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The Association of Real-World CA
19-9 Level Monitoring Patterns
and Clinical Outcomes Among
Patients With Metastatic Pancreatic
Ductal Adenocarcinoma
Ben George1, Matthew Kent2, Andy Surinach2*, Neil Lamarre2 and Paul Cockrum3
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Background: Pancreatic cancer is expected to be the third deadliest cancer in the US in
2021. Evaluation of treatment response in patients with mPDAC necessitates scheduled
clinical and radiographic assessments along with monitoring serum CA 19-9 levels.
Currently available single-institution data examining the importance of CA 19-9
monitoring cannot be generalized to real-world settings. We investigated the impact of
serum CA 19-9 monitoring and its association with clinical outcomes in patients with
mPDAC in a population-based setting.

Methods: Data were extracted from the Flatiron Health electronic health record (EHR)-
derived de-identified database for patients diagnosed with mPDAC between January 1,
2015, and June 30, 2020. Serum CA 19-9 levels at baseline – defined as the values
obtained ≤ 60 days prior to treatment initiation - and during treatment were extracted. CA
19-9 levels > 40 IU/mL were considered elevated. Survival outcomes were compared
based on testing frequency, baseline CA 19-9 levels, and change in CA 19-9.

Results: 6,118 patients with mPDAC who received treatment were included in the
analysis. The median age at diagnosis was 68 years (IQR: 61-75). Patients with normal
baseline CA 19-9 experienced longer median survival than patients with elevated levels
[1L: 8.8 months (95% CI: 7.9 - 10) vs. 7.2 months (6.8 – 7.5), p < 0.001; 2L: 7.2 months
(6.1 – 9.2) vs. 5.2 months (4.9 – 5.6), p < 0.001; 3L: 6.1 months (5.4 – 9.1) vs. 3.9 months
(3.4 – 4.3), p < 0.001]. Patients with decreasing/stable CA 19-9 during treatment
experienced longer survival than patients who experienced an increase in CA 19-9
levels [1L: 10.9 months (10.5 – 11.3) vs. 5.4 months (5.1 – 5.9), p < 0.0001; 2L: 8.2
months (7.7 – 8.5) vs. 4.3 months (4.1 – 4.7), p < 0.001; 3L: 7.5 months (6.6 – 9.2) vs. 3.7
months (3.4 – 4.3), p < 0.001].

Conclusions: In one of the largest, contemporary, real-world studies of patients with
mPDAC, elevated CA 19-9 level at treatment initiation demonstrated a prognostic impact.
October 2021 | Volume 11 | Article 75468716
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Routine serial monitoring of CA 19-9 levels during treatment may be warranted, in addition
to clinical and radiographic assessment, and may translate into better patient outcomes.
Further validation studies are needed to understand the generalizability of these results.
Keywords: CA 19-9, metastatic pancreatic cancer, overall survival, prognostic factor, chemotherapy
INTRODUCTION

Pancreatic cancer is a lethal malignancy and has the highest
mortality rate among all cancers (1). Although pancreatic cancer
accounts for an estimated 3.6% of all cancers in the US, it is
currently the 3rd leading cause of cancer-related death in the US
after lung and colon cancers (1). Pancreatic ductal adenocarcinoma
(PDAC) is the most frequent type of pancreatic cancer,
representing approximately 85% of cases (2). Over 48,220 deaths
by PDAC are reported annually in the US, and the incidence rate of
PDAC is rising year-over-year. Despite the rapid advancement of
treatment options for PDAC patients in recent years, the survival
rates remain abysmal (3). The 5-year relative survival rate for all
patients diagnosed with PDAC is 10% while the survival rate for
patients with metastatic disease is below 3% (1).

Surgery remains the only potentially curative treatment for
patients with PDAC (4) Due to the propensity of PDAC cells to
metastasize early, up to 80% of patients receive a diagnosis at an
advanced stage, by which time the tumor is unresectable (4).
Only 10-20% of patients would have resectable tumors after
careful neoadjuvant treatment, and chemotherapy is the only
option for metastatic patients (5, 6).

Due to the aggressivenature of thedisease, regularmonitoringof
patients on PDAC treatment is performed using clinical
assessments supplemented with radiographic imaging in order to
determine response to treatment and rule out disease progression
(7). Currently, serum carbohydrate antigen 19-9 (CA 19-9) is the
only biomarker approved by the Food and Drug Administration
(FDA) for themanagement of pancreatic cancer (8). SerumCA19-
9, a sialylated Lewis blood group antigen, is an antigen associated
withpancreatic cancer (9).The sensitivity and specificityofCA19-9
tests are 80% and 80-90% respectively (10). CA 19-9 has been
validatedasaneffectiveprognostic biomarker that canbeused to aid
in treatment decisions for patients with metastatic PDAC
(mPDAC) (11–16). The objective of this study was, for the first
time in a large, contemporary database, to assess the real-world use
and outcomes associated with serum CA 19-9 monitoring in a
population-based setting of mPDAC patients.
METHODS

Data Source
his retrospective descriptive analysis utilized the nationwide
Flatiron Health® longitudinal database, a demographically and
geographically diverse database derived from electronic health
record (EHR) data. This database includes data from over 280
cancer clinics representing approximately 800 sites of care and
more than 2.4 million active US cancer patients. The majority of
27
patients in the database originate from the community oncology
setting. The database meets the requirements of the Health
Insurance Portability and Accountability Act of 1996 for fully de-
identified data sets and subject to obligations to prevent re-
identification to protect patient confidentiality. As the study was
observational in nature and utilizes de-identified patient data, it is
exempt from institutional review board review.

Study Population
For the primary study analysis, four mutually exclusive cohorts
were constructed based on the CA 19-9 testing patterns. Patients
were required to have an mPDAC diagnosis between January 1,
2015, and June 30, 2020 to be screened for eligibility. The date of
the first-line (1L) treatment initiation during this timeframe
denotes the study index date. Eligible patients were required to
have at least 1 recorded activity within 90 days, on or after, their
mPDAC diagnosis date. Patients were also required to be at least
18 years old at diagnosis, treated with 1L systemic therapy for
PDAC, and have at least one recorded follow-up activity after the
start of 1L treatment. If the patients were treated in second- (2L)
and third-line (3L), they were required to have follow-up activity
recorded in the database after initiating those respective lines of
therapy. Exclusion criteria included the following: 1. absence of
activity (visit/administration) on or after the respective index
date; and 2. initiation of 1L therapy after the date of death.

Study Measures
The primary study measure was CA 19-9 testing pattern during
systemic treatment stratified by the timing of testing and the
number of tests that occurred during treatment. Overall survival
(OS) was characterized by CA 19-9 testing patterns. CA 19-9 test
timing, the duration of treatment stratified by CA 19-9 testing, the
proportion of patients who proceeded to the next line of therapy,
and OS from treatment initiation were evaluated. OS was assessed
from the start of each line of therapy andpatients with a death event
were assigned the 15th day of the month of death as the event date.
Patients without a death recorded in the database were censored at
their last recorded clinical activity. OS was stratified based on the
following: 1. CA 19-9 testing patterns (no tests observed, baseline
tests, one test during treatment, multiple tests during treatment); 2.
baselineCA19-9 levels (Normal, Elevated,Missing); and3.CA19-9
change from baseline relative to the lowest value recorded during
treatment (Decreasing/Same, Increasing, Missing).

Demographic characteristics, including age, gender, US
geographic region (Northeast, South, Midwest, West, Other),
race/ethnicity (Black, White, Hispanic, Asian, Other/Unknown),
index year and practice type were assessed at the index date.
Baseline clinical characteristics including stage at initial PDAC
diagnosis, site of the primary tumor, EasternCooperativeOncology
October 2021 | Volume 11 | Article 754687
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Group (ECOG) Performance Status (closest score within 30 days
prior or 7 days after the start of systemic treatment), presence of any
previous surgery, surgery type, and the baseline serum CA 19-9
levelswithin 60days prior the start of therapywere assessed. CA19-
9 levels greater than 40 U/mL were considered elevated.

Statistical Analysis
Descriptive analyses were performed for all study variables.
Summary statistics such as mean and standard deviation were
calculated for all continuous variables, and frequency counts and
percentages were calculated for categorical variables. Kaplan-Meier
methods were used to calculate median overall survival, and a p-
value < 0.05 was considered statistically significant. Statistical
significance for overall survival was evaluated using the log-rank
test. All analyses were conducted using R (version 4.0.0).
RESULTS

Study Cohort
8,776 patients were identified with mPDAC diagnosis between
January 1, 2015, and June 30, 2020. Most (n=8,134) of these
Frontiers in Oncology | www.frontiersin.org 38
patients had recorded activity within 90 days, on or after, the
metastatic diagnosis date and were > 18 years of age at mPDAC
diagnosis. About three-quarters (n=6,142) of these patients were
treated with 1L systemic therapy. 6,118 patients met all the study
selection criteria (Supplementary Figure 1). The final study
analysis included four mutually exclusive cohorts defined
by CA 19-9 testing patterns: no testing cohort (n=781), baseline
test only cohort (n=1,082), one test during 1L treatment
cohort (n=896), and multiple tests during 1L treatment
cohort (n=3,359).

Demographic and Clinical Characteristics
Demographic and clinical characteristics for each treated cohort
are presented in Table 1. Of the 6,118 mPDAC patients included,
39.3% (n=2,402) of patients were treated in 2L, and 12.9%
(n=790) in 3L. The median age at metastatic diagnosis of
patients across all cohorts was 68 years (IQR: 61-75), and 55%
of the mPDAC patients were male. Overall, the majority of
patients (67.1%) were White, while 8.5% were Black, 1.8% were
Asian and only 0.2% were Hispanic. While all patients in the
study were diagnosed with mPDAC, the majority (67.1%) of
patients were initially diagnosed with stage IV disease while the
TABLE 1 | Patient demographics.

Characteristic First Line Treated Patients, N = 6,118 Second Line Treated Patients, N = 2,402 Third Line Treated Patients, N = 790

Sex
Female 2,782 (45%) 1,106 (46%) 372 (47%)
Male 3,336 (55%) 1,296 (54%) 418 (53%)

Age
Mean [SD] 68 [10] 66 [10] 66 [9]
Median [IQR] 68 [61 - 75] 67 [60 - 73] 67 [60 - 73]

Race
Asian 108 (1.8%) 54 (2.2%) 17 (2.2%)
Black or African American 519 (8.5%) 191 (8.0%) 53 (6.7%)
Hispanic or Latino 14 (0.2%) 6 (0.2%) 2 (0.3%)
White 4,106 (67%) 1,673 (70%) 582 (74%)
Other Race 788 (13%) 284 (12%) 82 (10%)
Missing/Unknown 583 (9.5%) 194 (8.1%) 54 (6.8%)

Geographic Region
Midwest 698 (11%) 308 (13%) 100 (13%)
Northeast 913 (15%) 339 (14%) 104 (13%)
South 2,653 (43%) 990 (41%) 319 (40%)
West 847 (14%) 335 (14%) 110 (14%)
Unknown 1007 (16%) 430 (18%) 157 (20%)

Stage IV at Initial Diagnosis 4,120 (67%) 1,590 (66%) 540 (68%)
Tumor Location
Body 1,188 (19%) 504 (21%) 169 (21%)
Head 3,045 (50%) 1,184 (49%) 385 (49%)
Overlapping Sites 588 (9.6%) 225 (9.4%) 72 (9.1%)
Pancreas, Nos 188 (3.1%) 61 (2.5%) 20 (2.5%)
Tail 1,109 (18%) 428 (18%) 144 (18%)

ECOG PS
0 1,368 (22%) 473 (20%) 146 (18%)
1 2,045 (33%) 893 (37%) 315 (40%)
2+ 795 (13%) 368 (15%) 119 (15%)
Missing 1,910 (31%) 668 (28%) 210 (27%)

Progressed to next line 2,324 (38%) 792 (33%) 217 (27%)
Duration of therapy, weeks
Mean [SD] 17 [21] 14 [19] 17 [18]
Median [IQR] 10 [3 - 22] 8 [3 - 18] 12 [6 - 23]
Octo
ECOG, Eastern Cooperative Oncology Group; SD, Standard Deviation; IQR, Interquartile range.
ber 2021 | Volume 11 | Article 754687
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remainder progressed to metastatic disease from earlier stage
PDAC. Among patients who had their CA 19-9 assessed in the
baseline period, most (84.7%) had elevated baseline CA 19-9.

Testing and Treatment Patterns
The median time between CA 19-9 tests was 3.5 weeks (IQR 2.1 -
5.6). 63% of patients with elevated baseline CA 19-9 received
multiple tests while 54% of patients with normal baseline CA 19-
9 level received multiple tests (Table 2). The testing interval
among patients with elevated baseline CA 19-9 was lower than
patients with normal CA 19-9 level (elevated: 4.1 weeks vs.
normal: 6.6 weeks, p < 0.001). The median duration of 1L
therapy among patients with the normal baseline CA 19-9
levels was 11 weeks (IQR: 4-24) while the median duration was
10 weeks (IQR: 3-23) among patients with the elevated baseline
CA 19-9 levels and 8 weeks (IQR: 2-20) for those who were not
assessed for CA 19-9 levels (p < 0.001). However, patients with
elevated CA 19-9 levels at the start of treatment had worse
median OS (mOS) compared to those with normal CA 19-9
levels at baseline (Figure 1 and Table 3). The mOS for the
patients who received 1L, 2L, and 3L treatments with elevated
baseline CA 19-9 level was lower than the mOS of the patients
with the normal baseline CA 19-9 (Table 3).

Patients who had baseline CA 19-9 assessments were more
likely to have multiple CA 19-9 evaluations throughout the
course of treatment, and these patients were also more likely to
Frontiers in Oncology | www.frontiersin.org 49
have elevated CA 19-9 levels. The majority (62.9%) of patients
who were assessed for CA 19-9 prior to or during 1L treatment
received multiple evaluations.

Further, mPDAC patients with multiple CA 19-9 tests were
more likely to have better performance status and longer mOS
(Figures 2–4). Patients who received multiple CA 19-9
assessments during their treatment course had the lowest
proportion of patients with ECOG PS scores of 2+. Patients
with multiple tests during their treatment had longer mOS than
those with only 1 test or a test that only occurred prior to
treatment (Table 3).

1L mPDAC treatment appeared to be associated with stable or
decreasing CA 19-9 levels. Among the patients who were evaluable
for CA 19-9 change during the 1L treatment (n=3,486), 73.6% had
decreasing/the same CA 19-9 levels with a median change in CA
19-9 level of 70% (563 U/mL) while only 26.4% had an increase in
CA 19-9 levels with a median change in CA 19-9 level of 56% (359
U/mL). Patients with stable and decreased CA 19-9 during 1L
treatment relative to baseline had better mOS than patients whose
CA 19-9 increased during treatment (Table 3 and Supplementary
Figure 2). Increasing CA 19-9 level from the baseline was
associated with shorter median OS, and these trends remained
when stratified by lines of therapy (Table 3 and Supplementary
Figures 3, 4). When stratified by tertile of CA 19-9 decrease,
patients treated in 1L with the largest decrease experienced the
longest mOS (Supplementary Figure 5).
TABLE 2 | CA 19-9 testing patterns and results.

Characteristic First Line Treated Patients, N = 6,118 Second Line Treated Patients,
N = 2,402

Third Line Treated Patients, N = 790

CA 19-9 Testing Frequency
No Testing 781 (13%) 273 (11%) 97 (12%)
Baseline Only 1,082 (18%) 388 (16%) 163 (21%)
One Test During 1L 896 (15%) 418 (17%) 148 (19%)
Multiple 1L Tests 3,359 (55%) 1,323 (55%) 382 (48%)

Baseline CA 19-9 result
Normal 701 (11%) 293 (12%) 94 (12%)
Elevated 3,867 (63%) 1,683 (70%) 569 (72%)
Missing 1,550 (25%) 426 (18%) 127 (16%)

CA 19-9 Baseline Value (U/mL)
Mean [SD] 19,054 [80,993] 10,546 [43,473] 13,468 [39,493]
Median [IQR] 929 [106 - 6,271] 886 [132 - 4,309] 1,346 [148 - 7,386]
Unknown 1,550 426 127

CA 19-9 Trend during treatment
Decreasing/Same 2,566 (42%) 924 (38%) 252 (32%)
Increasing 920 (15%) 664 (28%) 248 (31%)
Missing/No Tests 2,632 (43%) 814 (34%) 290 (37%)

CA 19-9 Change, Baseline to Nadir (U/mL)
Mean [SD] -6,831 [77,786] -1,649 [32,215] 2,802 [36,261]
Median [IQR] -111 [-1,892 - 2] -12 [-656 - 236] 0 [-376 - 866]
Unknown 2,632 814 290

CA 19-9 Change, Baseline to Nadir (%)
Mean [SD] 53 [2,710] 183 [5,413] 128 [914]
Median [IQR] -47 [-85 - 5] -13 [-61 - 47] 0 [-44 - 62]
Unknown 2,632 814 290

Time between CA 19-9 Tests, weeks
Mean [SD] 4.9 [6.0] 4.1 [4.2] 8 [11]
Median [IQR] 3.5 [2.1 - 5.6] 3.1 [2.0 - 5.0] 4 [2 - 9]
Unknown 1,863 661 260
Octo
SD, Standard Deviation; IQR, Interquartile range.
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DISCUSSION

The results from this large retrospective observational study
suggest serum CA 19-9 may serve as a prognostic tool to aid
in decision-making for patients with mPDAC. An elevated CA
19-9 level at the start of treatment was associated with worse
survival regardless of the line of therapy. Increasing CA 19-9
levels during the treatment relative to baseline was associated
with shorter survival as well. This analysis suggests that in
patients with mPDAC, both elevated and increasing CA 19-9
levels predict worse survival outcomes.

The clinical findings of this population-based study in the
real-world setting are consistent with published data from
prospective clinical trials (5, 17–20). The MPACT trial
Frontiers in Oncology | www.frontiersin.org 510
(NCT00844649) and the ACCORD11/PRODIGE4 trial
(NCT00112658) were phase 3 randomized controlled trials
(RCTs) which also investigated the role of CA 19-9 as a
biomarker for mPDAC patients treated with chemotherapy in
1L settings (17, 18). The MPACT trial reported that any decline
in CA 19-9 at 8-weeks from the baseline served as an early
marker for chemotherapy efficacy. Additionally, the study noted
CA 19-9 was more useful than radiologic assessments in
identifying patients with a survival benefit. Likewise,
ACCORD11/PRODIGE4 trial reported that a greater than 20%
reduction in CA 19-9 at week-8 from the baseline was a predictor
of significantly improved OS. The current analysis suggests that,
in patients with mPDAC, stable and decreasing CA 19-9 levels
(median reduction was 70%) was associated with improved
median OS. A retrospective review of 8 clinical trials between
April 1997 and May 2016 by Reni et al. reported that a more
robust CA 19-9 response during chemotherapy (nadir), was
associated with better outcome (19). mPDAC patients with CA
19-9 reduction by<50%, 50–89%, or >89%had amedian survival of
7.4, 9.8, and 14.7months, respectively (p≤ 0.001).mPDACpatients
in our study experienced a median reduction in CA 19-9 of 70%
during 1L treatment and their mOS from the start of 1L was 10.9
months (IQR: 10.5-11.3). Compared to the range ofOS byReni and
et al., the OS in our analysis appears to be consistent. Reni et al. also
reported that the basal CA 19-9 level and the time to CA 19-9 nadir
were independent predictors ofOSwhereas CA19-9 reduction was
not. In our study, time to CA 19-9 reduction was not measured.
However, both non-elevated basal CA 19-9 levels and CA 19-9
reduction during the treatment were associated with the survival
benefit. An analysis of 181prospectively enrolled patients at a single
center by Pelzer et al. reported that increased CA 19-9 was
associated with a lower survival rate indicating treatment failure
(20). Our analysis also reports that increasing CA 19-9 level from
thebaselinewas associatedwith shortermedianOS regardless of the
line of therapy.

Although our study did not correlate CA 19-9 response to
radiographic response, it has been reported CA 19-9 can serve as
FIGURE 1 | Overall survival by Baseline Carbohydrate Antigen 19-9.
TABLE 3 | Overall survival by CA 19-9 baseline value, testing frequency, and trends.

Baseline CA 19-9 level* 1L Median Overall Survival, months (95%
CI)

2L Median Overall Survival, months (95%
CI)

3L Median Overall Survival, months
(95% CI)

Overall 7.2 (6.9, 7.5) 5.4 (5.2, 5.8) 4.3 (3.9, 4.7)
Normal 8.8 (7.9, 10) 7.2 (6.1, 9.2) 6.1 (5.4, 9.1)
Elevated 7.2 (6.8, 7.5) 5.2 (4.9, 5.6) 3.9 (3.4, 4.3)
Missing 6.3 (5.7, 6.8) 5.5 (4.8, 6.5) 4.3 (3.5, 5.5)

CA 19-9 Testing Status*
No Testing 3.8 (3.4, 4.4) 3.7 (3.3, 4.8) 3.4 (2.8, 4.5)
Baseline Only 1.9 (1.7, 2.0) 1.9 (1.6, 2.2) 1.9 (1.5, 1.9)
One Test During Treatment 4.2 (3.9, 4.5) 3.3 (3.0, 3.7) 2.8 (2.4, 3.6)
Multiple Tests During
Treatment

10.6 (10.2, 10.9) 7.8 (7.3, 8.2) 6.5 (5.7, 7.4)

Change in CA 19-9 from
baseline*
Decreasing/Stable 10.9 (10.5, 11.3) 8.2 (7.7, 8.5) 7.5 (6.6, 9.2)
Increasing 5.4 (5.1, 5.9) 4.3 (4.1, 4.7) 3.7 (3.4, 4.3)
Missing/No Tests 3.9 (3.6, 4.2) 3.3 (3.0, 3.8) 2.5 (2.0, 3.2)
Octob
*p-value < 0.001 for each line of therapy based on the log-rank test.
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the prognostic marker in predicting tumor growth rate (5). A CA
19-9 reduction of 20% or more from the baseline has been
associated with improved survival as well as significant tumor
shrinkage of -0.4% per day (21).

In the past decade, a plethora of biomarkers have been
evaluated to assess their predictive and prognostic utility in
mPDAC management; however, CA 19-9 remains the most
clinically useful and investigated biomarker for PDAC (21).
Clinical assessment of treatment response in patients with
mPDAC may be confounded early in their treatment course
FIGURE 3 | Overall Survival by Carbohydrate Antigen 19-9 Testing Status
among patients treated in second line.

Frontiers in Oncology | www.frontiersin.org 611
due to the difficulty in separating disease related symptoms from
treatment related toxicity. A robust biomarker like CA 19-9 can
help differentiate the responders from non-responders before
radiographic response assessment, thus maximizing treatment
benefit for the responders and minimizing toxicity for the non-
responders. Since the vast majority of patients with mPDAC
experience a modest survival benefit with treatment, early
identification of non-responders is pivotal, so that they do not
lose the window for subsequent lines of therapy. Further, a down
trending CA 19-9 may be an early indication for dose attenuation
in a responder experiencing treatment related toxicity. Therefore,
CA 19-9 monitoring should be employed early and serially in
mPDAC patients with an elevated CA 19-9 level at diagnosis.
Further, the prognostic value associated with CA 19-9 trends
during treatment can inform providers, patients, and their
families to make meaningful treatment choices while dealing
with a devastating disease.

Limitations
Our study provides important validation regarding the utility of
CA 19-9 as a biomarker for the mPDAC population in real-
world settings with one of the largest and most up-to-date data
sources. However, some limitations inherent to retrospective
observational studies are important to consider when
interpreting our findings. The data collected are retrospective
and collected for routine clinical care and not for research
purposes. The clinical data were derived from an EHR. The
recording of patient age is capped at 85 years in the database to
protect patient confidentiality. The true age of some elderly
patients with mPDAC and associated clinical outcomes could
not be determined. In addition, these data are collected from
primarily the community setting and may not be generalizable to
other settings of care. Treated patients were subject to non-
random allocation. The reason to forgo treatment by the patient
FIGURE 2 | Overall Survival by Carbohydrate Antigen 19-9 Testing Status
among patients treated in first line.
FIGURE 4 | Overall Survival by Carbohydrate Antigen 19-9 Testing Status
among patients treated in third line.
October 2021 | Volume 11 | Article 754687

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


George et al. Real-World CA 19-9 in mPDAC
or physician is not available in these data. Similarly, the reasons
why labs were not performed for patients are unavailable. Lastly,
this study did not evaluate how specific treatment regimens
impacted CA 19-9 levels and further research is necessary to
characterize individual treatment regimens.
CONCLUSION

This study highlights the clinical utility of CA 19-9 levels and
trends as a prognostic marker in patients with mPDAC. Further
this study suggests the importance of serially monitoring CA 19-
9 levels in patients with mPDAC to inform treatment decisions
and optimize clinical outcome. Our analysis represents one of the
largest contemporary real-world studies for mPDAC patients to
date. In mPDAC patients with elevated CA 19-9 levels, routine
serial monitoring during treatment is warranted.
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Adipocytic Glutamine Synthetase
Upregulation via Altered Histone
Methylation Promotes 5FU
Chemoresistance in Peritoneal
Carcinomatosis of Colorectal Cancer
Xuan Zhang1,2†, Qing Li3†, Aibei Du2†, Yifei Li 4, Qing Shi5, Yanrong Chen1, Yang Zhao1,
Bin Wang2* and Feng Pan1*

1 Department of Oncology, Southwest Hospital, Army Medical University (Third Military Medical University),
Chongqing, China, 2 Department of Gastroenterology, Daping Hospital, Army Medical University (Third Military Medical
University), Chongqing, China, 3 Department of Science and Education, The People’s Hospital of Tongliang District,
Chongqing, China, 4 Department of Hematology, The Second Affiliated Hospital of Chongqing Medical University,
Chongqing, China, 5 Department of Respiratory Medicine, The People’s Hospital of Tongliang District, Chongqing, China

The development of resistance to 5-fluorouracil (5FU) chemotherapy is a major handicap
for sustained effective treatment in peritoneal carcinomatosis (PC) of colorectal cancer
(CRC). Metabolic reprogramming of adipocytes, a component of the tumor
microenvironment and the main composition of peritoneum, plays a significant role in
drug resistance of PC, with the mechanisms being not fully understood. By performing
metabolomics analysis, we identified glutamine (Gln), an important amino acid, inducing
resistance to 5FU-triggered tumor suppression of CRC-PC through activating mTOR
pathway. Noteworthily, genetic overexpression of glutamine synthetase (GS) in
adipocytes increased chemoresistance to 5FU in vitro and in vivo while this effect was
reversed by pharmacological blockage of GS. Next, we showed that methionine
metabolism were enhanced in amino acid omitted from CRC-PC of GS transgenic
(TgGS) mice, increasing intracellular levels of S-carboxymethy-L-cys. Moreover, loss of
dimethylation at lysine 4 of histone H3 (H3k4me2) was found in adipocytes in vitro, which
may lead to increased expression of GS. Furthermore, biochemical inhibition of lysine
specific demethylase 1 (LSD1) restored H3k4me2, thereby reducing GS-induced
chemoresistance to 5FU. Our findings indicate that GS upregulation-induced excessive
of Gln in adipocytes via altered histone methylation is potential mediator of resistance to
5FU chemotherapy in patients with CRC-PC.

Keywords: peritoneal carcinomatosis, colorectal cancer, chemoresistance, glutamine synthetase,
histone methylation
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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed
cancers and the fourth leading cause of cancer-associated
mortality worldwide (1, 2). Metastasis is the main cause of
poor outcome in CRC patients. Among all the metastasis
access, the peritoneum is the second most common site for
CRC metastasis, and 4.8% of CRC patients exhibit evidence of
synchronous peritoneal carcinomatosis (PC) while 19% show
characteristic of metachronous PC (3, 4). PC is a well-known
indicator of poor prognosis of CRC, and the median survival
time of patients with PC is only 6–11 months (4, 5).

5-fluorouracil (5FU), a thymidylate synthase inhibitor, is
often used during early intraperitoneal chemotherapy. 5FU-
based chemotherapy is a standard treatment for patients with
metastatic CRC (6). 5FU acts during the S-phase of the cell cycle
and blocks purine synthesis by inhibiting thymidylate synthetase
activity, thereby reducing DNA replication and repair, leading to
suppression of tumor cell growth (7, 8). However, resistance to
5FU treatment in patients with CRC remains common,
promoting tumor recurrence and metastasis (9), with the
mechanisms being not fully known. Therefore, it is crucial to
get a better understanding of the underlying mechanisms of
resistance to 5FU chemotherapy for the management of patients
with CRC- PC.

Tumor microenvironment (TME), a heterogeneous
ecosystem contributing to tumor progression, consists of
infiltrating immune cells, mesenchymal support cells, and
matrix components. As the important component of TME,
adipocytes play essential roles in facilitating tumor growth and
mediating drug resistance (10). However, it is still unclear
whether adipocytes, the main composition of peritoneum,
mediate resistance to 5FU chemotherapy in CRC-PC. Besides,
as abnormal adipocyte metabolism in dysfunctional adipose
tissue induces the development of cancers and drug resistance
(11), and 5FU chemoresistance may result from altered
regulation of nucleotide metabolism, amino acid metabolism,
and oxygen metabolism (12), we hypothesized that adipocyte-
derived cytokines or metabolites might contribute to
chemoresistance in CRC-PC.

Glutamine (Gln), one of the adipocyte-derived metabolites,
has been found to mediate chemoresistance by several
mechanisms (13). Drug resistance caused by increased
intracellular glutamine content is directly associated with the
dynamic change of glutamine transporters (14). Glutamine has
been also shown to promote chemoresistance via the
mammalian target of rapamycin (mTOR) activation (15).
Glutamine synthetase (GS), an ATP-dependent metalloenzyme,
combines ammonium and glutamate into Gln and is associated
with chemoresistance (16). Although common mechanisms
leading to 5FU resistance have been well-documented in the
literature, the role of Gln and GS in 5FU resistance needs to
be clarified.

mTOR, a specificity protein kinase phosphorylating serine/
theonine, plays substantial roles in cell proliferation, survival,
autophagy, and metabolism (17). Dysregulation and activating
mutations of mTOR have been reported in various types of
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human cancers, and hence mTOR inhibitors have been approved
for the treatment of malignancies (18). mTOR signaling also
plays important roles in drug resistance of CRC (19). As a drug-
resistance-related protein, mTOR mediates 5FU drug
resistance (20).

Histones are basic chromosomal proteins that play essential
structural and functional roles in gene regulation and epigenetic
silencing (21). Histone proteins can be reversibly modified by
methylation, acetylation, ubiquitination, and phosphorylation.
These modifications of histone structures have been shown to
play crucial roles in cancer initiation and progression with
different mechanisms (22). Histone methylation can be capable
of altering chromatin structure and regulating gene expression.
Additionally, histone methyltransferase activity has been found
to be involved in 5FU chemoresistance in CRC (9, 23). However,
at this time, it remains unclear whether altered histone
methyltransferase activity might affect adipocyte metabolism
and mediate 5FU resistance in CRC-PC. In order to improve
the therapeutic efficacy of 5FU and elucidate the mechanism
underlying the development of 5FU resistance in patients with
CRC, we firstly identified glutamine (Gln) as an important amino
acid to induce resistance to 5FU-triggered tumor suppression of
CRC-PC via activating mTOR pathway using metabolomics
analysis. We then examined whether altered genetic expression
of glutamine synthetase (GS) in adipocytes can affect
chemoresistance to 5FU in vitro and in vivo. Next, we explored
methionine metabolism in amino acid omitted from CRC-PC of
GS transgenic (TgGS) mice and the underlying mechanisms of
5FU resistance through regulation of histone H3 lysine 4
dimethylation (H3k4me2) in adipocytes in vitro.
MATERIALS AND METHODS

Cell Culture
The mouse CRC cell lines CT26, MC38, mouse melanoma cell
line B16, human CRC cell lines SW-480 and HCT-116 were
purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). Those cells have been authenticated and
checked for mycoplasma by JENNIO Biological Technology
(Guangzhou, China). The cell lines were maintained in
continuous exponential growth by twice weekly passage in
Dulbecco modified Eag le ’ s medium (DMEM, Li f e
Technologies, Inc., Gaithersburg, MD, USA) supplemented
with 10% fetal bovine serum and cultured at 37°C with 5%
CO2. Each cell line was split regularly before attaining 70–
80% confluence.

The “cocktail method” was used to induce differentiation
based on optimization of a method previously described (24, 25).
Briefly, the 3T3-L1 cells (2 × 105 cells/ml) were grown to
confluence in DMEM with 10% FBS in T75 cell culture flask
(day −2). On day 0, the media were changed to DMEM with
supplements plus 10% fetal bovine serum, 10 mg/ml insulin
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), l mmol/L
dexamethasone (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), and 0.5 mM isobutylmethylxanthine (IBMX, Sigma,
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St. Louis, MO, USA). On day +2, dexamethasone and IBMX were
removed from the media, and on day +4 insulin was removed.
Media changes were performed every 2 days until use. The CM
from adipocytes (#3T3-L1-CM) were harvested between
days +10 and +14.

Mouse Experiments
All the animal experiments were approved by the Laboratory
Animal Welfare and Ethics Committee of Army Medical
University (AMUWEC20181835) and performed in accordance
with the Guide for the care and use of laboratory animals
published by the US National Institutes of Health (publication
no.85-23, revised 1996). Four-to-six-week-old female BALB/c mice
(body weight: 18–20 g) were purchased from the Institute of
Experimental Animal of Army Medical University (Chongqing,
China). The adipocyte-specific transgenic GS-expressing C57BL/6
mice (Cyagen Biosciences, China) were generated by inserting a
DNA pRP(Exp)-Promoter_5411bp (Adiponectin)>mGlul
[ORF031394]. Primers for PCR genotyping of the GS forward:
G A C A T GA T GC AGG T C C T G A T T GG ; r e v e r s e :
GGGTCTTGCAGCGCAGTCCTT. Transgenic mice yield a PCR
product of 248 bp. Mice were maintained under specific pathogen-
free conditions and had ad libitum access to food and water. CT26
cells (1.0 × 106/100 ml PBS) were intraperitoneally injected into
female BALB/c mice, or MC38 cells (1.0 × 106/100 ml PBS) were
intraperitoneally injected into GS-expressing C57BL/6 mice to
establish a peritoneal metastasis model according to Abdelkader
Taibi et al. (26) and Liping Yang et al. (27). CT26 cells (1.0 × 106/
100 ml PBS) were injected subcutaneously into female BALB/c mice
to establish a subcutaneous xenograft model. CT26 cells (1.0 × 106/
100 ml PBS) were also injected into the colon to establish a in situ
model of CRC. 5FU was administrated intraperitoneally once a day
(50 mg/kg). Different kinds of conditional medium derived from
adipocytes were administered around the basement of the tumors
(s.c., 100 ml/2d) at the start of 5FU treatment when the tumor
diameter was around 0.5 cm. Furthermore, GS antagonist L2A
(#A7275, Sigma, USA), LSD1 inhibitor GSK-LSD1 (#SML1072,
Sigma, USA), and mTOR inhibitor Rapamycin (#SML2282, Sigma,
USA) were also tested in vivo for their ability to interfere with the
induction of resistance. L2A (1 mg/kg) was administered
intraperitoneally every other day for three times. GSK-LSD1 (0.5
mg/kg) was administered intraperitoneally every day for 7 days.
Rapamycin (10 mg/kg) was administered intraperitoneally every
day for 7 days. Tumor growth was monitored every day by
measuring diameters using Vernier caliper. After 18 days after
injection, mice were sacrificed followed by dissection and
assessment of PC. Then the tumors were calculated in weight.

Metabolomics
Fat tissues were collected from the peritoneum of the peritoneal
metastasis model (n = 3) and the in situ CRC model (n = 3). Fat
tissues from peritoneum of WT mice (n = 6) and TgGS mice (n =
6) were also collected. Metabolomics were performed in fat
tissues using gas chromatography/time-of-flight mass
spectrometry (GC-TOF/MS) measurement (Agilent 7890B-
LECO Pegasus HT/BT). The Chroma TOF4.3X software
(LECO) and LECO-Fiehn Rtx5 database were used for raw
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peaks extraction, data baselines filtering, and calibration. The
resulted three-dimensional data involving the peak number,
sample name, and normalized peak area were fed to SIMCA14
software package (Umetrics, Umea, Sweden) for principal
component analysis (PCA) and orthogonal projections to
latent structures-discriminate analysis (OPLS-DA). The
identified differential metabolites (fold change >2 or <0.5, P <
0.05) were used to perform heatmap analysis. TBtools software
was used to perform heatmaps of differential metabolites (28).

Cell Counting Kit-8 Assay
The cell viability in 5FU treatment was measured by performing
CCK8 assay. The CRC cells including CT26, MC38, SW-480, and
HCT-116 cells and melanoma cells B16 were trypsinized and
seeded at 1.0 × 104 cells/well in 96-well plates, respectively. After
overnight incubation, the medium was removed and replaced
with different kinds of conditional medium derived from
adipocytes and 5FU (10 mmol/l) for chemotherapy. At different
time points, 10 ml of CCK8 solution (Dojindo Laboratories,
Japan) in PBS was added into each well. Plates were incubated
at 37°C for another 1 h. The optical density for each well was
measured using a microculture plate reader (BioTek, USA) at
absorbances of 450 nm.

Cell Cycle Arrest Assay
Cell cycle arrest assay was performed using a cell cycle assay kit
(C1052, Beyotime, China).

Briefly, the CT-26 cells were digested to single cells and
washed twice with cold PBS. Then, the cells were fixed with
cold ethanol (75%) for 12 h and washed with cold PBS. Finally,
the cells were stained with propidium iodide for 30 min before
flow cytometry analysis.

Annexin V Apoptosis Assay
Cell apoptosis assay was performed using Annexin V staining
(AO2001-02A-H, Sungene Biotech, China). CT26 cells were
trypsinized and seeded at 2.0 × 105 cells/well in six-well plates.
After overnight incubation, the medium was removed and
replaced with different kinds of conditional medium derived
from adipocytes and 5FU (10 mmol/l) for chemotherapy. Each
well was added with annexin V-FITC and was incubated at 37°C
for 15 min in the dark. The annexin V-FITC binding was
detected by flow cytometry (FACSAria, BD Bioscience) using
FITC signal detector (FL1) and PI staining by the phycoerythrin
emission signal detector (FL2).

Knockdown of Glutamine Synthetase by
RNA Interference
The specific siRNA targeted mouse GS (si-GS: 5 ’-
CCACCTCAGCAAGTTCCCACTTGAA- 3’) and a scrambled
control siRNA that had no sequence homology to any known
genes (5’ - CCAGACTGAACCCTTTCACTCCGAA - 3’) were
designed and synthesized by Qiagen (Shanghai, China).

Knockdown of mTORC1 by shRNA
Plasmid pGCsi-U6-Neo-GFP-shRNA Expression Vector
(GeneChem) was used. We designed two pairs of
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complementary oligonucleotide sequences (shRNA#1 and
shRNA#2) according to the cDNA sequences of mTORC1
(GenBank Accession Number: NM_028022.2). The scrambled
control plasmid was a circular plasmid encoding a shRNA which
had the sequence not present in the mouse, human, or rat
genome databases. The sequences are shown below:

shRNA#1:

5 ’ - CACCGCAGTCGGTGCAAGTTCTTCACGAAT
GAAGAACTTGCACCGACTGC -3’

5’- AAAAGCAGTCGGTGCAAGTTCTTCATTCGTGAAG
AACTTGCACCGACTGC -3’

shRNA#2:

5’- CACCGGTACATCTCCATTGTCATGGCGAACCATGAC
AATGGAGATGTACC -3’

5’- AAAAGGTACATCTCCATTGTCATGGTTCGCCAT
GACAATGGAGATGTACC -3’
Real-Time PCR
Total RNAs were isolated using a peqGold Total RNA Kit
including DNase digestion

(Peqlab, Erlangen, Germany). RNAs were transcribed into
cDNAs using Omniscript

(Qiagen, Hilden, Germany). qPCR was performed using the
7900 HT Fast Real-Time

PCR system (Applied Biosystems, Darmstadt, Germany).
Expression levels were normalized to b-actin. Reactions were
done in duplicate using Applied Biosystems Taqman Gene
Expression Assays and Universal PCR Master Mix. The
relative expression was calculated by the 2 (-DDCt) method.
The primers are shown as follows:

GLS: Forward TTCGCCCTCGGAGATCCTAC

Reverse CCAAGCTAGGTAACAGACCCT

GS: Forward CTGAGTGGAACTTTGATGGCT

Reverse GGAAGGGGTCTCGAAACATGG

SLC1A5: Forward CATCAACGACTCTGTTGTAGACC

Reverse CTGGATACAGGATTGCGGTATTT

SLC7A5: Forward CTACGCCTACATGCTGGAGG

Reverse GAGGGCCGAATGATGAGCAG
Western Blotting Assays
Cell extracts were prepared according to the instruction of RIPA
buffer (Biotek Corporation, Beijing, China). Cell lysates were
collected by centrifugation at 12,000 rpm for 15min at 4°C, and
then transferred to clean microcentrifuge tubes. Protein
concentration was determined with Bradford reagent (Bio-
Rad), and equal amounts of proteins (60 mg) were run on a 10
or 15% SDS–PAGE gel and blotted onto polyvinylidene fluoride
membranes. After blocking for 1 h at room temperature with 5%
non-fat dry milk, membranes were incubated with primary
antibodies mouse anti-GS antibody (1:100, #ab64613, Abcam,
USA), rabbit anti-H3k4me2 (1:1,000, #9725S, Cell Signaling
Technology, USA), rabbit anti-LSD1 (1:1,000, #2139S, Cell
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Signaling Technology, USA), rabbit anti-p-mTOR (Ser2448)
(1:1,000, #9964T, Cell Signaling Technology, USA), rabbit anti-
mTOR (1:1,000, #9964T, Cell Signaling Technology, USA),
rabbit anti-mTORC1 (1:1,000, #9964T, Cell Signaling
Technology, USA), rabbit anti-tubulin (1:1,000, #2146S, Cell
Signaling Technology, USA), rabbit anti-b-actin antibody
(1:1,000, #8457S, Cell Signaling Technology, USA), or rabbit
anti-LaminB (1:1,000, #12255S, Cell Signaling technology, USA)
at 4°C overnight, respectively. After rinsed with TBST, the
membranes were incubated with HRP-conjugated secondary
antibodies goat anti-rabbit (1:2,000, #ZB-2301, ZSGB, China)
and goat anti-mouse (1:2,000, #ZB-2305, ZSGB, China). The
signals were stimulated with Enhanced Chemiluminescence
Substrate (#NEL105001 EA, PerkinElmer) for 1 min and
captured with a Bio-Rad ChemiDoc MP System (170–8280).

Hematoxylin and Eosin Staining
Adipose tissue, kidneys, spleens, and livers were collected from
mice. These tissues were fixed in 10% buffered formalin for 48 h
and immersed in 30% sucrose for 48 h. The tissues were then cut
into sections at an interval of 30 mm. The sections were then
deparaffinized, hydrated, washed, and stained with hematoxylin
and eosin (H&E) staining. Images were taken under a light
microscope (Leica, Germany).

Calculation of Inhibition Rates by 5FU
In Vitro and In Vivo
The cell viability was measured according to CCK8 assays. The
cell growth curve of each group was displayed in the observed
time period. The inhibition rate by 5FU was obtained by
calculating the percentage of 5FU-reduced area under the
curve in the observed time period. For example, the inhibition
rate of NM group in Figure 1B was obtained by calculating the
reduced-percentage of area (between the NM curve and NM+
5FU curve) relative to the area under the NM curve in the
observed time period in Figure 1A. In vivo, the tumor growth
curve of each group was recorded. Likewise, the inhibition rate
by 5FU was calculated as describe above.

Statistical Analysis
For in vitro and in vivo results and metabolome data, statistical
analysis was analyzed using SPSS 17.0 software (Version 17.0,
LEAD Technologies, Chicago, USA). These data were expressed
as mean ± SEM. Two-tailed unpaired Student’s t-test was utilized
to analyze data between two groups. One-way ANOVA was used
to analyze data among three groups with Turkey’s post hoc
analysis. *P < 0.05. **P < 0.01. ***P < 0.001.
RESULTS

Adipocytes Resist 5FU Efficacy in
CRC Treatment
To explore the mechanism linking adipocytes to 5FU efficiency,
we first collected the conditional medium (CM) of adipocytes
differentiated from 3T3-L1 cells to treat the mouse CRC cells
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(CT26 cells) undergoing 5FU treatment. We showed that CM,
but not normal medium (NM), notably weakened 5FU-induced
proliferation inhibition of CT26 cells (Figures 1A, B). In mouse
xenograft models, the inhibitory effect of 5FU on CT26-tumor
size was largely blocked by CM (Figures 1C, D). Tumor weight
reduced by 5FU was also rescued by CM (Figures 1E, F).
Moreover, the effect of CM on 5FU resistance was confirmed
by cell viability in human CRC cells like HCT-116 (Figures S1A,
B) and SW-480 (Figures S1C, D). Cell cycle arrest assay showed
that CM or 5FU did not affect cell cycle of CT26 cells. Whereas,
Annexin V apoptosis assay showed that CM reversed the
Frontiers in Oncology | www.frontiersin.org 518
stimulatory effect of 5FU on apoptosis (Figures S1E, F). These
results suggest that adipocytes induce chemoresistance to 5FU
treatment for CRC.

Adipocyte-Derived Glutamine Promotes
Resistance to 5FU Chemotherapy
Dysfunctional adipocytes can secrete cytokines and metabolites,
promoting proliferation, progression, and migration of cancer cells
(29). To explore which factors from adipocytes are involved in
chemoresistance to 5FU, we separated the CM of adipocytes into
two fractions: cytokine fraction (>3 kD) and metabolite fraction
A B

C D

E F

FIGURE 1 | Adipose cells resist 5FU efficacy in CRC treatment. (A) Cell viability of CT26 cells treated with conditional medium and 5FU (10 mmol/L) by CCK8
assays (n = 5). (B) The inhibition rates of 5FU were measured according to (A) (n = 5, *P < 0.05). (C) Adipose cells induce resistance of CT26-tumors to 5FU
treatment. CT26 cells (1.0 × 106) were subcutaneously implanted in BALB/c mice. The treatment with 5FU and/or the conditional medium including NM, CM, and
CM (5FU) was initiated when the tumor size reached to around 0.5 cm in diameter. The tumor size was measured dynamically. (D) The inhibition rates based on (C)
were calculated (n = 5, **P < 0.01). (E) The representative images of CT26 tumors (on day 17) from the mice as described in (C). (F) Weight of CT26 tumors (on day
17) from the mice as described in (C) (n = 5, **P < 0.01).
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(<3 kD). The inhibition rate by 5FU in CT26 cells was significantly
reduced by metabolite fraction (<3 kD) rather than cytokine
fraction (>3 kD) (Figures 2A, B). Then, we performed
metabolomics analysis of fat tissues from the peritoneum of the
peritoneal metastasis model and the in situ CRC model. We found
that the Gln level was markedly increased in fat tissues in the CRC-
PC model compared with the in situ CRC model (Figure 2C),
indicating that Gln might induce chemoresistance to 5FU therapy,
leading to PC. To verify this hypothesis, we tested the cell viability of
CT26 cells treated with Gln or PBS. The data showed that Gln
resisted 5FU-induced cell growth inhibition in CT26 cells
(Figures 2D, E). In addition, the tumor weight was increased in
Gln-treated intraperitoneal xenografts compared with PBS-treated
intraperitoneal xenografts under the treatment of 5FU (Figure 2F),
demonstrating the desensitizing effect of Gln on 5FU therapy.
Moreover, we also verified that Gln induced resistance to 5FU
chemotherapy in human CRC cells SW-480 (Figures S2A, B) and
Frontiers in Oncology | www.frontiersin.org 619
HCT-116 (Figures S2C, D). In mouse subcutaneous xenograft
models, the 5FU-reduced tumor weight was rescued by Gln, while
Gln alone did not affect tumor weight (Figures S2E, F).

Adipocytic Gln Synthetase Promotes
Chemoresistance to 5FU Therapy
in CRC-PC
Given that Gln level can be regulated by enzymes GS and
glutaminase (GLS) and amino acid transporters SLC1A5
and SLC7A5 (30), and that cancers cause dysregulation of GS
and GLS (16), we detected relative mRNA levels of GLS, GS,
SLC1A5, and SLC7A5 in fat tissues of mice with CRC or those of
mice with CRC-PC by qPCR to evaluate the changes of Gln
metabolism in CRC-PC. We found that GS expression was
higher in the fat tissue from the peritoneum of the CRC-PC
model compared with the in situ CRC model, while the
expressions of GLS, SLC1A5, and SLC7A5 did not differ between
A B C

D E F

FIGURE 2 | Adipocyte-derived glutamine (Gln) promotes resistance to 5FU chemotherapy in mouse CRC cells. (A) CM was separated into two fractions based on
size: CM-(<3 KD) and CM-(>3 KD). The cell viability of CT26 cells treated with CM, CM-(<3 KD) or CM-(>3 KD) plus with/without 5FU (10 mmol/L) was measured.
(B) The growth inhibition rates by 5FU were calculated according to (A) (n = 5, **P < 0.01). (C) Left, heatmap showing differential metabolic profiles of fat tissues
from the peritoneum of the in situ CRC mode (CRC) (n = 3) and the peritoneal metastasis model (CRC-PC) (n = 3). The color represents the metabolite concentration
of each sample calculated by peak area normalization method. Right, fold change of Gln level between the CRC-PC and the CRC group (n = 3, ***P < 0.001). (D)
Cell viability of CT26 cells treated with 5FU (10 mmol/L), Gln (2 mM) or Gln (2 mM) plus 5FU (10 mmol/L). (E) Inhibition rates by 5FU according to the data in (D) (n =
5, **P < 0.01). (F) Gln-induced chemoresistance to 5FU. Left, tumor growth in peritoneal xenografts. Right, tumor weight. The tumors were isolated and weighed on
day 17 (n = 5, **P < 0.01).
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the two groups (Figure 3A). We also detected the relative protein
levels of GS by Western blot. In accordance with the mRNA level,
the relative protein level was increased in the fat tissue from the
peritoneum of the CRC-PC model compared with the in situ CRC
model (Figures 3B, C). Next, we generated adipocyte-specific GS-
expressing transgenic mice (TgGS) and verified increased protein
and mRNA levels of GS in TgGS mice compared with WT mice
(Figures S3A, B). We also verified an increase in adipose-specific
GS mRNA levels (Figure S3C). H&E staining of adipose, kidney,
spleen, and liver showed no apparent difference between WT and
TgGS mice (Figure S3D). Next, we established xenograft models in
TgGS mice. The inhibition rates by 5FU showed no difference
between 5FU-treated WT mice and 5FU-treated TgGS mice
(Figures 3D, E). WT mice and TgGS mice were intraperitoneally
inoculated with MC38 cells and treated with PBS or 5FU for 2
weeks. The tumor weight was reduced in 5FU-treated WT mice
compared with non-treated WT mice, whereas 5FU-treated TgGS
Frontiers in Oncology | www.frontiersin.org 720
mice showed no difference with non-treated TgGS mice in tumor
weight (Figures 3F, G). L2A, an antagonist of GS, was given to
5FU-treated TgGS mice. We found that the tumor growth was
reduced in L2A+5FU-treated TgGS mice compared with 5FU-
treated TgGS mice (Figure 3H). Further, GS was silenced by
siRNA in adipocytes differentiated from 3T3-L1 cells, which was
verified by the decreased GS mRNA level in si-GS-treated cells
compared with si-NC-treated mice (Figure S4A). As expected, si-
GS also reduced the relative glutamine level compared with si-NC
(Figure S4B). In addition, CM from si-GS-treated adipocytes
significantly increased 5FU-induced growth inhibition of CT26
cells compared with CM from si-NC-treated adipocytes (Figure
S4C). The inhibition rates by 5FU were also reserved by CM from
si-GS-treated adipocytes (Figure S4D). In mouse xenograft models,
the resistance to 5FU on CT26 tumor weight was reversed by CM
(si-GS) (Figure S4E). Those results indicate that adipocytic GS
induces chemoresistance to 5FU treatment for CRC-PC.
A B
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FIGURE 3 | Adipocytic glutamine synthetase (GS) promotes chemoresistance to 5FU therapy in CRC-PC. (A) qPCR detecting relative mRNA levels of GLS, GS,
SLC1A5, SLC7A5 in fat tissues from the peritoneum of the CRC model (n = 3) and CRC-PC (n = 3) **P < 0.01. (B) The protein levels of GS in the CRC-PC model
and the CRC model were measured with Western blot. (C) The relative protein levels of GS in (B) were calculated (n = 3, *P < 0.05). (D) The representative images
of MC38 tumors (on day 17) from the PBS-treated WT and GS transgenic (TgGS) mice, 5FU-treated WT and TgGS mice. (E) The growth inhibition rates by 5FU in WT
and TgGS mice (n = 5). (F) WT mice and TgGS mice were intraperitoneally inoculated with MC38 cells, and treated with PBS or 5FU for 2 weeks, respectively. Then,
the representative images of the mice-bearing tumors were showed. Arrow heads, tumors. (G) The tumors in (F) were isolated and weighed (n = 3, **P < 0.01). (H)
Left, TgGS mice were intraperitoneally inoculated with MC38 cells, and treated with 5FU or 5FU+L2A, respectively. Arrow heads, tumors. Right, the tumors were
isolated and weighed (n = 3, **P < 0.01).
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Loss of H3k4me2 Increases GS
Expression in Adipose Cells
To detect metabolite changes induced by GS overexpression, we
collected fat tissue samples from WT mice and TgGS mice and
performed metabolomics. OPLS-DA score was calculated for
each sample (Figure S5A), and differential metabolites of
samples from WT mice and TgGS mice are shown in Figure
S5B. The metabolomic data showed differentially expressed
amino acid metabolites associated with the methionine cycle
including methionine (Met), cysteine (Cys), S-carboxymethyl-L-
cysteine, S-Adenosyl methionine (SAM), and adenosine (fold
change > 2, P< 0.05) (Figure 4A). In the methionine cycle, Met is
converted to SAM, the donor for epigenetic methylation, via
methionine adenosyl-transferase. The methyl group is
transferred to S-carboxymethyl-L-cysteine from SAM via
methyltransferase (Figure 4B). SAM also provides methyl
groups for DNA histone methylation (31). To explore the
influence of CRC or 5FU treatment on histone methylation, we
evaluated the expressions of several common histone
methylation markers H3K4me2, H3K4me3, H3K9me2,
H3K27me2, and H3K79me2 by Western blot in mouse adipose
cells in vitro. The expression of H3k4me2, dimethylation at
Frontiers in Oncology | www.frontiersin.org 821
lysine 4 of histone H3, was reduced in mouse adipose cells
cultured with CT26 cell supernatants compared with ones
cultured with NM, while the expression of H3 did not differ
between CT26 cell supernatant-treated adipocytes and NM-
treated adipocytes (Figure 4C). LSD1 is a histone H3k4me2
demethylase, and we measured the expression of LSD1 in mouse
adipocytes by Western blot. As expected, the expression of LSD1
was increased in adipocytes cultured with CT26 cell supernatants
compared with ones cultured with NM. H3k27me2,
dimethylation at lysine 27 of histone H3, showed reduced
expression under 5FU treatment but no apparent difference in
expressions when cultured with CT26 supernatants or NM
(Figure S5C). The expressions of H3k4me3, H3k9me2, and
H3k79me2 were affected by neither 5FU treatment nor CT26
supernatants. As expected, the expression of GS was increased in
mouse adipose cells cultured with CT26 cell supernatants
compared with adipose cells cultured with NM under the
treatment of 5FU or non-treatment. GSK-LSD1 is a potent
inhibitor of LSD1 and the inhibitory effect of GSK-LSD1 was
confirmed by Western blot. Under the treatment of GSK-LSD1,
the H3k4me2 expression was increased and the GS expression in
adipocytes was reduced in a dose-dependent manner
A B C

D E F

FIGURE 4 | Loss of H3K4me2 increases GS expression in adipose cells. (A) Fold change of individual amino acid (AA) omitted from PC of WT and TgGS mice
(n = 3, *P < 0.05, **P < 0.01). (B) Schematic diagram of methionine cycle. (C) The protein levels of GS, LSD1, H3K4me2, and H3 in non-treated or 5FU-treated
mouse adipose cells cultured with NM or CT26 cell supernatants were measured with Western blot. (D) WT mice and TgGS mice were intraperitoneally inoculated
with MC38 cells and treated with 5FU or 5FU+GSK-LSD1 for 2 weeks, respectively. Then, the representative images of the mic-bearing tumors were showed. Arrow
heads, tumors. (E) The tumors in (D) were isolated and weighed (n = 5, **P < 0.01). (F) Kaplan-Meier curves for the survival of 5FU-treated or 5FU+GSK-LSD1-
treated WT mice or TGGS mice after MC38 tumor cell inoculation plotted against time (days after injection) (n = 10, **P < 0.01).
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(Figure S5D). GSK-LSD1 also reduced the secretion of Gln in
the supernatant of CT26 cells (Figure S5E). Furthermore, we
demonstrated that the supernatant from MC38 suppressed
expression of H3k4me2 in adipocytes, and this effect was
rescued by GSK-LSD1 (Figure S5F). To evaluate the effect of
H3k4me2 on GS-induced chemoresistance to 5FU, we
administered GSK-LSD1 to tumor xenograft TgGS mice and
treated the mice with 5FU. Under the treatment of 5FU, the
tumor weight of tumor xenograft TgGS mice was increased
compared with WT mice, indicating GS-induced resistance to
5FU treatment. After administrating GSK-LSD1, the effect of GS
on drug resistance was blocked (Figures 4D, E). In addition,
after MC38 tumor cell inoculation, TgGS mice with 5FU+GSK-
LSD1 treatment showed better survival than TgGS mice with 5FU
treatment (Figure 4F). Those results suggest that loss of
H3k4me2 increases GS expression and GS-induced
chemoresistance to 5FU therapy for CRC.

