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Abstract

Targeted degradation of proteins, especially those regarded as ‘undruggable’, attracts wide attention
to develop novel potential therapeutic strategy. GPX4, a key enzyme regulating ferroptosis, is such
a target whose inhibition is currently limited to molecules acting through covalently binding. Here,
we have developed a targeted photolysis approach to achieve the efficiently degradation of GPX4.
The Photo-Degradation TArgeting Chimeras (PDTACs) were synthesized by conjugating a
clinically approved photosensitizer Verteporfin to GPX4-targeting peptides. Although the ligands
themselves exhibit neither inhibitory nor degrading activity towards GPX4, these chimeras
degraded selectively the target protein in living cells upon red-light irradiation. In contrast to the
application of Verteporfin alone, the targeted photolysis of GPX4 resulted in dominant ferroptotic
cell death in malignant cancer cells of different origins. Moreover, the dying cells resulted from our
chimeras exhibited potent immunogenicity in vitro, and elicited more efficiently anti-tumor
immunity in vivo in comparison with those dying from Verteporfin. Our approach therefore provides
a novel method to dysfunction GPX4 based on noncovalent binding and specifically trigger
immunogenic ferroptosis, which may boost the development of triggering ferroptosis as a potential

strategy in cancer immunotherapy.

Ferroptosis, a regulated cell death driven by accumulation of lethal lipid peroxidation, has exhibited
its potential physiological roles in T cell cancer immunotherapy and pathophysiological relevance
as a therapeutic option in cancer treatment!-. Glutathione peroxidase 4 (GPX4) plays a critical role
in the ferroptotic cell death®, and some therapy-resistant cancer cells are found to become vulnerable
to GPX4 inhibition? 3. Particularly, inhibiting GPX4 by RSL3 can result in immunogenic cell death
(ICD) and induce efficient antitumor immunity as demonstrated recently in an in vivo tumor
vaccination model’. However, targeting GPX4 by small-molecule inhibitors for cancer treatment
remains challenging. The molecular surface of GPX4 lacks a drug-like binding pocket®. The canonic
inhibitors (e.g. RSL3, ML210) all act through covalently bonding to the active site of GPX4 6 9 10,

which may suffer from low selectivity and undesired systemic toxicity for in vivo application®-2,



Therefore, direct dysfunction of GPX4 through noncovalent binding is highly required for
therapeutic considerations.

Motivated by the targeted photolysis methods of chromophore-assisted laser inactivation
(CALIN® 1 and its variants!®>!°, we aimed to develop Photo-Degradation TArgeting Chimeras
(PDTAC) to selectively degrade GPX4 (Fig.1). These chimeras consist of three functional modules,
a targeting ligand to bind the protein of interest (POI), a photosensitizer (PS) to generate reactive
oxygen species (ROS) under light irradiation, and a linker to conjugate the previous two parts. As
in photodynamic therapy (PDT), the ROS, particularly singlet oxygen (*O2), generated from PS
react promiscuously with biomolecules including proteins?. The highly reactive *O- exhibits short
lifetime and diffusion distance, which restricts its effective range to tens of nm from where it is
generated?. To utilize this localized reactivity, a targeting ligand that binds to the protein of interest
(POI) can then direct most of the photo-induced 'O to act on the target protein. With the highly
reactivity of O, to oxidize amino acids or even to break the backbones, the POI could be then
inactivated or even degraded?® 22, In principle, the three modules of PDTAC can be assembled to
generate versatile molecules to degrade desired proteins. The coupling of protein degradation to
light activation confers PDTAC highly spatiotemporal control, which would be highly beneficial
for drug development.

In terms of therapeutical effect in cancer treatment, PDT with non-targeting PS usually results in
complicated cell death modalities?® 24, This has usually hindered the control and the mechanistic
understanding of the PDT triggered immunogenic activation®. In particular, Verteporfin (VPF), a
clinically approved photosensitizer by FDA, has seldom been reported on its immunogenic activity
despite of its wide use as PS in anticancer PDT studies?®. Here, by conjugation of Verteporfin with
GPX4-targeting ligands that exhibit neither inhibitory nor degrading activity, we have designed two
PDTAC:s that selectively degrade GPX4 and dominantly induce ferroptotic cell death of potent

immunogenicity.

