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Abstract

Checkpoint immunotherapy holds great potential to treat malignancies via blocking the
immunosuppressive signaling pathways, which however suffers from inefficiency and off-
target adverse effects. We herein report checkpoint nano-proteolysis targeting chimeras (nano-
PROTACSs) in combination with photodynamic tumor regression and immunosuppressive
protein degradation to block checkpoint signaling pathways for activatable cancer photo-
immunotherapy. These nano-PROTACSs are composed of a photosensitizer (protoporphyrin IX,
PpIX) and an Src homology 2 domain-containing phosphatase 2 (SHP2)-targeting PROTAC
peptide (aPRO) via a caspase 3-cleavable segment. aPRO 1is activated by the increased
expression of caspase 3 in tumor cells after phototherapeutic treatment and induces targeted
degradation of SHP2 via the ubiquitin-proteasome system. The persistent depletion of SHP2
blocks the immunosuppressive checkpoint signaling pathways (CD47/SIRPa and PD-1/PD-L1),
thus reinvigorating antitumor macrophages and T cells. Such a checkpoint PROTAC strategy
synergizes immunogenic phototherapy to boost antitumor immune response. Thus, this study
represents a generalized PROTAC platform to modulate immune-related signaling pathways

for improved anticancer therapy.
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1. Introduction

Cancer immunotherapy is an emerging strategy to treat malignancies by reinvigorating the
intrinsic immune system, especially cytotoxic T lymphocytes and phagocytes.'! Among these
immunotherapeutic strategies, immune checkpoint blockade has achieved impressive success
owing to the significantly increased clinical benefit in patients with melanoma.?! Despite these
advances, the current checkpoint blockade immunotherapies still suffer from limited response
rates in specific malignancies and immune-related adverse events (irAEs) in the clinic.*! Cancer
nanomedicines in combination with checkpoint blockade immunotherapy have shown great
potential to improve antitumor immune response in a safe and effective manner owing to their
good biocompatibility and tumor-targeted accumulation capability.”] Activatable cancer
nanomedicines afford further opportunities to specifically modulate antitumor immune
response with decreased irAEs in the presence of external stimuli (e.g., light, heat, ultrasound,
or magnetic field) or cancer biomarkers.’!l Moreover, many conventional cancer treatment
modalities, such as chemotherapy, radiotherapy, sonodynamic, photodynamic, and
photothermal therapy, can trigger immunogenic cell death, which have been reported to
sensitize tumors to checkpoint blockade immunotherapy with improved antitumor efficacy.®
For example, a nano-liposome encapsulating the sonosensitizer (hematoporphyrin monomethyl
ether) and a toll-like receptor-7 agonist (imiquimod) with the combination of anti-programmed
death ligand 1 (anti-PD-L1) checkpoint blockade has been utilized to inhibit tumor growth with
high efficacy,!”) and a nanocomplex loaded with paclitaxel, CXCR4 antagonism, and anti-PD-
L1 small interfering RNA is developed to treat lung tumors for effective immunotherapy.®]
These studies validated the great potential of activatable nanomedicine-based combinational

cancer immunotherapy in the treatment of malignancies.

PROTAC (proteolysis targeting chimera), a promising protein degradation technology, has

been exploited to knock out the targeted protein for disease treatment.” The heterobifunctional
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structure of PROTAC offers the binding specificity to both targeted proteins and intracellular
E3 ligases, thus leading to targeted protein degradation via the ubiquitin-proteasome system
(UPS).I"% Compared with small molecule inhibitors or genetic tools, PROTAC exhibits a higher
protein degradation efficiency with persistent and recyclable action.['') Thus, PROTAC has
been utilized to degrade many undruggable oncoproteins (e.g., signal transducer and activator
of transcription 3, K-Ras, protein tyrosine phosphatase, etc.) for enhanced cancer therapy.[!]
However, PROTAC-based specific degradation of immune checkpoint ligands and receptors
has been rarely reported owing to the limited accessibility of membrane-bound proteins by the
cytosolic UPS.I31 Therefore, developing an immune checkpoint PROTAC to promote the

antitumor immune response is urgently needed.

