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Massively Evoking Immunogenic Cell Death by Focused
Mitochondrial Oxidative Stress using an AIE Luminogen

with a Twisted Molecular Structure

Chao Chen, Xiang Ni, Shaorui Jia, Yong Liang, Xiaoli Wu, Deling Kong, and Dan Ding*

Immunogenic cell death (ICD) provides momentous theoretical principle
for modern cancer immunotherapy. However, the currently available ICD
inducers are still very limited and photosensitizer-based ones can hardly
induce sufficient ICD to achieve satisfactory cancer immunotherapy by
themselves. Herein, an organic photosensitizer (named TPE-DPA-TCyP)
with a twisted molecular structure, strong aggregation-induced emission
activity, and specific ability is reported for effectively inducing focused
mitochondrial oxidative stress of cancer cells, which can serve as a much
superior ICD inducer to the popularly used ones, including chlorin e6 (Ce6),
pheophorbide A, and oxaliplatin. Furthermore, more effective in vivo ICD
immunogenicity of TPE-DPA-TCyP than Ce6 is also demonstrated using

a prophylactic tumor vaccination model. The underlying mechanism of
the effectiveness and robustness of TPE-DPA-TCyP in inducing antitumor
immunity and immune-memory effect in vivo is verified by immune cell
analyses. This study thus reveals that inducing focused mitochondrial
oxidative stress is a highly effective strategy to evoke abundant and

The notion of immunogenic cell death
(ICD) that is a type of apoptotic cell demise
featuring the emission of immunostimula-
tory damage-associated molecular patterns
(DAMPs; e.g., surface-exposed calreticulin)
provides momentous theoretical principle
for modern cancer immunotherapy.l!l
ICD process is capable of reversing the
poor immunogenicity suffered by many
cancers such as metastatic triple negative
breast cancer, making them susceptible
for immunotherapy.?! Although the ICD
mechanism is comprehensive, one of the
most important hallmark events is the
translocation of calreticulin (CRT) from
endoplasmic reticulum (ER) to the sur-
face of dying cells, which becomes a vital
signal for professional antigen-presenting
cells (APCs) such as dendritic cells (DCs)
to phagocytose the corpses and debris of

large-scale ICD.
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cancer cells, and then acts as a natural
adjuvant to promote DC maturation and
assist the presentation of tumor-associated
antigens to T cells in lymph nodes, hence
initiating the adaptive antitumor immunity.l Due to the piv-
otal role of ICD in cancer immunotherapy, the development
of the agents that can induce ICD of cancer cells has been
attracting considerable interest during the past decade since the
concept of ICD emerged.>*l Unfortunately, the currently avail-
able ICD inducers are still very limited.’) For example, among
such a huge amount of chemotherapeutic drugs, only several
ones including methotrexate, doxorubicin, and oxaliplatin can
induce obvious surface-exposed CRT (namely ecto-CRT).[67]
Besides, other reported ICD inducers mainly include oncolytic
virus, epidermal growth factor receptor-specific antibodies,
7+ /ultraviolet C irradiation, and a few photosensitizers.[®!
Among the versatile ICD inducers, photosensitizers that
can produce reactive oxygen species (ROS) after absorbing
light hold the merits in terms of in situ photodynamic therapy
(PDT) capacity, excellent spatiotemporal precision, negligible
toxicity to normal tissues, etc.’! To date, only a small amount
of photosensitizers such as pheophorbide A (PPa), temoporfin,
chlorin e6 (Ce6), and hypericin have been reported to be able
to evoke ICD of cancer cells to some extent through causing
oxidative stress upon light irradiation.'%!!] However, according
to the literature, currently available photosensitizers could
hardly induce sufficient ecto-CRT to achieve satisfactory cancer
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immunotherapy by themselves. For instance, although Ce6 is
known as an outstanding photosensitizer-based ICD inducer to
generate ecto-CRT, it has been reported that adding exogenous
recombinant CRT in Ce6-PDT-based vaccine could signifi-
cantly enhance the immunotherapy efficacy against cancer,!?
demonstrating that there is still large room for the photosensi-
tizer to evoke antitumor immunity more effectively if realizing
more ecto-CRT induction. Furthermore, the widely investigated
combined strategies using both the aforementioned photosen-
sitizers and immune checkpoint inhibitors (e.g., anti-CTAL4
and anti-PD-L1) also imply that these photosensitizers alone fail
to induce strong enough immunogenicity of ICD.!*l Thereby,
development of alternative photosensitizers with significantly
improved induction of ICD and ecto-CRT is highly desirable.

Despite of the complex causes, one of the main reasons for
the unsatisfied ICD induction is that most of the currently
reported ICD-inducing photosensitizers are in planar mole-
cular structure, thus leading to highly reduced ROS generation
efficiency in aqueous/cellular environment due to the signifi-
cant intermolecular interactions (e.g., 77 stacking) opening
the nonradiative pathway of the excited state.'¥ The emergence
of photosensitizers with aggregation-induced emission (AIE)
characteristics has provided a solution. The AIE luminogens/
photosensitizers are usually featured with peripheral intra-
molecular motion units (e.g., phenyl rings as rotors) and 3D
molecular structure.[”] In biological conditions, they are prone
to aggregation and their 3D molecular structure enables signifi-
cantly decreased intermolecular interactions. Meanwhile, aggre-
gation also restricts the excited-state intramolecular motion due
to the steric hindrance. These make as much absorbed excita-
tion energy as possible used for fluorescence emission and/or
ROS production.'® As a result, the AIE photosensitizers always
show rather effective intracellular ROS generation ability.
Although there have been extensive studies on AIE so far, none
of them linked AIE photosensitizers and ICD together.