Results and discussion

Synthesis and characterization of targeting chimers

We designed two new PDTAC molecules, consisting of VPF and a peptide targeting GPX4 (PV-1
and PV-2 in Fig.1). VPF, a clinically proved photosensitizer 23, was chosen because of its strong
ability to generate singlet oxygen upon red-light irradiation that may readily degrade proteins. The
two targeting peptides (TP-1: CRVDLQGWRRCRR and TP-2:CRAWYQNYCALRR), obtained
using phage display technology, were previously reported to exhibit modest binding affinity towards
GPX4 (Kp ~ uM ) without inhibitory activity?’. Based on the reported crystal structure of the
peptide-GPX4 complexes?’, VPF was attached to the N-terminal of the peptides via a hydrophilic
polyethyleneglycol (PEG) linker to mitigate hindrance on the binding with GPX4. Two PEG groups
were used to reduce the distance from VPF to GPX4 to minimize the non-targeting effects of photo-

induced ROS. Synthesis of these chimeras were achieved using the Fmoc-based solid phase peptide



synthesis (SPPS) (Fig.S1). In PBS/ACN (1:1) solution, absorption spectra and florescence spectra
of the chimeras were similar to those of the VPF alone (Fig.S2b, S2d). Notably, the chimeras
generate a large amount of 'O> upon light irradiation as detected by Electron Paramagnetic
Resonance (Fig.S2e), comparable to VPF alone (Fig.2a). In PBS, the chimeras self-assembled into
nanoparticles with the size of 20-30 nm measured by transmission electron microscope (TEM)
(Fig.S3), driven by their amphipathic structure after the attaching of aromatic VPF. These particles
are relatively stable with a zeta potential of +25 to +32 mV (Fig.S4b), due to the presence of multiple
positive residues in the peptides. Accordingly, the fluorescence intensity and the ability to generate

ROS of the chimeras in PBS were slightly lower than those of VPF (Fig.S2c, S2f).
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Figure 1. Schematic structure of the two PDTAC molecules and a cartoon description of the
principle to photodegrade GPX4 and to trigger ferroptosis. A targeting ligand drives the chimera to
bind with the protein of interest (not necessarily as an inhibitor). ROS (usually singlet oxygens) are
generated from the photosensitizer upon light irradiation, and diffuse to degrade the GPX4 in

proximity, which subsequently results in lipid peroxidation and ferroptosis.

We firstly checked whether these chimeras could penetrate cancer cells. The chimeras were
incubated in A549 cells, a model for non-small cell lung cancer of medium sensitivity to ferroptosis,
without using fetal bovine serum to enhance their cellular uptake. Confocal imaging based on the
fluorescence of the VPF moiety showed that the two chimeras were readily taken up by A549 cells
(Fig.2b). Interestingly, uptake rate of the chimeras was comparable to that of VPF alone as shown
by flow cytometry, and 4 h incubation afforded a significant portion of chimeras inside the cells
(Fig.S5). The high cellular uptake of these chimeras is not surprising. Their well-defined size of 20-
30 nm and the presence of multiple positive amino residues (Arginine) are expected to facilitate
their binding to the negative cancer cell membranes and the subsequent cellular internalization. This
hypothesis is supported by the observation that PV-2 overlaps significantly with lysosomes while
VPF does not (Fig.S5b). Moreover, the targeting ligand also drives PV-2 away from mitochondria
on which a large portion of VPF enriches (Fig.S5¢).
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Figure 2. Characterization of the PDTAC molecules. a) The ability of chimeras to generate singlet
oxygen upon light irradiation measured by EPR in PBS/ACN (1:1) solution (20 pM). 4-hydroxy-
2,2,6,6-tetramethylpiperidine (4-OH-TEMP, 200 mM) was used as the spin trapper. b) Confocal
imaging of the chimeras taken up by A549 cells after 15 h incubation. DiO was used to stain the
membrane. c¢)-d) Measurement of the binding affinity of TP-2 (¢) and PV-2 (d) toward GPX4mu
based on bio-layer interferometry. e) Cellular thermal shift assay of PV-2 with GPX4 in A549 cells.
Concentration of PV-2 is 5 uM in temperature-dependent assays. f) Coomassie blue staining of
GPX4mu in photolysis. Concentration of PV-1, PV-2 and VPF is 10 uM. The SDS-PAGE analysis
of lane 1-9 was then performed using 15% gel in SDS buffer at 200 V for 30 min. The irradiation in
a) and f) was performed with a 300 W Xenon arc lamp (600 nm band-pass filter, 1.5 mW/cm?) for

designated duration.

