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Iridoviridae, such as the lymphocystis disease virus-1 (LCDV-1) and other viruses,
encode viral insulin-like peptides (VILPs) which are capable of triggering insulin recep-
tors (IRs) and insulin-like growth factor receptors. The homology of VILPs includes
highly conserved disulfide bridges. However, the binding affinities to IRs were reported
to be 200- to 500-fold less effective compared to the endogenous ligands. We therefore
speculated that these peptides also have noninsulin functions. Here, we report that
the LCDV-1 VILP can function as a potent and highly specific inhibitor of ferrop-
tosis. Induction of cell death by the ferroptosis inducers erastin, RSL3, FIN56, and
FINO2 and nonferroptotic necrosis produced by the thioredoxin-reductase inhibitor
ferroptocide were potently prevented by LCDV-1, while human insulin had no effect.
Fas-induced apoptosis, necroptosis, mitotane-induced cell death and growth hormone-
releasing hormone antagonist-induced necrosis were unaffected, suggesting the specific-
ity to ferroptosis inhibition by the LCDV-1 VILP. Mechanistically, we identified the viral
C-peptide to be required for inhibition of lipid peroxidation and ferroptosis inhibition,
while the human C-peptide exhibited no antiferroptotic properties. In addition, the
deletion of the viral C-peptide abolishes radical trapping activity in cell-free systems.
We conclude that iridoviridae, through the expression of insulin-like viral peptides, are
capable of preventing ferroptosis. In analogy to the viral mitochondrial inhibitor of
apoptosis and the viral inhibitor of RIP activation (vIRA) that prevents necroptosis, we
rename the LCDV-1 VILP a viral peptide inhibitor of ferroptosis-1. Finally, our findings
indicate that ferroptosis may function as a viral defense mechanism in lower organisms.

regulated necrosis | ferroptosis | viral defense | necroptosis | apoptosis

Iridoviridae were recently reported to express viral insulin/insulin-like growth factor
(IGF)1-like peptides (VILPs) as examples of the first recognized viral hormones (1-4).
These VILPs share up to 50% homology with human insulin/IGF-1 and are found in
blood and fecal samples of humans (1, 3). The best studied examples of VILPs are those
expressed by lymphocystis disease virus-1 (LCDV-1), lymphocystis disease virus-Sa,
grouper iridovirus, and Singapore grouper iridovirus (SGIV) (1-3, 5). In each one of these
virally expressed proteins, all the six critical cysteine residues are conserved. These residues
form intra- and interchain disulfide bonds that are required for the tertiary protein struc-
ture of insulins. However, the binding to the human insulin receptors (IRs) and
IGF-receptor was 200- to 500-fold less potent compared to human insulin (1, 3). Its
potential role as a natural competitive antagonist of the human IGF-1 receptor (6) was
discussed in detail recently, and was suggested to function even as a natural antagonist of
IGF-1 receptor signaling (7). However, it remains unclear why antagonizing the IGF-1
receptor should be beneficial for viral replication. While IR in mammals controls metab-
olism, the IR-like gene daf-2 of Caenorhabditis elegans predominately functions to provide
stress resistance (8). Therefore, we hypothesized that hormone-independent functions of
VILPs may allow viral escape from host defense in lower organisms. A central mechanism
of host defense is the induction of regulated cell death (RCD), but this, to the best of our
knowledge, has not been tested for IR.

Signaling pathways of RCD have evolved in the course of evolution as host defense
pathways. Known RCD pathways comprise apoptosis (9), necroptosis (10), pyroptosis (11),
ferroptosis (12), and death induced by inhibitors of the growth hormone-releasing hormone
(GHRH) (13). While intracellular bacteria are controlled by an inflammasome-mediated
RCD referred to as pyroptosis (14), viruses are controlled by apoptosis and necroptosis.
Viruses have evolved several countermeasures to escape apoptosis and necroptosis (15).
Viral caspase inhibitors such as crmA (16), viral antiapoptotic BCL2-like suppressors such
as Vmia (17, 18), and rip homotypic interaction motif-containing proteins such as M45
(19) are prominent examples. Although it was studied in detail over the last decade (20),
a (patho-)physiological role for ferroptosis, yet another form of regulated necrosis, remains
elusive (12, 21).
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Significance

Ferroptosis is a clinically
important failsafe event that
contributes to cell death in
diseases such as Alzheimer's
disease, stroke, myocardial
infarction, and acute kidney
injury. A physiological role of
ferroptosis, however, has not
been identified. Here, we show
that fish viruses can express an
insulin-like peptide that functions
as a potent inhibitor of
ferroptosis, indicating that virally
infected cells evade ferroptosis
in lower organisms. The
antiferroptotic properties of the
molecule, which we refer to as
viral peptide inhibitor of
ferroptosis-1 (vPIF-1), require a
functional region that is known
as the C-peptide. This report
identifies a virally encoded
protein that inhibits ferroptosis.