Tumor Cells Outcompete Adipose Cells for
Gln via mTORC1
Amino acid metabolism has been shown to participate in mTOR
signaling (32, 33). To detect whether mTOR signaling is involved in
adipocyte and GS-induced chemoresistance of CRC to 5FU, we
established co-culture models of adipocytes and CRC tumor cells
using mouse adipocytes differentiated from 3T3-L1 cells AD co-
cultured with mouse tumor cell lines B16, CT26, and MC38,
respectively. Then we utilized Western blot to measure relative
protein levels of mTOR and p-mTOR. In the co-culture system, the
relative protein level of p-mTOR (Ser2448) was higher in B16 cells,
CT26 cells, and MC38 cells than in AD cells (Figures 5A, B),
indicating that mTOR activation is increased in tumor cells.
Furthermore, the expression of GS was increased in fat tissue of
peritoneal in the CRC-PC model compared with that in the CRC
model, while the expression of H3k4me2 was reduced in mice with
CRC-PC compared mice with in situ CRC, p-mTOR no apparent
difference in expressions (Figure S6A). To detect which of the two
multi-protein complexes mTORC1 and mTORC2 has an effect on
CRC cell survival, we added regulatory-associated protein of mTOR
(Raptor) or rapamycin-insensitive companion of mTOR (Rictor),
the component of mTORC1 and mTORC2, respectively (34), to
CT26 cells. We found that Raptor, but not Rictor, inhibited survival
rate of CT26 cells (Figure S6B). Then we knocked down mTORC1
by shRNA and verified it using Western blot (Figure S6C). The
survival rate of CT26 cells was inhibited by mTORC1 shRNAs
(Figure S6D). Moreover, tumor growth was also inhibited by
mTORC1 shRNAs in mouse xenograft models (Figures S6E, F).
Rapamycin, a selective mTOR inhibitor, was added to CM-treated
CT26 cells for detecting whether mTOR was involved in
chemoresistance to 5FU treatment. We found that the combined
treatment of 5FU+Rapamycin had a stronger inhibitory effect on
CT26 cell proliferation than 5FU treatment alone (Figure 5C),
indicating that mTOR activationmediates resistance to 5FU therapy
for CRC. Further, mouse tumor xenograft models were established
in TgGS mice (Figure 5D). 5FU+Rypamycin reduced the tumor
weight of xenograft TgGS mice compared with 5FU treatment alone
(Figure 5E). In addition, after MC38 tumor cell inoculation, TgGS
Frontiers in Oncology | www.frontiersin.org 922
mice with 5FU+Rapamycin treatment showed better survival than
TgGS mice with 5FU treatment (Figure 5F). These results suggest
that mTOR activation mediated GS-induced chemoresistance to
5FU therapy for CRC.
DISCUSSION

Our present study reveals a novel mechanism of chemoresistance
of CRC-PC to 5FU therapy. In the TME of CRC-PC, tumor cells
outcompete adipocytes for Gln, leading to Gln deficiency. We
show that this change in the TME induces GS upregulation in
adipocytes, increasing the production of Gln, which promotes
resistance of tumor cells to 5FU chemotherapy, a process
mediated by mTOR activation. We also show that abnormal
methionine metabolism in adipocytes may lead to altered
H3k4me2 expression, which contributes to GS upregulation
and chemoresistance to 5FU (Figure 6).

TME is a potential therapeutic target for metastasis and drug
resistance (35, 36). TME consists of different cell types surrounding
tumor cells, includingfibroblasts, immune cells, endothelial cells, and
adipocytes. The diversity of phenotypes in TME components may
contribute to resistance to some therapies (36). Among TME
components, adipocytes play an active role in chemoresistance. In
ovarian cancer cells with adipocyte co-culture, adipocyte-induced
demethylation reprograms cancer cell metabolism and promotes
resistance to chemotherapy (37). In vivo studies have reported that
adipocytes promote the metastasis of breast cancer (38, 39). In the
current study, we displayed the pivotal role of adipocytes in
promoting resistance to 5FU chemotherapy for CRC-PC. Some
possible mechanisms underlying adipocytes-induced peritoneal
metastasis include induction of angiogenesis via the CXCL2-
VEGFA axis (40), activation of the PI3K/AKT/mTOR pathway by
producingMCP-1 (41),upregulationofCD36 in tumorcells (42), and
fatty acid metabolic reprogramming (43). Adipocytes also play key a
role in drug resistance. The underlying mechanisms may include
adipose hypoxia (44), alteration of pharmacokinetics (45, 46),
variation of metabolic program (47, 48), production of tumor-
promoting growth factors and cytokines (45), enhancement of
cancer fibrosis (49), change of microbiota (50), generation of drug-
resistant cancer stem cells (42), and cell-matrix adherence (51). Here
we show a potential mechanism related to Gln metabolism.

Gln, the most abundant free amino acid in the human body,
plays essential roles in various metabolic pathways and is
involved in mitochondrial dysfunction and tumor cell
proliferation (52). Gln metabolism is reprogrammed and plays
an essential role in cancer (53). Alternations in amino acid
metabolism in cancer result from increased nutritional
demands of tumor cells for energy (54). In the present study,
CRC cells outcompete adipocytes for Gln, thereby inducing
adipocytes producing more Gln. We show that Gln is higher in
fat tissue of patients with CRC-PC than in that of patients with
CRC, suggesting the role of Gln in cancer metastasis. In human
colon cancer cell lines, Gln promotes proliferation and inhibits
differentiation, inducing a more aggressive phenotype (55). In
the present study, we also demonstrated the desensitizing effect
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of Gln on 5FU treatment in mouse xenograft models. Drug
resistance has been shown to be associated with amino acid
metabolism (54), and Gln metabolism participates in resistance
to chemotherapy in CRC (56).

GS is an ATP-dependent metalloenzyme that converts
glutamate and ammonia to Gln. GS also contributes to
endothelial cell motility and migration, promoting pathological
angiogenesis (57). An increasing number of studies have revealed
important roles of GS in cancers. The expression of GS was
shown to be increased in liver, skeletal muscle, and kidney of rats
implanted subcutaneously with fibrosarcoma (58, 59). GS
overexpression was detected also in human primary liver
cancers (60). Resistant hepatoma cell lines have more GS
expression than sensitive cell lines (61). GS protein and mRNA
levels were also increased in human breast cancer cell lines (62).
Genetic deletion of macrophagic GS in tumor-bearing mice
inhibited tumor metastasis (63). The current study shows that
the protein level and mRNA level of GS are increased in fat tissue
of patients with CRC-PC compared with that of patients with
CRC. In addition, we displayed the stimulatory effects of GS on
chemoresistance to 5FU therapy in mouse xenograft models.
Frontiers in Oncology | www.frontiersin.org 1023
Further, our study revealed a mechanism of adipocytic GS-
induced chemoresistance in CRC-PC via mTOR activation, in
accordance with a precious study showing that Gln-dependent
mTOR activation promotes chemoresistance in pancreatic
cancer cells in vitro and in vivo (15). Amino acids can signal to
mTORC1 and are the most crucial factors for mTORC1
activation (64, 65), but the mechanism remains largely unknown.

Alterations in histone methylation have a global influence on
drug resistance in ovarian cancer cells (66, 67). In the present
study, reduction of histone H3k4me2 methylation was observed
in CRC cells and attributed to GS-induced chemoresistance to
5FU therapy, in accordance with a previous study which showed
that H3k4me2 demethylation played an important role in CRC
progression (68). In gastric cancer, LSD1 specifically catalyzed
the demethylation of mono- and di-methylated H3k4me2,
participating in many pathological processes of cancer,
including proliferation, apoptosis, and metastasis (69).
Overexpression of LSD1 has been proved in numerous cancers,
and high level of LSD1 causes tumor aggressiveness and poor
prognosis. Previous studies have also shown the synergistic
antitumor effect of 5FU with the novel LSD1 inhibitor in
A B C

D E F

FIGURE 5 | Tumor cells outcompete adipose cells for glutamine via mTORC1. (A) The protein levels of mTOR and p-mTOR (ser2448) in AD, B16, CT26, and MC38
cells were measured with Western blot. (B) The relative protein levels of mTOR and p-mTOR in (B) were calculated (n = 3, *P < 0.05, **P < 0.01). (C) Cell viability of
CT26 cells treated with CM CM+5FU (10 mmol/L), CM+Rapamycin, or CM+5FU+Rapamycin by CCK8 assays (n = 5). (D) Mice were intraperitoneally inoculated with
CT26 cells which were treated with 5FU, Rapamycin, or 5FU+Rapamycin, respectively. Then, the representative images of the mice-bearing tumors were shown.
Arrow heads, tumors. (E) The tumors in (D) were isolated and weighed (n = 5, **P < 0.01). (F) Kaplan-Meier curves for the survival of 5FU-treated or 5FU+
Rapamycin -treated TGGS mice after MC38 tumor cell inoculation plotted against time (days after injection) (**P < 0.01).
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colorectal cancer. However, whether LSD1 regulated by GS-Gln
axis is far from well understood. The LSD1 inhibitor GSK-LSD1
exerted a great potential in translational medicine.

Taken together, the present study identifies an underlying
mechanism of chemoresistance to 5FU therapy in CRC-PC via
GS upregulation in adipocytes with subsequent release of Gln.
Our findings demonstrate a crosstalk between histone
methylation and GS metabolism in adipocytes and suggest that
tumor methionine metabolism may be an efficient target for
inhibiting adipocyte-induced chemoresistance in CRC-PC.
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Executive Summary of Clinical and
Technical Guidelines for Esophageal
Cancer Proton Beam Therapy From
the Particle Therapy Co-Operative
Group Thoracic and Gastrointestinal
Subcommittees
Michael D. Chuong1†, Christopher L. Hallemeier2†, Heng Li3, Xiaorong Ronald Zhu4,
Xiaodong Zhang4, Erik J. Tryggestad2, Jen Yu1, Ming Yang4, J. Isabelle Choi5,
Minglei Kang5, Wei Liu6, Antje Knopf7, Arturs Meijers7, Jason K. Molitoris8,
Smith Apisarnthanarax9, Huan Giap10, Bradford S. Hoppe11, Percy Lee4, Joe Y. Chang4,
Charles B. Simone 2nd5 and Steven H. Lin4*on behalf of the International Particle Therapy
Co-operative Group (PTCOG) Thoracic Gastrointestinal Subcommittees

1 Department of Radiation Oncology, Miami Cancer Institute, Miami, FL, United States, 2 Department of Radiation Oncology,
Mayo Clinic, Rochester, MN, United States, 3 Department of Radiation Oncology, Johns Hopkins University, Baltimore, MD,
United States, 4 Department of Radiation Oncology, MD Anderson Cancer Center, Houston, TX, United States, 5 Department
of Radiation Oncology, New York Proton Center, New York, NY, United States, 6 Department of Radiation Oncology, Mayo
Clinic, Scottsdale, AZ, United States, 7 Department of Radiation Oncology, University of Groningen, Groningen, Netherlands,
8 Department of Radiation Oncology, University of Maryland, Baltimore, Baltimore, MD, United States, 9 Department of
Radiation Oncology, University of Washington, Seattle, WA, United States, 10 Department of Radiation Oncology, University
of Miami, Miami, FL, United States, 11 Department of Radiation Oncology, Mayo Clinic, Jacksonville, FL, United States

Radiation therapy (RT) is an integral component of potentially curative management of
esophageal cancer (EC). However, RT can cause significant acute and late morbidity due
to excess radiation exposure to nearby critical organs, especially the heart and lungs.
Sparing these organs from both low and high radiation dose has been demonstrated to
achieve clinically meaningful reductions in toxicity and may improve long-term survival.
Accruing dosimetry and clinical evidence support the consideration of proton beam
therapy (PBT) for the management of EC. There are critical treatment planning and delivery
uncertainties that should be considered when treating EC with PBT, especially as there
may be substantial motion-related interplay effects. The Particle Therapy Co-operative
Group Thoracic and Gastrointestinal Subcommittees jointly developed guidelines
regarding patient selection, treatment planning, clinical trials, and future directions of
PBT for EC.

Keywords: esophageal cancer, proton beam therapy (PBT), chemoradiation, pencil beam scanning, passive
scatter proton
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INTRODUCTION

Chemoradiotherapy (CRT), delivered either preoperatively or
definitively, is critical for the management of locally advanced
esophageal cancer (EC) (1, 2). Because of the central anatomic
location of the esophagus, organs at risk (OARs) within the chest
and upper abdomen receive unintended radiation dose to
potentially large volumes when treating with x-ray therapy
(XRT), and this may lead to serious acute and/or late toxicities.
As such, more conformal XRT techniques like intensity-
modulated radiation therapy (IMRT) have been shown to
potentially improve clinical outcomes including overall survival
(OS) by reducing heart dose and the risk of cardiac death
compared to 3D conformal radiation therapy (3DCRT) (3).

For nearly all cases, proton beam therapy (PBT) significantly
reduces normal organ dose compared with 3DCRT and IMRT.
Proton beams carry charged particles that have relatively low doses
in the path proximal to the tumor and deposit most of their energy
around the end of its path, called theBragg peak, the depth ofwhich
is determined by the specific energy imparted to the protons, while
theOARs beyond the tumor receive essentially nodose. In contrast,
the interaction of an x-ray beam within tissue has a relatively
superficial dose build-up region and then exponential reduction
in dose with increasing depth. Given the excellent conformality of
bothmodern PBTandXRT, the difference in dose to normal tissues
is most pronounced at low and moderate levels rather than higher
doses at or near prescription dose.

The dosimetric advantages of PBT versus XRT were first
demonstrated using the passive scattering (PS) technique, in
which apertures and compensators shape the diverging proton
beam to achieve appropriate target conformality laterally and
distally, respectively. However, a limitation of PS-PBT is reduced
conformality proximal to the target. Pencil beam scanning, also
commonly referred to as intensity-modulated proton therapy
(IMPT), is a modern technique in which “spots” of protons are
directed by steering magnets across multiple dose layers, achieving
excellent conformality including proximal to the target. Despite
these dosimetric advantages, there are a number of PBT planning
and delivery uncertainties that should be considered andmitigated
using thoughtful treatment planning and delivery techniques.

Prospective and retrospective studies have demonstrated that
PBT for EC is well tolerated and clinical benefit may be achieved
by significantly reducing normal organ dose (4). With mounting
clinical evidence in support of PBT for EC, coupled with an
increasing number of PBT centers worldwide, a standardized
approach of robust PBT planning and treatment delivery is
needed. To meet this growing need, the Particle Therapy Co-
Operative Group (PTCOG) Thoracic and Gastrointestinal
Subcommittees have jointly generated evidence-based PBT
guidelines for EC, highlighting the supporting clinical evidence
and recommended treatment planning approaches.
DOSIMETRIC ADVANTAGES OF PBT

The central anatomic location of the thoracic esophagus makes
PBT particularly attractive for reducing normal organ dose
Frontiers in Oncology | www.frontiersin.org 228
(Table 1). In 2008, Zhang et al. were among the first to
demonstrate that thoracic OARs could be better spared with
PBT as compared to XRT while maintaining excellent target
coverage (5). Subsequent comparisons have demonstrated that
PBT consistently achieves ≥30%–60% relative reductions in
mean heart dose and ≥30%–60% relative reductions in heart
V20–V40 compared to IMRT or 3DCRT (6–17). Moreover, PBT
achieves ≥40%–60% relative reduction in mean lung dose and
≥30%–50% relative reduction in lung V20. For example, in a
study of 55 patients planned to 50.4 Gy in 28 fractions with PS-
PBT (typically using a posterior beam and a left lateral beam,
weighted 2:1) or IMRT, the PBT plans resulted in significantly
lower mean dose to the heart (13.0 vs. 19.9 Gy) and lung (6.3 vs.
9.3 Gy) (8). However, because of the 3D planning approach used
for PS-PBT, heart V40 was higher with PS-PBT versus IMRT,
owing to the greater conformality index of IMRT.

IMPT offers improved conformality over PS-PBT with
reduction in higher dose to normal tissues. Shiraishi et al.
evaluated dosimetric outcomes in 727 EC patients who received
PS-PBT (n=237), IMPT (n=13), or IMRT(n=477) (9). IMPTwas
associated with significantly lower dose to the heart and various
cardiac substructures (left atrium, right atrium left main coronary
artery, left circumflex artery) compared to PS-PBT.

In addition to heart and lung sparing, PBT also markedly
reduces liver dose compared to XRT. In an evaluation of 10
patients with distal EC who were prescribed 50.4 Gy in 28
fractions, the mean liver dose was 3.6 Gy with PS-PBT
compared to 18.1 Gy with IMRT (p = 0.001) and 20.3 Gy with
3DCRT (p = 0.001) (7). Other studies have consistently reported
relative mean liver dose reductions of at least 60%–80% and
mean liver doses of approximately 5 Gy or less (6, 7, 10).

PBT beam arrangement is an important consideration when
evaluating dosimetric differences compared to XRT, especially with
respect to the heart and lungs. Welsh et al. evaluated three PBT
arrangements (AP/PA, LPO/RPO, and AP/LPO/RPO) and found
that the most significant heart sparing was achieved using an LPO/
RPO approach (mean: 11.9 vs. 21.2 Gy; V30: 17% vs. 25%), while
much smaller reductions were observed when PBT was planned
usingAP/PA beams (mean: 19.9 vs. 21.2 Gy; V30: 23% vs. 25%) (6).
On the other hand, PBT plans using AP/PA beams achieved
substantially lower lung dose than LPO/RPO plans (mean: 3.2 vs.
8.3 Gy; V20: 7% vs. 14%). These findings are supported by an
analysis from Shiraishi et al. in which certain beam arrangements
(especially AP/PA) were associated with high mean heart dose on
multivariable linear regression analysis (9). Superior–inferior
posterior beams may provide better heart, lung, and liver sparing
than LPO/RPObeams (18). Thus, clinical judgment should be used
to guide PBT treatment planning with regard to prioritizing OAR
sparing and achieving themost clinically appropriate dosimetry for
each patient.
CLINICAL PBT OUTCOMES

Neoadjuvant and Definitive
The published literature describing clinical outcomes of PBT has
expanded over the past decade, including both prospective and
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retrospective evidence that EC patients receive clinically
meaningful benefit (Table 2) (4, 13, 19, 23, 24).

In a retrospective study compiling data from three institutions
comparing neoadjuvant 3DCRT, IMRT, or PBT with concurrent
chemotherapy before esophagectomy, PBT was associated with
lower rates of pulmonary and wound healing complications (19).
Length of hospitalization was significantly reduced in the PBT
group as compared to the XRT cohort, likely a result of reduced
postoperative complications. While acute cardiac events were
greater in the 3DCRT group, there were no differences between
PBT and IMRT. A recent study analyzed cardiovascular events in
479 EC patients treated using IMRT or PBT, in which 18% of
patients developed major grade 3+ cardiovascular events with a
median followupof 76months.Cardiovascular events occurred at a
median of 7 months after CRT, the majority of which (81%)
occurred within the first 2 years after completing CRT (24). The
strongest factors associated with increased risk of grade 3+ events
were pre-existing cardiovascular disease and the use of IMRT (vs.
PBT). Among patients with pre-existing heart disease, the use of
PBT was associated with a significantly lower event rate at 2 years
compared to IMRT (11 vs. 30%; p = 0.0018). In addition, a
prospective registry study of 125 patients with EC receiving CRT,
patients receiving PBS-PT (vs. IMRT) had better preservation of
health-related quality of life as assessed by the Functional
Assessment of Cancer Therapy-Esophagus (FACT-E)
questionnaire during CRT (20).

PBTis expected todeliver radiationdose to a lower volumeof the
total blood pool compared to XRT, and because of the exquisite
radiosensitivity of circulating lymphocytes, this difference may be
clinically significant (25, 26). For example, a propensity-matched
analysis by Shiraishi and colleagues for 480 EC patients
demonstrated a markedly higher incidence of grade 4
lymphopenia among patients receiving IMRT compared to PBT
(40.4% vs. 17.6%; p < 0.0001) (27). Investigators from the Mayo
Clinic more recently presented similar findings showing a strong
association between reduced severe lymphopenia with PBT (28).

Recently, investigators at MD Anderson Cancer Center
published results of a phase 2 randomized trial conducted
comparing PBT (80% PS-PBT, 20% IMPT) and IMRT (29). The
study co-primary endpoints were progression-free survival (PFS)
and a novel endpoint called total toxicity burden (TTB), which is a
composite index of 11 distinct toxicities of varying grades from the
start of CRT up to 1 year. Although the study closed early with 107
patients, it showed a significant improvement in the overall TTB
score for PBT by 2.5-fold and a reduction in TTB by 7.6-fold for
postoperative complications,without adifference inPFSorOS.This
is the first proton versus photon randomized trial across all disease
sites with a positive primary endpoint favoring PBT (30). NRG-
GI006 (NCT03801876) is a phase 3 randomized controlled trial
comparing PBT and IMRT for EC that is currently enrolling
patients with the hypothesis that dosimetric advantages of PBT
will translate into meaningful clinical benefit. Other prospective
clinical trials are ongoing as summarized in Table 3.

Reirradiation
For patients with recurrent or de novo EC occurring in the
context of prior thoracic RT reirradiation can be considered,
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although the risks of severe late adverse effects can be significant
(31). PBT is expected to achieve a potentially large reduction in
cumulative doses to critical OARs, including the spinal cord,
heart, lungs, proximal bronchial tree, and liver (32–34). Several
Frontiers in Oncology | www.frontiersin.org 430
cohort studies have demonstrated feasibility and encouraging
early clinical outcomes with PBT reirradiation for EC (Table 4)
(31, 33, 35, 36). Most recently, DeCesaris et al. reported
outcomes in a retrospective cohort of 37 patients treated with
TABLE 2 | Select studies of clinical outcomes comparing proton beam therapy vs. x-ray therapy for esophageal cancer.

Author No. of patients
(RT modality)

Study type Treatment
intent

Follow-
up time

Survival Toxicity or QOL outcomes

Makishima
et al. (11)

44
(19 XRT, 25 PBT)

Retrospective
cohort

Definitive NR N/A Grade 2+ pulmonary: XRT 18.2%, PBT 0%;
Grade 2+ cardiac: XRT 52.6%, PBT 4.0%.

Xi et al.
(13)

343
(211 IMRT, 132
PBT)

Retrospective
cohort

Definitive 65.1
months

5-year OS: IMRT 31.6% vs. PBT
41.4% (p = 0.011);
5-year PFS: IMRT 20.4% vs. PBT
34.9% (p = 0.001);
5-year DMFS: IMRT 48.6% vs.
PBT 64.9% (p = 0.031)

Grade 3–4: IMRT 45.0% vs. PBT 37.9% (p =
0.192);
Grade 5: IMRT 1.9% vs. PBT 0.8% (p = 0.653).

Lin et al.
(19)

580
(214 3DCRT, 255
IMRT, 111 PBT)

Retrospective
cohort

Neoadjuvant NR N/A Pulmonary complications: 3DCRT 39.5% vs. IMRT
24.3% vs. PBT 16.2% (p < 0.001);
Cardiac complications: 3DCRT 27.4% vs. IMRT
11.7% vs. PBT 11.7% (p < 0.001);
Wound complications: 3DCRT 15.3% vs. IMRT
14.1% vs. PBT 4.5% (p = 0.014);
Mean LOS: 3DCRT 13.2d vs. IMRT 11.6d vs. PBT
9.3d (p < 0.0001).

Garant
et al. (20)

128 (63 XRT, 62
IMPT)

Prospective
registry

Definitive and
Neoadjuvant

NR NR FACT-E PRO: less mean decline in PRO scores in
PBT vs. XRT (−12.7 vs. −20.6, p = 0.026).

Routman
et al. (21)

144
(65 XRT, 79 PBT)

Retrospective
cohort

Definitive and
Neoadjuvant

NR N/A G4L: XRT 56% vs. PBT 22% (p < 0.01).

Davuluri
et al. (22)

504 (317 IMRT,
187 PBT)

Retrospective
cohort

Definitive and
Neoadjuvant

32.1
months

Median OS with or without G4L:
2.8 years vs. 5.0 years (p = 0.027);
Median PFS with or without G4L:
1.1 years vs. 5.4 years (p < 0.001)

G4L: IMRT: 33% vs. PBT 15.5% (p < 0.001).

Lin et al.
(23)

107
(61 IMRT, 46
PBT)

Prospective
phase 2
randomized

Definitive and
Neoadjuvant

44.1
months

3-year OS: IMRT 50.8% vs. PBT
51.2% (p = 0.60);
5-year PFS: IMRT 44.5% vs. PBT
44.5% (p = 0.70)

Mean TTB: IMRT (39.9; 95% highest posterior
density interval, 26.2–54.9) vs. PBT (17.4; 10.5–
25.0);
Mean POC score: IMRT (19.1; 7.3–32.3) vs. PBT
(2.5; 0.3–5.2).
3DCRT, three-dimensional conformal radiation therapy; IMRT, intensity modulated radiation therapy; PBT, proton beam therapy; IMPT, intensity-modulated proton therapy; NR, not
reported; OR, odds ratio; XRT, X-ray (photon) radiation therapy; LOS, length of hospital stay; OS, overall survival; PFS, progression-free survival; DMFS, distant metastatic-free survival;
G4L, grade 4 lymphopenia; FACT-E PRO, Functional Assessment of Cancer Therapy-Esophagus Patient Reported Outcomes; TTB, total toxicity burden; POC, postoperative
complication.
TABLE 3 | Clinical trials of proton beam therapy for esophageal cancer.

NCT ID Title Phase Status Outcome Measures Institution

02213497 Dose Escalation of Neoadjuvant Proton Beam
Radiotherapy with Concurrent Chemotherapy in Locally
Advanced Esophageal Cancer

I Recruiting Adverse events Abramson Cancer
Center, University of
Pennsylvania

02452021 Pencil Beam Scanning Proton Radiotherapy for
Esophageal Cancer

— Active, not
recruiting

Toxicity, surgical outcomes, post- operative
complications, LOS, LRR, PFS, OS, QOL

Mayo Clinic

03482791 Proton Beam Therapy in the Treatment of Esophageal
Cancer

II Recruiting Patient-reported outcomes, PFS, OS Washington University
School of Medicine

01512589 Proton Beam Therapy vs. Intensity-Modulated Radiation
Therapy

II Active, not
recruiting

PFS, TTB The University of
Texas MD Anderson
Cancer Center

01684904 Proton Therapy for Esophageal Cancer II Recruiting OS, adverse events Loma Linda University
Medical Center

02023541 Proton Beam Therapy to Treat Esophageal Cancer I Terminated PFS, OS, QOL, toxicity Washington University
School of Medicine

03801876 Comparing Proton Therapy to Photon Radiation Therapy
for Esophageal Cancer

III Recruiting OS, toxicity, pathologic response rate,
lymphocyte counts, LRF, DMFS, PFS, QALY,
cost–benefit economic analysis

Multicenter
October 2021 | Volum
NCT, National Clinical Trials; LOS, length of [inpatient] stay; LRR, local-regional recurrence; PFS, progression-free survival; OS, overall survival, QOL, quality of life; TTB, total toxicity
burden; LRF, local-regional failure; DMFS, distant metastasis-free survival; QALY, quality-adjusted life years.
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PBT reirradiation at four institutions with a median reirradiation
dose of 50.4 Gy and median cumulative dose of 104 Gy (37).
Most patients (90%) received concurrent chemotherapy. With a
median follow-up of 20 months after reirradiation, the 18-month
OS was 56% and the 18-month locoregional control rate was
69%. Late grade 3 toxicity was observed in 24% consisting of
strictures/stenosis requiring dilation, while some patients
experienced late grade 4–5 toxicities (19%).
PATIENT SELECTION FOR PBT

Patients with cervical esophagus, thoracic esophagus (upper,
middle, or lower), and gastroesophageal junction cancers may
be considered to receive PBT. PBT is expected to offer patients
clinical benefit when used preoperatively, definitively,
or postoperatively.

PBT should be most strongly considered in the
following situations:

• Treatment is delivered with curative intent, where greater
benefit from mitigation of late toxicity is expected compared
to patients treated with palliative intent.

• Patients who have severe medical comorbidities, especially
cardiac and/or pulmonary, because of superior heart and lung
sparing compared to XRT.

• While patients of all ages are likely to benefit from a lower risk
of significant late toxicities with PBT versus XRT, elderly
patients who are often at higher risk of treatment-related
Frontiers in Oncology | www.frontiersin.org 531
morbidity and postoperative complications may especially
benefit from the superior OAR sparing of PBT (38).

• For patients with local and/or regional recurrence of EC, or
newly diagnosed EC arising in a previously irradiated region,
PBT should be strongly considered over IMRT especially if
treatment intent is curative (31). The American Society for
Radiation Therapy (ASTRO) Model Policy for PBT considers
re-irradiation (where cumulative critical structure dose would
exceed tolerance dose) to be a “Group 1 indication” in which
PBT is considered “medically necessary” (39). Care should be
taken to evaluate composite dose in an attempt to mitigate the
risks of severe toxicity including fistula and hemoptysis, as
well as grade 5 events.

• PBT should be considered when dose escalation is used
because it may mitigate higher risks of toxicities to critical
OARs (40).

PBT may be reasonable although it should be used cautiously
in the following situations:

• Extensive tumor involvement of the gastric cardia/body
(tumor extending ≥5 cm distal to the gastroesophageal
junction) may cause potentially sizeable inter- and intra-
fractional differences in tumor position resulting in
potential geometric miss.

• Variability in stomach filling (air versus fluid) and respiratory
motion causing interplay effects should be mitigated,
especially when using IMPT (41).

• Use of PBT for patients with pacemakers is considered a
relative contraindication, especially for those who are
TABLE 4 | Select studies of proton beam therapy reirradiation for cancers of the esophagus.

Author Number
of

patients

Prior RT
dose

(median)

Cumulative
RT dose
(median)

Median time
to

reirradiation

Non-RT
treatments

Median
follow-

up

Disease-control
outcomes

Survival
outcomes

Toxicity outcomes

Fernandes
et al. (27)

14 54 Gy
(range
25.5–70
Gy)

109.8 Gy
(range 76-
129.4 Gy)

32 months
(range 10–
307 months)

Concurrent
chemotherapy (n
= 11, 79%)

10
months
(range
2–25
months)

9/14 (64%) with
LRR, 6/14 (43%)
with DM, 8/10
(80%) with
improved/stable
dysphagia

Median OS
14 months
(95% CI, 7–
21 months),
1-year OS
71%.

Acute: grade 3: dehydration (n = 2),
dysphagia (n = 2), GI bleed (n = 1),
hyponatremia (n = 1), pneumonia (n
= 1), weight loss (n = 1); grade 5:
esophagopleural fistula (n = 1).
Late: grade 3: dysphagia (n = 1),
esophageal stenosis (n = 1),
esophageal ulcer (n = 1), heart
failure (n = 1); grade 5: esophageal
ulcer (n = 1)

DeCesaris
et al. (29)

17 53.4 Gy
(range
40–108
Gy)

104.7 Gy
(range 94-
156 Gy)

37.6 months
(range 11.6–
584 months)

Concurrent
chemotherapy (n
= 15, 88%);
chemotherapy
preceding RT (n
= 1,6%)

11.6
months
(range
2.0–
36.6
months)

1-year LC 75.3%;
1-year DC 83.4%.

Median OS
19.5 months
(95% CI,
5.7–33.3
months)

Acute: grade 3: dysphagia (n = 1),
esophagitis (n = 1).
Late: grade 3: esophageal stenosis
(n = 2); grade 4: esophageal
stenosis (n = 1), TEF (n = 1); grade
5: TEF (n = 1).

Patel et al.
(31)

3 36 Gy
(range
15–36
Gy)

NR 30 years
(range 5–41
years)

Concurrent
chemotherapy (n
= 3, 100%);
post-PBT
esophagectomy
(n = 3, 100%)

26
months
(range
22–72
months)

0/3 (0%) with
LRR or DM

3/3 (100%)
alive at 22,
26, and 72
months
post-op

Acute: mild/moderate odynophagia
(n = 2), esophageal stricture (n = 1),
hematemesis (n = 1), moderate/
severe esophagitis (n = 1). Late:
intra-op cardiac arrest (n = 1)
October
RT, radiation therapy; PBT, proton beam therapy; EC, esophageal cancer; SCC, squamous cell carcinoma; Gy, Gray; GyE, Gray equivalent; PS, passive scatter; PBS, pencil beam
scanning; LRR, locoregional recurrence; DM, distant metastasis; OS, overall survival; CI, confidence interval; GI, gastrointestinal; DLBCL, diffuse large B-cell lymphoma; HL, Hodgkin’s
lymphoma; LC, local control; DC, distant control; NR, not reported.
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pacemaker dependent, due to concern about neutron dose to
the device and risk of subsequent device malfunctioning (42).
However, such patients may be treated safely in the context of
a well-defined plan for monitoring device function and
responding to potential device dysfunction during the
course of treatment. Such a plan requires close
collaboration with colleagues in cardiology, and preferential
use IMPT (vs. PS-PBT) if possible due to lower neutron dose.
TREATMENT PLANNING

Simulation
Prior to simulation, the physician, physicist, dosimetrist, and
simulation therapists should discuss the anticipated treatment
volume, immobilization technique, and consideration of internal
target motion due to respiration and gastric distention. General
guidelines include instructing the patient to have a relatively
empty stomach before simulation/treatment (if possible) to limit
variability in gastric filling and distention. This can be achieved
by patients having nothing by mouth (NPO) 2–3 h prior to
simulation and treatment in addition to avoiding foods that may
cause excess gas. It is preferred to not use oral contrast to
minimize stomach distention, and gastrointestinal luminal
structures are often well visualized without contrast agents. If
oral contrast is used, then a non-contrast-enhanced CT scan
should first be performed for treatment planning as contrast
material has a significant impact on calculating proton beam
range; a second CT scan would then be obtained after contrast is
administered, which would serve as a secondary scan for target
delineation purposes.

In most situations, the preferred treatment position is head
first, supine, and with the arms up above the head in a custom
immobilization device. There are some situations in which arms
may be placed at the patient’s side, such as patient intolerance of
an “arms up” position or a tumor in the cervical or upper thoracic
esophagus in which a thermoplastic head and shoulder
immobilization device may be preferred. An “arms down”
position is a reasonable alternative for patients treated with PBS,
as the typical beam arrangement of posterior/posterior oblique
fields avoids the arms. However, if there is gastric extension of the
tumor (in which the target volume will extend significantly left of
midline), the left arm may be in the path of a left posterior oblique
beam. Additional potential technical issues created with the “arms
down” position, especially for larger patients, include CT beam
hardening artifacts from the arms and difficulty including the
entire external body surface within the scan field of view. A full
body immobilization device or pad under the patient’s back may
be considered to improve setup reproducibility and/or patient
comfort, although attention should be paid to potential
uncertainty in proton stopping power along the beam path.
Immobilization of the hips and lower extremities may help
facilitate reproducible alignment of the spine.

A non-contrast, free-breathing four-dimensional CT (4DCT)
scan should be acquired for treatment planning. Patients may be
treated with a free breathing, internal gross tumor volume
Frontiers in Oncology | www.frontiersin.org 632
(iGTV) approach, assuming appropriate motion-robust
planning methods are used, as outlined in the next section.
Using a breath hold technique may be appropriate for some
patients, and if this is to be used, multiple breath hold scans
should be acquired to ensure reproducibility of this technique.
Some centers have utilized treatment under mechanical
ventilation to control breathing variations and reduce the
breathing amplitude. In this case, 4DCT imaging should be
performed for the same mechanical ventilation situation as
intended for treatment. The scan volume should encompass
the entire external body surface and immobilization device in
the x- and y-planes and should include the entire lungs and
kidneys in the z-plane for dose reporting to these organs. If the
upper mediastinum and cervical lymph nodes are to be treated,
the scan should also include the full neck to the skull base. The
CT scan/reconstruction slice thickness should be ≤3 mm.
Intravenous (IV) contrast may be administered to aid in target
delineation, although this should be done after acquisition of a
non-contrast CT for planning/dose calculation.

Target Delineation
Normal tissue and target delineation should be performed on the
non-contrast 4DCT data set. Typically, the CT average series will
be utilized for segmentation and planning, as this best represents
the time-averaged tissue densities and proton stopping power
ratio, especially in the region of the diaphragm. Alternatively, the
maximum exhalation series (diaphragm at its most cranial
position) may be utilized. The planning scan should be
registered with the diagnostic positron emission tomography
(PET)/CT to aid in target delineation. Additionally, the
esophagogastroduodenoscopy (EGD) report(s) should be
reviewed for correlation of tumor extent with imaging studies.

Target delineation for the management of EC is similar
whether using photons or protons and should be performed
according to published guidelines (43). The gross tumor volume
(GTV) should include the primary tumor (GTVp) and involved
lymph nodes (GTVn), based on the planning CT, PET/CT, and
EGD reports. An iGTV should be contoured, if treatment will be
with free breathing, including the GTV on all respiratory phases
of the 4DCT or using maximal intensity projection (MIP) images
and edited through phases. The clinical target volume (CTV)
typically includes up to a 3- to 4-cm expansion of the GTVp
along the proximal and distal esophagus/stomach to cover
potential microscopic mucosal and submucosal spread. This
volume is typically further expanded by 1–1.5 cm radially from
the esophagus/stomach to cover potential periesophageal and
perigastric lymphatic spread, excluding uninvolved OARs like
the heart, lungs, and spine. The CTV also includes a 0.5- to 1-cm
expansion of the GTVn, excluding uninvolved OARs. Elective
lymph node basins (celiac, gastrohepatic, para-aortic for lower
esophagus, and GEJ tumors; supraclavicular for upper esophagus
tumors) are typically included in the CTV. The CTV may be
further modified based on the 4DCT, generating an internal
target volume (ITV) to account for respiratory motion.

Typical prescribed doses are 41.4–50.4 Gy (RBE 1.1) in 23–28
fractions of 1.8–2 Gy for preoperative treatment, 50–50.4 Gy
(RBE 1.1) in 25–28 fractions of 1.8–2 Gy for definitive treatment,
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and 50–60 Gy (RBE 1.1) in 25–30 fractions of 1.8–2 Gy for
postoperative treatment. The prescription of higher doses is used
at some institutions, especially outside of North America,
although this is controversial since no randomized data have
demonstrated a clinical benefit for dose escalation (44).

Dose painting techniques may be utilized that deliver
differential daily dose to separate volumes. For example, some
institutions administer 25 fractions, with a dose of 50 Gy (2 Gy/
fraction) to the iGTV + 1 cmmargin and a dose of 45 Gy (1.8 Gy/
fraction) to the typical CTV described above.
PASSIVE SCATTERING TREATMENT
PLANNING

Beam Angle Selections
Zhang et al. performed a comparative planning study of two-
beam PSPT (AP/PA), three-beam PSPT (AP/LPO/RPO), and
IMRT for distal esophageal or GEJ cancer (5). While lung sparing
was improved using an AP/PA beam arrangement, there was a
trade-off with increased heart dose. As such, preferring posterior-
oriented beams should be considered to reduce heart dose. Given
the increasing clinical evidence that minimizing heart dose
should be prioritized, the LPO/RPO beam arrangement has
been adopted as the standard clinical class solution for PSPT
plan design at many centers, which is believed to strike an
appropriate balance between lung and heart sparing compared
to AP/PA and 3-beam PSPT approaches.

Planning Parameters Selections
Major planning parameters for PSPT include aperture margins,
distal margins, proximal margins, smearing margins, and border
smoothingmargins, and should be chosen for each individual beam
once the beam angles are decided for a given treatment plan. The
beam-specific target can be created using the target (ICTV)
expanded with distal and proximal margin in the beam direction
determined by range uncertainty and lateral margin due to setup
uncertainty (ICTV to PTV expansion margin, typically 5 mm), as
opposed to using a PTV for forward planning (45). Zhang et al.
discussed the choice of these planning parameters, based on the
method suggested by Moyers et al. (5, 46). Zhang et al. used an
aperturemargin to ensure that all the protonbeamshad at least 95%
of the PTV receiving the prescription dose, whereas the distal and
proximal were 3.5% of the distal and proximal range of the spread-
out Bragg peak (SOBP) plus an additional 2–3 mm for other
uncertainties. The smearing margin accounts for both the setup
error and proton scatter to ensure distal coverage if there is setup
error. The value of the smearing margin could initially use the
methods described byMoyers et al. and then be adjusted to ensure
the beam specific target is covered in average, maximum inhale
phase (T0) and patient-specific maximum exhale phase (TExp).

Plan Evaluation
After the treatment plan is designed based on the average CT, the
treatment plan should be recalculated and evaluated on the T0
and TExp of the CT image data set. Diaphragm density
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overrides, which have been adopted from XRT, can be
considered although may not be necessary in some patients to
achieve planning and inter-fractional robustness. Although a
PTV is only used for the lateral margins of the treatment plan
design, the PTV should be used for the evaluation following the
recommendation of ICRU 78 (47). The planning parameters
including distal margin, proximal margin, and smearing and
aperture margins should be adjusted to ensure proper coverage
for GTV, ICTV, and PTV on average, T0, and TExp CTs (48).
PENCIL BEAM SCANNING TREATMENT
PLANNING

Beam Angle Selection
Yu et al. reported a water equivalent thickness (WET)-based
method to select IMPT beam angles that are robust to respiratory
motion for EC treatment, and in specific, diaphragmatic motion
(49). Motion robust beam angles were determined by examining
the change of WET along the beam path required to cover the
target during a full cycle of free-breathing motion at various
angles. The beam angles that yielded the smallest value of the
maximum temporal change of WET were considered to be the
most robust to respiratory motion. The most motion robust
beam angles are generally posterior with a median gantry angle
of 200°C (range, 180°C–220°C) and couch at 0°C, because these
beam angles pass through a relatively less mobile portion of the
diaphragm. This choice of beam angles is also optimal from the
point of view of avoiding organs with variable filling proximal to
the target, such as the stomach. Another consideration could be
superior–inferior posterior oblique beams with the couch at
270°C, which may provide better sparing of normal organs
lateral to the target at the expense of delivering higher dose to
the spinal cord (18). Accordingly, most centers treating distal
esophagus/GEJ tumors with IMPT have used two to three
posterior oriented beams (18, 20, 33, 50). For treatment of
tumors in the cervical and proximal thoracic esophagus, an
anterior beam should be considered to reduce lung dose.

Treatment Plan Design and Evaluation
Various PBT planning strategies can effectively mitigate the effect
of respiratory motion and achieve robust plans. For example, use
of larger spot size and rescanning/repainting could reduce the
effect of motion (51). For distal/GEJ tumors, the diaphragm is
usually not part of the target, although it is likely to traverse in
and out of the treatment field and could cause significant
interplay effects on dose delivery if not properly taken into
account. With motion robust beam angles, a high-quality PBS
plan can be generated using a single-field optimization (SFO)
technique for most EC patients (49). Similar to the PS-PBT plan
design, beam-specific targets could be designed for each beam for
SFO treatment planning. The optimization algorithm should
ensure that the beam-specific target has the adequate coverage
for each beam. Yu et al. suggested that a multi-field optimization
(MFO) technique could result in a more conformal plan
compared to SFO, but the MFO technique is more sensitive to
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setup, range, and motion uncertainties. Regardless, robust
optimization can achieve robust SFO and MFO plans (10, 52,
53). Planning criteria that include appropriate range
uncertainties, along with setup uncertainties compatible to the
PTV margins, should be applied to CTV dose coverage
objectives. Robust optimization can also be applied on high-
risk OARs such as the spinal cord, using the same robustness
criteria, if such OARs are expected to receive near their
maximum tolerance doses. If the plan involves MFO and/or
split target volumes, care must be taken to assure that
appropriate dose fall-off gradients are introduced in the field or
target sub-volume junction regions to assure junction line dose
homogeneity in the presence of setup errors and respiratory
motion. In addition, a 4D optimization technique (54), for
example, where the IMPT plan is optimized to meet dose
constraint on multiple 4DCT phases (55), could be used to
create motion robust treatment plans. Regardless of
optimization technique that was used for plan design, it is
important to perform robustness evaluation with regard to
setup, range and motion (52). A commonly used technique for
setup and range robustness evaluation is the worst-case
evaluation where different scenarios include shifted isocenter of
the plan on all cardinal directions, and the beam range modified
with assumed max range uncertainty. Dose is then calculated and
evaluated on all scenarios to identify the worst case for all plans
or all voxels in the patient. Additionally, motion robustness
could be evaluated using the recalculated dose on the 4D CT
scans at T0 and TExp with the original plan (56). Dose on the
robustness evaluation plans should meet the planning criteria for
GTV, CTV, and OARs as defined on individual data sets. Yu
et al. demonstrated that D95 variation between the nominal dose
calculated on the average CT and the dose distribution on T0/
TExp verification plans highly correlates with D95 variation
between the nominal dose and the full 4D dose calculation
(49). These results indicated that dose impact of respiratory
motion could be evaluated using verifications on T0 and TExp.
Ideally, for a comprehensive robustness analysis, all uncertainty
components should be evaluated in combination as suggested by
Ribeiro et al. (57).

Figure 1 shows a comparison between IMRT, PS-PBT, and
IMPT plans for a distal EC patient. The PS-PBT plan uses two
PA/LPO, the IMPT plan uses three posterior oblique beams,
whereas IMRT uses two arcs. It can be observed that both PS-
PBT and IMPT plans better spare OARs including lung, heart,
and liver, while maintaining target coverage. In addition, IMPT
achieves better conformity of the target and lower mean dose to
the lungs, compared to PS-PBT.
ROBUST TREATMENT PLANNING,
DELIVERY, AND MOTION MANAGEMENT

The motion management strategy for EC should be similar to
those used for treating lung cancers (41). Here, we focus on
special considerations of motion management for EC, namely,
the impact of respiratory motion.
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For treatment planning, the following should be considered:

1. Select robust beam angles that yield the smallest value of the
maximum temporal WET change, typically posterior-
oriented beams.

2. Adopt a robust optimization strategy. 4D robust optimization
is recommended to design PBS treatment plans because it
takes density changes along the beam path into
consideration.

3. Perform motion evaluation to quantify the geometry motion
and voxel WET changes. Diaphragm breathing amplitudes
and off-sets can be used as EC motion surrogates to some
extent (58). However, to evaluate EC motion in more detail,
considering also differential motion, more sophisticated
methods (for example, based on deformation vector fields)
have to be developed. Further work is required to establish
motion mitigation guidelines based on concrete motion
limits advising on planning and delivery strategies as, for
example, the use of larger spot size (e.g., with range shifters),
breath hold, mechanical ventilation, abdominal compression,
robust planning, and re-scanning.

For treatment del ivery , the fol lowing strateg ies
are recommended:

1. For IMPT, use rescanning (either layered or volumetric) to
reduce interplay effects.

2. For IMPT, use an optimized delivery sequence, including
scanning direction and breath sampling, to minimize
interplay effects (52, 59).
FIGURE 1 | Dosimetric comparison of treatment plans using all three
modalities for a patient with distal esophageal cancer. VMAT, Volumetric Arc
Therapy; PSPT, Passive Scattering Proton Therapy; IMPT, Intensity
Modulated Proton Therapy; MHD, Mean Heart Dose; MLuD, Mean Lung
Dose; MLiD, Mean Liver Dose.
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3. Use breath hold, mechanical ventilation, abdominal
compression, or gating techniques if other strategies are not
sufficient to reduce the interplay effect.

4. Use daily image guidance with at least kilovoltage (kV) x-ray
imaging. It is strongly recommended that cone beam CT
(CBCT), if available, be used at least once weekly to ensure
appropriate soft tissue reproducibility.

5. Perform routine quality assurance (QA)/verification CT
scans to determine whether adaptive replanning in order to
ensure robustness (52). It is recommended that such scans be
done at least once during the first 2 weeks of treatment, and
then again during the third or fourth week, recognizing that
this is subject to patient- and center-specific factors.
QUALITY ASSURANCE AND ADAPTIVE
REPLANNING

Similar to other disease sites, patient-specific QA for EC patients
includes various components, plan evaluation, robustness
analysis with respect to range and setup uncertainties and
motion interplay effect, and measurements in phantoms.
Measurements of dose distributions of individual fields for
IMPT are challenging because of the complex dose
distributions of the treatment fields. Measurements are
commonly made with a two-dimensional ion chamber array
detector, and 3D detectors are being developed (60). Like other
sites in thorax and abdomen, motion interplay effects and the
effectiveness of motion mitigation strategies for EC patients
should be considered as part of the patient QA process,
although they remain in development (21). From treatment
planning, one can evaluate the verification plans on the T0 and
TExp phases of the 4DCT image data set to estimate systematic
errors caused by motion interplay effect. Ideally, one should use a
4D phantom to measure the dose distribution to assess the
motion interplay effect. This should be done during
commissioning if not every patient. However, the challenge is
the lack of any commercially available standardized 4D
phantom. Recently, efforts have been made to optimize QA
workflows. Efforts such as those described by Meijers et al.
basing patient specific quality assurance on independent dose
calculation and predicted outcomes should find broader
application in the future (61).

To assess the impact of variation in anatomy and tumor size,
patients should undergo repeat 4D CT verification scans to
determine whether offline adaptive replanning is needed
to maintain target coverage (e.g., >95% for the ICTV) and to
avoid overdosing critical structures (52). 4D magnetic resonance
imaging has become available for motion verification, with
advantages over CT being superior soft tissue contrast, no
imaging dose, and longer data sampling interval. In-room
volumetric imaging techniques such as CBCT and in-room CT
could also be used to identify possible anatomy changes.
However, dose calculation on CBCT may not be sufficiently
accurate. Therefore, verification 4D CT scans should be
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performed several times during the course of PBT to generate
verification plans. If the patient is treated with breath hold
technique, the verification CT scans should be performed using
similar breath hold technique to verify consistency of diaphragm
position and shape and resultant impact on dose distribution. 4D
dose reconstruction and accumulation based on available
repeated 4D images enables the clinical estimation of actual
exhibited interplay and motion effects, facilitating an informed
triggering of adaptive replanning (21). If an adaptive plan is
deemed necessary, then it should be developed by using
techniques as described earlier, and the same patient-specific
quality assurance (PSQA) process should be repeated before
treatment with the adapted plan. Similarly, if a phase-based
gating strategy is utilized for treatment, then the same phases
should be used for the verification plan. On the verification scans,
careful attention should be paid to potential changes in external
anatomy (from setup, immobilization, weight loss or gain),
internal anatomy (tumor shrinkage or swelling, change in
esophagus/stomach filling, presence/absence of an esophageal
stent, presence/absence of pleural effusion, change in diaphragm
position/shape), and motion pattern, which could require further
systematic monitoring and timely adjustment of treatment plans.
Adaptive PBT has the ability to correct for dosimetric effects
induced by interfractional anatomic changes and it complements
the ability of image guided setup to correct for setup uncertainty.
FUTURE DIRECTIONS

With increasing awareness that the immune system plays an
integral role in cancer-related outcomes, attention should be
directed at mitigating radiation-related effects especially on
lymphocytes that are radiosensitive even to doses as low as <1
Gy (22). High-grade lymphopenia has been associated with
poorer long-term outcomes among EC patients (25) and may
be significantly reduced using PBT as compared to photon
radiotherapy (26–28). Future consideration should be given to
the development of lymphopenia-related organ-at-risk
constraints for the heart, lungs, major vascular structures, bone
marrow, and spleen that would be routinely incorporated into
treatment plan optimization. The importance of mitigating RT-
related severe lymphopenia, and thus the benefits or PBT, may
become even greater should immune checkpoint inhibitors
become standardly delivered for localized EC.

Although photon-based dose escalation studies have been
negative for EC (44, 62), this concept could be re-explored in the
context of reduced OAR dose afforded by PBT (63). As standard
doses utilized for EC management lead to suboptimal rates of
locoregional failures, employing proton therapy to better protect
adjacent critical structures from unnecessary irradiation and
resulting treatment-related morbidity and mortality may more
safely allow for dose escalation (62), and a potential
improvement in tumor control without added toxicity. This
may be particularly important in patients managed without
surgery with definitive radiation therapy.
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The biologic effects of PBT within tumor and OARs are not
well understood and warrant further study. Proton beams have a
modestly higher radiobiological effectiveness (RBE) compared to
photon beams; therefore, a correction factor of 1.1 is commonly
applied to the absorbed dose. However, it is recognized that the
RBE is variable over the depth dose curve, namely, it is higher in
the region of the Bragg peak, and especially the distal end of the
Bragg peak, due to higher LET (64). Because of this, PBT
treatment plans have traditionally avoided beams that “range
out” into a critical structure for fear of biologic dose
enhancement. This may have implications for use of PBT for
EC, and especially for PBS techniques, which utilize posterior
beams that may “range out” into critical structures including the
heart, stomach, and intestine. The clinical effects of this are
currently unknown. Sophisticated planning techniques are being
developed that allow one to visualize the location of high LET,
which could be considered in the planning process and plan
optimization that has the potential to further reduce toxicities
and also improve tumor control with LET-based planning
(Figure 2) (65–67).

Lastly, because interplay effects especially with IMPT can
significantly degrade dose distribution in the thorax (67), a
PSQA process or similar approaches should routinely consider
such effects (10). For IMPT, this can be done by simulating the
temporal relationship between the time-dependent spot delivery
and respiratory motion. Commerical treatment planning systems
are expected to offer interplay effect evaluation in the future.
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CONCLUSIONS

PBT should be strongly considered for trimodality and non-
operative thoracic EC patients based on retrospective and
randomized prospective data that demonstrate clinically
meaningful reductions in toxicity compared to XRT. Robust
PBT plan development and treatment delivery is critical to
ensuring appropriate target and surrounding OAR dosimetry.
Long-term toxicity and efficacy outcomes of PBT versus XRT are
being evaluated in the ongoing NRG-GI006 phase 3 randomized
trial (NCT03801876), and we encourage enrollment on
that study.
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Objectives: The primary laparoscopic approach (PLA) for T1b/T2 gallbladder cancer
(GBC) remains contradicted. We aimed to compare the perioperative and long-term
outcomes after PLA versus open approach (OA) for T1b/T2 GBC.

Methods: Patients with resected T1b/T2 GBC were selected from our hospital between
January 2011 and August 2018. Overall survival (OS), disease-free survival (DFS), and
several secondary outcomes were used to evaluate safety and effectiveness. Subgroup
analyses were performed to identify significant risk factors for OS/DFS in GBC patients
undergoing PLA/OA.

Results: A total of 114 patients who underwent OA (n = 61) or PLA (n = 53) were included
in the study. The percent of PLA cases was increased over time from 40.0% in 2011 to
70.0% in 2018 (p < 0.05). There was no significant difference in OS [hazard ratio (HR),
1.572; 95% confidence interval (CI), 0.866–2.855; p = 0.13] and DFS (HR, 1.225; 95% CI,
0.677–2.218; p = 0.49). No significance was found for intraoperative drainage placement
(p = 0.253), intraoperative blood loss (p = 0.497), operation time (p = 0.105),
postoperative hospitalization (p = 0.797), positive LNs (p = 0.494), total harvested LNs
(p = 0.067), and recurrence rates (P = 0.334). Subgroup analyses demonstrated no
significance of conversion rates after PLA (all p > 0.05). Patients undergoing PLA with
good/poor OS would have similar recurrence rates (p = 0.402). Positive LNs (p = 0.032)
and tumor differentiation (p = 0.048) were identified as risk factors for OS after PLA, while
positive LNs (p = 0.005) was identified for OS after OA. Moreover, age (p = 0.013),
gallbladder stone (p = 0.008), tumor size (p = 0.028), and positive LNs (p = 0.044) were
potential risk factors for DFS after OA.
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Conclusions: PLA for T1b/T2 GBC was comparable to OA in terms of perioperative and
long-term outcomes. Less positive LNs and well-differentiated tumors were independent
predictors for better OS after PLA, and less positive LNs were also identified for better OS
after OA. Additionally, younger age, without gallbladder stone, smaller tumor size, and less
positive LNs were potential risk factors for better DFS after OA.
Keywords: gallbladder cancer (GBC), primary laparoscopic approach, open approach, perioperative outcomes,
long-term outcomes
INTRODUCTION

Gallbladder cancer (GBC), which is the most common type of
biliary tract malignancy, has a high mortality and a poor dismal
prognosis (1–4). Due to the lack of optimal treatment, GBC is
considered as a highly lethal disease on the basis of depth and
stage of tumor invasion with a 5-year survival of advanced
tumors less than 5% (5). According to the 8th American Joint
Committee on Cancer (AJCC) Staging Manual (6), simple
cholecystectomy is selected for patients with Tis or T1a, while
extended/radical cholecystectomy, including removal of adjacent
liver parenchyma, resection of the common bile duct, and portal
lymphadenectomy, is performed on patients with a histological
stage greater than T1b (7).

With the development of advanced surgical devices and
accumulation of clinical experience, the application of the
laparoscopic approach (LA) has proved its oncologic feasibility
and safety in general surgery fields, including liver cancer,
gastric cancer, and colon cancer (8–10). Currently, LA has
also been utilized for the treatment of GBC. Previous studies
have reported favorable long-term outcomes of LA for early GBC
(11, 12). For more advanced GBC such as T1b/T2, although
several studies showed that the application of LA did not
influence the prognosis adversely on the basis of a complete
oncologic resection (13–15), there is controversy on whether to
choose the primary laparoscopic approach (PLA) or open
approach (OA) for T1b/T2 GBC patients. Moreover, they
failed to identify risk factors in patients undergoing both
two approaches.

The objective of the study was to compare the perioperative
and long-term outcomes after PLA versus OA for T1b/T2 GBC
patients. Furthermore, we also aimed to identify significant risk
factors in patients undergoing different types of resection.
MATERIALS AND METHODS

Study Population
Medical databases of consecutive patients with GBC from
January 2011 to August 2018 were retrospectively collected.
AJCC, American Joint Committee on
primary laparoscopic approach; OA,
dy mass index; DM, diabetes mellitus;
carcinoembryonic antigen; OS, overall
zard ratio; CI, confidence interval.

