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ABSTRACT

Immunogenic cell death (ICD) is essential for the activation of immune system against cancer. We aimed
to investigate the efficacy of endoplasmic reticulum (ER)-associated protein degradation (ERAD) inhibi-
tors (Eerl and NMS-873) in enhancing radiation-induced ICD in esophageal cancer (EC). EC cells were
administered with ERAD inhibitors, radiation therapy (RT), and the combination treatment. ICD hallmarks
including calreticulin (CALR), adenosine triphosphate (ATP), and high mobility group protein B1 (HMGB1)
were detected. The efficacy of ERAD inhibitors combined with RT in stimulating ICD was analyzed.
Additionally, the role of ICD hallmarks in immune cell infiltration and patient survival was investigated.
Inhibiting ERAD pathways was able to stimulate ICD component emission from dying EC cells in a dose-
dependent pattern. Radiation-induced ICD was significantly increased after high doses RT (=10 Gy). ERAD
inhibitor combined with moderate dose RT (=6 Gy) was capable of stimulating increased ICD in EC cells.
Dual therapy could elicit the antitumor immune response by enhancing dendritic cells maturation and
phagocytosis. Further investigation revealed a significant correlation between CALR and tumor-
infiltrating immune cells. Low expression of ATP and HMGB1 and high expression of CALR were
associated with favorable survival in patients with EC. The immunogenicityof EC can be enhanced by
ERAD inhibitors combined with moderate doses of RT. ICD hallmark genes, especially CALR, are correlated
to immune cell infiltration and clinical outcomes in EC. The present results demonstrated an important
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method to improve the immunogenicity of EC cells for enhanced antitumor immune response.

Introduction

Esophageal cancer (EC) is a malignant tumor that occurs
predominantly in the upper gastrointestinal tract. Current
evidence indicates hot drinks, smoking, omission of vegetables
and fruits, alcohol abuse, nitrosamines, gastroesophageal
reflux disease, obesity, and human p virus infection are the
primary risk factors of EC.", > Antitumor treatments including
surgery, chemotherapy, radiation therapy (RT), and immu-
notherapy were the main strategies for EC.> Over the past
few decades, RT and chemotherapy have played essential
roles in locally advanced and advanced EC.* Due to the lack
of treatment response, tumor recurrence and distant metasta-
sis were commonly observed in non-early-stage EC, and this
eventually led to poor prognosis.” Previous study described
that the 5-year disease-free survival rate of locally advanced EC
was less than 33%.°

Indeed, the existence of latent tumors could produce overt
metastasis and local recurrence, resulting in treatment failure.”
The immune system is extremely important to eliminate latent
tumors. RT could kill tumor cells by regulating anticancer
immunity.® Radiation-induced immune responses are often
reliant on the immunogenicity of tumor cells.” Enhanced effi-
cacy of immunotherapy has been observed in dying tumor cells
that underwent the liberation of immunogenic substances.'’

However, several studies have reported the weak antigenicity
of EC.""'? Therefore, it is of great importance to enhance the
immunogenicity of EC in the era of RT combined with
immunotherapy.

Immunogenic cell death (ICD) is a key biological process in
eliciting antitumor immune response.'”>”'> Briefly, ICD was
characterized by the exposure of calreticulin (CALR) from
endoplasmic reticulum (ER) to cytomembrane, the liberation
of damage-associated molecular patterns (DAMPs) including
adenosine triphosphate (ATP) and high mobility group pro-
tein bl (HMGB1) into the tumor microenvironment.'* Tumor
undergoing ICD was capable of inducing dendritic cells (DCs)
maturation and triggering cytotoxic T cell-mediated adaptive
immunity.'® Thus, ICD induction has emerged as a novel
antitumor strategy. Notably, an essential role for cell stress
has been revealed in all scenarios of ICD depicted thus far."
The overloading of unfolded and misfolded proteins causes
impaired ER homeostasis and results in ER stress.'” Then, the
ERAD pathway was activated and involved in misfolded pro-
tein degradation to alleviate ER stress.'® Previous study
demonstrated that RT alone was capable of inducing mild ER
stress.'” Enhanced and prolonged ER stress was able to amplify
ICD-associated immunogenicity in cancer; in contrast, weak
or mild ER stress could be mitigated by the activation of ERAD
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pathway and had limited efficacy in triggering ICD.
Thereby, targeting ERAD pathway may enhance radiation-
induced ER stress and improve the immunogenicity of tumor
cells. In recent years, several chemotherapeutic agents have
been depicted to trigger ICD in various tumor models; how-
ever, the commonly used cytotoxic drugs in EC including
fluorouracil and cisplatin were inefficient to induce ICD."*
Hence, it is vitally important to develop novel ICD triggering
strategies.

In the present study, we characterized the role of ERAD
inhibitors (Eer] and NMS-873) in triggering ICD and evalu-
ated the synergistic effects between ERAD inhibitor and mod-
erate dose RT in stimulating ICD for EC cells. In addition, we
attempted to clarify whether ICD hallmark gene expression is
correlated with immune cell infiltration and patient survival in
EC. These will provide a rationale for the application of com-
bination strategies in inducing ICD, and thus enhance immu-
notherapy response in cancer patients.

Results
ERAD inhibitor reduces cell viability in EC cells

P97 has been depicted as a key regulator of the ERAD pathway.
First, we estimated p97 expression in EC using TCGA data-
base, and the results showed that p97 was significantly upre-
gulated in EC tissues compared with normal tissues
(Figure la). Despite there was no statistical significance in
stage IV EC, p97 has been found to be highly expressed in
early-stage and locally advanced EC (Figure 1b). We also
detected p97 expression in ESCC cells and normal esophageal
epithelial cells, and the results showed that p97 was highly
expressed in both KYSE140 and KYSE70 cells compared with
SHEE cells (Figure 1c). Eerl is a potent ERAD inhibitor by
suppressing the p97-Ufdl-Npl4 complex and impairing
ataxin-3 dependent deubiquitination; NMS-873 is efficient in
inhibiting p97 and suppressing the ERAD pathway.>' To ascer-
tain the cytotoxic activity of ERAD inhibitors in EC cells
(KYSE70 and KYSE140), we performed proliferation assay.
The outcomes demonstrated that ERAD inhibitors including
Eerl and NMS-873 were capable of decreasing cell viability in
a dose-dependent manner (Figure 1d and le). Moreover,
NMS-873 was much more efficient than Eerl. Using the cell
viability assay, we found that 5000 nM Eerl decreased
the percent of cell viability from 100 %+ 10.3% to
70% % 5.1% in KYSE70 cells and 100% * 9.6% to 62$ + 4.8%
in KYSE140 cells; besides, 500 nM NMS-873 reduced
the percent of cell viability from 100% * 7.7% to 68% =+ 3.3%
in KYSE70 cells and 100% * 6.9% to 72% + 2.9% in KYSE140
cells. These findings suggest that ERAD inhibitors have
a deleterious effect on the proliferation of EC cells.

Targeting ERAD pathway can synergize with RT and
decrease cell colony formation

To evaluate the synergistic effect of ERAD inhibitor and RT in
EC cells, we implemented colony formation assays (figure 1f).
Dose survival curves indicated that pretreatment with ERAD
inhibitor (Eerl, 5000 nM; NMS-873, 500 nM) suppressed the

clonogenic survival of KYSE70 and KYSE 140 cells exposed to
different doses of irradiation. As shown in Figure 1g and 1h,
when treated with EerI and different doses of RT, the survival
fraction (SF) values were significantly decreased in KYSE70
cells. Although there was insignificant improvement for SF2 by
the combination of Eerl and 2 Gy of RT in KYSE140 cells,
elevated doses of RT were associated with significantly
enhanced SF. Meanwhile, in EC cells treated with NMS-873
and RT, the SF values were significantly reduced (Figure 1i and
1j). Taken together, these data clearly demonstrate that the
combination of ERAD inhibitors and RT has an enhanced
cytotoxic effect on EC cells.