Author contributions: A. Belavgeni, C.H., M.G., B.G.H.,
N.P., D.AP. S.RB. and A.L. designed research; A.
Belavgeni, F.M., W.T., M.S., S.G., M.M., K.F.,, A. Brucker,
J.N.B., K.B., M.T., and F.G. performed research; W.S.
and A.V.S. contributed new reagents/analytic tools; A.
Belavgeni, F.M., W.T., M.S,, S.G., K.F., A. Brucker, J.N.B.,
K.B., J.S., CH., M.G,, B.G.H., N.P,, AV.S,, S.R.B., and A.L.
analyzed data; and A.L. wrote the paper.

Reviewers: 1.S.D., Icahn School of Medicine at Mount
Sinai; S.J.D., Stanford University; and B.H., Department
of Molecular Medicine, USF Morsani College of Medicine.

Competing interest statement: AV.S. and S.R.B. hold
patents on MIA602. AV.S. patents are assigned to the
University of Miami and VA. Other authors declare no
competing interest regarding any of the presented data
in this manuscript.

Copyright © 2023 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).

"To whom correspondence may be addressed. Email:
andrew.schally@va.gov, stefan.bornstein@uniklinikum-
dresden.de, or Andreas.Linkermann@uniklinikum-
dresden.de.

This article contains supporting information online at
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2300320120/-/DCSupplemental.

Published May 15, 2023.

10f8



Downloaded from https://www.pnas.org by UNIVERSITAET ZUERICH HAUPTBIBLIOTHEK NATURWISSENSCHAFTEN on January 15, 2024 from IP address 89.206.112.11.

Here, we demonstrate that the iridovirus LCDV-1-encoded VILE,
but not human insulin, functions as a potent inhibitor of ferroptosis,
while other host defense cell death pathways, such as apoptosis and
necroptosis, are not affected by the presence of this molecule. We
therefore name this molecule the viral peptide inhibitor of ferroptosis-1
(vPIF-1). The antiferroptotic function of vPIF-1 depends on a short
C peptide-like domain, but the human C peptide did not affect
ferroptosis. We find that vPIF-1 has radical trapping antioxidant
(RTA) activity, enabling it to inhibit lipid peroxidation. Finally, we
demonstrate that the viral resistance to ferroptosis can be overcome
by GHRH inhibitor—induced necrosis. These data suggest the exist-
ence of a previously unrecognized host defense strategy against viruses

by inhibiting ferroptosis through VILDs.

Results

Iridoviridae (Fig. 14) express insulin-like peptides, such as the
LCDV-1 insulin-like peptide (commonly referred to as LCDV-1,
herein referred as vPIE-1). We investigated vPIF-1 in classical fer-
roptosis assays. Therein, HT1080 cells were treated with a covalent
inhibitor of the glutathione reductase 4 (GPX4), the major inhib-
itor of ferroptosis-inducing lipid peroxidation. The proferroptotic
function of this inhibitor, RSL3, is known to be inhibited by the
first-in-class ferroptosis inhibitor ferrostatin-1 (Fer-1), a RTA that
prevents ferroptosis downstream of GPX4 inhibition (22). We used
the vital dye 7AAD and a marker of phosphatidylserine exposure
(annexin V) as a standard readout, with combined positivity as a
marker for necrotic cell death. As demonstrated in Fig. 1B, more
than 80% of control cells exhibited double negativity in this assay.
1.13 pM RSL3, as expected, killed more than 80% of HT1080
cells in this assay within 4 h of incubation, resulting in a reduction
of double-negative cells to 18%, and Fer-1, as expected, reversed
this effect. Addition of increasing concentrations (100 nM to
1 uM) of vPIF-1 protected HT1080 cells from RSL3-induced fer-
roptosis as efficiently as 1 pM Fer-1, and the combined treatment
with 1 uM LCDV-1 and Fer-1 provided no significant additional
protection. In an independent approach, ferroptosis following 4 h
of RSL3 treatment was entirely reversed by LCDV-1, while 1 uyM
of human insulin provided no protection in this assay (Fig. 1C).
Biological replicates of these experiments were repeated at least
three times and a quantification is presented in Fig. 1C (right plot).
Similar results were obtained in the highly ferroptosis-sensitive
adrenocortical carcinoma cell line NCI-H295R upon 2-h RSL3
treatment including coincubation with vPIF-1 and Fer-1
(SI Appendix, Fig. S1A). Structurally, human and iridoviridae-en-
coded insulin-like peptides are similar in their a and b chains which
include disulfide bonds. However, significant structural differences
between the C-peptides are present. The viral C-peptide contains
10 amino acids, while the human counterpart comprises a signifi-
cantly longer amino acid chain (S Appendix, Fig. S1B). We there-
fore hypothesized that the C-peptide of vPIF-1 might be required
for the antiferroptotic activity. Thus, a derivative of vPIF-1 that
lacks the C-peptide (referred throughout the entire manuscript as
DesC-vPIF-1) was investigated alongside with vPIF-1, human
insulin, and the human C-peptide in a 24-, 48-, and 72-h experi-
ment of RSL3-induced ferroptosis in HT0180 cells. As for the
protection control incubated with Fer-1, we found a vPIF-1-me-
diated protection of the cells upon RSL3 treatment for all the time
points tested. In contrast, the DesC-vPIF-1, human insulin, and
the human C-peptide failed to rescue the cells when challenged
with RSL3 (Fig. 1D). These results suggest the antiferroptotic activ-
ity of vPIF-1 that depends on the viral C-peptide.

