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Abstract

Purpose: Understanding the immune response during radiation therapy (RT) in a clinical setting is imperative for maximizing the
efficacy of combined RT and immunotherapy. Calreticulin, a major damage-associated molecular pattern that is exposed on the
cell surface after RT, is presumed to be associated with the tumor-specific immune response. Here, we examined changes in
calreticulin expression in clinical specimens obtained before and during RT and analyzed its relationship with the density of CD8"

T cells in the same patient set.
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Methods and Materials: This retrospective analysis evaluated 67 patients with cervical squamous cell carcinoma who were treated
with definitive RT. Tumor biopsy specimens were collected before RT and after 10 Gy irradiation. Calreticulin expression in tumor
cells was evaluated via immunohistochemical staining. Subsequently, the patients were divided into 2 groups according to the level of
calreticulin expression, and the clinical outcomes were compared. Finally, the correlation between calreticulin levels and density of
stromal CD8" T cells was evaluated.

Results: The calreticulin expression significantly increased after 10 Gy (82% of patients showed an increase; P < .01). Patients with
increased calreticulin levels tended to show better progression-free survival, but this was not statistically significant (P = .09). In
patients with high expression of calreticulin, a positive trend was observed between calreticulin and CD8" T cell density, but the
association was not statistically significant (P = .06).

Conclusions: Calreticulin expression increased after 10 Gy irradiation in tissue biopsies of patients with cervical cancer. Higher calreticulin
expression levels are potentially associated with better progression-free survival and greater T cell positivity, but there was no statistically
significant relationship between calreticulin upregulation and clinical outcomes or CD8" T cell density. Further analysis will be required to
clarify mechanisms underlying the immune response to RT and to optimize the RT and immunotherapy combination approach.

© 2023 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

With the development of immune checkpoint inhibitors,
multiple clinical trials combining radiation therapy (RT)
and immune checkpoint inhibitors are ongoing.' However,
the clinical outcomes have varied among studies, and not all
patients have shown favorable results. Importantly, the
underlying mechanisms that affect the results of these clini-
cal trials remain unclear. Therefore, it is crucial to investigate
the immune response to RT in a clinical setting, to enable
the development and success of the combination strategy.

Immunogenic cell death is a well-known form of cell
death that is observed after RT and is characterized by the
release of damage-associated molecular patterns.” Calreti-
culin, a major damage-associated molecular pattern, is a
chaperone protein that exists in the endoplasmic reticu-
lum (ER) and is involved in protein quality control and
regulation of the intracellular calcium concentration,
along with other diverse functions.’ During ER stress trig-
gered by irradiation or chemotherapeutic agents, calreti-
culin moves from the ER to the cell membrane surface.”
Calreticulin is known to act as an “eat me” signal and
enhances the uptake of cells on which it is expressed, lead-
ing to the release of interferons by antigen-presenting cells
such as dendritic cells.” This pivotal step leads to the
maturation of dendritic cells by promoting antigen uptake
and cross-presentation of antigens to naive T cells in the
lymph nodes, followed by activation and recruitment of
mature antigen-specific T cells.” Previous in vitro and
mouse model studies demonstrated that irradiation,
including x-rays and particle beams, induced calreticulin
expression on the surface of cancer cells.”” Consistent
with the observations in these studies, higher calreticulin
expression was observed in clinical tumor specimens
from patients with pancreatic cancer or renal cell carci-
noma who received preoperative RT'>''; however, the
specimens analyzed in these studies were obtained several
weeks after completing RT. Thus, it remains to be
elucidated as to whether upregulation of calreticulin

expression is induced in the same patients during RT and
is associated with prognosis. Therefore, in this study, we
evaluated changes in calreticulin expression in clinical
specimens from patients with cervical cancer during RT
at the time point of 10 Gy in 5 fractions and further evalu-
ated its correlation with clinical outcomes and density of
CD8" T cells in tumor tissues.

