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ABSTRACT: The crosstalk between tumor and stroma cells is a central scenario in the
tumor microenvironment (TME). While the predominant effect of tumor cells on immune
cells is establishing an immunosuppressive context, tumor cell death at certain conditions
will boost antitumor immunity. Herein, we report a rationally designed tumor specific
enhanced oxidative stress polymer conjugate (TSEOP) for boosting antitumor immunity.
The TSEOP is prepared by Passerini reaction between cinnamaldehyde (CA), 4-
formylbenzeneboronic acid pinacol ester, and 5-isocyanopent-1-yne, followed by azide−
alkyne click reaction with poly(L-glutamic acid)-graf t-poly(ethylene glycol) monomethyl
ether (PLG-g-mPEG). Under tumor stimuli condition, CA and quinone methide (QM) are
quickly generated, which cooperatively induce strong oxidative stress, immunogenic tumor
cell death (ICD), and activation of antigen presenting cells. In vivo studies show that the
TSEOP treatment boosts tumor-specific antitumor immunity and eradicates both murine
colorectal and breast tumors. This study should be inspirational for designing polymers as
immunotherapeutics in cancer therapy.
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Crosstalk between tumor and the immune cells plays an
important role in tumor progression and immune

surveillance.1,2 Immune cells like tumor-associated macro-
phages (TAMs) secrete various growth factors and cytokines
for promoting tumor cell proliferation,3 enhancing cell
spreading,4 stimulating blood vessel growth and angiogenesis,5

and triggering TME changes.6 At the same time, tumor cells
also secrete cytokines for adjusting the immunophenotype of
the immune cells into immunosuppressive type,7 and enhance
the expression of immunonegative regulating molecules for
preventing the killing by immune cells.8,9 Interestingly, recent
studies found that some therapy-induced cell death would elicit
tumor cell specific antitumor immunity, which may constitute
one important reason for many successful anticancer
interventions.10 This kind of immunogenic cell death (ICD)
is usually a result of therapy-induced extensive cellular stress
and is characterized by active or passive release of cell death-
associated molecular patterns (DAMPs).11,12 These DAMPs
can be sensed by corresponding pattern recognition receptors
(PRRs) on tumor-infiltrating antigen presenting cells,13 and
they activate the immune system for tumor specific immune
clearance.14 If the ICD effect could be selectively amplified
inside a tumor, the tumor growth may be inhibited by recovery
of the immunosurveillance, and long-term inhibition may be
realized for activation of the tumor-specific antitumor
immunity.15

Several biochemical markers have been identified for
correlating with ICD, including the exposure of calreticulin
(CRT) on the surface of dying cells,16 the release of large

amounts of adenosine triphosphate (ATP),17 and high-
mobility group box 1 (HMGB1) into the extracellular milieu.18

CRT represents the most abundant protein of the ER lumen.19

Translocation of CRT from the ER lumen to the surface of
cells is often associated with ER stress responses, which
involves the phosphorylation of the eukaryotic translation
initiation factor eIF2α, followed by anterograde transport of
CRT from the ER to the Golgi apparatus, the exocytosis of
CRT-containing vesicles, and eventually the translocation of
CRT onto the plasma membrane surface.20 In most occasions,
ER stress is featured with increased concentration of
intracellular ROS and increased cytosolic Ca2+ concentra-
tions.21 Therefore, selectively increasing intracellular ROS
levels in tumor cells for enhancing the oxidative stress may be a
meaningful way for inducing ICD and stimulating antitumor
immunity.22,23

So far, several small molecule chemo drugs (e.g.,
doxorubicin, oxaliplatin),24,25 photodynamic therapy
(PDT),26 and ionizing radiation27 have been reported for
inducing ICD by increasing intracellular ROS,28,29 and the
combination of them with other immunotherapeutics has
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shown great potency in cancer therapy.30,31 However, chemo
drugs are cytotoxic to tumor cells as well as the immune cells,
and the depth of penetration of visible light needed for
activation of photosensitizers restricts the application PDT to
only superficial skin cancers.32 There are a number of recent
reports concerning the modulation of tumor oxidative stress
with polymer prodrugs or nanodelivery systems for cancer
treatment,33−37 and these studies may provide new potential
options for inducing ICD and antitumor immunity. On the
basis of these considerations, we designed a TSEOP for
cooperative amplifiation of oxidative stress in tumor cells, and
expect to use such polymer as a tumor-specific immunother-
apeutic for boosting antitumor immunity (Scheme 1).