Herein, we develop a checkpoint nano-PROTAC (NPRO) targeting the Src homology 2
domain-containing phosphatase 2 (SHP2) for activatable cancer photo-immunotherapy (Figure
1). NPRO is synthesized via the self-assembly of the blocked PROTAC (bPRO) peptide, which
comprises the photosensitizer (protoporphyrin IX, PpIX), the caspase 3-cleavable peptide
substrate (DEVD),!"* the UBR E3 ligase targeting segment (RLAA),!'* and the SHP2-targeting
peptide (SP, SLNpYIDLDLVK).['%1 After systemic administration, NPRO accumulates at
tumor sites via the enhanced penetration and retention effect. Under 660 nm photoirradiation,
NPRO generates 'Oz to eliminate tumor cells, which induces immunogenic cell death (ICD) via
tumor-associated antigens (TAAs) release and the enhanced expression of caspase 3 in tumor
cells. The overexpressed caspase 3 further facilitates the cleavage of DEVD and leads to the
release of activated PROTAC (aPRO). aPRO specifically binds to SHP2 and the UBR proteins
(an E3 ubiquitin ligase) via the SP segment and the UBR E3 ligase targeting segment,
respectively, leading to persistent degradation of SHP2 via the ubiquitin-proteasome system.
The depletion of SHP2 blocks the immunosuppressive signals including CD47/SIRPa (“Don’t

eat me”) and PD-1/PD-L1 signals,!!”! resulting in the activation of M1-type macrophages (M1
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Macs)-mediated phagocytosis effect and effector T cells (Teffs)-mediated antitumor immunity.
Moreover, the combinational cancer photo-immunotherapy with immunosuppressive SHP2
degradation induces the repolarization of M2-type macrophages (M2 Macs) to M1 Macs and
promotes the infiltration of activated Teffs into tumor microenvironment. As a result, the

checkpoint NPRO exerts synergistic antitumor effects via activatable cancer photo-

immunotherapy.
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Figure 1. Schematic illustration of checkpoint nano-PROTAC:s for activataﬁgrcceincer ;t:zio-
immunotherapy. (a) Synthesis and chemical structure of nano-PROTACs (NPRO). (b)
Mechanistic illustration of NPRO-mediated activatable cancer photo-immunotherapy: 1)
Caspase 3-specific activation of NPRO for persistent Src homology-2 domain-containing
protein tyrosine phosphatase-2 (SHP2) degradation via specifically binding SHP2 and UBR E3
ligase; 11) SHP2 degradation-mediated inhibition of CD47/SIRPa (“Don’t eat me”) signals in
macrophages (Macs) leading to enhanced phagocytosis effects; ii1)) SHP2 degradation-mediated

inhibition of PD-1/PD-L1 signals in T cells leading to enhanced antitumor T-cell immunity.

2. Results and Discussion

NPRO was obtained via the self-assembly of the amphiphilic bPRO peptide in PBS solution.
And bPRO was synthesized using the solid-phase peptide synthesis (SPPS) method (Figure S1,
Supporting Information).!'®! After repeated peptide coupling steps, the photosensitizer PpIX
was finally conjugated to the peptide via the SPPS method. In contrast, SP, aPRO, and caspase

3-cleavable segment-containing aPRO (cPRO) were prepared via a similar method and
4
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characterized by electrospray ionization-mass spectrometry (ESI-MS, Figures S2-S6,

Supporting Information).

The physical and optical properties of SP, aPRO, cPRO, and NPRO were further investigated.
NPRO exhibited a small particle size (~40 nm) and a uniform size distribution according to
transmission electron microscopy (TEM) images (Figure 2a). The hydrodynamic particle size
of NPRO is ~80 nm via the dynamic light scattering (DLS) analysis, which is slightly larger
than the TEM results (Figure 2b). In comparison, SP, aPRO, and cPRO exhibited much larger
hydrodynamic particle sizes (~400 nm) than NPRO owing to the lack of a hydrophobic PpIX
unit for effective self-assembly. The zeta potential analysis further demonstrated the negatively
charged particle surface of NPRO (~-10 mV) and other contrast groups (Figure 2c). NPRO
exhibited similar UV-vis absorption spectra (characteristic absorption peaks at about 505 nm,
540 nm, 575 nm, and 625 nm) compared with PpIX due to the existence of the photosensitizer
unit (PpIX) (Figure 2d). The fluorescence spectra of PpIX and NPRO further exhibited similar