Methods and Materials

Patients and tumor characteristics

In this retrospective analysis, 67 patients with cervical
squamous cell carcinoma (median age, 60 years; range,
32-87 years) who were treated with definitive RT (in com-
bination with chemotherapy or RT alone) at Gunma Uni-
versity Hospital (Maebashi, Japan) between August 2009
and November 2013 were evaluated. The diagnosis of cer-
vical squamous cell carcinoma was performed by experi-
enced pathologists who were not associated with the
present study. Tumor biopsy specimens collected from
each patient before treatment (preRT) and after 10 Gy
irradiation (hereafter referred to as “10 Gy”) were used
for immunohistochemical staining. With the written con-
sent of all patients, 10 Gy specimens were collected to
evaluate the initial response to RT while the tumor cells
were still viable. The present retrospective study was per-
formed on these samples. The interval between RT initia-
tion and biopsy was 5 to 11 days. The biopsy specimens
were collected at 0 to 4 days after 10 Gy irradiation of
patients. Seventy-five percent of the specimens (50/67)
were collected on the same day as the 10 Gy treatment.
Patient characteristics were recorded according to the
tumor stage (International Federation of Gynecology and
Obstetrics classification 2008) and age (Table 1). The
Gunma University Clinical Trial Review Board approved
the study protocol (approval no. HS2020-015). All
patients provided informed consent to participate in the


http://creativecommons.org/licenses/by-nc-nd/4.0/

Advances in Radiation Oncology: May—June 2023

Calreticulin in cervical tumors during RT 3

Table 1  Patient characteristics (n = 67)

Characteristic Value
Observation period (mo)

Median (range) 63 (8-134)
Age (y)

Median (range) 60 (32-87)
Treatment

RT alone 22 (33%)

Concurrent CRT 45 (67%)
FIGO stage (2008)

1B 9 (13%)

11 27 (40%)

111 30 (45%)

IVA 1(2%)
Lymph node metastasis in pelvis

Positive 36 (54%)

Negative 31 (46%)
Para-aortic lymph node metastasis

Positive 6 (9%)

Negative 61 (91%)
Abbreviations: CRT = chemoradiation therapy; FIGO = Interna-
tional Federation of Gynecology and Obstetrics; RT = radiation
therapy.

study and were given the option to opt out of the study at
any time.

Treatment procedures

All patients were treated with definitive RT consisting
of external beam RT (EBRT) and intracavitary brachy-
therapy (ICBT). EBRT was performed using 10 MV x-
rays at 2 Gy per fraction with 5 fractions per week.
Whole-pelvic irradiation was performed at a total dose of
50 Gy in 25 fractions with the final 20 or 30 Gy delivered
through a 3-cm-wide central shielding, depending on the
clinical stage. The pelvic field expanded into the meta-
static area in patients with para-aortic lymph node metas-
tases. Patients with lymph node metastases received
additional irradiation of 6 to 8 Gy in 3 to 4 fractions.
ICBT was performed once per week concurrently with
central shielding EBRT. EBRT was skipped on the day of
ICBT administration. Three-dimensional image guided
brachytherapy was performed on all patients using an
?Ir remote afterloading system (microSelectron; Elekta,
Stockholm, Sweden). ICBT was performed to cover 90%
of the high-risk clinical target volume, at a total dose of 6
Gy per fraction. Bulky and/or asymmetrical tumors were

treated with additional interstitial brachytherapy.'” ICBT
was performed 4 times. Concurrent chemotherapy with
cisplatin was administered weekly at a dose of 40 mg/m’
to 67.0% of patients (45/67).

Immunohistochemical staining and
evaluation of clinical samples

Calreticulin expression in tumor cells was evaluated
using immunohistochemical staining. Immunohisto-
chemical staining was performed on biopsy samples that
were excised from cervical tumors preRT and after 10 Gy.
The biopsy samples were fixed in 10% buffered formalin
for 24 hours at room temperature (20-25°C) and then
dehydrated. Paraffin sections (4-um thick) were dewaxed
in xylene and rehydrated using a series of graded ethanol.
The sections were then incubated for 10 minutes in 0.3%
hydrogen peroxide to block endogenous peroxidase activ-
ity. Antigen retrieval was performed using a citric acid
buffer (pH = 6) in an autoclave (121°C, 10 minutes). The
sections were then stained using an anticalreticulin anti-
body (rabbit monoclonal IgG, cat. no. ab92516; Abcam,
Cambridge, UK; 1:100 dilution) and incubated overnight
at 4°C. For secondary antibody staining, a Histofine Sim-
ple Stain Kit (cat. no. 424142; Nichirei, Tokyo, Japan) was
used according to the manufacturer’s instructions, and
3,3’-diaminobenzidine was used to visualize calreticulin.
The quality of the tumor samples was validated indepen-
dently by 2 pathologists who are coauthors of the present
study.