Results and Discussion. The TSEOP was prepared by
conjugation of phenylboronic acid containing CA derivatives
(PBCA) onto PLG-g-mPEG (Figure 1A). PBCA (4) was
synthesized by Passerini reaction between carboxyl-terminated
acetal bond modified CA (1) with 4-formylphenylborate
pinacol ester (2) and 5-isocyanopent-1-yne (3) in CHCl3. The
carboxyl-terminated acetal bond modified CA was obtained by
two steps: CA was first reacted with tris(hydroxymethyl)-
ethane through aldol condensation reaction to form an acetal
bond, and the newly formed methine protons (d) of acetal
bond at δ 5.05−5.07 (d, 1H) ppm proved the existence of
acetal linkage (Figure S1); then acetal bond modified CA was
further reacted with succinic anhydride to get carboxyl-

terminated CA derivatives, the newly formed carboxyl protons
(i) at δ 12.2 (s, 1H) ppm, and methylene protons (h) at δ
2.55−2.59 (m, 4H) ppm proved the existence of carboxyl
group (Figure S2). Carboxyl-terminated acetal bond modified
CA further reacted with 4-formylphenylborate pinacol ester
and 5-isocyanopent-1-yne (Passerini three component reac-
tion) and resulted in PBCA. Successful synthesis of PBCA was
confirmed by the appearance of the methine protons (j) of the
p-boronabenzyl ester at δ 6.08 (s, 1H) ppm in CDCl3 (Figure
S5). The PLG-g-mPEG was developed previously by our group
and had been shown to have long blood circulation time and
good stability in vivo.38 For effective conjugation with PBCA,
PLG-g-mPEG was first modified with azapropylamine to
obtain PLG-g-mPEG/azidopropylamine (PLG-N3) (5) (Fig-
ure S6) and then PBCA was conjugated with PLG-g-mPEG via
click reaction to obtain the final TSEOP (6) (Figures 1A and
S7). The number-average molecular weight (Mn) of TSEOP is
81.6k Da with polydispersion index of 1.69 (Figure S8).
Because of the amphiphilic property of the structure, TSEOP
formed nanostructures in pH 7.4 solution, with a hydro-
dynamic radius (Rh) of about 40 nm (Figure S9A). The self-
assembled TSEOP nanomicelles presented the uniform size
and spherical morphologies in pH 7.4 solution (Figure S9B).
The H2O2-triggered release of QM and acid-triggered

generation of CA from PBCA was monitored by 1H NMR
analysis. The degradation was investigated in a mixture of
DMSO-d6 and deuterated phosphate buffer (9:1, v/v) at pH
6.8 with H2O2 (100 mM) at 25 °C (PBCA concentration = 13
mg/mL). QM was characterized as hydroxybenzyl alcohol, as
QM could easily react with nucleophilic H2O to generate
hydroxybenzyl alcohol.39 As shown in Figure 1B, the proton
resonance signals at 2.81−2.87 ppm (a) changed to 2.99−3.08
ppm in the presence of H2O2. The proton resonance signals at
7.75−7.78 ppm (b) and 7.37−7.40 ppm (c) gradually
diminished from 0 to 96 h, while two new peaks at 7.08−
7.11 ppm (c′) and 6.68−6.71 ppm (b′) appeared as well as the
shift of the benzylic proton at the para position from
phenylboronic acid (d) at δ 5.8 ppm to (d′) at δ 5.65 ppm.
The changes of chemical shifts for protons b and c should be
attributed to the structural change of PBCA upon H2O2
oxidation. In addition, the proton resonance signals at 4.89
ppm (e) gradually diminished, and new peaks at 4.75 ppm ( f ′)
and 10.37 ppm (g′) appeared, demonstrating the generation of
CA in the acidic condition. We further tested the CA release
from the TSEOP using dialysis method. As shown in Figure
1C, the release rate of CA was faster at pH 6.8 compared to
that at pH 7.4, which was attributed to accelerated hydrolysis
of acetal bond at acidic condition. The presence of H2O2
facilitates the detachment of boric acid group and subsequent
intramolecular rearrangement,40 which will produce QM and
accelerate the hydrolysis of acetal and CA release. There was
about 70% of total amount CA released from TSEOP in 96 h
at pH 6.8 with 100 μM H2O2, and nearly 100% of CA released
in 96 h at pH 6.8 with 10 mM H2O2. Since tumor cells and
tumor extracellular matrix generally have much higher H2O2
concentration than normal cells and tumor tissues,34,41,42