240
Patients were selected and included in the study according
to the inclusion criteria: (1) age between 18 and 80 years;
(2) preoperative imaging diagnosis of GBC and postoperative
histopathologic confirmation of T1b/T2 GBC according to the
8th AJCC Staging Manual (6); (3) patients who underwent PLA
or OA with radical resection; (4) without other malignancies; and
(5) postoperative follow-up was available (≥3 months). Exclusion
criteria included (1) insufficient baseline data; (2) without liver
resection or lymph nodes (LNs) dissection; (3) positive resection
margin; and (4) palliative surgery.

Baseline Characteristics and Primary/
Secondary Outcomes
Patient data on baseline characteristics were collected, including
demographic data [age, gender, body mass index (BMI), smoking,
and diabetes mellitus (DM)], biliary tract disease-related data
(preoperative jaundice and gallbladder stone), tumor features
[preoperative carbohydrate antigen 19-9 (CA19-9), preoperative
carcinoembryonic antigen (CEA), tumor size, T stage, positive
LNs, total harvested LNs, and tumor differentiation], and
postoperative adjuvant treatment. Adjuvant therapy included
supportive care, chemotherapy, radiotherapy, chemoradiotherapy,
targeted therapy, immunotherapy, and traditional medicine therapy
within 3 months postoperatively.

Overall survival (OS) and disease-free survival (DFS) were the
primary outcomes of the study. We defined OS as the time from
operation for GBC until death or the recent follow-up.
Furthermore, DFS was calculated as the time interval between
resection for GBC and tumor recurrence/relapse or the recent
follow-up. Based on the latest outpatient medical records or
regular telephone follow-up (every 3 months in postoperative
follow-up regularly), the related follow-up data would be
obtained. The secondary outcomes included intraoperative
drainage placement, intraoperative blood loss, operation time,
and postoperative hospitalization, positive LNs, total harvested
LNs, conversion rates, and recurrence rates.

Subgroup Analysis
Considering the median OS of the OA group as a cutoff, the PLA
group was divided into “good OS” group (≥ median OS of OA)
and “poor OS” group (< median OS of OA). Subgroup analyses
using univariable (p < 0.1) and consequent multivariable (p <
0.05) logistic regression were performed to identify significant
risk factors for OS in GBC patients undergoing PLA. Similarly,
the PLA group was also divided into “good DFS” group
(≥ median DFS of OA) and “poor DFS” group (< median DFS
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of OA). Subgroup analysis was also performed to identify
potential risk factors for DFS in GBC patients undergoing
PLA, using univariable (p < 0.1) and multivariable logistic
regression (p < 0.05). We compared conversion rates after PLA
between “good OS” group and “poor OS” group, and “good DFS”
group and “poor DFS” group, respectively. Moreover, the
comparison of recurrence rates after PLA between “good OS”
group and “poor OS” group was performed.

Meanwhile, the OA group was divided into “good OS” group
(≥ median OS of PLA) and “poor OS” group (< median OS of
PLA) based on the cutoff of the median OS of the PLA group.
Subgroup analyses using univariable (p < 0.1) and consequent
multivariable (p < 0.05) logistic regression were performed to
identify significant risk factors for OS in GBC patients
undergoing OA. Similarly, the OA group was also divided into
“good DFS” group (≥ median DFS of PLA) and “poor DFS”
group (< median DFS of PLA). Furthermore, subgroup analysis
was also performed to identify potential risk factors for DFS in
GBC patients undergoing OA, using univariable (p < 0.1) and
multivariable logistic regression (p < 0.05). We further compared
recurrence rates after OA between “good OS” and “poor
OS” group.

Statistical Analysis
Categorical variables were reported as frequency and percentage,
and continuous variables were reported as median and range or
means and standard deviations. Categorical variables were
assessed between two groups by the c2 test, and continuous
variables were compared and analyzed by the Wilcoxon rank-
sum test or Student’s t-test. Kaplan–Meier survival analysis was
conducted to analyze the difference in OS and DFS between two
groups. All analyses were performed by SPSS version 20.0 (IBM
SPSS, Inc., Chicago, IL) and R version 4.0.4 (R Foundation for
Statistical Computing, Vienna, Austria) with the “survival”
package. p < 0.05 was considered statistically significant.
Frontiers in Oncology | www.frontiersin.org 341
RESULTS

Medical databases of 181 consecutive GBC patients were
obtained. After excluding patients aged >80 (n = 4), with non-
T1b/T2 tumors (n = 52, [3 T1a + 49 T3]), with follow-up less
than 3 months (n = 1), and with insufficient data (n = 10), a total
of 114 GBC patients, consisting of 61 patients in the OA group
(n =61) and 53 patients in the PLA group (n = 53), were included
in the study (Figure 1).

PLA Cases Over Time
The percent of PLA cases for T1b/T2GBC was increased over
time from 40.0% in 2011 to 70.0% in 2018 (p < 0.05) (Figure 2).
Specifically, the PLA percent was started with 40.0% in 2011, and
then it was descended to the lowest level of 28.6% in 2013.
Between the years of 2013 and 2015, the PLA percent was
increased steadily at around 10% annually. Moreover, since
2016, the PLA percent was maintained at an unprecedented
high level of approximately 70%.

Baseline Characteristics
During the study period, 61 GBC patients received radical
resection by OA while PLA of radical resection were
performed on 53 GBC patients. The baseline characteristics
(demographic data, biliary tract disease-related data, tumor
features, and postoperative adjuvant treatment) of the 114
included GBC patients are summarized in Table 1. An
adequate balance was observed between the OA group and
PLA group for all variables (all p > 0.05).

Primary and Secondary Outcomes
PLA compared with OA demonstrated no significant benefit on
OS (hazard ratio [HR], 1.572; 95% confidence interval [CI],
0.866–2.855; p = 0.13, Figure 3) and DFS (HR, 1.225; 95% CI,
0.677–2.218; p = 0.49, Figure 4). In addition, the number of
FIGURE 1 | A flow diagram of the included patients. GBC, gallbladder cancer; OA, open approach; PLA, primary laparoscopic approach.
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intraoperative drainage placement was less after PLA, but no
significant difference was observed between both groups (PLA
1.3 vs. OA 1.4, p = 0.253, Figure 5A). PLA would not cause
significantly more intraoperative blood loss (PLA 257.0 ml vs.
OA 256.2 ml, p = 0.497, Figure 5B) and would not take longer
operations time (PLA 238.4 min vs. OA 215.7 min, p = 0.105,
Frontiers in Oncology | www.frontiersin.org 442
Figure 5C) in GBC patients. Patients undergoing PLA had less
postoperative hospitalization than OA, although there was no
significant difference between PLA and OA groups (PLA 10.4
days vs. OA 11.3 days, p = 0.797, Figure 5D). As for LN yield, no
significant difference was demonstrated in the number of positive
LNs (PLA 0 vs. OA 0, p = 0.494, Figure 5E) and total harvested
LNs (PLA 7 vs. OA 8, p = 0.067, Figure 5F). Meanwhile, no
significance was shown in recurrence rates between the PLA
group and OA group (PLA 56.6% vs. OA 47.5%, p = 0.334,
Figure S1A).

Subgroup Analysis
The exploratory subgroup analysis was performed to identify
potential risk factors for OS in GBC patients undergoing PLA
(n = 53) (Table 2). On the basis of univariable analysis, three
variables with a p value less than 0.1, including smoking (p =
0.045), positive LNs (p < 0.001), and tumor differentiation (p =
0.006) were selected and taken into multivariate analysis with the
Cox proportional hazards regression model. After multivariate
analysis, two variables including positive LNs (p = 0.032) and
tumor differentiation (p = 0.048) were identified as the
independent risk factors for OS after PLA. The potential risk
TABLE 1 | Baseline characteristics of the included GBC patients.

Variables All patients (n = 114) OA group (n = 61) PLA group (n = 53) p value

Demographic data
Age (years) 62 (39–79) 64 (39–79) 61 (48–77) 0.674
Gender ratio (male: female) 32: 82 14: 47 18: 35 0.192
BMI ≥ 25 kg/m2 41 (36.0) 27 (44.3) 14 (26.4) 0.053
Smoking 7 (6.1) 5 (8.2) 2 (3.8) 0.327
DM 6 (5.3) 3 (4.9) 3 (5.7) 0.859

Biliary tract disease-related data
Preoperative jaundice 0 0 0 –

Gallbladder stone 47 (41.2) 29 (47.5) 18 (34.0) 0.142
Tumor features
Preoperative CA19-9 (≤37 U/ml) 85 (74.6) 46 (75.4) 39 (73.6) 0.823
Preoperative CEA (≤5 ng/ml) 99 (86.8) 55 (90.2) 44 (83.0) 0.260
Tumor size (cm) 0.123
≤1 22 (19.3) 16 (26.2) 6 (11.3)
1–3 57 (50.0) 27 (44.3) 30 (56.6)
>3 35 (30.7) 18 (29.5) 17 (32.1)
T stage 0.597
T1b 8 (7.0) 5 (8.2) 3 (5.7)
T2 106 (93.0) 56 (91.8) 50 (94.3)
Positive LNs 0 (0–6) 0 (0–5) 0 (0–6) 0.494
Total harvested LNs 7 (1–42) 8 (1–42) 6 (1–16) 0.067
Tumor differentiation 0.505
Well 54 (47.4) 32 (52.5) 22 (41.5)
Moderately 23 (20.2) 11 (18.0) 12 (22.6)
Poorly 37 (32.5) 18 (29.5) 19 (35.8)

Postoperative adjuvant treatment 0.131
Supportive care 76 (66.7) 46 (75.4) 30 (56.6)
Chemotherapy 11 (9.6) 3 (4.9) 8 (15.1)
Radiotherapy 2 (1.8) 0 (0) 2 (3.8)
Chemoradiotherapy 21 (18.4) 10 (16.4) 11 (20.8)
Targeted therapy 1 (0.9) 0 (0) 1 (1.9)
Immunotherapy 0 (0) 0 (0) 0 (0)
Traditional medicine therapy 3 (2.6) 2 (3.3) 1 (1.9)
O
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GBC, gallbladder cancer; OA, open approach; PLA, primary laparoscopic approach; BMI, body mass index; DM, diabetes mellitus; CA19-9, carbohydrate antigen 19-9; CEA,
carcinoembryonic antigen; LNs, lymph nodes.
FIGURE 2 | Percent of PLA cases over time for GBC. GBC, gallbladder
cancer; OA, open approach; PLA, primary laparoscopic approach.
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factors for DFS in GBC patients undergoing PLA (n = 30) were
also identified (Table 3). After univariable analysis, two variables
including positive LNs (p = 0.065) and tumor differentiation (p =
0.069) were taken into multivariate analysis. However, both two
variables had no significant difference on DFS of GBC patients
after PLA. Moreover, as for the conversion rates after PLA, there
was no significant difference between “good OS” group and
“poor OS” group (good OS 18.2% vs. poor OS 26.2%, p =
0.583, Figure S2A), and between “good DFS” group and “poor
DFS” group (good DFS 18.2% vs. poor DFS 26.3%, p = 0.612,
Figure S2B). Meanwhile, patients undergoing PLA with good OS
would not have significantly lower recurrence rates than those
with poor OS (good OS 45.5% vs. poor OS 59.5%, p = 0.402,
Figure S1B).

In the OA group (n = 61), another subgroup analysis was also
conducted to identify potential risk factors for OS in GBC
patients (Table S1). After univariable analysis, two variables
with a p value less than 0.1, including preoperative CEA (p =
0.066) and positive LNs (p = 0.039) were selected for the
consequent multivariate analysis. Moreover, positive LNs (p =
0.005) were identified as the independent risk factor for OS after
OA. Additionally, we identified potential risk factors for DFS in
patients undergoing OA (Table S2). Based on the univariable
analysis, four variables consisting age (p = 0.005), gallbladder
stone (p = 0.046), tumor size (p = 0.015), and positive LNs (p =
0.057) were entered into multivariate analysis. Consequently, age
Frontiers in Oncology | www.frontiersin.org 543
(p = 0.013), gallbladder stone (p = 0.008), tumor size (p = 0.028),
and positive LNs (p = 0.044) were identified as potential risk
factors for DFS in GBC patients. Notably, patients after OA in
the “good OS” group would have significantly lower recurrence
rates than those in the “poor OS” group (good OS 37.2% vs. poor
OS 72.2%, p = 0.013, Figure S1C).
DISCUSSION

In this study, PLA was not inferior to OA regarding OS, DFS,
intraoperative drainage placement, intraoperative blood loss,
operation time, postoperative hospitalization, number of
positive LNs, number of total harvested LNs, and recurrence
rates. Moreover, subgroup analyses identified that less positive
LNs and well-differentiated tumors were independent predictors
for better OS after PLA, and less positive LNs were also identified
for better OS after OA. Additionally, younger age, without
gallbladder stone, smaller tumor size, and less positive LNs
were potential risk factors for better DFS after OA.

PLA was not recommended for T1b/T2 GBC patients based
on the previous Japanese Association of Biliary Surgery
Guidelines (16). Notably, tumor exposure and implantation
may happen during the intraoperative procedure, which was
caused by the high risk of gallbladder perforation and bile
spillage. Moreover, port-site recurrences after PLA were
FIGURE 3 | A comparison of overall survival of primary outcomes after OA or PLA in GBC patients. OA, open approach; PLA, primary laparoscopic approach;
GBC, gallbladder cancer.
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FIGURE 4 | A comparison of disease-free survival of primary outcomes after OA or PLA in GBC patients. OA, open approach; PLA, primary laparoscopic approach;
GBC, gallbladder cancer.
A B C

D E F

FIGURE 5 | Comparisons of secondary outcomes after OA or PLA in GBC patients. The difference of (A) intraoperative drainage placement, (B) intraoperative blood
loss, (C) operation time, (D) postoperative hospitalization, (E) positive LNs, and (F) total harvested LNs. OA, open approach; PLA, primary laparoscopic approach;
GBC, gallbladder cancer; LNs, lymph nodes.
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reported in GBC patients due to the technical shortcomings
including nonuse of retrieval bags and poor surgeon-related
operation skills (17). Meanwhile, PLA was not primarily
chosen for GBC regarding the safety and feasibility of the
approach. However, with the surgical techniques developed,
similar oncological outcomes may be achieved in both of the
PLA and OA for gastric carcinoma (18), colorectal carcinoma
(19), and GBC patients (14).

Significant progress was achieved in laparoscopic resection
for GBC in the year of 2011, which was approximately the
turning point of the new approach (20). Laparoscopic resection
for GBC is technically challenging, which requires advanced
laparoscopic skills, especially when performing segment IVb/V
resection or wedge resection with a complete lymphadenectomy
for T2 GBC (21). There are concerns that LA may not meet the
standards of OA, leading to inadequate resection, tumor cell
dissemination, and poor prognosis of GBC (22). However,
laparoscopic liver resection, including major and minor
hepatectomy, has been confirmed feasible (8). Moreover,
Agarwal et al. (13) concluded that an R0 resection with
Frontiers in Oncology | www.frontiersin.org 745
lymphadenectomy could be accomplished in T1b-T3 GBC
patients without gallbladder perforation and bile spillage.
Notably, developments in laparoscopic surgical instrumentation
and technical innovation have contributed to the appropriate
quality of extended resection for T1b/T2 GBC (23–25).
Hepatectomy was performed to facilitate R0 resection by using
preoperative three-dimensional reconstruction (26), intraoperative
ultrasonography guidance (27), and intraoperative laparoscopic
Glissonian approach (28). Although there is no consensus about
lymphadenectomy extension for T1b/T2 GBC, hepatoduodenal
ligament LN resection with and without extraregional LN
dissection are recommended for T1b/T2 GBC patients,
respectively (29, 30).

One of the strongest predictors among GBC patients is the
regional LN status (31), and patients have worse prognosis with
an increasing number of positive LNs. The study identified that
the potential risk factor for OS in T1b/T2 GBC patients
undergoing PLA was the number of positive resected LNs. The
8th AJCC staging recommended that at least six LNs should be
harvested and evaluated (32, 33), and PLA is similar to OA with
TABLE 2 | Potential risk factors for OS in GBC patients undergoing PLA based on univariable and multivariable analyses.

Variables Poor OS (n = 42) Good OS (n = 11) Univariable analysis Multivariable analysis

HR [95%CI] p value HR [95%CI] p value

Demographic data
Age (years) 61.5 (48–77) 53 (48–72) 1.001 [0.956–1.048] 0.966
Gender ratio (male: female) 15:27 3: 8 1.262 [0.517–3.076] 0.609
BMI ≥ 25 kg/m2 11 (26.2) 3 (27.3) 1.104 [0.429–2.842] 0.838
Smoking 2 (4.8) 0 4.673 [1.032–21.159] 0.045* 1.706 [0.309–9.408] 0.540
DM 3 (7.1) 0 1.186 [0.157–8.962] 0.869

Biliary tract disease-related data
Preoperative jaundice 0 0 – –

Gallbladder stone 16 (38.1) 2 (18.2) 0.687 [0.252–1.869] 0.462
Tumor features
Preoperative CA19-9 (≤37 U/ml) 31 (73.8) 8 (72.7) 0.566 [0.236–1.356] 0.202
Preoperative CEA (≤5 ng/ml) 36 (85.7) 8 (72.7) 0.619 [0.241–1.588] 0.318
Tumor size (cm) 0.998 [0.508–1.961] 0.995
≤1 5 (11.9) 1 (9.1)
1–3 25 (59.5) 5 (45.5)
>3 12 (28.6) 5 (45.5)
T stage – –

T1b 3 (7.1) 0
T2 39 (92.9) 11 (100)
Positive LNs 0.691 ± 1.554 0.273 ± 0.647 1.531 [1.215–1.929] <0.001* 1.349 [1.027–1.772] 0.032*
Total harvested LNs 7.476 ± 3.776 5.273 ± 4.245 1.026 [0.922–1.141] 0.644
Tumor differentiation 2.080 [1.233–3.510] 0.006* 1.771 [1.006–3.120] 0.048*
Well 14 (33.3) 8 (72.7)
Moderately 10 (23.8) 2 (18.2)
Poorly 18 (42.9) 1 (9.1)

Postoperative adjuvant treatment 0.989 [0.741–1.320] 0.938
Supportive care 23 (54.8) 7 (63.6)
Chemotherapy 8 (19.0) 0
Radiotherapy 0 2 (18.2)
Chemoradiotherapy 9 (21.4) 2 (18.2)
Targeted therapy 0 0
Immunotherapy 1 (2.4) 0
Traditional medicine therapy 1 (2.4) 0
October 2
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OS, overall survival; GBC, gallbladder cancer; PLA, primary laparoscopic approach; HR, hazards ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus; CA19-9,
carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; LNs, lymph nodes.
*The bold values meant P < 0.05, indicating significant difference.
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respect to the resection of total LNs in the present study. After
achieving a systematic and complete resection, the accurate
prediction of the prognosis of T1b/T2 GBC patients is
associated with the LN staging, which is based on the number
of positive ones (34, 35). Tumor immune responses would be the
mechanism for the number of positive LNs affecting prognosis of
GBC after surgery. Similar to colorectal cancer (36), the benefits
associated with less positive LNs may reflect weaker effects of LN
micrometastasis and higher host lymphocytic response to the
GBC, which meant that more infiltrating dendritic cells
correlated with fewer further metastasis to LNs. Moreover,
dendritic cells were found to significantly correlate with OS
(37). Besides the assessment of LN status after dissection,
further improvement in identifying positive LNs from
preoperative imaging and increasing the number of positive/
total resected LNs is required for better OS for T1b/T2
GBC patients.

Tumor differentiation is another potential risk factor for long-
term outcomes in T1b/T2 GBC patients undergoing PLA.
Histological tumor differentiation represents the biological
Frontiers in Oncology | www.frontiersin.org 846
characteristics of GBC which tend to positively correlate with
tumor aggressiveness. Compared with poorly and moderately
differentiated GBC, well-differentiated GBC usually have a
glandular structure with less cellular density (38), in which
patient pericholecystic infiltration and regional LN enlargement
are infrequently observed, leading to poor prognosis. Several
studies used tumor differentiation to predict long-term
outcomes in GBC patients (39, 40). For example, a nomogram
was developed and validated based on clinicopathological factors,
such as tumor differentiation, to predict 1-, 3-, and 5-year OS in
resected GBC patients (39). Notably, Min et al. (41) have
found that the apparent diffusion coefficient value on diffusion-
weighted magnetic resonance imaging was significantly
associated with tumor differentiation and long-term outcomes
after surgery. Despite that tumor differentiation is based on the
histopathological results currently, diffusion-weighted magnetic
resonance imaging may be utilized for preoperative prediction for
tumor differentiation.

There are an increasing number of studies comparing the
outcomes of laparoscopic and open radical surgery for GBC
TABLE 3 | Potential risk factors for DFS in GBC patients undergoing PLA based on univariable and multivariable analyses.

Variables Poor DFS (n = 19) Good DFS (n = 11) Univariable analysis Multivariable analysis

HR [95%CI] p value HR [95%CI] p value

Demographic data
Age (years) 61 (48–77) 62 (48–76) 1.008 [0.962–1.057] 0.728
Gender ratio (male: female) 6: 13 6: 5 0.744 [0.301–1.836] 0.520
BMI ≥ 25 kg/m2 6 (31.6) 2 (18.2) 1.215 [0.463–3.191] 0.692
Smoking 1 (5.3) 1 (9.1) 1.855 [0.420–8.188] 0.414
DM 2 (10.5) 0 1.040 [0.136–7.927] 0.970

Biliary tract disease-related data
Preoperative jaundice 0 0 – –

Gallbladder stone 6 (31.6) 3 (27.3) 0.900 [0.326–2.486] 0.839
Tumor features
Preoperative CA19-9 (≤37 U/ml) 13 (68.4) 6 (54.5) 0.943 [0.384–2.317] 0.899
Preoperative CEA (≤5 ng/ml) 15 (78.9) 8 (72.7) 0.875 [0.335–2.288] 0.785
Tumor size (cm) 0.938 [0.476–1.852] 0.855
≤1 1 (5.3) 1 (9.1)
1–3 12 (63.2) 5 (45.5)
>3 6 (31.6) 5 (45.5)
T stage – –

T1b 0 0
T2 19 (100.0) 11 (100.0)
Positive LNs 0 (0–6) 0 (0–2) 1.275 [0.985–1.649] 0.065* 1.178 [0.892–1.557] 0.248
Total harvested LNs 6 (2–16) 4 (1–13) 1.079 [0.974–1.196] 0.143
Tumor differentiation 1.749 [0.958–3.193] 0.069* 1.564 [0.826–2.962] 0.170
Well 3 (15.8) 5 (45.5)
Moderately 3 (15.8) 4 (36.4)
Poorly 13 (68.4) 2 (18.2)

Postoperative adjuvant treatment 0.900 [0.644–1.259] 0.540
Supportive care 9 (47.4) 7 (63.6)
Chemotherapy 6 (31.6) 0
Radiotherapy 0 1 (9.1)
Chemoradiotherapy 4 (21.1) 3 (27.3)
Targeted therapy 0 0
Immunotherapy 0 0
Traditional medicine therapy 0 0
October 2
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DFS, disease-free survival; GBC, gallbladder cancer; PLA, primary laparoscopic approach; HR, hazards ratio; CI, confidence interval; BMI, body mass index; DM, diabetes mellitus; CA19-9,
carbohydrate antigen 19-9; CEA, carcinoembryonic antigen; LNs, lymph nodes.
*The bold values meant P < 0.1, indicating significant difference.
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patients. Although a latest Chinese single-center study concluded
that LA had comparable intraoperative, perioperative, and survival
outcomes with OA for incidental GBC patients of T1b/T2, it
merely included 50 patients, which meant the sample size was too
small to convince surgeons to decide the optimal approach
preoperatively (42). Another retrospective study (43) conducted
by Hamad et al. demonstrated that GBC patients undergoing
radical resection had similar rates of harvested LNs regardless of
the operation approach, but the study also included patients before
2011 and no definite surgical strategy was provided. What is more,
a meta-analysis, which included seven comparative studies and
eight non-comparative studies, confirmed that LA was safe and
feasible with comparable operation-related and survival outcomes
for T1b/T2 GBC (44). However, different from previous studies,
the current study focused on comparing PLA with OA for GBC
patients after the year 2011, which is the year of technological
innovation, and identifying which patients may benefit most from
operation approaches.

The study has several limitations that need to be considered.
First, this is a single and retrospective study, whose sample size is
too small to provide a high-level evidence. As the baseline
characteristics of included patients are balanced between PLA
and OA groups, the drawbacks may be partly avoided.
Additionally, the specific hepatectomy strategy for T2 GBC
patients was not distinguished for further analysis in the study.
Whether to choose wedge resection or the more radical segment
IVb/V resection for T2 GBC patients remains controversial, and
surgeons should rely on surgical skills and patients’ medical
records to choose the optimal approach (21). Besides, the study
did not concern intraoperative complications (bile duct injury,
air embolus, electrolyte/glucose abnormalities, hemodynamic
instability, respiratory compromise, and renal dysfunction) and
postoperative complications (infection, bile leakage, bleeding,
and liver dysfunction), owing that it was focused on exploring
and comparing the prognosis of the primary surgical approach
for T1b/T2 GBC patients. Therefore, multicenter retrospective or
even prospective studies of large sample size should be
performed to compare the outcomes of LA and OA for T1b/
T2 GBC patients; meanwhile, subgroup analysis of PLA and pure
LA would be considered.

In conclusion, PLA was not inferior to OA regarding
perioperative outcomes, OS, and DFS for T1b/T2 GBC
patients. Less positive LNs and well-differentiated tumors were
two independent predictors for better OS after PLA, and less
positive LNs were also identified for better OS after OA.
Additionally, younger age, without gallbladder stone, smaller
tumor size, and less positive LNs were potential risk factors for
better DFS after OA.
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Pathological MVI diagnosis could help to determine the prognosis and need for adjuvant
therapy in hepatocellular carcinoma (HCC). However, narrative reporting (NR) would miss
relevant clinical information and non-standardized sampling would underestimate MVI
detection. Our objective was to explore the impact of innovative synoptic reporting (SR)
and seven-point sampling (SPRING) protocol on microvascular invasion (MVI) rate and
patient outcomes. In retrospective cohort, we extracted MVI status from NR in three
centers and re-reviewed specimen sections by SR recommended by the College of
American Pathologists (CAP) in our center. In prospective cohort, our center implemented
the SPRING protocol, and external centers remained traditional pathological examination.
MVI rate was compared between our center and external centers in both cohorts.
Recurrence-free survival (RFS) before and after implementation was calculated by
Kaplan-Meier method and compared by the log-rank test. In retrospective study, we
found there was no significant difference in MVI rate between our center and external
centers [10.3% (115/1112) vs. 12.4% (35/282), P=0.316]. In our center, SR
recommended by CAP improved the MVI detection rate from 10.3 to 38.6% (P<0.001).
In prospective study, the MVI rate in our center under SPRING was significantly higher
than external centers (53.2 vs. 17%, P<0.001). RFS of MVI (−) patients improved after
SPRING in our center (P=0.010), but it remained unchanged in MVI (+) patients (P=0.200).
We conclude that the SR recommended by CAP could help to improve MVI detection
rate. Our SPRING protocol could help to further improve the MVI rate and optimize
prognostic stratification for HCC patients.

Keywords: hepatocellular carcinoma, microvascular invasion, innovative synoptic reporting, seven-point sampling,
SPRING protocol
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INTRODUCTION

The incidence of hepatocellular carcinoma (HCC) is rising
globally. China contributes almost half of new-diagnosed HCC
cases in the world, and HCC ranks the second in malignancy
mortality in this country (1). Microvascular invasion (MVI)
refers to the microscopic finding of cancer cell nest within
vessels lined by endothelium (2). It frequently occurs in HCC
and is significantly associated with early recurrence and poor
survival outcomes of HCC patients (3). Currently, many studies
have indicated adjuvant transarterial chemotherapy after hepatic
resection could help to improve long-term survival in MVI-
positive patients (4–8). However, previous studies showed the
MVI positive rate after hepatectomy in pathology report varied
substantially, from 7.8 to 57.1% (9). Thus, an accurate and
standardized report of MVI is needed for precise patient
stratification and consequent individualized treatments.

Traditional pathological narrative report (NR) is no longer
considered adequate to report relevant clinical information as it
is a paragraph that mainly describes morphological features of
tumors (10, 11). In contrast, synoptic report (SR) that includes
mandatory parameters in a standardized structure is found
effective to improve completeness and accuracy in surgical
pathology (12–14). The College of American Pathologists
(CAP) published and regularly updated templates of SRs
covering a wide range of cancer types that forms the basis of
SRs produced in clinical practice (15, 16). For instance,
pathological studies on colorectal cancer (CRC) have proven
that its high-risk features of recurrence including extramural
vascular invasion (EMVI), lymph-vascular invasion (LVI), and
perineural invasion that were under-reported in NR increased
significantly in SR. Based on the SR, more adjuvant therapies
were delivered and better patient outcomes were achieved (17).
In pancreatic cancer, SR led to substantially higher detection
rates of adverse prognostic factors including resection margin
involvement and regional lymph node metastasis, thereby
yielding a better overall survival compared to NR (18).
However, whether SR recommended by CAP could also
improve the detection rate of MVI in HCC has not yet
been explored.

Standardized tissue sampling method is essential for the
quality of pathology reports and consequent diagnosis (19).
Traditionally, HCC sampling focuses on confirmation of the
histological features of HCC, completeness of surgical excision,
and cirrhosis condition (20, 21). Given that MVI is unevenly
distributed in the adjacent liver parenchyma around HCC (2),
traditional sampling method usually resulted in false-negative
detection (9). The MVI rate under traditional sampling was
reported varied from 7.8 to 28.4% (22, 23). A seven-point
sampling protocol in the resected liver specimens for MVI
detection was proposed by a Chinese consensus (2, 24, 25),
which could increase the MVI detection rate to be around 50% in
both Eastern Hepatobiliary Surgery Hospital (26) and our center
(9, 24). It seems that such a seven-point sampling protocol
should be recommended for detection of MVI after HCC
resection. However, it has not been applied widely in the
country, majorly because of lacking research evidence.
Frontiers in Oncology | www.frontiersin.org 251
Combination of SR and seven-point sampling protocol may
significantly increase the detection rate of MVI in HCC patients.
To test the impact of Innovative SR with Seven-Point Sampling
(SPRING) protocol on MVI detection rate and patient outcomes,
we performed a large population-based multicentric cohort study.
MATERIALS AND METHODS

Patient Population
Patients with HCC who underwent curative liver resection were
included retrospectively between January 1, 2012, and March 31,
2017 (retrospective cohort), and were prospectively enrolled
between April 1, 2017, and December 31, 2019 (prospective
cohort), from three tertiary medical centers. The inclusion
criteria were as follows: (1) pathologically confirmed HCC;
(2) received curative hepatectomy as the initial treatment; (3) liver
function of Child-Turcotte-Pugh class A or B; (4) no evidence of
macrovascular invasion or extrahepatic metastases. Patients who
met any of the following criteria were excluded: (1) received any
preoperative anticancer therapy; (2) tumor size <1 cm in diameter;
(3) history of any other concurrent malignancies; (4) incomplete
clinical or pathological data. A total of 1,180 eligible patients in
retrospective cohort and 557 in prospective cohort were enrolled in
this study as shown in Figure 1. Our study was approved by the
ethics committees of all three centers and was in full accordance
with the guidelines of the Declaration of Helsinki. Informed
consent was obtained from all patients in the prospective study
(No. [2018] 072) and waived in the retrospective study. Patients’
demographic data, preoperative laboratory tests, imaging
examination, histopathology, and oncological outcomes were
extracted from electronic clinical archives. MVI is defined as the
presence of tumor cell clusters within the vascular space of the
surrounding liver tissue, which is lined by endothelium and visible
only under the microscope (2). Tumor status was evaluated every
3 months for the first 2 years and every 6 months since the third
year. Observed endpoints included MVI detection rate (defined as
the proportion of MVI-positive patients to total patients who
received curative resection per year), and recurrent-free survival
(RFS, defined as the time interval between the date of HCC
diagnosis and the date of tumor recurrence or death).

NR and Innovative Synoptic Reporting
Traditionally, NR includes the following three parts:
macroscopy, microscopy, and conclusion with free text
(Figure 2A). In contrast, a template of SR recommended by
CAP outlined the required data elements in HCC pathology (27).
Innovatively, we merged clinical and imaging and sampling
information in our SR and named it SR-hcc (Figure 2B).
Pertinent clinical information included clinical diagnosis,
hepatitis virus, presurgical therapy, and type of surgical
procedure. Imaging information included the type of
examination, tumor size, tumor number, tumor site, whether
tumor thrombus, and whether ruptured. The diagram of seven-
point sampling was displayed, and information on tumor
focality, sampled tissue blocks, and total sampling number was
listed. Pathologists would check whether the sampling location
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was appropriate and whether the sampling number was sufficient
(generally no less than seven). Once unqualified sampling was
found, resampling would be performed within 1 week when
surgical specimens were available. Detailed parameters on the
pathology part are shown in Figure 2B.

Traditional Sampling and
Seven-Point Sampling
Traditionally, HCC specimens are sampled according to Rosai and
Ackerman’s Surgical Pathology. It requires one tissue block
sampled from the tumor area, transition areas (across tumor
and adjacent liver tissues), and proximal liver parenchyma,
respectively (28).

In seven-point sampling procedure, all the specimens were cut
apart along the maximal tumor section and then were sliced into
serial 1 cm thick sections parallel to themaximal tumor section. The
solitary tumor should be sampled at least four sites in the
peritumoral area (at the junction of the tumor and adjacent liver
tissue in a 1:1 ratio at the 12, 3, 6, and 9 o’clock positions), one site in
the tumor area (more sites should be sampled for tumors harboring
different textures or colors), and one site each in proximal (≦1.0 cm
fromthe tumor) anddistal (>1.0 cmfromthe tumor)paracancerous
liver parenchyma if applicable (2). In the case of multiple tumors,
the largest dominant nodule should be sampled as described above.
If themaximumdiameter of the 2nd nodule does not exceed 3 cm, it
should be all sampled in one block.Otherwise, it should be sampled
as seven-point sampling protocol according to the actual situation.
The sampling procedure should be completed within 30 min after
surgical removal of specimen for sectioning and fixation (2).

SPRING
Our SR-hcc with sven-point Sampling constituted the SPRING
protocol. For each patient, surgeons would fill in the clinical and
imaging part in the SR-hcc and submit it with the resected
specimen. Then specific sampling pathologists would sample
according to seven-point sampling protocol, mark sampled
Frontiers in Oncology | www.frontiersin.org 352
tissue blocks in the sampling diagram, count the total sampling
number, and finish the sampling. Four senior pathologists would
evaluate the sections and finally finish pathology parts in SR-hcc.
The diagnosis on MVI was based on peritumoral samples.

Retrospective Study
To evaluate whether the use of SR recommended by CAP could
increase the detected rate of MVI, we retrospectively included a
total of 1,006 HCC cases from three Chinese medical centers
between January 1, 2012, and March 31, 2017, including 768
cases from the First Affiliated Hospital of Sun Yat-sen University
as the primary group, 238 cases from the Zhujiang Hospital of
Southern Medical University and Dongguan People’s Hospital as
the external group (Figure 1). Sampling procedure was
performed in traditional pattern, and MVI information was
obtained from the original pathologic reports yielded by NR in
both groups. Two senior pathologists retrospectively re-reviewed
specimen sections using SR recommended by CAP (21) (SR-
CAP) in the primary group but did not in the external group. The
MVI detection rate was compared between NR and SR-CAP.

Prospective Study
SR-hcc was applied in the First Affiliated Hospital of Sun Yat-sen
University since April 1, 2017. We prospectively enrolled a total of
382 patients from April 1, 2017, to December 31, 2019, with SR-hcc
implementation. In the same period, 114 patients from two external
centers were also prospectively recruited, and their pathological
reports remained using NR and specimen sampling remained the
traditional pattern. The MVI detection rates were then compared
between our center and external centers in this prospective cohort.

Trends of MVI Rate Under Interrupted
Time Series Design
Next, observed trend in MVI detection rate following the
implementation of SPRING (the “interruption”) protocol was
compared with trend in the absence of the protocol.
FIGURE 1 | Inclusion and exclusion diagram.
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An interrupted time series (ITS) design (29) was conducted every
6 months before (January 1, 2012, to March 31, 2017) and after
(July 1, 2017, to December 31, 2019) application of SPRING. To
account for 3-month probation for implementation, during
Frontiers in Oncology | www.frontiersin.org 453
which the data were not stable, we excluded the 3-month
(April 1, 2017, to June 30, 2017) following implementation in
ITS analysis. This allowed for post-interruption trends to better
coincide with the actual impact of the protocol.
A

B

FIGURE 2 | (A) Traditional Narrative Reporting (NR); (B) Innovative Synoptic Reporting (SR-hcc).
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Statistical Analysis
Descriptive statistics were used to tabulate patient characteristics.
Continuous variables were shown as means ± standard deviation
and categorical variables as numbers and percentages. Differences
between the primary group and external group in the retrospective
cohort and differences between our center and external center in
the prospective cohort were assessed using the t-test, chi-square
test, and Wilcoxon signed-rank test. The Kaplan-Meier survival
curves of RFS pre- and post-implementation were plotted and
compared by the log-rank test in our center.

Differences in MVI detection rate and sampling number
between pre- and post-implementation periods were assessed
using segmented regression through ITS analysis. Separate
models were fit to primary cohort and external controls.
Models were tested for overdispersion and autocorrelation
using recommended methods. Results were reported as average
incidence rate and 95% CIs. All statistical tests were two-sided,
with P<0.050 considered statistically significant. All analyses
were conducted on SAS 9.5 and R 3.6.1.
RESULTS

Baseline Characteristics
In the retrospective cohort (n=1,006, Table 1), fewer patients with
BCLC 0-A tumors (81.1 vs. 87.0%, P=0.038), fewer patients with
tumor size ≥5 cm (47.8 vs. 55.5%, P=0.038), and more patients
with multifocal tumors (21.4 vs. 13.9%, P=0.021) were found in the
primary group compared to the external group. Other variables
were comparable between the two groups (all P>0.050).

In the prospective cohort (n=496, Table 1), fewer patients
with BCLC 0-A tumors (82.2 vs. 93.0%, P=0.005), more patients with
multifocal tumors (20.4 vs. 7.0%, P=0.009), more patients with
positive HBsAg (83.8 vs. 73.7%, P=0.015), and a younger average
age [53.7 (11.1) vs. 56.5 (12.3), P=0.025] were found in our center
compared to the external center. Other variables were comparable
among three centers (all P>0.050). The comparisons of
clinicopathological characteristics between MVI-positive and
MVI-negative groups after SPRING in our center and external
center are displayed in Supplementary Tables 1 and 2 (see Table,
Supplemental Digital Content, which demonstrated patients’
clinicopathological characteristics), respectively.

We also compared baseline characters between retrospective and
prospective cohort in our center and external centers in
Supplementary Tables 3 and 4 (see Table, Supplemental Digital
Content, whichdemonstratedpatients’baseline characteristics). The
comparison of baseline characters between our center and external
centers throughout the whole study period is shown in
Supplementary Table 5 (see Table, Supplemental Digital
Content, which demonstrated all patients’ baseline characteristics).

The MVI Detection Rate in the
Retrospective Study Under SR-CAP
In the retrospective cohort, the overall MVI detection rate of
three centers was 9.6% (97/1,006). Regarding MVI rate reported
by original NR, there was no significant difference between the
Frontiers in Oncology | www.frontiersin.org 554
primary group and the external group (9.1 vs. 11.3%, P=0.309)
(Table 1). After re-reviewing specimen sections using SR
recommended by CAP in the primary group, the MVI
detection rate increased significantly compared to it reported
previously by NR (38.7 vs. 9.1%, P<0.001). Also, the MVI
detection rate in the primary group reported by SR-CAP was
significantly higher than that in the external group reported by
NR (38.7 vs. 11.3%, P<0.001) (Figure 3A).

The MVI Detection Rate in the Prospective
Study Under SPRING
After April 1, 2017, the SPRING protocol was implemented in our
center. The MVI detection rate by SPRING in our center was
significantly higher than that by traditional pathology examination
in the external center (49.7 vs. 14.0%, P<0.001) (Figure 3B).

Supplementary Tables 6 and 7 (see Table, Supplemental
Digital Content, which demonstrated the comparison of baseline
characteristics between 2018 and 2019 in our center and external
centers, respectively) showed the MVI rate declined in 2019
compared to 2018 (our center: 53.7 vs. 45.1%, P=0.120; external
centers: 22.2 vs. 4.3%, P=0.012). The tumor size was smaller in 2019
in our center [6.8 (9.0) cm vs. 5.5 (5.1) cm, P=0.001], and more
unifocal patients were in 2019 in external centers [Tumor number
group 1: 38 (84.4%) vs. 45 (97.8%), P=0.045].

Subgroup Analysis in the
Prospective Study
Subgroup analysis was performed according to influencing
factors of MVI rate including tumor size, tumor number,
BCLC stage, and alpha fetoprotein (AFP) level (9) (Table 2).
The comparison of MVI rate between our center with SPRING
and external center with traditional protocol was 30.9 vs. 8.0%
(P=0.022), 38.6 vs. 3.3% (P<0.001), and 64.7 vs. 22.0% (P<0.001)
in 1.0–3.0, 3.0–5.0 cm, and ≧5.0 cm group, respectively.
Concerning the tumor number, in the single tumor group,
MVI rate in our center was significantly higher than that in
the external center (47.4 vs. 12.3%, P<0.001), but this advantage
was not significant in multifocal groups (two tumors group: 57.8
vs. 33.3%, P=0.390; three tumors group: 60.0% vs. 0, P=NA, >3
tumors group: 60.9 vs. 50.0%, P=1.000). As for BCLC stage, the
MVI rate of 0A-stage patients in our center was higher than that
in the external center (47.8 vs. 12.3%, P<0.001), and the MVI rate
was comparable in B-stage patients (58.8 vs. 37.5%, P=0.283). All
subgroups related to AFP level showed an improved MVI rate in
our center, and detailed data are shown in Table 2. We noticed
the improvement of MVI detection under SPRING was more
significant in tumor size ≧5.0 cm group and AFP ≧400 group
(67.9 vs. 20.5%, P<0.001).

Trends of Sampling Number and MVI
Detection Rate Following SPRING
In our center, after implementing SPRING, more tissue blocks in
peritumoral areas were sampled [median of sampling number:
pre 5 (95% CI: 4–6) vs. post 10 (95% CI: 8–14), level change 4.9
(95% CI: 2.0–7.8), P<0.001] (Figure 4A). Following
implementation of SPRING, a dramatic increase in MVI
November 2021 | Volume 11 | Article 726239
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TABLE 1 | Baseline characters for all patients in our center and external centers.

Prospective cohort (201707–201912)

Pvalue1 Total Our center External centers Pvalue1

0.990# 54.4 (11.4) 53.7 (11.1) 56.5 (12.3) 0.025
54.3 (46.3,62.8) 53.4 (46.2,62.1) 57.1 (46.6,65.7)

0.353 434 (87.5%) 335 (87.7%) 99 (86.8%) 0.809
62 (12.5%) 47 (12.3%) 15 (13.2%)

0.516 92 (18.5%) 62 (16.2%) 30 (26.3%) 0.015
404 (81.5%) 320 (83.8%) 84 (73.7%)

0.541 480 (96.8%) 367 (96.1%) 113 (99.1%) 0.136
16 (3.2%) 15 (3.9%) 1 (0.9%)

0.111 37 (7.5%) 26 (6.8%) 11 (9.6%) 0.311
459 (92.5%) 356 (93.2%) 103 (90.4%)

0.499# 15408 (94567) 18224 (107E3) 5972 (24373) 0.247#

35.2 (5.0,639.1) 25.9 (4.9,577.7) 65.5 (5.2,1197)

0.222 224 (45.2%) 179 (46.9%) 45 (39.5%) 0.310
127 (25.6%) 97 (25.4%) 30 (26.3%)
145 (29.2%) 106 (27.7%) 39 (34.2%)

0.573# 6.0 (6.2) 6.1 (6.8) 5.7 (3.3) 0.802#

4.9 (3.3,7.1) 4.8 (3.3,7.1) 5.2 (3.3,7.1)
0.038 106 (21.4%) 81 (21.2%) 25 (21.9%) 0.765

144 (29.0%) 114 (29.8%) 30 (26.3%)
246 (49.6%) 187 (49.0%) 59 (51.8%)

0.021 410 (82.7%) 304 (79.6%) 106 (93.0%) 0.009
51 (10.3%) 45 (11.8%) 6 (5.3%)
10 (2.0%) 10 (2.6%) 0 (0.0%)
25 (5.0%) 23 (6.0%) 2 (1.8%)

0.038 420 (84.7%) 314 (82.2%) 106 (93.0%) 0.005
76 (15.3%) 68 (17.8%) 8 (7.0%)

0.309 290 (58.5%) 192 (50.3%) 98 (86.0%) <0.001
206 (41.5%) 190 (49.7%) 16 (14.0%)

s for selecting P values and statistics: (1) For continuous variables, if they met normal distribution, we used T-test
categorical variables, we used chi-square test or Fisher exact probability method. 2. Data description method:
dian (IQR). (2) For categorical variables, they were described as N (%) under different categories.
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Variables Levels Retrospective cohort (201201–201706)

Total Our center External centers

Age Mean (SD) 53.9 (11.7) 53.9 (11.7) 54.0 (11.4)
(yr) Median (IQR) 54.8 (45.4,62.0) 54.7 (45.5,62.1) 55.0 (45.4,61.8)

Gender Male 874 (86.9%) 663 (86.3%) 211 (88.0%)
Female 132 (13.1%) 105 (13.7%) 27 (11.3%)

HBsAg Negative 144 (14.3%) 113 (14.7%) 31 (13.0%)
Positive 862 (85.7%) 655 (85.3%) 207 (87.0%)

HCV Negative 984 (97.8%) 750 (97.7%) 234 (98.3%)
Positive 22 (2.2%) 18 (2.3%) 4 (1.7%)

PLT <100 111 (11.0%) 78 (10.2%) 33 (13.9%)
(×109/L) ≥100 895 (89.0%) 690 (89.8%) 205 (86.1%)

AFP Mean (SD) 15183 (101E3) 15838 (111E3) 13069 (54884)
Level
(ng/ml)

Median (IQR) 46.0 (5.6,842.8) 53.9 (5.9,756.1) 31.8 (4.8,1092)

AFP ≤20 411 (40.9%) 304 (39.6%) 107 (45.0%)
Group 20–400 285 (28.3%) 227 (29.6%) 58 (24.4%)
(ng/ml) ≥400 310 (30.8%) 237 (30.9%) 73 (30.7%)

Tumor Mean (SD) 5.7 (3.2) 5.6 (3.1) 5.9 (3.7)
Size (cm) Median (IQR) 4.9 (3.4,7.3) 4.8 (3.4,7.3) 5.2 (3.3,7.0)
Tumor 1–3 cm 187 (18.6%) 141 (18.4%) 46 (19.3%)
Size 3–5 cm 320 (31.8%) 260 (33.9%) 60 (25.2%)
Group ≥5 cm 499 (49.6%) 367 (47.8%) 132 (55.5%)
Tumor 1 809 (80.4%) 604 (78.6%) 205 (86.1%)
Number 2 102 (10.1%) 87 (11.3%) 15 (6.3%)
Group 3 27 (2.7%) 25 (3.3%) 2 (0.8%)

>3 68 (6.8%) 52 (6.8%) 16 (6.7%)
BCLC 0A 830 (82.5%) 623 (81.1%) 207 (87.0%)
Group B 176 (17.5%) 145 (18.9%) 31 (13.0%)
MVI MVI− 909 (90.4%) 698 (90.9%) 211 (88.7%)
Status MVI+ 97 (9.6%) 70 (9.1%) 27 (11.3%)

PLT, platelet; AFP, alpha fetoprotein; MVI, microvascular invasion; SD, standard deviation; IQR, interquartile range. 1Principl
results; otherwise, we used Wilcoxon results (“#” means that continuous variables did not meet normal distribution). (2) Fo
(1) For continuous variables, if they satisfied normal distribution, we selected the mean (SD); otherwise, we selected the m
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detection was found [pre- 9.1% to post- 49.7%; level change:
43.3% (95% CI: 36.4–50.3%), P<0.001]. In comparison, a smaller
but not statistically significant increase of MVI rate was observed
in the external center, which remained the traditional
pathological examination [pre- 11.3% to post- 14.0%; level
change: 1.6% (95% CI: −12.0–15.2%), P=0.897] (Figure 4B).

Prognostic Value of SPRING
Finally, we investigated the prognostic effect of the SPRING
protocol on HCC patients in our center. For MVI-negative
Frontiers in Oncology | www.frontiersin.org 756
patients, 1-year RFS rate was 78.8% (95% CI: 75.1–82.7%)
before implementation and 85.0% (95% CI: 79.1–91.3%) after
implementation. Two-year RFS rate was 65.9% (95% CI: 61.5–
70.5%) before implementation and 73.0% (95% CI: 61.3–87.0%)
after implementation. For MVI-positive patients, 1-year RFS rate
was 47.2% (95% CI: 41.6–53.5%) before implementation and
59.2% (95% CI: 51.8–67.6%) after implementation. Two-year
RFS was 36.6% (95% CI: 31.2–42.9%) before implementation and
39.4% (95% CI: 26.8–57.7%) after implementation. It suggested
that the RFS of both MVI-negative patients (P=0.080) and MVI-
A B

FIGURE 3 | (A) The MVI rate in retrospective study: Synoptic Reporting recommended by the College of American Pathologists (SR-CAP) in the primary group vs.
NR in the primary and external group. (B) The MVI rate in the prospective study: Our Center vs. External Center.
TABLE 2 | Subgroup analysis for prospective cohort (our center vs. external centers).

Variables Levels Total Our center External centers Pvalue1

Overall MVI− 290 (58.5%) 192 (50.3%) 98 (86.0%) <0.001
MVI+ 206 (41.5%) 190 (49.7%) 16 (14.0%)

Tumor Size 1.0–3.0 cm MVI− 79 (74.5%) 56 (69.1%) 23 (92.0%) 0.022
MVI+ 27 (25.5%) 25 (30.9%) 2 (8.0%)

3.0–5.0 cm MVI− 99 (68.8%) 70 (61.4%) 29 (96.7%) <0.001
MVI+ 45 (31.3%) 44 (38.6%) 1 (3.3%)

≥5.0 cm MVI− 112 (45.5%) 66 (35.3%) 46 (78.0%) <0.001
MVI+ 134 (54.5%) 121 (64.7%) 13 (22.0%)

Tumor Number 1 MVI− 253 (61.7%) 160 (52.6%) 93 (87.7%) <0.001
MVI+ 157 (38.3%) 144 (47.4%) 13 (12.3%)

2 MVI− 23 (45.1%) 19 (42.2%) 4 (66.7%) 0.390
MVI+ 28 (54.9%) 26 (57.8%) 2 (33.3%)

3 MVI− 4 (40.0%) 4 (40.0%) 0 Not Applicable
MVI+ 6 (60.0%) 6 (60.0%) 0

>3 MVI− 10 (40.0%) 9 (39.1%) 1 (50.0%) 1.000
MVI+ 15 (60.0%) 14 (60.9%) 1 (50.0%)

BCLC Staging 0A MVI− 257 (61.2%) 164 (52.2%) 93 (87.7%) <0.001
MVI+ 163 (38.8%) 150 (47.8%) 13 (12.3%)

B MVI− 33 (43.4%) 28 (41.2%) 5 (62.5%) 0.283
MVI+ 43 (56.6%) 40 (58.8%) 3 (37.5%)

AFP Level ≦20 MVI− 156 (69.6%) 114 (63.7%) 42 (93.3%) <0.001
MVI+ 68 (30.4%) 65 (36.3%) 3 (6.7%)

20–400 MVI− 69 (54.3%) 44 (45.4%) 25 (83.3%) <0.001
MVI+ 58 (45.7%) 53 (54.6%) 5 (16.7%)

≧400 MVI− 65 (44.8%) 34 (32.1%) 31 (79.5%) <0.001
MVI+ 80 (55.2%) 72 (67.9%) 8 (20.5%)
N
ovember 2021 | Volume 11 |
MVI, microvascular invasion; AFP, alpha fetoprotein. 1principles for selecting P values and statistics: (1) For continuous variables, if they met normal distribution, we used T-test results;
otherwise, we used Wilcoxon results. (2) For categorical variables, we used chi-square test or Fisher exact probability method. 2. Data description method: (1) For continuous variables, if
they satisfied normal distribution, we selected the mean (standard deviation); otherwise, we selected the median (interquartile range). (2) For categorical variables, they were described as N
(%) under different categories.
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positive patients (P=0.080) improved after SPRING, although
there was no statistically significant difference (Figure 5).
DISCUSSION

In this study, we demonstrated that SPRING protocol could help
improve MVI detection rate and make more accurate risk
stratification on patient outcomes, when compared to
traditional pathology examination in HCC patients.

Standardized pathology reporting is playing a much more
important role in surgical oncology. Studies on pathology reports
confirmed that adverse prognostic factors like lymph node and
resection margin involvement in pancreatic cancer, as well as
EMVI and LVI in CRC were under-reported in traditional
Frontiers in Oncology | www.frontiersin.org 857
NR (17). In our study, an increased MVI rate was reported by
SR-CAP in the same patient group (9.1% vs. 38.7%, P<0.001),
indicating MVI in HCC might also be under-reported in
traditional NR. MVI was not commonly employed as a routine
diagnostic parameter in HCC pathology (25), which might
partially cause the neglect of diagnosis of MVI by pathologists.
The free-text form of NR could not remind pathologists to report
parameters completely in routine diagnosis. In addition, because
of different regulations and personal preferences on reporting,
inconsistencies of NR were commonly seen among different
pathologists and institutions. This non-standardization in NR
made it prone to missing information, especially useful
parameters for allocating postsurgical adjuvant treatment
(11, 30). SR including required pathological parameters
could prevent the omission of essential elements (13, 14, 31).
A B

FIGURE 4 | (A) Interrupted time series plot of sampling number pre- and post-implementation in our center. (B) The trends of MVI rate pre- and post-
implementation (Our center vs. External center).
A B

FIGURE 5 | The Recurrence-Free Survival pre- and post-implementation in our center. (A) MVI-negative patients; (B) MVI-positive patient.
November 2021 | Volume 11 | Article 726239
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Firstly, a structured format prompts pathologists to report the
presence or absence of required parameters, probably
encouraging a more detailed evaluation under microscopy (31).
Secondly, SR possibly urges pathologists to check the diagnostic
criteria of parameters in up-to-date guidelines so that they could
finish the diagnosis expertly. Finally, after learning guidelines,
the growing awareness among pathologists about the effect of
poor prognostic factors on disease recurrence and clinical
decisions may also attribute to the increased detection rate
(32). Our experience in this study shows the application of SR
might help to improve pathologists’ awareness in reporting MVI
and improve MVI detection rate in HCC.

Currently, the multidisciplinary team (MDT) meetings in
oncology were shown to increase the rate of appropriate
treatment and improve survival, which needs an adequate
exchange of multiple diagnostic information. Meanwhile,
pertinent clinical and imaging information would help
pathologists narrow the differential diagnosis and improve
diagnostic accuracy considering the subjective feature of
pathological evaluation (33, 34). However, only 14% of
pathology reports were provided with pertinent clinical and
imaging data in a French, nationwide survey on hilar
cholangiocarcinoma (30). Although the Laboratory
Accreditation Program of the CAP has codified pathologists
should be fully cognizant of the essential clinical data (34), the
appropriate way of providing this information was reported as
unavailable (33). Our innovative SR merged clinical and imaging
information would better satisfy the need of MDT.

Standardized tissue sampling bases the quality of pathological
diagnosis (12, 33). Adequacy assessment was found to improve
both sufficiency and quality of specimens, which was widely
used in cytopathology like Pap testing in cervical cancer, but
rarely used in surgical pathology (35, 36). Whether the sampling
location was appropriate and whether the sampling number was
sufficient were hard to evaluate because sampling information
was rarely reported previously in surgical oncology. Thus,
we added detailed sampling diagrams to show concrete
sampling location and record total sampling number in
SR-hcc. The sampling part in our SR-hcc potentially
provided an example for applying adequacy assessment in
surgical pathology. Standardization in peritumoral sampling of
HCC specimen was usually neglected, which is prone to
resulting in negative detection of MVI that is not evenly
distributed around the adjacent liver parenchyma. A Chinese
consensus recommended seven-point sampling procedure that
emphasized adequacy in peritumoral sampling (2) but lacked
large-scale clinical evidence. We adopted this seven-point
sampling procedure in the SPRING protocol and confirmed
an increased MVI detection rate [43.3% (95% CI 36.4–
50.3), P<0.001].

Most previous studies focused on a certain step in quality
improvement and error reduction of pathology diagnosis (33),
but they neglected the importance of integral action of the whole
process, which has been stressed before (12). Our SPRING
protocol, which combined seven-point sampling and SR,
helped to improve MVI rate significantly (49.7 vs. 14.0%,
Frontiers in Oncology | www.frontiersin.org 958
P<0.001). SPRING demonstrated that the standardization from
sampling to reporting was effective and could possibly be
promoted to many other pathological parameters and cancer
types in quality improvement. Moreover, the SPRING protocol
facilitated communication and cooperation among surgeons,
radiologists, and pathologists, which not only improve the
diagnosis quality but also benefit patients in the end.

Subgroup analysis showed the improvement of MVI
detection under SPRING was especially pronounced in patients
with tumor size ≧5 cm and AFP level ≧400. This may indicate
under-reporting of MVI was more common among high-risk
patients; thus, pathologists should notice whether their sampling
was qualified and perform a more detailed evaluation. As for the
grouping of tumor number and BCLC stage, we found that
although MVI rate in our center was higher, this advantage was
not significant in B-stage and multifocal patients. Small sample
size of these groups (B-stage patients: our center n=68, external
centers n=8; multifocal patients: our center n=78, external
centers n=8) might partly explain the reason. We need to
further collect more cases from more centers to validate this
improvement in the future. Furthermore, considering for
complexity in sampling multifocal specimens, pathologists
should pay more attention on the sufficiency of smaller focus
in addition to the dominant one.