Calreticulin staining was evaluated as described in a pre-
vious study."” All immunostaining images were obtained
using a Leica DM4000 B microscope (Leica Microsystems,
Wetzlar, Germany) equipped with a 20x objective lens. To
evaluate the staining intensity, Image] vl.53a software
(National Institutes of Health, Bethesda, MD) was used.
The staining results were acquired as a digital image, which
was displayed as a combination of 3 colors: red, green, and
blue. In the original image, the stained calreticulin area is
shown in brown, and nucleus is shown in blue. The
acquired images were split into the red, blue, and green
channels, respectively. To evaluate the intensity of calreticu-
lin staining, the intensity of the blue signal was subtracted
from that of the red signal. We measured the intensity of
the signal obtained from 3 areas of the tumor tissues. The
rate of increase in calreticulin intensity was obtained by
dividing the intensity of calreticulin staining in 10 Gy by
that preRT. To evaluate the correlation between calreticulin
and the density of stromal CD8" T cells, we used slides
from a previous study that had been stained with a CD8" T
cell antibody (mouse monoclonal IgG, cat. no. M7103;
Dako, Glostrup, Denmark; 1:800 dilution), which corre-
sponded to calreticulin-stained slides."*
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Statistical analyses

Statistical analyses were performed using EZR software
(Saitama Medical Center, Jichi Medical University, Japan).
The Kaplan-Meier method and the log-rank test were used
for survival analysis. Wilcoxon’s signed-rank test was used
to perform a paired analysis to compare differences in calre-
ticulin expression in the preRT and 10 Gy tumor samples.
The correlation between calreticulin expression and stromal
CD8" T cell density was evaluated using Spearman’s corre-
lation analysis. Clinical factors between patients with
increased or decreased calreticulin expression after 10 Gy
RT were compared using an unpaired Student ¢ test or Fish-
er's exact test. Multivariate analyses were performed using
Cox proportional hazard regression model. Statistical signif-
icance was set at P < .05.

Results

RT upregulated the expression of calreticulin
in patients with cervical squamous cell
carcinoma

To investigate whether RT affects calreticulin expression,
we performed immunohistochemical staining on biopsy
specimens obtained preRT and after 10 Gy in 5 fractions.
Figure 1A shows representative images of the sequentially
obtained samples from the same patient. A comparison of cal-
reticulin intensity in preRT and 10 Gy samples revealed an
increase in calreticulin intensity during RT in 55 patients
(82%), whereas a decrease in calreticulin intensity was

observed in 12 patients (18%) (P < .01) (Fig. 1B). The increase
in calreticulin intensity after 10 Gy treatment was observed
regardless of concurrent chemotherapy (P < .01 in both
groups; Fig. 1B). There was no specific correlation between
calreticulin expression and patient characteristics, including
age and clinical stage (Table 2). The median and mean of the
signal intensity of calreticulin is shown in Fig. 1C (median,
3.09 in preRT, 9.88 in 10 Gy; mean, 4.29 in preRT, 10.69 in
10 Gy). These results demonstrate that calreticulin was upre-
gulated in 80% of cervical cancer cases during RT.

Analysis of correlations between clinical
outcomes and RT-induced calreticulin
expression

To investigate whether RT-induced calreticulin expres-
sion is associated with clinical outcomes, patients were cate-
gorized into 2 groups according to changes in calreticulin
expression. We found that progression-free survival (PFS)
rates tended to be higher in patients with increased calreti-
culin expression, although this difference was not statisti-
cally significant (P = .09) (Fig. 2). In contrast, there was no
significant correlation between calreticulin expression and
overall survival (OS) (P = .79) or local control (LC)
(P = .30) (Fig. 2). We also examined whether the status of
calreticulin expression at preRT or 10 Gy influenced clinical
outcomes. Patients were categorized into 2 groups based on
their relation to the median calreticulin staining intensity
value, high or low expression; however, no correlation
between calreticulin expression and clinical outcomes was
observed
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Radiation therapy (RT) upregulates calreticulin expression in cervical cancer specimens from the same patient

set. (A) Representative images of immunohistochemical staining at preRT and after 10 Gy from the same patient. The
numbers indicate the staining intensity. (B) Changes in calreticulin intensity after 10 Gy irradiation. (C) Median and
mean values of calreticulin intensity in preRT and 10 Gy samples.
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(LC, PFS, and OS) at preRT or after 10 Gy
(Fig. E1). In the multivariate analysis, change in calreticulin
expression was not a significant prognostic factor for any
clinical outcome, while advanced stage (ll/IV) and RT alone

were significant poor prognostic factors in PFS and OS
(Table E1).