ERAD inhibitor and RT cause extracellular release of ATP
from dying tumor cells

ATP release into extracellular space is one of the hallmarks of
ICD." Extracellular ATP could mediate DC maturation
through the binding of P2X7 receptors, upregulating inflam-
masomes, and promoting inflammatory cytokines secretion.”?
To determine the secretion of ATP among dying tumor cells in
response to ERAD inhibitors, luminescent assays were con-
ducted. As exhibited in Figure 2a and 2b, the RLU fold was
increased in a dose-dependent manner after being exposed to
different concentrations of ERAD inhibitors for KYSE70 cells.
The amount of luminescence detected was significantly
increased after being treated with 5000 nM EerI or 500 nM
NMS-873 compared to the control group.

RT-induced ICD has been reported in several types of
tumor cells.'* Similarly, RT promoted extracellular ATP
release has been observed in the present study (Figure 2c).
This effect appeared to occur in a dose-dependent fashion,
and the emission of ATP increased rapidly with high-dose
RT. Furthermore, we found that upon the addition of ERAD
inhibitor, the RLU fold induced by RT remaining elevated.
Although low-dose radiation-induced ATP was not signifi-
cantly enhanced by ERAD inhibitors in KYSE70 cells, there
was a significant synergistic effect between ERAD inhibitors
and moderate-dose RT. In parallel, we evaluated the effect of
RT and ERAD inhibitors on ATP release in KYSE140 cells, and
similar outcomes have been attained (Figure 2d to 2f).
Collectively, these data suggest that ERAD inhibitors and RT
monotherapy triggered extracellular ATP release at the
dosages tested in a dose-dependent manner. Targeting ERAD
pathways combined with moderate doses of RT could syner-
gize to enhance the liberation of ATP in EC cells.

Treatment with ERAD inhibitor and RT induce CALR
translocation to the surface of dying tumor cells

CALR, also known as ER resident protein 60, is a protein
that binds to calcium ions; CALR acts as a molecular
chaperone and involves in protein quality control and
calcium ion homeostasis.”®> Previous study reported that
cancer cells undergoing RT were able to translocate intra-
cellular CALR to their plasma membrane surface, served as
an “eat me” signal, and resulted in ICD.** However, such
radiation-triggered CALR exposure on tumor cell surface
was unsatisfied.
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Figure 1. p97 was upregulated in EC, ERAD inhibitors decreases the growth of EC cells; targeting ERAD pathway enhances the cytotoxicity of RT in tumor cells. (a and b)
TCGA database analysis of p97 levels in EC and normal tissues. (c) p97 expression in EC cells and normal human esophageal epithelial cells (SHEE). (d) Dose-survival
curves of Eerl or NMS-873 on KYSE70 cells were estimated by MTT assay at 24 hours. (e) Dose-survival curves of of Eerl or NMS-873 on KYSE140 cells were estimated by
MTT assay at 24 hours. (f) Representative images of the colony formation assays for KYSE70 cells treated with RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/Eerl (5000 nM). (g-h)
Survival fraction curves of KYSE70 and KYSE140 cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy), or RT/Eerl (5000 nM) treatment. (i and j) Survival fraction curves of KYSE70
and KYSE140 cells following RT (0, 2, 4, 6, 8, 10, and 12 Gy) or RT/NMS-873 (500 nM) treatment. ERAD: endoplasmic reticulum associated protein degradation; EC:
esophageal cancer; RT: radiation therapy; TCGA: The Cancer Genome Atlas. Data are means + SD (N = 3), n.s, not significant, P > .05; *P < 0.05; **P < 0.01.
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Figure 2. ERAD inhibitor and RT promote ATP release to extracellular space in EC cells. (a and b) Luminescence was measured after 24 hours exposure to increasing
doses of Eerl or NMS-873 in KYSE70 cells (0-5000 nM). (c) Luminescence was detected after 24 hours exposure to increasing doses of RT (0, 2, 6, 10, and 20 Gy) + Eerl
(5000 nM) or NMS-873 (500 nM) in KYSE70 cells. (d-e) Luminescence was measured after 24 hours exposure to increasing doses of Eerl or NMS-873 in KYSE140 cells (0-
5000 nM). (f) Luminescence was detected after 24 hours exposure to increasing doses of RT (0, 2, 6, 10, and 20 Gy) * Eerl (5000 nM) or NMS-873 (500 nM) in KYSE140
cells. ATP: adenosine 5'-triphosphate; ERAD: endoplasmic reticulum associated protein degradation; EC: esophageal cancer; RT: radiation therapy. Data are means + SD

(N = 3), n:s, not significant, P > .05; *P < 0.05; **P < 0.01; ***P < 0.001.

We next sought to confirm whether ERAD inhibitors could
promote CALR cell surface exposure. EC cells were treated
with ERAD inhibitors or RT, and cell surface CALR was
calculated by flow cytometry (supplementary Figure 1A). The
results demonstrated CALR translocation was dose-
dependent. As displayed in Figure 3a to 3f, the amount of
CALR exposed to cell surface was significantly elevated after
being treated with 5000 nM EerI or 500 nM NMS-873 or high-
dose RT compared to the control group. Interestingly, we
noted an enhanced CALR translocation in EC cells treated
with the combination of moderate-dose RT and ERAD inhi-
bitor. In addition, membrane proteins were extracted, and the
amount of cell surface CALR was detected by western blot. Our
results confirmed the enhanced CLAR cell surface exposure
after combination treatment (supplementary Figure 1B).
Overall, these results indicate that suppressing ERAD path-
ways is capable of boosting radiation-induced CALR cell sur-
face translocation in EC cells.

ERAD inhibitor synergizes with RT and triggers HVIGB1
secretion from dying tumor cells

After exposed to RT, HMGBI1 was passively released from
dying tumor cells into extracellular space and acted as a -
DAMP.*® Then, TLR4 on the surface of DCs binds to
HMGBI and initiates the antitumor immune response.*
Considering that ERAD inhibitors synergized with RT were
able to trigger an enhanced tumor cell death, we wished to

assess whether ERAD inhibitors could be utilized to promote
HMGBI release in EC cells.

As expected, the administration of ERAD inhibitors was
correlated with enhanced HMGBI1release on KYSE70 cells in
a dose-dependent fashion (Figure 4a to 4b). RT alone was also
associated with HMGB1 secretion, especially for high dose RT.
Furthermore, the combination of ERAD inhibitors and mod-
erate dose RT resulted in a remarkable HMGBI release from
dying tumor cells (Figure 4c). Concordantly, the results were
confirmed on KYSE140 cells and clearly demonstrated
increased levels of HMGBI liberation after the delivery of RT
and/or ERAD inhibitor (Figure 4d to 4f). As a whole, these
results imply that both RT and ERAD inhibitors could signifi-
cantly increase HMGBI release in a dose-dependent manner
among EC cells. The combination strategy has the potential to
enhance HMGBI secretion into the extracellular space.

ERAD inhibitor combined with RT result in enhanced DCs
phagocytosis and maturation

On the basis of the above data, the combination of moderate-
dose RT and ERAD inhibitor was effective in eliciting ICD for
EC cells. We sought to evaluate whether this combination
strategy could trigger the adaptive arm of the immune system
and facilitate cancer cell recognition and phagocytosing
by DCs.