GHRH antagonists, such as MIAG02, are known to kill the
adrenocortical carcinoma cells, NCI-H295R, by necrosis, but no
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current treatment to prevent this form of cell death has been
established. We therefore investigated the effects of vPIF-1 on 10
uM MIA602-induced necrosis. While 10 uM MIAG02 effectively
killed NCI-H295R cells, as previously reported (13), and ITS-1
addition accelerated this form of necrosis, vPIF-1 produced no
nonspecific effect in this assay (S/ Appendix, Fig. S1C). A simpli-
fied version of the VILPs in comparison to the human insulin and
C-peptide is shown in Fig. 24. The DesC-vPIE-1, insulin, and
human C-peptide in NCI-H295R cells treated with MIAG02
again exhibited no protection from necrosis (Fig. 2B). In addition,
10 pM MIAG02 also caused cell death in NIH-3T?3 cells (Fig. 2C).
HT1080 cells showed increased positivity of annexin V/7AAD—
stained cells at 20 uM of MIAG02 (Fig. 2D). Therefore, we
focused on NIH-3T3 cells to further investigate vPIF-1 and its
mutant DesC-vPIF-1, alongside with human insulin and human
C-peptide. Intriguingly, no protection from MIA602-induced
necrosis was observed for any of the proteins in NCI-H295R cells
(Fig. 2E). Previously, we reported that mitotane, an inducer of
cell death in NCI-H295R cells and a drug for the treatment of
patients with adrenocortical carcinomas, is independent of fer-
roptosis, but can be partially rescued by addition of a cell culture
supplement (ITS-1) that contains polyunsaturated fatty acid
alongside with human insulin, transferrin, and selenium (13). We
therefore tested the effect of vPIF-1 on mitotane-induced cell
death in NCI-H295R cells. In keeping with the hypothesis that
vPIF-1 specifically inhibits ferroptosis, necrosis induced by 50 uM
mitotane for 6 h was not reversed by vPIF-1 or human insulin,
whereas ITS-1 exhibited partially protective effects (Fig. 2F and
SI Appendix, Fig. S1C).

To test other modes of RCD, we expanded our investigations
to apoptosis and necroptosis, two signaling pathways involved in
host defense against virally infected cells. To induce apoptosis, we
treated human Jurkat T cells with the extrinsic apoptosis-inducer
Fas (also referred to as CD95 or Apo-1) and investigated phos-
phatidylserine exposure by annexin V positivity in flow cytometry.
In contrast to 20 pM of the pancaspase inhibitor zZVAD-fmk,
vPIE-1, DesC-vPIF-1, human insulin, or the human C-peptide
did not affect apoptosis (Fig. 34). To investigate necroptosis, we
treated human HT29 cells with 20 ng/mL recombinant human
TNFa (tumor necrosis factor ®), 1 pM of the SMAC (second
mitochondrial-derived activators of caspases) mimetic birinapant,
and 20 uM of the pancaspase inhibitor zZVAD-fmk, collectively
referred to as TSZ treatment for 6 h, an established protocol for
induction of necroptosis (23). The receptor-interacting protein
kinase 1 inhibitor necrostatin-1s (Nec-1s) served as a protection
control. While Nec-1s reversed the sensitization of HT29 cells to
necroptosis, VPIF-1, DesC-vPIF-1, human insulin, and the iso-
lated human C-peptide had no effect in this assay (Fig. 3B). These
data indicate that none of the known cell death pathways apart
from ferroptosis are affected by vPIF-1, Des-vPIF-1, human insu-
lin, or the human C-peptide.