Analysis of the correlation between
calreticulin levels and CD8" T cell density

Our group have evaluated the density of CD8" T cells
in the tumor stroma of the same cohort of patients'”;
therefore, we analyzed the relationship between calreticu-
lin expression and the stromal CD8" T cell density using
the same data set. Although there was no statistically sig-
nificant correlation, we observed a positive association
between increased calreticulin expression and stromal
CD8" T cell density in patients treated with definitive RT
(P = .06 in all patients) (Fig. 3, left panel). The patient
group treated with RT alone showed a relatively stronger
correlation between increased calreticulin expression and
stromal CD8" T cell density compared with patients
treated with chemo-RT (Fig. 3, middle and right panels).
However, this correlation was also not statistically signifi-
cant, possibly because of the small sample size (N = 22).
In contrast, there was no significant correlation between
calreticulin expression and the CD8" T cell density in

either preRT or after 10 Gy in all patient subgroups
(Fig. E2A, E2B).

Discussion

In the present study, we found that calreticulin expres-
sion was upregulated in tumor cells of patients with cervi-
cal cancer receiving a dose of 10 Gy in 5 fractions of RT.
Our analysis showed that patients with increased calreti-
culin expression tended to have a higher PFS rate,
although this difference was not statistically significant
(P = .09). We hypothesized that calreticulin expression
levels in tumors would show statistically significant differ-
ences in LC, but no significant difference was found, likely
because of the higher LC in both groups and a limited
number of patients. Further studies involving larger sam-
ple sizes will be required to clarify the presence of a signif-
icant positive correlation between calreticulin expression
levels and clinical outcomes. In addition, we found a
higher density of stromal CD8" T cells in patients with
higher calreticulin induction, particularly in the group
treated with only RT, although this correlation was not
statistically significant (P = .06). The underlying mecha-
nisms are unclear, but it is possible that the relatively
weak correlations observed in the concurrent chemo-RT
group reflect the decreased number of systemic lympho-
cytes in patients who received concurrent chemotherapy.

Table 2 Characteristics of patients showing increased and decreased calreticulin after 10 Gy RT
Characteristic Calreticulin increased (n = 55) Calreticulin decreased (n = 12) P value
Age (y) 405
Median (range) 59 (33-81) 63.5 (32-87)
Treatment .510
RT alone 17 (31%) 5 (42%)
Concurrent CRT 38 (69%) 7 (58%)
FIGO stage (2008) .095
IB 6 (11%) 3 (25%)
I 24 (42%) 3 (25%)
111 25 (38%) 5 (42%)
IVA 0 (0%) 1 (8%)
Lymph node metastasis in pelvis .761
Positive 29 (53%) 7 (58%)
Negative 26 (47%) 5 (42%)
Para-aortic lymph node metastasis .582
Positive 6 (11%) 0 (0%)
Negative 49 (89%) 12 (100%)
Abbreviations: CRT = chemoradiation therapy; FIGO = International Federation of Gynecology and Obstetrics; RT = radiation therapy.




6 K. Okada et al Advances in Radiation Oncology: May—June 2023
10 Gy — preRT 10 Gy — preRT 10 Gy — preRT
— Increase -
— Increase Increase
1.0 4 — Decrease 1.0 - — Decrease 1.0 4 —b'l‘_‘—\_‘_‘_k —Decrease
0.8 - m 08 | 0.8 -
4 (/] (/] 4
3 0.6 & 0.6 1 3 0.6
0.4 0.4 0.4 4
0.2 4 p=0.30 0.2 1 p=0.09 0.2 1 p=0.79
0 20 40 60 80 100120 0 20 40 60 80 100120 0 20 40 60 80 100 120

months

Number at risk
Increase 55 48 48 41 16 8 2

Decrease12 9 7 6 5 0 0 Decrease12 8

months

Number at risk
Increase 55 45 42 37 12 5 1
4 3 0 O

months

Number at risk
Increase 55 48 48 41 17 9 3
Decrease12 10 9 7 6 1 0

Figure 2 Change in calreticulin expression and clinical outcomes. Kaplan-Meier curves of clinical outcomes between
patients with increased and decreased calreticulin expression in 10 Gy samples. (A) Local control (LC), (B) progression-

free survival (PFS), and (C) overall survival (OS).