characteristic emission peaks at 625 nm and 680 nm (Figure 2e).
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Figure 2. Synthesis and characterization of NPRO for activatable cancer photo-immunotherapy.
(a) TEM images of NPRO. (b) DLS profiles, (c¢) Zeta potential, and (d) UV/Vis absorption
spectra of SP, aPRO, cPRO, PpIX, and NPRO in PBS solutions. (¢) Fluorescence spectra of
PpIX and NPRO in PBS solutions. (f) The 'Oz generation profiles of PpIX and NPRO (10 uM)
in PBS solution under 660 nm photoirradiation (30 mW/cm?). (g) Confocal fluorescence images
of 4T1 cells after 12 h incubation with PpIX and NPRO (10 uM). Blue fluorescence indicated
Hoechst 33342 and red fluorescence indicated PpIX. (h) Confocal fluorescence images of 4T1
cells after 12 h incubation with PpIX and NPRO (10 uM) and staining with H;DCFDA with or
without 660 nm photoirradiation (30 mW/cm?) for 6 min. Green fluorescence indicated DCF.
(1) Cell viabilities of 4T1 cells after 24 h incubation with SHP099, SP, aPRO, cPRO, PpIX, or

NPRO at different concentrations with or without 660 nm photoirradiation (30 mW/cm?) for 6
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min. PpIX or NPRO with photoirradiation versus without photoirradiation: p<0.0001.

Statistical significance in (1) was calculated via two-tailed Student’s t-test.

The photodynamic activities of NPRO were further investigated. The 'O, generation was
detected using a 'O, fluorescent probe, singlet oxygen sensor green (SOSG). The fluorescence
intensity of SOSG at 525 nm showed a gradual increase under 660 nm photoirradiation with a
power intensity of 30 mW/cm? in a time-dependent manner (Figure 2f). The SOSG fluorescence
intensity of NPRO increased by 1.8-fold compared with PpIX after 6 min 660 nm
photoirradiation, resulting from the amphiphilic structure and stable self-assembly ability of

NPRO in aqueous solutions.

The NPRO-mediated activatable cancer photo-immunotherapy was further investigated in
4T1 murine breast cancer cells. After incubation with PpIX and NPRO for 12 h, 4T1 cells were
stained with Hoechst 33342 to study the cellular internalization via confocal fluorescence
imaging. Both PpIX- and NPRO-incubated cells exhibited the red fluorescence signals from
PpIX (Figure 2g). And the mean fluorescence intensities (MFIs) for PpIX and NPRO were 38.9
and 47.7, respectively (Figure S7, Supporting Information). These results demonstrated the

effective cellular uptake abilities of PpIX and NPRO.

The photodynamic activity and cytotoxicity of PpIX and NPRO in 4T1 cells were further
studied. The intracellular reactive oxygen species (ROS) generation was detected by using the
ROS fluorescent turn-on probe 2°,7’-dichlorodihydrofluorescein diacetate (H_DCFDA). After
cellular uptake, HDCFDA can be hydrolyzed by the intracellular esterase in 4T1 cells and
oxidized into the fluorescent 2’,7’-dichlorofluorescein (DCF) by ROS.['1 Obvious green
fluorescence signals from DCF were detected in both PpIX- and NPRO-incubated 4T1 cells
after 660 nm photoirradiation for 6 min according to the confocal fluorescence images (Figure

2h). The DCF MFIs of PpIX- and NPRO-incubated cells increased by 105.2- and 90.9-fold
7
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compared with the unirradiated cells, respectively, indicating their effective ROS generation
abilities under 660 nm photoirradiation. The cytotoxicity of SHP099 (an SHP2 inhibitor),"]
SP, aPRO, cPRO, PpIX, and NPRO was then evaluated using the MTS (3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) cell viability assay. The
cell viabilities were above 80% in SHP099-, SP-, aPRO-, cPRO-, PpIX-, and NPRO-incubated
4T1 cells without 660 nm photoirradiation, demonstrating their negligible cytotoxicity (Figure
21). The cytotoxicity of PpIX- and NPRO-incubated cells increased in a concentration-
dependent manner under 660 nm photoirradiation. The cell viabilities of PpIX- and NPRO-
incubated and photoirradiated cells similarly decreased to ~30% at the concentration of 20 pM.
These results indicated that PpIX and NPRO had remarkable phototherapeutic abilities under

660 nm photoirradiation.