TSEOP may have preferential activity to tumor cells than to
normal cells. The changes in nanostructure after the generation
of CA and QM were confirmed by TEM, and the self-
assembled TSEOP nanomicelles presented spherical morphol-
ogies after incubated in pH 6.8 PB with 100 mM for 0 h.
However, the morphologies of nanomicelles changed into

Scheme 1. TSEOP for Inducing ICD and Boosting
Antitumor Immunitya

aUpon uptake by tumor cells, TSEOP will generate CA and QM,
serving as a ROS amplifier and a GSH scavenger, respectively. This
cooperative interaction between CA and QM induces strong oxidative
and ER stress, ICD, and subsequent activation of immature dendritic
cells (iDCs). Matured DCs (mDCs) present tumor-associated
antigens to naiv̈e T cells to stimulate the generation of effector T
cells, resulting in enhanced antitumor immunity.
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irregular and vague shapes as the incubation time extended to
24 h (Figure S9C).
CA is a commercial food additive approved by the Food and

Drug Administration (FDA) and has been reported to induce
generation of ROS mainly in the mitochondria by depleting
intracellular thiols.43,44 We first evaluated the endocytosis of
TSEOP by flow cytometry with Cy5 labeled TSEOP (Cy5-
TSEOP). As shown in Figure S10, TSEOP could be effectively
endocytosed by CT26 cells, and more TSEOP was
endocytosed as time extended. The effect of TSEOP on
intracellular ROS and GSH levels was further evaluated in
CT26 cells. To evaluate the cooperative effect of the released
QM and CA in the TSEOP, P-CA (PLG-g-mPEG directly
conjugated with acetal modified CA, Figure S11) and P-PBA
(PLG-g-mPEG directly conjugated with 4-(hydroxymethyl)
phenylboronic acid, Figure S12) were prepared as control
polymers. Intracellular ROS level was measured using
dichlorofluorescein-diacetate (DCFH-DA) as a fluorescent
probe. As shown in Figure 2A and B, TSEOP treatment could
significantly increase the intracellular ROS level, as much
stronger intracellular green fluorescence was observed
compared to free CA or P-CA. The superior ROS induction
property of TSEOP was largely attributed to synergistic effect
of ROS generation induced by CA and GSH depletion induced
by QM. Tumor cells will produce GSH to balance intracellular
redox equilibrium.45 The influence of TSEOP on intracellular
GSH level was also evaluated. A much lower intracellular GSH
level was detected after the treatment of TSEOP compared to
that of free CA and P-CA (Figure 2C). The GSH depletion
effect was mainly attributed to the PBA group in the TSEOP,
as free PBA and P-PBA could decrease the intracellular GSH
levels (Figure 2D). The above results indicated that TSEOP

can significantly increase the cellular oxidative stress by
cooperative generation of ROS and depletion of GSH.
As elevated cellular ROS and oxidative stress would induce

cell apoptosis, we investigated the cytotoxicity of TSEOP
against both tumor cells and normal cells.46 As shown in Figure
S13A, TSEOP resulted in higher percentage of cell apoptosis in
CT26 cells compared with free CA and P-CA. At 24 h, the
IC50 values of TSEOP to CT26 cells and 4T1 cells were 31.53
and 27.87 μg/mL, respectively, while the IC50 values of free
CA and P-CA were both over 100 μg/mL (Figures 2E and
S13B). It should be noted that the toxicity of TSEOP to
normal cells (3T3 fibroblasts) at the same condition is much
lower, and there is no significant difference among TSEOP
with CA and P-CA (Figure 2F). There might be two reasons
for the toxicity difference between tumor cells and normal
cells: (1) the pH and H2O2 sensitive design in TSEOP make
the release of CA and QM in normal cells slower than that in
tumor cells;47,48 (2) normal cells are generally not as sensitive
to oxidative stress as tumor cells.37,49

To test the potential of TSEOP in inducing ICD, CRT
expose, HMGB1, and ATP release, the three key markers for
ICD, were tested in CT26 cells. As shown in Figure 2G and H,
HMGB1 and ATP release was much elevated after TSEOP
treatment. In addition, much increased CRT positive CT26
population was observed after treatment with TSEOP for 4 h,
while free CA or P-CA did not show such effect at the same
CA concentration (Figure 2I). As HMGB1 serves as a Toll-like
receptor 4 agonist, we further tested the bone marrow-derived
dendritic cells (BMDCs) activation with the culture medium of
CT26 cells after various treatments. The CD80 expression was
much elevated on DCs treated with the culture medium of
tumor cells treated with TSEOP, suggesting effective activation