We next tested the expression levels of human insulin receptor
beta (IRP) or the insulin-like growth factor receptor beta
(IGF-IRP) in a panel of different cell lines (human Jurkat T,
human HT29, human NCI-H295R, human HT1080, and
murine NIH-3T3 cells). Given the extraordinary sensitivity of
renal tubules to GPX4-controlled ferroptosis (24-26), we addi-
tionally investigated the expression levels of IR and IGFR in
freshly isolated renal tubules. As demonstrated in Fig. 3C, signif-
icant levels of expression of IRP and IGF-IRP were detectable
in all lysates (apart from HT1080 cells that do not express IRp),
and a particularly high expression of IGF-IRf was found in
NIH-3T3 cells and murine freshly isolated tubules. It has been
demonstrated that upon activation of the IRp or the IGF-IRp,
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Fig. 1.

The viral insulin, vPIF-1, inhibits type Il ferroptosis. (A) Cartoon of the iridoviridae virus family. This illustration depicts a virion that has not been

encapsulated in the membrane of the host cell. (B) HT1080 cells were used to undergo ferroptosis by the glutathione peroxidase 4 (GPX4) inhibitor, RSL3 (1.13 pM),
for 4 h. Different concentrations of LCDV-1 were tested. Annexin V/7ADD positivity was assessed with FACS analysis. (C) HT1080 cells were treated with 1.13 pM
RSL3 for 4 h, and 1 pM of VPIF-1 or human insulin was used to assess their effects on RSL3-induced ferroptosis. Fer-1 served as a protection control. Annexin
V/7ADD positivity was assessed with FACS analysis. The bar graph shows the percentage of annexin V/7AAD double-negative cell repetitions of at least three
independent experiments. Statistical analysis was performed using Student's t test for each sample. *P < 0.05. (D) HT1080 cells were treated with 1.13 pM RSL3
for 24, 48, and 72 h. vPIF-1, DesC-vPIF-1 (the viral insulin lacking the C-peptide), human insulin, and the human C-peptide (1 pM) were used to assess their effect
on RSL3-induced cell death in the HT1080 cells. Annexin V/7ADD positivity was assessed with FACS analysis. For all experiments, Fer-1 (1 pM) served as the
protection control. All primary FACS data shown are representative examples of at least three independent experiments.

the protein Akt becomes phosphorylated (27). To test the potency
of VILPs on Akt phosphorylation, we stimulated HT1080 cells
with 1 pM vPIF-1 or insulin for different time points and per-
formed western blotting for total Akt and phospho-Akt (p-Akt).
Upon incubation of the cells with either vPIF-1 or human insu-
lin, increased phosphorylation Akt was detected (Fig. 3D and
SI Appendix, Fig. S2A). This experiment is in keeping with pre-
vious reports on IGF-IRp stimulation by vPIF-1.

PNAS 2023 Vol.120 No.21 2300320120

To control for potential effects of the viral peptides on proliferation
of the HT'1080 cells, we employed the CyQUANT kit that revealed
less DNA concentration upon treatment with RSL3. While cotreat-
ment with vPIF-1 and Fer-1 maintained proliferation upon RSL3
stimulation, DesC-vPIF-1, human insulin, and C-peptide failed to
do so (SI Appendix, Fig. S2B). These data largely rule out a direct
effect of the viral insulin derivatives on cell proliferation, suggesting
that the demonstrated changes are to be explained by cell death.

https://doi.org/10.1073/pnas.2300320120 3 of 8



Downloaded from https://www.pnas.org by UNIVERSITAET ZUERICH HAUPTBIBLIOTHEK NATURWISSENSCHAFTEN on January 15, 2024 from IP address 89.206.112.11.