More importantly, we speculated that intracellular oxida-
tive stress in a specific organelle might play a decisive role in
evoking ICD. Nevertheless, except that focused ER oxidative
stress has been proved to be efficacious to induce ICD,?!]
there are no previous reports revealing the relationship between
oxidative stress in other organelles and ICD. It has been well
established that mitochondrion is an extremely important
organelle closely engaged in cellular stress signaling,18] we are
hence motivated to study the role of mitochondrial oxidative
stress in ICD induction, which has never been investigated so
far, to our knowledge.

In this contribution, we report for the first time that inducing
focused mitochondrial oxidative stress is a unique way to evoke
abundant and large-scale ICD. We start with the design and
synthesis of two new mitochondrial targeting AIE photosen-
sitizers (named TPE-DPA-TCyP and DPA-TCyP, respectively,
Figure 1A) with D-m-A structure and rich intramolecular motion
units. Both TPE-DPA-TCyP and DPA-TCyP are weakly emissive
in aqueous solutions but emit intense far-red/near-infrared
(FR/NIR) fluorescence selectively in cancer cell mitochondria.
As compared to DPA-TCyP, TPE-DPA-TCyP is designed to
possess more twisted molecular structure and larger HOMO
(highest occupied molecular orbital)-LUMO (lowest unoccu-
pied molecular orbital) separation, resulting in stronger AIE
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activity, weaker intermolecular interactions in aggregates, and
higher ROS generation capability, which thus serve as a far
better ICD inducer. Furthermore, TPE-DPA-TCyP that causes
focused mitochondrial oxidative stress under light excitation
is able to greatly amplify ICD induction when compared with
its nanoparticle (NP) formulation (Pluronic F127 as the encap-
sulation matrix), which cannot distribute in mitochondria
as well as the widely reported high-performing ICD inducers
such as Ce6, PPa, and oxaliplatin. Subsequently, prophylactic
tumor vaccination experiment reveals the much more effec-
tive in vivo ICD immunogenicity of TPE-DPA-TCyP than Ce6.
Finally, the underlying mechanism of TPE-DPA-TCyP-treated
tumor cell vaccine for long-lasting effect of antitumor immu-
nity in vivo was demonstrated by immune cell analyses. This
work thus provides new insights and materials in the fields of
ICD and cancer immunotherapy as well as a useful molecular
design guideline for highly effective photosensitizer-based ICD
inducers.

The compounds DPA-TCyP and TPE-DPA-TCyP were ration-
ally designed and synthesized according to the synthetic route as
illustrated in Figure 1A. Buchwald-Hartwig amination of com-
mercially available 2-bromothiophene with diarylamine 1 gave
compound 2, which was formylated via the Vilsmeier—Haack
reaction to give corresponding carbaldehyde 3. Compound 5
was afforded by Knoevenagel condensation of compound 3 with
compound 4 under basic condition, followed by methylation
with CH;l to yield DPA-TCyP and TPE-DPA-TCyP, respectively.
All intermediates and target compounds were characterized by
!H NMR, 3C NMR, and HRMS to confirm their identity and
purity (Figures S1-S18, Supporting Information).

In our design strategy, cyanostyrylthiophene core is adopted
as both the AIE skeleton and m-linker. By combination of the
diarylaminothienyl block as strong electronic donor (D) and
pyridinium unit as both the electronic acceptor (A) and efficient
mitochondrial targeting moiety, a D-m—A structure is built. The
absorption and emission spectra of TPE-DPA-TCyP and DPA-
TCyP in dimethyl sulfoxide (DM SO, good solvent) are displayed
in Figure S19 (Supporting Information). TPE-DPA-TCyP and
DPA-TCyP show a large absorption peak at 504 and 496 nm and
an FR/NIR emission centered at 697 and 690 nm, respectively.
After gradual addition of the poor solvent toluene to the DMSO
solution that enables aggregate formation, both the fluores-
cence intensities of TPE-DPA-TCyP and DPA-TCyP have a main
trend to increase with increasing the toluene fraction in DMSO/
toluene mixture, demonstrating that both TPE-DPA-TCyP and
DPA-TCyP are AIE luminogens (AlEgens). Noteworthy, thanks
to the integration of tetraphenylethene (TPE) unit, the AIE
activity of TPE-DPA-TCyP is much stronger than that of DPA-
TCyP, when comparing their ratio of maximum fluorescence
intensity in DMSO/toluene mixture with 90% toluene fraction
to that in pure DMSO (Figure S19, Supporting Information).