Many studies examined the quality of pathology diagnosis by
comparing the results of reviewing specimen sections by different
pathologists, but evaluating the relation of a prognostic factor
with the outcome would be more direct and objective (17). For
example, after standardization of pathology examination in
pancreatic cancer, the overall survival in lymph node
involvement–negative patients improved and remained
unchanged in positive patients (18). In our study, we explored
the prognostic value of MVI status before and after SPRING. The
RFS for both MVI-negative patients (P=0.080) and MVI-positive
patients (P=0.080) improved, although the statistical difference
was not significant. We speculated that false negative patients
reduced after SPRING and more adjuvant therapy was probably
applied to MVI-positive patients, which might facilitate the
improvement of RFS. SPRING could make it more accurate in
risk stratification, thus indirectly reflected the improved quality
in pathology evaluation.

There were several limitations to our study. First, we did not
re-review the specimen sections from external controls by SR
because of unavailable acquisition. Second, our protocol was only
implemented in a single center, so further studies are needed to
validate its effectiveness in more centers. Third, MVI detection is
operator-dependent, so we let the two pathologists who re-
reviewed sections in the retrospective study participate in
prospective study in our center. We think controlling operator
could reduce operator bias, which could better reflect the
comparison before and after SPRING in our center. However,
as for the comparison between our center and external centers in
the prospective study, we needed pathologists who didn’t involve
in the retrospective study to be the examiners for pathologists in
external centers did not involve in our retrospective study.
Unfortunately, it is now hard to distinguish pathology reports
November 2021 | Volume 11 | Article 726239
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made by two pathologists who were involved in retrospective
study and the two who did not. During the prospective research
period, four pathologists would communicate experience of
diagnosis, and there might also be slight influences. We would
modify and revise this point in further study. Fourth, in the
prospective cohort, the baseline characters of patients in our
center and external centers were different in age, HBsAg, tumor
number, and BCLC group, so we made a subgroup analysis
according to influencing factors of MVI rate including tumor
size, tumor number, BCLC stage, and AFP level. We compared
MVI rate in each subgroup. The population should be possibly
the same in the future study. Our experience in this study may
help provide an example for improvement of precise pathological
diagnosis with SR and sampling method in surgical oncology.

In conclusion, the SR-hcc and SPRING protocol could help to
improve the MVI detection rate in HCC patients who received
curative resection, and consequently help decision for potential
adjuvant therapy.
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Esophageal cancer is an exceedingly aggressive and malignant cancer that imposes a
substantial burden on patients and their families. It is usually treated with surgery,
chemotherapy, radiotherapy, and molecular-targeted therapy. Immunotherapy is a
novel treatment modality for esophageal cancer wherein genetically engineered
adoptive cell therapy is utilized, which modifies immune cells to attack cancer cells.
Using chimeric antigen receptor (CAR) or T cell receptor (TCR) modified T cells yielded
demonstrably encouraging efficacy in patients. CAR-T cell therapy has shown robust
clinical results for malignant hematological diseases, particularly in B cell-derived
malignancies. Natural killer (NK) cells could serve as another reliable and safe CAR
engineering platform, and CAR-NK cell therapy could be a more generalized approach for
cancer immunotherapy because NK cells are histocompatibility-independent. TCR-T cells
can detect a broad range of targeted antigens within subcellular compartments and hold
great potential for use in cancer therapy. Numerous studies have been conducted to
evaluate the efficacy and feasibility of CAR and TCR based adoptive cell therapies (ACT). A
comprehensive understanding of genetically-modified T cell technologies can facilitate the
clinical translation of these adoptive cell-based immunotherapies. Here, we systematically
review the state-of-the-art knowledge on genetically-modified T-cell therapy and provide a
summary of preclinical and clinical trials of CAR and TCR-transgenic ACT.

Keywords: T cell receptor, chimeric antigen receptor, immunotherapy, engineered T cells, esophageal cancer
1 INTRODUCTION

Esophageal cancer is one of the most common cancers and a leading cause of cancer-related deaths,
with its incidence and mortality increasing worldwide. Esophageal cancer can be predominantly
categorized into two subtypes, esophageal adenocarcinoma, and esophageal squamous cell carcinoma
(ESCC), which accounts for nearly 90% of all diagnosed patients (1). For resectable esophageal cancer,
radical esophagectomy and lymph node dissection, are principal surgical treatments but also a key part
of multidisciplinary therapy (2). Multi-drug chemotherapy, such as CF regimen (cisplatin and
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5-fluorouracil), ECF regimen (epirubicin, cisplatin and 5-
fluorouracil) combined with radiotherapy are the conventional
therapies for advanced patients who cannot tolerate surgery or
adjuvant treatments of resectable tumors (3). The efficacy of most
molecular-targeted therapy available for esophageal cancer is
suboptimal, except for the anti-HER monoclonal antibodies,
trastuzumab (3). Immunotherapy is an emerging method for
enhancing the anti-tumor response in patients. At present,
immune checkpoint inhibitors, have demonstrated substantial
clinical anti-tumor effect and tumor vaccines are under active
investigation. Nivolumab alone or in combination with
ipilimumab have reinvigorated the anti-tumor immune
responses and increased the overall survival of esophagogastric
cancer (4). Despite tremendous improvements in therapeutic
modalities, the estimated overall five-year survival rate is still
approximately 15% (5). Therefore, it is particularly urgent to
explore effective and novel therapies to combat esophageal cancer.

CAR and TCR engineered T cell therapies, are effective and
rapidly evolving immunotherapy. Typically, these adoptive T cell
therapies require the patient’s own T cells to be extracted,
isolated, screened, modified, expanded ex vivo, following by
Frontiers in Oncology | www.frontiersin.org 262
re-infusion back into the patients. The technique utilizes
lentiviral or retroviral vector transduction to genetically modify
the autologous T cells so that they could express a unique CAR or
TCR with novel antigen specificity, thereby redirecting those
engineered T cells to eradicate the cancer cells (Figures 1 and
2) (6).
2 CAR-T CELL THERAPY:
A NOVEL APPROACH FOR
CANCER IMMUNOTHERAPY

CAR-T cell therapy is an emerging curative approach against
hematological tumors and has shown a satisfactory clinical
response. CD19 targeted CAR-T cells have become a leading
therapy against relapsed or refractory hematological
malignancies, such as lymphocytic leukemia and B-cell
lymphoma (7, 8). The FDA has approved four autologous
CD19 targeted CAR-T cell therapy products, Tisagenlecleucel
(Kymriah), Axicabtagene ciloleucel (Yescarta), Brexucabtagene
FIGURE 1 | Manufacturing procedures of CAR-NK and TCR-T cells. The established NK cells principally come from PBMC, UCB, NK cell lines, ESCs, and iPSCs.
The NK92 cell line after irradiation has been widely used as the main source of CAR-NK cells. In addition, primary NK cells could be extracted from peripheral blood
(PB) or umbilical cord blood (UCB). The above NK cells are engineered with CAR structure to produce CAR-NK cells. Antigen reactive T cells are isolated from
excised tumor tissues or PB of the patients. Subsequently, the antigen-specific TCR sequences are cloned and transfected into T cells via retroviral or lentivirus
vector to construct TCR-engineered T cells.
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autoleucel (Tecartus), Lisocabtagene maraleucel (Breyanzi) for
relapsed/refractory B-cell lymphoma or acute lymphocytic
leukemia, and one autologous BCMA targeted CAR-T cell
therapy product, Idecabtagene vicleucel (Abecma) for multiple
myeloma (7–11). The tremendous achievements of CAR-T cell
therapy in treating hematological malignancies have promoted
the application of this therapy to solid tumors.

2.1 The Design of CAR-T Structure
CARs are synthetic receptors that mainly consist of four
components, extracellular domain, hinge region, transmembrane
domain and intracellular signaling domain (6). Every part of the
CAR structure has unique properties, and has evolved to improve
the safety and optimize the cytotoxic effect of the CAR-T cells. The
single chain variable fragment (scFv), is the main portion of the
extracellular domain and could recognize and bind the targeted
tumor specific antigens in a major histocompatibility complex
(MHC)-independent manner (12). Therefore, CAR-T cells could
avert the tumor immune evasion elicited by downregulation of
MHC molecules. Hinge region functions to adjust the steric
distance between the CAR-T cells and antigen epitopes, and the
transmembrane domain can transduce extracellular antigen
recognition signals into the intracellular signaling domain (13).

The intracellular signaling domains of different generations
are distinct from each other. First- generation CARs only contain
a single signaling molecule CD3z, while second- and third-
generation CARs have incorporated one and two costimulatory
molecules respectively (Figure 3). The costimulatory domains of
Frontiers in Oncology | www.frontiersin.org 363
CAR-T cells, primarily include 4-1BB, CD28, OX40, ICOS,
CD27, MYD88, CD40, DAP12A, among which, 4-1BB and
CD28 are most widely studied and have been approved for use
by FDA (14). CAR-T cells with CD28 costimulatory molecule,
demonstrated a rapid antitumor activity but a decreased
persistence, compared to 4-1BB (15). The remaining
costimulatory molecules have only been validated to be
efficacious in preclinical evaluation, whereas have not been
clinically evaluated. More recently, the next generation of
CAR-T cells is ongoing active investigation in order to better
support the anti-tumor effect of CAR-T cells. Armored CAR-T
cells are being modified to generate cytokines, chemokines, or
co-expressing immunomodulatory ligands to overcome the
immunosuppressive tumor microenvironment (TME) and
sustain the function of CAR-T cells (14). CAR-T cells that
secrete immunomodulatory cytokines, which is also known as
T cells that redirect general cytokine-mediated killing, are an
example of armored CAR-T cells. CAR-T cells with inducible
proinflammatory cytokines IL-12 or IL18 secreting, could alter
the immunosuppressive milieu by redirecting more immunes
cells into tumor sites, which have showed an enhanced
cytotoxicity in solid tumors (16). Additionally, IL-7 and
CCL19 expressing CAR-T cells have exhibited an augmented
infiltration and proliferative competence in vitro and in vivo,
compared with convention CAR-T cells (17). Gene editing
technology could mediate the knockdown of TCR a/b chains,
to generate the next generation universal CAR-T cells with
higher safety, thereby averting graft-versus-host disease
FIGURE 2 | A concise workflow of genetically modified T cell therapy in clinical practice. The peripheral blood is initially collected to isolated T/NK cells. The purified
T/NK cells are activated and amplified ex vivo and genetically modified to express specific CAR or TCR. Following expansion and quality control ex vivo, CAR-T/NK
cells or TCR-T cells are infused back into the patients’ body to eliminate cancer cells.
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(GVHD) (18, 19). Tandem CAR-T cells, equipped with two
scFvs, simultaneously target two tumor antigens and therefore,
could overcome the anti-tumor immune escape. For example,
CD70 and B7-H3 targeted tandem CAR-T cells have
demonstrated efficacious against esophageal cancers in
preclinical models (20).

2.2 Esophageal Cancer−Associated
Antigens for CAR−T Cell Therapy in
Preclinical Studies
One hurdle in applying CAR−T cell therapy against solid cancers
is the paucity of targeted antigens. Since a mature manufacturing
process of CAR-T cell therapy is already available, the
Frontiers in Oncology | www.frontiersin.org 464
identification of specific antigens for optimal targeting is
imperative for expanding its application.

The ideal antigens for CAR-T cell therapy should have high
specificity and high coverage of tumor cells to ensure both safety
and efficacy (21). Indeed, several surface antigens have already
been identified in preclinical studies as potential targets for CAR-
T cell therapy against esophageal cancer as described below.

2.2.1 Human Epidermal Growth Factor Receptor 2
HER2 belongs to HER/ErbB family of receptor tyrosine kinases,
which represents a crucial therapeutic strategy in HER2-postive
Esophageal cancer (22). In recent studies, HER2-based CAR-T
cells have been established and their effectiveness in esophageal
FIGURE 3 | Blueprint of CAR/TCR structure. Left to right: the designs of TCR-T cell, CAR-T cells, and CAR-NK cells. CAR-T cells and CAR-NK cells share a similar
CAR structure, which is composed of extracellular tumor antigen binding domain (scFv), hinge region, transmembrane region and intracellular signaling domain. The
update of CAR structures is primarily reflected in the incorporation of costimulatory molecules. CD28, 4-1BB, OX40 and ICOS are the common costimulatory
molecules in CAR-T cells while DAP10, DAP12, NKG2D and 2B4 are widely used costimulatory domains in CAR-NK cells. The TCR complex is a heterodimer is
constituted of TCRa and TCRb chains, noncovalently connected to the three CD3 dimers (CD3gϵ, CD3dϵ, and CD3zz). Antigen peptides from tumor cells bind to
MHC molecules to form pMHC, and subsequently TCR recognizes and binds to the antigens presented by pMHC. The extracellular antigen signaling is transduced
by TCR-CD3 complex into intracellular signaling, and mediates the elimination and killing of tumor cells.
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cancer treatment has been investigated both in vitro and in vivo.
These cells can recognize and eliminate the HER2-amplied ESCC
cell l ines, ECA109 and TE-1, elevate the levels of
proinflammatory cytokines and moreover, intratumor
administration of those modified T cells significantly inhibited
the tumor growth in ECA109 xenografts (23).

2.2.2 Erythropoietin-Producing Hepatocellular
Receptor A2
EphA2 is a member of the Eph family, which serves as a surface
antigen for its carcinogenic effects. EphA2 is highly expressed in
tumor cells, while at relatively low levels in most normal adult
tissues, which suggested its potential use in cancer
immunotherapy (24). The second generation of EphA2
targeted CAR-T cells exhibited an obviously inhibitory effect
on ESCC cells in a dose-dependent manner (25). Moreover,
similar researches have been conducted on other solid tumors,
such as central nervous system tumors (26). Thus, further
investigation to evaluate the efficacy of EphA2 targeted CAR-T
cell therapy against esophageal cancer is warranted.

2.2.3 Mucin-1
MUC1 is a glycoprotein whose expression levels are aberrantly
upregulated in various carcinomas, such as esophageal cancer
(27). MUC1 targeted CAR-T cells were verified to exert
substantial cytotoxicity effects on solid malignancies, including
triple-negative breast cancer and pancreatic cancer (28, 29).
However, the efficacy of CAR-T cell therapy against solid
tumor was less satisfactory, which could be partially attributed
to the immune suppression of TME and loss of CAR-T cell
antitumor function. To address this issue, enhanced CAR-T cells
that contain a JAK-STAT signaling domain has been developed.
The engineered MUC1 targeted CAR-T cells activated the JAK-
STAT pathway, secreted higher level of cytokines, showed
superior proliferative capacity and persistence, and mediated
greater antitumor activity both in subcutaneous xenograft
tumors and a PDX mouse model of esophageal cancer (30).
In summary, directly integrating the cytokine receptor domain
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into CARs could be a potential strategy to improve the efficacy of
CAR-T cell therapy.

2.2.4 CD276 (B7-H3)
CD276 (also named B7-H3), belongs to B7 superfamily
molecules. It is an immune checkpoint and could elicit similar
inhibitory activity as PD-1 on T cells (31). It is overexpressed in a
wide range of cancers and associated with poor prognosis of
human patients, which makes it an appealing target for CAR-T
cell therapy (31). CD276 specific CAR-T cells efficiently
eliminated ESCC cells both in vitro and in vivo (32). Tandem
CAR-T cells targeting CD276 and CD70 also exerted enhanced
tumoricidal activity against multiple solid tumors (20). These
findings indicated that CD276-targeting CAR-T cells merit
further testing in ESCC clinical trials.

2.3 Clinical Trials
CAR-T cell therapy has revolutionized the treatment of B cell-
derived hematological malignancies, although the responses and
results are less favorable in solid cancers. The high heterogeneity
of solid tumor cells, paucity of targeted antigens, on-target, off-
tumor toxicity, immunosuppressive TME, inefficient trafficking
and transient persistence of CAR-T cells make it more complex
to treat the solid tumors with CAR-T cell therapy (33). Currently,
substantial effort is being invested in enhancing the efficacy of
CAR-T cell therapy against solid cancers, hopefully to rejuvenate
the landscape of immunotherapy. Some targeted antigens are
being investigated and evaluated in clinical trials of CAR-T cell
therapy against esophageal cancer (Table 1).
3 CAR-NK CELL THERAPY: A
PROFESSIONAL KILLER IN NEXT-
GENERATION IMMUNOTHERAPY

With the unprecedented advances in CAR-T cell therapy, there is
also an increasing interest in constructing CAR-natural killer
(CAR-NK) cells for cancer therapy. Natural cytotoxicity
TABLE 1 | Summary of ongoing clinical trials of gene-modified T-cell therapy in the treatment of esophageal cancer.

Immunotherapeutic strategy Targeting antigen Clinical Trial Sponsor Estimated
Enrollment

Phases Status

CAR-T cell therapy MUC1 NCT03706326 The First Affiliated Hospital of Guangdong
Pharmaceutical University

20 Phase I Recruiting

CAR-T cell therapy HER2 NCT03740256 Baylor College of Medicine 45 Phase I Recruiting
CAR-T cell therapy EpCAM NCT03013712 First Affiliated Hospital of Chengdu Medical

College
60 Phase I/II Unknown

CAR-T cell therapy Claudin18.2 NCT04581473 Carsgen Therapeutics, Ltd. 102 Phase I/II Recruiting
CAR-T/TCR-T cell therapy NY-ESO-1 NCT03941626 Shenzhen BinDeBio Ltd. 50 Phase I/II Recruiting
CAR-T/TCR-T cell therapy NY-ESO-1 NCT03638206 Shenzhen BinDeBio Ltd. 73 Phase I/II Recruiting
TCR-T cell therapy NY-ESO-1 NCT03159585 Zhujiang Hospital 6 Phase I Completed
TCR-T cell therapy NY-ESO-1 NCT02869217 University Health Network, Toronto 22 Phase I Recruiting
TCR-T cell therapy NY-ESO-1 NCT02366546 Mie University 9 Phase I Unknown
TCR-T cell therapy MAGE-A3 NCT01273181 National Cancer Institute (NCI) 1 Phase I/II Terminated
TCR-T cell therapy MAGE-A4 NCT03132922 Adaptimmune 52 Phase I Recruiting
TCR-T cell therapy MAGE-A4 NCT02096614 Mie University 18 Phase I Completed
CAR-NK cell therapy PD-L1 NCT04847466 National Cancer Institute (NCI) 55 Phase II Not yet Recruiting
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receptors on NK cells (NKp30, NKp44 and NKp46), and other
receptors such as NKG2D and DNAM-1, can recognize and
interact with specific ligands on tumor cells, so that NK cells
could directly exert a cytotoxic effect without MHC presentation
(34). CAR engineering enhances the specificity of NK cells by
equipping them with more effective weapons to fight cancer cells.
The combination of intrinsic and engineered killing potency
gives CAR-NK cell therapy great promise for enhancing
cancer immunotherapy.

Although CAR-T cell therapy has achieved impressive
antitumor efficacy, it still has several limitations, including on-
target/off-tumor toxicity, severe cytokine storm and
neurotoxicity (35). CAR-NK cells have aroused considerable
interest in cancer treatment, primarily attributable to their
potential to circumvent these obstacles, while exhibiting a
potent antitumor effect (36). Specifically, due to the transient
lifespan of CAR-NK cells, they have relatively low impact on
normal tissues, and CAR-NK cells will not induce on-target/
extra-tumor damage like CAR-T cells. Furthermore, the
administration of CAR-NK cells is less likely to cause serious
cytokine release syndrome or neurotoxicity, as significantly
elevated serum proinflammatory cytokines (such as IL-6) were
not observed in patients (37). Although this is conducive for
improving safety, it does restrain the efficacy of CAR-NK cell
therapy, since they are susceptible to exhaustion due to lack of
cytokine support. In addition, the challenges, which impede the
application of CAR-T cell therapy, also hinder the development
of CAR-NK cell therapy, such as low infiltration into tumor sites
and the immunosuppressive effect of TME.

3.1 The Design of CAR-NK Cell Structure
A comprehensive understanding of the immunological function
of NK cells and potential mechanisms has prospered the
development of CAR-NK therapy. The CAR-NK cells share a
similar CAR structure with CAR-T cells, which consist of an
extracellular antigen recognition and binding domain (scFv), an
extracellular hinge region, a transmembrane domain and
an intracellular signaling domain. The targeted antigen
recognition of CAR-NK cells is MHC-independent, making it
possible to establish NK cell banks, rather than constructing
individualized CAR-NK cells (38).

As previously discussed, the updates in CAR design are
principally reflected in the inclusion of costimulatory
molecules. Among them, the immunoglobulin superfamily
member CD28, and TNF receptor superfamily member 4–1BB
have been the most explored. However, the role of costimulatory
molecules, CD28 in CAR-NK cell signaling remains unclear
since it is not typically expressed in NK cells, which
encourages the researchers to elucidate other costimulatory
domains with greater therapeutic specificity for NK cell
signaling, such as DAP10, DAP12 or 2B4 (Figure 3) (39). 2B4
is a specific costimulatory receptor activating the NK cells and a
member of signaling lymphocytic activation molecule family
(40). CAR-NK cells with an NKG2D transmembrane domain
and 2B4 costimulatory domain have exhibited extraordinary
anti-tumor activity in solid tumors as well as hematologic
malignancies (40, 41). As further research is conducted in the
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future, CAR-NK cell therapy may markedly change the
landscape of cancer immunotherapy.

3.2 Current Preclinical and Clinical Trials
of CAR-NK Therapy
Abundant preclinical and clinical evidence has confirmed the
feasibility of utilizing CAR-NK cells to combat lymphocytic
leukemia, lymphoma, and multiple myeloma (42, 43). For solid
malignancies, HER2 targeted CAR-NK-92 cells have been
reported to inhibit the growth of breast and ovarian cancer
cells (44). Moreover, ongoing clinical trials using targeted CAK-
NK cells on solid tumors are assessing the antitumor activity of
MUC1 (NCT02839954), mesothelin (NCT03692637), NKG2D
(NCT03415100), prostate specific membrane antigen
(NCT03692663), ROBO1(NCT03940820) and HER2
(NCT03383978). However, there are almost no reported
preclinical or clinical trials of CAR-NK therapy against
esophageal cancer, probably due to the lack of specific tumor-
targeted antigens for esophageal cancer. Moreover, the existing
animal models fail to simulate the TME that would accurately
assess the function of CAR-NK cells (39).
4 TCR-T: A PROMISING ALTERNATIVE TO
TRADITIONAL IMMUNOTHERAPIES

Considerable advances in genomics and next-generation
sequencing technologies have made it possible to identify the
sequences of tumor specific TCRs and establish specific
genetically modified T cells to fight cancers (45). One
successful example is the application of TCR-T therapy. The
emerging TCR-T cell therapy utilizes isolated TCR-encoding
genes from tumor reactive T cells, and subsequently, transduces
these TCR sequences into unmodified T cells to manufacture
specific TCR-T cells to eradicate targeted cancer cells. Essentially,
the engineered TCR-T cells are tumor antigen-specific T cells,
and therefore, these cells could recognize and bind to the targeted
tumor antigens, in a manner similar to unmodified T
cells (Figure 3).

TCR-T therapy is another innovative and effective genetically
modified T cell immunotherapy in addition to CAR-T cell
therapy and CAR-NK therapy. Even though CAR-T cell
therapy has achieved encouraging progress in treating
hematologic malignancies, it still fails to restrain the
progression of most solid tumors. In contrast, TCR-T cell
therapy has demonstrated remarkable potential in treating
solid tumors (46).

4.1 The Design of TCR-T Structure
TCR is the primarily antigen-recognition domain. It is a
heterodimer consisting of an a chain and a b chain, each of
which contain a variable region and a constant region. TCRs
must be matched with human leukocyte antigen (HLA) alleles
before they recognize and bind to specific antigens presented by
peptide-MHC (pMHC) to effectively eliminate or reduce tumor
cells, which is significantly distinct from the mechanism of CAR-
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T cells (Table 2) (47). Antigens within any subcellular
compartment, once processed and presented by MHC
molecules, can be recognized by TCR-T cells. Therefore, TCR-
T cell therapy has a wider range of targeted antigens, whether
they are extracellular antigens or intracellular antigens.
Furthermore, genetic modification has increased the affinity for
cancer cells and TCRs, enabling TCR-T cells to better recognize
intracellular antigens (33). TCR antigen recognition signaling is
transduced via the TCR-CD3 complex, which is primarily
composed of a chain and b chain of the TCR, noncovalently
connected to the CD3 dimers CD3gϵ, CD3dϵ, and CD3zz
(Figure 3) (48).

4.2 Current Preclinical and Clinical Trials
of TCR-T Therapy
TCR-T cell therapy is a promisingmodality for cancer treatment and
initiates an era of highly personalized and precise cancer therapy. In
recent decades, numerous studies have investigated the effectiveness
and safety of the emerging therapeutic strategy. It isworthnoting that
recently our research group successfully attempted to identify four
latent membrane protein-2A (LMP2A)-specific TCRs and
confirmed the cytolytic activity of LMP2A targeted TCR-T cells
against Epstein–Barr virus latency II tumors both in vivo and in vitro.
Our updated findings revealed that LMP2A -specific TCR-T cells
could be a novel alternative for patients with EBV-associated
malignancies regardless of specific HLA type and epitope (49).

Unlike CAR-based ACTs, a large percentage of TCR-T cell
therapy clinical trials mainly focused on solid tumors instead of
hematological malignancies, though TCR-T cell therapy might
seem promising for liquid tumors (50). Clinical trials of TCR-T
cell therapy have exhibited satisfactory results in solid tumors,
including esophageal cancer. Below, we focused on TCR-T cells,
which mainly target cancer testis antigens, including NY-ESO-1,
MAGE-A3, MAGE-A4, and systematically reviewed the relevant
preclinical and clinical studies of TCR-T therapy against
esophageal cancer.

4.2.1 New York Esophageal Squamous
Cell Carcinoma 1
NY-ESO-1 is a well-known cancer testis antigen expressed
during the early stages of fetal development. Its expression
declines drastically after birth and is undetectable in healthy
adult tissues (51). Therefore, it could be a potential candidate for
ACT against NY-ESO-1 positive tumors. In fact, it is the most
targeted antigen in TCR-T based clinical trials. Interestingly,
Frontiers in Oncology | www.frontiersin.org 767
preclinical evidence has demonstrated that NY-ESO-1 targeted
TCR-T therapy has a long-term antigen-specific tumoricidal
effect on glioblastoma cells in vitro (52). Tumor regression and
extended overall survival were also observed in neuroblastoma-
bearing xenograft mouse studies after treatment with NY-ESO-1
targeted TCR-T cells (53).

The safety and feasibility of NY-ESO-1 targeted TCR-T therapy
were further investigated in phase I/II clinical trials. Clinical trials
were performed in a broad range of solid tumors, as well as in some
liquid tumors. One trial reported that 37 out of 42 patients with
synovial sarcoma (NCT01343043) benefited from NY-ESO-1
targeted TCR-T therapy and concluded that lymphodepletion
may improve the engineered TCR-T cell persistence and
therapeutic efficacy (54). NY-ESO-1 targeted TCR-T therapy also
achieved encouraging clinical responses in patients with advanced
multiple myeloma, with no lethal adverse reactions occurring (55).
Detailed information about NY-ESO-1 targeted TCR-T therapy
against esophageal cancer (NCT03941626, NCT03638206,
NCT03159585, NCT02869217, NCT02366546) is summarized in
Table 1. Owing to its substantial efficacy and controllable side
effects,NY-ESO-1hasbeenconsideredasoneof the optimalTCR-T
therapy targets for solid tumors.

Enhanced persistence and function of TCR-T cells are related
to the effectiveness of TCR-T therapy. Corresponding strategies
to improve proliferative activity include multiple repetitions of
TCR-T cell infusions and combinatorial application with
immune checkpoint inhibitors (56). Other strategies include
the transduction of artificial T cell-activating adapter molecules
(ATAMs) to extend the persistence of TCR-T cells. ATAMs are
generated by inserting the intracellular domain of CD28 or 4-
1BB into CD3z, which regulates downstream intracellular
signaling following antigen stimulation (57). The superior
proliferative capability and antitumor effect of NY-ESO-1
targeted TCR-T cells transduced with ATAM were confirmed
both in vitro and in a mouse xenograft model (57, 58).

4.2.2 Melanoma-Associated Antigen-A Family
MAGE-A3 and MAGE-A4 are two members of MAGE-A
subfamily, and their overexpression is associated with poor
prognosis (59). They are also cancer-testis antigens, whose
expression is restricted to immune-privileged sites in normal
tissues (60). Moreover, the expression of MAGE-A3 and MAGE-
A4 is upregulated in multiple malignancies, including esophageal
cancer, which provides a theoretical basis for their application in
TCR-T therapy (61). Studies have validated the antitumor
TABLE 2 | Comparison of structural features and mechanisms of TCRs versus CARs in cancer immunotherapy.

Property TCR CAR

Receptor structure a and b chain, CD3 ScFv, CD3z, costimulatory molecules
Subunits 10 1
Antigen recognition domain TCR ScFv
Antigen recognition Extracellular and intracellular antigen Extracellular antigen
MHC dependence MHC-dependent MHC-independent
Receptor affinity Micromolar range Nanomolar range
Antigen epitope density One Several orders of magnitude
Dosage of transfusion cells high low
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activity of MAGE-A4 specific TCR cells since they could
suppress the growth of MAGE-A4 expressing tumors, such as
esophageal cancer and lung carcinoma (62).

In a clinical trial, a patient who received MAGE-A3 specific
TCR-T cell therapy had a preliminary remission of esophageal
cancer at 1 month, but suffered a serious tumor progression at 2
months anddied shortly thereafter (63). Similarly, partial responses
ofMAGE-A3specificTCR-Tcell therapy against esophageal cancer
were observed in another clinical trial, but disease progression still
occurred at 4th month (64). The first-in-man clinical trial of
MAGE-A4 specific TCR-T cell therapy in patients with recurrent
esophageal cancer demonstrated the safety and long persistence of
TCR-T cells (65). Thus, the efficacy and feasibility of MAGE-A
specific TCR-T therapy is still questionable based on the existing
evidence, and more related studies are required to further validate
the possibility of applyingMAGE-AspecificTCR-T therapy to treat
esophageal cancer.
5 CONCLUDING REMARKS
AND OUTLOOK

Genetically engineered T cell therapies, including CAR-T cell
therapy and TCR-T cell therapy, have revolutionized the
immunotherapy of several hematologic malignancies. As intense
researches continue to deepen in recent decades, these
technologies represent a breakthrough in adoptive T cell therapy
for advanced solid malignancies. In the meantime, NK cells have
become an effective and reliable CAR engineering platform. One
of the commonalities of these three novel treatment options is to
empower the patient’s own immune system to recognize specific
antigens and subsequently eradicate the tumor cells.

In this mini-review, we discuss the structure and design of
CARs and TCRs, which are structurally and functionally distinct
receptors. The scFv, derived from antibodies, is the main
extracellular domain of CARs. It recognizes and binds to the
targeted antigens, which are neither restricted and nor
dependent on MHC molecules. TCR, composed of an a chain
and a b chain, is the main antigen-recognition domain of TCR-T
cells, and capable of binding to specific antigens presented by
pMHC. CARs could only target cell surface antigens, so that the
intracellular tumor antigens are mostly inaccessible to CAR-
based therapies. In contrast, TCR-T therapy has evolved to
recognize both intracellular antigens and cell surface antigens
(66). In addition, we summarize the up-to-date preclinical and
clinical trials of esophageal cancer associated antigen targets in
CAR-T cell therapy and TCR-T cell therapy, although studies on
esophageal cancer remain in their infancy. Currently, the
potential targets against esophageal cancer include MUC1,
HER2, EpCAM, EpA2 and CD276, for CAR-T cell therapy,
NY-ESO-1, MAGE-A3 and MAGE-A4 for TCR-T cell therapy.
Identification and development of novel targeted antigens for
genetically engineered T cell therapies are imperative for treating
patients with solid malignancies.

T cells canbedivided into two types, basedonthecompositionof
TCR: abT cells and gdT cells. Current studies of TCR-T cells are
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predominantly focused on abT, and the conventional ab-TCR-T
cells have been described above. gdT cells with TCR comprised of g
anddheterodimer chains, are another subpopulationofT cells, only
represents 1-5% of peripheral blood T cells (67). gdT cells, endowed
with both innate and adaptive immunity, have exhibited potent
tumor recognition and elimination effect on various tumors.Unlike
abT cells, gdT cells do not usually express CD4 or CD8 molecule,
and they could recognize the antigens in an MHC independent
manner, and therefore, are insensitive to immune escape mediated
by lossof targetedantigens (68). EngineeredgdTcells haveexhibited
an equivalent cytotoxicity,while adecline in the release of cytokines,
compared to conventionalabT cells with identical TCR transferred
(69). Furthermore, the g and d chains of gdT cells would not
mismatch with transferred a or b chains of TCR, thereby
preventing the arise of self-reactive TCR clones and increasing
the safety of genetically modified T cell therapy. Therefore, gdT
could overcome the limitations of conventional TCR-abT and
serve as an alternative candidate in genetically modified T cell
therapy. Although the preclinical studies have revealed the
evaluated the prognostic role of gdT cell therapy in cancer
therapy, the divergences in genes encoding g and d chains of TCR
between rodents and primates make it difficult to provide evidence
for applying gdT cell immunotherapy in cancer patients (70).
Besides, the evaluation of the adverse effect of gdT cell therapy
was failed to be implemented either for the mouse cells lacked the
potentially relevant human self-antigens (71). In conclusion, future
efforts such as 3D organoid culture to mimic the in vivo
microenvironment will provide more convincing proof for gdT
cell therapy.

Although these immunotherapies have achieved impressive
results in combating liquid tumors, they still face multiple
obstacles and challenges in treating solid cancers, such as on-
target/off-tumor toxicity, severe treatment-related toxicities,
cytokine storm, neurotoxicity, GVHD, hostile TME,
identification of ideal antigens, tumor immune evasion, limited
tumor infiltration levels and exhaustion of T cells (14, 33). The
researchers should give priority to the management of diverse
toxicities, which have aroused widespread concern. Once
administered into the patients’ blood, the activity of CAR-T
cells is uncontrollable. Therefore, suicide switches, have been
incorporated into CAR-T cells to decrease the toxicities of the
treatment, which could be activated to selectively eradicate the
CAR-T cells in case that severe adverse effects occur. HSV-TK, a
well-characterized suicide gene, could phosphorylate the
ganciclovir (GCV) into GCV-triphosphate, which subsequently
inserted into DNA to disrupt DNA synthesis and eventually
induce the cell death of CAR-T cells. The feasibility and efficacy
of CD44v6 targeted CAR-T cells with HSV-TK suicide gene have
been verified in preclinical studies of acute myeloid leukemia and
solid tumors (72, 73). Other suicide switches include inducible
caspase-9, which could be dimerized to activate the downstream
intracellular apoptotic signaling, thereby eliminating the CAR-T
cells (74). The inhibitory chimeric antigen receptors contain a
PD-1 or CTLA-4 based inhibitory domain, which could shield
the normal cells from being killed by specific CAR-T cells, to
overcome the on target, off tumor toxicities (75). We believe that
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the immunosuppression of TME could be overcome with gene
editing tools and combined therapies that could protect the
CAR-T (CAR-NK or TCR-T) cells from inhibition of TME
(76). As for antigen identification, the patient-specific
neoantigen targets are of high safety, and have attracted great
interest (77). To prolong the persistence of CAR-T cells, dual-
receptor CAR-T cells have been designed to express two
synthetic receptors simultaneously, one for recognizing
targeted antigens, and the other promoting the proliferation of
T cells (33). Further efforts are still urgently required to achieve
the full potential of these three emerging ACT.
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Redefine Hyperprogressive Disease
During Treatment With Immune-
Checkpoint Inhibitors in Patients
With Gastrointestinal Cancer
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Objective: Emerging evidence showed that immune checkpoint inhibitors (ICIs) lead to
hyperprogressive disease (HPD) in a small proportion of patients. There is no well-
recognized standard for the evaluation of HPD. Comprehensive exploration of HPD
definition system in gastrointestinal cancer treated with ICI is lacking to date.

Methods: A total of 126 patients with advanced or metastatic gastrointestinal cancer
treated with ICI monotherapy were analyzed. Seven definitions of HPD were defined with
tumor growth kinetics (TGK) or tumor growth rate (TGR) by including new lesions or not,
and with different cutoffs. Incidence and performance of different criteria were compared.
Clinicopathologic characteristics and baseline genomic variations associated with HPD
were also explored.

Results: Tumor growth kinetics ratio of more than two fold that incorporated new lesions
into calculation of HPD outperformed other definitions by successfully stratifying 14
patients (11.1%) with both accelerated disease progression (median PFS, 1.62 versus
1.93 months; hazard ratio, 1.85; 95% CI, 0.98 to 3.48; P = 0.059) and worse overall
survival (median OS, 3.97 versus 10.23 months; hazard ratio, 2.30; 95% CI, 1.11 to 4.78;
P = 0.021). Baseline genomic alterations in circulating tumor DNA, including SMARCA2,
MSH6, APC signaling pathway, and Wnt signaling pathway, might be associated with the
risk of HPD.

Conclusion: Incorporating new lesions emerging during the treatment was shown to be
reliable for the assessment of TGK. TGK serves as a more convenient way to reflect tumor
growth acceleration compared with TGR. Genomic alterations were suggested to be
associated with the occurrence of HPD.

Keywords: hyperprogressive disease, gastrointestinal cancer, immune checkpoint inhibitors, circulating tumor
DNA, next-generation sequencing
November 2021 | Volume 11 | Article 761110172

https://www.frontiersin.org/articles/10.3389/fonc.2021.761110/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.761110/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.761110/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.761110/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:shenlin@bjmu.edu.cn
mailto:oncogene@163.com
https://doi.org/10.3389/fonc.2021.761110
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.761110
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.761110&domain=pdf&date_stamp=2021-11-09


Wang et al. Redefine HPD During ICI Treatment
INTRODUCTION

Cancer treatment has entered the era of immunotherapy.
Immunotherapy with immune checkpoint inhibitors (ICIs) has
made great progress in gastrointestinal (GI) cancer treatment.
Currently, FDA-approved indications for GI cancer include
pembrolizumab monotherapy, nivolumab as monotherapy, or in
combination with ipilimumab for microsatellite instability-high
(MSI-H) or mismatch repair deficient (dMMR) colorectal (1–3);
pembrolizumab for metastatic or advanced gastric and esophageal
cancers with PD-L1 positive tumors (4); nivolumab for advanced
gastric or gastroesophageal junction cancer refractory to or
intolerant of at least two previous chemotherapy regimens. In the
phase 3, ATTRACTION-2 study, nivolumab showed superior
survival benefits over placebo in Asian patients with heavily
pretreated advanced gastric or gastroesophageal junction cancer
(5). REGONIVO study showed encouraging efficacy of nivolumab
plus regorafenib in microsatellite stable (MSS) colorectal or gastric
cancer patients (6).

However, emerging evidences showed that ICI treatment can
sometimes lead to hyperprogressive disease (HPD), a paradoxical
boost in tumor growth. HPD was initially reported and defined
by Champiat S. et al. in 2017 (7). Thereafter, the occurrence of
HPD during immunotherapy has been reported in many tumor
types, including non-small-cell lung cancer (NSCLC),
melanoma, head and neck squamous cell carcinoma, gastric
cancer, and hepatocellular cancer (7–11). Various criteria have
been developed to define HPD to capture the rapid tumor growth
in this specific scenario. HPD was defined by Champiat S. et al. as
tumor progression according to Response Evaluation Criteria in
Solid Tumors version 1.1 (RECIST v1.1) at the first evaluation
and a two fold or greater increase in tumor growth rate (TGR)
during ICI therapy in comparison with pretreatment kinetics (7).
Ferrara R. et al. defined HPD as disease progression at first
evaluation with an increase of TGR exceeding 50%, which was
validated in NSCLC patients (12). Notably, disease progression
of some patients is driven by new metastases, which were
excluded from the calculation of TGR in the previous reports
(7, 11, 12). We previously reported evaluation of HPD with the
diameters of measurable new lesions taken into account in the
total tumor burden in tumors of digestive system treated with
immunotherapy, and HPD was defined as tumor growth kinetics
(TGK) ratio ≥ 2 (13).

HPD leads to accelerated disease deterioration and shortened
survival; therefore, identifying patients with HPD is critical for
adjusting treatment strategy. However, there is no consensus
regarding the evaluation of HPD status. In addition, tumor
biological behavior and genetic characteristics vary in different
type of tumors, thus leading to diverse response and progression
pattern upon immunotherapy. Systematic exploration of HPD
definition in gastrointestinal cancer is lacking.

Furthermore, the mechanism underlying the occurrence of
HPD still remained unclear. MDM2 amplification, epidermal
growth factor receptor (EGFR) mutations, and antibody-Fc/FcR
interaction on macrophages were the potential mechanisms that
were reported to be potentially associated with HPD by far
(14, 15).
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In the present study, we aimed to develop an optimized
criterion for HPD evaluation in gastrointestinal cancer patients
treated with PD-1/L1 inhibitors through rational design and
validated its prognostic value through comparison with other
mainstream HPD definitions, with additional exploration of
potential predictors of HPD in gastrointestinal cancer patients.
MATERIALS AND METHODS

Patients
Clinicopathological information and treatment outcomes of
patients with gastrointestinal adenocarcinoma who received
PD-1/PD-L1 inhibitors as monotherapy from February 2016 to
January 2020 in Beijing Cancer Hospital were reviewed and
retrospectively collected. The pathological and imaging results of
all cases were retrospectively reviewed by two pathologists and
two radiologists, respectively. Biochemical profiling was
conducted before and during the immunotherapy. Next-
generation sequencing (NGS) was applied on blood-derived
circulating tumor DNA (ctDNA) using a 150-gene panel at
3DMed Clinical Laboratory Inc., a College of American
Pathologists (CAP)–accredited and Clinical Laboratory
Improvement Amendments (CLIA)–certified laboratory of 3D
Medicines Inc. Blood samples were obtained from each patient
within 7 days before ICI treatment.
Definitions of HPD
CT scans were conducted within 6 weeks before immunotherapy,
within 7 days before treatment initiation, and at least 2 weeks
after the immunotherapy. The interval of CT scans was at least 2
weeks. HPD was defined according to volume changes or
diameter changes. TGR and TGK were applied to express
volume changes and diameter changes, respectively. For TGR
calculation, S is the sum of the diameters of target lesions with or
without new measurable lesions emerging between the two CT
scans. Tumor volume (V) was presented as V = 4pR3/3, where R
is equal to S/2. Vt, the tumor volume at time t, expressed in
month, is equal to Vt = V0*exp(TG*t), where V0 is the volume at
baseline, and TG is the growth rate. TG equals to TG=3*Log(Dt/
D0)/t. TGR is the percentage increase of tumor volume per
month, which is calculated using the following formula: TGR =
100 [exp(TG) -1] (16). TGK was expressed as changes of S (the
same as TGR) per month (8).

One major feature of HPD is its more aggressive behavior and
worse survival outcomes compared to non-HPD progressive
disease, which is the key criterion to evaluate the reliability of
HPD definitions. The definition of HPD varies in the previous
reports (7, 12, 13) with the major differences in three aspects:
(1) the calculation method of tumor growth pattern; (2) the
inclusion or exclusion of new lesions; (3) the threshold of tumor
growth speed during ICI treatment.

In light of all the factors mentioned above, seven different
definition criteria of HPD were established, some of which were
reported previously (7, 8, 12, 17). Details of the calculation and
threshold of every definition are described in Table 1.
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A switch of treatment regimen and intense supportive care
should always be considered after HPD owing to its high
mortality. Hence, a reliable definition of HPD should meet at
least the following two requirements: (1) the identified HPD
cases should have significantly shorter OS than those with non-
HPD progression disease; and (2) this definition could identify as
many as possible cases with poorer OS as HPD. In addition, the
ease of calculation is also a factor that should be taken into
consideration, if this algorithm is to be adopted in daily
clinical care.

Molecular Testing
The ctDNA extraction, library preparation, capture sequencing,
and variants calling have been described previously (18). The
captured DNAs were loaded into NextSeq 500 (Illumina) for 75
bp paired-end sequencing according to the manufacturer’s
instructions. Somatic and germline alternations were identified,
and the clinicopathological information was collected. Blood-
based tumor mutational burden (bTMB) was calculated as the
sum of somatic single nucleotide variants and insertion-deletions
in examined coding region. Tissue MSI status and MMR protein
expression were respectively confirmed by PCR and
immunohistochemistry test when sufficient paired tumor
tissues were available. This study was approved by the ethics
committees of Beijing Cancer Hospital, and all patients provided
written informed consent. Patient identity protection was
maintained throughout the study.

Assessment of Clinical Outcomes
Tumor burden at pre-baseline, baseline, and post-baseline were
evaluated in all patients with radiological reports according to
RECIST v1.1. Overall survival (OS) was defined as the time from
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the start of anti-PD-1/L1 treatment until death due to any cause.
Progression-free survival (PFS) was defined as the time from the
start of anti-PD-1/L1 treatment until disease progression or
death.Differences between two groups were assessed by Student’s
t test for normally distributed variables or by the Mann-Whitney
U-test for non-normal distributed ones. Chi-square test or Fisher’s
exact test was used to examine the difference of categorical
variables between two groups. For OS analysis, Kaplan-Meier
curves were compared by using log-rank test, and the hazard
ratio (HR) was determined through a Cox regression model. All
reported P values were two-tailed, and P <.05 was considered
statistically significant. Data were analyzed using GraphPad Prism
(version 8.02, GraphPad Software, USA), SPSS statistical software
(version 20.0, SPSS, IBM Corporation, USA), and R version 3.5.0
software (www.r-project.org).
RESULTS

Patients Characteristics
A total of 294 consecutive patients with advanced or metastatic
cancer treated with anti-PD-1/L1 therapy from February 2016 to
June 2020 in our center were retrospectively screened. Amongst
all, 168 patients were excluded due to diagnosis of tumor types
other than gastrointestinal adenocarcinoma or receiving ICI
combination therapy. In all, 126 patients were included for our
analysis, including 83 patients treated with anti-PD-1 and 43
patients treated with anti-PD-L1 (Figure 1).

The demographic and clinicopathologic characteristics of the
126 patients are described in Table 2. The median age was 57.5
(range, 44–66), and 65.1% (82 of 126) of the patients were male.
TABLE 1 | Definitions of hyperprogressive disease.

Definitions of HPD Calculation of tumor growth pattern New lesions Criteria of HPD

Definition 1 TGpre=3 Log(Sbaseline/Spre)/t.
TGRpre = 100 (exp(TG) -1).
TGpost=3 Log(Spost/Sbaseline)/t.
TGRpost = 100 (exp(TG) -1).

Included (TGRpost-TGRpre)>50%

Definition 2 TGpre=3 Log(Sbaseline/Spre)/t.
TGRpre = 100 (exp(TG) -1).
TGpost=3 Log(Spost/Sbaseline)/t.
TGRpost = 100 (exp(TG) -1).

Included TGRpost/TGRpre>2

Definition 3 TGKpre=(Sbaseline-Spre)/(Tbaseline-Tpre).
TGKpost=(Spost-Sbaseline)/(Tpost-Tbaseline).

Included TGKpost/TGKpre>2

Definition 4 TGpre=3 Log(Sbaseline/Spre)/t.
TGRpre = 100 (exp(TG) -1).
TGpost=3 Log(Spost/Sbaseline)/t.
TGRpost = 100 (exp(TG) -1).

Not included (TGRpost-TGRpre)>50%

Definition 5 TGpre=3 Log(Sbaseline/Spre)/t.
TGRpre = 100 (exp(TG) -1).
TGpost=3 Log(Spost/Sbaseline)/t.
TGRpost = 100 (exp(TG) -1).

Not included TGRpost/TGRpre>2

Definition 6 TGKpre=(Sbaseline-Spre)/(Tbaseline-Tpre).
TGKpost=(Spost-Sbaseline)/(Tpost-Tbaseline).

Not included TGKpost/TGKpre>2

Definition 7 RECIST 1.1 Included 1.4 * baseline sum target lesions or 1.2 * baseline sum target
lesions + new lesions in at least two different organs
S, sum of the diameters of target lesions with/without new lesions ermerging during treatment; TG, tumor growth; TGK, tumor growth kinetics; TGR, tumor growth rate.
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Overall, 59 patients were diagnosed with gastric cancer and 67
patients with intestinal cancer, including 59 colorectal cancer, 4
duodenal cancer, 3 small bowl cancer, and 1 appendix cancer.
Seventy-one (56.3%) patients were identified as MSI-H,
including 19 gastric cancer and 52 intestinal cancer patients.

The median follow-up was 10.50 months (95% CI, 8.30–13.82
months). Response rate was 31.0% (39 of 126), 30.5% (18 of 59),
and 31.3% (16 of 57) in the total population, the gastric cancer,
and the intestinal cancer patients, respectively. The median OS
was 19.20 months (95% CI, 15.17–23.22 months) in the overall
cohort, 11.37 months (95% CI, 5.97–16.77) for patients with
gastric cancer, and not reached for patients with intestinal
cancer. The median PFS was 5.70 months (95% CI, 3.18–8.23
months), 4.20 months (95% CI, 1.47–6.93 months), and 4.21
months (95% CI, 0–15.15 months) in overall, gastric cancer, and
intestinal cancer cohort, respectively.

Comparison of the Incidence and
Performance of Different HPD Definitions
Fifty-one patients experienced progressive disease at first
radiological evaluation during ICI treatment, including 25
gastric cancer, 22 colorectal cancer, 2 small intestinal cancer, 1
appendix cancer, and 1 duodenal cancer. No pseudoprogression,
progressive disease followed by tumor regression, was observed
Frontiers in Oncology | www.frontiersin.org 475
in our cohort. Median interval of radiological evaluation from
pre-baseline to baseline was 43 days (range, 14–181 days); from
baseline to post-baseline was 64 days (range, 25–126 days).

Direct comparisons on incidence and performance were carried
out between different HPD definitions among 51 patients with
progressive disease. Clinical characteristics and survival outcome of
patients with HPD identified with different definitions are listed in
Table 3 and Figure 2. Compared to definition 4 to 6, in which new
lesions emerging during ICI therapy were not counted as tumor
growth, definitions 1, 2, 3, and 7 identifiedmore patientswithHPD,
indicating that excluding new lesions might underestimate the
incidence of HPD, which is readily comprehensible as a
proportion of patients have disease progression due to the
appearance of new lesions. Definitions 1 to 3 identified patients
with significantly worse OS compared with non-HPD progressive
disease, while definition 3 distinguished maximum number of
patients with tumor growth acceleration. Although definition 7
identified 14 patients from overall cohort, it failed to distinguish
patients with accelerated tumor progression, as medianOS ofHPD
and non-HPD progressive disease were 7.43 versus 8.87 months,
respectively (hazard ratio, 0.96; 95% CI, 0.47 to 1.94; P = 0.97).

Taken together, definition 3 outperformed other criteria by
successfully stratifying patients with both more aggressive
disease progression and worse survival outcome. Higher
FIGURE 1 | Workflow of the study. Flow diagram illustrating the patients included for the analytical process.
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number of patients with HPD was screened out by definition 3.
Furthermore, calculation of tumor growth kinetics is also readily
Frontiers in Oncology | www.frontiersin.org 576
accessible , which al lows widespread application in
clinical practice.

Clinical Characteristics and Survival
Outcome of HPD Subgroup According to
Definition 3
Fourteen patients were defined as HPD by definition 3, including
seven gastric cancer, six colorectal cancer, and one duodenal
cancer. TGKpre ranged from 0.59 to 11.20 and TGKpost ranged
from 2.14 to 47.19 in HPD subgroup. Spider plot was used to
depict the percent change in the sum of the longest diameters of
target lesions and new lesions before and after ICI treatment in
the 51 evaluable patients according to definition 3 (Figure 3).
Significantly shortened OS was observed in patients who met
HPD criteria of definition 3 compared with patients with non-
HPD progressive disease (median OS, 3.97 versus 10.23 months;
hazard ratio, 2.30; 95% CI, 1.11 to 4.78; P = 0.021) (Figure 4A).
Furthermore, median PFS in patients with HPD was 1.62
months, which also tended to be worse than that of non-HPD
progressive disease with median PFS of 1.93 months (hazard
ratio, 1.85; 95% CI, 0.98 to 3.48; P = 0.059) (Figure 4B).
Although the PFS evaluation could be influenced by the
interval of image scan, survival analysis still indicated that
HPD during immunotherapy is associated not only with
shorter survival but also with more aggressive disease, which
could explain the poor clinical outcomes of this subgroup.
Survival curves based on other six definitions are also
displayed in Supplementary Figure 1.

Seven patients would be underestimated as non-HPD
progressive disease if new lesions emerging during ICI treatment
are not calculated into tumor growth. This discordant subgroup of
patients still had significantly worse OS comparing with non-HPD
progressive disease (hazard ratio, 2.98; 95% CI 1.05 to 8.46; P =
0.004) (Supplementary Figure 2). Within 14 patients defined as
TABLE 3 | Characteristics of patients defined as HPD according to different definitions.

Component Definition 1 Definition 2 Definition 3 Definition 4 Definition 5 Definition 6 Definition 7

Incidence of HPD, n (% in overall cohort) 8 (6.3) 13 (10.3) 14 (11.1) 4 (3.2) 6 (4.8) 7 (5.6) 14 (11.1)
Cancer types defined as HPD, n (% in HPD)
Stomach 4 (50.0) 6 (46.2) 7 (50.0) 2 (50.0) 2 (33.3) 3 (42.9) 5 (35.7)
Duodenum 0 1 (7.7) 1 (7.1) 1 (16.7) 1 (14.3) 0
Small intestine 1 (12.5) 1 (7.7) 1 (7.1) 1 (25.0) 1 (16.7) 1 (14.3) 2 (14.3)
Appendix 0 0 0 0 0 0 0
Colorectal 3 (37.5) 5 (38.5) 5 (35.7) 1 (25.0) 2 (33.3) 2 (28.6) 7 (50.0)
MMR/MSI status, n(% in HPD)
dMMR/MSI-H 3 (37.5) 5 (38.5) 4 (28.6) 1 (25.0) 2 (33.3) 2 (28.6) 5 (35.7)
pMMR/MSS 4 (50.0) 7 (53.8) 9 (64.3) 3 (75.0) 4 (66.7) 5 (71.4) 8 (57.1)
NA 1 (12.5) 1 (7.7) 1 (7.1) 0 0 0 1 (7.1)
Prior lines of treatment, n(% in HPD)
0 0 0 0 0 0 0 0
1 3 (37.5) 3 (23.1) 4 (28.6) 1 (25.0) 1 (16.7) 2 (28.6) 2 (14.3)
2 3 (37.5) 7 (53.8) 7 (50.0) 1 (25.0) 3 (50.0) 3 (42.9) 3 (42.9)
>=3 2 (25.0) 3 (23.1) 3 (21.4) 2 (50.0) 2 (33.3) 2 (28.6) 3 (42.9)
Hazard ratio (95% CI) for OS between HPD vs. non-HPD
progressive disease

3.71 (1.54–
8.93)

3.57 (1.63–
7.82)

2.30 (1.11–
4.78)

2.82 (0.97–
8.17)

2.62 (0.99–
6.96)

1.45 (0.56–
3.73)

0.96 (4.07–
1.94)

P value for OS comparison between HPD vs. non-HPD
progressive disease

0.002 0.001 0.021 0.046 0.045 0.722 0.967
No
vember 2021 |
 Volume 11 | A
dMMR, mismatch repair deficient; MSI-H, microsatellite instability-high; pMMR, mismatch repair proficient; MSS, microsatellite stability; OS, overall survival.
TABLE 2 | Baseline characteristics.

Characteristics (n=126) No. of patients (%)

Age, median (IQR range) 57.5 (44–66)
Sex, n (%)
Male 82 (65.1)
Female 44 (34.9)

Tumor type, n (%)
Stomach 59 (46.8)
Duodenum 4 (3.2)
Small intestine 3 (2.4)
Appendix 1 (0.8)
Colorectal 59 (46.8)

Prior lines of treatment, n(%)
0 13 (10.3)
1 47 (37.3)
2 46 (36.5)
>=3 20 (15.9)

Immunotherapy type, n (%)
Anti-PD-L1 43 (34.1)
Anti-PD-1 83 (65.9)

ECOG performance status, n (%)
0 39 (31.0)
1 87 (69.0)

Organs with metastases, n (%)
<3 59 (46.8)
≥3 31 (24.6)

Liver metastasis, n (%) 31 (24.6)
Peritoneal metastasis, n (%) 29 (23.0)
Lung metastasis, n (%) 20 (15.9)
Lymph node metastasis, n (%) 57 (45.2)
HBV, n (%) 39 (40.0)
dMMR/MSI-H, n (%) 71 (56.3)
PD-L1, programmed cell death ligand 1; PD-1, programmed cell death 1; ECOG
performance status, Eastern Cooperative Oncology Group performance status; HBV,
hepatitis B virus; dMMR, mismatch repair deficient; MSI-H, microsatellite instability-high.
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HPD by definition 3, discordant subgroup had even numerical
worse OS compared with the rest seven patients, although the OS
difference was not statistically significant (median OS, 3.97 versus
7.43 months; hazard ratio, 1.64; 95% CI, 0.46 to 5.88; P = 0.444)
(Supplementary Figure 2).

Clinical Factors and Genomic Alterations
Associated With HPD
The potential factors associated with HPD were further analyzed
in our cohort (Table 4). Baseline clinicopathological
characteristics, blood biochemical indexes, and genomic
alterations were compared between patients with HPD and
non-HPD progressive disease. No association was observed
between the occurrence of HPD with patients’ age, gender,
primary tumor site, lines of treatment, treatment regimen, and
MSI status. Analysis of baseline blood biochemical indexes and
peripheral blood cell counts showed no significant difference
between HPD and non-HPD progressive disease.