A insulin +
pro-insulin VvPIF-1 DesC-vPIF-1 insulin h C-peptide  C-peptide
i ) ) b chai
ss bond{ b/cham b/cham b/chaln b chain /c an
J achain /\Jl "a chain “a chain \ 4 chain C-peptide achain
C-peptide C-peptide C-peptide
B NCI-H295R MIAGO2 +
MIAGO2 + MIAG02 + MIAGO2 + MIA602 + insulin +
DMSO MIA602 vPIF-1 DesC-vPIF-1 insulin C-peptide C-peptide
a |- :
<
< w
~ i :; bt
w
annexin V
C NIH-3T3 E NIH-3T3 MIAG02 +
DMSO 5 uM 20 pM DMSO MIA602 vPIF-1
10 4|11 ‘ 9 1 2|-{0 2410 25
al- ] . :
< : : i
o 3] ef 107 1o 2
annexin V
D HT1080 MIA602 MIAG02 + MIA602 + MIAG02 +
DMSO 10 pM DesC-vPIF-1 insulin C-peptide
al- o - s
<l ol |, 3| .
N ‘ 1L e |,
o 1]
annexin V annexin
NCI-H295R
F ne =5 mitotane + mitotane + mitotane +
DMSO mitotane ITS+1 VvPIF-1 insulin a c__cl
2l O
[i: | (@]
p mitotane
annexin V

Fig. 2. Theviralinsulin, vPIF-1, does not prevent death induced by GHRH antagonists. (A) Cartoon showing a simplified version of the different chains composing
the human and the viral insulin. (B) NCI-H295R cells were treated with the GHRH antagonist, MIA602 (10 pM), for 24 h and cotreated with 1 pM of vPIF-1, DesC-
VPIF-1, human insulin, or human C-peptide. The combination of human insulin and C-peptide did not affect the MIA602-induced necrosis. Annexin V/7ADD positivity
was assessed by FACS analysis. (C) NIH-3T3 and (D) HT1080 cells were challenged with different concentrations of MIA602 to investigate their sensitivity to this
compound. Annexin V/7ADD positivity was assessed by FACS analysis. (F) NIH-3T3 cells were treated with MIA602 (10 uM) for 24 h and cotreated with 1 pM of VPIF-
1, DesC-vPIF-1, human insulin, or human C-peptide and investigated by FACS analysis. (F) NCI-H295R cells were treated with 50 pM mitotane for 6 h. The presence
of ITS+1 blocked this type of necrosis, but not vPIF-1 (1 pM) or human insulin (1 pM). All primary FACS data shown are representative examples of at least three

independent experiments.

We decided to investigate the antiferroptotic activity of vPIF-1
in more detail. To this end, we systematically investigated its effects
on cells treated with the known four classes of ferroptosis inducers
(FINs), as well as the thioredoxin reductase inhibitor, ferroptocide
(referred to as FT'C) in HT'1080 cells. Type I FINs, such as erastin,
inhibit the glutamate-cystine antiporter system Xc-minus and
thereby deplete the cells of glutathione (GSH) (28, 29), an essential
cofactor of GPX4. Erastin-induced ferroptosis was inhibited by Fer-1
and vPIF-1, but not by DesC-vPIF-1, human insulin, or the human
C-peptide (8 Appendix, Fig. S3A). Similarly, the vPIF-1-mediated
protection from ferroptosis induced by the type II FIN RSL3
required the viral C-peptide as DesC-vPIF-1 failed to inhibit cell

40f8 https://doi.org/10.1073/pnas.2300320120

death in this assay (Fig. 44), and vPIF-1 again exhibited potent
antiferroptotic activity. We found similar patterns for the type III
FIN FINSG (ST Appendix, Fig, $3B) and the type IV FIN FINO2
(SI Appendix, Fig. S3C). In all cases, vPIF-1 protected from ferrop-
tosis as potently as Fer-1, but DesC-vPIF-1 failed to rescue the
HT1080 cells. Finally, to test an independent form of regulated lipid
peroxidation, we investigated the thioredoxin reductase inhibitor
FTC. As demonstrated in Fig. 4B, vPIF-1, but not Des-vPIF-1,
human insulin, or the human C-peptide reversed FTC-induced
necrosis. We confirmed the specificity of these results by testing
RSL3-, FINO2-, and FTC-induced cell death in NCI-H295R cells
with similar results (S Appendix, Fig. S4 A-C).

pnas.org



Downloaded from https://www.pnas.org by UNIVERSITAET ZUERICH HAUPTBIBLIOTHEK NATURWISSENSCHAFTEN on January 15, 2024 from IP address 89.206.112.11.