To examine the binding affinity of these chimeras toward GPX4, recombinant GPX4 (Sec46Cys)
mutant (hGPX4-C, Protein Data Bank entry 20BI, abbreviated as GPX4mu) was expressed and
purified® 28, which is appropriate for our studies because the targeting peptides bind to GPX4 in an
area far from its active site (Sec46) 2’. Thermal shift assay based on differential scanning calorimetry
(DSC) of intrinsic tryptophan fluorescence (ITF) showed a shift of Ty, from 57 °C to approximately
61 °C after incubating GPX4mu with the chimeras or targeting peptides (Fig. S6). This significant

shift suggests that the chimeras could bind to GPX4mu. Moreover, using bio-layer interferometry

4



(BLI), we found that both chimeras exhibited nearly unaffected affinity constant Kp compared to
their parental targeting peptides, while VPF alone did not bind to GPX4mu (Fig.2¢c-2d, Fig. S7).
These results demonstrate that not only the attachment of VPF did not affect the peptide-GPX4mu
binding, but also the chimera nanoparticles could easily disassemble and subsequently bind to
GPX4mu. According to the previous report, an intramolecular disulfide bond is formed in the
GPX4mu complex with both targeting peptides?’. To check whether this disulfide bond affects the
binding affinity, we synthesized the corresponding refolded peptides and chimeras with an
intramolecular disulfide bond. No difference in affinity constants was identified in the BLI
measurements (Fig.S7). Therefore, the intramolecular disulfide bond is either not essential for the
binding or it could be easily formed during its binding to GPX4.

Furthermore, we evaluated the targeted binding of chimera PV-2 towards GPX4 in living cells.
Cellular thermal shift assay (CTSA) shows that PV-2 indeed increase the thermal stability of GPX4
(Fig.2e), consistent with the DSC based thermal shift assay with GPX4mu (Fig.S6). An effective
concentration at pM scale is observed from the dose-dependent experiments (Fig.2e), which is
comparable to its Kp obtained from BLI (Fig.2d). In sum, these findings demonstrate that PV-2 can
not only efficiently penetrate the cell membranes, but also survive the cellular environment to retain
its binding affinity towards GPX4 thereafter.

To test whether these chimeras could photodegrade GPX4mu, we used Bradford protein assay
based on Coomassie blue to monitor the photolysis process. Both chimeras could nearly eliminate
the GPX4mu band in SDS-PAGE analysis after 15-min irradiation (Fig.2f), while VPF alone
exhibited just medium effect on GPX4mu. These results prove principally our designed idea that the

targeting peptides direct the photo-induced ROS to efficiently degrade the protein of interest.

Selective photolysis of GPX4 in cellular lysate

Because PDTAC can directly degrade proteins through photo-induced ROS, cellular pathways (e.g.
the proteasomal and lysosomal system) should be dispensable. We therefore examined whether
photo-irradiation of these chimeras could degrade GPX4 in cellular lysate. After mixing the
chimeras with A549 lysate for approximately 60 min using a reciprocating shaker, the lysate mixture
was irradiated by a Xenon lamp. The proteins were then collected and analyzed by western blot
right after the irradiation to minimize any involvement of cellular pathways. Both chimeras could
significantly degrade GPX4 when exposed to light for 5 min and exhibited an obvious concentration
dependence (Fig.3a, 3c, 3f). Furthermore, the degradation of GPX4 was also dependent on the
irradiation duration when the chimera concentration was fixed (Fig.3b, 3d). The GPX4 level was
not affected at all without light irradiation, indicating the degradation occurs as a consequence of
photo-induced ROS. Interestingly, such a degradation is highly selectively while the abundance of
GPX1, another member of the GPXs family, remained unaffected (Fig.3e). Additionally, other
proteins, e.g., ACSL4 (a negative regulator of ferroptosis®’), ACAT1 (regulating sterol metabolism),