Figure 1B shows the emission spectra of TPE-DPA-TCyP and
DPA-TCyP in aqueous solution. Both the AlEgens are weakly
emissive in phosphate buffered saline (PBS). After adding the
lipid vesicles that can mimic the mitochondrial membrane
environment!!”) to the PBS solution, the AlEgen fluorescence
greatly turns on and the intensities are about ninefold enhance-
ment for both TPE-DPA-TCyP and DPA-TCyP (Figure 1B). Due
to the positive charge of pyridinium, the AIEgens have relatively
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Figure 1. A) Synthetic route to TPE-DPA-TCyP and DPA-TCyP. B) Photoluminescence (PL) spectra of TPE-DPA-TCyP and DPA-TCyP (10 x 107 ) in the
presence and absence of lipid vesicles (22 x 107% m) in PBS. C) Plot of In(Ay/A) against light exposure time, where A, and A are the ABDA absorbance
(378 nm) before and after irradiation, respectively. D) Chemical structures, dihedral angles, and HOMO-LUMO distributions by DFT calculations of
TPE-DPA-TCyP and DPA-TCyP. E) Energy levels of S;—Sg and T;—T¢ calculated by the vertical excitation of the optimized structures in (D).

good water-solubility. Thus, the free excited-state intramolecular
motions including the rotation of phenyl rings and the twisting
between D and A (twisted intramolecular charge transfer
(TICT) process) consume the absorbed excitation energy via
nonradiative decay, making TPE-DPA-TCyP and DPA-TCyP
weakly fluoresce in aqueous media. Since it is well-known
that cancer cells possess rather high negative mitochondrial
membrane potential ') the electrostatic interaction enables
the aggregation of AlEgens in the mitochondrial membrane.
This effectively restricts the above-mentioned intramolecular
motions in the excited states, as evidenced by the =45 nm
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blueshift of the AIEgen emission after addition of lipid vesicles
owing to the restricted intramolecular twisting suppressing
TICT, which results in significant fluorescence switch-on.

As the effective ROS generation capacity is an essential
prerequisite for photosensitizer-based ICD inducer, we next
investigated and compared the ROS production of TPE-DPA-
TCyP and DPA-TCyP in aqueous solution under white light irra-
diation (10 mW cm™2) with 9,10-anthracenediyl-bis(methylene)
dimalonic acid (ABDA) as the ROS indicator. From the slopes
of the plots depicted in Figure 1C, ABDA decomposition rate
constants for TPE-DPA-TCyP and DPA-TCyP are calculated to
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be 0.00771 and 0.00193 s7!, respectively, indicating that TPE-
DPA-TCyP is a much more efficient photosensitizer. It is also
verified that TPE-DPA-TCyP exhibits higher ROS generation
efficiency than Ce6 (Figure S20, Supporting Information). To
deeply understand the mechanism of superior ROS produc-
tion ability of TPE-DPA-TCyP to DPA-TCyP, density func-
tional theory (DFT) calculations were performed. As shown in
Figure 1D,E, plenty of overlap between HOMO and LUMO is
observed for DPA-TCyP with a relatively large AEgy (the energy
gap between the lowest singlet (S;) and triplet excited state (T}))
of 0.828 eV. Interestingly, by incorporation of TPE unit into the
diarylamine structure, the HOMO of TPE-DPA-TCyP is almost
totally localized over the TPEamino group and its LUMO is
primarily distributed over cyanostyrylthiophene core and pyri-
dinium unit. It has been reported that effective separation of
HOMO-LUMO distribution can reduce AEgp;12% which agrees
well with the calculation result for TPE-DPA-TCyP with a far
lower AEgy value of 0.230 eV (Figure 1E). Because of the highly
reduced AEgy, the intersystem crossing (ISC) efficiency is
remarkably improved, which underlies the superior ROS gen-
eration capability of TPE-DPA-TCyP.

The photoluminescence (PL) quantum yields (QYs) of TPE-
DPA-TCyP and DPA-TCyP in the solid state were determined
to be 6.3% and 3.6%, respectively, using a calibrated integrating
sphere. It has been well accepted that the absorbed excitation
energy is mainly dissipated through 3 routes, i.e., fluorescence
via radiation pathway, ISC to T; followed by production of
ROS and/or phosphorescence, as well as thermal deactivation
through nonradiative decay.?!! As illustrated in Figure 1D and
Figure S21 (Supporting Information), the optimized geometric
structures calculated by DFT reveal that compared with DPA-
TCyP, TPE-DPA-TCyP has a much more 3D twisted molecular
structure. The dihedral angle between thiophene and ben-
zene rings is 61.93° in DPA-TCyP. With a crowded TPE group
attaching to the benzene ring, the whole structure becomes
more twisted. For example, the same dihedral angle increases
to 67.63° in TPE-DPA-TCyP. The more twisted molecular struc-
ture undoubtedly decreases the intermolecular interactions
such as m—m stacking (nonradiative decay) in the aggregated/
solid state more effectively, making the absorbed energy saved
for the other two pathways. This hence reasonably explains
why TPE-DPA-TCyP shows higher fluorescence QY and ROS
generation capability than DPA-TCyP (neither TPE-DPA-TCyP
nor DPA-TCyP emits phosphorescence), which also highlights
the importance of our molecular design approach to advanced
photosensitizer in terms of D-m-A structure, introduction of
intramolecular motion units, enhancement of the 3D twisted
molecular structure and separation of HOMO-LUMO distribu-
tion. As a consequence, TPE-DPA-TCyP was then selected for
the next ICD induction experiments.