A JurkatT

aFas + aFas+ aFas + aFas +
DMSO aFas aFas +zVAD  vPIF-1 DesC-vPIF-1  insulin C-peptide
9 9 .1 89| “18 17| 1 89| ~113 87| |10 90 -{12 88
=
o
o . — [N— i S ¥ [— S
annexin
B HT29 TSZ + TSZ + TSZ + TSZ + TSZ +
DMSO TSZ Nec-1s vPIF-1 DesC-vPIF-1  insulin C-peptide
12 12 12 3 | 25 25| 13 29
<|. e P g@
188 4 1| lé8 8
annexin
C B .3 D Hr1080 =
5 o T 85 3 VPIF-1 g
st P gzt 2 3
3 E2E Z ¢ E ©
S £ E E s 8
(kDa) ka) E E w g = = § E
250 — o [Te] iy (2] . < [aV) =]
150
100 — 75 4
75 - ';‘EKD L e~ o i L total-Akt
e (95 kDa) 50+ (60 kDa)
g 374
150 —
ol 100
150 -] 754
100 — L IGF-IRB o e — e = P-Akt
75 b T gg- (60 kDa)
50— 7
37 4 . 50
50 - Q7| S S — - e s [~ 3-aCtiN
g7 _| S e e=m S @ - (-actin (45 kDa)
(45 kDa)

Fig. 3. The presence of the viral C-peptide does not affect apoptosis, necroptosis, or MIA602-induced necrosis. (A) Jurkat T cells were challenged to undergo
apoptosis via anti-Fas (CD95) treatment (100 ng/mL) for 6 h. zVAD-fmk (20 pM) served as the protection control. None of the different types of insulin molecules
(1 pM) were able to prevent apoptosis in this experimental setup. Annexin V positivity was assessed with FACS analysis. (B) HT29 cells were used to induce
necroptosis by TNFa (20 ng/mL), smac mimetics (1 pM), and zVAD-fmk (20 pM) (referred to as TSZ) for 6 h, while Nec-1s (10 uM) served as the protection control.
Cotreatment of the cells with 1 pM of vPIF-1, DesC-vPIF-1, human insulin, or human C-peptide did not prevent the induction of necroptosis. Annexin V/7ADD
positivity was assessed with FACS analysis. The primary FACS data shown are representative examples of at least three independent experiments. (C) Assessment
of the IR and type I IGF-IRp in different cell lines as indicated and freshly isolated male renal tubules by western blot analysis. p-actin serves as a loading control.
(D) HT1080 cells were treated with 1 uM of vPIF-1 for different time points. Cells were collected, the pellets were lysed, and Akt and phospho-Akt (p-Akt) were
assessed via western blot analysis. An increase in the expression of p-Akt, as well as a decrease in the expression of Akt, can be noticed upon longer treatment

with vPIF-1. Untreated HT1080 cells collected at 24 h served as a control. p-actin serves as a loading control.

To assess the mechanism of the antiferroptotic features of vPIF-1,
we employed the cell-free FENIX lipid peroxidation inhibition
assay [see Materials and Methods for details (30)]. Therein, the lipo-
philic radical initiator, DTUN, is used to initiate liposomal phos-
pholipid peroxidation, which can be indirectly monitored by the
corresponding oxidation of the added fluorophore STY-BODIPY.
We detected a dose-dependent suppression of STY-BODIPY oxi-
dation in the presence of vPIF-1, suggesting that it can inhibit lipid
peroxidation as a radical-trapping antioxidant (RTA) (Fig. 4C). In
contrast, DesC-vPIF-1, human insulin, and C-peptide showed no
such effect (Fig. 4C). While the activity of vPIF-1 is clearly weaker
than the Fer-1-positive control (consistent with the dose—response
curve in Fig. 1B), it is clear that it can act as an RTA.

PNAS 2023 Vol.120 No.21 2300320120

To test lipid peroxidation in a cellular assay, we investigated
effects of the viral peptides on BODIPY 581/591 Cl11 positivity.
As demonstrated in Fig. 4D, the ratio of FITC/PE channels showed
a total shift of the RSL3- and vPIF-1-treated HT1080 cells similar
to the vehicle control. DesC-vPIF-1, human insulin, and C-peptide
failed to reduce the BODIPY oxidization upon RSL3 treatment.
Similar results were obtained upon treatment of the cells with FTC
(Fig. 4E). Collectively, these findings inevitably provide strong lines
of evidence indicating the requirement of the vPIF-1 C-peptide for
viral inhibition of ferroptosis and FTC-induced lipid peroxidation.
Additionally, the mechanism of action of vPIF-1 is most likely
mediated, at least partially, by its RTA activity. This set of experi-
ments shows antiferroptosis activity in a virally encoded peptide.