Within 51 patients with progressive disease, ctDNA derived
from blood samples prior to immunotherapy were collected from
35 patients and sequenced via target NGS analysis, including
nine patients diagnosed as HPD (Supplementary Figure 3 and
Supplementary Table 2). Firstly, we compared the incidence of
every single gene between HPD and non-HPD subgroups.
Patients with MSH6 mutation were found to have a lower
A

B

FIGURE 2 | Forest plot of hazard ratios from comparison of overall survival (A) and progression-free survival (B) in patients who experienced hyperprogressive
disease versus those who experienced progressive but not hyperprogressive disease with seven definitions. Squares represent hazard ratio (HR). Horizontal lines
indicate the 95% CIs. HPD, hyperprogressive disease; CI, confidence interval.
FIGURE 3 | Spider plot depicting the percent change in the sum of the longest
diameters of target lesions and new lesions (RECIST) before immune checkpoint
inhibitors (ICIs) and after ICIs periods in the 51 evaluable patients according to
definition 3. HPD, hyperprogressive disease; PD, progressive disease.
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incidence of HPD (Fisher exact test P = 0.039). On the contrary,
patients with SMARCA2 mutation had higher incidence of HPD
(Fisher exact test P = 0.041). Furthermore, we also analyzed if
genomic alterations in signaling pathway would be related to
HPD. Patients with alterations in Wnt signaling pathway,
including AMER1, APC, AXIN1, AXIN2, CHD4, CTNNB1,
GSK3B, LEF1, LZTR1, RNF43, TCF7L2, WIF1, and ZNRF3,
were observed to have borderline lower incidence of HPD
(Fisher exact test P = 0.059), while patients with alterations in
APC signaling pathway, covering AMER1, APC, AXIN1, CDH1,
CTNNB1, HNF1A, NF2, RNF43, and SOX9, had higher incidence
of HPD (Fisher exact test P = 0.021). From the results above,
genomic variates in SMARCA2 gene or APC signaling pathway
might be associated with the higher risk of HPD. On the other
hand, patients with MSH6 gene or Wnt signaling pathway
alterations might have lower risk of HPD. The bTMB was also
analyzed, and no significant difference was found between HPD
and non-HPD progressive disease subgroups (P = 0.316).
DISCUSSION

In this study, we have for the first time conducted a comprehensive
comparative analysis into the methods to define HPD in
gastrointestinal cancer. We have provided a definition of HPD,
which outperformed other six different criteria systems and could
serve as reliable criteria for capturing the disease hyperprogression
status of cancer patients and distinguish it from regular disease
progression (non-HPD progressive disease). Analysis regarding
genomic mutations in ctDNA from patients with progressive
disease found that several genes and signaling pathways might be
associated with HPD.

The concept of HPD has been reported in several previous
studies; however, there is no consensus on the definition of HPD
status to date. A reliable definition of HPD should be able to identify
patients with shorter survival as HPD, e.g., identified HPD cases
Frontiers in Oncology | www.frontiersin.org 778
should have significantly poorer OS than non-HPD. Criteria system
in several early studies assessed tumor growth only with the target
lesions while new lesions appearing during treatment were excluded
(7, 10, 12, 19). A proportion of cancer patients presenting rapid
disease progression were attributed to new lesions and metastases
(20); thus, the exclusion of new lesions in tumor burden evaluation
would underestimate the tumor growth kinetics andmay lead to the
misdiagnosis in HPD. One recent study has compared two
definitions for HPD calculation in patients with solid tumors (17).
The authors proposed that disease hyperprogression assessed by the
occurrence of early progressive disease plus the increase of
measurable lesions and/or appearance of new lesions is superior
to the criteria for tumor growth rate measurement in HPD
determination, which was consistent with definition 7 in our
study, although definition 7 failed to distinguish HPD with worse
survival outcome in our cohort. In 14 patients defined as HPD by
definition 3, seven patients were underestimated as non-HPD
progressive disease if new lesions emerging during ICI treatment
are not calculated into tumor growth. This subgroup of patients had
significantly worse OS compared with non-HPD progressive disease
and presented comparable OS with the rest seven patients with
HPD. Collectively, our analysis indicated that taking new lesions or
metastasis into consideration is important when estimating tumor
growth pattern and definition criteria development of HPD.

Furthermore, definition 3 could differentiate worse PFS as well.
Generally, tumor evaluation is performed every 6 to 8 weeks during
the systematic treatment. Progressive diseasewas determined at the
time of first imaging evaluation, which might result in the little
difference of PFS among the patients with progressive disease.
However, our criteria could diagnose HPD with shorter PFS. This
means the optimized criteria system is able to screen out patients
with not only rapid tumor growth but also the deterioration of
symptoms or blood biochemical index, which could lead to more
frequent imaging evaluation.

Furthermore, forpatientswithHPD, treatment strategy transition
and more intense clinical care support are urgently needed for the
A B

FIGURE 4 | Kaplan-Meier plots of (A) overall survival (OS) and (B) progression-free survival (PFS) in patients defined as HPD compared with non-HPD progressive
disease. HPD, hyperprogressive disease; PD, progressive disease; HR, hazard ratio; CI, confidence interval.
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even higher risk of death than non-HPD progressive disease.
Therefore, a reliable definition of HPD should also have the ability
to identify asmany patients as possiblewithmuch poorer survival. In
addition, the ease of calculation is also a factor that should be taken
into consideration, which would possess widespread adoption and
further validation in clinical practice. Taking all the above into
consideration, we believed that definition 3 (tumor growth kinetics
ratio of more than two fold that incorporated new lesions into
calculation) would be better in gastrointestinal cancers.

Recently, David Gandara et al. proposed the definition of “fast
progression,” defined as ≥50% increase in the sum of largest
diameters of target lesions within 6 weeks post-treatment, or
Frontiers in Oncology | www.frontiersin.org 879
death due to disease progression within 12 weeks if post-
treatment scan was infeasible. It was indicated that fast
progression NSCLC patients could not benefit from ICI, as OS of
fast progression patients was similar between atezolizumab and
docetaxel (21). In 51patientswith progressive disease in our cohort,
25 patientswere eligible for fast progression evaluation according to
the criteria by David Gandara et al. and 7 patients were defined as
fast progression.However, nosignificantdifferencewas found inOS
between patients with and without fast progression (hazard ratio
0.41, 95% CI 0.12–1.44; P = 0.1778).

As is well known, different tumor types present diverse tumor
biological behavior. It should be carefully studied whether
TABLE 4 | Clinical factors and genomic alterations associated with HPD.

Characteristics HPD (n=14) non-HPD PD (n=37) P value

Age 0.715
≥65, n (%) 4 (28.6) 8 (21.6)
<65, n (%) 10 (71.4) 29 (78.4)
Male, n (%) 7 (50) 25 (67.6) 0.334

ECOG 0.301
0 6 (42.9) 9 (24.3)
1–2 8 (57.1) 28 (75.7)

Primary tumor site >0.999
Gastric cancer 7 (50) 18 (48.6)
Intestinal cancer 7 (50) 19 (51.4)

Treatment lines, n (%) >0.999
<3 4 (28.6) 12 (32.4)
≥3 10 (71.4) 25 (67.6)

Treatment, n (%) 0.749
Anti-PD-L1 4 (28.6) 13 (35.1)
Anti-PD-1 10 (71.4) 24 (64.9)

MMR/MSI status 0.743
pMMR/MSS 9 (64.3) 21 (56.8)
dMMR/MSI-H 4 (28.6) 13 (35.1)
NA 1 (7.1) 3 (8.1)

Elevated baseline CA 19-9 9 (64.3) 18 (48.6) 0.363
Elevated baseline CEA 10 (71.4) 22 (59.5) 0.527
Elevated baseline LDH 9 (64.3) 18 (48.6) 0.363
Baseline hemoglobin <120 g/L 4 (28.6) 15 (40.5) 0.527
Baseline albumin <35 g/L 1 (7.1) 1 (2.7) 0.478
Baseline NLR 0.198
NLR<Median (3.14) 11 (78.6) 20 (54.1)
NLR≥Median (3.14) 3 (21.4) 17 (45.9)

DNLR >0.999
DNLR ≤ 0 3 (21.4) 9 (24.3)
DNLR>0 11 (78.6) 27 (73)

Baseline PLR 0.202
PLR<Median (171.68) 11 (78.6) 21 (56.8)
PLR≥Median (171.68) 3 (21.4) 16 (43.2)

DPLR
DPLR ≤ 0 4 (28.6) 10 (27.0) >0.999
DPLR>0 10 (71.4) 26 (70.3)

Ts/TC >0.999
Ts/TC<median (26.8) 2 (14.3) 10 (27.0)
Ts/TC≥median (26.8) 4 (28.6) 15 (40.5)

Genomic alteration associated with HPD, n (% in patients sequenced)
MSH6 0 10(38.5) 0.039
SMARCA2 3 (33.3) 1 (3.8) 0.041
Wnt pathway 2 (22.2) 16 (61.5) 0.060
APC pathway 2 (22.2) 18 (69.2) 0.021
November 2021 | Volume 11 | Article
ECOG performance status, Eastern Cooperative Oncology Group performance status; dMMR, mismatch repair deficient; MSI-H, microsatellite instability-high; pMMR, mismatch repair
proficient; MSS, microsatellite stability; NLR, neutrophil-to-lymphocyte ratio; DNLR, post-treatment NLR minus pre-treatment NLR; PLR, platelet-to-lymphocyte ratio; DPLR, post-
treatment PLR minus pre-treatment PLR; Ts/TC, CD3+CD8+ T cell.
Statistically significant values are indicated in bold.
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different tumor types could be evaluated with the same
definition. For example, patients with neuroendocrine tumors
seem to be more likely to progress quite fast, with three out of
four patients with neuroendocrine tumors identified as HPD in
our previous report (13). These patients might also suffer tumor
progression if they receive chemo or targeted therapy. Some
tumor types, such as melanoma, non-small-cell lung cancer, and
urothelial cancer, have been shown to benefit from ICIs (22–24).
However, clinical benefit is limited in gastric cancer treated with
ICI monotherapy (5, 25). In the present study, we developed
HPD criteria in gastrointestinal cancer. Further validation in
other tumor types is still needed in the future.

A reliable definition is also the foundation of exploring risk
factors associated with HPD, which will in turn provide the
possibility of avoiding ICI treatment in patients with high risk of
HPD. Several studies have investigated the factors associated with
the rapid tumor progression (10, 17, 26–29). Blood neutrophil-to-
lymphocyte ratio (NLR) and platelet-to-lymphocyte ratio (PLR)
have been previously reported to measure the immune
microenvironment and inflammatory status (30). During the
treatment of ICIs, baseline and dynamic changes of NLR were
shown tobe related todisease progression in several cancers, such as
non-small cell lung cancer, small cell lung cancer, and melanoma
(31–34). However, only few studies focused on HPD risk factors of
gastrointestinal cancer. A study of gastric cancer indicated that PD-
1 inhibitorsmay promote the proliferation of the tumor infiltrating
regulatory T cells, which might explain the inhibition of antitumor
immunity (20). Our analysis showed that baseline and on-
treatment variant of NLR and PLR were not related with
occurrence of HPD. We also did additional analysis to validate if
NLR and PLR were associated with tumor progression on ICI
treatment in our cohort. Results indicated that baseline NLR and
PLR and dynamically increased NLR during ICI therapy were
associated with the tumor progression (Supplementary Table 1).
These results indicated NLR and PLR as a worse prognostic
biomarker in gastrointestinal cancer treated with ICI, but not a
specific risk factor for HPD.

Some genomic mutations were indicated to be associated with
occurrence of HPD. Alterations in SMARCA2 gene and APC
signaling pathway might be associated with the higher risk of
HPD, while patients with MSH6 gene or Wnt signaling pathway
alteration might have lower risk to develop HPD. SMARCA2 gene
belong to the SWI1/SNF1 family that are responsible chromatin
modifying (35). Variates in the main SMARCA genes could lead to
loss of expression of their respective proteins within the nucleus,
further impair both CD4 silencing and CD8 activation, and might
relate to inferior ICI response (36, 37),whichmight help explain the
association between SMACAR2mutation and higher risk of HPD.
Although microsatellite status was not statistically associated with
the emergenceofHPD,patientswithdMMR/MSI-Hhadnumerical
lower incidence ofHPD (5.6% inMSI-H subgroup vs 17.6% inMSS
subgroup). That might explain the protective effect of MSH6
mutation. The risk factors ofHPD still needs further investigations.

There are several limitations in this study. Firstly, this study
was conducted in a group of gastrointestinal cancer patients.
Further investigations with more tumor types are warranted.
Frontiers in Oncology | www.frontiersin.org 980
Secondly, the retrospective nature and small sample size of HPD
events in our study relatively limit the generalizability of our
conclusion. Prospective studies with larger sample size are
needed for the elucidation of the HPD occurring during
immunotherapy. Thirdly, the aim of this study is to evaluate
the performance of HPD under different definitions and to
provide the preferable criteria for HPD evaluation; thus,
patients treated with combination therapy were excluded to
minimize the confounding factors in the study. As ICI
combination therapy is widely adopted nowadays (38, 39),
incidence and tumor growth pattern of HPD in combination
therapy need further investigation.
CONCLUSION

This study provided the first comprehensive comparison on the
different definition systems of HPD during immunotherapy in
gastrointestinal cancer. Adding new lesions emerging during the
treatment was shown to be reliable for the assessment of tumor
growth kinetics. Tumor growth kinetics serves as a better way to
reflect tumor growth acceleration compared with bidimensional
assessment with tumor diameters. Genomic alterations were
indicated to be associated with the occurrence of HPD. Further
studies with larger sample size and multiple tumor types
are needed.
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Supplementary Figure 1 | Kaplan-Meier plots of overall survival (OS) in patients
with HPD compared with non-HPD progressive disease defined by (A) definition 1,
(B) definition 2, (C) definition 4, (D) definition 5, (E) definition 6, and (F) definition 7.
HPD, hyperprogressive disease; PD, progressive disease; HR, hazard ratio; CI,
confidence interval.

Supplementary Figure 2 | Kaplan-Meier plot of overall survival (OS) between
subgroups of discordant HPD, concordant HPD, and non-HPD progressive
disease when including new lesions into the calculation of tumor growth or not.
HPD, hyperprogressive disease; PD, progressive disease.

Supplementary Figure 3 | Genomic alterations from NGS analysis with ctDNA
derived from blood samples collected prior ICI treatment. NGS, next-generation
sequencing; ctDNA, circulating tumor DNA; ICI, immune checkpoint inhibitors;
HPD, hyperprogressive disease; PD, progressive disease; dMMR, mismatch repair
deficient; MSI-H, microsatellite instability-high.
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Backgrounds: Perioperative chemotherapy (PEC) and neoadjuvant chemotherapy (NAC)
have become a vital part of locally advanced gastric cancer (LAGC) treatment, but the
optimal duration of PEC has not been studied. The aim of this study was to demonstrate
the possibility of duration reduction in PEC in the adjuvant chemotherapy (AC) phase for
ypN0 patients.

Methods: We included LAGC patients who achieved ypN0 after NAC in our institution
from 2005 to 2018. The risk/benefit of AC and other covariates were majorly measured by
overall survival (OS) and progression-free survival (PFS). We developed a survival-tree-
based model to determine the optimal PEC duration for ypN0 patients in different classes.

Results: A total of 267 R0 resection patients were included. There were 55 patients who
did not receive AC. The 5-year OS was 74.34% in the non-AC group and 83.64% in the
AC group with a significant difference (p = 0.012). Multivariate Cox regression revealed
that both AC (AC vs. non-AC: HR, 0.49; 95%CI, 0.27–0.88; p = 0.018) and ypT stages
(ypT3-4 vs. ypT0-2: HR, 2.00; 95%CI, 1.11–3.59; p = 0.021) were significant protective/
risk factors on patients OS and PFS. A decision tree model for OS indicated an optimal
four to six cycles of PEC, which was recommended for ypT0-2N0 patients, while a
minimum of five PEC cycles was recommended for ypT3-4N0 patients.

Conclusion: AC treatment is still necessary for ypN0. The duration reduction could be
applied for the ypT0-2N0 stage patients but may not be suitable for higher ypT stages and
beyond. A multicenter-based study is required.

Keywords: gastric cancer, perioperative chemotherapy, lymph node metastasis, duration, decision tree model
INTRODUCTION

Since the CLASSIC trial, chemotherapy has become a shot in the arm for locally advanced gastric
cancer (LAGC) treatment, independent of surgery types (1). In the past 10 years, improved treating
patterns, including neoadjuvant chemotherapy (NAC) and perioperative chemotherapy (PEC),
were introduced to complement the conventional treatment strategy: adjuvant chemotherapy (AC)
December 2021 | Volume 11 | Article 775166183

https://www.frontiersin.org/articles/10.3389/fonc.2021.775166/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.775166/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.775166/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.775166/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ziyu_li@hsc.pku.edu.cn
mailto:jijiafu@hsc.pku.edu.cn
https://doi.org/10.3389/fonc.2021.775166
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.775166
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.775166&domain=pdf&date_stamp=2021-12-01


Liu et al. PEC Duration for ypN0
following curative surgery (2, 3). As recently reported from the
RESOLVE trial, the timely advanced systemic therapy increases
the tolerability of chemotherapy and brings patients better
survival outcomes (4).

While there could be some extra benefit for PEC comparing
to AC, the regimens and the recommended length in these two
modalities are almost the same according to various guidelines
(5–7). Among limited selections, 5-fluorouracil (5-Fu) and
platinum are the cornerstones of most first-line chemotherapy
regimens for gastric cancer (GC). For the commonest dual drugs
therapy, as recommended by most trials protocols and
guidelines, a total of 6 months of 5-Fu plus platinum-based
drugs is applied to all LAGC patients whatever the sequence of
the surgery. It is believed that inadequate duration of
chemotherapy would lead to an increased risk of recurrence
resulting in poorer survival outcomes. On the other hand, as the
LAGC is not always responsive to regular cytotoxic drugs, costs
may outweigh the benefit considering the accumulation of
toxicity, increased adverse events (AEs), and decreased quality
of life, which finally negate their survival benefit (8, 9). Moreover,
as a promising tumor stage can be achieved from NAC, whether
AC is still obligatory and the extent to which the PEC can be
“sufficient.” There is still a lack of evidence to say the current
PEC treatment span is suitable for all LAGC patients (10).

Although the cut-down for the duration of AC has been
conditionally justified in several malignancies (11, 12), relevant
studies in GC are scarce, and very few concern the PEC therapy.
Some studies pointed out AC failed to provide superior survival
improvement in R0 resected gastric and esophagogastric junction
adenocarcinoma under PEC setting (13, 14). However, our previous
analyses did not completely favor their idea according to which AC
is always a risk factor for LAGC patients’ survival in patients with
NAC treatment (15, 16). Nevertheless, as several retrospective
studies advocated the indiscrimination in survival between post-
NAC (yp) and neutral stage (17, 18), the strategies may be adapted
to variation in yp stage in patients with initial LAGC diagnosis. For
patients with surgery first, lymph node metastasis is the most
important indicator for AC, and pN0 patients with lower T stage
are not required for chemotherapy (19). Similarly, the ypN status
had the greatest prognostic value in our previous report according
to which we hypothesized that a shorter duration of PEC might be
beneficial for low-risk ypN0 patients (10). This idea was challenging
in the realm of PEC without strong evidence, since patients were
diagnosed with LAGC at the initiation of the treatment.

Therefore, the current study investigates the role of adjuvant
chemotherapy in ypN0 patients after NAC and R0 resection. A
further aim is to choose the optimal PEC treatment duration for
this specific population.
METHODS

Patients
The data from a prospective database of all patients who started
NAC at the Peking University Cancer Hospital and Institute was
searched between December 1, 2005, to June 1, 2018.
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The inclusion criteria included the following: (1) proven
diagnosis of gastric adenocarcinoma by preoperative and
confirmed by postoperative pathology; (2) no signs of distant
metastasis at first visit; (3) patients had received NAC before
curative gastrectomy; (4) patients had medical records of the
postoperative treatment process; and (5) no lymph node
metastasis was confirmed by postoperative pathological
diagnosis (ypN0).

The exclusion criteria were as follows: (1) patients had
received chemotherapy regimens other than 5-Fu plus
platinum-based doublet regimens or had switched to other
regimens during NAC; (2) patients had received radiotherapy
or targeted therapy before relapse; (3) patients had received
intraperitoneal chemotherapy or hyperthermia intraperitoneal
chemotherapy; (4) patients with R1/R2 resection or suffering
metastasis 45 days after surgery; (5) patients with D0/D1/D1+
lymphadenectomy; and (6) patients with prior history of
gastrointestinal tumor (Figure 1). In total, 267 eligible patients
were identified in the retrospective database (Figure 1).

Regimen and Radical Surgery
The determination of clinical stages, design for treatment route,
preoperative assessment, and prompt intervention for adverse
events (AEs) were managed by the multidisciplinary team
(MDT). The clinical stages were defined by abdominal
computed tomography (CT) scan and/or EUS and/or pre-
therapeutic laparoscopic exploration. All patients used
platinum plus 5-Fu arms as perioperative regimen, including
SOX (oxaliplatin plus S-1), CapeOX (oxaliplatin plus
capecitabine), and FOLFOX (oxaliplatin plus 5-Fu/4-Lv). The
protocols of each regimen are summarized in Table 1. To align
the duration of treatment, we regarded three cycles of FOLFOX
protocols as two cycles of other 21-day protocols. The
distribution of PEC cycles after alignment is shown in
Figure 2. Dosage reductions occurred if severe adverse events
(SAEs) were observed during chemotherapy, as determined by
the MDT members. The chemotherapy may be interrupted due
to (1) persistent SAE after dosage reduction, (2) patients had
poor physical status after surgery resection, (3) the economic
conditions did not support following treatment, and (4) patients
were unwilling to receive/continue adjuvant chemotherapy after
being fully informed. For the preoperative chemotherapy period,
the antitumor effect was evaluated using CT scan every two to
three cycles. The therapy was prematurely terminated in cases of
disease progression, with a curative gastrectomy being
immediately performed. Otherwise, gastrectomy or continued
NAC was considered after obtaining informed consent and
approval from each patient. Subtotal or total gastrectomy plus
D2 lymphadenectomy was performed according to the Japanese
Gastric Cancer Association (JGCA) guidelines (20).

Data Collection
The patient characteristics, including age, body mass index (BMI),
gender, American Society of Anesthesiologists score (ASA),
Eastern Cooperative Oncology Group (ECOG) performance
status, tumor location, tumor diameter, histological type,
differentiation grade, lymphovascular invasion (LVI),
December 2021 | Volume 11 | Article 775166
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posttherapy pathological (yp) TNM stage according to the 8th
American Joint Committee on Cancer (AJCC) guidelines, type of
gastrectomy, postoperative complications graded by Clavien–
Dindo criteria, adverse event in PEC according to the Common
Terminology for Adverse Events (CTCAE) version 4.0., and
duration of NAC, AC, and total span of PEC were all recorded
Frontiers in Oncology | www.frontiersin.org 385
(21–23). The overweight threshold was defined as patients with
BMI >23.9kg/m2 based on the Chinese population (24). All
pathological examinations were undertaken by two experienced
gastrointestinal pathologists, who were blinded to the group
assignment, according to National Comprehensive Cancer
Network (NCCN) guidelines (7)
FIGURE 1 | Flowchart showing patient enrolment.
TABLE 1 | Dosage and schedule of the treatment regimen.

Regimen Drug dosage Schedule Duration

SOX Oxaliplatin: 130 mg/m2 IV Days 1 Q3wk, up to 8 cycles
S-1: 80 mg (<1.25 m2); 100 mg (1.25–1.5 m2); 120 mg (>1.5 m2) PO Days 1–14

CapeOX Oxaliplatin: 130 mg/m2 IV Days 1 Q3wk, up to 8 cycles
Capecitabine: 1,000 mg/m2 PO Days 1–14

FOLFOX Oxaliplatin: 85 mg/m2 IV Days 1 Q2wk, up to 12 cycles
Leucovorin: 400 mg/m2 IV Days 1
5-Fu: 400 mg/m2 IVP Days 1
5-Fu (continuous): 2,400–3,000 mg/m2 IV Days 1–2
December 2021 | Volum
PO, by oral; IV, intravenous.
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Follow-up
Patients were followed up regularly via physical examination,
radiological examination, endoscopic examination, and
laboratory examination or telephone call when visits were not
possible. These examinations were performed quarterly during
the first 2 years, then every 6 months until the fifth year. After 5
years, consultation and follow-ups occurred annually.

Statistical Analysis
Continuous variables were summarized as mean ± standard
deviation or median (IQR) and were compared across groups
using the Wilcoxon rank-sum or Kruskal–Wallis test for two or
more group comparisons for continuous variables. Categorical
variables were analyzed using the chi-squared test or Fisher’s
exact test. The relationships between clinical and pathological
factors and long-term progression-free survival (PFS) and overall
survival (OS) were assessed using univariate log-rank tests.
Univariate and multivariate Cox regression analysis was
applied to identify the prognostic factors of OS and PFS.
Tumor or treatment characteristics that achieved a p < 0.20 in
univariate analysis were included in the multivariate analysis.
The decision tree classification model was developed using the
“rpart” (https://CRAN.R-project.org/package=rpart), with
parameters minsplit = 30, cp = 0.000001, and maxdepth = 10,
and “rpart.plot” package (https://CRAN.R-project.org/package=
rpart.plot). We then selected the complexity parameter (cp) for
pruning the tree, which has the lowest 10-fold cross-validation
error. We used the restricted cubic spline model to further assess
the potential non-linear association between the cycles of PEC
and other important covariates based on the result of the
decision tree model. The overall and non-linear associations
were interpreted by the Wald chi-square test using “rms”
package (25). Testing for trends can be applied based on
various statistical hypotheses when necessary. For all analyses,
Frontiers in Oncology | www.frontiersin.org 486
p < 0.05 was considered statistically significant. All data were
analyzed using R package (version 3.6.2).
RESULTS

Patients Characteristics
The selection flowchart is displayed in Figure 1. A total of 267 NAC
patients achieved ypN0 diagnosis. There were 212 patients who
received AC, while 55 patients did not receive AC after curative
surgery. Comparing with AC group, patients in the non-AC group
had higher age (p < 0.001), poorer physical status (p = 0.004), more
comorbidities (p = 0.078), and fewer NAC cycles (p = 0.007). The
pathological features of adenocarcinoma were similar between these
groups, including tumor size, ypT stage, pathological subtype, and
differentiation grade. The demographic and histopathological
features have been summarized in Table 2.

Adjuvant Chemotherapy Improved
Long-Term Outcomes
Among the entire cohort, 59 patients suffered recurrence, among
which 56 patients died of tumor. The median follow-up period
among all patients was 75 months (IQR, 29–75 months) estimated
by the reverse Kaplan–Meier method. The follow-up time showed
no statistical difference between groups (non-AC vs. AC, 87.00 vs.
74.00 months, p = 0.759). Comparing the survival curves for whole
patients, the 5-year OS was 74.34% in the non-AC group and
83.64% in the AC group (see Figure 3A). The 5-year PFS was
74.45% in the non-AC group and 82.74% in the AC group
(Figure 3B). The OS and PFS were significantly different between
the non-AC and AC groups (log-rank p = 0.012 and p = 0.030,
respectively). We used Cox regression to investigate the predictive
ability and interaction effects between covariates. In the univariate
analyses, female, ECOG (≥2), maximum tumor diameter (≥5cm),
total gastrectomy, ypT stage, mucinous or signet ring cell, LVI, and
SAE were potential risk factors, while being overweight, AC
treatment, and cycles of PEC were protective factors for both OS
and PFS (p < 0.20). Considering the PEC cycles confounded with
the AC treatment, this factor was exempt from the multivariate
analysis. In the multivariate Cox model, the ypT (ypT3-4 vs. ypT0-
2: HR, 2.00; 95%CI, 1.11–3.59; p = 0.021), AC treatment (AC vs.
non-AC: HR, 0.49; 95%CI, 0.27–0.88; p = 0.018), and LVI (LVI vs.
non-LVI: HR, 2.30; 95%CI, 1.00–5.31; p = 0.050) were significant
prognostic factors for OS. In the analysis of PFS, the ypT is the only
statistically significant prognosticator (ypT3-4 vs. ypT0-2: HR, 2.02;
95%CI, 1.14–3.58; p = 0.016), while AC treatment had a strong
tendency towards statistical significance (AC vs. non-AC: HR, 0.56;
95%CI, 0.31–1.00; p = 0.051), followed by mucinous/signet-ring
cells (HR, 1.68; 95%CI, 0.94–3.03; p = 0.081), SAE (HR, 1.68; 95%
CI, 0.93–3.02; p = 0.086), and LVI (HR, 2.06; 95%CI, 0.90–4.72; p =
0.087) with marginal significance (Table 3).

Increased Duration of PEC Had More OS
Benefit on ypT3-4 Patients
In the previous context, we discovered the survival benefit of AC
administration. With the increase in the PEC cycles, a trend for OS
FIGURE 2 | Distribution of PEC duration.
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TABLE 2 | Demographic and clinicopathological characteristics in non-AC and AC groups.

N Overall Non-AC AC p-value

267 55 212

Age (years, median [IQR]) 61.00 [53.00, 67.00] 68.00 [59.00, 71.00] 59.00 [52.00, 66.00] <0.001
Sex (%) 0.098
Male 198 (74.16) 36 (65.45) 162 (76.42)
Female 69 (25.84) 19 (34.55) 50 (23.58)

BMI (kg/m2, median [IQR]) 23.51 ± 3.33 23.14 ± 3.55 23.60 ± 3.27 0.366
ECOG (%) 0.004
0 195 (73.03) 30 (54.55) 165 (77.83)
1 59 (22.10) 20 (36.36) 39 (18.40)
2 12 (4.49) 5 (9.09) 7 (3.30)
3 1 (0.37) 0 (0.00) 1 (0.47)

ASA (%) 0.267
1 33 (12.36) 7 (12.73) 26 (12.26)
2 206 (77.15) 39 (70.91) 167 (78.77)
3 28 (10.49) 9 (16.36) 19 (8.96)

Comorbidity (%) 0.078
No 195 (73.03) 35 (63.64) 160 (75.47)
Yes 72 (26.97) 20 (36.36) 52 (24.53)

Short axis (cm, median [IQR]) 2.00 [1.00, 3.00] 2.00 [1.00, 3.00] 2.00 [1.00, 2.50] 0.278
Long axis (cm, median [IQR]) 2.50 [1.50, 3.50] 3.00 [2.00, 3.50] 2.50 [1.50, 3.52] 0.521
Location (%) 0.072
Upper 88 (32.96) 26 (47.27) 61 (28.91)
Middle 38 (14.23) 5 (9.09) 33 (15.64)
Distal 136 (50.94) 23 (41.82) 113 (53.55)
Diffused 5 (1.87) 1 (1.82) 4 (1.90)

Location 0.010
Proximal 180 (67.42) 26 (47.27) 61 (28.91)
Distal 87 (32.58) 29 (52.73) 150 (71.09)

ypT stage 0.558
ypT0 41 (15.36) 8 (14.55) 33 (15.57)
ypT1a 24 (8.99) 4 (7.27) 20 (9.43)
ypT1b 27 (10.11) 7 (12.73) 20 (9.43)
ypT2 55 (20.60) 10 (18.18) 45 (21.23)
ypT3 47 (17.60) 6 (10.91) 41 (19.34)
ypT4a 67 (25.09) 18 (32.73) 49 (23.11)
ypT4b 6 (2.25) 2 (3.64) 4 (1.89)

cN status 0.924
cN0 57 (21.35) 12 (21.82) 45 (21.23)
cN+ 210 (78.65) 43 (78.18) 167 (78.77)

Pathology 0.907
Adenocarcinoma 217 (81.27) 45 (81.82) 172 (81.13)
Mucin/ring cell 50 (18.73) 10 (18.18) 40 (18.87)

Differentiation 0.908
Well-moderate 94 (35.21) 19 (34.55) 75 (35.38)
Poor 173 (64.79) 36 (65.45) 137 (64.62)

Resection type 0.161
Subtotal 172 (64.42) 31 (56.36) 141 (66.51)
Total 95 (35.58) 24 (43.64) 71 (33.49)

NAC cycles 0.007
1 23 (8.61) 8 (14.55) 15 (7.08)
2 96 (35.96) 24 (43.64) 72 (33.96)
3 124 (46.44) 14 (25.45) 110 (51.89)
4 21 (7.87) 8 (14.55) 13 (6.13)
5 2 (0.75) 1 (1.82) 1 (0.47)
6 1 (0.37) 0 (0.00) 1 (0.47)

AC cycles <0.001
0 38 (14.23) 55 (100.00) 0 (0.00)
1 27 (10.11) 0 (0.00) 38 (17.92)
2 38 (14.23) 0 (0.00) 27 (12.74)
3 37 (13.86) 0 (0.00) 38 (17.92)
4 49 (18.35) 0 (0.00) 37 (17.45)
5 22 (8.24) 0 (0.00) 49 (23.11)

(Continued)
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was discovered (per cycle increase: HR, 0.89; 95%CI, 0.79–1.01; p =
0.068). While the simple NAC duration did not bring survival
improvement, we assumed the cycles of PEC could influence ypN0
patients’ survival aside from AC existence. We adopted an
exploratory subgroup analysis to find the indications for prolonging
PEC cycles (Figure 4). Except for ypT subgroups, increased PEC
Frontiers in Oncology | www.frontiersin.org 688
cycles achieved a similar protective effect in patients’ OS in any other
covariate subgroup. In the ypT subgroups, the opposite effect on OS
was observed: increased PEC cycles had significant improvement on
patients’ OS in ypT3-4 patients (HR, 0.84; 95%CI, 0.73–0.97; p =
0.021), while no such benefit can be inferred from ypT0-2 patients
(HR, 1.02; 95%CI, 0.82–1.28; p = 0.840).
TABLE 2 | Continued

N Overall Non-AC AC p-value

267 55 212

6 1 (0.37) 0 (0.00) 22 (10.38)
8 38 (14.23) 0 (0.00) 1 (0.47)

PEC cycles <0.001
1 8 (3.00) 8 (14.55) 0 (0.00)
2 29 (10.86) 24 (43.64) 5 (2.36)
3 32 (11.99) 4 (25.45) 18 (8.49)
4 29 (10.86) 8 (14.55) 21 (9.91)
5 43 (16.10) 1 (1.82) 42 (19.81)
6 30 (11.24) 0 (0.00) 30 (14.15)
7 31 (11.61) 0 (0.00) 31 (14.62)
8 63 (23.60) 0 (0.00) 63 (29.72)
9 1 (0.37) 0 (0.00) 1 (0.47)
10 1 (0.37) 0 (0.00) 1 (0.47)

NAC regimen (%) 0.001
SOX 130 (48.69) 34 (61.82) 96 (45.28)
CapeOX 67 (25.09) 3 (5.45) 64 (30.19)
FOLFOX 70 (26.22) 18 (32.73) 52 (24.53)

AC regimens (%) 0.201
SOX 95 (44.19) 0 (0.00) 94 (44.34)
CapeOX 67 (31.16) 0 (0.00) 67 (31.60)
FOLFOX 53 (24.65) 0 (0.00) 51 (24.06)

Severe adverse events 0.189
No 211 (79.03) 47 (85.45) 164 (77.36)
Yes 56 (20.97) 8 (14.55) 48 (22.64)
D
ecember 2021 | Volume 11 | Article
Values in parentheses are percentages unless indicated otherwise.
AC, adjuvant chemotherapy; BMI, body mass index; ASA, American Society of Anesthesiologists; ECOG, Eastern Cooperative Oncology Group; NAC, neoadjuvant chemotherapy; SMD,
standardized mean difference.
A B

FIGURE 3 | Kaplan–Meier survival plot of overall survival (OS) and progression-free survival (PFS). The survival curve of OS and PFS in whole patients (A, B).
Numbers at bottom indicate patients at risk. p-value stands for log-rank test.
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How Long the Regimen Last, the Decision
Tree Model, and Interpretations
In the previous analysis, the ypT classification is the most
decisive factor in PEC management. We used the decision tree
algorithm to specify the extent of the prognostic value of the PEC
cycles and other clinical characteristics on patients’ OS. All
significant or marginal significant factors in the multivariate
Cox regression were candidates to enter the model. These
variables types were listed: ypT stage (continuous variable form
T1a to T4b), cycles of PEC (continuous variable), pathological
type (dichotomous variable, mucinous/signet-ring vs. normal
adenocarcinoma), adverse events grade (dichotomous variable,
grade 3–4 vs. grade 0–2), and LVI (dichotomous variable).
Tenfold cross-validation for the whole dataset was used to
avoid overfitting and give the model better performance. The
result indicated that under five times split with six end nodes
could the model achieve the least test error (Figure 5). The
decision tree model was built based on the selection of
complexity parameters (Figure 6). The KM curves for each
end node are shown in Figure 7 (log-rank ptrend < 0.001). The
c-index of 3-, 5-, and 10-year OS were 0.688 (95%CI, 0.596–
0.782), 0.673 (95%CI, 0.589–0.759), and 0.661 (95%CI, 0.587–
0.742), respectively. The decision tree used ypT stage <3 as the
root node. For patients with ypT3-4 stage, the cutoff cycles
number for PEC was 5, and the mucinous/signet-ring
histological type was a sub-decision node that further increase
the risk of death, while for patients with ypT0-2 stage, the
duration of PEC and the OS benefit were not a simple linear
Frontiers in Oncology | www.frontiersin.org 789
relation: patients with PEC four to six cycles achieve the
maximum OS benefit. We used univariate RCS in ypT0-2
patients to investigate the performance of PEC cycles on OS.
Similar to the decision tree model, the RCS result indicated that
the lowest hazard ratio could be achieved at five to six cycles of
PEC with significant non-linear relationship (p = 0.043).
However, the overall effect of PEC on OS did not reach a
significant level (p = 0.128). The result of RCS partially
supported the tree’s algorithm that the benefit of PEC may
have a rising-then-falling effect on ypT0-2N0 patients (Figure 8).
DISCUSSION

In this study, we focused on three research topics step-by-step. First,
we demonstrated an improved prognosis for AC management.
Second, we teased out the relationship between the duration of
NAC, AC, and PEC, in which we concluded the more important
role that PEC duration played in the treating process. Under the
premises, we sought the conditional management of PEC cycles
based on our center’s practice, and finally, we demonstrated that a
prolonged treatment duration (≥5 cycles) is recommended for
ypT3-4N0, while a modest effect with four to six PEC cycles
could be more favorable for ypT0-2 patients. Currently, this is the
first study in the realm of PEC that the duration of chemotherapy
was comprehensively investigated in LAGC.

Conventionally, few pieces of evidence supported the
adjuvant chemotherapy administration for GC patients with
TABLE 3 | Univariate and multivariate analyses of prognostic factors.

OS PFS

Univariate HR p-value Multivariate HR p-value Univariate HR p Multivariate HR p-value

Age (>60 years) 1.07 (0.63–1.81) 0.805 1.02 (0.61–1.70) 0.954
Sex (female) 1.67 (0.96–2.90) 0.071 1.30 [0.71–2.36] 0.390 1.53 (0.89–2.65) 0.125 1.17 [0.64–2.11] 0.613
BMI (>23.9 kg/m2) 0.621 (0.36–1.08) 0.092 0.64 [0.36–1.14] 0.133 0.62 (0.36–1.06) 0.078 0.63 [0.36–1.10] 0.106
ECOG (>1) 1.87 (0.79–4.39) 0.153 1.91 [0.79–4.63] 0.150 1.75 (0.74–4.10) 0.200 1.72 (0.65–1.91) 0.229
ASA
1 1.00 1.00
2 0.83 (0.40–1.73) 0.617 0.89 (0.43–1.85) 0.751
3 0.84 (0.29–2.41) 0.748 0.98 (0.43–2.24) 0.961

Comorbidity 1.28 (0.73–2.25) 0.382 1.18 (0.68–2.05) 0.564
Diameter (cm) 2.09 (1.12–3.90) 0.020 1.02 [0.50–2.08] 0.956 2.23 (1.22–4.07) 0.009 1.16 [0.59–2.30] 0.670
NAC duration (>2 cycles) 1.16 (0.68–2.00) 0.585 1.10 (0.65–1.86) 0.719
AC administration 0.50 (0.28–0.87) 0.014 0.49 [0.27–0.88] 0.018 0.55 (0.31–0.95) 0.032 0.56 [0.31–1.00] 0.051
Tumor location (distal vs others) 0.95 (0.55–1.66) 0.863 1.02 (0.60–1.75) 0.932
Total gastrectomy 1.53 (0.90–2.60) 0.115 1.34 [0.77–2.34] 0.305 1.61 (0.96–2.70) 0.068 1.38 [0.81–2.37] 0.234
ypT (per stage increase) 2.32 (1.38–3.88) 0.001 2.28 (1.38–3.76) 0.001
ypT3–4 2.20 (1.28–3.78) 0.004 2.00 [1.11–3.59] 0.021 2.25 (1.32–3.81) 0.003 2.02 [1.14–3.58] 0.016
cN+ stage 1.05 (0.54–2.04) 0.881 1.12 (0.58–2.17) 0.729
Poor differentiation 1.12 (0.64–1.95) 0.693 1.12 (0.65–1.92) 0.680
Mucinous or signet-ring cells 1.83 (1.03–3.28) 0.041 1.57 [0.86–2.88] 0.141 1.91 (1.08–3.36) 0.025 1.68 [0.94–3.03] 0.081
LVI 2.17 (0.98–4.82) 0.057 2.30 [1.00–5.31] 0.050 2.03 (0.92–4.49) 0.081 2.06 [0.90–4.72] 0.087
Severe complications 1.37 (0.65–2.91) 0.410 1.26 (0.60–2.67) 0.539
SAE 1.55 (0.87–2.78) 0.140 1.63 [0.88–3.01] 0.118 1.60 (0.91–2.83) 0.103 1.68 [0.93–3.02] 0.086
Number of cycles 0.89 (0.79–1.01) 0.069 0.92 (0.82–1.04) 0.203
Decem
ber 2021
 | Volume 11 | Article
Values in parentheses are 95% confidence intervals.
AC, adjuvant chemotherapy; BMI, body mass index; ASA, American Society of Anesthesiologists; ECOG, Eastern Cooperative Oncology Group; HR, hazard ratio; PFS, progression-free
survival; OS, overall survival; NAC, neoadjuvant chemotherapy.
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lower pathological stage, especially for those after receiving
D2 lymphadenectomy. Lymph node metastasis is always the
key indicator for AC management. For patients who received
D2 lymphadenectomy, achieving R0 resection and pN0
diagnosis, pT1-3N0M0 are exempt from the AC according
to the 5th JGCA guideline (26), while in the Chinese Society of
Clinical Oncology (CSCO) guidel ine , AC was only
Frontiers in Oncology | www.frontiersin.org 890
recommended for pT3-4N0M0 (5). The newly introduced
concept of ypTNM stage has complicated the management
for LAGC patients because the “yp” concept has regarded
itself as the intermediate product after the NAC treatment
(27). Due to the clinical staging methods’ lack of precision, no
oncologist can foretell the initially exact tumor stage. When
ypN0 achieves, its pretreated N stage can be either N0 or N+,
FIGURE 4 | Forest plot for OS benefit from PEC increase in each subgroup.
December 2021 | Volume 11 | Article 775166
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and, logically, the intensity for the postoperative treatment
may be varied.

On the other hand, based on our previous report, although
there was a potential optimistic estimate for ypT0N0 that had
similar survival outcomes to that for ypT1N0 patients, this group
of patients is not literally tumor free. Other yp stage classification
had similar prognostic indication with pTNM stage (27, 28).
Ikoma et al. investigated the survival differences between
different ypN statuses and found that the NAC downstaging is
not the risk factor for ypN0 patients. No matter the clinical N
status before the NAC administration, promising survival
outcomes were to be expected (29). Their conclusion has also
been confirmed in the current study, and the results drive us to
doubt whether there is any additional practical meaning behind
the “yp” comparing to “p” TNM stage. Yet, to answer this
question is far from easy; the boundary between preoperative
and postoperative chemotherapy has already become blurred,
since the PEC is now a more common practice in western
countries and China compared to surgery with/without AC
following. As a result, it is of priority to address the treating
strategy in NAC and PEC patients under different conditions.
Thus, when ypN0 achieves, a more realistic question should be:
to what extent the PEC could reach the maximum benefit and
whether AC can be exempt from certain groups of patients.

The decision tree algorithms are effective methods that can
deal with mixed continuous and dichotomous covariates.
Compared with Cox regression, the tree model results are
more easily interpreted and can mimic the clinical decision-
making processes. Another advantage of this method is that the
cutoff can be exported based on machine learning instead of an
arbitrary divide or repeatedly manual attempt. Based on our
data, the decision tree model selected ypT < 3 as the root node,
which emphasized the ypT strong influence on ypN0 patients’
OS. Under the root decision, the PEC duration had various
influences on patients in different ypT groups. In the ypT3-4
Frontiers in Oncology | www.frontiersin.org 991
branch, the PEC cycles were dichotomized at five, which is
easier to understand and can be complemented by the Cox
regression, according to which the increase in PEC cycles is
accompanied by stable survival gain. In the ypT0-2 branch,
however, the tree’s result gave an optimal four to six cycles
interval resolution. This indicated that there might be a “dose–
response” effect in patients with lower yp stage. The toxicity
and the adverse events could overwhelm its antitumor effect in
a prolonged chemotherapy administration because the tumor
load is already trivial (9). On the other hand, as 88.44% of
patients only had one to three cycles of NAC, the conditional
benefit of PEC (four to six cycles) justified the AC’s necessity
for most ypT0-2N0 patients. We suggest that the early ypTxN0
stage should not be regarded equally as the pTxN0 stage (27).
Instead of ypN+, the ypN0 stage is more likely to be concluded
as a moderate-to-effective response to NAC, having more
remission cases and fewer progression diseases. Moreover,
although with relatively low sensitivity, the clinical N+ status
measured by either CT or EUS tended to have high specificity
and positive predictive value, which means the likelihood of
downstaging is high in cases from cN+ to ypN0 (30, 31). Thus,
the ypN0 could enrich those chemo-responsive patients to
some extent, which warranted the treatment efficacy even for
early yp stage patients.

Currently, the duration of the standardized treatment follows
the original protocols in phase III trials in which the comparison
of treatment length was not routinely designed due to costing
and ethical concerns. Sometimes, clinicians lack enough evidence
to say that the fixed regimens are optimal, although effective.
More importantly, the real-world circumstances are often not as
ideal as those in clinical trials (32). Patients may discontinue
perioperative or adjuvant treatment due to various reasons, e.g.,
adverse events, low life quality, and financial burdens (33–35).
Because of these, the reduced duration for chemotherapy and
other treatments has attracted widespread attention in recent
FIGURE 5 | Cross-validation relative error vs. numbers of split and complexity parameter; the lowest CV error rate can be achieved when nsplit reaches 5.
December 2021 | Volume 11 | Article 775166
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years. In the IDEA collaboration, the 3 months (corresponding
to four 21-day cycles) of adjuvant therapy confirmed only 0.4%
inferiority versus 6 months (corresponding to eight 21-day
cycles) duration in overall survival in patients with stage III
colorectal cancer (36). In stage I−II ovarian clear cell carcinomas,
Prendergast et al. found that similar survival outcomes could be
reached in three- and six-cycle groups (12). This result was
prospectively confirmed by the TOSCA phase 3 trial (37). In
LAGC, studies focusing on the different duration of adjuvant
chemotherapy are few (38, 39), and only our previous research
has taken PEC into consideration (10). In the light of these
previous studies, we assumed that there should be some room for
improvement for PEC management in certain LAGC classes to
obtain optimal benefits and personalization and meet the real-
Frontiers in Oncology | www.frontiersin.org 1092
world requirement. Interestingly, in the present dataset, patients
who had shorter PEC treatment are older, with more
comorbidities and poorer physical status. The unbalanced
baseline could largely reflect the real-world situations, and the
results guide us to understand the true benefit of PEC in such
clinical contexts.

As the topic is a challenging issue, we acknowledge that our
study has limitations. First, this is a retrospective study with
retrospective bias. Second, the k-fold cross-validation is not the
best way in measuring the effectiveness of the model for time
series data, although this method has been widely adopted in
survival regression (40). The leave-one-out and Monte Carlo
cross-validation could be a more reasonable solution, but these
were not a built-in function in current decision tree algorithms
FIGURE 6 | Clinically interpretable decision tree for relative survival risk. ypT (continuous variable from ypT1a to ypT4b), PEC cycles (continuous variable from 1 to
10), and histological type (dichotomous variable) were selected as key features for the final pruned decision tree for overall survival. The predicted hazard ratio in
each splitting group using overall samples as reference. Within each internal nodes (conditions), the sub-branch is shown on the left when the condition is True (Yes)
and shown on the right when the condition is False (No). The ypT < 3 was set as the root node. Splitting covariate is indicated within each node. The number under
each node identifies each subgroup. Six terminal nodes were then identified as follow: node 1, ypT0-2&PEC4-6; node 2, ypT0-2&PEC≥7; node 3, ypT0-2&PEC ≤ 3;
node 4, ypT3-4&PEC≥5; node 5, ypT3-4&PEC<5&non-mucinous; and node 6, ypT3-4&PEC<5&mucinous.
December 2021 | Volume 11 | Article 775166
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FIGURE 7 | Kaplan–Meier survival plot of the overall survival (OS) in six risk levels classified by decision tree model. p-value stands for log-rank test. The trending
log-rank ptrend < 0.001.
FIGURE 8 | Restricted cubic spline for the unadjusted relationship between duration (cycles) and OS in ypT0-2N0 patients. Y-axis demonstrates the unadjusted log
hazard of mortality. The grayed ribbon area reflects bounds of the 95% CI. p-values were for non-linear Wald test. The area under the dashed line indicates the
relative HR from PEC cycles 4–6.
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(41). As recursive partitioning is more systematic in dealing
with dichotomous endpoints, using the survival tree method
may be challenging. Despite these concerns, the splitting nodes
that the tree gave out were reasonable and had clinical
significance. Third, the four to six cycles interval for ypT0-2
patients is only partially supported by the non-linear
regression, although the PEC’s benefit on OS is more
appropriate to be illustrated by non-linear regression than the
linear Cox regression. The test for the overall effect of the
regression model did not reach a significant level (p = 0.128).
This means that the PEC cycles increase can be either non-
linear beneficial or non-improved. Because there is still a strong
tendency to favor the chemotherapy management in our study
(Figure 9) and previous research results (10), we suggest that
the non-significance should have resulted from our relatively
small sample size in the subgroup analysis. Thus, multicenter,
large sample studies are needed to validate our findings. Fourth,
when considering the NAC response, tumor regression should
be considered, but this was ruled out in the preliminary
analysis. While 37 cases have missing value in this entry, we
found that the TRG (AJCC/CAP criteria) is not a prognostic
factor in the rest of 230 ypN0 patients (TRG2-3 vs. TRG0-1,
HR, 1.19; 95%CI, 0.84–2.12; p = 0.574). Various reasons can be
responsible for this non-significance: (1) TRG only reflects the
response to chemotherapy but might be a poor prognosticator
for early-stage patents who are not required for intensive drug-
based therapy; (2) current TRG classifications do not account
for the involvement of lymph nodes, ypN0 with pretreated
cN+ diagnosis should be a more direct indication for
chemosensitivity; and (3) current cutoff values for TRG
criteria may not achieve optimal discriminative ability. Fifth,
Frontiers in Oncology | www.frontiersin.org 1294
the aim of our study was to summarize the impact of PEC on
survival (to reach the maximum sample volume) so that some
decisive factors for survival were not included in the study
according to our previous reports (15, 42). The c-index should
also increase if more factors were input into the tree model.
Finally, yet importantly, external validity is a prerequisite for
clinical applicability. However, retrieving data with full entries
from other tertiary medical centers in our region is admittedly a
difficult undertaking. Both the case reporting form and the
study protocol will be redesigned to support our multicenter
collaboration and to conduct the external validation.

In conclusion, although ypN0 means promising survival
outcome, the AC treatment is still necessary for the PEC
modality. Specifically, the reduction in PEC duration could be
applied for the ypT0-2N0 stage patients but may not be suitable
for higher ypT stages. A multicenter-based study with larger
sample sizes is required to validate our results.
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Background: An accurate pathological diagnosis of hepatocellular carcinoma (HCC), one
of the malignant tumors with the highest mortality rate, is time-consuming and heavily
reliant on the experience of a pathologist. In this report, we proposed a deep learning
model that required minimal noise reduction or manual annotation by an experienced
pathologist for HCC diagnosis and classification.

Methods: We collected a whole-slide image of hematoxylin and eosin-stained
pathological slides from 592 HCC patients at the First Affiliated Hospital, College of
Medicine, Zhejiang University between 2015 and 2020. We propose a noise-specific deep
learning model. The model was trained initially with 137 cases cropped into multiple-
scaled datasets. Patch screening and dynamic label smoothing strategies are adopted to
handle the histopathological liver image with noise annotation from the perspective of
input and output. The model was then tested in an independent cohort of 455 cases with
comparable tumor types and differentiations.

Results: Exhaustive experiments demonstrated that our two-step method achieved
87.81% pixel-level accuracy and 98.77% slide-level accuracy in the test dataset.
Furthermore, the generalization performance of our model was also verified using The
Cancer Genome Atlas dataset, which contains 157 HCC pathological slides, and
achieved an accuracy of 87.90%.

Conclusions: The noise-specific histopathological classification model of HCC based on
deep learning is effective for the dataset with noisy annotation, and it significantly improved
the pixel-level accuracy of the regular convolutional neural network (CNN) model.
Moreover, the model also has an advantage in detecting well-differentiated HCC and
microvascular invasion.

Keywords: HCC classification, pathological images, deep learning, whole-slide image, noisy annotation
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most commonly
diagnosed cancers, ranking fifth in incidence rate and second in
fatality rate in male individuals worldwide (1). An accurate
diagnosis of HCC is essential in the choice of treatment
options and the overall survival of patients (2, 3). Some
pathological features provide guidance for clinical treatment
and prognosis, for example, microvascular invasion (MVI) and
microsatellite nodules. However, the current practice of
pathological diagnosis of HCC is time-consuming and
completely relies on the subjective experience of a pathologist,
which varies substantially.

Machine learning, especially deep neural networks, has made
appreciable breakthrough in recent years (4–6). The successful
application of this technology in medicine includes diabetic
retinopathy detection (7), machine learning model-derived
predictive gene signature for gastric cancer (8), and artificial
intelligence (AI)-based prediction of origins for cancers of
unknown primary (9). The transformation of practice from
microscope to digital slides has paved the way for using AI
assistance systems in pathology. AI-driven approaches for
pathological images can assist pathologists in diagnosis and
provide clinicians with prognostic stratification and prediction
of treatment response. Recent studies have confirmed the
effectiveness of pathological AI for tumor detection of various
organ systems, such as stomach (10, 11), lung (12), and breast
lymph node metastasis (13–15) and prostate core needle biopsies
(15, 16). Previous studies of HCC based on convolutional neural
network (CNN) mainly focused on radiology images, including
CT scans, ultrasound, and MRI scans (17). Li et al. (18) proposed
a structure convolutional extreme learning machine and case-
based shape template methods for HCC nucleus segmentation.
However, various tissue structure and cell characteristics should
be comprehensively considered for the diagnosis and histological
grade of HCC. There are few AI-based studies on large sample
whole-slide images (WSI) of HCC.

AI-based pathology usually requires a large number of accurate
annotations, while the manual annotating of histopathologic
images is very time-consuming and hard to be precise.
Furthermore, there exists a problem that the larger the scale we
use to get more complete cellular features, the higher probability of
selecting noisy patches—for instance, a larger annotated tumor
region may contain fibrous stroma and blood vessels. In addition,
sporadic cancer cells around the primary tumor are difficult to be
fully marked. These conditions make annotations of pathological
digital slides scarce and noisy, both of which are detrimental to
machine learning models. Song et al. (19) add artificial noisy
images as negative samples to simulate the influence of blood
vessels and stains, but the artificial images are oversimplified and
cannot fundamentally change the original annotations. It brings
us to the crucial problem in AI-driven diagnosis for HCC
pathological images, which is noisy annotation.

In this study, we conducted a series of experiments on slide
screening and scale selection to solve the noise problem.
Furthermore, we introduced label smoothing to implement soft
constraints. Compared to other methods that directly use the
Frontiers in Oncology | www.frontiersin.org 298
noisy label to optimize the model, our method can automatically
eliminate the influence of incorrect labels instead of being
misguided by them. The independent validation set
demonstrated that, through patch screening and noise-tolerant
loss function, our proposed method showed better results than
the traditional data processing approach on the noisy dataset.
MATERIALS AND METHODS

Patients and Samples
A total of 592 HCC patients treated by surgical resection at The
First Affiliated Hospital, College of Medicine, Zhejiang University
between 2015 and 2020 were enrolled in the study. Patients who
had undergone prior radiotherapy or chemotherapy and
combined with intrahepatic cholangiocarcinoma or mixed
hepatocellular–cholangiocarcinoma were excluded. We collected
an HCC pathological image dataset containing hematoxylin and
eosin (H&E)-stained digital slides from 592 patients with diverse
HCC subtypes and differentiation degrees. The digital slides were
produced at ×40 magnification by the 3DHISTECH P250 FLASH
digital scanner.

Data Set Preparation
One representative H&E-stained digital slide was available for each
HCC case, which included HCC tissues and the adjacent
surrounding liver tissues. An expert liver pathologist made the
rough annotations of the tumor regions, including 20 slides which
were elaborately annotated for pixel-level evaluation.Among all the
samples, more than 400 cases belong to grade 2 or grade 3 based on
the Edmondson–Steiner grading system. Concerning the
imbalanced slide amount of tumor differentiation degree, we
made a preliminary filtrating to 137 cases for training, and the
remaining 455 slideswere used for validation and testing (211 slides
of the validation set and244 slides of the testing set). Besides this, we
also collected 157 slides in The Cancer Genome Atlas (TCGA)
database as an external testing set for testing the robustness of our
model. It isworthnoting thatour task is todetect theHCCregion, so
all the other tissues, including liver cirrhosis, are labeled as grade 0.