EC cells were efficiently engulfed by DCs within a few hours
after treatment (supplementary Figure 1C). As illustrated in
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Figure 3. ERAD inhibitor and RT cause CALR exposure to the cell surface in EC cells. (a and b) Cell surface translocated CALR was measured after 24 hours exposure to
increasing doses of Eerl or NMS-873 in KYSE70 cells (0-5000 nM). (c) Cell surface translocated CALR was detected after 24 hours exposure to increasing doses of RT (0, 2,
6, 10, and 20 Gy) = Eerl (5000 nM) or NMS-873 (500 nM) in KYSE70 cells. (d and e) Cell surface translocated CALR was measured after 24 hours exposure to increasing
doses of Eerl or NMS-873 in KYSE140 cells (0-5000 nM). (f) Cell surface translocated CALR was detected after 24 hours exposure to increasing doses of RT (0, 2, 6, 10, and
20 Gy) + Eerl (5000 nM) or NMS-873 (500 nM) in KYSE140 cells. CALR: calreticulin; ERAD: endoplasmic reticulum associated protein degradation; EC: esophageal cancer;
RT: radiation therapy. Data are means + SD (N = 3), n.s, not significant, P > .05; *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 4. ERAD inhibitor and RT induce HMGB1 release to extracellular space in EC cells. (a andb) HMGB1 was measured after 24 hours exposure to increasing doses of
Eerl or NMS-873 in KYSE70 cells (0-5000 nM). (c) HMGB1 was detected after 24 hours exposure to increasing doses of RT (0, 2, 6, 10, and 20 Gy) + Eerl (5000 nM) or
NMS-873 (500 nM) in KYSE70 cells. (d and e) HMGB1 was measured after 24 hours exposure to increasing doses of Eerl or NMS-873 in KYSE140 cells (0-5000 nM). (f)
HMGB1 was detected after 24 hours exposure to increasing doses of RT (0, 2, 6, 10, and 20 Gy) * Eerl (5000 nM) or NMS-873 (500 nM) in KYSE140 cells. ERAD:
endoplasmic reticulum associated protein degradation; EC: esophageal cancer; HMGB1: high mobility group protein B1; RT: radiation therapy. Data are means + SD
(N = 3), n.s, not significant, P > .05; *P < 0.05; **P < 0.01; ***P < 0.001.
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(N = 91) is associated with poor disease-free survival. (e) Low HMGB1 expression (N = 46) is associated with favorable disease-free survival. CALR: calreticulin; DCs:
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**P < 0.01; ***P = 0.001.

Figure 5a and 5b, compared with RT alone, a higher phagocy-
totic efficiency was observed in tumor cells treated with the
combination regimen. Moreover, NMS-873 was much more
efficient than Eerl in assisting phagocytosis of EC cells by DCs.

Except for DC phagocytosis, the activation and matura-
tion of DC was also important in eliciting an immune
response. We analyzed the percentage of matured DCs by
flow cytometry. Our results indicated that the expression of
DC maturation markers including CD80 and CD86 was
greater in the combination treatment group than in the
monotherapy group (supplementary figure 1D to 1 G).
Altogether, ICD-associated dying tumor cells could be effi-
ciently phagocytosed by the DCs. ERAD inhibitors com-
bined with RT are highly efficient in inducing DC
maturation and enhancing ICD mediated antineoplastic
immunity.

The correlation between intracellular ICD hallmark gene
expression and tumor-infiltrating immune cells

ICD was able to promote DC phagocytosis of tumor cells,
induce macrophage polarization toward M1 type, stimulate the
presentation of tumor-derived antigens, and resulted in

CD8 + T cells activation.'® The CD4+ memory T cell could be
produced during a primary immunogenic challenge.”” M1
macrophage represents antitumor activity whereas M2 macro-
phage promotes cancer progression and treatment resistance.”®
With respect to immunogenic substances able to trigger the
adaptive arms of immune system, we wished to assess whether
there was a correlation between intracellular ICD hallmark
genes and tumor-infiltrating immune cells in EC.

The TIMER2.0 server was applied, and as shown in supple-
mentary figure 2, CALR expression was positively related to
tumor-infiltrating immune cells including M1 macrophages
(R = 0.160, P = 0.05), DCs (R = 0.178, P © 0.05), CD8+
(R =0.164, P © 0.05), and CD4+ (R = 0.243, P “ 0.01) memory
T cells, whereas there was a negative correlation between
CALR expression and M2 macrophages in tumor microenvir-
onment (R = -0.15, P “ 0.05).

Besides, although a positive correlation between HMGB1
expression and CD4+ memory T cells (R = 0.195, P < 0.01) was
observed, the correlation coefficient of other tumor-infiltrating
immune cells was insignificant. For genes involved in regulat-
ing the synthesis of ATP, the correlation coefficient for tumor-
infiltrating immune cells was also not significant (data not
shown).
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Opverall, the correlation between intracellular ICD hallmark
genes and tumor-infiltrating immune cells implied an essential
role of immunogenic substances, especially CALR, in trigger-
ing antitumor immunity.

The association between intracellular ICD hallmark gene
expression and patient survival

We next used the GEPIA database to explore the associa-
tion between intracellular ICD hallmark gene expression
and survival in patients with EC. The MT-ATP6 is an
important subunit of ATP synthase, and contributes to the
generation of cellular ATP.*” Based on the Kaplan-Meier
survival analysis, patients with low expression of MT-ATP6
had a favorable disease-free survival compared to those with
high expression of MT-ATP6 (HR [hazard ratio]: 0.264,
P =0.04) (Figure 5c). Conversely, patients with high expres-
sion of CALR had a longer disease free survival than those
with low expression of CALR (P = 0.029) (HR: 0.59,
Figure 5d). Nevertheless, patients with high expression of
HMGBI had a shorter disease free survival than those with
low expression of HMGB1 (P = 0.017) (HR: 2.2, Figure 5e).
These results indicated that intracellular ICD hallmark
genes could be severed as prognostic factors in EC.

Discussion

The development of ICD-inducing strategies are of great
importance in the era of RT combined with immunotherapy.
In the present report, we demonstrated that both ERAD

inhibitor and RT were capable of eliciting the signals of ICD
in a dose-dependent pattern. Although monotherapy with
moderate doses of RT or ERAD inhibitors was insufficient to
produce clearly observable immunogenic effects, targeting
ERAD pathways enhanced radiation-induced ICD and facili-
tated tumor cell phagocytosis by DCs in EC cells. Further
analysis suggested that ICD hallmark genes, especially CALR,
were correlated with tumor-infiltrating immune cells and
patient prognosis in EC.

In traditional radiation biology, radiation energy could
be deposited directly into DNA molecules and resulted in
cell damage or death, whereas indirect cell damage could
be induced by the interaction between irradiation and
water molecules.’® Nevertheless, radiation-induced bystan-
der and abscopal effects have been reported in the last few
decades.’’** These novel radiation-mediated biological
effects implied the potential evidence that RT was involved
in the regulation of antitumor immune responses. Indeed,
observable immunogenic effects have been depicted after
hypofractionated RT.*>” In the current report, we con-
firmed radiation-induced ICD in EC models, especially
with high-dose RT.

ICD inducing agent concurrent with RT is one of the
approaches to improve immunogenic effects. Anthracycline
drugs have been widely used to manage and treat various
types of malignant tumors.”® Doxorubicin, an anthracycline
class medication, has been shown to promote the secretion of
immunogenic substances from dying tumor cells.”
Unfortunately, there was limited effect of EC related che-
motherapeutic drugs in improving ICD.'**" The novelty of
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our analysis was that we demonstrate that suppressing ERAD
pathway was associated with enhanced ICD in EC cells treated
with RT. Mechanismally, ERAD inhibitors have a synergistic
effect with RT and result in enhanced tumor cell death.
Accordingly, the amount of each individual component of
ICD was elevated from these dying tumor cells (Figure 6).