Figure 1. Synthesis route of TSEOP and stimuli responsive release of CA and QM. (A) Synthesis route of TSEOP. (B) 1H NMR test for H2O2-
responsive disassociation of PBCA, with the formation of 4-hydroxybenzyl alcohol from released QM as well as the release of CA after incubation in
a mixture of DMSO-d6/deuterated PB (9/1, v/v, 13 mg/mL, pH = 6.8) with H2O2 (100 mM) at 25 °C. (C) In vitro CA release profiles of TSEOP
in PBS containing 0.2% (w/v) Tween 80 at various conditions: pH 7.4, pH 6.8, pH 6.8 with 100 μM H2O2 and pH 6.8 with 10 mM H2O2, mean ±
S.D., n = 3.
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of DCs (Figure 2J). The above results confirmed that TSEOP
treatment could effectively induce ICD and stimulate antigen
presenting cells activation.

Inspired by in vitro results, we further evaluated the in vivo
performance of TSEOP. First, the pharmacokinetics of TSEOP
was evaluated in SD rats using Cy5-TSEOP. As shown in

Figure 2. TSEOP induced oxidative stress and ICD of tumor cells in vitro. (A) Confocal laser scanning microscope (CLSM) images of CT26 cells
treated with PBS, CA, P-CA, TSEOP at a CA concentration of 50 μM for 24 h. ROS levels were determined using the fluorescent probe DCFH-DA
(green, DCFH; blue, DAPI). (B) Relative quantification of intracellular ROS generation, n = 3. (C) GSH level of untreated CT26 cells and the cells
treated with free CA, P-CA or TSEOP at a CA concentration of 50 μM for 24 h, n = 3. (D) GSH level of untreated CT26 cells and the cells treated
with free PBA or P-PBA at a PBA concentration of 50 μM for 24 h, n = 3. (E) In vitro cytotoxicities of CA, P-CA, and TSEOP to CT26 cells at
different CA concentrations after incubation for 24 h, n = 5. (F) In vitro cytotoxicities of CA, P-CA, and TSEOP to NIH-3T3 cells at different CA
concentrations after incubation for 24 h, n = 5. (G) CLSM examination HMGB1 release of CT26 cells after incubation with free CA, P-CA, and
TSEOP at CA concentration of 30 μg/mL for 24 h. (H) ATP release of CT26 cells after incubation with free CA, P-CA, and TSEOP at CA
concentration of 30 μg/mL for 24 h, n = 3. (I) Flow cytometric examination of CRT positive ratio of CT26 cells after incubation with free CA, P-
CA, and TSEOP at CA concentration of 100 μg/mL for 4 h. (J) Schematic illustration of in vitro DCs activation experiment and the flow cytometry
results, n = 3. The data are expressed as mean ± SD, ∗∗ p < 0.01, ∗∗∗p < 0.001.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.9b05265
Nano Lett. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05265?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.9b05265?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.9b05265?ref=pdf


Figure S14, TSEOP has relatively long circulation in blood,
and the biological half-life (t1/2) of TSEOP is estimated as
12.01 ± 1.27 h, with the AUC0−t of 7905.26 ± 1018.16 μg/mL
h in 24 h. Biodistribution study showed that liver and tumor
were the major accumulation organs for TSEOP at 24 h post
injection in CT26 tumor model (Figure S15).
The in vivo antitumor performance of TSEOP was first

evaluated in the CT26 model. Once the tumor volumes
reached about 100 mm3, mice received the treatment of PBS,
free CA, P-CA, or TSEOP at a dosage of 10 mg/kg on CA
basis on day 0, 3, 6, and 9. As shown in Figure 3A and B,
TSEOP effectively inhibited tumor growth and almost
completely eradicated the tumor by the end of the observation,
while free CA and P-CA only resulted in 32.1% and 61.6%
tumor suppression rate (TSR%). In addition, a much wider
apoptosis region was observed in the TdT-mediated dUTP
nick-end labeling (TUNEL) assay (Figure S16) and HE
staining in TSEOP treated group (Figure S17). We further
evaluated the tumor immune microenvironment changes after
various treatments with flow cytometry (Figures 3C and S18).
After TSEOP treatment, more CD4+ T cells (3.9% of total
cells) and CD8+ T cells (4.9% of total cells) were detected
inside the tumor. More activated DCs (characterized by
MHCII+ and CD80+ populations among the CD11c+