In this work, we aimed to study the relationship between
ICD and focused mitochondrial oxidative stress. The specific
mitochondrial targeting ability of TPE-DPA-TCyP is thereby
important, which was then assessed with metastatic triple nega-
tive breast cancer cells (murine 4T1). It is noted that TPE-DPA-
TCyP has negligible cytotoxicity against 4T1 cancer cells in dark
(Figure S22, Supporting Information). As shown in the confocal
laser scanning microscopy (CLSM) images (Figure 2A), after
incubation of 4T1 cancer cells with TPE-DPA-TCyP at 37 °C for
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90 min, TPE-DPA-TCyP is chiefly distributed in mitochondria
and lights up its fluorescence, which is confirmed by the excel-
lent fluorescence overlap with commercial MitoTracker Deep
Red FM (large overlap coefficient of 0.839 determined by Image
Pro Plus software, Figure 2B). After verification of mitochon-
drial anchoring, we investigated whether TPE-DPA-TCyP could
generate ROS within cancer cells using 2’,7’-dichlorodihydro-
fluorescein diacetate (DCF-DA) as the indicator. It is obvious
that bright intracellular green fluorescence from the reaction
between DCF-DA and ROS is seen after white light irradia-
tion (10 mW ¢cm™2, 1 min) with the TPE-DPA-TCyP-treated 4T1
cells (Figure S23, Supporting Information). Such green fluo-
rescence can be largely vanished when N-acetylcysteine (NAC),
an antioxidant, is employed to scavenge the light-triggered
ROS. The result demonstrates the effective ROS production of
TPE-DPA-TCyP in cancer cellular mitochondria.

We next studied whether our mitochondrion-targeting photo-
sensitizer could massively evoke ICD through immunostaining
analysis of ecto-CRT on the cancer cell surface, which is known
as a golden standard to estimate ICD induction.''! Upon suc-
cessive treatment with TPE-DPA-TCyP (0.2 x 107° m) at 37 °C
for 90 min and while light irradiation (10 mW cm™) for 1 min,
rather high ecto-CRT expression can be visualized by its immu-
nofluorescence. When fixing the compound incubation time, light
irradiation time and light power density, as low as 50 X 10~ m
of TPE-DPA-TCyP remains to be able to induce ecto-CRT
efficiently (Figure S24, Supporting Information), indicating the
superb capacity of TPE-DPA-TCyP to evoke ICD.

To investigate whether such vast amount of ecto-CRT expres-
sion mainly rooted in the focused mitochondrial oxidative stress,
we altered the cancer intracellular distribution of TPE-DPA-TCyP
against mitochondria via doping the AIEgen into NPs. To this
end, an amphiphilic co-polymer, Pluronic F127, was used as the
encapsulation matrix to formulate TPE-DPA-TCyP into NPs by
a nanoprecipitation approach.?Z The resultant TPE-DPA-TCyP
NPs have a nearly spherical shape with a mean hydrodynamic
diameter of =126 nm (Figure S25, Supporting Information). The
PL QY of TPE-DPA-TCyP NPs in water is determined to be =2.8%
using 4-(dicyanomethylene)-2-methyl-6-(p-dimethylaminostyryl)-
4H-pyran in methanol (QY = 0.43) as the standard, which is
significantly higher than that of pure TPE-DPA-TCyP (=1.0%)
due to NP formulation restricting the intramolecular motion.
After incubation with TPE-DPA-TCyP NPs (0.72 X 107° m based
on TPE-DPA-TCyP) at 37 °C for 90 min, 4T1 cancer cells were
imaged by CLSM. The result in Figure 2A reveals that an over-
whelming number of the TPE-DPA-TCyP NPs are not located in
the mitochondria because of the NP formulation, as indicated
by the poor overlap between the TPE-DPA-TCyP fluorescence
and that of MitoTracker Deep Red FM with a quite small overlap
coefficient of 0.099 (Figure 2B).

It is worthy to note that neither NP formulation nor lipid
vesicle addition has negligible interference on the ROS genera-
tion ability of TPE-DPA-TCyP, as evidenced by nearly the same
ABDA decline rates upon light irradiation to TPE-DPA-TCyP
itself, NPs, and “TPE-DPA-TCyP + lipid vesicles,” respectively
(Figure S26, Supporting Information). Furthermore, for rea-
sonable comparison, the same compound internalization by
cells for TPE-DPA-TCyP and TPE-DPA-TCyP NPs must be real-
ized. Therefore, we fixed the incubation concentration of pure
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Figure 2. A) CLSM images of 4T1 cancer cells treated with TPE-DPA-TCyP or TPE-DPA-TCyP NPs, which were co-stained with commercial MitoTracker
Deep Red FM. Scale bars, 20 um. B) The overlap coefficient between the TPE-DPA-TCyP/TPE-DPA-TCyP NPs fluorescence and MitoTracker Deep Red FM
fluorescence, based on the typical images in (A). C) CLSM images display the ecto-CRT expression (red fluorescence) of 4T1 cells after incubation with
TPE-DPA-TCyP (0.2 x 107 m) and TPE-DPA-TCyP NPs (0.72 x 107 m), respectively, at 37 °C for 90 min and subsequent light irradiation (10 mW cm™)
for 1 min. The cell nuclei were stained by 4’,6-diamidino-2-phenylindole (DAPI; blue fluorescence). Scale bars, 50 um. D) The average fluorescence

(FL) intensity of ecto-CRT immunofluorescence, based on the typical images in (C). E-G) Quantitative analyses of ATP (E), HMGB1 (F), and HSP70 (C) in
the cell supernatants after 4T1 cells were treated with various photosensitizers indicated and subsequent light exposure, respectively. *** P < 0.001,

*% P<0.01, and * P < 0.05, in comparison with “TPE-DPA-TCyP” group in (B), (D), and (E-G).

