9716-4, PMID: PMID 860 

Yang, P. S., Y. C. Hsu, J. J. Lee, M. J. Chen, S. Y. Huang and S. P. Cheng. 2018. Heme 861 
Oxygenase-1 Inhibitors Induce Cell Cycle Arrest and Suppress Tumor Growth in Thyroid 862 
Cancer Cells. Int J Mol Sci 19. 10.3390/ijms19092502, PMID: PMID 863 

Yusa, K., L. Zhou, M. A. Li, A. Bradley and N. L. Craig. 2011. A hyperactive piggyBac 864 
transposase for mammalian applications. Proc Natl Acad Sci U S A 108:1531-1536. 865 
10.1073/pnas.1008322108, PMID: PMID 866 

Zgheib, E., A. Limonciel, X. Jiang, A. Wilmes, S. Wink, B. van de Water, A. Kopp-Schneider, 867 
F. Y. Bois and P. Jennings. 2018. Investigation of Nrf2, AhR and ATF4 Activation in 868 
Toxicogenomic Databases. Front Genet 9:429. 10.3389/fgene.2018.00429, PMID: PMID 869 

 870 

Figure supplement legends 871 

 872 

Figure 1- figure supplement 1 873 

N. naja LAAO is cell-lethal via H2O2  874 

(A) Multiple sequence alignment of C. rhodostoma, N. Naja, LAAO and M. Musculus and H. 875 
Sapiens IL4i1. Sites displayed in green represent residues used to generate enzyme-dead point 876 
mutants. (B) Representative structure of the catalytic domain of C. rhodostoma LAAO (PDB: 877 
2IID) with co-factor FAD and substrate L-Phe. The conserved residues mutated in the N. Naja 878 
enzyme-dead version are displayed in green. (C) LAAO WT and enzyme-dead variant activity, 879 
quantified as H2O2 production, with 1mM of L-Phe as substrate (n=3 technical replicates). 880 
Error bars represent standard deviation. 881 

 882 

Figure 2- figure supplement 1 883 

Substrate ranges and properties of IL4i1 compared to LAAO 884 

(A) Recombinant murine IL4i1 and the enzyme-dead variant are glycosylated in their secreted 885 
forms. (B) WT and mutant murine IL4i1 activity, quantified by H2O2 production with 1mM of 886 
L-Phe as substrate (n=3 technical replicates). (C) Cell viability of RS4;11 human leukemia cells 887 
in presence of murine IL4i1 or its enzyme-dead mutant. 1x104 cells were plated in round-888 
bottom 96 well plates and treated with the indicated concentrations of IL4i1 enzyme. The final 889 
viable cell number was determined 72 hr after treatment (n=3 biological replicates). All error 890 
bars represent standard deviation. 891 

 892 

Figure 4- figure supplement 1 893 

IL4i1 metabolites form an anti-ferroptotic hierarchy.  894 

(A) HeLa cells were concurrently treated with erastin in the presence of increasing doses of PP, 895 
4HPP or I3P and death quantified over time using Incucyte imaging of CellTox straining. 896 
Ferrostatin-1 was added as a control. (B) As in (A), but using RSL3 to induce ferroptosis. (C) 897 
As in (A), but with 24 hr pre-treatment with the keto-acids before inducing ferroptosis with 898 
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erastin. (D) As in (C), using RSL3 to induce ferroptosis. (E) HeLa cells were concurrently 899 
treated with erastin or RSL3 in presence of 200 µM L-Trp, 200 µM I3P or control DMEM 900 
medium. All experiments: n=3 biological replicates, The graphs are representative for 3 901 
independent experiments. All error bars represent standard deviation. 902 

 903 

Figure 4- figure supplement 2 904 

IL4i1 metabolites form an anti-ferroptotic hierarchy. 905 

(A) HT1080 cells were concurrently treated with erastin (left) and RSL3 (right) in the presence 906 
of increasing doses of I3P and death quantified over time using Incucyte imaging of CellTox 907 
straining. Ferrostatin-1 was added as a control. (B) As in (A), comparing 200 µM of PP, 4HPP 908 
and I3P. (C) As in (B), but with 24 hr of pre-treatment with the keto-acids before inducing 909 
ferroptosis. A-C: n=3 biological replicates. The graphs are representative for 2 independent 910 
experiments. All error bars represent standard deviation. (D) Flow cytometry analysis of the 911 
anti-ferroptotic activity of I3P (200 µM) using Fer-1 as positive control. HT1080 cells were 912 
treated with erastin, RSL3, FINO2 or ferroptocide to induce ferroptosis in the absence or 913 
presence of ferrostatin or I3P and death quantified by 7-AAD and Annexin-V staining. The 914 
plots are representative for 2 independent experiments.  915 