To get the multi-scaled patch, hundreds of central points with
a minimum distance were selected on each slide. For each point,
three patches were cropped at ×5, ×20, and ×50 magnification to
retain the information of different scales. We resized all of them
to 448 pixels to get a set of patch groups with the same size and
position. The label of each patch was determined by its relative
position to the annotated tumor region. For the training set, a
certain number of patches were randomly chosen in each slide. It
is worth noting that these patches were used for pre-training the
model. As for the validating set, we artificially selected a small
number of patches with correct labels to obtain an accurate
assessment. All these patches are pre-processed by stain
normalization before training.

Data Screening
The above-mentioned training set was used to train preliminary
models for screening, which can obtain the model with an
accuracy of about 85% on the validating set. Since we used
December 2021 | Volume 11 | Article 762733
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data with rough annotations, there existed some slides with high
noise. In these slides, it is complicated for the pathologist to
annotate accurately on all these small regions. Considering that
the slide size is hundreds of times larger than the cropped
patches, it is impractical to ensure the accuracy of the patch-
level labels, resulting in the dataset with noisy labels. One of our
strategies for handling noisy data was slide-level screening,
which means to retest all the slides severally by pretrained
models and eliminate the patches of slides with low accuracy.
Differently, the patch-level screening would directly test on
patches and eliminate the incorrectly predicted ones. The pre-
trained model was not highly accurate, so ambiguous patches
would be retained in the screened dataset. It means that patch-
level screening reduces the dataset noise, but the remaining noisy
patches might be highly mistakable. The slide-level screening
focuses on the accuracy of each slide instead of the patch, so
noisy patches are filtered without strains of complexity. Both
screening methods have their pros and cons in different
conditions. As per the process shown in Figure 1, in the case
that the model has 85% accuracy, low slide-level accuracy of less
than 70% demonstrates that the slide contains lots of labeling
errors. These noisy samples can obstruct effective feature
extraction during training and need to be removed. For patch-
level screening, we filtered patches directly with predicted values
of less than 0.7. Then, two different training sets were prepared
for the next stage. Here the threshold is determined by the
ablation study. The models were trained on different datasets
with a threshold of 0.6, 0.7, and 0.8 to get accuracies of 91.58%
(0.009), 93.03% (0.008), and 92.12% (0.010), respectively.

In consideration of the data imbalance problem, we adjusted
the patch quantity of different categories and different patients,
which avoided the model from having a preference. The training
samples were selected from filtered data, totaling 22,800 patches
from 137 slides. The validating set contained 412 patches of 211
slides by manual screening. Only a few patches of the same slide
were selected. In increasing the diversity of the dataset, involving
more slides was more helpful than more patches of the same
Frontiers in Oncology | www.frontiersin.org 399
slide. Unlike these processing methods, each sample of the
testing set retained whole-slide images to evaluate the
diagnosis results with slide-level accuracy.

Model Design
It usually takes tens or even hundreds of thousands of samples to
train an effective model in deep learning. Since it is unrealistic to
acquire large amounts of medical samples, we chose to use the
model already trained on the other large dataset [ImageNet
dataset (20)]. The pre-trained model would have a feature
extraction ability for basic image features. ResNet18 was
adopted as the basic architecture of our model. Although the
screening methods mentioned above have a certain efficiency in
filtration, the screened dataset will still be noisy. Focusing on the
abovementioned problem, we also applied a new strategy for
noisy HCC annotations based on the CNNmodel to improve the
HCC classification performance.

Considering the distinctive characteristics of pathological
slides, we took image scale as one of the most significant
factors in cancer recognition. In macro-view, the probability of
noisy samples will be lower, while the morphology of cells is
clearer in micro-view. It means that a proper scale would be
crucial in computational HCC diagnosis. In this work, we
attempted to examine model performance with patches of
various scales and get the proper magnification between
features and noise so that enough features were contained in
patches and the rate of noisy labels would not be too high. Our
dataset contained the patch groups with the same size and
different magnifications of ×5, ×20, and ×50. The label of each
group was decided by the annotation region. These patches of
three magnifications were severally inputted into three models
with the same architecture during training for comparison. The
process of our proposed model is shown in Figure 2.

As for the loss function, we introduced label smoothing into
our model for alleviating the influence of residual noisy labels.
With cross-entropy loss L = −o

N

i=1
yilog(pi) + (1 − yi)log(1 − pi), the predicted

probability of each sample pi = 1=(1 + e−zi ) will be forced to
FIGURE 1 | Illustration of the process of our proposed method. Firstly, all slides of the training set were cropped randomly and used for model pretraining.
Secondly, the pretrained model is trained with about 85% accuracy and then used for two different dataset screening methods. For patch-level screening, all patches
were independently assessed by patch-level screening and would be filtered if the predicted value was below 0.7. This threshold is determined by the ablation study.
For slide-level screening, patches cropped from the same slide are calculated together to filter the slides with low quality. Only patches of slides with 70% overall
accuracy would be retained, which means that the final dataset would not contain slides with unreliable annotation.
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infinitely approximate to the probability interval [0,1] according to
the label. Here N denotes the batch size, y denotes the patch label,
and p denotes the predicted value. The latter formula is the
sigmoid function mapping model output zi into the probability
interval [0,1] as final probability pi. This loss function will guide
the output zi toward polarization during gradient descent,
resulting in the over-confidence of each sample and
consequently reducing model generalization. Differently, smooth
label is defined as y

e

i = (1 - ϵ)yi + ϵ/2 where ϵ is the hyperparameter
that determines the degree of smoothness. With the constrain of
smooth labels, the outputs of the model (before the sigmoid layer)
will be limited in a fixed range. Rafael et al. (21) found that
ordinary labels lead the outputs dispersing into broad clusters
through visualization of the activation of the penultimate layer. In
contrast, the clusters produced by smooth labels are tighter. The
work of Lukasik et al. (22) also demonstrated the superiority of
label smoothing for deep learning with noisy labels. In our work,
noise exists between two categories. After data screening limits the
noise to a lower degree, label smoothing has the ability to restrict
the over-fitting caused by noisy labels so that the model
generalization can be enhanced.

Differently from (22), the degree of label smoothing should be
determined by the surroundings of each patch, so an additional
module is added in our model to dynamically choose the smoothing
weight. As shown in Figure 2, the surrounding patches are formed
into the feature polymer, representing the large-scale view without
losing cellular information. Here the encoder Ep is pre-trained by
Autoencoder. Then, a group of fully connected layers is trained to
Frontiers in Oncology | www.frontiersin.org 4100
output the value of ϵ. The core idea is that the surroundings of each
patch are related to the probability of the label being mislabeled. If
the patch is surrounded by a mixture of normal and cancerous cells,
the annotated label is not credible, and a large value of ϵ should be
applied, According to the ablation study of smoothing weight, the
new smoothing weight is set as ϵ′ = 0.2ϵ, where ϵ is the output of the
sigmoid function between 0 and 1.

Ethics Statement
This study was approved by the Ethics Committee of The First
AffiliatedHospital,CollegeofMedicine,ZhejiangUniversity.Written
informed consent was obtained from all patients in this study.
RESULTS

In the experiments, ResNet18 (23) is adopted as the encoder of the
model,which ispre-trainedonImageNetdatasets (20).The encoder
of the feature polymer consists of six convolutional layers, followed
by two fully connected layers to output the weight ϵ. In model
training,Adam is used as the optimizer. The batch size is 32, and the
learning rate is 0.0001 in all the experiments for fair comparison.

Slide Screening
To demonstrate the necessity of screening slides to filter out
those with high noise, we compared the performance of the same
CNN model training on the raw dataset, slide-level screened
dataset, and patch-level screened dataset. Furthermore, for each
FIGURE 2 | The process of our proposed model. Patches of three scales (×5, ×20, ×50 magnification) were cropped from slides, and the corresponding labels
were decided according to annotations. Patches of ×50 magnification are at a large scale containing the clearest cellular features but are also probably noisier. In
contrast, ×5 magnification minimizes errors, but the cellular features can be hardly seen. These patches are severally inputted into the main encoder Em and classifier
to get results. In the other part, the regular labels are transferred into smooth labels to guide the training in our model. Additionally, our model contains a module to
get dynamic smoothing weight by the surrounding information of each patch. Here Ep denotes the pretrained Autoencoder to generate the feature polymer, which is
utilized to output the dynamic smoothing weight ϵ.
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dataset, three magnifications were employed to generate patches.
The result is shown in Table 1, which demonstrates the
incredible advantage of the patch-level screening method in all
scales. The accuracy on the patch-level screened dataset is on
average 5.10% better than the slide-level screened dataset and
8.92% better than the raw dataset. We got the highest accuracy of
93.03% in the patch-level screening dataset with ×20
magnification. This result illustrates that, with patch-level
screening, the ×20 magnification dataset balances the influence
of the image noise and the cellular features so that the model
achieves high performance in this dataset.
Label Smoothing
After determining the screening method and patch scale, label
smoothingwas applied to furthermitigate the negative effects of the
noisy samples. Here we adjusted the hyper-parameter ϵ from 0.1 to
0.3 andcalculated thepatch-level accuracyon thevalidating set. The
results are shown inTable 2. According to the results, the weight of
0.2 was adopted in label smoothing. Moreover, to dynamically
choose the smoothing weight ϵ, we introduced the feature polymer
to integrate surrounding information, and the results demonstrate
the significance of our model.
Slide-Level Accuracy
In slide prediction, all patches of each slide were input into the
trained model to get the predicted categories, and the ratio of the
cancer patch will be calculated to decide the slide-level prediction
according to the threshold. We collected 244 slides in our dataset
as an internal testing set, including 161 HCC slides and 83
paracancerous liver tissue slides. Given the necessity of data
balance, the slide numbers of all grades according to the
Edmondson–Steiner grading system were controlled to be as
equal as possible. We calculated the accuracy separately to have
an intuitional understanding of the results. In slide prediction, all
patches of each slide are input into the trained model to get the
predicted categories, and the cancerous ratio of the whole slide
will be calculated to decide the slide-level prediction according to
the threshold. The results showed that 0.04 was the optimal
threshold value for both models, in which the baseline model
achieved the accuracy of 97.54% and our model achieved the
accuracy of 98.77%. The predicted results and the sample
amounts of each grade are shown in Table 3. It can be seen
that the model accuracy on grade 2 and grade 4 is the same; it
might be due to the high similarity of the slides in our dataset.
Nevertheless, our model achieves better performance with
Frontiers in Oncology | www.frontiersin.org 5101
98.77% overall accuracy, which demonstrates the superiority of
our model.

We also collected 157 HCC slides in TCGA database as an
external testing set for testing the robustness of our model.
Because of the difference of the image acquisition equipment,
the models would tend to be less accurate. It is noticeable that
our model holds a significant lead over the baseline model with a
slide-level accuracy of 87.90%, while the regularly trained CNN
model only makes accurate predictions on 54.14% of the TCGA
slides (Table 4). From the results described above, we conclude
that, although the baseline model achieves accuracy close to our
model with a specific threshold, it cannott generalize well to
other samples like the slides from TCGA. The primary cause of
that is that our model uses label smoothing to alleviate the over-
fitting problem, resulting in a better ability in recognizing easily
confused samples. The slide-level accuracy reflects the
superiority of our model in the classification. It is an overall
criterion without reflecting details of the prediction. Moreover,
the slides with different predictions by the baseline and our
model are shown in Figure 3. It can be found that the difference
between the predictions on our dataset is not obvious, but the
performance of our model is more significant in the public
dataset TCGA, which means that our model has a high
generalization on the different datasets without training. The
next step of evaluation is to pay attention to the model prediction
on each slide, which helps us to understand why our model
performance is better than the regular CNN model.
Visualization Result
For further assessing the effects of two models on the diagnosis of
HCC, we visualized the model prediction on whole-slide images to
acquiremore intuitive results. A total of 20 independent slides were
elaborately annotated for pixel-level evaluation. Compared to the
elaborate annotation, the rough annotation always contains some
non-tumor components and ignores scattered HCC cells around
the major tumor region. One example is shown in Figure 4.

Since pathological images are too large for segmentation, the
common approach is to utilize the sliding window to calculate
the mean prediction of each pixel as the pixel-level accuracy.
Since blank areas around the valid region do not contain cells,
the model can easily distinguish the patches cropped from these
areas. The high proportion of these areas will also highly make
the results false. We excluded the blank areas around and within
the organization before calculating the accuracy. All the
visualization results of precisely annotated slides can be found
in Supplementary Figure S1. Among all the 20 slides with
TABLE 1 | Comparison of convolutional neural network model performance on multiple-scale datasets with different magnifications.

Scale Data

Raw data Slide-level screening Patch-level screening

ACC (×5) 81.29% (0.017) 86.99% (0.011) 90.85% (0.008)
ACC (×20) 83.15% (0.022) 86.00% (0.013) 93.03% (0.008)
ACC (×50) 84.49% (0.021) 87.40% (0.006) 91.80% (0.008)
December 2021 | Volu
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precise annotation, our proposed model achieves an accuracy of
89.98%, which is higher than the performance of the baseline
model of 82.52% and label smoothing of 87.72%.

In addition, the visualization results show that our proposed
model has superior ability in differentiating regions mixed with
cancer cells and benign cells, recognizing well-differentiated
HCC and MVI. As shown in Figure 5, the figures from the left
to the right represent the whole-slide image, annotated ground
truth, predicted map of the baseline model, and our model.
Each pixel in the predicted figures is the output of the
corresponding patch, and we magnify the same part of the
region to have a distinct view. One of the visualization results
shown in Figure 5A is a complex sample with highly dispersed
cancer cells. Significantly, the selected region is located in the
cancer region according to the rough annotation, but from the
elaborate annotation, we find fibroblasts (left of the region) and
erythrocytes in the vessels (right of the region). From the
corresponding area of predicted maps, we can see that the
baseline model recognizes the erythrocyte area but puzzles at
the fibroblasts area on the left. On the contrary, these patches
are accurately discriminated by our proposed model. The
visualization results also show that our proposed model could
distinguish well-differentiated HCC. As shown in Figure 5B,
the baseline model ignores almost all the well-differentiated
cancer cells, while our model accurately predicts most of them.
Notably, our proposed model can also help pathologists to
identify MVI and microsatellite nodules. Here we show an
example in Figure 5C, which contains multiple MVI samples
(the annotated regions outside the tumor with red circles).
From the visualization results, it is clear that the model trained
by our screening dataset can recognize several distinguishable
MVI samples, avoiding the omission of important information
by human diagnosis.
Frontiers in Oncology | www.frontiersin.org 6102
DISCUSSION

There have been plenty of innovative research on traditional
machine learning methods, like support vector machine, random
forest, and boosting algorithms (24). In general, the above-
mentioned methods have achieved applaudable performance in
CT and ultrasound image analysis, which provides a non-
invasive and low-cost way for the auxiliary diagnosis of
disease. Liao et al. (25) extracted image features from HCC
pathological images and then adopted random forest to diagnose
HCC and predict survival outcomes. Fehr et al. (26) applied
recursive feature selection support vector machine in the binary
classification task of prostate cancer. Although traditional
machine learning methods have been well applied in these
studies, all the approaches are highly dependent on the
features extracted by manual rules, which is time- and labor-
consuming. The hand-designed features are not likely to fit the
data perfectly, leading to the limitation in model performance.

With the popularization of deep learning, various structures
of CNN were widely applied in the diagnosis of HCC. Schmauch
et al. (27) proposed a deep learning model to differentiate space-
occupying lesions in the liver using data of 367 ultrasound
images with a classification accuracy of 91.6%. Vivanti et al.
(28) proposed an automated detection model based on the CT
images of HCC which can identify tumor recurrence with an
accuracy of 86%. Hamm et al. (29) described an MRI liver lesion
classification system based on CNN with an accuracy of 92%, a
sensitivity of 92%, and a specificity of 98%. As the gold standard
in medical diagnosis, pathological slides contain more features
for conclusive analysis. Indeed the high complexity of slide
annotation and gigapixel image processing makes the
computer-assisted diagnosis on pathological slides meaningful
but also challenging (30).
TABLE 3 | Slide-level accuracy results of different grades in internal testing set.

Total

Baseline model
Grade 0 1 2 3 4 /
Acc 97.59%(81/83) 93.94%(31/33) 97.92%(47/48) 97.92%(47/48) 100%(32/32) 97.54%(238/244)
Our model
Grade 0 1 2 3 4 /
Acc 98.80%(82/83) 96.94%(32/33) 97.92%(47/48) 100%(48/48) 100%(32/32) 98.77%(241/244)
December 2021 | Volume 11
We utilized our testing set to determine the optimal threshold of 0.04. The sample amount of each grade is shown after each accuracy. Here grade 0 denotes non-tumor, and the others are
Edmondson–Steiner grades. Acc denotes the slide-level accuracy.
TABLE 2 | Patch-level accuracy with label smoothing of different weight ϵ, which was trained on the screened dataset of ×20 magnification and evaluated on a
validating set.

Model Patch-level accuracy Dynamic ϵ

ϵ = 0.1 ϵ = 0.2 ϵ = 0.3

Acc 92.17% (0.008) 93.01% (0.004) 92.55% (0.004) 93.87% (0.005)
AUC 0.9572 (0.007) 0.9691 (0.007) 0.9604 (0.011) 0.9720 (0.008)
F1-score 0.9364 (0.016) 0.9585 (0.010) 0.9397 (0.010) 0.9644 (0.012)
The variance of 10 trials is shown after each accuracy score. Acc denotes the patch-level accuracy. AUC denotes the area underneath the entire ROC curve. “F1-score” is the harmonic
mean of the precision, and recall that F1 = 2 (precision recall) / (precision + recall).
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Unlike other pattern recognition tasks, pathological image
diagnosis faces two primary challenges: large image size and
noisy annotation (31). Commonly, the size of a pathological
digital slide is more than 100,000 pixels, which is too large for an
input of a normal model. Simply resizing the whole slide into a
small image will make nuclear morphology indistinguishable,
leading to the loss of crucial classification information. Most of
the research split the whole slide into patches for individual
classification and assembled the results back to the original slide.
Kiani et al. (32) created a model based on CNN to differentiate
HCC from cholangiocarcinoma. They used a total of 25,000 non-
overlapping image patches of size 512 × 512 pixels to train the
model and yielded an accuracy of 84.2% on an independent test
set. Liao et al. (33) designed a CNNmodel to identify liver tumor
tissue from normal. The CNN model was trained and tested on
256 × 256 pixels and yielded an accuracy of 94.9% at ×5
magnification and 86.0% at ×20 magnification, respectively.
These methods ignored the macro-view structural information.
Besides that, the size problem generally caused the noisy
Frontiers in Oncology | www.frontiersin.org 7103
annotation in HCC pathological slides. These noisy
annotations will potentially limit the performance of the
model. Our proposed method aims to solve these problems
during data processing and model training. From the dataset
with rough annotation, our method trained with patch-level
screening dataset achieved the highest accuracy with 93.03%
on ×20 magnification, while regular CNN model with the
same architecture only reaches 84.49% accuracy at most.
The most significant difference from the above-mentioned
research is that our proposed method was devised for
classification with noise annotation. Since some components,
like fibrous stroma located in the tumor region, are more likely to
be annotated as cancer samples, they appended artificial noisy
images to the dataset to enhance the recognition capability of the
model, but for the preexisting fibrous stroma images, this
approach cannot correct the inaccuracy annotations. Moreover,
the correction effect largely depended on the quality of the
artificial images, so simple artificial images with singular colors
were more likely to be distinguished from real noisy images. It is
FIGURE 3 | Visualization of slides with different predictions by the baseline and our model. For each slide, the figure to the left is the prediction of the baseline
model, and the figure to the right is the prediction of our model. The ratio below each figure denotes the overall ratio of cancerous patches. Except for the slide of
grade 0 in our dataset, all the other slides contain tumors with different grades. It can be seen that, although there is not much difference in the predictions of our
dataset, the performance of our model is more significant in the public dataset The Cancer Genome Atlas, which reflects the high generalization of our model.
TABLE 4 | Slide-level accuracy results of different grades in The Cancer Genome Atlas database.

Total

Baseline model
Grade G1&G2 G3&G4 NA /
Acc 47.48%(47/99) 68.09%(32/47) 54.54%(6/11) 54.14%(85/157)
Our model
Grade G1&G2 G3&G4 NA /
Acc 83.84%(84/99) 93.62%(44/47) 90.91%(10/11) 87.90(138/157)
December 2021 | Volume 11
We utilized our testing set to determine the optimal threshold of 0.04. The sample amount of each degree is shown after each accuracy score. Acc denotes the slide-level accuracy.
NA denotes the group of samples without the exact grade.
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FIGURE 4 | One of the whole-slide images of hepatocellular carcinoma tissues. The width of the image is around 10k pixels. In the figure to the left, the blue line
drawn by pathologists points out the tumor regions roughly, containing non-tumor areas without tumor features. In the figure to the right, with elaborate annotation,
in addition to the blue line showing the cancer region precisely, the yellow line circles the non-tumor parts within the tumor.
A

B

C

FIGURE 5 | The visualization of model prediction on whole-slide images. Acc denotes the overall accuracy of the slide. (A) Differentiation of the proposed model in
the suspected area of tumor. (B) Recognition of the proposed model in well-differentiated hepatocellular carcinoma. (C) Recognition of the proposed model in
microvascular invasion (MVI). The white region denotes the tumor, and the red regions denote the MVI.
Frontiers in Oncology | www.frontiersin.org December 2021 | Volume 11 | Article 7627338104
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necessary to alleviate the impact of noisy annotations by
considering the causes of the problem, such as the rough
annotation and the over-fitting of noisy labels.

In practice, our proposedmodelmay assist pathologists inHCC
diagnosis. The pathological diagnosis of hepatic atypical
hyperplastic nodule and well-differentiated HCC is difficult.
Sometimes pathologists need to rely on immunohistochemistry
and reticular fiber staining for diagnosis. The cancer features of
these slides are not clear enough to be distinguished, leading to
neglect of the underlying tumor in the baseline model. Our model
can identify early HCC ignored by the baseline CNNmodel, which
is particularly significant in practical diagnosis. In addition, our
proposed model can also help pathologists to identify MVI and
microsatellite nodules (34). It is well known that MVI and
microsatellite nodules are two crucial prognostic indicators of
HCC. Song et al. (35) and Wei et al. (36) used deep learning to
predict MVI in HCC based on MRI with an accuracy of 79.3 and
81.2%, respectively. However, until now, there is no previous study
based on deep learning to enable the diagnosis of MVI. The
recognition of MVI is very challenging since most of the MVI
samples are too small and consist offew distinguishing features. It is
worth noting that our model was not trained by anyMVI samples,
which highly increased the difficulty of this task. From the
visualization of prediction, the model trained on the dataset
without screening misclassifies lots of normal cells, but the model
trained by our screening dataset not only accurately predicts two
types of cells but also recognizes several distinguishable MVI
samples, which will be meaningful for diagnosis. Such good
results benefit from screening by a pretrained model.

Increasing studies have uncovered that the histological
phenotypes of HCC are closely related to gene mutations and
molecular tumor subgroups (37)—for instance, CTNNB1-
mutated HCCs display a particular phenotype, exhibiting
microtrabecular and pseudoglandular architectural patterns (38).
Macrotrabecular-massiveHCC frequentlyharborsTP53mutations
and/or FGF19 amplifications, which exhibits a very aggressive
phenotype (38, 39). Recently, CNN has been shown to be able to
predict genetic alterations and the overall survival of patients with
lung and brain tumors, respectively. Coudray et al. (12) found that
CNNs can be trained to predict the six frequently mutated genes of
lungadenocarcinomasusingWSI.Thepredictionaccuracy rate is in
between 73.3 and 85.6%. The study conducted by Mobadersany
et al. (40) showed that survival CNN models can detect histologic
differences associated with isocitrate dehydrogenase mutations in
astrocytomas. The establishment of a classification of HCC that
integrates morphology and molecular alterations is extremely
important for therapeutic strategies and the prognosis of HCC. In
future studies, we will further investigate this aspect.

In conclusion, we propose the first high-accuracy
histopathological classification of hepatocellular carcinoma with
deep learning technique. The patch screening and dynamic label
smoothing strategies are adopted to handle liver histopathological
image with noise annotation from the perspective of input and
output. The sufficient experiments demonstrate that our two-step
method has the ability to reduce the negative effects of noise.
Compared to the regular CNN model, our proposed model has a
Frontiers in Oncology | www.frontiersin.org 9105
higher pixel-level accuracy, and it also has an advantage indetecting
well-differentiated HCC andMVI. Our work might be of reference
value for future research exploring digital pathology diagnosis,
mainly reflecting in the results of the screening methods, multiple
patch scales, and label smoothing. In the future, theproposedmodel
will be able to subdivide the tumor into several categories if there are
sufficient and balanced data. Besides that, liver cirrhosis, hepatitis,
and other liver tumors can also be trainedwith ourmodel as long as
the training set contains enough samples, and these additional
categories will benefit clinical diagnosis from multiple indicators.
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Background: In stage III gastric cancer (GC), the role of tumor-associated macrophages
(TAMs) and Helicobacter pylori (H. pylori) infection impact tumor progression; however,
the specific mechanisms remain controversial. We speculated whether this controversy is
caused by differences in the location of TAM infiltration (in the core (CT) and invasive
margin (MI) of primary tumors) and the topographical subsites of GC (cardia and non-
cardia). Therefore, in this study, we investigated TAMs in different locations and H. pylori
infection status as prognostic biomarkers for GC.

Methods: Immunohistochemical staining for CD68 (pan-macrophage), CD163 (M2-like
macrophage), andH. pylori in 200 samples (100 cases of cardia-GC [CGC] and 100 cases
of non-cardia GC [NCGC]) was performed. We compared the number of CD68+ and
CD163+ macrophages that infiltrated the CT and MI in patients with the prognosis of CGC
and NCGC, respectively. In addition, we analyzed the relationship betweenH. pylori status
and the prognosis of patients with GC in different locations, as well as the correlation with
TAM infiltration.

Results: The distribution of TAMs had distinct characteristics in CGC and NCGC,
especially differences between CT and MI subtype. A Kaplan–Meier analysis showed
that a high number of CD68+ macrophages that infiltrated the CT in CGC was associated
with a better prognosis, whereas infiltration at the MI in NCGC indicated a poor prognosis.
Furthermore, a high number of CD163+ macrophages infiltrating the MI resulted in a poor
prognosis in CGC and NCGC cohorts. Considering the larger differences in the
relationship between the infiltration of CD68+ macrophages at different locations and
prognosis, we divided the GC cases into marginal and central GC, based on this
difference. This resulted in an accurate estimation of the prognosis. Moreover, positive
H. pylori status in central GC was significantly associated with a better prognosis and TAM
infiltration.
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Conclusion: TAMs in different locations and H. pylori status were identified as
independent prognostic markers, with an obvious correlation between them. Therefore,
it is important to clarify the impact of TAM location on the prognosis of patients with GC,
which contributes to the development of potential therapeutic strategies.
Keywords: tumor-associated macrophages, Helicobacter pylori, cardia gastric cancer, non-cardia gastric, location
INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer worldwide,
with nearly one million new diagnoses every year, and is the third
leading cause of cancer-related deaths (1, 2). Most patients have
the middle- or late-stage disease when diagnosed, and have very
short survival and high mortality (3). Globally, GC is
characterized remarkable by two major topographical subsites,
cardia (CGC) and non-cardia (NCGC) (4). CGC and NCGC
have different clinical biological characteristics in different
geographical, ethnic and socioeconomic groups. Therefore,
CGC and NCGC prognoses remain controversial. Some studies
have reported that patients with CGC have a worse prognosis,
while others have found no significant differences between the
two subtypes (5, 6). It is of great importance to study the
relationship between the pathogenesis and location of GC, as
these factors can contribute to the development of new
therapeutic strategies to improve patient prognosis.

Tumor-associated macrophages (TAMs) are macrophages
that infiltrate tumor tissues and are among the most abundant
immune cells in the tumor microenvironment (TME). Two main
functional subtypes of macrophages have been described: M1 and
M2. The function of M1-like macrophages include antigen
presentation and tumor cell destruction, while M2-like
macrophages promote extracellular matrix remodeling and
angiogenesis and exhibit immunomodulatory characteristics (7).
The anti-inflammatory characteristics of TAMs are controlled by
tumor cells, and this is of great significance in treatment strategies
for patients with GC, especially for combination therapies that
target cancer cells and macrophages, which can have synergistic
effects (8). Moreover, the efficacy of PD-L1/PD-1 antibodies in
GC requires M1-like TAMs because they recruit more infiltrating
CXCR3+CD8+ T cells by releasing CXCL9, 10, and 11 (9). M1-like
TAMs not only improve the objective response rates of GC but
also increase the application of PD-L1/PD-1 antibodies. This
suggests that TAMs play a key role in GC development and
provide a good target for anticancer therapy (9, 10). Previous
studies have shown that high levels of TAM infiltration relate to
the aggressive characteristics of GC and are independent poor
prognostic factors for patients with GC (11, 12). Nevertheless, no
prognostic difference was observed between CD68 density and
overall survival (OS) in another study (13) and the M2-like
macrophage signature has also been associated with improved
survival (14). This could be because TAMs at different locations
within the tumor differentially impact GC progression (15).
Therefore, we speculated that the number and distribution of
TAMs are key factors that affect the coevolution of cancer cells
and TAMs.
2109
In tumors, TAMs are usually stimulated by environmental
factors to differentiate into M2-like macrophages. Due to the
scavenging capabilities of M2 cells, the scavenger receptor
CD163 has been proposed as a marker for M2-like macrophages.
CD68 is considered the gold standard marker for human
macrophages (16). Thus, in this study, we selected CD68 (pan-
macrophage marker) and CD163 (M2-like macrophage) labeled
TAM to explore the relationship between TAM infiltration at
different locations and the prognosis of patient with GC.

Helicobacter pylori (H. pylori) is the most common chronic
bacterial infection, affecting approximately 50% of the world’s
population, and is a major risk factor for the development of GC
(17). It was previously reported that H. pylori urease-activated
mucosal macrophages can produce proinflammatory cytokines,
which result in H. pylori-related mucosal inflammation (18). In
mice with colitis-associated cancer, H. pylori infection was found
to reduce TAM infiltration, especially the infiltration of M2-like
TAMs (19). Che et al. also demonstrated that H. pylori infection-
induced upregulation of activated mesenchymal–epithelial
transition factor in exosomes influences the tumor-promoting
effect of TAMs (20). These findings suggest a connection
between H. pylori and TAMs.

In this study, we explored the relationship between TAM
infiltration in different locations and the prognosis of patients
with GC, and also whether TAM infiltration associates with
H. pylori infection. We found that the distribution of TAMs has
distinct characteristics in CGCs and NCGCs. In CGC, CD68+ and
CD163+ macrophages were distributed at the invasive margin (MI)
in most samples, while they mainly existed at the core (CT) in the
NCGC group. The relationship between TAMs in different
locations and the prognosis of patients with GC is conflicting.
We thus utilized the difference to distinguish GC into central and
marginal GC, to determine the relationship more accurately
between macrophages and the prognosis of patients with GC.
Moreover, a positiveH. pylori status in central GC was significantly
associated with better prognosis and TAM infiltrations. Taken
together, these results suggest that TAMs and H. pylori are
independent prognostic and predictive biomarkers for GC, and
this finding might shed light on a new potential target for
immunotherapeutic approaches for treating GC.
MATERIALS AND METHODS

Study Subjects
This study retrospectively evaluated 200 stage III GC samples
(100 cases of CGC and 100 cases of NCGC) from patients who
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underwent resection at the Tianjin Medical University Cancer
Institute and Hospital between January 2012 and December
2014. None of the patients had received chemotherapy or
radiotherapy before surgery. Patients with infectious diseases,
autoimmune diseases or multiple primary cancers were
excluded. All procedures were approved by the Ethics
Committee of the Tianjin Medical University Cancer Institute
and Hospital, and informed consent was obtained from all
the subjects.

Immunohistochemistry Staining
Paraffin-embedded slides were dewaxed in xylene and ethanol
and steamed in a microwave oven with pH 9.0 ethylenediamine
tetraacetic acid or pH 6.0 sodium citrate buffer to retrieve antigen
epitopes. Once the samples had cooled, endogenous peroxidase
activity was blocked using 3% hydrogen peroxide and the
samples were blocked using goat serum. Slides were then
incubated at 4°C overnight with the following primary
antibodies: anti-human CD68 antibody (dilution 1:400,
Invitrogen, USA), anti-human CD163 antibody (dilution 1:200,
Abcam, Cambridge, UK), and anti-H. pylori antibody (dilution
1:10, MXB Biotechnology, China). The next day, a secondary
antibody was labeled with streptavidin–horseradish peroxidase
and was applied to the sample, using a DAB staining kit
(MXB Biotechnology).

Immunohistochemistry Evaluation
The number and distribution of TAMs were evaluated to assess
the role of TAMs in GC progression. For each tissue section,
eight fields of view (four MI and four CT) were selected
randomly for histological evaluation by two pathologists who
were blinded to the clinical characteristics of the patients. First,
CD68 and CD163 immunohistochemical staining was calculated
from the number of positive cells, and the average number was
recorded as the number of TAMs. Second, the geographic
distributions of TAMs were evaluated to uncover the role of
TAMs in different locations. Next, the H. pylori status (negative
or positive) was evaluated on the antral mucosa and corpora,
which were stripped along the lesser curvature side. The degree
of H. pylori infection was calculated by counting the number of
bacteria (H. pylori) in each oil immersion field. The two
pathologists randomly selected four fields of view to obtain the
average value that was used to assess the relationship with
the TAMs.

Statistical Analysis
IBM SPSS Statistics Software, version 20, was used for all
statistical analyses. All p-values were two-sided, and the
statistical significance cutoff was p ≤0.05. The c2 test was used
to assess the relationship between clinicopathologic features of
patients and CD68+ macrophages, CD163+ macrophages, and
H. pylori infection status. Kaplan–Meier survival analysis was
performed using ‘low’ or ‘high’ classifications according to the
median number of CD68+ and CD163+ macrophages, and
H. pylori status was based on the presence or absence of
infection. Cox regression proportional hazard models were
used to quantify hazard ratios for death from GC in both
Frontiers in Oncology | www.frontiersin.org 3110
univariate and multivariate analyses. The models were adjusted
for macrophages, H. pylori, age, sex, body mass index,
carcinoembryonic antigen, tumor location, tumor size, and
lymph node metastasis. The correlation between the number of
TAMs and the degree of H. pylori infection was estimated using
Spearman’s correlation analysis.
RESULTS

Distinct Distribution of Macrophages in
CGC and NCGC
A total of 200 patients with GC participated in this study, and
their clinicopathological characteristics are shown in Table 1.
The median OS and disease-free survival (DFS) of the patients
were 47.5 and 33 months, respectively and the average age was
59.8 years (range, 30–83 years). TAMs were widely distributed in
the tumor tissues of patients with GC, and it was clearly observed
that their distribution had distinct characteristics in CGC and
NCGC cohorts, especially with respect to differences between CT
and MI regions. In CGC, the number of CD68+ and CD163+

macrophages at the MI in most samples was significantly higher
than that in the CT (Figures 1A, B). In contrast, their number
was markedly higher at the CT of the NCGC cohort than that at
the MI (Figures 1A, C). In other words, CD68+ and CD163+

macrophages in CGC were primarily distributed at the MI, while
they mainly existed at the CT in the NCGC. These findings
suggest CD68+ and CD163+ macrophages distributions may play
an important role in determining the prognosis of patients with
GC subtypes.

High Levels of CD68+ Macrophage
Infiltration in the CT Associate With a
Better Prognosis in CGC, Whereas
Infiltration at the MI Indicates a Poor
Prognosis in NCGC
To determine the effects of the distribution of TAMs on GC, we
first assessed the role of CD68+ macrophages on CT and MI in
patients with CGC and NCGC. We found that higher CD68+

macrophage infiltration at the CT associated with better OS and
DFS in CGCs (Figures 2A, B). However, CD68+ macrophage
infiltration at the MI did not correlate with OS or DFS in CGCs
(Figures 2C, D). Furthermore, in the NCGC cohort, a higher
CD68+ macrophage infiltration at the CT did not correlate with
OS or DFS (Figures 2E, F). Interestingly, higher CD68+

macrophage infiltration at the MI closely correlated with poor
OS and DFS in NCGCs (Figures 2G, H).

Next, we analyzed the relationship between the number of
CD68+ macrophages and clinicopathological features. As shown
in Table 1, no association was observed between the number of
CD68+ macrophages that infiltrated the CT and MI regions and
the clinicopathological features of patients, including age, sex,
body mass index, carcinoembryonic antigen, tumor location, and
lymph node metastasis, with the exception of tumor size. These
results indicate that the higher the level of CD68+ macrophage
infiltration at the CT in CGC, the better the prognosis of the
December 2021 | Volume 11 | Article 737061
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TABLE 1 | Correlation analysis between macrophages, Hp infection and clinicopathologic features of the patients with gastric cancer.

ophages P value CD163+ macrophages
(CT)

P value CD163+ macrophages
(MI)

P value Hp P value

High Low High Low High Low High

1 (55.3%) 0.474 16 (42.1%) 22 (57.9%) 0.151 15 (39.5%) 23 (60.5%) 0.207 9 (23.7%) 29 (76.3%) 1
8 (48.1%) 90 (55.6%) 72 (44.4%) 85 (52.5%) 77 (47.5%) 40 (24.7%) 122 (75.3%)

6 (51.0%) 0.872 24 (47.1%) 27 (52.9%) 0.335 28 (54.9%) 23 (45.1%) 0.517 13 (25.5%) 38 (74.5%) 0.852
3 (49.0%) 82 (55.0%) 67 (45.0%) 72 (48.3%) 77 (51.7%) 36 (24.2%) 113 (75.8%)

7 (50.0%) 0.887 62 (54.4%) 52 (45.6%) 0.67 53 (46.5%) 61 (53.5%) 0.317 25 (21.9%) 89 (78.1%) 0.407
2 (48.8%) 44 (51.2%) 42 (48.8%) 47 (54.7%) 39 (45.3%) 24 (27.9%) 62 (72.1%)

1 (55.4%) 0.346 28 (50.0%) 28 (50.0%) 0.638 26 (46.4%) 30 (53.6%) 0.637 14 (25.0%) 42 (75.0%) 1
8 (47.2%) 78 (54.2%) 66 (45.8%) 74 (51.4%) 70 (48.6%) 35 (24.3%) 109 (75.7%)

9 (49.0%) 1 55 (55.0%) 45 (45.0%) 0.671 50 (50.0%) 50 (50.0%) 1 34 (34.0%) 66 (66.0%) 0.003
0 (50.0%) 51 (51.0%) 49 (49.0%) 15 (15.0%) 85 (85.0%)

52 (54.7%) 43 (45.3%) 0.257
7 (38.9%) 0.005 46 (48.4%) 49 (51.6%) 0.257 48 (45.7%) 57 (54.3%) 21 (22.1%) 74 (77.9%) 0.512
2 (59.0%) 60 (57.1%) 45 (42.9%) 28 (26.7%) 77 (73.3%)

4 (66.7%) 2 (33.3%) 0.683
3 (50.0%) 1 5 (83.3%) 1 (16.7%) 0.217 96 (49.5%) 98 (50.5%) 0 (0.0%) 6 (100.0%) 0.339
6 (49.5%) 101 (52.1%) 93 (47.9%) 49 (25.3%) 145 (74.7%)
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Variables All
cases

CD68+ macrophages
(CT)

P value CD68+ macr
(MI)

Low High Low

Age
<50 y 38 23 (60.5%) 0.108 17 (44.7%) 2
≥50 y 162 88 (54.3%) 74 (45.7%) 84 (51.9%) 7
Sex
Female 51 27 (52.9%) 24 (47.1%) 0.872 25 (49.0%) 2
Male 149 76 (51.0%) 73 (49.0%) 76 (51.0%) 7
BMI (kg/m2)
Low 114 56 (49.1%) 58 (50.9%) 0.477 57 (50.0%) 5
High 86 47 (54.7%) 39 (45.3%) 44 (51.2%) 4
CEA
<5 µg/L 56 28 (50.0%) 28 (50.0%) 0.875 25 (44.6%) 3
≥5 µg/L 144 75 (52.1%) 69 (47.9%) 76 (52.8%) 6
Tumor location
Cardia 100 52 (52.0%) 48 (48.0%) 1 51 (51.0%) 4
Non-cardia 100 51 (51.0%) 49 (49.0%) 50 (50.0%) 5
Tumor size
<4 cm 95 38 (40.0%) 57 (60.0%) 0.003 58 (61.1%) 3
≥4 cm 105 65 (61.9%) 40 (38.1%) 43 (41.0%) 6
LN metastasis
No 6 2 (33.3%) 4 (66.7%) 0.434 3 (50.0%)
Yes 194 101 (52.1%) 93 (47.9%) 98 (50.5%) 9

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. TAM Infiltration in Gastric Cancer
patients. Conversely, the higher the level of CD68+ macrophage
infiltration at the MI in NCGC, the worse the prognosis of
the patients.

High Levels of CD163+ Macrophage
Infiltration at the MI correlate With
a Poor Prognosis of Patients With
CGC and NCGC
Similarly, we evaluated the relationship between CD163+

macrophages infiltration at the CT and MI regions and the
prognosis of patients with CGC or NCGC. The results showed
that higher CD163+ macrophage infiltration at the CT did not
correlate with OS and DFS in CGC (Figures 3A, B) or NCGC
(Figures 3C, D). This differed from the impact of CD163+

macrophage infiltration at the MI. A higher CD163+

macrophage infiltration at the MI in patients with CGC
associated with poor OS and DFS (Figures 3E, F).
Furthermore, a higher CD163+ macrophage infiltration at the
MI also closely correlated with poor OS in NCGCs (Figure 3G),
but not with DFS (Figure 3H). In addition, the number of
Frontiers in Oncology | www.frontiersin.org 5112
CD163+ macrophages that infiltrated the CT and MI did not
associate with the clinicopathological features of patients with
GC (Table 1). In summary, a higher CD163+ macrophage
infiltration at the MI in patients associated with a poor
prognosis for CGC and NCGC.

Patients With Central GC Have Better OS
and DFS
Considering the large differences in the relationship between the
infiltration of CD68+ macrophages at different locations and
prognosis, we used these differences as the basis for a
classification system to estimate the prognosis of patients more
accurately with GC. If the number of CD68+ macrophages that
infiltrated the MI was greater than that at the CT, the sample was
defined as “marginal GC”; otherwise, it was defined as “central
GC”. We found that, compared with the prognosis of patients
with marginal GC, patients with central GC had a better OS
(Figure 4A) and DFS (Figure 4B). That is, patients with more
CD68+ macrophages infiltration at the CT had a better prognosis
in the central GC cohort.
A

B

C

FIGURE 1 | Distinct distribution of macrophages in CGC and NCGC. (A) The proportion of the distribution type of CD68+ or CD163+ macrophages in cardia and
non-cardia tumor tissue samples, respectively. Representative picture of immunohistochemical staining of CD68+ or CD163+ macrophages in cardia (B) and non-
cardia (C) gastric cancer tissues. CT, core of primary tumors; MI, invasive margin of primary tumors.
December 2021 | Volume 11 | Article 737061
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Positive H. pylori Status in Central GC
Significantly Associates With Better
Prognosis and TAM Infiltration
H. pylori infection has been reported to play a key role in GC (21,
22) and has been found to relate to macrophage infiltration in a
mouse model (19). Therefore, we hypothesized that the
infiltration of TAMs in cancer may be related to H. pylori
infection. We first evaluated the status of H. pylori infection in
Frontiers in Oncology | www.frontiersin.org 6113
GC patients using immunochemistry (Figure 5A). We next
analyzed the relationship between H. pylori infection status
and the clinicopathological features of patients with GC. We
found that H. pylori infection status related to tumor location,
but not tumor size, age, sex, body mass index, carcinoembryonic
antigen, or lymph node metastasis (Table 1). Further survival
analysis showed that a positive H. pylori status in the central GC
group was significantly associated with better OS and DFS
A B

D

E F

G H

C

FIGURE 2 | The relationship between CD68+ macrophages in different locations and prognosis and clinicopathological features of patients with CGC and NCGC.
(A, B) A higher number of CD68+ macrophages at the CT was associated with better OS and DFS in CGC. (C, D). A higher number of CD68+ macrophages at
MI not correlated with OS or DFS in CGC. (E, F) A higher number of CD68+ macrophages at the CT was not correlated with OS or DFS in NCGC. (G, H)
A higher number of CD68+ macrophages at the MI was closely correlated with poor OS and DFS in NCGC. CT, core of primary tumors; MI, invasive margin of
primary tumors.
December 2021 | Volume 11 | Article 737061
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(Figures 5B, C). However, there was no correlation with
marginal GC (Figures 5D, E). Moreover, we detected a
correlation between macrophages at different locations and the
degree of H. pylori infection. As expected, the degree of H. pylori
infection positively correlated with the infiltration of CD68+ and
CD163+ macrophages in the CT region (Figures 5F, G), whereas
H. pylori infection negatively correlated with the infiltration of
CD68+ and CD163+ macrophages at the MI (Figures 5H, I).
Frontiers in Oncology | www.frontiersin.org 7114
Finally, we constructed Cox proportional hazards models
between clinical outcomes and survival in patients with GC.
The univariable analysis revealed that the level of macrophages
in different locations and tumor size related to the prognosis of
patients with GC (Table 2). Further analysis of multivariable Cox
regression showed that CD163+ macrophage infiltration at the
MI and tumor size were independent high-risk factors, whereas
CD68+ macrophage infiltration at the CT and H. pylori positivity
A B

D

E F

G H

C

FIGURE 3 | The relationship between CD163+ macrophages in different locations and prognosis and clinicopathological features of patients with CGC and NCGC.
A higher number of CD163+ macrophages at the CT was not correlated with OS or DFS in CGC (A, B) or NCGC (C, D). (E, F) A higher number of CD163+

macrophages at the MI was associated with poor OS and DFS in CGC. (G, H) A higher number of CD163+ macrophages at the MI was closely correlated with poor
OS in NCGC, while DFS was not. CT, core of primary tumors; MI, invasive margin of primary tumors.
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had a protective effect (Table 2). Hence, the above data indicate
that TAMs in different locations and H. pylori infection were
independent prognostic markers, and with an obvious
correlation between them.
DISCUSSION

GC, currently ranked fourth in global cancer-related mortality
worldwide, is often diagnosed when it reaches an advanced stage
after distant metastasis (23). The importance of TAMs in the
development of GC is gaining an increasing interest (24).
However, the precise role of TAMs in GC remains unknown
and even somewhat contradictory. Here, we revealed a clear
effect of different TAM infiltration phenotypes at the CT and MI
on GC with topographical subsites. We found a discrepancy
in the relationship between TAMs at different locations and
the prognosis of patients with GC. Most importantly, positive
H. pylori infection in central GC was significantly associated
with better prognosis and TAM infiltrations. These findings
contribute to a more complete understanding of the
correlation between TAMs and the prognosis of patients with
GC and have important implications for clarifying their potential
role as therapeutic targets.

The densities and prognostic effects of tumor-infiltrating
lymphocytes differ in relation to tumor locations within the
stomach (25). There are also contrasting prognostic effects of the
Foxp3/CD4 ratio in CGC and NCGC (25), which suggests that
location may be an important factor for tumor progression. It is
possible that neglecting the location during risk assessment could
account for the differential findings in previous studies (26, 27).
Indeed, accumulating evidence has demonstrated distinct
molecu lar and pathophys io log ica l mechanisms of
carcinogenesis in CGC and NCGC (28, 29). Different staging
systems have also been used to assess CGC and NCGC (30).
Moreover, significant advances have been made in studies of the
impact of TAMs on clinical outcomes, and the clinical
significance of TAMs can be affected by their number,
phenotypes, and distributions at each pathological stage.
Therefore, we sought to determine the impact of different
Frontiers in Oncology | www.frontiersin.org 8115
macrophages infiltration phenotypes at the CT or MI on the
prognosis of patients with CGC or NCGC.

Our findings revealed the distinct TAMs distribution
characteristics in CGCs and NCGCs. In most samples of CGC,
CD68+ and CD163+ macrophages were distributed at the MI,
whereas they mainly existed at the CT in the NCGC samples. The
Kaplan–Meier analysis showed that a high number of CD68+

macrophages at the CT in CGCs was associated with a better
prognosis. Conversely, a high number of CD68+ macrophages at
the MI in NCGCs was associated with a poor prognosis. These
data indicate the differential effects of CD68+ macrophage
infiltration at different sites on the prognosis of GC. This may
also partly explain why certain prior studies have shown that a
high density of CD68+ TAMs predicts a poor prognosis in GC
(31), while other studies have demonstrated no prognostic
difference of CD68 density on OS (13). TAMs at different sites
in GC tissue might represent a distinct significance and
prognostic value (32).

In addition, the specific localization of TAMs is affected by the
environment at different areas in the tumor tissue, and TAM
functions have been inconsistent, such as in the presence of
hypoxia (33). In breast cancer, tumor nest-associated
macrophages have been found to promote angiogenesis to a
greater extent than macrophages in the tumor stroma (34).
Similarly, our results found that tumor nest-associated CD68+

macrophages and tumor stroma-associated CD68+ macrophages
have different prognostic values for patients with GC, which
suggests that macrophages infiltration at the CT or MI have
different TME roles. For another, CD68+ macrophages at the CT
or MI whether have more complex phenotypes. The M1/M2
paradigm represents two extreme TAM activation states, which
may neglect that the flexible, rather than static, adaptation driven
by environmental signals in the TME. To distinguish the unique
role of TAMs under various conditions, it is urgent to redefine
TAM subsets and their function in TMEs. A better
understanding of how TAM subsets are affected by conditions
in specific regions will certainly benefit the related treatments.

H. pylori infection greatly promotes the carcinogenic effects of
GC. Interestingly, many studies have reported that a positive
H. pylori infection status predicts the survival of patients
A B

FIGURE 4 | Patients with central GC have better OS and DFS. (A, B) Kaplan–Meier analysis graph showing that patients with marginal GC had poor OS and DFS.
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FIGURE 5 | Positive H. pylori status in central GC was significantly associated with better prognosis and TAM infiltration. (A) Representative picture of
immunohistochemical staining of Helicobacter pylori. (B, C) Positive H. pylori status was significantly associated with better OS and DFS in central GC and was not
associated with better OS and DFS in marginal GC (D, E). (F–I) The correlation between the TAMs in different locations and H. pylori. CT, core of primary tumors;
MI, invasive margin of primary tumors.
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with GC, with a favorable effect. A prospective study showed that
patients with GC withH. pylori infections had better OS and DFS
after radical resection (35). A meta-analysis (36) of 2,454 patients
also showed that H. pylori infection is an independent protective
factor for GC progression, and this protective effect applies to
different ethnicities (36). These findings are also consistent with
our results, which show that positive H. pylori status in central
GC was significantly associated with better prognosis. However,
further experiments are required to verify this mechanism (37).

The suppressive effect of H. pylori on GC progression may be
due to the induction of an improved immune response against
the tumor (35, 38). It has been suggested that H. pylori
components simulate surface molecules or specific receptors on
gastric epithelial cells, and autoantibodies can induce a cross-
reaction against GC cells (39). Another possible explanation is
that the true prognostic significance of H. pylori status may be
suspected, as a negative H. pylori infection status may only
represent a more advanced tumor status. Hobsley et al. (39)
proposed that with GC progression, most or all parietal cells
become destroyed in advanced GC, which results in the stomach
becoming alkaline and negative for H. pylori infection, while
H. pylori is positive in patients with early and milder GC.
Nevertheless, in our study, we selected patients with stage III
advanced GC, and the H. pylori infection positivity rate was
67.6%, which is relatively high. Our results also showed that
H. pylori infection is closely related to macrophages infiltration.
Considering previous reports and our current research, we
are more inclined to hypothesize that H. pylori status has
strong prognostic significance. Since H. pylori in the stomach
can continuously release bacterial components into the
gastrointestinal tract, H. pylori components in the cavity may
interact with immune cells (40). Indeed, a number of studies
have demonstrated the effect of H. pylori infection on
macrophages polarization through in vivo and in vitro
experiments. H. pylori not only prevents chronic colitis by
promoting M2 polarization (41), but also promotes M1
polarization of human and mouse gastric macrophages,
resulting in the occurrence of H. pylori-related atrophic
gastritis (42). In addition, Lu et al. (43) confirmed that a low
H. pylorimultiplicity of infection (MOI) of promotes the M1 and
M2 phenotypes, while a high MOI suppresses the M2 phenotype.
Frontiers in Oncology | www.frontiersin.org 10117
Intriguingly, our current research focuses on a novel perspective
that the degree of H. pylori infection relates to the CD68+ and
CD163+ macrophage infiltration at different locations in GC
tissue. However, the mechanism underlying this effect remains to
be elucidated. Towards better understanding the underlying
mechanism, and verifying the influence of H. pylori infection
on the number, location, and polarization of tumor tissue
infiltrating macrophages, an animal model of GC has been
established. Furthermore, in vitro experiments are underway to
determine whether H. pylori is itself a key factor. We hope that
our future research will address these outstanding questions.

In summary, our research differs from prior studies in that it
focuses on the role of H. pylori and TAM infiltration on
GC according to the topographic locations of tumors within
the stomach. Our results suggest a new classification method
based on CD68+ macrophage infiltration at the CT to evaluate
the prognosis of patients more accurately with GC. We found
that CD68+ macrophage infiltration in the CT and a positive
H. pylori status were independent protective factors in central
GC. These findings indicate that tumor location along with the
location of infiltrating cells within the stomach should be
considered when evaluating individualized patient prognosis.
Furthermore, elucidating the detailed connection between
H. pylori and TAMs will facilitate the development of new
therapeutic strategies.
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Circulating Cell-Free Tumor DNA in
Advanced Pancreatic
Adenocarcinoma Identifies Patients
With Worse Overall Survival
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Adrienne E. Kaufman1, Heidi Kosiorek1, Jun Yin3, Yu Fu4, Umair Majeed3,
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FL, United States, 4 Guardant Health, Inc., Redwood City, CA, United States, 5 Center of individualized Medicine, Mayo
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Background: Plasma-based circulating cell-free tumor DNA (ctDNA) genomic profiling by
next-generation sequencing (NGS)is an emerging diagnostic tool for pancreatic cancer
(PC). The impact of detected genomic alterations and variant allele fraction (VAF) in tumor
response to systemic treatments and outcomes is under investigation.

Methods: Patients with advanced PC who had ctDNA profiled at time of initial diagnosis
were retrospectively evaluated. We considered the somatic alteration with the highest VAF
as the dominant clone allele frequency (DCAF). ctDNA NGS results were related to clinical
demographics, progression-free survival (PFS) and overall survival (OS).

Results: A total of 104 patients were evaluated. Somatic alterations were detected in
84.6% of the patients. Patients with ≥ 2 detectable genomic alterations had worse median
PFS (p < 0.001) and worse median OS (p = 0.001). KRAS was associated with disease
progression to systemic treatments (80.4% vs 19.6%, p = 0.006), worse median PFS (p <
0.001) and worse median OS (p = 0.002). TP53 was associated with worse median PFS
(p = 0.02) and worse median OS (p = 0.001). The median DCAF was 0.45% (range 0-
55%). DCAF >0.45% was associated with worse median PFS (p<0.0001) and median OS
(p=0.0003). Patients that achieved clearance of KRAS had better PFS (p=0.047), while
patients that achieved clearance of TP53 had better PFS (p=0.0056) and OS (p=0.037).

Conclusions: Initial detection of ctDNA in advanced PC can identify somatic alterations
that may help predict clinical outcomes. The dynamics of ctDNA are prognostic of
outcomes and should be evaluated in prospective studies.

Keywords: circulating tumor DNA, ctDNA, KRAS, TP53, pancreatic cancer
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INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading
cause of cancer-related deaths in the United States, with 60,430
estimated new cases and 48,220 expected related deaths in 2021
(1). In the world, it is expected 495,773 new cases would be
diagnosed in 2020, ranked seventh as leading cancer-related
deaths (2). Most patients are diagnosed with advanced stage
disease and the 5-year overall survival probabilities remains poor
even after several improvements to the treatment paradigm in
recent years (1–4).

Interrogation of somatic and germline alterations by next-
generation sequencing (NGS) in these tumors is proving to be
important and impactful in the management of disease (5–7).
Tissue NGS can delineate patients whose tumor has actionable
biomarkers that could be treated with targeted agents, further
improving outcomes (5). However, less than 10% of PDAC
patients harbor an actionable somatic or germline biomarker,
including microsatellite stability high (MSI-H), high tumor
mutational burden (TMB), BRCA1/2, BRAF V600E, KRAS
G12C, HER2, or activating fusions, generally observed in KRAS
wild type tumors (8–11). Furthermore, obtaining tumor tissue
for genomic analysis by NGS can be challenging considering the
technical difficulties involved in the process of endoscopic
ultrasound-guided tissue acquisition (12, 13). Furthermore,
analysis of the biopsy samples can be complicated due to the
presence of mixed desmoplastic stroma or insufficient tumor
material, warranting repeated invasive procedures (13).