Dying cancer cells derived from ICD contributed to the
activation of tumor microenvironment.'>*! It can be inferred
that intracellular ICD hallmark gene expression may correlate
with tumor-infiltrating immune cells. The current analysis
revealed that CALR was positively related to M1 macrophages,
DCs, CD8+, and CD4+ memory T cells in tumor microenvir-
onment; conversely, CALR was negatively correlated with M2
macrophages. M2 macrophages represented an immune sup-
pressive phenotype.”® Our results convincingly confirmed that
CALR was crucial for stimulating antitumor immune
response. Remarkably, there was insignificant correlation
between intracellular HMGBI expression and tumor-
infiltrating immune cells; the correlation coefficient between
genes involved in regulating the synthesis of ATP and tumor-
infiltrating immune cells was also not significant. One possible
explanation for the differing results may be that CALR has
been reported to be overexpressed at the membrane level of
cancer cells.*?

Furthermore, the three cryptic immunogenic components
have been evaluated as potential prognostic factors in various
types of cancer.'**? The present study confirmed that high
expression of CALR and low expression of HMGB1 and MT-
ATP6 were associated with favorable survival in EC. Notably,
our prognostic analyses seemed inconsistent and there were
several potential reasons for this. For weak immunogenicity
tumors, HMGB1 and ATP were mainly expressed as intracel-
lular pool, and only a small proportion was secreted extracel-
lularly as immunogenic substances.*>** Hence, these patients
were associated with poor prognosis. In addition to the ER,
a considerable amount of CALR was found on the surface of
malignant tumor cells.* Although CALR overexpression was
associated with a higher density of immune cell infiltration and
favorable survival in malignant cancer, whether these CALRs
were expressed on cell surface or mainly from intracellular
space remained unclear.*> Therefore, further investigation is
needed to clarify the effect of intracellular CALR on cancer
patient prognosis.

With the application of immune-checkpoint inhibitors, the
efficacy of RT combined with immunotherapy has been con-
firmed in various malignant tumors.*® For tumors with high
mutation burden and immunogenicities, such as renal cancer
and melanoma, immunotherapy alone was enough to relieve
immune suppressive effects on T cells; thus, patients could
achieve survival benefits.*” In a phase II clinical study of
preoperative chemoradiotherapy combined with pembrolizu-
mab in the treatment of locally advanced EC, the pathologic
complete response rate was 46.1% (NCT02844075).*® There
was a positive correlation between pathological response rate
and survival in EC patients. Insufficient radiation-mediated
immunogenicity can also attenuate the antitumor effects of
immunotherapy.” Consequently, EC might be an excellent
candidate disease for immunotherapy if immunogenicity can
be further improved. Since a synergistic effect of ERAD

inhibitor and RT in eliciting ICD was observed in the present
analysis, the combinatorial therapeutic strategy may contri-
bute to further enhancement of patients’ outcome for
immunotherapy.

Although the present results revealed that ERAD inhibitors
produced a dose-dependent induction and radiotherapeutic
enhancement of ICD, potential limitations should be notified.
The range of our in vitro assay is limited. The results demon-
strated herein may be cell line-dependent. These factors may
decrease the power of our analysis. Therefore, the present
findings should be interpreted with caution, and additional
studies including in vivo experiments are needed to support
the results. Furthermore, previous studies indicated various
cell death such as autophagy, apoptosis, and necrosis involved
in mediating ICD.*’ Rigorous studies are necessary to com-
prehend the molecular mechanism of ERAD inhibitors com-
bined with RT in inducing ICD.

Conclusion

In conclusion, our analysis suggests that both ERAD inhibitor
and RT have a therapeutic dose-range that effectively stimu-
lates the emission of immunogenic signals from dying EC cells.
Targeting ERAD pathway could improve radiation-induced
ICD, and this might facilitate anticancer effects in the immune
system. There is a significant correlation between CALR and
tumor-infiltrating immune cells. To date, immunotherapy
focus primarily on immune checkpoint, low immunogenicity
is one of the reasons for the limited therapeutic effects of
existing immunotherapy drugs. Realizing the importance of
immunogenic substances, researchers have been investigating
the role of ICD in immunotherapy and, thus far, the results
have been promising. Furthermore, the current study demon-
strates that ICD hallmark gene expression could be used as
a prognostic factor in EC. This will pave the way for the
development of more effective ICD inducers. Much remains
to be learned to delineate the mechanism of ERAD inhibitor
combined with RT in triggering ICD and to translate these
findings into clinics for more efficacious treatment results.

Materials and methods
Identification of key genes in ERAD pathway

The expressions of key regulators in ERAD pathway were
retrieved from The Cancer Genome Atlas (TCGA) data portal.
Genomic information of 184 EC tissues and 11 tumor-adjacent
normal tissues was obtained. Key genes of ERAD pathway
among normal tissues, tumor, and various tumor stages were
analyzed.

Cell lines and chemical reagents

Human EC cell lines (KYSE70, poorly differentiated invasive
esophageal squamous cell carcinoma; KYSE140, moderately
differentiated invasive esophageal squamous cell carcinoma)
were purchased from the Type Culture Collection of the
Chinese Academy of Sciences. SHEE cell line (an immortalized
epithelium of the fetal esophageal epithelium) was obtained



from Prof. Liu (China-US Hormel Cancer Institute). All the
cells were maintained at 37°C with a humidified atmosphere of
5% CO, and cultured in RPMI 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum (FBS) and 1%
penicillin-streptomycin liquid. ERAD inhibitors including
Eeyarestatin I (known as Eerl, #3929, US) and NMS-873
(#6180, US) were purchased from Tocris Bioscience (UK).

Cell proliferation assay

EC cells were seeded on 96-well plates with 3000 cells per well
and incubated overnight at 37°C with a humidified atmo-
sphere of 5% CO,. The next day, previous media were dis-
carded, and wells were washed. The cells were administered
with different concentration (0-8000 nM, 100 ul/well) of Eer
I and NMS-873. After 24 hours, viable cells were incubated
with  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT 5 mg/ml, 20 pl/well) for 4 hours at 37°C.
Then, 200 ul of DMSO was added to each well of the sample
plate and incubated at 37°C for 2 hours. The absorbance value
was quantified at 490 nm using a microplate reader (Thermo
Scientific, US).

Irradiation

EC cells were maintained in 10 cm plates and treated with
various doses of irradiation (single fraction) using the 6 MeV
photon beam (TrueBeam SN1403 accelerator, Varian Medical
Systems, US). The following parameters were used: irradiation
field, 13 cm x 13 cm; source skin distance, 100 cm; and dose
rate, 3.9 Gy/min.

Colony formation assay

Colony forming assay was conducted as previously
described.”® Generally, tumor cells were seeded in 6-well plates
with 200 cells per well. The ERAD inhibitors (Eerl, 5000 nM;
NMS-873, 500 nM) and/or various dose of RT (0, 2, 4, 6, 8, 10,
and 12 Gy) were administered, then these cells were incubated
for 2 weeks. The tumor colonies were fixated by 4% parafor-
maldehyde and stained with 1% glutaraldehyde-crystal violet
solution and counted using the Image-proplus software (v.6.0)
program (Media Cybernetics, Rockville, MD).”!