TPE-DPA-TCyP as 0.2 X 10 m and optimized that of TPE-DPA-
TCyP NPs to make sure the coincident cell uptake of TPE-
DPA-TCyP. After each agent treatment, the 4T1 cells were
washed and lysed, and then the TPE-DPA-TCyP amount in
cell lysates was determined by its absorption spectrum. It is
found that when 0.72 X 10 M (based on TPE-DPA-TCyP) of
TPE-DPA-TCyP NPs are incubated with 4T1 cells at 37 °C for
90 min, the intracellular TPE-DPA-TCyP amount is nearly the
same with that in pure TPE-DPA-TCyP (0.2 X 107° m, 90 min)-
incubated cells (Figure S27, Supporting Information), which is
also confirmed by the virtually identical intracellular ROS level
when two cells are exposed to light irradiation using DCF-DA
as the ROS indicator (Figure S28, Supporting Information).
Upon white light irradiation (10 mW cm™, 1 min) of the
pure TPE-DPA-TCyP (0.2 X 107° wm)-treated and TPE-DPA-
TCyP NP (0.72 x 107° m)-treated 4T1 cells, the expressions of
ecto-CRT were detected and compared using CLSM. As shown
in Figure 2C, although TPE-DPA-TCyP NPs are capable of
obviously inducing ecto-CRT, the ecto-CRT amount is far less
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than that induced by pure TPE-DPA-TCyP. Quantitatively, the
average fluorescence intensity from TPE-DPA-TCyP NP-induced
ecto-CRT proteins is =4.3-fold lower than that of pure
TPE-DPA-TCyP-induced ones (Figure 2D). Besides ecto-CRT,
other DAMPs of ICD including secreted ATP, released high
mobility group protein B1 (HMGB1) and heat shock protein
70 (HSP70) were also investigated. As shown in Figure 2E-G
and Figure S29 (Supporting Information), significantly higher
levels of ATP, HMGB1, and HSP70 are found in the 4T1 cel-
lular supernatants after treatment with “TPE-DPA-TCyP
(0.2 x 107 m) + light irradiation” than “TPE-DPA-TCyP NPs
(0.72 x 107 m) + light irradiation.” Thus, it is reasonable to
conclude that such tremendous disparity in emission of various
DAMPs is attributed to the specific mitochondrial distribu-
tion, and that ROS-induced mitochondrial stress is a new and
extremely effective strategy to magnify ICD.

The ICD evoking ability of TPE-DPA-TCyP was then
compared with the currently available photosensitizers
including Ce6 and PPa that are reported as high-performing

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

A Control

ecto-CRT + DAPI ecto-CRT

DCF

ecto-CRT + DAPI

DPA-TCyP

o° P’“?Q

-
.. 04

www.advmat.de

o)

TPE-DPA-TCyP

kK

w
N
o

*kk

120

©
o

[}
o
B

w
o
!

*%

Average FLI of ecto-CRT (au) () Average FLI of DCF (au)

N ~c© °
oot ce® | CY¥F -
co o° :ve_ovh

T

mmm Control
6- mmm Oxaliplatin
wm TPE-DPA-TCyP

»(G\l? mm TPE-DPA-TCyP NPs

p-PERK /PERK
*
. m

p-PERK (170 KDa)

PERK (125 KDa)

@

= Control

mmm Oxaliplatin

mm TPE-DPA-TCyP

= TPE-DPA-TCyP NPs

24 * I L

p-elF2a (36 KDa) 34

(36 KDa)

p-elF2a/ elF2a

Figure 3. A) CLSM images show the ecto-CRT expression (red fluorescence) and the intracellular ROS levels (green fluorescence from dichlorofluo-
rescein (DCF) by the reaction between DCF-DA and ROS) of 4T1 cancer cells received various treatments. Scale bars, 50 um. B,C) Quantitative data

D) CLSM images show the ecto-CRT levels (red fluorescence) of 4T1 cancer cells treated with oxaliplatin (5 X 107® m) and “TPE-DPA-TCyP + light
irradiation,” respectively. Scale bars, 50 um. E) Representative immunoblots indicate different protein levels from each treatment group indicated.
F,G) Quantitative analyses of the ratios of p-PERK/PERK (F) and p-elF2¢/elF20 (G), based on the typical images in (E). *** P < 0.001, ** P < 0.01,

and * P < 0.05, in comparison with “TPE-DPA-TCyP” group in (F,G).