Liquid biopsies are non-invasive tests that can perform
comprehensive genomic profiling from a blood sample. NGS of
plasma-derived circulating cell-free tumor DNA (ctDNA) is
being investigated as a potential tool for diagnosis and
prognosis, and as alternative for tumor tissue in the
identification of potential actionable biomarkers (14–18).
ctDNA is shed from the tumor and metastatic lesions and
exists in fragments in plasma, generated by lysis of tumor cells
that have undergone apoptosis, necrosis cellular turnover (19,
20). Comparison of PDAC ctDNA and tissue NGS analysis
showed high correlation and accuracy (21, 22). In localized
PDAC, detection of KRAS and other mutations in ctDNA pre-
operatively and post-operatively was related to worse recurrence-
free survival and overall survival, with recurrence observed in all
patients with detectable ctDNA post-surgery (23). In advanced
PDAC, higher levels of ctDNA were associated with inferior
overall survival, and several small retrospective cohorts suggest
that mutations in KRAS detected by ctDNA are associated with
worse specific disease outcomes (15, 24–27). The goal of this
study was to evaluate ctDNA testing in PDAC patients at Mayo
Clinic and to characterize the prognostic impact of mutated
genes detected at diagnosis.
MATERIALS AND METHODS

Patients
From December 2014 through October 2019, patients with
PDAC underwent liquid biopsy testing using a clinically
Frontiers in Oncology | www.frontiersin.org 2121
available assay (Guardant Health, Inc.). Two 10mL blood
samples were obtained from patients cared for at Mayo Clinic
in Florida and Arizona. In this study we evaluated 104 patients
that had blood collected for ctDNA analysis at diagnosis of
advanced disease. The data analysis from this patient cohort was
reviewed and approved by the Mayo Clinic institutional
review board.

Comprehensive Genomic Testing
in Plasma
All samples were shipped to Guardant Health, Inc., Redwood
City, California as part of routine clinical care. After
centrifugation of whole blood, 5 ng – 30 ng of cell -free DNA
isolated from plasma was processed for digital NGS. The variant
allele fraction (VAF) was calculated as the proportion of ctDNA
harboring the variant in a background of wild type cell-free DNA
(cfDNA). The assay demonstrated analytical sensitivity and
specificity of 100% for single nucleotide variants >0.25% allele
fraction (28, 29). Bioinformatics analysis of NGS data has been
previously described. Most samples in this study were tested
using a 73-gene panel.

Variant allele frequency (VAF) is a measurement of the
percent of DNA fragments that harbor a somatic mutation
(ctDNA) divided by the wild-type sequence derived from cell-
free DNA (cfDNA). The dominant clone allele frequency
(DCAF) is defined as the somatic alteration(s) detected in the
sample with highest VAF, suggesting clonal alterations.

Statistical Analysis
Continuous variables were compared between groups by
Wilcoxon rank sum test, and Fisher Exact test was conducted
for categorical data comparisons. The relationship between
alteration types, such as mutation and amplification targetable
status was evaluated using Spearman’s rank correlation. The
analysis was conducted in 104 patients with baseline ctDNA
results available prior to initiation of systemic therapy to
determine the association of somatic alterations and disease
stage (locally advanced or metastatic). Kaplan-Meier analysis
was used to estimate progression-free survival (PFS) and overall
survival (OS) based on stage or the absence/presence of somatic
alterations. Patients without a progression/death event were
considered censored at the date of last known follow-up in
addition, Cox regression models were evaluated in a univariate
and multivariable fashion. P values <0.05 were considered
statistically significant. All computations were carried out in
SAS version 9.3 and R version 3.6.2.
RESULTS

Patient Demographics
A total of 104 patients were included in this study, 39 with stage
III (locally advanced pancreatic ductal adenocarcinoma [LAPC])
and 65 with stage IV (metastatic disease[MPC]). Demographic
data are summarized in Table 1. There was an equal number of
male and female patients, of which 66 patients underwent
chemotherapy with gemcitabine and paclitaxel (64%) and 29
January 2022 | Volume 11 | Article 794009
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patients with FOLFIRINOX (28%). The location of the
pancreatic mass differed significantly (p=0.02) between groups,
as 61.5% of patients with LAPC had tumors located in the
pancreatic head. Among patients with MPC, 33.8% had tumors
located in the pancreatic head, 29.2% in the body, and 27.7% in
the tail. Additional differences in genetic alterations between
LAPC and MPC are presented in supplement (Supplementary
Tables 1–3 and Supplementary Figure 1).

A total of 23 patients had blood collected for NGS at diagnosis
of advanced disease and upon disease progression to first line
SOC therapy.

Patients with LAPC had higher overall response rate to
standard of care compared to MPC (65.7% vs 23.6%,
respectively; p<0.001). Interestingly, 83.1% of patients with
somatic alterations detected via liquid biopsy had initial liver
metastasis compared to 40% of patients without any detected
alterations (p <0.001) (Supplementary Figure 2).

Genomic Landscape of ctDNA in PDAC
Ninety-one percent of MPC had at least one genetic alteration
(n=59) compared to 74% of patients with LAPC (n=29; p=0.03).
Seventy five percent of MPC patients had at least 2 alterations
(n=49) compared to 36% with LAPC (n=14; p<0.001). The
median number of detectable somatic alterations was 3 in
MPC compared to 1 in LAPC.

KRASmutations were detected in 73.8% of MPC compared to
43.6% of LAPC (p=0.002). Approximately 66% of patients with
MPC harbored 1 KRAS mutation and 7.7% harbored 2 KRAS
mutations, compared to 43.6% and 0% for those with LAPC
(p=0.004). Additionally, 85% of patients with MPC who
Frontiers in Oncology | www.frontiersin.org 3122
harbored a KRAS mutation experienced the liver as the
primary site of metastasis compared to 62% of patients without
KRAS mutations (p=0.03). TP53 mutations were also detected
more frequently in patients with metastases, detected in 69% of
patients with MPC compared to 43.6% with LAPC (p=0.01)
(Supplementary figure 2, 3). Similarly, to KRAS, 21.5% of
patients with MPC had at least 2 mutations in TP53 compared
to 5% of LAPC (p=0.01). Other gene alterations with significant
differences include SMAD, which was present in 13.8% of MPC
compared to 0% of LAPC (p=0.02) (Supplementary Figure 1).
Overall, KRAS and TP53 were the two most frequent alterations
followed by CCND2 , BRCA1/2 or ATM , and SMAD
(Supplementary Table 1). On multivariate analysis detection
of KRAS and metastatic disease were statistically associated with
worse PFS (Supplementary Table 2). On multivariate analysis
for OS, metastatic disease was statistically associated with worse
overall survival (Supplementary Table 3). DCAF >0.45%
remained statistically associated with inferior PFS and OS in a
regression analysis with disease status (Supplementary Table 4).

Somatic Alterations as a Prognostic Tool
Of the 63 patients who did not respond to treatment, 71.4%
harbored a KRAS mutation compared to 40.7% of patients who
did achieve a favorable response (p=0.006). Of the non-
responders, 66.7% had one KRAS mutation while 5% had at
least 2 mutations in KRAS. In patients who responded to therapy,
those numbers decreased to 37% and 3.7% respectively (p=0.22).

Additional metrics of prognostication has demonstrated an
association between the presence of these gene mutations and
poor outcomes. Patients with LAPC had a median PFS of 14.0
TABLE 1 | Demographic table.

Locally advanced (N = 39) Metastatic (N = 65) Total (N = 104) p value

Age
Median 71.0 (43-87) 70.0(50-91) 70.0 (43-91)
Sex
Female 20 (51.3%) 32 (49.2%) 52 (50.0%)
Male 19 (48.7%) 33 (50.8%) 52 (50.0%)
Chemotherapy
FOLFIRINOX 16 (41.0%) 13 (20.0%) 29 (27.9%)
Gem+Abraxane 22 (56.4%) 44 (67.7%) 66 (63.5%)
No chemotherapy 1 (2.6%) 7 (10.8%) 8 (7.7%)
pembrolizumab 0 (0.0%) 1 (1.5%) 1 (1.0%)
Overall Response rate (CR+PR+SD) <0.0012

No. missing 4 10 14
No 12 (34.3%) 42 (76.4%) 54 (60.0%)
Yes 23 (65.7%) 13 (23.6%) 36 (40.0%)
Vital status 0.0062

Alive 22 (56.4%) 19 (29.2%) 41 (39.4%)
Dead 17 (43.6%) 46 (70.8%) 63 (60.6%)
CA19-9 (U/mL) <0.0011

Count 35 52 87
Median 251.0 (0.0-3564) 1267.0 (1.0-1800000) 774.0 (0.0-1800000)
Follow up time (months) 0.0751

Count 22 19 41
Median 17.7 (1.2-40.1) 10.1 (2.0-33.7) 12.9 (1.2-40.1)
Ja
nuary 2022 | Volume 11 | Article
CR, complete response; PR, partial response; SD, stable disease.
1ANOVA F-test p-value.
2Chi-Square p-value.
794009

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Botrus et al. CtDNA In Advanced Pancreatic Adenocarcinoma
months (95% CI: 10.9 - 32.2) compared to 5.5 months (95% CI:
4.6 - 6.9) in those with metastatic disease (p<0.0001). PFS
significantly increased with a median of 15.3 months (95% CI:
10.1 – Not estimated) in patients with no somatic alterations
detected via liquid biopsy compared to 6.2 months (95% CI: 5.4 -
8.0) in those with somatic alterations detected (p=0.005,
Figure 1). Specifically, those with <2 somatic alterations had a
significantly increased median PFS of 11.0 months (95% CI: 9.3 -
24.1) compared to 5.6 months (95% CI: 4.2 - 6.9) in those with ≥
2 alterations detected. Amongst patients with MPC, those with ≥
2 alterations had a significantly decreased median PFS of 5.2
months (95% CI: 3.7 - 6.3) compared to 8.2 months (95% CI: 5.0
- 15.3) in those with <2 or no alterations.

Patients with CCND2 mutations had a significantly reduced
median PFS of 3.7 months (95% CI: 2.4 - 8.2) compared to 8.2
months in those without a mutation in CCND2 (95% CI: 6.3 –
11.0). Those with KRASmutations also experienced a statistically
significant reduction, with median PFS of 5.8 (95% CI: 4.6 - 6.7)
for KRAS mutant as compared to 12.9 months (95% CI: 10.1 –
22.0) for KRAS not being detected. The reduction in median PFS
was more pronounced when analyzing the number of mutations,
as those with two or more KRAS mutations had a median PFS of
3.7 months (95% CI: 3.68 – Not estimated) compared to 5.9
months with 1 alteration (95% CI: 4.8 - 6.9) and 12.9 months
with no KRAS alteration detected (95% CI: 10.1 – 22.0). In
patients with TP53 mutations, median PFS was also significantly
reduced to 5.9 months (95% CI: 4.8 - 7.9) compared to 10.9
months for patients without TP53 mutations (95% CI: 9.2 –
22.0) (Figure 1).

Patients with at least two somatic alterations had a lower
median overall survival (OS) of 11.5 months (range 8.11 - 21.1
months) compared to 24.2 months (95% CI: 14.38 – Not
estimated) in patients with ≤ 1 alteration. This association was
preserved when separately analyzing patients with MPC, as those
with ≥2 alterations had a median OS of 9.82 months (95% CI:
7.03 - 16.6) compared to 13.89 months (95% CI: 7.78 – Not
estimated) in patients with ≤1 alteration. This was also noted in
Frontiers in Oncology | www.frontiersin.org 4123
LAPC, with median OS of 24.9 months (95% CI: 40.8 – Not
estimated) for patients with ≥2 alterations and 40.8 months (95%
CI: 13.5 – Not estimated) for patients with ≤1 alteration. Patients
with and without a KRAS mutation had median OS of 11.5
months (95% CI: 8.21 - 14.8) and 26.3 months (95% CI: 21.67 –
Not estimated) respectively. Similarly, those with and without
TP53 mutations had median OS of 13.5 months (95% CI: 9.06 -
21.7) and 24.2 months (95% CI: 14.02 – Not estimated) (Figure 2).

Changes in molecular profiles from baseline to progression
were analyzed for overall survival and progression free survival
in 23 patients. Eighteen (78%) samples harbored TP53 and/or
KRAS alterations at baseline. Patients with clearance at any
timepoint of TP53 (3/18)17% and/or KRAS (6/18) 33%
achieved improved PFS (p=0.0056; p=0.037, respectively).
Clearance of KRAS in ctDNA after first line SOC trended
towards improved OS (p=0.059), while clearance of TP53
significantly improves OS (p=0.047), though in a small sample
size. Interestingly, if a patient is found to have a mutation in
TP53 or KRAS upon disease progression, (12/23) 50% acquired
TP53 or KRAS mutations on progression; (10/23) 43.5% patients
acquired TP53, (8/23) 35% patients acquired KRAS mutations
(some patients acquired both mutations), PFS is not significantly
impacted (Figure 3).

Variant Allele Fraction (VAF) as a
Prognostic Tool
All 104 patients were included in the VAF analysis. The median
dominant clone allele frequency (DCAF) was 0.45% (range 0-
55%). The presence of DCAF >0.45% was associated with worse
median PFS (p<0.0001; Figure 4) and median OS (p=0.0003;
Figure 5). However, DCAF was not associated with co-occurring
KRAS mutations (p=0.52).

VAF was not statistically associated with tumor response to
systemic treatments (Supplementary Figures 4, 5). However,
DCAF >0.45% in 66 patients treated with gemcitabine and nab-
paclitaxel was statistically associated with worse PFS (p<0.0001)
and OS (p=0.0007). DCAF >0.45% was not statistically
FIGURE 1 | Progression-free survival by genomic alteration. PFS is increased in patients with no somatic alterations detected.
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associated with inferior outcomes in patients treated with
FOLFIRINOX, however caution should be made in this sub-
analysis considering small sample size (29 patients).
DISCUSSION

This study shows that mutations in KRAS, TP53 and CCND2, along
with the VAF detected by liquid biopsy testing at diagnosis could be
recognized as prognostic biomarkers in patients with advanced
pancreatic cancer. Furthermore, this study demonstrates that
Frontiers in Oncology | www.frontiersin.org 5124
patients who harbor multiple somatic alterations in ctDNA have
a worse median overall survival than those who have one or no
somatic alterations.

KRAS mutations are considered one of the initiating genomic
processes in the development of pancreatic cancer, causing
permanent activation of RAS pathway leading to carcinogenesis
and resistance to systemic treatments (30–32). Studies previously
showed that KRAS wild-type PDAC exhibits distinct features,
including improved disease specific outcomes such as overall
survival and more favorable response to systemic treatments (33,
34). In a total of 104 patients with advanced
A

B D

E

F

C

FIGURE 3 | TP53 and KRAS with serial testing. Patients with clearance at any timepoint of KRAS (6/18) 33% and/or TP53 (3/18)17% achieved improved PFS
[p=0.037; p=0.0056, respectively (A, B)]. Clearance of KRAS in ctDNA after first line SOC trended towards improved OS (p=0.059) (C), while clearance of TP53
significantly improves OS (p=0.047) (D), though in a small sample size. If a patient is found to have a mutation in TP53 or KRAS upon disease progression, (12/23)
50% acquired TP53 or KRAS mutations on progression; (10/23) 43.5% patients acquired TP53, (8/23) 35% patients acquired KRAS mutations (some patients
acquired both mutations), PFS is not significantly impacted (E, F). (A) KRAS clearance and progression-free survival; (B) TP53 clearance and progression-free
survival; (C) KRAS clearance and overall survival; (D) TP53 clearance and overall survival; (E) KRAS acquisition and progression-free survival; (F) TP53 acquisition
and progression-free survival.
FIGURE 2 | Overall survival by genomic alteration. OS is increased in patients with no somatic alterations detected.
January 2022 | Volume 11 | Article 794009
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PDAC, we detected a significantly higher number of genetic
alterations in patient with MPC as compared LAPC. KRASmutations
were detected in 73.8% of MPC compared to 43.6% of LAPC.

KRAS mutations detected in ctDNA were more frequently
identified in patients that did not respond to chemotherapy, and
those with KRAS alterations demonstrated inferior median
progression-free survival (5.78 vs 12.94 months) and inferior
median overall survival (11.5 vs 26.3 months) when compared
Frontiers in Oncology | www.frontiersin.org 6125
to KRAS non-detected patients. Our observation, combined by
findings from other groups, corroborates the hypothesis that
detection of ctDNA mutated KRAS at diagnosis of advanced
pancreatic cancer is correlated with reduced time-to-progression
and overall survival (35–37). Patients with a KRASmutation more
frequently presented the liver as the primary site of metastasis
compared to those without KRAS mutations, several studies
indicate that liver metastasis confers worse overall survival
probabilities in MPC when compared to other metastatic sites
such as the lung or bones (38, 39), and further prospective analyses
in larger cohorts would be necessary to address those associations.
Interestingly, in a subgroup of patients, clearance of TP53 17% (3/
18)or KRAS 33% (6/18) mutations after chemotherapy treatment
was associated with improved PFS (p=0.0056 and p=0.037, HR of
0.087 and 0.32, respectively), and this observation is corroborated
by other groups and highlights additional clinical utility of ctDNA
in PDAC (27, 35). In the future, the detection of KRAS in ctDNA
could be used as monitoring strategy during systemic treatment of
advanced disease, were the dynamics of ctDNA measured during
chemotherapy cycles with FOLFIRINOX or gemcitabine-based
regimens could be a predictor of disease progression or an early
indicator of response, and as a surrogate of metastatic burden, to
provide additional prognostication at the time of, or even before,
computerized tomography scans or CA 19.9 (36, 40, 41).

In PDAC, alterations in TP53 are one of the most common
mutations, with 50-70% of PDAC samples harboring somatic
TP53 mutations (6, 30, 42). Deep whole-exome sequencing
revealed that TP53 mutations were also correlated to a basal-
like subgroup, a subtype of PDAC correlated with worse overall
survival and poor response to chemotherapy (30, 43, 44). In this
cohort, TP53 mutations were also predominantly detected in
MPC (69.2%) compared to LAPC (43.6%). Furthermore, median
progression-free survival (5.94 vs 10.9 months, respectively) and
median overall survival (13.5 to 24.2 months, respectively) was
also significantly reduced in patients with TP53 mutations in
ctDNA. Considering that the most frequently mutated genes
were KRAS and TP53, as expected, a higher median PFS was
observed in those patients who had no somatic alterations
detected in ctDNA compared to those with alterations (15.27
versus 6.24 months), and this remained consistent for patients
with zero or no genetic alterations detected in ctDNA compared
to those with at least 2 alterations (10.97 versus 5.62 months,
respectively). This result highlights that ctDNA and detection of
KRAS and TP53 could be used as a stratification tool to guide
prospective studies in advanced PDAC.

In tissue samples, somatic alterations in SMAD4 are detected in
about 20-30% of patients with PDAC (45). Mutations in SMAD4
are related to advanced disease, poor overall survival, and
recurrence after localize treatment in resectable pancreatic
cancer (46). Although no association with progression-free
survival or overall survival were detected in our cohort, a higher
rate of SMAD4 mutations were detected in MPC (13.8%)
compared to LAPC (0%). Larger cohorts evaluating SMAD4
detection by ctDNA at diagnosis and between treatments would
be necessary to address the real impact of this biomarker as
monitoring strategy or prognostic factor. CCND2 (cyclin D2)
FIGURE 4 | Progression-free survival by DCAF. Patients with dominant clone
allele frequency > 0.45% have worse PFS.
FIGURE 5 | Overall survival by DCAF. Patients with dominant clone allele
frequency > 0.45% have worse OS.
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regulates CDK kinases, forms a complex with CDK4 and CDK6,
and possesses multiple functions necessary for cell cycle G1/S
transition (47). Genomic alterations in CCND2 are reported in
multiple malignances including renal cell carcinoma (48) and
colon cancer (49) and CCND2 overexpression is related to poor
overall survival in patients with gastric cancer (50). Although only
14% of the patients included in this study had CCND2 mutations
detected in ctDNA, the presence of a CCND2 mutation was
statistically associated with poor median progression-free survival
when compared to patients with no detectable mutations [3.6 versus
8.2 months, respectively (p=0.0037)].

Lastly, in this study we evaluated variant allelic frequencies.
Variant allele frequency changes between treatments and is
related to outcomes in pancreatic cancer (24, 25). In an
analysis of 94 patients with advanced PC utilizing ctDNA
testing with the same platform of our study, total %ctDNA ≥
0.6% was associated with worse median overall survival (6.3
months versus 11.7 months, p=0.001). However, maximum
ctDNA of 0.4% was not associated with worse outcomes (24).
In our analysis, median of the highest VAF was 0.45% and is
significantly associated with worse PFS and OS. These results
reinforce that VAF and DCAF can be used as a stratification tool,
however the cutoff value to be used should be carefully evaluated
in larger cohorts or prospective trials.

There are several limitations in this study. The timing of
ctDNA analysis was not consistent across all patients and it
would be necessary to evaluate ctDNA prospectively at diagnosis
and between chemotherapy treatments in larger cohorts to fully
understand the prognostic and predictive utility of the platform.
Also, in patients where KRAS or TP53 were not detected, there is
a chance that a mutation was present but below the limit of
detection for the ctDNA assay. For patients who had no
alterations detected by liquid biopsy, tumor shed may have
been suppressed by therapy, the patient may have indolent of
slow-growing disease or low disease burden, or the tumor is
shedding very low amounts of ctDNA below the level of
detection of the assay. Patients who had higher numbers of
genomic alterations detected were related to worse PFS and OS.
It would be necessary to address KRAS and TP53 to fully
understand the impact of specific mutations identified and
whether they contributed a distinct impact on clinical
outcomes. In multivariate analysis detection of specific genetic
mutations did not translate in worse overall survival, metastatic
disease and DCAF>0.45% remained associated with inferior PFS
and OS. It has been already shown and discussed that KRAS,
TP53, and SMAD4 are the main genetic findings in pancreatic
cancer and considering that most patients will have these
genomic alterations it would be necessary bigger samples of
patients to identify impact of the absence of these mutations in
outcomes. Considering the findings, VAF could serve as a
Frontiers in Oncology | www.frontiersin.org 7126
stratification factor for advanced pancreatic cancer with
detectable somatic mutations in ctDNA.

CONCLUSION

This study suggests that evaluation of ctDNA at diagnosis of
advanced PDAC is a prognostic tool that may be applicable to
clinical practice. This evaluation may be incorporated for
deciding therapeutic strategies, designing, and enrolling
patients onto clinical trials, and as an alternative genotyping
assay in cases where tumor tissue samples are scarce or hardly
obtainable. Perhaps a more important and impactful application
would be utilizing the changes in ctDNA to guide early switch in
systemic therapy, both in the neoadjuvant setting and MPC.
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The use of patient-derived organoids (PDO) as a valuable alternative to in vivo models
significantly increased over the last years in cancer research. The ability of PDOs to
genetically resemble tumor heterogeneity makes them a powerful tool for personalized
drug screening. Despite the extensive optimization of protocols for the generation of
PDOs from colorectal tissue, there is still a lack of standardization of tissue handling prior
to processing, leading to microbial contamination of the organoid culture. Here, using a
cohort of 16 patients diagnosed with colorectal carcinoma (CRC), we aimed to test the
efficacy of phosphate-buffered saline (PBS), penicillin/streptomycin (P/S), and Primocin,
alone or in combination, in preventing organoid cultures contamination when used in
washing steps prior to tissue processing. Each CRC tissue was divided into 5 tissue
pieces, and treated with each different washing solution, or none. After the washing steps,
all samples were processed for organoid generation following the same standard
protocol. We detected contamination in 62.5% of the non-washed samples, while the
use of PBS or P/S-containing PBS reduced the contamination rate to 50% and 25%,
respectively. Notably, none of the organoid cultures washed with PBS/Primocin-
containing solution were contaminated. Interestingly, addition of P/S to the washing
solution reduced the percentage of living cells compared to Primocin. Taken together, our
results demonstrate that, prior to tissue processing, adding Primocin to the tissue
washing solution is able to eliminate the risk of microbial contamination in PDO
cultures, and that the use of P/S negatively impacts organoids growth. We believe that
our easy-to-apply protocol might help increase the success rate of organoid generation
from CRC patients.
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INTRODUCTION

Colorectal cancer (CRC) is the fourth most common and the third
most deadly cancer worldwide (1). Studies exploring the genetic
and epigenetic landscape of CRC (2, 3) have revealed a high level
of clonal heterogeneity (4), impairing treatment opportunities.
Therefore, the use of an accurate and reliable model system that
allows the analysis of genotype-to-phenotype correlations for these
patients is needed. One major development in the last 10 years is
the development of patient-derived organoids (PDO) (5). The
establishment of organoid technology has remodeled the in vitro
culture platform for biomedical research, thus creating a powerful
resource for pre-clinical studies (6). Indeed, PDOs have been
shown to recapitulate the cellular heterogeneity of the primary
tissue and can be maintained long term while retaining genetic
stability (7). Moreover, several studies have validated the accuracy
and sensitivity of PDOs to predict treatment response in CRC (7–
10). In this scenario, generating a PDO biobank may create an
unprecedented opportunity to fill in the existing gap between
cancer genetics and patient trials, complement cell lines and
xenograft-based drug studies and allow personalized therapy
design (11, 12).

Based on the initial protocol for production of self-renewing
intestinal organoids by Sato et al. (13), a more specific protocol
for the generation of organoids from human colon and colorectal
adenoma tissue was developed and reported (14, 15). Generation
of CRC-PDOs can be divided into two main steps: (i) tissue
dissociation using mechanical or enzymatic digestion, and (ii)
culture of Matrigel-embedded tissue-derived cell suspension in
medium containing CRC specific growth factors. The success
rate of CRC organoid generation ranges from 55% to 90% (11,
16–18). The definition of the optimal culture conditions, as well
as of the appropriate matrix, have been key factors in increasing
the success rate (11, 19). However, tissue processing and culture
conditions still need optimization to further increase the success
rate of CRC-PDO generation.

PDO generation has been shown to be impaired by bacterial
contamination (11), especially when no antibiotics are used
during the washing steps prior to tissue dissociation (11, 18).
Colon and rectum are microbiota-containing organs (20),
therefore with an implicit risk of microbiota contamination for
the PDO culture. Addition of antibiotics and antimycotics to the
culture medium is the most common way to prevent microbial
contamination (11). In the context of CRC-PDOs, there are no
common guidelines, and the protocol regarding the addition of
antibiotics differs among laboratories (9, 11, 18, 21–23), with
Primocin (InvivoGen, #ant-pm-1), penicillin/streptomycin (P/
S), or their combination being the most commonly described (9,
11, 18, 21–23). In particular, a study by Otte et al. used a CRC-
PDO growth medium containing antibiotics/antimycotics, which
was switched after 48 h with a medium containing only 100 U/ml
penicillin and 100 µg/ml streptomycin (22). On the other
hand, Yao et al. (9) implemented PDOs culture medium with
Normocin (Invivogen, #ant-nr-1) and gentamicin/amphotericin
B (GIBCO, #R01510), while Miyoshi et al. (24) employed P/S
together with plasmocin (Invivogen, #ant-mpp). This variety of
media compositions used in the generation of CRC PDOs
Frontiers in Oncology | www.frontiersin.org 2130
highlights the need for a unified approach in order to generate
robust, reproducible findings.

While efforts have been made to reduce the risk of bacterial
contamination through the addition of antibiotics to culture
medium, optimization of additional washing steps prior to tissue
processing may also help to reduce this risk. The utility of
washing steps prior to tissue dissociation has been reported;
however, there is a lack of standardization regarding protocol
and reagents (10, 11, 25, 26). The study of Ooft et al. (10)
described the collection of CRC tissue in medium supplemented
with P/S without washing steps, leading to bacterial
contamination in 5% of the PDO. Similarly, another study (11)
showed that including washing steps with PBS reduced the
microbial contamination to 15% of the cases. A recent study
from Costales-Carrera et al. (27) reported that, besides a limited
amount of biopsy material, bacterial contamination limited the
success rate of PDOs derivation to 74%.

In this study, we sought to prevent the risk of contamination in
CRC-PDOs by proposing an optimized and easy-to-apply washing
protocol prior to tissue dissociation. Here, we showed that washing
surgically resected CRC tissues with Primocin-containing PBS
eliminates the risk of microbial contamination. Additionally, we
found that the use of P/S as a washing solution negatively impacts
the success rate for CRC-PDO generation. We believe that use of
our standardized, simple protocol could help increase the success
rate of organoid generation from CRC patients.
MATERIALS AND METHODS

Patient Cohort
Ten human colon and six rectal tissues were obtained from 16
patients undergoing surgery at the University Center for
Gastrointestinal and Liver Disease (Clarunis), Basel,
Switzerland. Written informed consent was obtained from all
patients. The study was performed in accordance with the
Helsinki Declaration and approved by the ethics committee
(Ethics Committee of Basel, EKBB, no. 2019-02118). Data were
collected retrospectively in a non-stratified and non-matched
manner including patient age, sex, treatment, American Joint
Committee on Cancer (AJCC) clinical stage, bowel preparation,
and antibiotic prophylaxis (Table 1).

Prior to surgery, patients received a bowel preparation that
combines oral antibiotics and mechanical cleansing of the colon
(using a macrogol solution for cleansing) as follows: 1 day before
surgery patients underwent bowel preparation and received oral
antibiotic treatment of 2 500 mg tablets of Neomycin three times
a day and 2 500 mg tablets of Metronidazole three times a day
(16:00–20:00–24:00). Moreover, 30’ before surgery, intravenous
antibiotics were administered. Patient-specific treatments are
summarized in Table 1.

Washing Protocol Prior Organoid
Generation
Human tissue samples were collected in DMEM (without any
antibiotics), placed on ice, and processed after a maximum of
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3 h post-surgery. The tissue was then divided into 5 pieces
(Figures 1 and 2A), attempting to retain the tissue
homogeneity regarding macroscopic tissue morphology and
size among them. Subsequently, while the “no wash”
condition was transferred to a 2-ml Eppendorf and kept on
ice in full advanced medium for the entire washing procedure,
the remaining 4 pieces were moved into 4 different wells of a
6-well plate where they were each then washed with the 4
different solutions (Figure 2B).

(1) No wash; the piece of tissue was kept on ice in a 2-ml
Eppendorf containing Advanced DMEM/F-12 (GIBCO,
#12634028) supplemented with 20 U/ml and 20 mg/ml of P/
S (ThermoFisher Scientific #15140122), respectively, and
Primocin (InvivoGen, #ant-pm-1) 0.1 mg/ml, Hepes
(GIBCO, #15630056) 10 mM, and Glutamax (GIBCO,
#35050061) 2 mM (Advanced DMEM/F-12 FULL);

(2) PBS (GIBCO, #10010023);

(3) PBS-P/S 20 U/ml and 20 mg/ml, respectively (GIBCO,
#10378016);

(4) PBS-Primocin 0.1 mg/ml; and

(5) PBS-Primocin 0.1 mg/ml and P/S 20 U/ml and 20 mg/ml.

All the solutions were stored at 4°C.
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Each washing solution was carefully added into the well with
a serological pipette to avoid any possibility of spill-over between
the different conditions until the tissues were fully covered. After
5 min, solutions were removed with a glass Pasteur pipette linked
to a vacuum pump (also in this case, different pipettes were used
for the 4 different conditions) and the washing was performed for
2 additional times (Figure 2B).

Generation of Colorectal Cancer
Patient-Derived Organoids
Following the washing steps, all tissue pieces were processed for
the generation of PDOs according to standard protocol (11). Our
success rate for PDO generation was 62.5%. Briefly, tissues were
minced into small pieces and subsequently enzymatically
digested in 1 ml of advanced DMEM/F-12 FULL medium
containing 2.5 mg/ml collagenase IV (Worthington,
#LS004189), 0.1 mg/ml DNase IV (Sigma, #D5025), 20 mg/ml
hyaluronidase V (Sigma, #H6254), 1% BSA (Sigma, #A3059),
and 10 mM LY27632 (Abmole Bioscience, #M1817) for 1 h at
37°C under slow rotation and vigorous pipetting every 15 min
(Figures 2C, D). Of note, the DMEM used to prepare the
enzymatic digestion cocktail for the “no washed” tissue was the
same as where the tissue itself was kept in during the washing
step. The tissue lysate was filtered through a 100 mM cell strainer,
TABLE 1 | Clinical information of the patients included in the study.

Patient
ID

Tissue Age Sex Treatment AJCC
Clinical

Bowel
preparation

Antibiotic prophylaxis Tumor
size (cm)

Ulcer Stenosis grade

101 Colon 64 M None IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

7.5 × 6 × 2 No 2

115 Colon 64 M None IIIb No Cefazolin 2 g +
Metronidazole 500 mg

4, 8 Ulcer Non-stenotic

116 Colon 73 F None IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

2.2 × 2 ×
1.3

No Non-stenotic

118 Colon 87 M None IVa No Cefuroxim 3 g 6.5 × 5 ×
3.5

Ulcer Stenotic; whole
circumferential growth

119 Colon 34 F None IIIc No Cefuroxim 3 g +
Metronidazole 500 mg

2, 5 No Stenotic

131 Colon 46 M None IVa Yes Cefazolin 2 g +
Metronidazole 500 mg

6 No Obstructive growth

221 Colon 80 F None IIa Yes Cefazolin 2 g +
Metronidazole 500 mg

8 × 5.5 Central ulcer Stenotic

224 Colon 84 M None IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

3.9 × 3.5 ×
1.9

No Stenotic, no passage
with instrument

225 Colon 84 F None IIa Yes Cefazolin 2 g +
Metronidazole 500 mg

3.5 No 2/3 Stenotic
circumferential

227 Colon 74 F None I Yes Cefazolin 2 g +
Metronidazole 500 mg

3 × 2.2 × 2 No Stenotic

204 Rectum 62 M 50.4 Gy; Capecitabine IV Yes Cefazolin 2 g +
Metronidazole 500 mg

4.2 × 3.5 ×
1.6

Ulcer Narrow

209 Rectum 86 M None IIIa Yes Cefazolin 2 g +
Metronidazole 500 mg

2.2 × 2 ×
0.5

Ulcer 1/8 of circumferential

103 Rectum 67 F 43.2 Gy; Capecitabine
+ Regorafenib

IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

1 × 1 × 0.2 Yes (tumor
heavy shrink)

1

107 Rectum 79 M None IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

0.4 × 0.2 ×
0.2

No 1/4 of circumferential

130 Rectum 81 F None IIIb Yes Cefazolin 2 g +
Metronidazole 500 mg

3.5 × 3 ×
0.5

No Stenotic, no passage
with instrument

135 Rectum 50 M 50.4 Gy; Capecitabine I Yes Cefazolin 2 g +
Metronidazole 500 mg

0.3 × 0.3 ×
0.4

Ulcer Half of circumferential
Ja
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centrifuged at 300 g for 10 min, and then treated with Accutase
(Sigma, #A6964) for 15 min at room temperature in order to
dissociate the remaining fragments (Figure 2E). After 5 min of
centrifugation at 300 g, the cell pellet was suspended in PBS and
cells were counted using trypan blue (GIBCO, #15250061),
Countess™ Cell Counting Chamber Slides (Invitrogen,
#C10228) in Countess™ II FL Automated Cell Counter
(Invitrogen, #AMQAF1000) (Figure 2F). Then, the same
amount of cells from each washing condition was mixed with
growth factor reduced Matrigel (Corning, #356231) and seeded
as drops in a tissue-culture dish (Figure 2G). After
polymerization of the Matrigel, a medium supplemented with
growth factors for CRC tissue was added to the cells (14)
(Figure 2H). Organoids were monitored every day for a period
of 7 to 9 days for the presence of microbial contaminants.
Organoid medium was changed every 3 days and, when
needed, organoids were passaged after dissociation with 0.25%
Trypsin-EDTA (GIBCO, #25200056).

Immunohistochemistry Staining
Immunohistochemical staining was performed on a Benchmark
immunohistochemistry staining system VENTANA BenchMark
Special Stains system (Roche) using anti-CDX2 (Clone
EPR2764Y, catalog number 760-4380), anti-CK20 (Clone SP3,
catalog number 790-4431), and primary antibodies as substrate.
Images were acquired using an Olympus BX46 microscope and
evaluated by an experienced pathologist (CE).

GRAM Staining
Bacteria detection in contaminated medium was conducted
using the Remel™ Gram Stain Kit (Thermo Fisher, #R40080)
following the manufacturer’s instructions. Briefly, a smear of
bacteria-containing medium was placed on a glass slide and air-
dried for 5 min. The smear was then quickly fixed with the flame
of a Bunsen burner and stained with a crystal violet solution for
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1 min at room temperature. Subsequently, the slide was rinsed
under running tap water to remove excess crystal violet. Gram
iodine mordant was applied for 1 min and briefly washed in tap
water. To remove non-specific crystal violet staining, a Gram
decolorizer solvent was applied for 30 s and then quickly rinsed
under running tap water until the water ran clear. Finally, the
slides were stained with Gram Safranin for 30 s and allowed to
dry and then coverslipped. Images were acquired using an
Olympus BX46 microscope and evaluated by an experienced
pathologist (CE).

PAS Staining
After harvesting fungi from the culture, they were briefly washed
with PBS and then fixed in 10% formaldehyde overnight. Fungi
was embedded in paraffin; 5-µm slices were cut and put on a
slide. The staining was performed by incubating the
deparaffinized slides with 0.5% periodic acid solution for
5 min, then stained with Schiff’s reagent for 10 min, followed
by counterstaining with hematoxylin solution for 2 min. All steps
were performed at room temperature, and slides were rinsed
with tap water after each step. Images were acquired using an
Olympus BX46 microscope and evaluated by an experienced
pathologist (CE).

Grocott’s Methenamine Silver Stain
As for PAS staining, we produced 5-µm slices of embedded fungi
and placed them on glass slides. The staining was performed
using the automatized “VENTANA BenchMark Special Stains
system” from Roche and the GMS II Staining Kit (Roche, #860-
028). Images were acquired using an Olympus BX46 microscope
and evaluated by an experienced pathologist (CE).

Mycoplasma Test
To check mycoplasma contamination, we performed a slightly
modified PCR protocol using specific primers as described
FIGURE 1 | Schematic representation of the tissue processing workflow for CRC organoid generation. Upon collection, CRC tissues were divided into 5 similar
pieces. Each sample underwent a different washing condition as described in the methods (left). Samples were washed three times for 5 min while maintained on
ice. After the washing step, all the tissues were processed using the same protocol and conditions. A cell suspension was generated using mechanical and
enzymatic digestion that was then embedded in Matrigel and daily monitored for presence of microbial contamination. Created with BioRender.com.
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previously (28). Briefly, contaminated and uncontaminated
culture medium was harvested and boiled at 95°C for 5 min or
kept at 4°C up to 1 week before processing. PCR reaction was
conducted with AmpliTaq Gold™ 360 Master Mix (Thermo Fisher
#4398881) as previously described (28). Electrophoretic run was
performed on 1.5% agarose gel and bands height were compared
with TrackIt™ 100 bp DNA Ladder (Invitrogen, #10488058).
Statistical Analysis
Statistical analyses were performed using Wilcoxon tests (Prism
GraphPad 8), Spearman correlation, and Chi-square test.
Frontiers in Oncology | www.frontiersin.org 5133
All statistical tests were 2-sided and p < 0.05 was considered
statistically significant.
RESULTS

Primocin-Containing Solution Prevents
Organoid Culture Contamination
PBS solution, P/S, or combination of complex antibiotics have
been used in washing solutions prior to tissue processing for
CRC PDOs (10, 11, 25, 26). However, lack of standardization
makes it difficult to conclude which is the best protocol in
A B

D

E F

G H

C

FIGURE 2 | Illustrated flow chart of PDO generation. (A) Tissue cutting. (B) Washing steps. (C) Tissue mincing. (D) Enzymatic tissue dissociation. (E) Generation of
single cell suspension. (F) Cell count and viability assessment. (G) Cell embedding in Matrigel. (H) Addition of supplemented PDO-CRC medium.
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preventing microbial contamination. To determine the optimal
components of the washing solution for CRC-PDO generation,
we used a cohort of 16 CRC patients and compared the
antimicrobial efficacy of 4 different solutions compared to the
no-washing step: PBS, PBS supplemented with P/S, PBS
supplemented with Primocin, or PBS supplemented with P/S
and Primocin (Figures 1 and 2). The samples included in the
study were mostly from male patients (56%) with a diagnosis of
colon carcinoma (62.5%), and a median age of 73.5 years (range:
34–86 years). All patients included in the study received
antibiotic prophylaxis on the day of the surgery (Table 1).

Tissue samples were divided into 5 pieces and randomly
assigned to a washing condition (Figures 1 and 2). All pieces
underwent three washing steps on ice, for a total of 15 min, with
the corresponding washing solution, with the exception of the
no-wash condition (control) that was kept on ice without
changing the solution. The following steps for the PDO
generation, including tissue dissociation, cell seeding, and
medium composition, did not differ among the washing
conditions. The growth of PDOs was monitored every day and
inspected for the presence of microbial contamination using an
inverted microscope. Microbial contamination was usually
detected between day 3 and 5 post tissue processing. In some
cases (3 out of the 10 cases contaminated in the no-wash
condition), the detection of microbial contamination matched
a change in the color of the culture medium, indicating a change
in the pH of the medium due to bacterial outgrowth.
Representative images of the changes in the color of the
medium and detection of bacterial contamination are shown
in Figure 3A.

The presence of microbial contamination was detected in
62.5% of the samples that were not washed prior to tissue
processing, while no contamination was detected in samples
washed with solution containing Primocin (Figure 3B and
Table 2). Interestingly, while washing steps performed with
PBS-P/S solution reduced the risk of contamination by 37.5%,
compared to the PBS alone, in 25% of tissues, microbial
contamination was detected (Figure 3B and Table 2). CRC-
PDO medium contains both P/S and Primocin at the same
concentration used in the washing solution; thus, supplementing
the culture medium is not sufficient to prevent bacteria
contamination. Of note, clinical parameters such as size of the
tumor or presence of ulcer were not associated with the
occurrence of contamination (p = 0.1149, p = 0.6990, and p =
0.1432, respectively).

Despite the contamination, we observed healthy organoids
also in the presence of bacteria. However, the bacterial
contamination may be responsible for matrix drop degradation
(loss of extracellular matrix support for the CRC-PDO growth),
thus indicating that preventing microbial contamination is a
critical step of tissue processing and organoid generation
(Figure 3C). A comparison of Matrigel-embedded PDO
derived from P107 at day 3 and day 4 after using PBS as a
washing solution: at day 3, Matrigel drop borders are still intact
despite bacterial contamination (dark area on the bottom right,
Figure 3C). Inversely, at day 4, bacterial overgrowth led to
Frontiers in Oncology | www.frontiersin.org 6134
Matrigel degradation, suggested by the curved border of
residue from the degraded drop, indicated by the 4 red arrows.
As a consequence of the degradation, while PDOs at day 3 are
not surrounded by bacterial suspension, at day 4, bacteria cover
all areas of the well (Figure 3C).

Taken together, our results indicate that implementation of
multiple washing steps (3×, 5 min each) with PBS-Primocin
solution prior to tissue dissociation is able to eliminate the
inherent high risk of microbial contamination in CRC-PDO
cultures. Moreover, we show that the presence of P/S and
Primocin in the PDO culture medium is not sufficient to
prevent bacterial contamination in CRC-PDO cultures.

The Use of Penicillin/Streptomycin-
Containing Solution During Tissue
Washing Steps Negatively Impacts
Organoid Generation
To determine the impact of the additional washing steps on
PDO generation, we checked cell viability immediately before
embedding in Matrigel using the Trypan blue staining assay.
The presence of P/S alone in the washing solution leads to a
significantly lower percentage of viable cells compared to a
wash performed with PBS alone and Primocin-PBS
(Figures 4A, B; Wilcoxon test, p = 0.0240 and 0.0061,
respectively). Likewise, washing steps performed with P/S-
PBS showed a high tendency to negatively impact cell
viability compared to the no-washing condition (Figure 4C;
Wilcoxon test, p = 0.0856). No significant difference in cell
viability was observed when comparing PBS-P/S solution and
PBS-P/S-Primocin (Figure 4D; Wilcoxon test, p = 0.2458),
suggesting that the presence of Primocin is not sufficient to
overcome the negative impact of P/S. Moreover, no difference
was noticed when comparing cell viability assessed after using
other washing solutions that didn't contain P/S (Figures 4E, F).

Our results suggested that the presence of P/S in the washing
solution could impact cell viability and therefore the success rate
of CRC-PDO generation.

Inappropriate Washing Leads to Bacterial
and Fungal Contamination
To characterize the type of microbial contamination, we
performed GRAM staining in the presence of a suspected
bacterial contamination, and a PAS and Grocott staining when
contamination appeared related to fungi. GRAM staining was
consistent with the presence of GRAM-positive chain-forming
bacillus and GRAM-positive cocci (Figure 5A). These bacteria
seem to be capable of aerobic metabolism (29, 30), since they
were kept in a classic incubator for cell culture where the O2

percentage is maintained at 18.6% (31).
Although mycoplasma is not normally present within the

intestinal flora, it may be present in neoplastic disease and, if
present, can alter organoid formation by affecting their structure,
number, and size (32, 33). Therefore, we investigated the
presence of mycoplasma contamination in the organoids
generated from each washing condition. None of the organoids
were positive for mycoplasma contamination (Figure S1).
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Bacteria contamination was found to be the major contaminant in
our patient-derived organoid cultures. Indeed, bacterial and fungal
contamination was detected in only 1 (P135) out of the 10 cases with
microbial contamination. To perform amorphological characterization
of the fungi, we performed PAS and Grocott staining. We observed
yeast, hyphae, and pseudohyphae structures consistent with Candida
albicans (Figure 5B). Interestingly, this contamination appeared
only when tissues were not previously washed with Primocin-
containing PBS (Figure 5C), suggesting that, as for bacteria
contamination, growth medium supplemented antibiotics with is
not sufficient to protect cultures from fungal-yeast contamination.
Frontiers in Oncology | www.frontiersin.org 7135
Histologic and Immunophenotypic
Characterization of Generated PDO Lines
In our study, we generate 10 PDOs from different patients. In
order to evaluate whether PDOs recapitulate primary tumor
morphology and marker expression features, we performed
H&E and immunohistochemistry staining. Histologic and
immunophenotypic analysis was performed by an expert
pathologist with expertise in gastrointestinal pathology
confirming that our 10 PDOs recapitulated and maintained the
histologic profile and cellular morphology of the tumors from
which they originated (Figure 6).
A

B C

FIGURE 3 | Primocin-containing washing solutions protect from bacteria contamination during organoids derivation from colorectal cancer patients. (A) Representative
micrograph of P115 PDO cultures acquired at the microscope at day 3 and day 5. The first 2 micrographs acquired at day 5 refer to the contaminated PDO cultures and
the darker area indicated by the red arrow indicates areas with high concentration of bacteria. The yellow color of the medium indicates high metabolic activity in the well
due to bacteria proliferation. At high magnification, it is possible to appreciate the shape of chain-forming bacilli. (B) Total events observed for each washing condition.
The numbers on top of the bars indicate the percentage of contaminated samples while the bars represent the absolute number of observed contaminations for each
condition (within a total of 16). (C) Matrigel drop degradation due to bacterial contamination in P107 PDO culture. Red arrows at day 4 indicate the residue of Matrigel
drop borders left after degradation, while the higher black background indicates a diffusion of bacteria.
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DISCUSSION

Organoid models hold great potential for modeling human
disease and providing a highly reliable tool to investigate new
therapeutic approaches. Despite improvements in defining the
optimal growth conditions for PDOs (34, 35), there is still space
for optimization regarding tissue processing that might help to
increase the success rate of CRC PDO generation.

In normal conditions, the human colon is covered by a mucus
layer that consists of an inner gel-like layer, and a loose outer layer.
The outer mucus layer serves as a semipermeable network
providing a habitat for commensal microorganisms, while the
inner gel-like mucus layer acts as a physical barrier excluding
microorganisms from direct contact with the epithelium (36, 37).
However, in neoplastic tissues, the tight junctions between tumor
cells are weak, decreasing the mucus barrier and increasing the
epithelium permeability, thus facilitating the penetration of bacteria
into the tissue (37). This may lead to a significantly large number of
bacteria within the CRC tissue, and therefore higher risk of
contamination of the PDO cultures. Indeed, here we showed that
no washing step prior to CRC tissue processing results in high risk
of microbial contamination in organoid cultures. In line with
previous reports (10, 11), washing the tissue with PBS and P/S-
containing solution reduces the risk of microbial contamination, but
was not sufficient to completely prevent it.

Importantly, our data show that washing CRC tissues with a
solution containing Primocin prevents microbial contamination
in CRC-PDOs. We propose that laboratories involved in CRC
PDO generation can benefit from our fast and easy-to-apply
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protocol. The three times 5-min wash of the CRC tissue in a cold
solution containing PBS-Primocin (0.1 mg/ml), while reducing
the time where tissue-derived cells are outside an appropriate
culture condition (compare longer washing protocols), is
sufficient to prevent microbial contamination.

Ofnote,wewereable tokeep thegrowingnon-contaminatedCRC-
PDOs up to 10 passages without any new contamination event,
indicating that the impact of ourwashing stepshas a long-lasting effect.

Patients with neoplastic diseases are predisposed to invasive
fungal infections, mainly related to Candida aspergillus species and
other yeast-like fungi. Different factors may be responsible for this
(1): prolonged granulocytopenia and disruption of mucosal and
cutaneous barriers that results from intensive cytotoxic
chemotherapy or ablative radiation therapy (2), impaired cell-
mediated immunity that is caused by use of corticosteroids, and (3)
theuse of broad-spectrumantibiotics in the clinics prior to surgery, as
they can alter the equilibrium among endogenous mucosal bacteria
and facilitate the overgrowth of pathogenic species (38, 39). In our
cohort of PDOs, only 1 out of 10 contaminated cases was due to
fungal contamination. The tissue in this case was obtained from a
patient (P135) diagnosed with rectal cancer who was treated with
both radiotherapy and chemotherapy prior to surgery. Again, only in
those samples washed with Primocin-containing solution was no
fungal contamination observed.

We additionally found that a 5-min (3×) washing step with a
P/S-containing solution is sufficient to reduce the percentage of
living cells during tissue processing, therefore impairing the
chances of generating viable PDOs (40). Given the fact that we
did not test different P/S concentrations, we cannot rule out the
TABLE 2 | Summary of contamination events detected for each PDO culture for each washing condition.

Contamination Patient
ID

Organoid presence

No
wash

PBS P/S Primocin Primocin
+ P/S

No
wash

PBS P/S Primocin Primocin
+ P/S

101

115

116

118

119

131

103

107

130

135

204

209

221

224

225

227

62.5% 50% 25% 0% 0% Total 75% 62.5% 62.5% 87.5% 94%
January 2022
 | Volume 11 | A
█ Positive event

█ Negative event
rticle 781833

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Marinucci et al. Reducing Microbial Contamination in Patient-Derived Organoid
A B

D

E F

C

FIGURE 4 | The use of penicillin/streptomycin during the washing process negatively impacts cell viability. Comparison of the percentage of viable cells obtained
using penicillin/streptomycin as a washing solution with (A) No wash, (B) PBS, (C) Primocin, and (D) penicillin/streptomycin and Primocin. Further cell viability
comparison between Primocin and no wash and Primocin and PBS washing conditions is shown in (E) and (F), respectively.
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possibility that reducing its concentration in the washing
solution will increase cell viability. However, while lower
concentration may likely reduce the cytotoxic effect, we cannot
ensure the anti-contaminant activity.

It has been reported that treatment of stem cells with P/S for
24 h is sufficient to decrease cell viability by 30% (41). Moreover,
it has been shown that the use of antibiotics impacts cell
transcriptional activity (42) and differentiation (43). These
alterations impact cellular hierarchy within the organoids and
affect stem cell viability and growth rate, whose functionality is at
the basis of organoid generation (40, 44–46). Indeed, ChIP-seq
analysis of H3K27ac identified approximately 10,000 sites that
were enriched near genes involved in cell differentiation, tRNA
Frontiers in Oncology | www.frontiersin.org 10138
modification, nuclease activity, and protein dephosphorylation,
in cells treated with P/S (42). Based on this evidence, we suggest
that removing this reagent from both washing and culture media
could bring benefit to cell and organoid cultures.

Different commensal Mycoplasma species have been isolated
from human, for example, from oropharynx and vaginal mucosa
and, although mycoplasma is not normally present within the
intestinal flora, it has been linked to the onset and development
of CRC (47–49). Interestingly, the study performed by Huang
et al. (47) reported that 55% of patients with colon carcinoma
had a mycoplasma infection and that, overall, gastric and colon
cancers with high differentiation had a higher mycoplasma
infection ratio than those with low differentiation. Moreover,
A B

C

FIGURE 5 | Inappropriate washing conditions lead to GRAM-positive bacteria and Candida albicans contamination of PDO culture. (A) Representative micrographs
showing PDO cultures contaminated with GRAM-positive bacteria. (B) Yeast, hyphae, and pseudohyphae structures are attributable to Candida albicans. (C)
Micrographs show simultaneous contamination of both fungi and bacteria.
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other research pointed out that mycoplasma infection is linked to
and responsible for prostate cancer and CRC (50), further
supporting the presence of this bacteria in neoplastic tissues.

Our results show that mycoplasma was not present after PDO
generation in any of the 5 conditions included in the present
work, indicating that this may be due to the anti-mycoplasma
activity of Primocin added in the culture medium and not in the
washing solution.

We believe that our approach offers a balanced solution to avoid
both the absence and the abuse of antibiotics within the washing
solution. The exclusion of antibiotics increases the risk of incurring
bacterial contamination (11, 14), while the use of a mixture of
several antibiotics increases the chance of interfering with
transcriptional activity (42) and cell differentiation (43), important
for cell viability and the establishment of a cellular hierarchy in
organoids (45).

In this study, we have shown that the addition of antibiotics to
the growth medium is not enough to protect CRC PDOs from
both bacterial and fungal-yeast contamination. Rather than
focusing on further improving the protocol for PDO
derivation, in this study, we aimed to standardize the
procedure of the washing step and to promote the reduced use
of antibiotics, especially P/S, as this has been demonstrated to
have negative effects on stem cells’ functional states. We propose
Frontiers in Oncology | www.frontiersin.org 11139
an easy-to-apply tissue washing protocol with a Primocin-
containing solution as a step performed prior to CRC organoid
generation in order to avoid microbial contamination.
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Regina M. Koch2, Jose G. Trevino4, Hidayatullah G. Munshi5,6 and Ajay Rana2,6*
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Medicine, Gainesville, FL, United States, 4 Department of Surgery, Division of Surgical Oncology, Virginia Commonwealth
University, Richmond, VA, United States, 5 Department of Medicine, Feinberg School of Medicine, Northwestern University,
Chicago, IL, United States, 6 Jesse Brown VA Medical Center, Chicago, IL, United States

Transforming Growth Factor b (TGFb) is a key mediator of immune evasion in pancreatic
ductal adenocarcinoma (PDAC), and the addition of TGFb inhibitors in select
immunotherapy regimens shows early promise. Though the TGFb target SMAD4 is
deleted in approximately 55% of PDAC tumors, the effects of SMAD4 loss on tumor
immunity have yet to be fully explored. Using a combination of genomic databases and
PDAC specimens, we found that tumors with loss of SMAD4 have a comparatively poor
T-cell infiltrate. SMAD4 loss was also associated with a reduction in several chemokines
with known roles in T-cell recruitment, which was recapitulated using knockdown of
SMAD4 in PDAC cell lines. Accordingly, JURKAT T-cells were poorly attracted to
conditioned media from PDAC cells with knockdown of SMAD4 and lost their ability to
produce IFNg. However, while exogenous TGFb modestly reduced PD-L1 expression in
SMAD4-intact cell lines, SMAD4 and PD-L1 positively correlated in human PDAC
samples. PD-L1 status was closely related to tumor-infiltrating lymphocytes, particularly
IFNg-producing T-cells, which were more abundant in SMAD4-expressing tumors. Low
concentrations of IFNg upregulated PD-L1 in tumor cells in vitro, even when administered
alongside high concentrations of TGFb. Hence, while SMAD4 may have a modest
inhibitory effect on PD-L1 in tumor cells, SMAD4 indirectly promotes PD-L1 expression
in the pancreatic tumor microenvironment by enhancing T-cell infiltration and IFNg
biosynthesis. These data suggest that pancreatic cancers with loss of SMAD4
represent a poorly immunogenic disease subtype, and SMAD4 status warrants further
exploration as a predictive biomarker for cancer immunotherapy.

Keywords: pancreatic ductal adenocarcinoma (PDAC), transforming growth factor b (TGFb), interferon g (IFNg),
programmed death-ligand 1 (PD-L1), tumor mircorenvironment, tumor immunology
Abbreviations: PDAC, Pancreatic Ductal Adenocarcinoma; TGFb, Transforming Growth Factor b; IFNg, interferon g; PD-L1,
Programmed Death-Ligand 1; Dmmr, deficient in DNA mismatch repair, MSI-H, high microsatellite instability.
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INTRODUCTION

Progress in immunotherapy for pancreatic cancer has been
difficult. Though immune checkpoint inhibitors (ICIs) have
shown therapeutic efficacy in several solid tumors (1–7),
clinical trials exploring such approaches in pancreatic cancer
have been mostly disappointing, with few showing significant
anti-tumor activity (8). There is a notable exception for a
particular genomic subgroup of PDAC patients, namely those
deficient in DNA mismatch repair. This results in the
accumulation of DNA mismatches, which manifest as a
microsatellite instability-high (MSI-H) phenotype. The
increased mutational burden in MSI-H patients leads to a
corresponding increase in the presence of abnormal peptides,
many of which are processed and presented as tumor antigens,
conferring an increased sensitivity to ICIs (9). Though patients
with MSI-H PDAC have derived clinical benefit from ICIs in
clinical trials (10), less than 1% of PDAC patients are deficient in
mismatch repair, and the majority will not benefit from such an
approach (11).

While there is emerging evidence to support additional
genomic subtypes of PDAC (12), this has yet to influence
either clinical practice or the design of clinical trials exploring
immunotherapy in PDAC. Though KRAS mutations are
ubiquitous in human PDAC tumors, subsequent mutations are
highly varied (13). Among the most frequently altered genes in
PDAC is SMAD4, a tumor suppressor dispensable for normal
pancreas development but critical for pancreatic cancer
progression (14). SMAD4, also known as deleted in pancreatic
carcinoma 4 or DPC4, is located on chromosome 18q21 and
inactivated in roughly 55% of pancreatic cancers. This occurs
either by homozygous deletion (30% of patients) or by intragenic
mutations and subsequent loss of heterozygosity (25% of
patients) (15). SMAD signaling is a key mediator of the
canonical transforming growth factor b (TGFb) pathway, with
important and often contradictory roles in PDAC (16, 17).