Luminescent ATP detection assay

Tumor cells (20000 cells per well) were seeded in six-well
plates and maintained for 6 hours. Then, the cells were admi-
nistered with ERAD inhibitors (Eerl, 0-5000 nM; NMS-873,
0-5000 nM) or RT (0, 2, 6, 10, and 20 Gy) + EerI (5000 nM) or
NMS-873 (500 nM). After incubated for 6 hours, the super-
natants were collected. Extracellular space ATP was measured
by the Enhanced Luminescent ATP Detection Assay Kit
(#50027, Beyotime, China). First, the ATP working solution
was prepared by using the ATP test solution and ATP diluent.
After incubated for 3 minutes at room temperature, both
samples (100 pL) and ATP working solution (100 pL) were
added to the 1.5 ml EP tubes and mixed quickly. The amount
of luminescence was quantified by the LuminoskanTM Ascent
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(465 nm, Thermo Scientific, USA) and reported as fold change
in relative luminescent units (RLUs).

Cell surface CALR expression by flow cytometry

The percentage of tumor cells expressing cell surface CALR
could be measured by flow cytometry.” Briefly, cancer cells
(20000 cells per well) were seeded in six-well plates and incu-
bated overnight. The next morning, the cells were adminis-
tered with ERAD inhibitors (Eerl, 0-5000 nM; NMS-873, 0-
5000 nM) or RT (0, 2, 6, 10, and 20 Gy) £ EerI (5000 nM) or
NMS-873 (500 nM), and maintained for 24 hours. The samples
were harvested and resuspended with pre-cooled PBS at room
temperature. After fixed for 10 minutes into the 3% formalde-
hyde and resuspended with incubation buffer, the cells were
incubated with CALR rabbit monoclonal antibody (#12238,
CST, USA) in 1.5 ml EP tubes (at room temperature for
1 hour). Cell centrifugation was performed, and the samples
were incubated with Goat Anti-Rabbit IgG H&L (Alexa Fluor®
488) (ab150077, Abcam, UK) at room temperature for half
an hour. Then, tumor cells were resuspended in pre-cooled
PBS and analyzed using the 488 nm laser (50 mW, Argon-Ion
Laser) of the flow cytometer (BD Biosciences, US).

Extraction of membrane proteins

Briefly, EC cells were collected and washed three times with
ice-cold PBS. Cell membrane proteins were isolated from the
total membrane component by using the plasma membrane
protein extraction kit (ab65400, Abcam, UK). Cell surface
CLAR and sodium-potassium ATPase (Na+/K+ ATPase)
were detected in the western blot.

Western blotting

Western blot analyses were performed as described.”® Tumor
cells were collected and lysed. The total protein concentration
was determined by BCA assay following the manufacture’s
instruction (Solarbio, China). The protein extracts were loaded
onto the gel, separated by SDS-PAGE, and transferred to
polyvinylidene difluoride membranes. After blocking with
milk, the protein bands were incubated with diluted primary
antibody (p97 Antibody #2648, calreticulin (D3E6) XP® Rabbit
mAb #12238, GAPDH (14C10) Rabbit mAb #2118, B-Actin
(13E5) Rabbit mAb #4970, Na,K-ATPase Antibody #3010,
CST) and secondary antibody (Anti-rabbit IgG, HRP-linked
Antibody #7074, CST). Finally, the membranes were imaged
with an enhanced chemiluminescence detection reagent
(Meilunbio, China).

HMGBT1 enzyme-linked immunosorbent assay (ELISA)
assay

EC cells (20000 cells per well) were incubated in six-well
formats overnight. Then, the cells were administered with
ERAD inhibitors (EerI, 0-5000 nM; NMS-873, 0-5000 nM)
or RT (0, 2, 6, 10, and 20 Gy) * EerI (5000 nM) or NMS-873
(500 nM). After 24 hours of incubation, the supernatants were
obtained, and Human HMGB-1 ELISA Kit (#¥D711210,
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Sangon Biotech, China) was used for the quantification of
HMGBI. The results were expressed in terms of Optical
Density (OD450) measurements using a microplate reader
with an absorbance of 450 nm.

Isolation of dendritic cells (DCs)

Freshly harvested blood samples were collected from healthy
donors, and peripheral blood mononuclear cells (PBMCs)
were isolated by means of Ficoll density gradient centrifuga-
tion. Macrophages were purified using the EasySep’™ Human
CD11b positive selection Kit (STEMCELL Technologies Inc,
Canada). Cells were then incubated in a medium supplemen-
ted with IL-4 (248 IU/ml, Gentaur, UK) and granulocyte
macrophage colony-stimulating factor (500 IU/ml, Gentaur),
and cultured for 5-6 days to obtain a population of imma-
ture DCs.

Phagocytosis assay

EC cells were divided into untreated control, RT (6 Gy), ERAD
inhibitors (EerI, 5000 nM; NMS-873, 500 nM), and the com-
bination treatment group. After treated for 24 hours, the
cancer cells were washed and labeled with CFSE (Abcam,
UK). Next, tumor cells were cocultured with immature DCs
at a ratio of 1:1 for 2 hours at 37°C. Then, mouse IgGl-
phycoerythrin (PE) isotype control (1:1000, BD Biosciences,
USA) or mouse anti-human CD11c-PE (1*10° cells in a 100-pl
experimental sample, BD Biosciences, US) were added to the
cell mixture for 30 minutes at room temperature. After wash-
ing, the cells were assessed by a flow cytometer. The uptake of
ICD tumor cells (phagocytotic efficiency) was calculated by the
cell ratio of double positive cells (CFSE and CD11c-PE stained
cells) in the CD11c-PE positive cells (DCs population).

DC maturation and activation assay

Expressions of cell surface co-stimulatory molecules (CD80
and CD86) are markers of DC maturation.>® We assessed CD
maturation and activation in EC cells. In brief, EC cells were
treated with RT (6 Gy), ERAD inhibitors (EerI, 5000 nM;
NMS-873, 500 nM), and the combination therapy, and main-
tained for 24 hours. Then, these cells were washed and cocul-
tured with immature DCs at a ratio of 1:1 for at 37°C for
24 hours. To confirm the maturation of DCs, the harvested
cells were stained with markers of maturation and activation
(CD80-FITC, CD86-FITC, CD11c-PE; BD Biosciences, USA).
The labeled cells were analyzed by flow cytometry.

Analysis of tumor-infiltrating immune cells

The Tumor IMmune Estimation Resource (TIMER2.0) (http://
timer.cistrome.org/) is an online program providing multiple
types of cancer gene expression profiling for analyzing
immune infiltration levels in TCGA cohorts.”* The correlation
between ICD hallmark expression and tumor-infiltrating
immune cells, including macrophages, DCs, CD8+, and
CD4 + T cells, were analyzed by using the TIMER2.0 server.

Survival analysis

The Gene Expression Profiling Interactive Analysis (GEPIA,
http://gepia.cancer-pku.cn) is an online sever that provided com-
prehensive analysis of gene expression based on tumor and
normal samples from Genotype-Tissue Expression (GTEx) and
TCGA.> The prognostic values of ICD hallmark were evaluated
using the GEPIA. Disease-free survival was the primary endpoint
and defined as the time from diagnosis to tumor recurrence or
death. Kaplan-Meier plotter was applied for survival analysis.

Statistical analysis

Each experiment was made in triplicate. The GraphPad Prism
(version 7.0, GraphPad Software) was applied, and student’s
t-tests, one-way ANOVA, or two-way ANOVA was used for
statistical analysis. All the results were expressed as means (+
standard deviation (SD)). Statistical significance was calculated
as a two-tailed P < 0.05 (n.s., non-significant; *P < 0.05;
**P < 0.01; ¥*P < 0.001; ***P < 0.0001).

Acknowledgments

We thank all members who participated in this work.

Disclosure statement

The authors declare that they have no competing interests.