The intracellular SHP2 expression was further studied via immunofluorescence imaging. M2
Macs and CD8" T cells were incubated with SHP099, SP, aPRO, cPRO, PpIX, or NPRO for 12
h, followed by staining with anti-SHP2 antibodies for immunofluorescence imaging. The green
fluorescence signals from the anti-SHP2 antibodies in aPRO-incubated M2 Macs or CD8" T
cells were weaker than the other groups (Figure 3a). Compared with the control cells, the MFIs
of the anti-SHP2 antibodies in aPRO-treated M2 Macs or CD8" T cells greatly decreased by
72.8% and 95.3% (Figure 3b). In contrast, the incubation of M2 Macs or CD8" T cells with
SHP099, SP, cPRO, PpIX, or NPRO did not decrease the MFIs of anti-SHP2 antibodies. These
results indicated that only aPRO treatment could induce the degradation of SHP2 due to the

PROTAC-mediated repeated protein degradation ability.

To further investigate the mechanism of caspase 3-mediated NPRO activation, we incubated
M2 Macs or CD8" T cells with 4T1 cell supernatants after various treatments to evaluate SHP2
expression via immunofluorescence imaging. We first treated 4T1 cells with or without caspase

3 inhibitor (Cas3i, Ac-DEVD-CHO) and incubated them with SHP099, SP, aPRO, cPRO, PpIX,
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or NPRO for 12 h. The cells were then treated with 660 nm photoirradiation for 6 min and
incubated for another 12 h to collect the cell supernatants. M2 Macs or CD8" T cells were
further incubated with these cell supernatants for 12 h, followed by staining with anti-SHP2
antibodies for immunofluorescence imaging. The green fluorescence signals from the anti-
SHP?2 antibodies in M2 Macs or CD8" T cells incubated with aPRO- or NPRO + L-treated 4T1
cell supernatants were obviously weaker than the other groups. These data verified that NPRO
could convert into active aPRO and further transfer to macrophages or T cells in the presence
of caspase 3 during photodynamic therapy-induced apoptosis of 4T1 cells (Figure S8,
Supporting Information). In contrast, the SHP2 immunofluorescence signals in M2 Macs or
CDS8" T cells with NPRO + L + Cas3i treatment did not exhibit obvious changes compared with
NPRO group. These results confirmed that NPRO could be activated by the apoptosis-
associated caspase 3 to induce SHP2 degradation and Cas3i treatment could disable the SHP2

degradation ability of NPRO.

Afterward, SHP099-, SP-, cPRO-, aPRO-, PpIX-, and NPRO-treated M2 Macs or CD8" T
cells were incubated with 4T1 cells to verify the activation and phagocytosis efficiency of these
immune cells. We first investigated the repolarization ability of immunosuppressive M2 Macs
into inflammatory M1 Macs via flow cytometry analysis. The populations of M1 Macs were
28.7% and 32.7% after the incubation with SHP099 and aPRO owing to the inhibition and
degradation of SHP2, respectively (Figure S9, Supporting Information). In contrast, the other
groups exhibited much lower populations (~20%) of M1 Macs. Then, the phagocytosis
efficiency was studied by the coincubation of carboxyfluorescein succinimidyl ester (CFSE)-
labeled 4T1 cells with M2 Macs of different treatments (Figure 3c). The SHP099 and aPRO
groups exhibited 49.7% and 46.8% phagocytosis efficiencies respectively, which are much
higher than the other groups (less than 20%). The activation of cytotoxic T cells (granzyme B*

(GranB™) or IFN-y") was further studied by the coincubation of 4T1 cells with CD8" T cells of
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different treatments. The populations of GranB*CD8" T cells were 18.9% and 45.2% in SHP099
and aPRO groups, respectively (Figure 3d), which are higher than the other groups (~10%).
Similarly, IFN-y"CD8" T cells exhibited higher populations in SHP099 (20.1%) and aPRO
(35.1%) groups compared with the other groups (Figure S10, Supporting Information).
Moreover, the extracellular concentrations of TNF-a and IFN-y in aPRO-treated T cells were
also increased by 1.5 and 2.2 folds compared with the control groups, respectively (Figure 3e
and 3f). Importantly, the aPRO group exhibited higher T cell activation efficiencies
(GranB*CD8" and IFN-y*CD8") and cytokine levels (TNF-o and IFN-y) than the SHP099 group,
which demonstrated the robust activation of T cells via the PROTAC-mediated degradation of