were also not affected under the same treatment (Fig.3e).
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Figure 3. Selective degradation of GPX4 by PV-1 and PV-2 in cellular lysate. The degradation
exhibits concentration dependence (a, ¢) and time dependence (b, d). PV-1 and PV-2 treatments did
not degrade proteins other than GPX4 (e). (f) Relative GPX4 content obtained in three independent
experiments. Light irradiation was performed using a Xenon lamp with a 600 nm band-pass filter
(~1.5 mW/cm?) for designated duration. Proteins were immunoblotted with their corresponding
antibodies.

Selective photolysis of GPX4 in living cells

Since our CTSA shows that PV-2 effectively engages with GPX4 in living cells (Fig.2e), we then
investigated whether these chimeras retained their ability to photodegrade GPX4 in the complex
cellular environment. As expected, GPX4 was also degraded by irradiation of either PV-1 or PV-2,
depending on both the irradiation duration and the chimera concentrations (Fig.4a-d). The similar
observation that chimeras without light irradiation did not affect the GPX4 level confirmed again
the key role of photo-induced ROS in this living cell protein degradation. Examination on the
abundance of other proteins including ACSL4, GPX1 and ACAT1, also demonstrate the selectivity
of the photolysis by PV-1 and PV-2 (Fig. 4e). In contrast, the targeting peptides alone, either with
or without light irradiation, did not affect the GPX4 abundance (Fig. 4a-d, Fig.4g-h). This is
consistent with the previous report that they only bind to GPX4 without any inhibitory activity?’.
Moreover, we used Coomassie blue to stain the whole cellular proteins in SDS-PAGE to examine
the selectivity of photodegradation. Interestingly, color fading in the band corresponding to GPX4
was observed in the PV-2 treated cells, while other bands are similar to those in the untreated cells
(Fig. 41).

Because of its non-targeting nature, the VPF alone is expected to exert its degradation ability over



various proteins. In cellular lysate, photolysis of GPX4 by VPF was not as significant as that by PV-
1 and PV-2, while other proteins including GPX1 and ACSL4 could be also degraded to some extent
by VPF (Fig. S8). In living cells, VPF could also simultaneously degrade several proteins including
GPX1, GPX4, ACSL4 and ACAT1 (Fig.S9). Particularly, at higher VPF concentrations (e.g., 5 uM)
with 5-min irradiation, all the proteins examined in our experiments were nearly depleted. These
results demonstrate the non-selective nature of the photolysis by VPF. Therefore, the selective
photolysis of GPX4 by PV-1 and PV-2 is ascribed to presence of the targeting ligands, which direct
the photo-induced ROS mainly to degrade GPX4.
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Figure 4. Selective degradation of GPX4 by PV-1 and PV-2 in living A549 cells. The
photodegradation exhibits concentration dependence (a, ¢) and time dependence (b, d). Treatment
with the targeting peptides alone could not degrade GPX4 (b, d), and treatments with PV-1 or PV-
2 did not degrade proteins other than GPX4 (e). f) Comparison of whole proteins in SDS-PAGE
analysis based on Coomassie blue staining after photolysis (concentration of PV-2 is 5 uM). The
red arrow denotes the position of GPX4 where a shallower band was observed in the PV-2 treated
cells. (g)(h) Relative GPX4 content obtained in three independent experiments. For all photolysis,
light irradiation was performed using a Xenon lamp with a 600 nm band-pass filter (~1.5 mW/cm?)

for designated duration.

Photolysis of GPX4 induces dominantly ferroptosis
PDT usually induces multiple cell death modalities in cancer treatment>® 23, because of the

intrinsically non-targeting nature of photo-induced ROS. Previous targeting photosensitizers used



in PDT were designed to selectively increase their accumulation in tumor cells®®, but the cell death
was still induced dominantly by random damages from photo-induced ROS. Particularly, we have
recently found that the concentration of PS and light luminance could tune the cell death modalities
in PDT3!.