ICD inducers.'®!] The qualitative and quantitative results
in Figure 3A,B suggest that the treatment of “0.5 X 107 m
of Ce6 + light irradiation (10 mW cm™2, 1 min)” can lead to
nearly the same ROS level within 4T1 cells as “0.2 X 10° m
of TPE-DPA-TCyP + light irradiation (10 mW ¢cm™, 1 min).”
Moreover, 0.2 X 10°® m of TPE-DPA-TCyP and 0.5 x 10° M
of Ce6 show similar PDT efficacy against 4T1 cancer cells by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay (Figure S30, Supporting Information), which
are hence comparable in evaluation of ICD. As displayed in
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Figures 2E,G and 3A,C, compared with Ce6, PDT with
TPE-DPA-TCyP results in far more emission of DAMPs (e.g.,
~17.4-fold higher ecto-CRT level on the 4T1 cell surface),
despite of the same intracellular ROS generation. Furthermore,
TPE-DPA-TCyP also exhibits far higher ecto-CRT expression
than PPa after light exposure (Figure S31, Supporting Infor-
mation). This results not only prove that TPE-DPA-TCyP is a
superior photosensitizer-based ICD inducer to the popularly
used ones, but also further corroborate the importance of
mitochondrial oxidative stress in boosting ICD.
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DPA-TCyP that is able to anchor mitochondria as well
(Figure S32, Supporting Information), is also used as a control.
The 4T1 cells were incubated with TPE-DPA-TCyP and DPA-
TCyP (0.2 x 107° m for each compound), respectively, at 37 °C for
90 min, which was followed by light irradiation (10 mW cm2,
1 min). As revealed in Figure 3A,C, both the intracellular ROS
generation and ecto-CRT expression by DPA-TCyP are sig-
nificantly lower than those by TPE-DPA-TCyP, demonstrating
that more effective ROS production ability in mitochondria is
beneficial to ICD induction. This thus once again emphasizes
the advantage of our molecular design for TPE-DPA-TCyP.
Noteworthy, under the same experimental condition, the cell
surface ecto-CRT level of DPA-TCyP (0.2 x 107° m)-treated 4T1
cells is even significantly higher than that of Ce6 (0.5 x 107° m)-
treated cells (Figure 3A,C), although the intracellular ROS pro-
duction by DPA-TCyP upon light irradiation is far less than
that by Ce6 (Figure 3A,B). This result further confirms the
essentiality of ROS-induced mitochondrial stress in massively
evoking ICD. Finally, oxaliplatin, an extensively reported effec-
tive ICD inducer,”! was also employed as a positive control. In
this experiment, 5 x 107® M of oxaliplatin was used to treat 4T1
cancer cells, as this concentration was demonstrated to be ideal
for inducing ICD.”) However, the ecto-CRT level induced by
oxaliplatin is much lower than that by TPE-DPA-TCyP (0.2 x
107° M) with light exposure (10 mW c¢m™, 1 min), as depicted
in Figure 3D. These data together manifest that TPE-DPA-TCyP
is an advanced ICD inducer thanks to the specific targeting and
efficient ROS production in the cancer cell mitochondria.

According to the literature, PERK-mediated eIF2¢ phospho-
rylation is a well-accepted signal pathway to understand the
mechanism behind the ICD inducers including UVC irradia-
tion, methotrexate, and oxaliplatin.?3! Therefore, we analyzed
the relevant protein levels upon treatment with “TPE-DPA-
TCyP (0.2 x 10° m) + light irradiation” and “TPE-DPA-TCyP
NPs (0.72 x 107 m) + light irradiation,” respectively, by western
blot. Oxaliplatin as an ICD inducer with relatively clear signal
pathway was used as a control. As shown in Figure 3E,G, sim-
ilar to oxaliplatin, both the PDTs of TPE-DPA-TCyP and TPE-
DPA-TCyP NPs can up-regulate the phosphorylation levels of
PERK and elF2a as well. Moreover, much higher protein levels
of p-PERK and p-elF20 are observed in “IPE-DPA-TCyP +
light irradiation” group when comparison with those in “TPE-
DPA-TCyP NPs + light irradiation” group and “oxaliplatin’
group. These comparison data demonstrate that focused mito-
chondrial oxidative stress is able to up-regulate the pathway of
PERK-mediated elF2o phosphorylation, which hence amplifies
the ICD induction.