Funding

This work was supported by the Medical Science and Technology
Research Program of Henan (no. LHGJ20210171) and Bethune Cancer
Radiotherapy Translational Medicine Research Program (no. flzh202115).

Notes on contributors

Hui Luo, associate professor, The Affiliated Cancer Hospital of
Zhengzhou University, focused on Radiation oncology.

Yanan Sun, associate professor, The Affiliated Cancer Hospital of
Zhengzhou University, focused on Radiation biology.

Liuxiang Wang, professor,
immunology.

Zhengzhou University, focused on

Hui Liu, professor, China-US (Henan) Hormel Cancer Institute, focused
on tumor biology.

Ran Zhao, professor, China-US (Henan) Hormel Cancer Institute,
focused on oncology.

Mengqiu Song, professor, China-US (Henan) Hormel Cancer Institute,
focused on oncology.

Hong Ge, professor, The Affiliated Cancer Hospital of Zhengzhou
University, focused on Radiation oncology.

ORCID

Hong Ge ([») http://orcid.org/0000-0003-4270-2556


http://timer.cistrome.org/
http://timer.cistrome.org/
http://gepia.cancer-pku.cn

Data availability statement

The authors confirm that the data supporting the findings of this study are
available within the article.

Author contributions

H.L. and H.G. conceived the idea and designed the study. H.L. performed
most of the experiments, analyzed data, and wrote the manuscript. Y.-N S, L.-
X W, HL, RZ, and M.-Q S. provided help for in vitro experiments. H.
G. supervised the entire project. The author(s) read and approved the final
manuscript.

Ethical statement

All studies related to collect PBMC were performed with approval by our
Institutional Review Board (no. flzh202115).

References

1.

10.

11.

12.

Morgan E, Soerjomataram I, Rumgay H, Coleman HG, Thrift AP,
Vignat J, Laversanne M, Ferlay J, Arnold M. The global landscape
of esophageal squamous cell carcinoma and esophageal adenocar-
cinoma incidence and mortality in 2020 and projections to 2040:
new estimates from GLOBOCAN 2020. Gastroenterology.
2022;163(3):649-658.€2. doi:10.1053/j.gastro.2022.05.054.

. Luo H, Ge H. hot tea consumption and esophageal cancer risk: a

meta-analysis of observational studies. Front Nutr. 2022;9. doi:10.
3389/fnut.2022.831567

. Pucci C, Martinelli C, Ciofani G. Innovative approaches for cancer

treatment: current perspectives and new challenges.
Ecancermedicalscience. 2019;13:961. doi:10.3332/ecancer.2019.
961.

. Lagergren J, Smyth E, Cunningham D, Lagergren P. Oesophageal

cancer. Lancet. 2017;390(10110):2383-2396. doi:10.1016/S0140-
6736(17)31462-9.

. Bolm L, Kasmann L, Paysen A, Karapetis C, Rades D, Wellner UF,

Keck T, Watson DI, Hummel R, Hussey DJ. Multimodal
anti-tumor approaches combined with immunotherapy to over-
come tumor resistance in esophageal and gastric cancer.
Anticancer Res. 2018;38(6):3231-3242. doi:10.21873/anticanres.
12588.

. Ghaly G, Kamel M, Nasar A, Paul S, Lee PC, Port JL, Christos PJ,

Stiles BM, Altorki NK. Locally advanced esophageal cancer: what
becomes of 5-year survivors? ] Thorac Cardiovasc Surg. 2016;151
(3):726-732. doi:10.1016/j.jtcvs.2015.10.096.

. Gomis RR, Gawrzak S. Tumor cell dormancy. Mol Oncol. 2017;11

(1):62-78. doi:10.1016/j.molonc.2016.09.009.

. Walle T, Martinez Monge R, Cerwenka A, Ajona D, Melero I,

Lecanda F. Radiation effects on antitumor immune responses:
current perspectives and challenges. Ther Adv Med Oncol.
2018;10:1758834017742575. doi:10.1177/1758834017742575.

. Wu Q, Allouch A, Martins I, Brenner C, Modjtahedi N, Deutsch E,

Perfettini JL. Modulating both tumor cell death and innate immu-
nity is essential for improving radiation therapy effectiveness.
Front Immunol. 2017;8:613.

Li Z, Lai X, Fu S, Ren L, Cai H, Zhang H, Gu Z, Ma X, Luo K.
Immunogenic cell death activates the tumor immune microenvir-
onment to boost the immunotherapy efficiency. Adv Sci (Weinh).
2022;9(22):€2201734. doi:10.1002/advs.202201734.

Zheng Y, Chen Z, Han Y, Han L, Zou X, Zhou B, Hu R, Hao J,
Bai S, Xiao H, et al. Immune suppressive landscape in the human
esophageal squamous cell carcinoma microenvironment. Nat
Commun. 2020;11(1):6268. doi:10.1038/s41467-020-20019-0.
Garcia-Marquez M, Thelen M, Bauer E, Wennhold K, Lehmann J,
Keller D, Gathof B, Maas L, George J, Bruns C. 10.02 genomic
HLA homozygosity is frequent in esophageal adenocarcinoma and
related to low immunogenicity. BMJ J Spec. 2021;9(2): SI1.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

CANCER BIOLOGY & THERAPY 1

Kroemer G, Galluzzi L, Kepp O, Zitvogel L. Immunogenic cell
death in cancer therapy. Annu Rev Immunol. 2013;31(1):51-72.
doi:10.1146/annurev-immunol-032712-100008.

Galluzzi L, Vitale I, Warren S, Adjemian S, Agostinis P,
Martinez AB, Chan TA, Coukos G, Demaria S, Deutsch E, et al.
Consensus guidelines for the definition, detection and interpreta-
tion of immunogenic cell death. ] Immunother Cancer. 2020;8(1):
€000337.

Kroemer G, Galassi C, Zitvogel L, Galluzzi L. Immunogenic cell
stress and death. Nat Immunol. 2022;23(4):487-500. doi:10.1038/
§41590-022-01132-2.

Zhou ], Wang G, Chen Y, Wang H, Hua Y, Cai Z. Immunogenic
cell death in cancer therapy: present and emerging inducers. J Cell
Mol Med. 2019;23(8):4854-4865. doi:10.1111/jcmm.14356.
Bhattarai KR, Chaudhary M, Kim HR, Chae HJ. Endoplasmic
reticulum (ER) stress response failure in diseases. Trends Cell
Biol. 2020;30(9):672-675. d0i:10.1016/j.tcb.2020.05.004.

Imai J, Ohashi S, Sakai T, Gonzalez-Labrada E, Obeid R, Tevini J,
Felder T, Hutter-Paier B, Zerbe H, Paiement N. Endoplasmic
reticulum-associated degradation-dependent processing in
cross-presentation and its potential for dendritic cell vaccinations:
a review. Pharmaceutics. 2020;13(1):12.  doi:10.3390/
pharmaceutics13010012.

Dadey DYA, Kapoor V, Khudanyan A, Thotala D, Hallahan DE.
PERK regulates glioblastoma sensitivity to ER stress although
promoting radiation resistance. Mol Cancer Res. 2018;16
(10):1447-1453. d0i:10.1158/1541-7786.MCR-18-0224.

Deng H, Zhou Z, Yang W, Lin LS, Wang S, Niu G, Song J, Chen X.
Endoplasmic reticulum targeting to amplify immunogenic cell
death for cancer immunotherapy. Nano Lett. 2020;20
(3):1928-1933. d0i:10.1021/acs.nanolett.9b05210.