As a key regulator of Ferroptosis, GPX4 reduces phospholipid hydroperoxides (PLOOHsS) to the
corresponding alcohols (PLOHs)** ¥, and its degradation would trigger lipid peroxidation. Using
C11-BODIPY as a probe, elevated lipid peroxidation was detected in PV-1 treated cells after light
irradiation (Fig.S10a). We then evaluated the cell death in A549 cell lines (Fig.S10, Fig.S11), and
in cancer cells highly sensitive to Ferroptosis, e.g., triple-negative breast cancers (MDA-MB-231,
4T1) and melanoma (murine B16) (Fig.5). Lip-1, a specific inhibitor of lipid peroxidation, can
effectively blocked the ferroptotic cell death!!. Indeed, we observed that Lip-1 not only decreased
the lipid ROS level, but also rescued the cell death caused by PDT with both chimeras (Fig.5b,
Fig.S10). Two other Ferroptosis inhibitor, the iron chelator deferoxamine (DFO) and the ACSL4
inhibitor rosiglitazone (ROSI), could also significantly rescue the cell death triggered by these
chimeras (Fig.5¢, Fig.S10-S11). Moreover, necrotic cell death is usually the main cell death pathway
under high PS concentration. PDT with 4-5 uM VPF resulted in quick disruption of cell membrane
shown by trypan blue staining, while cells treated by the two chimeras were still intact (Fig. 5d,
Fig.S12). Consistently, this cell death caused by VPF treatment could be rescued neither by Lip-1
nor the iron chelator DFO (Fig.5b-5c, Fig.S12).

We have previously identified a distinct cell death pathway featuring also elevated lipid
peroxidation (termed as Liperoptosis) in PDT with non-targeted PS3!. In Liperoptosis, the lipid
peroxidation results from non-enzymatic oxidization of lipids, and therefore it is independent of
ACSL4 and could not be rescued by DFO. Therefore, the cell death triggered by the two chimeras,
which could be effectively rescued by both an ACSL4 inhibitor and DFO (Fig.5¢c, Fig.S10), is
different from the Liperoptosis triggered by non-targeted PS. Admittedly, multiple cell death
pathways may be still present, as neither Ferroptosis inhibitors completely blocked the cell death by
the chimeras. Off-target effects of these chimeras are still present to some extent, which is indicated

by the increase of cellular ROS assessed by DCFH (Fig.S10e).
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Figure 5. PDT with PV-2 induces ferroptosis in multiple cancer cells. a) Dose dependence of cell
viability on PV-2 under PDT irradiation. b) Ferroptosis inhibitor Lip-1 significantly rescue the death
caused by PDT with PV-2, but not those by PDT with VPF (4 uM for 3 min x 2 irradiation). ¢) Iron
chelator DFO significantly rescued the cell death caused by PDT with PV-2, but not those by PDT
with VPF (4 uM for 3 min x 2 irradiation). d) Trypan blue staining showed disrupted plasma
membranes in MDA-MB-231 cells 30 min after PDT with PV-2 or VPF (4 uM for 2 min irradiation).
PDT was performed using a Xenon lamp with a 600 nm band-pass filter (~1.5 mW/cm?) for
designated duration. Data were typically plotted as the mean = s.d. (n = 3). The statistical differences
were calculated by a Student’s #-test (*p<0.05, **p<0.01, ***p<0.001).

Photolysis of GPX4 triggers potent immunogenic cell death
Ferroptosis, especially that triggered by RSL3, has been found to be immunogenic due to the release
of damage-associated molecular patterns (DAMPs)” 3*. By selectively degrading GPX4, our

targeted photolysis strategy specifically drove cancer cells to undergo ferroptosis, and therefore we