populations) was also observed, suggesting effective immune
activation by the TSEOP treatment. In addition, the TAMs

composition inside the tumor was also changed: the ratio of
M1 over M2 macrophages was increased in the TSEOP
treatment group. To prove that the antitumor effect and the
immune response induced by TSEOP could be extended to
other types of cancer, we evaluated the therapeutic effect of
TSEOP on 4T1 triple negative breast cancer. Similar to the
treatment in CT26 model, we gave the 4T1 tumor bearing
mice with PBS, free CA, P-CA, or TSEOP at a 3 day intervals
for a total of four times treatments. As shown in Figure 3D and
E, the 4T1 tumor was also completely eradicated on day 16.
Similarly, TSEOP treatment greatly changed the immune
microenvironment, with much increased CD3+CD8+ T cells,
CD3+CD4+T cells, activated DCs, and increased M1/M2
ratios (Figures S19 and S20).
The outstanding tumor inhibition effect of TSEOP could be

atributed to two major reasons: (1) TSEOP induced
cooperative strong oxidative stress leads to large population
of apoptosis of tumor cells; (2) TSEOP induced ICD leads to
much increased T cell infiltration inside the tumor and strong
antitumor immunity. To prove whether TSEOP could elicit a
tumor-specific antitumor immunity in vivo, we conducted a
vaccination and rechallenge experiment in CT26 model.
BALB/c mice were first immunized twice with PBS, fresh
CT26 cells, or CT26 cells pretreated with TSEOP (TSEOP-
CT26 cells) on day −7 and day −1, and then 1 × 106 CT26
cells were challenged on the other flank of each mouse on day

Figure 3. In vivo antitumor effects in CT26 and 4T1 tumor models. (A) Tumor volumes of CT26 tumors after various treatments; n = 5. (B)
Individual CT26 tumor growth curves after receiving various treatments. (C) Flow cytometry results of CT26 tumors after receiving various
treatments; n = 3. (D) Tumor volumes of 4T1 tumors after various treatments; n = 5. (E) Individual 4T1 tumor growth curves after receiving
various treatments. Results are presented as means ± SD; ∗ p < 0.05, ∗∗ p < 0.01, ∗∗∗p < 0.001.
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0 (Figure 4A). As shown in Figure 4B and C, the newly
incubated CT26 tumor cells grow fast in mice immunized with
PBS and CT26 cells, while much slower in the mice
immunized with TSEOP-CT26 cells, and 4 out of 6 mice
were still tumor free on day 20. All these results confirmed that
TSEOP therapy could effectively activate tumor-specific
antitumor immunity and effectively inhibit tumor growth in
vivo.
The safety profiles of the TSEOP treatment were also

evaluated. No obvious body weight loss was observed after
various treatments (Figure S21). In addition, no obvious
damage was observed in HE analysis of the major organs of the
mice (Figure S22), and blood chemistry analysis showed no
obvious changes in ALT/AST/UA/CREA, indicating that the
treatment of TSEOP did not cause any significant liver or
kidney function changes (Figure S23). All these results
demonstrated that the treatment of TSEOP was safe and
effective and showed great potential for the clinical translation.
Conclusions. In summary, we present a safe and effective

approach to utilize polymer based therapeutics to inhibit tumor
growth and enhance cancer immunotherapy. With well-tailored
structure, the rationally designed TSEOP could specifically and
cooperatively increase oxidative stress in tumor cells and
subsequently lead to effective ICD to the tumor cells without
killing the normal cells. The in vivo results demonstrated that
single TSEOP treatment could eradicate both CT26 colon
tumor and 4T1 tripal negative breast tumors. Detailed
investigation showed that TSEOP effectively activated immune
systems in vivo with more CD3+CD8+ T cells and activated
DCs and M1 macrophages infiltration. Vaccination and
rechallenge experiment confirmed the TSEOP could induce
tumor-specific antitumor immunity in vivo. With excellent
tumor selectivity and superior antitumor efficacy, the TSEOP

renders a new approach for designing polymer based cancer
immunotherapeutics and may also serve as a safe and cost-
effective modality for cancer immunotherapy.
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