Han DY, Di X]J, Fu YL, Mu TW. Combining valosin-containing
protein (VCP) inhibition and suberanilohydroxamic acid (SAHA)
treatment additively enhances the folding, trafficking, and func-
tion of epilepsy-associated gamma-aminobutyric acid, type
A (GABAA) receptors. ] Biol Chem. 2015;290(1):325-337. doi:10.
1074/jbc.M114.580324.

De Marchi E, Orioli E, Pegoraro A, Sangaletti S, Portararo P,
Curti A, Colombo MP, Di Virgilio F, Adinolfi E. The P2X7
receptor modulates immune cells infiltration, ectonucleotidases
expression and extracellular ATP levels in the tumor
microenvironment. Oncogene. 2019;38(19):3636-3650. doi:10.
1038/541388-019-0684-y.

Abdullah TM, Whatmore J, Bremer E, Slibinskas R, Michalak M,
Eggleton P. Endoplasmic reticulum stress-induced release and
binding of calreticulin from human ovarian cancer cells. Cancer
Immunol Immunother. 2021;71(7):1655-1669. doi:10.1007/
500262-021-03072-6.

Galluzzi L, Kepp O, Kroemer G. Immunogenic cell death in
radiation therapy. Oncoimmunology. 2013;2(10):e26536. doi:10.
4161/0nci.26536.

He S, Cheng ], Sun L, Wang Y, Wang C, Liu X, Zhang Z, Zhao M,
Luo Y, Tian L, et al. HMGBI released by irradiated tumor cells
promotes living tumor cell proliferation via paracrine effect. Cell
Death Dis. 2018;9(6):648. doi:10.1038/s41419-018-0626-6.

Saenz R, Futalan D, Leutenez L, Eekhout F, Fecteau JF,
Sundelius S, Sundqvist S, Larsson M, Hayashi T, Minev B, et al.
TLR4-dependent activation of dendritic cells by an
HMGBI-derived peptide adjuvant. ] Transl Med. 2014;12(1):211.
doi:10.1186/1479-5876-12-211.

Gasper DJ, Tejera MM, Suresh M. CD4 T-cell memory generation
and maintenance. Crit Rev Immunol. 2014;34(2):121-146. doi:10.
1615/CritRevimmunol.2014010373.

Baumann D, Drebant J, Hagele T, Burger L, Serger C,
Lauenstein C, Dudys P, Erdmann G, Offringa R. p38 MAPK
signaling in M1 macrophages results in selective elimination of
M2 macrophages by MEK inhibition. ] Immunother Cancer.
2021;9(7):002319. doi:10.1136/jitc-2020-002319.

Ganetzky RD, Stendel C, McCormick EM, Zolkipli-Cunningham
Z, Goldstein AC, Klopstock T, Falk MJ. MT-ATP6 mitochondrial


https://doi.org/10.1053/j.gastro.2022.05.054
https://doi.org/10.3389/fnut.2022.831567
https://doi.org/10.3389/fnut.2022.831567
https://doi.org/10.3332/ecancer.2019.961
https://doi.org/10.3332/ecancer.2019.961
https://doi.org/10.1016/S0140-6736(17)31462-9
https://doi.org/10.1016/S0140-6736(17)31462-9
https://doi.org/10.21873/anticanres.12588
https://doi.org/10.21873/anticanres.12588
https://doi.org/10.1016/j.jtcvs.2015.10.096
https://doi.org/10.1016/j.molonc.2016.09.009
https://doi.org/10.1177/1758834017742575
https://doi.org/10.1002/advs.202201734
https://doi.org/10.1038/s41467-020-20019-0
https://doi.org/10.1146/annurev-immunol-032712-100008
https://doi.org/10.1038/s41590-022-01132-2
https://doi.org/10.1038/s41590-022-01132-2
https://doi.org/10.1111/jcmm.14356
https://doi.org/10.1016/j.tcb.2020.05.004
https://doi.org/10.3390/pharmaceutics13010012
https://doi.org/10.3390/pharmaceutics13010012
https://doi.org/10.1158/1541-7786.MCR-18-0224
https://doi.org/10.1021/acs.nanolett.9b05210
https://doi.org/10.1074/jbc.M114.580324
https://doi.org/10.1074/jbc.M114.580324
https://doi.org/10.1038/s41388-019-0684-y
https://doi.org/10.1038/s41388-019-0684-y
https://doi.org/10.1007/s00262-021-03072-6
https://doi.org/10.1007/s00262-021-03072-6
https://doi.org/10.4161/onci.26536
https://doi.org/10.4161/onci.26536
https://doi.org/10.1038/s41419-018-0626-6
https://doi.org/10.1186/1479-5876-12-211
https://doi.org/10.1615/CritRevImmunol.2014010373
https://doi.org/10.1615/CritRevImmunol.2014010373
https://doi.org/10.1136/jitc-2020-002319

12 (&) H.LUOETAL

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

disease variants: phenotypic and biochemical features analysis in
218 published cases and cohort of 14 new cases. Hum Mutat.
2019;40:499-515.

Alizadeh E, Sanz AG, Garcia G, Sanche L. Radiation damage to
DNA: the indirect effect of low energy electrons. ] Phys Chem Lett.
2013;4(5):820-825. doi:10.1021/jz4000998.

Daguenet E, Louati S, Wozny AS, Vial N, Gras M, Guy JB,
Vallard A, Rodriguez-Lafrasse C, Magne N. Radiation-induced
bystander and abscopal effects: important lessons from preclinical
models. Br J Cancer. 2020;123(3):339-348. d0i:10.1038/s41416-
020-0942-3.

Heeran AB, Berrigan HP, O’Sullivan J. The radiation-induced
bystander effect (RIBE) and its connections with the hallmarks of
cancer. Radiat Res. 2019;192(6):668-679. doi:10.1667/RR15489.1.
Wang H, Yu KN, Hou J, Liu Q, Han W. Radiation-induced
bystander effect: early process and rapid assessment. Cancer Lett.
2015;356(1):137-144. doi:10.1016/j.canlet.2013.09.031.
Rodriguez-Ruiz ME, Vanpouille-Box C, Melero I, Formenti SC,
Demaria S. Immunological mechanisms responsible for
radiation-induced abscopal effect. Trends Immunol. 2018;39
(8):644-655. doi:10.1016/.it.2018.06.001.

Brix N, Tiefenthaller A, Anders H, Belka C, Lauber K. Abscopal,
immunological effects of radiotherapy: narrowing the gap between
clinical and preclinical experiences. Immunol Rev. 2017;280
(1):249-279. doi:10.1111/imr.12573.

Popp I, Grosu AL, Niedermann G, Duda DG. Immune modulation
by hypofractionated stereotactic radiation therapy: therapeutic
implications. Radiother Oncol. 2016;120(2):185-194. doi:10.
1016/j.radonc.2016.07.013.

Tang J, Malachowska B, Wu X, Guha C. Repurposing radiation
therapy for immuno-oncology. Clin Oncol (R Coll Radiol).
2021;33(11):683-693. doi:10.1016/j.clon.2021.08.015.

Brouwer TP, van der Zanden SY, van der Ploeg M, van
Eendenburg JDH, Bonsing BA, de Miranda N, Neefjes JJ,
Vahrmeijer AL. The identification of the anthracycline aclarubicin
as an effective cytotoxic agent for pancreatic cancer. Anticancer
Drugs. 2022;33(7):614-621. doi:10.1097/CAD.0000000000001283.
Minute L, Teijeira A, Sanchez-Paulete AR, Ochoa MC, Alvarez M,
Otano I, Etxeberrria I, Bolanos E, Azpilikueta A, Garasa S, et al.
Cellular cytotoxicity is a form of immunogenic cell death.
] Immunother Cancer. 2020;8(1):e000325.