The details of this relationship should be examined in
future studies.

Preoperative RT upregulates calreticulin expression in
tumor cells. Murakami et al'’ analyzed 84 patients with
pancreatic cancer who underwent surgical resection with
or without neoadjuvant chemo-RT (NACRT). A signifi-
cant upregulation of calreticulin expression was observed
in 65% of patients treated with NACRT (33/51) compared
with 42% of patients who were not treated with NACRT
(14/33) (P = .045). In addition, Singh et al'' reported that
calreticulin expression on the tumor cell surface was sig-
nificantly increased in samples resected from patients
treated with stereotactic body RT with 15 Gy compared
with that in control samples (P < .01). However, it must
be noted that in these studies, specimens from different
patient groups were compared, and a few weeks passed
between the completion of irradiation and the collection
of specimens. In contrast, we examined the expression of
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calreticulin at the timepoint of 10 Gy in 5 fractions from
the same patient, which has rarely been analyzed till date.
In the present study, we showed that calreticulin expres-
sion is upregulated in tumor tissue from the same patient
via irradiation starting at an early stage of RT (10 Gy/5
fractions) in clinical settings.

Calreticulin presentation on the plasma membrane
facilitates phagocytosis by dendritic cells and activates
antigen presentation, resulting in the initiation of adaptive
T cell-mediated immunity."” Previous clinical studies
showed that higher calreticulin expression in resected
tumors correlates with better clinical outcomes in patients
with non-small cell lung cancer'® and endometrial can-
cer."” However, in the current study, there was no signifi-
cant relationship between calreticulin upregulation and
clinical outcomes, although PFS rates tended to be higher
in patients with increased calreticulin expression levels.
This weak correlation could be attributed to the limited
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Figure 3 Relationship between calreticulin expression and density of CD8" T cells.
A scatter plot showing the relationship between increased calreticulin expression levels and CD8" T cell density in 10 Gy
samples. Abbreviation: CCRT = concurrent chemoradiation therapy.
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immune activation by immunosuppressive effects of RT,
as confirmed by upregulation of programmed cell death-
ligand 1 (PD-L1) expression after 10 Gy in an overlapping
cohort of patients with cervical squamous cell
carcinoma.'*'® Therefore, programmed cell death-1/PD-
L1 blockade therapy may enhance calreticulin-dependent
immune responses and improve clinical outcomes. In
addition, in the patient group treated with RT alone, RT-
induced upregulation of calreticulin expression and stro-
mal CD8" T cell density were positively correlated but not
statistically significant (R* = 0.11, P = .14). The lack of sta-
tistical significance may be dependent on the limited
number of patients and PD-L1 upregulation by RT."* Fur-
ther analysis with large numbers of patients will clarify the
relationship between RT-induced upregulation of calreti-
culin expression, clinical outcomes, and T-cell recruit-
ment. Calreticulin-dependent antitumor immune effects
require further steps to act, such as cross-priming of anti-
gen-presenting cells and lymphocytes in the draining
lymph nodes, infiltration of lymphocytes into the tumor
microenvironment, and elimination of cancer cells by
immune responses at the tumor site.> Therefore, the
CD8" T cell density in calreticulin-upregulated tumors
may be enhanced at later time points after RT. In a recent
mouse study, low-dose irradiated ovarian cancer cells
showed calreticulin upregulation within 20 hours and T
cell infiltration after 7 days, implying the interval of
immune responses to RT."” The timing of T cell activation
and relationship with calreticulin expression needs to be
examined in the future.

Conclusion

We report that upregulation of calreticulin expression
is induced during RT in clinical samples from the same
patient set. However, there was no signiﬁcant correlation
between calreticulin upregulation and clinical outcomes.
Thus, the results of the current study cannot support the
usefulness of calreticulin for stratifying patient prognosis
or targeting it as part of the RT and immunotherapy com-
bination strategy. Further analysis will be required to clar-
ify the specific mechanisms underlying the immune
response to RT and to optimize the RT and immunother-
apy combination approach.
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