expected it to elicit efficient immunogenicity. By vaccinating immune-competent mice with PV-2
treated dying cancer cells, efficient antitumor immunity was observed based on the elongated
surviving rate and the delayed tumor growth when the mice were re-challenged with viable cancer
cells (Fig.6a-6¢). PDT with some non-targeted PSs can be also immunogenic®. We found indeed
that VPF showed obvious effect in both surviving rate and tumor growth delay experiments (Fig.6b-
6¢). However, PV-2 outperforms VPF in both experiments, pointing to the important role of GPX4
degradation in immunogenic activation. Consistently, in vitro stimulation of murine BMDCs
demonstrated that PV-2-treated cancer cells resulted in more potent BMDC maturation than VPF
treated cells as revealed by expression level of MHC II and CD86 in CD11¢” BMDCs (Fig.6f-6g).
This trend was observed over different PS concentrations, irradiation times and different
BMDC/B16 ratios (Fig.S13), demonstrating the superior performance of PV-2. Measurement of
released ATP and HMGBI1 from the dying cancer cells also showed that PV-2 treatment induced
higher concentrations of these two common DAMPs (Fig.6d-6¢).

Although PDT could trigger ICD, many factors may complicate its practical application in cancer
immunotherapy3®. The efficiency of PDT to induce ICD depends largely on the nature, the
concentration of photosensitizers, as well as the illuminance density. For instance, VPF, as a FDA
approved photosensitizer with red right absorption, only triggers weak ICD (Fig. 6) and exhibited
strong concentration dependence (Fig.S13). In contrast, our GPX4-targeted photosensitizers,
particularly PV-2, induce much more potent ICD and result in more efficient anti-tumor immunity
in vivo (Fig.6). These results demonstrate the superiority and potential clinical values of inducing a

well-defined cell death modality by PDT in cancer immunotherapy.
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Figure 6. PDT with PV-2 induces immunogenic cell death both in vitro and in vivo. a) The in vivo
prophylactic tumor vaccination model. b) Kaplan-Meier surviving curve of the mice challenged
with variable B16 cells after vaccination with VPF or PV-2 treated dying B16 cells. ¢) The tumor
size at the challenge site of the mice in the prophylactic tumor vaccination model. Data were plotted
as the mean = s.d. (n = 10). d) HMGBI1 release from the B16 cells treated with PDT using VPF or
PV-2. e) ATP release from the B16 cells treated with PDT using VPF or PV-2. f) and g) B16 cells
treated with PDT using VPF or PV-2 induces maturation of BMDCs. LPS (100 ng/mL) was used as
a positive control. Irradiation was performed using a Xenon lamp with a 600 nm band-pass filter
(~1.5 mW/cm?) for designated duration. Data were typically plotted as the mean +s.d. (n = 3) unless
specified. The statistical differences in the Kaplan-Meier curve were calculated by a log-rank
(Mantel-Cox) test, and were calculated by a Student’s #-test in other cases (*p<0.05, **p<0.01,
**%p<0.001).

This selective photodegradation of proteins through PDTAC, shares some features of the fast-
emerging PROTAC (PRoteolysis TArgeting Chimera) technology?’-3°. The photolysis of GPX4 well
demonstrates at least two features of them, the use of non-inhibitory targeting ligands and
particularly the degradation of “undruggable” protein target. Moreover, the PDTAC inherits high
spatiotemporal precision of light activation, which may help reduce systemic toxicity when used in
vivo. Additionally, the versatile options of photosensitizers can lead to photolysis using near-
infrared light, an optimal condition for in vivo application. Admittedly, more studies, e.g.,
optimizing both the targeting ligands and photosensitizers, are definitely required to fully
demonstrate the advantages of PDTAC in targeted protein degradation. Particularly, expanding the

targeting ligand to small molecules is currently under investigation.

Conclusions

To conclude, we have proposed a distinct strategy PDTAC composed of three replaceable
modules to induce photodegradation of proteins. To demonstration its feasibility, we synthesized
two targeting chimeras by conjugating a peptide ligand without inhibitory activity to the
photosensitizer, aiming to trigger ferroptosis in cancer cells based on targeted degradation of GPX4.
These chimers retain the binding affinity toward GPX4 and selectively degraded GPX4 in both
cellular lysate and living cells upon red-light irradiation. Photodegradation of this enzyme could
induce lipid peroxidation, and dominantly switch the cell death to ferroptosis, which triggers potent
immunogenic reactivity both in vitro and in vivo. Our targeted degradation of GPX4 based on the
PDTAC strategy provide a novel light-activable method for induction of ferroptosis, which may

boost its application in cancer immunotherapy.
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