SHP2.
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Figure 3. In vitro NPRO-mediated activatable cancer photo-immunotherapy. (a) Confocal
fluorescence images and (b) MFIs of M2 Macs and CD8" T cells after incubation with SHP099,
SP, aPRO, cPRO, PpIX, and NPRO for 12 h (n=3). Blue fluorescence indicated Hoechst 33342,

and green fluorescence showed the anti-SHP2 antibodies. aPRO versus control for M2 Macs or
10
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T cells: p<0.0001. (c) Flow cytometry and (d) quantitative analysis of Macs phagocytosis and
GranB"CDS8" T cell activation after coincubation of SHP099-, SP-, aPRO-, cPRO-, PpIX-, and
NPRO-treated M2 Macs or CD8" T cells with 4T1 cells for 24 h (n=3). aPRO versus control
for Macs phagocytosis or GranB™ T cells: p<0.0001. (¢) TNF-a and (f) IFN-y assay after
coincubation of SHP099-, SP-, aPRO-, cPRO-, PpIX-, and NPRO-treated CD8" T cells with
4T1 cells for 24 h (n=3). aPRO versus control for TNF-a or IFN-y: p<0.0001. (g) MFIs of
aPRO-, PpIX-, and NPRO-incubated 4T1 cells with or without 660 nm photoirradiation (30
mW/cm?) for 6 min (n=5). PpIX or NPRO versus control: p<0.0001. (h) Quantification of the
matured DCs (CD80"CD86") after the incubation of BMDCs with the 4T1 cell supernatants
after different treatments for 12 h (n=3). 4T1 cells were incubated with aPRO, PpIX, and NPRO
with or without 660 nm photoirradiation (30 mW/cm?) for 6 min. PpIX or NPRO versus control:
p<0.0001. Statistical significance in (b,d), and (e-h) was calculated via one-way ANOVA with

a Tukey post-hoc test.

The ability to induce ICD and dendritic cell (DC) maturation was further investigated in 4T1
cells. High-mobility group protein B1 (HMGBI1), one of the important biomarkers to evaluate
ICD, was detected via immunofluorescence imaging.!*'! The HMGBI1 expression in 4T1 cell
nuclei was detected via immunofluorescence imaging. In NPRO-incubated 4T1 cells without
photoirradiation, there was an obvious overlap of the green fluorescence signals from anti-
HMGBI antibodies with the blue fluorescence signals from the cell nuclear dye (Hoechst
33342) (Figure S11, Supporting Information). The MFIs of anti-HMGBI1 antibodies in PpIX-
and NPRO-incubated and photoirradiated cells greatly decreased by 66.7% and 76.0% relative
to the unirradiated cells, indicating the effective release of HMGBI1 from cell nuclei to the cell
supernatants (Figure 3g). These data demonstrated that PpIX- and NPRO-mediated

phototherapy similarly induced ICD. Afterward, DC maturation was evaluated via flow

11
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cytometry analysis. Bone marrow-derived dendritic cells (BMDCs) were incubated with the
supernatants of 4T1 cells after different treatments. After 12 h incubation, the proportions of
matured DCs (CD80'CD86") were 51.7% and 67.0% after incubation with PpIX- and NPRO-
treated and photoirradiated 4T1 cell supernatants, which were much higher than the other
groups (Figure 3h and Figure S12, Supporting Information). Thus, these results demonstrated
that NPRO-mediated therapy could induce ICD of tumors and DC maturation to improve tumor

immunogenicity and enhance antitumor immune response.
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Figure 4. In vivo NPRO-mediated activatable cancer photo-immunotherapy. (a) Timeline of
4T1 tumor model establishment and NPRO-mediated activatable cancer photo-immunotherapy.
(b) In vivo NIR fluorescence images and (¢) quantitative NIR FI of the tumors from 4T1 tumor-
bearing mice at the different time points after the intravenous injection of NPRO (200 uL, 1