Luo H, Wang X, Song S, Wang Y, Dan Q, Ge H. Targeting
stearoyl-coa desaturase enhances radiation induced ferroptosis
and immunogenic cell death in esophageal squamous cell
carcinoma. Oncoimmunology. 2022;11(1):2101769. doi:10.1080/
2162402X.2022.2101769.

Zhai D, Huang J, Hu Y, Wan C, Sun Y, Meng ], Zi H, Lu L, He Q,
Hu Y, et al. Ionizing radiation-induced tumor cell-derived micro-
particles prevent lung metastasis by remodeling the pulmonary
immune microenvironment. Int J Radiat Oncol Biol Phys.
2022;114(3):502-515. doi:10.1016/j.ijrobp.2022.06.092.

Fucikova J, Becht E, Iribarren K, Goc J, Remark R, Damotte D,
Alifano M, Devi P, Biton J, Germain C, et al. Calreticulin

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

expression in human non-small cell lung cancers correlates with
increased accumulation of antitumor immune cells and favorable
prognosis. Cancer Res. 2016;76(7):1746-1756. doi:10.1158/0008-
5472.CAN-15-1142.

Chen R, Kang R, Tang D. The mechanism of HMGBI secretion
and release. Exp Mol Med. 2022;54:91-102.

Martins I, Wang Y, Michaud M, Ma Y, Sukkurwala AQ, Shen S,
Kepp O, Metivier D, Galluzzi L, Perfettini JL, et al. Molecular
mechanisms of ATP secretion during immunogenic cell death.
Cell Death Differ. 2014;21(1):79-91. doi:10.1038/cdd.2013.75.
Martins I, Kepp O, Galluzzi L, Senovilla L, Schlemmer F,
Adjemian S, Menger L, Michaud M, Zitvogel L, Kroemer G.
Surface-exposed calreticulin in the interaction between dying
cells and phagocytes. Ann N Y Acad Sci. 2010;1209(1):77-82.
doi:10.1111/j.1749-6632.2010.05740.x.

Waldman AD, Fritz JM, Lenardo MJ. A guide to cancer
immunotherapy: from T cell basic science to clinical
practice. Nat Rev Immunol. 2020;20(11):651-668. doi:10.
1038/s41577-020-0306-5.

Strickler JH, Hanks BA, Khasraw M. Tumor mutational burden as
a predictor of immunotherapy response: is more always better?
Clin Cancer Res. 2021;27(5):1236-1241. doi:10.1158/1078-0432.
CCR-20-3054.

Hong MH, Kim H, Park SY, Kim DJ, Lee CG, Cho ], Kim JH,
Kim HR, Kim Y-H, Park SR, et al. A phase II trial of preoperative
chemoradiotherapy and pembrolizumab for locally advanced eso-
phageal squamous cell carcinoma (ESCC). J Clin Oncol. 2019;37
(15_suppl):27-4027. doi:10.1200/JC0O.2019.37.15_suppl.4027.
Golden EB, Pellicciotta I, Demaria S, Barcellos-Hoff MH,
Formenti SC. The convergence of radiation and immunogenic
cell death signaling pathways. Front Oncol. 2012;2:88. doi:10.
3389/fonc.2012.00088.

Luo H, Wang X, Wang Y, Dan Q, Ge H. Mannose enhances the
radio-sensitivity of esophageal squamous cell carcinoma with low
MPI expression by suppressing glycolysis. Discov Oncol. 2022;13
(1):1. doi:10.1007/s12672-021-00447-0.

Nunes JPS, Dias AAM. Image] macros for the user-friendly ana-
lysis of soft-agar and wound-healing assays. Biotechniques.
2017;62(4):175-179. doi:10.2144/000114535.

Liu P, Zhao L, Kepp O, Kroemer G. Quantitation of calreticulin
exposure associated with immunogenic cell death. Methods
Enzymol. 2020;632:1-13.

Han TH, Jin P, Ren J, Slezak S, Marincola FM, Stroncek DF.
Evaluation of 3 clinical dendritic cell maturation protocols con-
taining lipopolysaccharide and interferon-gamma. ] Immunother.
2009;32(4):399-407. d0i:10.1097/CJ1.0b013e31819e1773.

Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, Li B, Liu XS.
TIMER2.0 for analysis of tumor-infiltrating immune cells.
Nucleic Acids Res. 2020;48(W1):W509-W14. do0i:10.1093/nar/
gkaa407.

Li C, Tang Z, Zhang W, Ye Z, Liu F. GEPIA2021: integrating
multiple deconvolution-based analysis into GEPIA. Nucleic
Acids Res. 2021;49(W1):W242-W46. doi:10.1093/nar/gkab418.


https://doi.org/10.1021/jz4000998
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1038/s41416-020-0942-3
https://doi.org/10.1667/RR15489.1
https://doi.org/10.1016/j.canlet.2013.09.031
https://doi.org/10.1016/j.it.2018.06.001
https://doi.org/10.1111/imr.12573
https://doi.org/10.1016/j.radonc.2016.07.013
https://doi.org/10.1016/j.radonc.2016.07.013
https://doi.org/10.1016/j.clon.2021.08.015
https://doi.org/10.1097/CAD.0000000000001283
https://doi.org/10.1080/2162402X.2022.2101769
https://doi.org/10.1080/2162402X.2022.2101769
https://doi.org/10.1016/j.ijrobp.2022.06.092
https://doi.org/10.1158/0008-5472.CAN-15-1142
https://doi.org/10.1158/0008-5472.CAN-15-1142
https://doi.org/10.1038/cdd.2013.75
https://doi.org/10.1111/j.1749-6632.2010.05740.x
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1038/s41577-020-0306-5
https://doi.org/10.1158/1078-0432.CCR-20-3054
https://doi.org/10.1158/1078-0432.CCR-20-3054
https://doi.org/10.1200/JCO.2019.37.15_suppl.4027
https://doi.org/10.3389/fonc.2012.00088
https://doi.org/10.3389/fonc.2012.00088
https://doi.org/10.1007/s12672-021-00447-0
https://doi.org/10.2144/000114535
https://doi.org/10.1097/CJI.0b013e31819e1773
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkaa407
https://doi.org/10.1093/nar/gkab418

	Abstract
	Introduction
	Results
	ERAD inhibitor reduces cell viability in EC cells
	Targeting ERAD pathway can synergize with RT and decrease cell colony formation
	ERAD inhibitor and RT cause extracellular release of ATP from dying tumor cells
	Treatment with ERAD inhibitor and RT induce CALR translocation to the surface of dying tumor cells
	ERAD inhibitor synergizes with RT and triggers HMGB1 secretion from dying tumor cells
	ERAD inhibitor combined with RT result in enhanced DCs phagocytosis and maturation
	The correlation between intracellular ICD hallmark gene expression and tumor-infiltrating immune cells
	The association between intracellular ICD hallmark gene expression and patient survival

	Discussion
	Conclusion
	Materials and methods
	Identification of key genes in ERAD pathway
	Cell lines and chemical reagents
	Cell proliferation assay
	Irradiation
	Colony formation assay
	Luminescent ATP detection assay
	Cell surface CALR expression by flow cytometry
	Extraction of membrane proteins
	Western blotting
	HMGB1 enzyme-linked immunosorbent assay (ELISA) assay
	Isolation of dendritic cells (DCs)
	Phagocytosis assay
	DC maturation and activation assay
	Analysis of tumor-infiltrating immune cells
	Survival analysis
	Statistical analysis

	Acknowledgments
	Disclosure statement
	Funding
	Notes on contributors
	ORCID
	Data availability statement
	Author contributions
	Ethical statement
	References