The in vivo distribution and toxicity of TPE-DPA-TCyP were
investigated using healthy BALB/c mice. It is found that TPE-
DPA-TCyP is mainly distributed in lung, liver, stomach and
intestine at 1 h post intravenous injection and most of the
molecules could be excreted from the mouse body after 48 h
(Figure S33, Supporting Information). Additionally, the data
in terms of blood chemistry tests and histological analyses of
important normal organs indicate that TPE-DPA-TCyP after
intravenous administration has rather low in vivo toxicity even
at the concentration as high as 300 x 107° m (Figures S34-S36,
Supporting Information). After verification of the good biosafety,
the in vivo ICD immunogenicity of our new developed ICD
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inducer was next studied using a prophylactic tumor vaccina-
tion model, which is a golden standard to assess ICD in vivo.[?!
Murine 4T1 cancer cells with poor immunogenicity were used, 24l
as ICD process is featured to reverse such poor immunogenicity,
making the cancer cells susceptible for immunotherapy.?! In
this experiment, healthy BALB/c mice were randomly divided
into 4 groups with each one containing 10 mice, which were
named as “Control,” “X-ray,” “Ce6,” and “TPE-DPA-TCyP,”
respectively. As illustrated in Figure 4A, for “TPE-DPA-TCyP”
and “Ce6” groups, TPE-DPA-TCyP (0.2 x 10~° m)-incubated and
Ce6 (0.5 x 107 m)-incubated 4T1 cancer cells were irradiated
by white light (10 mW cm™2, 1 min) to evoke ecto-CRT, respec-
tively, followed by exposure to X-ray (single-fraction irradiation
of 60 Gy) to ensure the cancer cells lose their tumorigenicity.
For “X-ray” group, 4T1 cancer cells were only attenuated by
X-ray (single-fraction irradiation of 60 Gy) without any ICD
inducer treatment. Noteworthy, single-fraction irradiation of
60 Gy itself has rather weak ability to induce ICD and nearly no
combined ICD effect with PDT by TPE-DPA-TCyP (Figure S37,
Supporting Information). This is reasonable because it has
been reported that multiple irradiations with low dose (e.g., 8
Gy) is much more effective to induce antitumor immunity of
ICD than single irradiation with high dose.”! Subsequently,
the “TPE-DPA-TCyP + X-ray’-treated, “Ce6 + X-ray’-treated,
and “X-ray only”-treated 4T1 cancer cells were used as cancer
vaccines and we then immunized healthy mice with each vac-
cine twice on day 0 and day 7 by subcutaneous injection into
mouse right axilla. For “Control” group, pure PBS instead of
cancer cell vaccine was subcutaneously injected into the healthy
mice on day 0 and day 7, respectively. On day 14, each mouse
in all 4 groups was challenged with 1 x 10° live 4T1 cancer cells
into the left axilla, followed by monitoring the tumor growth for
another 32 days.

As shown in Figure 4B, fast 4T1 tumor growth is observed in
“Control” cohort because of its high malignance. Encouragingly,
excellent inhibition effect in tumor growth can be realized for
mice immunized with “TPE-DPA-TCyP + X-ray”-treated cells.
Quantitatively, the average tumor volume on day 32 post live
cancer cell inoculation in “TPE-DPA-TCyP” group is =183 mm?,
11.5 times smaller than that in “Control” group (=2105 mm?3).
As controls, the vaccines of “Ce6 + X-ray’-treated and “X-ray
only”-treated cells fail to suppress the tumor growth as effective
as that of “TPE-DPA-TCyP + X-ray”-treated cells, as evidenced by
the final average tumor volumes of =1870 and =1505 mm? for
“X-ray” and “Ce6” cohorts, respectively. Moreover, 9 of 10 mice
in “TPE-DPA-TCyP” group survived 50 days after live cancer
cell inoculation, whereas the mice in the other 3 groups all died
during this period (Figure 4C). These results verify that TPE-
DPA-TCyP-treated cell vaccine is the most efficacious to enhance
the capability of mice in resisting challenge with live 4T1 cancer
cells. As prophylactic tumor vaccination experiment is a widely
accepted method for in vivo ICD evaluation,!'? the data reveal
that mitochondrial targeting TPE-DPA-TCyP is much superior
in ICD induction to Ce6, which has been reported as one of the
most effective photosensitizer-based ICD inducers so far.

To essentially understand the underlying mechanism of the
aforementioned antitumor immunity, a series of analyses of
immune cells were performed. To achieve the final aim to acti-
vate the antitumor immunity, the first crucial step is effective
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Figure 4. A) Schematic of using a prophylactic tumor vaccination model to evaluate the in vivo ICD immunogenicity of different ICD inducers. The
“s.c.” represents “subcutaneous.” B,C) Plot of tumor volume (B) and survival rate of mice (C) in different groups indicated versus the time post live
4T1 cancer cell inoculation. In (B), Error bars, mean £ SD (n = 10). ** P < 0.01. D-H) Quantitative analyses of the percentages of CD80"CD86* DCs
(D), CD86"MHC II* DCs (E), Tgy cells (F), NK cells (G), and CD4* T cells (H). In (D-H), Error bars, mean = SD (n = 4). *** P < 0.001, ** P < 0.01, and

* P<0.05, in comparison with “TPE-DPA-TCyP” cohort.

initiate adaptive immunity. Therefore, we investigated the
significant step of DC maturation and presentation in lymph
nodes. On day 14, the mice in each group that were immunized
twice on day 0 and day 7 were sacrificed and the axillary lymph
nodes were isolated for flow cytometry analysis. The CD80 and
CD86 (co-stimulation molecules), as well as major histocompat-
ibility complex class II (MHC II) molecules mark the DC matu-
ration.?l As displayed in Figure 4D and Figure S38 (Supporting
Information), the percentage of CD80* CD86* DCs in “TPE-
DPA-TCyP” group (=37%) is significantly higher than those
in other 3 groups (=24%, =22%, and =11% for “Ce6,” “X-ray,”
and “Control” group, respectively). Meanwhile, as shown in
Figure 4E and Figure S39 (Supporting Information), the pro-
portion of CD86* MHC II* DCs (fully activated DCs)?”! in
“TPE-DPA-TCyP” group (=56%) also has a significant increase
when comparing with other 3 groups (=37%, =34%, and =13%
for “Ce6,” “X-ray,” and “Control” group, respectively). These
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results demonstrate that TPE-DPA-TCyP-treated tumor cell vac-
cine gives the best performance in DC maturation promotion.
The effector memory T cells (Tgy) isolated from the spleen
were also examined on day 14, which play a pivotal role in
elicit immediate protection from inoculated live cancer cells.[?®!
As shown in Figure 4F and Figure S40 (Supporting Informa-
tion), the percentage of Tgy (CD3* CD8" CD62L~ CD44%) in
“TPE-DPA-TCyP” group is 1.5-fold and 2.9-fold higher than
that in “Ce6” and “Control” groups, respectively, addressing the
mechanism of the long-lasting effect of antitumor immunity of
TPE-DPA-TCyP-treated cell vaccine. Additionally, CD8" T cells
in spleen were also evaluated, which are tightly closed to the
differentiation of Tgy.2% As expected, “TPE-DPA-TCyP” group
exhibits the highest percentage of CD8" T cells (Figures S41
and S42, Supporting Information). Furthermore, the propor-
tions of activated (CD38") and exhausted (PD-17) CD8* T cells"!
in 4 groups were analyzed. As displayed in Figures S43-S46
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Figure 5. The proposed mechanism of TPE-DPA-TCyP as an effective ICD inducer for antitumor immunity.