mM, n=3). (d) Quantitative NIR FI of the tumors and major organs from 4T1 tumor-bearing
12
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mice at 24 h post-injection of NPRO (n#=3). (e) Confocal fluorescence images and (f) SOSG
MFTs of the tumor tissues from 4T1 tumor-bearing with or without 660 nm photoirradiation (30
mW/cm?) for 6 min (n=3). Blue fluorescence indicated DAPI, and green fluorescence indicated
SOSG. NPRO + L versus saline: p<0.0001. (g) Tumor growth curves during 14-day monitoring
(n=5). NPRO + L versus NPRO or saline: p<0.01. (h) Histological H&E staining of tumor
tissues. (1) Caspase 3 immunofluorescence images of the tumor tissues. Blue fluorescence
indicated DAPI, and green fluorescence indicated anti-caspase 3 antibodies. Statistical
significance in (g) was calculated via two-tailed Student’s t-test. Statistical significance in (f)

was calculated via one-way ANOVA with a Tukey post-hoc test.

NPRO-mediated activatable cancer photo-immunotherapy was further studied in the
immunocompetent 4T1 tumor-bearing mice. After different treatments of the 4T1 tumor-
bearing mice, the tumor growth was monitored, and the immunotherapeutic efficiency was
investigated (Figure 4a). First, the tumor-targeted accumulation of NPRO was studied using an
IVIS imaging system to verify the optimal timepoints for photoirradiation. The fluorescence
signals from the PpIX unit gradually increased at tumor sites in NPRO-injected mice (Figure
4b). The fluorescence intensity (FI) reached a maximum value at 6 h post-injection time (Figure
4c). The ex vivo NIR fluorescence images further indicated that NPRO could efficiently
accumulate at tumor sites (Figure 4d and Figure S13, Supporting Information). These data
indicated that NPRO had a good tumor-targeted accumulation ability due to the small particle

size.

The NPRO-mediated cancer photo-immunotherapy was investigated with localized 660 nm
photoirradiation after 6 h post-injection of NPRO (the maximum tumor accumulation
timepoint). To minimize the photothermal heating effect on mice, the 660 nm photoirradiation
was controlled at the safe range with a power intensity of 30 mW/cm? for 6 min to ensure that
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the temperature of tumors was below the threshold temperature (43 °C). Then the 'O
generation was studied by intratumoral injection of SOSG and detection of the fluorescence
signals from the oxidized SOSG. In the tumor tissues of NPRO-injected and photoirradiated
mice, obvious green fluorescence signals from SOSG were detected (Figure 4¢). The MFIs in
the tumor tissues of NPRO-injected and photoirradiated mice increased by 8.0- and 5.5-fold
compared with the saline- and NPRO-injected mice without photoirradiation, respectively
(Figure 4f). These data indicated that NPRO-mediated therapy could induce effective 'O,

generation in tumor tissues after 660 nm photoirradiation.

Afterward, the tumor growths in 4T1 tumor-bearing mice with different treatments were
monitored every 2 days to study the in vivo antitumor effects. The most effective inhibition of
tumor growth was observed in NPRO-injected and photoirradiated mice relative to the other
groups (Figure 4g). H&E staining images of tumor tissues further indicated the obvious dead
tumor cells in NPRO-injected and photoirradiated mice compared with the other groups (Figure
4h). Moreover, the caspase 3 immunofluorescence images of tumor tissues in NPRO-injected
and photoirradiated mice exhibited obvious green fluorescence signals with the highest MFIs
of anti-caspase-3 antibodies compared with the other groups (Figure 41 and Figure S14,
Supporting Information). These data verified that NPRO-mediated photo-immunotherapy

exhibited the most effective tumor therapeutic efficacy among all the groups.

The biosafety of NPRO was further evaluated via body weight monitoring and histological
detection of the major organs. No obvious changes of the mice body weight in different groups
were observed during 14-day monitoring during 14-day monitoring (Figure S15, Supporting
Information). And the physiological morphologies of H&E staining images of the major organs
(including heart, liver, spleen, lung, and kidney) from the mice with different groups remained
similar (Figure S16, Supporting Information). These data further verified the high biosafety and