https://doi.org/10.1073/pnas.2300320120 5 of 8
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Fig. 4. The presence of the viral C-peptide in vPIF-1 provides it with RTA activity. (A) HT1080 cells were treated with type Il FIN RSL3 (1.13 uM) for 6 h and (B)
the thioredoxin inhibitor FTC (10 uM) for 6 h. For all experiments, cells were cotreated with 1 pM of vPIF-1, DesC-vPIF-1, human insulin, or human C-peptide.
Annexin V/7ADD positivity was assessed with FACS analysis. All primary FACS data shown are representative examples of at least three independent experiments.
(C) FENIX assay, a cell-free liposomal system, was employed to assess the RTA activity of vPIF-1, DesC-vPIF-1, human insulin, or human C-peptide. The assay
revealed a dose-dependent delay in STY-BODIPY oxidation (an RTA feature) upon vPIF-1 treatment, while DesC-vPIF-1, human insulin, or human C-peptide
showed no such activity. Fer-1 (4 pM) served as a positive control, displaying near-to-complete suppression of STY-BODIPY oxidation. (D) BODIPY 581/591 was
used to stain HT1080 cells undergoing ferroptosis for 2 h via RSL3 (1.13 uM) or (E) necrotic cell death via FTC. Cells were cotreated with 1 pM of vPIF-1, DesC-
VPIF-1, human insulin, or human C-peptide, and oxidization of BODIPY 581/591 was assessed by flow cytometry (data represent the ratio of the green and red
channels). Fer-1 served as the protection control that shifts the histogram toward DMSO-treated cells. Note that vPIF-1 potently prevents the RSL3-induced shift.

Discussion (1). This notion prompted us to investigate insulin-independent

functions of the LCDV-1-encoded VILP. There is much evidence
VILPs are approximately 200 to 500-fold less effective in trigger- ~ for viruses to evade RCD programs to avoid clearance of the virus
ing IR or IGF-1 receptors compared to their endogenous ligands ~ from infected cells. However, we did not observe this molecule to
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affect apoptosis or necroptosis, the two best studied cell death
pathways for viral defense. While it appeared clear to us that
pyroptosis emerged as an antibacterial and inflammasome-de-
pendent pathway, the role of ferroptosis had not been studied. We
therefore tested the VILP in ferroptosis assays and observed an
almost complete protection from ferroptosis induced by all FINs
tested. Consequently, we suggest that this viral protein be named
“vPIF-1.” This study reports on a virally encoded protein that
functions as an inhibitor of ferroptosis.

Iridoviridae infect fish, and fish have served as model systems
for ferroptosis research. In essence, a particular feature of ferrop-
tosis is cell death propagation between individual cellular com-
partments. Zebrafish fins are extraordinarily sensitive to ferroptosis
and have been identified as a prototype example of this ferroptotic
feature (31). In humans, the most sensitive cells to ferroptosis are
renal tubules (25, 32) and adrenal cells (13, 33, 34). It remains to
be investigated how epithelial layers of cells, upon viral infection,
become particularly sensitive to ferroptosis, or if and how viruses
may evade noncell autonomous cell death. Indeed, we have
recently hypothesized that kidney tubular ferroptosis might allow
regeneration of tissues (35). This might also be a favorable out-
come to the host following viral infection. Along these lines, the
recently identified ferroptosis-mediated inhibition of dendritic
cell cross presentation (36) and the immunosuppressive features
of ferroptotic polymorphonuclear cells (37) might actively inhibit
the adaptive immune system. Future experiments will need to
focus on the cell death—-dependent outcome of epithelial tissues
following viral infection.

Materials and Methods

Please refer to S/ Appendix, Materials and Methods for further details.

Cell Death Assays. Ferroptosis was induced using established FINs: Type | FIN:
erastin (Sigma Aldrich), type Il FIN: RSL3 (Selleckchem), type I FIN: FIN56 (Sigma
Aldrich), and type IV FIN: FINO2 (Cayman Chemical). Necrosis was induced as
previously described by the thioredoxin reductase inhibitor FTC (38). Apoptosis
was induced by treatment of Jurkat T cells with the antibody against Fas (100 ng/
mLanti-Fas, Merk Millipore), while necroptosis was induced by treatment of HT29
cells with 20 ng/mL TNFo (Biolegend), T pM Birinapant (an SMAC mimetics
inhibitor, ChemieTek), and 20 uM zVAD-fmk (BD Biosciences) (referred to as TSZ
treatment). Cells were seeded in six-well plates. Unless otherwise indicated, we
used 5 uM erastin, 1.13 uM RSL3, 10 pM FIN56, 10 uM FINO,, and 10 uM
FTC. After indicated time points, the cells were collected and prepared for flow
cytometry, immunoblotting, or BODIPY 581/591 assay.