(Supporting Information), the percentage of activated CD8"
T cells in “TPE-DPA-TCyP” group is remarkably higher than
those in other 3 groups (for example, 1.6-fold higher than that
in “Ce6” group), whereas the proportions of exhausted CD8" T
cells in 4 groups show no significant differences.

NK cells (CD37CD49b") are featured with both innate and
adaptive immune, which generate cytotoxic molecules and kill
tumor cells.BY The results in Figure 4G and Figure S47 (Sup-
porting Information) indicate that TPE-DPA-TCyP-treated cell
vaccine induces much more NK cells (=8.9%) as compared to
“Ce6,” “X-ray,” and “Control” groups (=6.5%, =4.8%, and =4.1%,
respectively), which contribute to its strong antitumor immu-
nity. Furthermore, NK cell-derived cytokines are important for
the differentiation of CD4" T cells that can help to maintain
the antitumor immunity, which may be the reason why CD4*
T helper cells are also in the highest level for “TPE-DPA-TCyP”
group (Figure 4H and Figure S48, Supporting Information).
Moreover, regulatory T cells (Tregs; CD3"CD4*CD25*Foxp3™)
that hinder the adaptive antitumor immunity*? were investi-
gated as well, but no significant differences are found among
the 4 groups (Figures S49 and S50, Supporting Information).

As a consequence, the mechanism of TPE-DPA-TCyP as
an extremely effective ICD inducer for antitumor immunity
is proposed in Figure 5. Our molecular design endows TPE-
DPA-TCyP with specific cancer cell mitochondrial targeting and
highly efficient ROS production to induce adequate mitochon-
drial oxidative stress, which greatly improve ICD induction with
massive emission of DAMPs including ecto-CRT, secreted ATP,
released HMGB1 and HSP70, thus eliciting the adaptive anti-
tumor immunity through recruitment of DCs as well as pro-
motion of DC maturation, antigen presentation and cytokines
secretion.?l Therefore, both the immunogenicity of 4T1 cancer
cells and the efficiency of initiating the adaptive antitumor
immunity are highly boosted by our material. Furthermore,
after immunization by the TPE-DPA-TCyP-treated tumor cell
vaccine, greatly increased Tgy cells with the lytic functions
including secretion of IFN-y or perforin inhibit the growth of
challenged live 4T1 cancer cells. The elevated T helper cells also
accelerate the differentiation into functional memory T cells,
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maintaining their capabilities of long-term survival and respon-
siveness to live cancer cells.?3 T helper cells also improve the
function of CD8* T cells, which are closely associated with
the differentiation of Tgy. Besides, NK cells response is also
involved in the antitumor immunity by lytic function and inter-
action with other immune cells. In a word, thanks to the highly
improved ICD induction, TPE-DPA-TCyP-treated tumor cell
vaccine provokes a rather strong antitumor immunity in vivo
by simultaneously triggering both innate and adaptive immune
systems.

In summary, we have introduced an alternative class of photo-
sensitizer-based ICD inducer, which is featured with strong AIE
effect and specific ability in inducing focused mitochondrial
oxidative stress of cancer cells. It is validated that mitochon-
drial-anchoring TPE-DPA-TCyP is a superior ICD inducer to
the widely reported high-performing ones including Ce6, PPa,
and oxaliplatin. The better effectiveness and robustness of TPE-
DPA-TCyP in inducing antitumor immunity and immune-
memory effect are demonstrated in vivo using the prophylactic
tumor vaccination model with immune cell analysis data indi-
cating the underlying mechanism that is, simultaneously trig-
gering both innate and adaptive immune systems. As compared
to the currently reported photosensitizer-based ICD inducers,
TPE-DPA-TCyP is advantageous due to the distinct molecular
design guideline in terms of specific mitochondrial targeting,
3D twisted molecular structure and much separated HOMO-
LUMO distribution. For the first time, this study reveals the
relationship between mitochondrial oxidative stress and ICD.
We thus put forward a new concept that focused mitochondrial
oxidative stress can massively evoke ICD. Additionally, this is
also the first report that connects two emerging fields AIE and
ICD together, and demonstrates AIE to be a desirable platform
for developing advanced photosensitizer-based ICD inducers.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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