biocompatibility of NPRO.
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310 To investigate the mechanism of NPRO-mediated cancer photo-immunotherapy, CD3"CD8*
311  Tcellsand CD3"CD8"GranB* cytotoxic T cells in tumor tissues of the tumor-bearing mice with
312 different treatments were detected via flow cytometry analysis (Figures Sa and 5b). The
313 populations of CD3*CD8" T cells and CD3"CD8 GranB" cytotoxic T cells in tumors of NPRO-
314  injected and photoirradiated mice were 33.0% and 43.7%, respectively, which were much
315  higher than that of the other groups. The blood of NPRO-injected and photoirradiated mice also
316  exhibited higher populations of CD3"CD8" T cells (43.1%) and CD3"CD8"GranB" cytotoxic T
317  cells (24.6%) than the other groups (Figure 5c, Figures S17-20, Supporting Information).
318  Moreover, the population of CD44"CD62L" effector memory T cells (Tems) in tumors from
319  NPRO-injected and photoirradiated mice was higher than the other groups, indicating the
320 enhanced immune memory effects by NPRO-mediated therapy (Figure S21, Supporting
321  Information). These data demonstrated that NPRO-mediated activatable cancer photo-

322  immunotherapy greatly improved the T cell-mediated antitumor immune response.
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324  Figure 5. In vivo mechanistic study of NPRO-mediated activatable cancer photo-

325  immunotherapy. Flow cytometry and quantitative assay of (a) CD3"CD8" T cells and (b)
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GranB"CD8" T cells in the tumors from 4T1 tumor-bearing mice (n=3). NPRO + L versus
saline: p<0.0001. (c) Quantification of GranB*CD8" T cells in blood from 4T1 tumor-bearing
mice (n=3). NPRO + L versus saline: p<0.01. (d) HMGB1 immunofluorescence staining images
and (e) MFIs of the tumor tissues from 4T1 tumor-bearing mice (n=3). Blue fluorescence
indicated DAPI, and green fluorescence indicated anti-HMGB1 antibodies. NPRO + L versus
saline: p<0.0001. In vivo cytokine detection of (f) IL-6 and (g) IFN-y in sera from 4T1 tumor-
bearing mice after different treatments (#=3). NPRO + L versus saline in (f): p<0.0001; NPRO
+ L versus saline in (g): p<0.001. (h) Flow cytometry assay and quantitative assay of matured
DCs (CD80"CD86") in TDLNSs from 4T1 tumor-bearing mice after different treatments (n=3).
NPRO + L versus saline: p<0.0001. (i) Flow cytometry assay of M1/M2 Macs and
quantification of the ratio of M1/M2 Macs in the tumors from 4T1 tumor-bearing mice (n=3).
NPRO + L versus saline: p<0.0001. (j) SHP2 and (k) pERK immunofluorescence staining
images and MFIs of the tumor tissues from 4T1 tumor-bearing mice (n=3). Blue fluorescence
indicated DAPI, and green fluorescence indicated anti-SHP2 or anti-pERK antibodies. NPRO
+ L versus saline: p<0.0001. Statistical significance in (a-c) and (e-k) was calculated via one-

way ANOVA with a Tukey post-hoc test.

To further evaluate the antitumor immunity of NPRO-mediated photo-immunotherapy,
several immune processes including ICD, cytokine release, and DC maturation of the mice in
different groups were studied and compared. The tumoral HMGBI1 expression was first
detected to evaluate ICD (Figure 5d). The HMGBI1 expression in tumor tissues of NPRO-
injected and photoirradiated mice exhibited an 8.5-fold increase compared with the saline-
injected mice (Figure 5e). The cytokines including interleukine-6 (IL-6) and interferon-y (IFN-
v) in the serum of the mice in different groups were then detected. The IL-6 and IFN-y levels

in NPRO-injected and photoirradiated mice were 4.0- and 2.6-fold higher than the saline-
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injected mice, respectively (Figure 5f and 5g). The population of matured DCs in tumor-
draining lymph nodes (TDLNs) was detected via flow cytometry analysis to evaluate DC
maturation (Figure 5h). The proportion of matured DCs (CD80* and CD86") to CD11c¢" cells
in TDLNs of NPRO-injected and photoirradiated mice increased by 2.1-fold relative to the
saline-injected mice. Thus, these results confirmed that NPRO-mediated therapy enhanced

tumor immunogenicity owing to the phototherapeutic ability.

To further investigate the antitumor immune response, the tumor-infiltrating macrophages
were detected via flow cytometry analysis. The populations of M1 and M2 Macs in the tumor
microenvironment from NPRO-injected and photoirradiated mice were 16.7% and 6.9% via
flow cytometry assay, respectively (Figure 51 and Figure S22, Supporting Information). The
ratios of M1 to M2 Macs in tumors of NPRO-injected and photoirradiated mice were 3.7-fold
higher than the saline group (Figure 51). These data confirmed that NPRO-mediated cancer
photo-immunotherapy greatly decreased the immunosuppressive M2 Macs and increased

inflammatory M1 Macs.