 916 

Figure 5- figure supplement 1 917 

Anti-ferroptotic mechanisms of I3P  918 

(A) Absorption (grey line) and emission (light blue line) spectra of I3P in neutral aqueous 919 
solution. (B) Flow cytometric evaluation of I3P uptake (200 µM, 24 hr) by HeLa cells. Data 920 
acquired using 405 nm violet laser. (C) HeLa cells were treated with 200 µM of I3P and 2, 6 921 
and 24 hr and I3P uptake monitored by flow cytometry analyzing the mean fluorescence 922 
intensity in the AmCyan channel. n=3 biological replicates. The graph is representative for 3 923 
independent experiments. Error bars represent standard deviation. 924 

 925 

Figure 5- figure supplement 2 926 

Anti-ferroptotic mechanisms of I3P  927 

(A) I3P and 4HPP induce the expression of SLC7A11 and HO-1 at protein level. HeLa cells 928 
were treated with erastin in presence of 200 µM of PP, 4HPP and I3P for the indicated time and 929 
SLC7A11 or HO-1 protein levels were determined by immunoblotting. * indicates less protein 930 
amount due to cell death. (B) ZnPP (light blue triangles) interferes with the protective effects of 931 
I3P against erastin-induced ferroptosis. HeLa cells were treated with erastin in presence or 932 
absence of I3P with or without 10 µM of ZnPP and cell death quantified by CellTox Incucyte 933 
imaging. n=2 biological replicates; The graph is representative for 3 independent experiments. 934 
Right: representative images of CellTox staining. (C) As in (B) using 100 µM Ketoconazole. 935 
(D) Immunoblotting of HO-1 in cells transfected with 50 nM siRNA (siScr negative ctrl or 936 
siHO-1). Cells were lyzed 15 hr after treatment with 200 µM I3P, 10 µM erastin or a 937 
combination of both. Vinculin was used as loading control. (E) HeLa cells were cells 938 
transfected with 50 nM siRNA (siScr negative ctrl or siHO-1). Ferroptosis was induced with 10 939 
µM erastin in presence or absence of 200 µM I3P and quantified by CellTox staining using the 940 
Incucyte device. n=3 biological replicates; The graph is representative for 3 independent 941 
experiments. All error bars represent standard deviation. 942 

 943 

Figure 6- figure supplement 1 944 

IL4i1 generates an anti-ferroptotic milieu.  945 
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(A) Quantification of RSL3-induced ferroptosis in HeLa cells in presence of IL4i1 conditioned 946 
DMEM. WT but not K351A mutant IL4i1 conditioned medium (1 µg/ml) suppressed 947 
ferroptosis (left). The anti-ferroptotic effect of IL4i1 is concentration dependent (right). n=2 948 
biological replicates. The graphs are representative for 3 independent experiments. (B) 949 
Simplified schema and representative immunoblot of IL4i1 removal by filtration of the 950 
conditioned medium using a 10 kDa centrifugal filter. (C) HO-1 and SLC7A11 expression in 951 
HeLa cells after 24 hr incubation with filtered DMEM media treated or not treated with 952 
recombinant IL4i1 (1 µg/ml) was analyzed by immunoblotting. (D) Filtered DMEM without or 953 
treated with recombinant IL4i1 (1 µg/ml) was used to quantify ferroptosis suppression of erastin 954 
(left) and RSL3 (right) treated HeLa cells (n=3 biological replicates). (E) Quantification of 955 
erastin-induced ferroptosis in HeLa cells in presence of medium with human plasma 956 
concentrations of amino acids and glucose. The medium was pre-incubated for 72 hr with IL4i1, 957 
transferred to the cells and ferroptosis induced with 1 µM erastin. (F) Quantification of cell 958 
death induced by 1.25 µg/ml snake venom LAAO in HeLa cells in presence of IL4i1 959 
conditioned DMEM. (G) Quantification of cell death induced by 1.25 µg/ml snake venom 960 
LAAO in HeLa cells in presence of the ferroptosis inhibitors ferrostatin-1 (Fer-1, 2 µM) and 961 
liproxstatin-1 (Lip-1, 1 µM). E-G: n=3 biological replicates. The graphs are representative for 3 962 
independent experiments. All error bars represent standard deviation. 963 
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