Flow Cytometry. Cells were harvested, and the pellets were washed twice
in PBS and stained with 5 pL 7-AAD (BD Biosciences) and 5 plL annexin-V-
FITC (BD Biosciences) added to 100 uL annexin-V binding buffer solution (BD
Biosciences). After 15 min, the cells were recorded on the Fortessa LSRII with the
FACS Diva 6.1.1 software (BD Biosciences) and subsequently analyzed with the
FlowJo v10 software (Tree Star). The flow cytometry procedure was supported
by the Flow Cytometry Core Facility of the CMCB Technology Platform at TU
Dresden.

Western Blotting. Cells were lysed in ice-cold 50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1% NP-40, 5 mM EDTA supplemented with PhosSTOP™ (Merck), cOm-
plete™ (Merck), and 1 mM phenylmethylsulfonyl fluoride (PMSF) for 30 min
on ice.To determine protein levels, the cells were lysed in ice-cold 50 mM Tris-
HCl, pH 8,150 mM NaCl, 0.5% sodium deoxychelate, 0.1% SDS supplemented
with PhosSTOPTM (Merck), cOmpleteTM (Merck), T mM PMSF, and 100mM
octyl-B-D-glucopyranoside for 30 min on ice. Insoluble material was removed by
centrifugation (14,000 g, 30 min, 4 °C). Protein concentration was determined
using a commercial BCA assay kit according to the instructions of the manu-
facturer (Thermo Fisher). Equal amounts of protein (typically 25 pg per lane)
were resolved on a 4 to 15% gradient SDS/PAGE gel and transferred to a PVDF

PNAS 2023 Vol.120 No.21 2300320120

membrane (BIO-RAD). After blocking for 1 h at room temperature, incubation
with primary antibody was performed at 4 °C over night. Primary antibodies
against IRB (Cell Signaling, #23413) and type | IGF receptor beta (IGF-IRB)
(Cell Signaling, #9750) were diluted 1:1,000 in 5% BSA (SERVA, # 9048-46-8).
Primary antibodies against Akt (Cell Signaling, #9272), p-Akt (Cell Signaling,
#9271),and p-actin (Cell Signaling, #3700S) were diluted 1:1,000 in fatty-free
milk (Roth, # 68514-61-4). Secondary antibodies (anti-mouse, HRP-linked
antibody, Cell Signaling, Cat# 7076S; anti-rabbit, HRP-linked antibody, Cell
Signaling, Cat# 7074S) were applied at concentrations of 1:5,000. Proteins were
then visualized by enhanced chemiluminescence (ECL; Amersham Biosciences).

FENIX Assay. Egg phosphatidylcholine liposomes (1.03 mM) [prepared as
previously described by Li etal. (39)], STY-BODIPY (1.03 uM), and di-tert-unde-
¢yl hyponitrite (DTUN) (0.21 mM) in chelex-treated phosphate-buffered saline
(cPBS)(12 mM phosphate, 150 mM NaCl, pH 7.4) were added to the wells of an
Nunc black polypropylene round-bottomed 96-well microplate (195 pL). Using
a1to0 10 pLmultichannel pipette, 5 pL of inhibitor solution in water (peptides)
or DMSO (Fer-1) or vehicle only was then added to afford a final volume of 200
pL(final concentration of 1 mM egg-PC, 1 uM STY-BODIPY, 0.2 mM DTUN, and
inhibitor varying between 2 and 16 uM). The reaction mixtures were manually
mixed using a 100 to 300 pL multichannel pipette (set to 150 pl) and the
microplate was inserted into a BioTek H1 Synergy microplate reader equili-
brated to 37 °C and vigorously shook for T min followed by a 3.5-min delay.
Fluorescence was then recorded (A, = 488 nm; A,,, = 518 nm; gain = 60)
every minute for 6 h.

Mice. Eight-to-twelve-week-old male mice were cohoused two to five mice/
cage in IVCs in our facility at the Medizinisch-Theoretisches Zentrum (MTZ) at
the Medical Faculty of the Technical University of Dresden (TU Dresden). All wild-
type mice (C57BI/6N) were initially provided by Charles River, at the age of 6 to
7 wk. All experiments were performed according to German animal protection
laws and were approved by ethics committees and local authorities of Dresden
(Germany).

statistical Analysis. Statistical analyses were performed with Prism 9 (GraphPad
software) using Student's t test or one-way ANOVA. Data were considered signifi-
cantwhen *P < 0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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