To further confirm the immunosuppressive signal modulation by NPRO, the SHP2 and
phosphorylated ERK1/2 (pERK) expression in tumor tissues were investigated.??! The SHP2
expression in tumors of NPRO-injected and photoirradiated mice greatly decreased by 47.6%
and 46.4% compared with the saline-injected and NPRO-injected mice without photoirradiation,
respectively (Figure 5j). Moreover, we detected the expression of SHP2 in M1 Macs and CD8"
T cells of 4T1 tumors via flow cytometry. The population of SHP2" M1 Macs or SHP2*CD8"
T cells in 4T1 tumors from NPRO-injected and photoirradiated mice exhibited obvious
decreases compared with the saline group (Figure S23, Supporting Information). Meanwhile,
the pERK expression in tumors of NPRO-injected and photoirradiated mice decreased by
84.7% and 81.9% relative to the saline-injected and NPRO-injected mice without

photoirradiation, respectively (Figure 5k). These data further verified that NPRO-mediated
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cancer photo-immunotherapy greatly decreased SHP2 and pERK expression in tumors. This
should be attributed to the PROTAC-mediated persistent degradation of SHP2 and subsequent
inhibition of the immunosuppressive checkpoint signaling pathways (CD47/SIRPa and PD-
1/PD-L1). Thus, NPRO-mediated therapy could effectively reprogram the immunosuppressive

checkpoint signals and boost the antitumor immune response.

3. Conclusion

In summary, we report a checkpoint nano-PROTAC (NPRO) to induce targeted protein
(SHP2) degradation in a persistent and controlled manner for modulating the
immunosuppressive checkpoint signaling pathways (CD47/SIRPa and PD-1/PD-L1). NPRO
represents a unique type of PROTACs that is specifically activated by the overexpressed
caspase 3 in apoptotic tumor cells after photodynamic therapy. The activated PROTAC (aPRO)
is able to specifically bind to the targeted protein (SHP2) and the UBR E3 ligase in both tumor-
infiltrating macrophages and T cells, leading to the degradation of SHP2 via the ubiquitin-
proteasome system. The high SHP2-degradation efficiency in both M2 Macs (72.8%) and T
cells (95.3%) exhibits great potential to reprogram the immunosuppressive tumor
microenvironment owing to the recycled activity of aPRO (Figure 3a-3b). In vitro results
confirmed higher populations of M1 Macs (32.7%) and cytotoxic GranB*CDS8" T cells (45.2%)
after the aPRO treatment than that of the SHP099 treatment (28.7% for M1 Macs; 18.9% for T
cells) at the same concentration (Figure 3c-3d). The phagocytosis efficiency of aPRO-treated
macrophages and the secreted cytokines of aPRO-treated T cells also exhibited high levels
compared with the SHP099 treatment (Figure 3¢-3f). In vivo results further verified that NPRO-
mediated photo-immunotherapy effectively boosted antitumor immune responses by inducing
ICD of tumor cells and reprogramming the immunosuppressive checkpoint signaling pathways
(CD47/SIRPa and PD-1/PD-L1) via the degradation of SHP2 (Figure 5). To the best of our
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knowledge, this work represents the first checkpoint PROTACS that can specifically modulate
the immunosuppressive checkpoint CD47/SIRPa and PD-1/PD-L1 signaling pathways. Thus,
this activatable and checkpoint PROTAC design can be generalized for the modulation of
several other checkpoint signaling pathways via the degradation of corresponding enzymes and

hold great potential to synergize with other cancer treatment modalities.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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The checkpoint nano-proteolysis targeting chimeras (nano-PROTACs, NPRO) with
phototherapeutic tumor regression and immunosuppressive protein degradation are developed
for activatable cancer photo-immunotherapy. NPRO-mediated therapy can not only improve
tumor immunogenicity but also degrade SHP2 to block the immunosuppressive checkpoint
signaling pathways (CD47/SIRPa and PD-1/PD-L1), resulting in the activation of a synergistic
antitumor immune response.
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