In addition to its well-documented effects on tumor cells,
TGFb signaling is emerging as a central mediator of the tumor
microenvironment, promoting cancer-associated fibrosis and
impeding the effector function of cytotoxic T-lymphocytes (16,
18). Accordingly, TGFb signaling has been suggested as a key
and potentially actionable barrier to the therapeutic efficacy of
ICIs in PDAC, particularly when combined with chemotherapy
(19, 20). However, though half of PDAC patients will exhibit
genetic loss of TGFb/SMAD signaling in the tumor epithelium,
the corresponding alterations in the pancreatic tumor immune
microenvironment have yet to be described.

Using a combination of publicly available genomic databases
and primary PDAC specimens, we determined that tumors with
loss of SMAD4 are poorly immunogenic, with poor T-cell
infiltration and a reduction in several chemokines with central
roles in T-cell trafficking and effector function. Similarly,
conditioned media from PDAC cell lines with ablation of
SMAD4 reduced T-cell activation and limited T-cell production
of interferon g (IFNg) in vitro. Additionally, we found that
activation of TGFb/SMAD4 signaling modestly reduced tumor
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cell expression of PD-L1 in vitro; however, SMAD4 and PD-L1
positively correlated in PDAC patient samples.

Notably, we found that PD-L1 status was strongly associated
with the degree of tumor-infiltrating lymphocytes, particularly
T-cells that stained positive for IFNg. Low concentrations of
IFNg strongly upregulated PD-L1 in tumor cells in vitro, even
when administered alongside high concentrations of TGFb.
Hence, while SMAD4 signaling may modestly reduce PD-L1
expression in tumor cells, SMAD4 functions as an indirect
inducer of PD-L1 by enhancing the recruitment of tumor-
infiltrating IFNg-producing T-lymphocytes. Overall, these data
suggest that pancreatic cancers with loss of SMAD4 represent a
poorly immunogenic molecular subtype, with a relative lack of
T-cell infiltration and limited expression of PD-L1. Thus, as
immunotherapy advances in the treatment of PDAC, SMAD4-
status may warrant consideration as a predictive biomarker for
drug responses, particularly those targeting PD-L1/PD-
1 signaling.
MATERIALS & METHODS

Antibodies
All antibodies were purchased from established commercial
vendors and were verified by the manufacturer for the specific
species and applications for which they were used. A complete
list of all antibodies used as well as the vendor, clone, and
product numbers can be found in Table S1.

Genomic Database Analysis
As described in our previous studies (20, 21), the provisional
TCGA patient dataset (N=186) was downloaded (https://
tcgadata.nci.nih.gov/tcga/) and visualized using cBioPortal for
Cancer Genomics as described in the original references (22, 23).
Genetic analyses were restricted to the 149 fully sequenced
tumors, and mRNA values for each gene were determined by
comparing RNASeq V2 data in cBioPortal from the
rsem.genes.normalized_results file from TCGA microarray data
to the gene’s expression distribution in a reference population.
All mRNA expression values are plotted in log scale unless
otherwise noted, and are displayed with the associated p and
Spearmen (S) coefficient values, as well as their respective p
values and/or false discovery rate adjusted p vales (q value). For
putative copy number alterations, levels of expression are derived
from GISTIC/RAE copy-number analysis algorithms and
indicate the copy-number level per gene by applying low- and
high-level thresholds to the gene copy levels of all the samples.

Cell Culture
Human pancreatic cancer cells (PANC-1 and MIA PaCa-2) were
cultured in DMEM supplemented with 10% heat-inactivated
FBS, penicillin (100U/mL), and streptomycin (100mg/ml).
AsPC-1 and BxPC-3 cells were grown in RPMI 1640
supplemented with 10% heat-inactivated FBS, penicillin (100U/
mL), and streptomycin (100mg/ml). CaPan-1 cells were grown in
IMDM1 supplemented with 10% heat-inactivated FBS, penicillin
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(100U/mL), and streptomycin (100mg/ml), and CaPan-2 cells in
McCoy’s 5a Medium also supplemented with 10% heat-
inactivated FBS, penicillin (100U/mL), and streptomycin
(100mg/ml). Non-malignant HPNE cells were grown in a
mixture of modified DMEM and M3 base medium
supplemented with 10% heat-inactivated FBS, 10ng/ml human
recombinant epidermal growth factor (EGF), penicillin (100U/
mL), and streptomycin (100mg/ml). JURKAT cells were
maintained in RPMI 1640 medium supplemented with 10%
FBS, 1mM L-glutamine, penici l l in (100U/mL), and
streptomycin (100mg/ml). Cell lines were purchased from the
ATCC, used within six months, and kept under passage 10. All
cell lines tested negative for mycoplasma via PCR within 6
months of use.

DNA and RNA Transfection
SMAD4 siRNA (ON-TARGETplus Human SMAD4 siRNA,
Catalog ID:L-003902-00-0010, Dharmacon, Lafayette, CO) was
reconstituted in nuclease free water per manufacturer
specification, delivered at 10nM in RNAiMAX transfection
reagent (Invitrogen Waltham, MA), and all knockdowns
validated via western blotting after 24 hours. The pRK DPC4
Flag (SMAD4WT) plasmid has been previously reported (24), and
was purchased from Addgene (Watertown, MA, plasmid #12627;
http://n2t.net/addgene:12627; RRID: Addgene_12627),
expanded in bacterial culture, purified using the Qiagen
miniprep kit (Qiagen, Hilden, Germany), and used at a final
concentration of 4mg per each well of a 6-well plate.

qPCR
Quantitative gene expression was performed with gene-specific
TaqMan probes, TaqMan Universal PCR Master Mix, and the
7500 Fast Real-time PCR System from Applied Biosystems
(Foster City, CA). These data were quantified with the
comparative CT method for relative gene expression as
described in our previous study (22).

Western Blot
Cells were lysed in RIPA buffer and homogenized by sonication.
Equal amounts of protein (15–50 mg) were mixed with loading
dye, boiled for 8 minutes, separated on a denaturing SDS–PAGE
gel and transferred to a PVDF membrane. The membrane was
blocked in 5% milk/TBS/0.1% Tween for 1 hour and incubated
with antibodies against pSMAD2 (Cell Signaling, Danvers, MA,
USA), SMAD4, GAPDH (Santa Cruz Biotech, Santa Cruz, CA,
USA), PD-L1, or HLA-A, B, C (abcam, Cambridge, MA). The
membrane was washed with TBS-0.1% Tween and then incubated
with HRP conjugated secondary antibody (Cell Signaling) at
room temperature for 1 hour and rewashed. Protein bands
were visualized by an enhanced chemiluminescence method
(Thermo, Waltham, MA, USA) and resolved digitally per the
manufacturer’s specifications.

Histology, Immunohistochemistry, and
Immunofluorescence
Tissues were fixed in 10% formalin, paraffin-embedded, and
sections at 4mm interval were cut from each tissue, and stained
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with hematoxylin and eosin (H&E), or via immunohistochemistry
(IHC) or immunofluorescence (IF). For immunohistochemistry,
slides were deparaffinized by xylenes and rehydrated by ethanol
gradient, then heated in a pressure cooker using DAKO retrieval
buffer (DAKO, Santa Clara, CA). Endogenous peroxidases were
quenched in 3% hydrogen peroxide in methanol for 30 minutes.
Tissues were blocked with 0.5% BSA in PBS for 30 minutes and
incubated with primary antibodies against: SMAD4, CD3 (Santa
Cruz), CD45, or PD-L1 (Cell Signaling) at 1:50–1:200 overnight at
4°C. Slides were developed using HRP-conjugated secondary
antibodies followed by DAB substrate/buffer (DAKO).

For immunofluorescence, slides were heated via pressure
cooker in DAKO retrieval buffer and tissues blocked with 0.5%
BSA in PBS for 1 hour at room temperature. Sections were
exposed to primary antibodies against CK19 (University of Iowa
Hybridoma Bank), E-Cadherin (Cell Signaling), CD3, (Santa
Cruz), or IFNg (abcam) at 1:50–1:200 overnight at 4°C. Slides
were developed using AlexaFluor 488- or 594-conjugated
secondary antibodies (1:200–1:1,000, abcam), mounted in
DAPI-containing media (Santa Cruz Biotechnology), exposed
to DAPI, FITC, and Texas Red filters.
Microscopy
All images were acquired using a Nikon 40x-400x Epi-
Fluorescent Inverted Microscope with Phase Contrast Kit and
Nikon bright-field camera attachment. Negative slides were used
for white balance, and for all images no analog or digital gain was
used. For fluorescent imaging, we used positive control slides for
each experiment and auto-exposed slides using Nikon NIS
elements software using a gain setting of zero. Gain was
similarly set to zero and LUTs were used to reduce
background based on negative control slides. These LUT values
and exposure times were standardized and used for all other
similarly stained slides. Images were superimposed also using
Nikon NIS elements software.
Tissue Slide Counts, Scores, and
Measurements
All counts were performed by a minimum of three blinded
investigators and each value displayed includes the average of
minimum of three high power fields per specimen. All counts
from each investigator were averaged and value distributions
were visualized via Minitab express software, showing the
median value as a solid line, as well as each quartile of all
additional values excluding any statistical outliers.

Flow Cytometry
JURKAT cells were washed in PBS, incubated with a Golgi plug/
protein transport inhibitor (BD biosciences, San Jose, CA), and
stained with CD69-APC (BioLegend, San Diego, CA) and an
Alive/Dead kit (Invitrogen, Grand Island, NY) at 1:200-1:1000 in
PBS at room temperature for 40 minutes. Cells were then fixed
with 1% PFA in PBS for 10 minutes at room temperature, and
select groups stained with anti-IFNg-PE (BioLegend, San Diego,
CA) at 1:100 in perm/stain buffer (BD biosciences) for 30
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minutes over ice and washed three times with perm/wash buffer
(BD biosciences). Cells were analyzed with a BD Fortessa
Cytometer, gating exclusively to cells within acceptable FSC/
SSC parameters. All subsequent flow plots correspond to live,
single cells based on Live/Dead assay and SSC-W gating, and are
representative of 100,000 events unless otherwise stated. High
and low populations were identified based on the geometric
mean of the control group, based on unstained and isotype
controls for each antibody. All other experiments were compared
to both unstained, single cell, and isotype controls.

Study Approval
All experiments involving the use of human specimens were
performed using a PDAC tumor microarray described previously
(18, 19), with tissues were obtained in a de-identified manner
from patients who provided fully informed consent and
following local IRB approval at Northwestern University, or
from the University of Florida, also following local IRB
approval and from fully consenting patients.

Statistical Analysis
Data were analyzed by either Student’s T-test, hazard ratio test,
simple linear regression analysis, or ANOVA fit to a general
linear model in Minitab express, the validity of which was tested
by adherence to the normality assumption and the fitted plot of
the residuals. Results were arranged by the Tukey method, and
considered significant at p < 0.05 unless otherwise noted. Results
are presented as either boxplot showing the median value and all
other values arranged into quartiles, individual value plot
showing the median value, or as the mean of individual
replicates plus standard deviation.
RESULTS

Tumors With Loss of SMAD4 Display
Reduced Lymphocyte Infiltration
Independent of Neoadjuvant
Chemotherapy Status
To identify potential immunologic differences between SMAD4-
expressing and SMAD4-nonexpressing tumors, we first
evaluated the TCGA genomic database of pancreatic cancer
patients (N=186). For the 149 patients with fully sequenced
tumors, 71 (47.7%) had a presumptive loss of SMAD4, either
through an inactivating genetic mutation (14.8%), copy number
deletion (9.4%), mRNA downregulation (2.0%), or more than
one of these alterations (21.5%) (Figures S1A, B). Consistent
with previous reports (23), patients with any SMAD4 alteration
had poorer progression-free survival (PFS) when compared to
those without SMAD4 alteration (Figure S1C).

We next evaluated the comparative expression of several
immune-associated genes within these groups and determined
that patients with wild type SMAD4 had a highly significant
increase in mRNA expression of the pan T-cell markers CD3E
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and CD3G (Figures S1D, E). Similarly, SMAD4 wild-type
patients also had increased mRNA expression of the cytotoxic
T-cell surrogates CD8A and CD8B (Figures S1F, G). SMAD4
was strongly associated with mRNA expression of GranzymeB
(GZMB) and Perforin (PRF1), two functional markers of T-cell
mediated cytotoxicity (Figures S1H, I). We also determined the
relationship between SMAD4 mRNA expression and CD3E,
CD8A, or PRF1 mRNA and found that each has a significant
positive association with SMAD4 (Figures S1J-L). We observed
similar results regarding mRNA expression of the Type 2 TGFb
Receptor (TGFBR2), which was also positively associated with
several T-cell surrogates and markers of T-cell mediated
cytotoxicity (Figures S2A-F).

Additionally, SMAD4 mRNA expression was strongly
associated with that of the natural killer cell marker NCAM1
(CD56) (Figure S3A). We did not find a significant association
between SMAD4 expression and that of the macrophage
surrogate CD68 (Figure S3B), only a modest association with
the dendritic cell marker ITGAX (CD11c) (Figure S3C), and no
association with the neutrophil-associated marker CEACAM8
(CD66b) (Figure S3D). However, SMAD4 expression was
positively associated with B-cell markers CD19 and MS4A1
(CD20) (Figures S3E, F).

Given the limitations of using bulk tumormRNA sequencing data
from publicly available datasets, we next explored the relationship
between SMAD4 expression and tumor immunogenicity in
36 human PDAC excisional biopsies. Eighteen of these patients
were chemotherapy naïve at the time of surgery, and 18 had
received neoadjuvant Gemcitabine-based chemotherapy. Clinical
characteristics describing this patient cohort are shown in
Table S2. Tissues were sectioned and stained either with H&E or
by immunohistochemistry for SMAD4, the pan-leukocyte marker
CD45, or the T-cell lineage marker CD3 (Figure 1A). By IHC,
SMAD4 was detected in 10/18 (44%) of chemotherapy-naïve PDAC
tumors and 9/18 (50%) of chemotherapy-treated PDAC tumors
(Figures 1B, C). CD45+ tumor-infiltrating leukocytes were highly
varied across all tumor specimens but were slightly elevated in
tumors treated with neoadjuvant chemotherapy, as were cells that
stained positive for CD3 (Figures 1D, E). Much like those in the
TCGA dataset, SMAD4-expressing human PDAC tumors had a
higher median expression of CD45+ cells independent of
neoadjuvant chemotherapy (Figures 1F, G), with similar results
observed with CD3+ T-cells (Figures 1H, I).

SMAD4 Expression and Increased T-Cell
Infiltration Predict for Better Overall
Survival in PDAC Patients
To determine the prognostic significance of these observations,
we next evaluated the relationship between SMAD4 status, T-cell
infiltration, and overall survival in our patient cohort. In this
group of patients, the median overall survival after surgery was
22.85 months. Those with intact SMAD4 expression
demonstrated a significant survival advantage compared to
those with presumptive loss of SMAD4 (Figure 2A). However,
this did not achieve statistical significance when separating
patients by treatment status, most likely due to the reduced
January 2022 | Volume 12 | Article 806963
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sample size in each group (Figures 2B, C). Patients with high
(above the median value) T-cell infiltration demonstrated a
highly significant survival advantage, which was statistically
significant even when grouping patients by treatment status
(Figures 2D–F).

Overall survival was not significantly affected by natal sex, the
type of surgery administered, the size of the primary tumor, nor
Frontiers in Oncology | www.frontiersin.org 5146
tumor differentiation on pathologic evaluation (Figure S4A-D).
Survival was significantly affected by the degree of lymph node
involvement, as patients with node-negative disease had
significantly improved overall survival compared to those with
lymph node involvement (Figure S4E). Outcomes did not
significantly differ between patients that did and did not
receive neoadjuvant treatment (Figure S4F).
A

B D E

F G IH

C

FIGURE 1 | Tumors with loss of SMAD4 display reduced lymphocyte infiltration independent of neoadjuvant chemotherapy status. (A) Excisional biopsies from 36
PDAC patients were sectioned and stained either with H&E or via immunohistochemistry for SMAD4, the pan-leukocyte antigen CD45, or T-cell marker CD3 and
representative images shown for each from either chemotherapy naïve patients (N=18) or patients who had received neoadjuvant Gemcitabine-based chemotherapy
(N=18). (B, C) The percent of patients from either the chemo-naïve or neoadjuvant Gemcitabine group that was either SMAD4-expressing (SMAD4+) or SMAD4-non-
expressing (SMAD4-). (D, E) The number of CD45+ or CD3+ cells per 40X field was quantified by three blinded investigators, related to chemotherapy status, and
displayed as an individual value plot. Using these values, the number of CD45 positive cells was next related to SMAD4 status in either (F) the chemo naïve group or
(G) the neoadjuvant Gemcitabine group and displayed as an individual value plot. (H, I) The number of CD3+ T-cells were quantified as described and related to
SMAD4 status in either the chemo-naïve group or the neoadjuvant Gemcitabine group and displayed as an individual value plot. (*p < 0.05).
January 2022 | Volume 12 | Article 806963
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Loss of SMAD4 Impairs CCL, CXCL,
and IL-Family Cytokine Synthesis in
PDAC Cells
Given the apparent alteration in the immunogenicity of SMAD4-
expressing and non-expressing tumors, we next revisited the
TCGA cohort of PDAC patient mRNA samples and explored
the relationship between expression of SMAD4 and that of the
known CCL/CXCL family chemokines and interleukin family
cytokines. Consistent with an overall increase in tumor
immunogenicity, SMAD4 mRNA had significant (FRD adjusted
p value > 0.05) positive associations with CCL2, 4, 5, 8, 11, 14, 16,
17, 19, 21, 22, 23, and 25 (Table S3). SMAD4 was less frequently
correlated with CXCL-family members, with significant positive
associations with CXCL9, 12, and 13, and significant inverse
associations with CXCL16 and 17 (Table S3). The relationship
between SMAD4 and interleukin family cytokines was more
varied, with significant positive associations between SMAD4
and IL2, 6, 10, 12A, 12B, 13, 15, 16, 17F, 17D, 24, 26, 33, and 34.
SMAD4 had significant negative associations with IL1A, 17C, 18,
36G, and 36B (Table S3).

To determine whether loss of SMAD4 has a direct effect on
tumor cytokine synthesis, we first used the established SMAD4-
intact PDAC cell line PANC-1. PANC-1 cells were incubated
with either a control siRNA (siControl) or siRNA directed
against SMAD4 (siSMAD4). After 24 hours, cells were treated
with either a saline vehicle or 10ng/mL of recombinant TGFb1.
Following another 24 hours, cells were lysed and subjected to a
high throughput array of 105 human immunoregulatory proteins
(Figure S5A). After normalizing to reference samples, we
identified consistent alterations to the secretome of tumor cells
Frontiers in Oncology | www.frontiersin.org 6147
treated with TGFb1, with highly significant increases in the
expression of CCL3, 5, 6, 11, 12, 17, 19, 20, 21, and 22.
However, this was not observed in siSMAD4 cells treated with
TGFb1, which only displayed a modest increase in CCL17 and
21 (Figure 3A).

We observed similar results regarding CXCL and IL family
members, with TGFb1 leading to substantial increases in
CXCL1, 2, 3, 8, 9, 10, 11, 13, and 16, as well as IL-1a, 1b, 2, 3,
4, and 6. Again, this was not observed in siSMAD4 cells treated
with TGFb1, where we found only modest increases in CXCL3,
8, 13, 16, IL-1a, and IL-2 (Figure 3B). Beyond the effects on CCL
and CXCL family chemokines, TGFb1 also led to significant
SMAD-dependent alterations to additional immunomodulators,
including a nearly 30-fold increase in the co-stimulatory surface
protein CD40L, as well as similarly significant increases in
inflammatory cytokines such as G-CSF, M-CSF, TNFa, and
IFNg (Figure 3C).

We repeated this experiment using the poorly TGFb-
responsive cell line MIA PaCa-2, which has low expression of
TGFBR2 and is refractory from TGFb-induced cell cycle arrest
(25, 26). However, these cells express other TGFb receptors, and
recent reports suggest that they are at least partly TGFb-
responsive, undergoing SMAD2 phosphorylation on TGFb
stimulation (25, 26). In our hands these cells indeed have low,
but not zero, TGFBR2 expression (Figure S5B). Accordingly,
exogenous TGFb had a more modest effect on cytokine profiling,
though the few cytokines induced by TGFb were mitigated in
cells with SMAD4 knockdown (Figure S5C).

To determine whether this corresponds to an increase in T-
cell chemotaxis, we conducted migration assays using
A B

D E F

C

FIGURE 2 | SMAD4 expression and increased T-cell infiltration predict for improved overall survival in PDAC patients. Kaplan-Meier curve indicating months of
overall survival following surgical resection for a cohort of 36 patients arranged by: (A) SMAD4 status determined by immunohistochemistry, (B) SMAD4 status for
only the patients that received no neoadjuvant therapy, (C) SMAD4 status for only the patients that received neoadjuvant Gemcitabine-based chemotherapy,
(D) Patients above or below the median value for CD3+ T-cells per high power field, (E) T-cells status for only the patients that received no neoadjuvant therapy,
(F) T-cells status for only the patients that received neoadjuvant Gemcitabine-based chemotherapy.
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immortalized JURKAT T-cells and PANC-1-conditioned media.
JURKAT cells were starved of growth supplements overnight,
seeded in transwell chambers in serum-free media, and
introduced to conditioned media from either PANC-1 cells
treated with either siControl or siSMAD4, both with and
Frontiers in Oncology | www.frontiersin.org 7148
without 10ng/mL TGFb1. We found that JURKAT cells were
modestly attracted to media conditioned with siControl-treated
PANC-1 cells for 24 hours compared to control media. JURKAT
cells were strongly attracted to the conditioned media of PANC-
1 cells stimulated with 10ng/mL TGFb1. Contrastingly, JURKAT
A

B

C

FIGURE 3 | Loss of SMAD4 impairs CCL, CXCL, and IL-family cytokine synthesis in PDAC cells. An equal number of PANC-1 cells were seeded into 6-well plates
and incubated either with a control siRNA (siControl) or siRNA against SMAD4 (siSMAD4). After 24 hours, cells were treated with either a saline vehicle or 10ng/mL
of recombinant TGFb1. Following another 24 hours, cells were incubated with a protein transport inhibitor for one hour, lysed, and 200mg of total cell lysate was
evaluated by a high throughput proteome profiler array (ARY022B). Pixel density was evaluated using ImageJ, and samples normalized to the mean intensity of the
reference spots for each blot minus the background density. Values are presented as fold change for (A) CCL family cytokines/chemokines, (B) CXCL and IL family
cytokines/chemokines, (C) additional immunomodulatory proteins. (*p < 0.05).
January 2022 | Volume 12 | Article 806963
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cells were poorly attracted to the conditioned media of PANC-1
administered siSMAD4, which was not significantly enhanced by
the addition of TGFb1 (Figure S5D).

JURKAT T-Cells Remain Refractory From
Full Activation When Grown in Conditioned
Media From SMAD4-Deficient Tumor Cells
To determine whether the observed SMAD4-dependent
alterations in cytokine and chemokine production correspond
to changes in T-cell activation, we again utilized PANC-1 tumor
cells, which were incubated with either a control siRNA
(siControl) or siRNA against SMAD4 (siSMAD4). After 24
Frontiers in Oncology | www.frontiersin.org 8149
hours, cells were stimulated with 10ng/mL of recombinant
TGFb1, and media was changed to serum-free DMEM four
hours later. These media were collected after another 24 hours,
supplemented with 10% FBS and 2ml/mL ImmunoCult Human
CD3/CD28 T-Cell Activator, and administered to 1 million
serum-starved JURKAT T-cells. After 24 hours, these JURKAT
cells were analyzed for T-cell activation by flow cytometry for the
activation markers CD69 and IFNg.

While JURKAT T-cells were able to remain predominantly
active in the presence of conditioned media from PANC-1 cells
treated with siControl, we observed a substantial reduction in
CD69+ and IFNg+ expressing cells for those grown in
A B

D E

F

C

FIGURE 4 | JURKAT T-cells remain refractory from full activation when grown in conditioned media from SMAD4-deficient tumor cells. (A) PANC-1 tumor cells were
incubated with either a control siRNA (siControl) or siRNA against SMAD4 (siSMAD4) and stimulated with 10ng/mL of recombinant TGFb1 after 24 hours. Four hours
after treatment, media was changed to serum-free DMEM and collected after another 24 hours. This media was supplemented with 10% FBS and 2ml/mL ImmunoCult
Human CD3/CD28 T Cell Activator and administered to 1 million serum-starved JURKAT T-cells. After 24 hours, JURKAT cells were collected, incubated with a protein
transport inhibitor for one hour, and analyzed for T-cell activation by flow cytometry for the activation markers CD69, IFNg, or CD69 and IFNg. (B) The modal expression
of CD69 and IFNg is displayed as a histogram plot. (C) Using the described gating, the relative percent of CD69+ and IFNg+ events are plotted, as are the absolute
number of each per 10,000 events (*p < 0.05). (D) MIA PaCa-2 tumor cells were incubated with either a siControl or siSMAD4, treated similarly, and media collected as
described. This media was supplemented with 10% FBS and 2ml/mL ImmunoCult Human CD3/CD28 T Cell Activator, and administered to 1 million serum-starved
JURKAT T-cells, which were analyzed by flow cytometry as described previously. (E) The modal expression of CD69 and IFNg is displayed as a histogram plot. (F)
Using the described gating, the relative percent of CD69+ and IFNg+ events are plotted, as are the absolute number of each per 10,000 events. (*p < 0.05).
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conditioned media from PANC-1 cells treated with siSMAD4
(Figures 4A–C, S6). We repeated these experiments using
conditioned media from similarly treated MIA PaCa-2 cells.
We again found that JURKAT cells incubated in conditioned
media from MIA PaCa-2 cells administered siControl
maintained robust CD69 and IFNg expression after 24 hours,
which was reduced in JURKAT cells grown in conditioned media
from MIA PaCa-2 treated with siSMAD4 (Figures 4D–F).

TGFb/SMAD Signaling Downregulates PD-
L1 Expression In Vitro, Yet SMAD4-Intact
Tumors Have Higher Expression of PD-L1
In Vivo
To determine the impact of SMAD4 loss on additional immune
cel l processes , particularly those related to cancer
immunotherapy, we next explored the relationship between
SMAD4 and PD-L1 in vitro, first evaluating the basal
expression of PD-L1 in a variety of established PDAC cell
lines. While all tumor cell lines had increased PD-L1
expression compared to non-malignant HPNE cells, PD-L1
expression was highest in BxPC-3 cells with homozygous
deletion of SMAD4 and AsPC-1 cells harboring an inactivating
SMAD4 mutation (Figure 5A). Interestingly, despite reduced
levels of functionally intact SMAD4, CaPan-2 cells had relatively
low levels of PD-L1 (Figure 5A). We observed similar results
regarding HLA-A,B,C, with particularly low levels of expression
in BxPC-3 and AsPC-1 cells (Figure 5A).

Using PANC-1 cells as a model of SMAD4-intact PDAC and
both BxPC-3 and AsPC-1 cells as a model of SMAD4-deficient
PDAC, we next incubated tumor cells with 10ng/mL
recombinant TGFb1 for 24 hours and evaluated the expression
of PD-L1 by western blot. In PANC-1 cells, TGFb led to
significant downregulation of PD-L1 (Figure 5B), though
TGFb did not affect PD-L1 expression in either BxPC-3 or
AsPC-1 cells (Figures 5C, D). We next used the SMAD4-
expressing PANC-1 and MIA PaCa-2 PDAC cell lines and
administered either siControl or siSMAD4. After 24 hours,
CD274 mRNA was evaluated by qPCR. In both cell lines, we
observed a significant reduction in CD274 mRNA in both
PANC-1 and MIA PaCa-2 cells 24 hours after administration
of siSMAD4 (Figure 5E).

To determine whether TGFb-induced suppression of PD-L1
is indeed SMAD4-dependent, we next administered PANC-1
and MIA PaCa-2 cells either siControl or siSMAD4 as described.
After 24 hours, cells were then incubated with 10ng/mL TGFb1
and evaluated by western blot after an additional 24-hour period.
As previously, exogenous TGFb1 led to the repression of PD-L1
expression in PANC-1 cells incubated with the siControl control,
yet failed to repress PD-L1 in cells incubated with siSMAD4
(Figure 5F). Despite the limited TGFBR2 expression in the in
MIA PaCa-2 cell line, high dose TGFb1 still modestly reduced
PD-L1 expression by western blot, which was not observed in
cells with siSMAD4 (Figure 5G). We next performed a similar
experiment restoring SMAD4 expression in BxPC-3 cells using a
wild-type SMAD4 plasmid (SMAD4WT). Cells were transfected
and, after 24 hours, incubated with 10ng/mL TGFb1. Cells were
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lysed after another 24 hours, and PD-L1 expression was analyzed
by western blot. As previously, exogenous TGFb1 did not affect
PD-L1 expression in BXPC-3 cells. However, following the
restoration of SMAD4 expression, exogenous TGFb1 effectively
repressed PD-L1 (Figure 5H).

We next explored the relationship between SMAD4 and PD-
L1 expression in vivo, first using the TCGA cohort as described
previously. Interestingly, we observed a comparative increase in
CD274mRNA expression in patients with SMAD4-intact tumors
compared to those with presumptive loss of SMAD4 (Figure 5I),
paralleled by a highly significant, positive association between
SMAD4 and CD274 mRNA expression (Figure 5J). Using the
aforementioned cohort of 36 excisional biopsies, we stained
tissues for PD-L1 and related this to SMAD4 status
(Figure 5K), as well as analyzed the relationship between these
two proteins using a separate cohort of 44 archived specimens
with 14 adjacent non-malignant tissues that had previously been
stained for SMAD4 (18) and PD-L1 (19). In these tissues, PD-L1
was expressed in 2/14 (14.3%) adjacent non-malignant tissues,
26/44 (59.1%) archived PDAC tissues (Cohort A), and 19/36
(52.8%) specimens from the most recent group of 36 patients
(Cohort B). When PDAC cohorts were combined, PD-L1 was
expressed in 45/80 (56.3%) PDAC tissues. SMAD4 was expressed
in 13/14 (92.9%) adjacent non-malignant samples, 20/44 (45.5%)
PDAC samples in cohort A, 19/36 (52.8%) in cohort B, and 39/80
(48.8%) in the combined PDAC cohort.

Of the 20 patients in cohort A that expressed SMAD4, 16
(80%) also expressed PD-L1, whereas only 4 (20%) did not.
Conversely, of the 24 patients without detectable SMAD4
expression, only 10 (41.7%) expressed PD-L1 (Figure 5L). We
observed similar results in cohort B, where 14/19 (73.7%)
patients with expression of SMAD4 also had expression of
PD-L1, compared to only 5/17 (29.4%) patients in the
SMAD4-negative group (Figure 5M). Combined, 30 of 39
(76.9%) of SMAD4-expressing patients were positive for PD-
L1, compared to 15 of 41 (36.6%) of SMAD4-nonexpressing
patients (Figure 5N).
IFNg Overcomes the Inhibitory Effects of
TGFb/SMAD Signaling on PD-L1
expression Both In Vivo and In Vitro
Though our in vitro data appear to suggest that SMAD signals
impede PD-L1 expression, SMAD4 and PD-L1 expression are
positively associated in human PDAC specimens. Given that the
relationship between SMAD4 was highly predictive for both PD-
L1 expression and increased lymphocyte infiltration, we also
evaluated the association between PD-L1 and tumor-infiltrating
lymphocytes. In both patient cohorts, tissues that stained positive
for PD-L1 had a comparative increase in tumor-infiltrating
lymphocytes (Figure 6A). We found a similar relationship
using the TCGA dataset, where CD274 positively correlated
with mRNA expression of T-cell surrogate markers CD3E and
CD3G (Figures 6B, C), as well as that of the IFNg gene IFNG
(Figure 6D). Expression of both CD3E and CD3G was closely
related to that of IFNG (Figures 6E, F), and consistent with our
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FIGURE 5 | TGFb/SMAD signaling downregulates PD-L1 expression in vitro, yet SMAD4-intact tumors have higher expression of PD-L1 in vivo. (A) Non-
malignant HPNE cells and human PDAC cell lines PANC-1, MIA PaCa-2, CaPan-1, CaPan-2, BxPC-3, and AsPC-1 were lysed and analyzed for basal
expression of SMAD4, PD-L1, and HLA-A,B,C by western blot. (B-D) PANC-1, BxPC-3, and AsPC-1 cells were incubated with either a saline vehicle or
10ng/mL of recombinant TGFb1 and evaluated after 24 hours by western blot. (E) PANC-1 and MIA PaCa-2 cells were incubated with either a control
siRNA (siControl) or siRNA against SMAD4 (siSMAD4), and after 24 hours, CD274 (PD-L1) mRNA was evaluated by qPCR. (F, G) PANC-1 and MIA PaCa-2
cells were incubated with either siControl or siSMAD4 and, after 24 hours, stimulated with 10ng/mL of recombinant TGFb1. Cells were lysed after another
24-hour period and evaluated by western blot analysis. (H) BxPC-3 cells were transfected with a wild-type SMAD4 plasmid (SMAD4WT). After 24 hours, cells
were stimulated with 10ng/mL of recombinant TGFb1 and evaluated by western blot analysis after another 24 hours. (I) Using the TCGA genomic database
of pancreatic cancer patients (N=186), the 149 fully sequenced tumors were separated into two groups: those with no SMAD4 alteration (SMAD4 wild-type
or WT), and those with presumptive SMAD4 loss via a known inactivating mutation, mRNA downregulation, and/or copy number deletion. We then
compared the mRNA expression of CD274 in each group. (J) SMAD4 mRNA expression was plotted against that of CD274. All mRNA expression values
are plotted in log scale and are displayed with the associated p and Spearmen (S) coefficient values. (K) Excisional biopsies from two cohorts of PDAC
patients (N=44 and N=36, respectively) were sectioned and stained via immunohistochemistry for SMAD4 or PD-L1. (L-N) Patients were grouped as being
either SMAD4-expressing (SMAD4+) or SMAD4-non-expressing (SMAD4-), and the percent of each group also positive for PD-L1 displayed as a pie chart.
(*p < 0.05).
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previous data, SMAD4 expression also was positively correlated
with that of IFNG (Figure 6G).

We next stained the 36 tumor specimens for IFNg by
immunohistochemistry and found that IFNg expression
Frontiers in Oncology | www.frontiersin.org 11152
localized predominantly to the CD3+ T-cell infiltrate, with
some staining also co-localizing CK19 and E-Cadherin-
expressing epithelial tissues (Figure 6H). Consistent with
TCGA data, tumor specimens with SMAD4 expression
A B
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FIGURE 6 | IFNg overcomes the inhibitory effects of TGFb/SMAD signaling on PD-L1 expression both in vivo and in vitro. (A) Excisional biopsies from 44 PDAC
patients in cohort A and 36 PDAC patients in cohort B were sectioned and stained with H&E, lymphocytes quantified per 40X field, and arranged by PD-L1 status.
(B-D) Using the TCGA genomic database of pancreatic cancer patients, CD274 mRNA expression was plotted against that of CD3E, CD3G, and IFNG. (E-G) Also,
using the TCGA genomic database, IFNG mRNA expression was plotted against that of CD3E, CD3G, or SMAD4. (H) The 36 excisional PDAC specimens from
cohort B were stained by immunohistochemistry for IFNg, as well as dual-stained for either the duct marker CK19 and IFNg, epithelial surrogate marker E-Cadherin
and IFNg, or the T-cell marker CD3 and IFNg. The percent area positive for IFNg was quantified as described and related to SMAD4 status. (I) The number of CD3
+IFNg+ cells were quantified per 40X field and arranged by both SMAD4 and PD-L1 status. (J) PANC-1 cells were incubated with 1ng/mL of recombinant IFNg in the
presence of increasing doses of recombinant TGFb1, and PD-L1 expression evaluated by western blot after 24 hours. (K) PANC-1 cells were again incubated with
either siControl or siSMAD4 and, after 24 hours, stimulated with 10ng/mL of recombinant TGFb1. This experiment was also conducted in the presence of 1ng/mL
recombinant IFNg given concurrently with TGFb1, and 24-hours after stimulation, cells were evaluated by western blot. (*p < 0.05).
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displayed a significant increase in the percent area that stained
positive for IFNg (Figure 6H), and tumors that expressed
SMAD4 or PD-L1 demonstrated a highly significant increase
in the degree of tumor-infiltrating T-cells that also stained
positive IFNg (Figure 6I).

As IFNg is a well-established inducer of PD-L1 (27), we next
sought to determine whether the increased levels of IFNg
observed in SMAD4-expressing tumors was enough to
overcome the suppressive effects of TGFb/SMAD signals on
PD-L1 expression in vitro. PANC-1 cells were first incubated
with 1ng/mL of recombinant IFNg, as well as increasing
concentrations of TGFb1 and PD-L1 levels evaluated by
western blot after 24 hours. As expected, IFNg strongly
enhanced PD-L1 expression, though this was not affected by
the addition of up to 50ng/mL TGFb1 (Figure 6J). We repeated
our previous experiment using PANC-1 cells incubated with
siControl or siSMAD4 and found that again TGFb1 modestly
reduced PD-L1 expression in a SMAD4-dependent manner in
the absence of low-dose IFNg but did not affect PD-L1 expression
in the presence of 1ng/mL IFNg, where all groups showed strong
upregulation of PD-L1 (Figure 6K).
DISCUSSION

Pancreatic cancer is associated with poor clinical outcomes, in
part attributed to limited therapeutic responses to standard
treatment regimens (28). While recent data has suggested that
there are distinct genomic subsets of PDAC tumors (29),
molecular profiling has yet to substantially impact treatment
decisions for PDAC with the exception of PARP inhibition for
tumors with loss of high-fidelity double-strand break
homologous recombination (21, 30) or the anti-PD-1 antibody
Pembrolizumab for those deficient in DNA mismatch repair
(dMMR) with high microsatellite instability (MSI-H) (10). As
these criteria will apply to very few patients, nearly all PDAC
patients are treated similarly with a combination of surgery, if
possible, and aggressive chemotherapy (28). Hence, there is a
need to identify additional molecular subtypes of PDAC in hopes
of matching these tumors to a more effective treatment strategy.
In that regard, the mutational landscape of PDAC is highly
varied (29). Though oncogenic KRAS mutations are ubiquitous
in PDAC (31), nearly half of patients harbor genetic inactivation
of the tumor suppressor gene SMAD4 (23). We have previously
identified TGFb, the upstream activator of SMAD4, as a
potential immune checkpoint in PDAC (18–20). Accordingly,
TGFb pathway inhibition is showing early promise in clinical
trial for PDAC patients, particularly when combined with
chemo- (32) or immunotherapy (33). While related trials are
ongoing (34), to our knowledge, no studies have examined
whether patients with genetic defects in the TGFb/SMAD4
signaling pathway will have alterations in local immune function.

Using a combination of publicly available genomic databases and
excisional biopsies, we determined that the loss of SMAD4 is
associated with the impaired recruitment of a variety of leukocyte
Frontiers in Oncology | www.frontiersin.org 12153
subsets, most notably cytotoxic T-cells. As these cells are central to
the efficacy of ICIs, which are currently under investigation in PDAC,
we subsequently examined the relationship between SMAD4 and
clinically actionable immune checkpoints. While SMAD4 was
strongly associated with PD-L1 expression in genomic data and
primary PDAC specimens, TGFb suppressed PD-L1 expression in
PDAC cells in vitro in a SMAD4-dependent manner.

To explain this discrepancy, we further explored differences
between the PDAC immune microenvironment associated with
SMAD4-loss. Consistent with our in vitro results, SMAD4-
expressing tumors had a high frequency of IFNg-producing T-
cells, closely related to PD-L1 expression. As IFNg is a potent
inducer of PD-L1 expression (27), we hypothesized that the
increased expression of IFNg in SMAD4-intact tumors might
overcome the suppressive effects of TGFb/SMAD signals on PD-
L1 expression in epithelial cells. Accordingly, a low dose of
recombinant IFNg strongly upregulated PD-L1 in tumor cells,
irrespective of the presence of TGFb or SMAD4. These results
suggest that, though SMAD4 is a direct repressor of PD-L1 in tumor
cells, by enhancing the recruitment of T-cells and raising local IFNg
levels, SMAD4 functions as an indirect inducer of PD-L1.

Given these observations, it is reasonable to hypothesize that
patients with intact SMAD4 expression may be more likely to
derive clinical benefit from ICI-based therapy than those with
loss of SMAD4. However, it is important to note that though half
of patients have SMAD4-intact disease, PDAC tumors have
shown universally poor response rates to ICIs in clinical trials
(8). For example, the CTLA-4 inhibitor Ipilimumab failed to
produce any objective responses in PDAC (35), with similar
results observed using the anti-PD-L1 antibody MPDL3280A or
the anti-PD-1 antibody Pembrolizumab (36, 37). Hence, given
the results of these and similar trials, it is highly unlikely that
SMAD4 status will serve as a clinically useful, independent
predictor of therapeutic responses to single-agent ICIs.
However, select strategies combining ICIs with other treatment
modalities (e.g., chemotherapy, radiation, and targeted therapy)
are beginning to show promise in clinical trials (8). Hence,
SMAD4 may be more informative as a predictive biomarker
for such approaches, particularly in light of preclinical data
suggesting that loss of SMAD4 is associated with poor
responses to radiation (38) and chemotherapy (39).
Additionally, TGFBR2 is mutated in 4-7% of PDAC tumors
(40, 41). Given the more modest results observed in the
TGFBR2-deficient MIA PaCa-2 cell line and clinical
association between TGFBR2 mRNA and that of several T-cell
surrogates, our study suggests that PDAC tumors with complete
or partial loss of TGFBR2 may also have a poorly immunogenic
phenotype. Hence, TGFBR2 status should also be evaluated as a
potential biomarker for responses to immunotherapy in PDAC,
an associated that is now supported in lung cancer patients (42).

Beyond these more translational implications, our results also
serve as an important reminder of the limitations when using
mice and in vitro systems to study PDAC immunology.
Contrasting human PDAC tumors that have a highly variable
T-cell infiltrate, T-cells are largely excluded from the TME in the
most widely used mouse models of PDAC, which have a
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myeloid-dominant TME (43, 44). This is seemingly unaffected by
genetic or pharmacologic inhibition of TGFb/SMAD signaling,
as mouse models of PDAC with either genetic or pharmacologic
ablation fail to demonstrate a significant increase in T-cell
infiltration and display elevated levels of PD-L1 (19, 20).
Hence, in the absence of IFNg-producing T-cells, the
disruption of TGFb/SMAD signals appears to enhance PD-L1
expression similar to what was observed in cell culture.
Therefore, this study affirms the need to both refine mouse
models of PDAC and to incorporate complementary model
systems when studying immuno-oncology such as ex vivo slice
cultures, patient-derived xenografts in partially humanized mice,
and large animal models of PDAC (45–49).

Nevertheless, our results suggest that tumors with loss of
SMAD4may comprise a unique, poorly immunogenic subtype of
PDAC. Accordingly, SMAD4 status may be a clinically useful
biomarker for clinical responses to ICI-based immunotherapy
regimens, particularly when combined with additional predictors
of therapeutic responsiveness. While this would certainly pertain
to dMMR/MSI-H status, recent evidence suggests that additional
genomic alterations may also contribute to the immune
landscape in PDAC. Such examples include TP53, as it has
recently been demonstrated that loss of P53 in tumor cells
enhances the intratumoral accumulation of recruitment and
instruction of suppressive myeloid cells, which oppose anti-
cancer T-cell responses (50). Similarly, loss of the tumor
suppressor gene PTEN has been suggested to enhance immune
evasion in murine PDAC, increasing the presence of both
inflammatory myeloid cells as well as immunosuppressive
regulatory T-cells (Tregs) (51). Further, patients with CDKN2A
mutations tend to have poor T- and B-cell infiltration, an
increase in Tregs, and poor overall survival (52). Hence, as
immunotherapy continues to advance in PDAC, SMAD4
status may warrant consideration as part of a molecular panel
to predict therapeutic responses to ICIs, thereby maximizing the
success of such treatment strategies and prioritizing the use of
alternate approaches in patients unlikely to respond.
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Pancreatic ductal adenocarcinoma (PDAC) remains one of the deadliest cancers due to
low therapeutic response rates and poor prognoses. Majority of patients present with
symptoms post metastatic spread, which contributes to its overall lethality as the 4th
leading cause of cancer-related deaths. Therapeutic approaches thus far target only one
or two of the cancer specific hallmarks, such as high proliferation rate, apoptotic evasion,
or immune evasion. Recent genomic discoveries reveal that genetic heterogeneity, early
micrometastases, and an immunosuppressive tumor microenvironment contribute to the
inefficacy of current standard treatments and specific molecular-targeted therapies. To
effectively combat cancers like PDAC, we need an innovative approach that can
simultaneously impact the multiple hallmarks driving cancer progression. Here, we
present the mechanical properties generated by the cell’s cortical cytoskeleton, with a
spotlight on PDAC, as an ideal therapeutic target that can concurrently attack multiple
systems driving cancer. We start with an introduction to cancer cell mechanics and PDAC
followed by a compilation of studies connecting the cortical cytoskeleton and mechanical
properties to proliferation, metastasis, immune cell interactions, cancer cell stemness,
and/or metabolism. We further elaborate on the implications of these findings in disease
progression, therapeutic resistance, and clinical relapse. Manipulation of the cancer cell’s
mechanical system has already been shown to prevent metastasis in preclinical models,
but it has greater potential for target exploration since it is a foundational property of the
cell that regulates various oncogenic behaviors.

Keywords: PDAC, cytoskeleton, cortical mechanics, cell shape, clinical implications
INTRODUCTION

Cell Mechanics and Cancer
Cell mechanics refers to the cell’s physical properties and the mechanisms of force detection, force
production, and load bearing to generate cell shape and behavior. More broadly, cell mechanics can
encompass the application of solid and fluid concepts from physics and engineering to cells and the
larger structures they compose (1, 2). To perform essential functions, such as tissue development,
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cell division, apoptosis, and migration, cells use internal and
external stimuli to drive cell shape change and other highly
mechanical processes. Morphogenesis results from the
rearrangement of the cell’s underlying cytoskeleton, which
changes the physical properties of the cell. Cytoskeletal
rearrangement and the resulting cell shape change require
active force generation initiated by the integration of chemical
and mechanical (mechanochemical) signals. Understanding
processes involving cell shape modification will lend new
insights for the treatment of pathological states resulting from
dysfunctions in cell division, apoptosis, and migration, i.e. cancer
transformation and metastasis (3, 4).

The cortical cytoskeleton is responsible for cell shape change
and is primarily composed of actin filaments, crosslinking
proteins, and nonmuscle myosin II (NMII) filaments. The
various regulators of these proteins are also vital contributors
to morphogenesis since they control the spatiotemporal
assembly and disassembly of cytoskeletal filaments. Actin
filaments’ semi-flexible property, in addition to actin
crosslinkers, allow for the interconnected network of filaments
to form the cortical cytoskeleton and propagate mechanical
stresses around the entire cell. The molecular properties and
resulting function of the three components culminate into the
mechanical properties of cell behavior. For example, cooperative
interactions between NMII and crosslinking proteins allow these
proteins to accumulate at sites of stress along the cell cortex.
Overall cell shape change is managed through the integration of
actin filament turnover, actin crosslinking, and NMII
contractility and cooperativity (5–9).

The molecular binding affinities of the structural proteins with
each other allow the cytoskeleton to maintain a fixed structure and
resist deformation on short time scales, behaving elastically like a
solid material. Likewise, these same binding affinities and
regulatory mechanisms allow for protein disassociation and
cytoskeletal rearrangement lending the cells viscous behavior,
like a liquid, on longer timescales. Therefore, the cell is defined
mechanically as a viscoelastic material often represented by both
elastic spring and viscous damper components in mathematical
models. Modeling can help predict cell behaviors, which is an
invaluable tool for understanding cell processes such as cytokinesis
and motility (8, 10, 11).

A major focus of the field has been to characterize mechanical
properties that regulate cell and tissue function, especially in
disease states. The ultimate goal is to use mechanical properties
to generate new perspectives for various diseases and
corresponding prognoses and treatments. Researchers have
proposed a structure-property-function-disease paradigm in
investigating the mechanics of cancer transformation and
progression. For example, investigating the signaling effectors
leading to physical properties of cells, how these physical
properties lend function, and how the dysfunction at any part
(signaling molecules, physical properties, resulting function) leads
to diseased states. But cell mechanics is a complex and multiscale
field: properties at the molecular, cellular, and tissue levels must
each be characterized as well as integrated with the dynamic
feedback systems. In the specific case of tumor tissue, the actin
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cytoskeleton at the molecular level generates the mechanical
properties of individual cells, and the tissue level mechanical
properties (i.e., stiffness) of the tumor feedback into individual
cell’s mechanics resulting in altered function (differentiation,
proliferation, invasion). Although complex, an understanding of
tumor cell mechanics and the metastatic process opens an entirely
new field for prognoses and therapeutic targeting (1, 2, 7, 8, 12).

Moreover, mechanical microenvironments in tumors are
transformed along with the individual tumor cells. For
example, the extracellular matrix (ECM) of the tumor is often
stiffer than the surrounding healthy tissue. Tumor cells have been
shown to have more invasive phenotype on stiffer substrates and
this phenotype can be reversed with substrate tension relaxation.
There is evidence that tumor cells soften in response to this
stiffening ECM. Additionally, tumor tissues experience increased
fluid pressures due to angiogenesis and tissue restructuring. The
altered mechanical states of the tumor tissue initiate
mechanosensing in individual tumor cells. Mechanosensing
pathways have been shown to drive proliferation, survival,
invasion, stemness, and therapy resistance. Therefore,
mechanical stimuli and their effects are multiscale: tissue-level,
cell-to-cell interaction, cell-to-matrix interactions, and
biochemical reactions (13).

In addition to the ECM altering tumor cell function through
mechanosensing, tumor cells have the ability to remodel the
ECM and the polarity of cancer-associated fibroblasts and
different immune cells. For example, another focus of cancer
cell mechanics has been traction forces and polarity generated by
tumor cell contractility during adhesion and migration.
Understanding cell-generated traction forces is necessary
because these stresses help restructure the ECM and push cells
forward during migration. A correlation exists between traction
forces, contractility, and metastatic potential. For example,
metastatic cells across three cancer types exerted greater
traction forces in response to matrix stiffness compared to
their non-metastatic counterparts (14–16). These highly
metastatic cells with larger traction forces lead the way for
collective migration by restructuring collagen fiber alignment
into tracks that others cells could more easily follow. Cell polarity
also plays a role in mesenchymal modes of cell migration where
the direction and persistence of migration is dictated by the
alignment of cell and matrix-remodeling polarity (17, 18).
Additionally, cytoskeletal forces are physically transmitted to
the nucleus through the Linker of Nucleoskeleton and
Cytoskeleton (LINC) complex. For example, substrate stiffness
can lead to alterations in nuclear stress and shape, resulting in
changes of gene expression, nuclear stiffness, and the cell’s
differentiation state (19–21).

Furthermore, the metastatic cascade is a physical and
mechanically-driven process. Metastasis is both the process
and result of cancer cells migrating and colonizing in a
location other than the primary tumor site. First, tumor cells
must break adhesion complexes with their surrounding cells and
migrate through tumor stroma. This migration involves
deformation to squeeze through ECM pores, push and pull
ECM fibers, and degrade fibers. Second, the tumor cell must
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Angstadt et al. PDAC Mechanics and Clinical Implications
invade through a basement membrane and vasculature wall for
intravasation, which requires continued matrix degradation and
shape deformation. Third, tumor cells in circulation must resist
shear forces inflicted by blood flow and adhere to the vessel wall
for extravasation. Extravasation involves another deformation
process followed by migration/invasion into the new tissue site.
Finally, tumor cells must initiate proliferation to colonize the
metastatic tumor (22).

Cell deformability is essential for the metastatic cascade and is
dependent on the cell’s viscoelasticity. Another major focus within
cancer cell mechanics is on the viscoelastic differences between
normal, transformed, and metastatic cells. The aim is to
characterize the relationship between deformability and
metastatic potential. Using optical stretching and atomic force
microscopy, several studies across different cancer types revealed
that cell deformability increases with metastatic potential.
Interestingly, cells can actively resist externally-imposed
deformation by polymerizing actin and recruiting specific
cytoskeletal proteins to increase tension. It is the dynamic ability
of being able to deform and simultaneously resist deformation that
allows tumor cells to undergo the metastatic cascade. Therefore, a
method to prevent metastasis for solid tumors would be to stiffen
and decrease the cell shape change ability (8, 13, 23–27).

Cell and tissue deformation mechanics during cancer
transformation and progression is a relatively young field in
cancer biology and is working on uncovering a different system
of therapeutic targets to address metastasis and patient mortality.
Cell deformability and morphogenesis are foundational
components of signaling networks, division, adhesion,
migration, invasion, and metastatic potential. The shape and
rigidity of a cell is due to the cytoskeleton and its molecular
components. Previous reports have shown altered cytoskeletal
structure, regulation pathways, and extracellular matrix
structures in various cancer types and stages. Additionally,
metrics of mechanical properties correlate with disease state and
metastatic potential. Targeting the cytoskeleton has already been
shown to alter mechanical properties and metastasis in preclinical
models and is being investigated as an indicator for disease stage
and prognoses (26–32). The major challenge in deformation
mechanics is that the cell cannot be fully characterized by the
static mechanical properties of solids and fluids. Cells are dynamic
systems that react and respond to internal and external stimuli.
Therefore, their subcellular and physical properties are constantly
changing (33). We have already seen the potential of altering the
cell’s physical properties to prevent cancer progression. Therefore,
a critical need exists to fully integrate the field of cell mechanics in
cancer therapeutic and prognostic development.
PDAC AND PDAC-SPECIFIC CORTICAL
MECHANICS

Pancreatic ductal adenocarcinoma (PDAC) is the most common
type of pancreatic cancer. Pancreatic cancer incidence continues
to increase across the country in conjunction with it having one
of the lowest 5-year relative survival rates around 10%. Patients
Frontiers in Oncology | www.frontiersin.org 3159
typically present with symptoms post metastatic spread, which
contributes to its overall lethality as the 4th leading cause of
cancer-related deaths (34, 35). Advancements in therapy and
precision medicine have helped to increase the low 5-year
survival rate, but recent discoveries have also uncovered how
little we understand PDAC transformation and progression. Our
lack of knowledge for the PDAC-specific pathogenesis of
transformation and metastasis limits our ability to innovate
more effective treatments.

PDAC forms from precursor lesions and has historically
presented as a genetic disease, gradually progressing through a
sequence of acquired mutations. Four driver genes have been
linked to each stage of transformation (KRAS, TP53, SMAD4,
and CDKN2A), but recurrent somatic mutations (SNV, indel,
scNA) and germline mutations (in DNA damage repair genes)
have also been found. PDAC is characterized by desmoplastic
reaction due to interactions between cancer, vasculature,
pancreatic stellate, and inflammatory cells. Over half of all
cases are diagnosed post-metastatic spread, and the most
common sites for metastasis are stomach, lung, colorectum,
esophagus, gall bladder, liver, and common bile duct (2, 36, 37).

The standard treatment is surgical resection and/or two
chemotherapeutic agents, gemcitabine and FOLFIRINOX (the
combination of oxaliplatin, irinotecan, fluorouracil, and
leucovorin) depending on disease severity and stage, but these
treatments are least effective post metastatic spread (38, 39).
Novel whole genome sequencing and bioinformatic techniques
on primary and metastatic tumor clonal populations have
revealed that not all PDAC tumors progress through the
gradual sequence of transformation steps. Additionally, some
PDAC tumors result from a more prolonged precursor lesion
stage and show micrometastasis early in the tumor formation
process (5, 40–44). Altogether, recent genomic discoveries reveal
that genetic heterogeneity and early micrometastases within
PDAC progression result in the inefficacy of current standard
treatments and specific molecular targeted therapies.

The PDAC tumor microenvironment (TME) is a major
contributor to inefficacious treatments, especially for
immunotherapies. The PDAC TME is characterized by dense
stroma and a small cell content composed of tumor cells, cancer-
associated fibroblasts, muscle fibroblasts, pancreatic stellate
cells, and infiltrated immune cells. Tumors are typically
70-90% stroma, mostly deposited by fibroblasts and stellate
cells, which causes increased intratumoral pressure, poor
vascularization, and hypoxia. Therefore, drugs (chemotherapy,
immunotherapy, molecular targeted therapies) delivered
systemically cannot penetrate throughout the tumor (45–48).
Additionally, the infiltrated immune cells generate a tumor
promoting and immunosuppressive environment. For example,
the immune cells of the TME are predominately regulatory T
cells (Tregs), macrophages, and myeloid-derived suppressor cells,
which all work together and impede cytotoxic T cells from
infiltrating, identifying, and killing tumor cells (49–53).
Preclinical and clinical studies targeting the stroma and
immunosuppressive pathways have had contradictory results
and revealed the complexity and labyrinth-like network of
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interactions and pathways of the PDAC TME (54). Though
progress has been made, it is essential to continue exploring and
uncovering new avenues for therapeutic approaches because our
current methods generate low clinical response rates. Since
cancer transformation and progression are intensive
mechanical processes, the molecular machinery and system
responsible for cortical mechanics has the potential to be the
next avenue of therapeutic approaches for PDAC.

Mechanical states of cells are defined by their underlying
cytoskeletal structural and contractile machinery, which governs
morphology and morphogenesis. Morphogenesis is an essential
part of tumor formation and progression (i.e. proliferation,
differentiation, polarization, migration, invasion), Figure 1. In
general, tumor cells alter their cytoskeletal machinery to be more
deformable and responsive to their changing environment. In
fact, deformability has been correlated to metastatic potential
and aggressiveness in many different cancer types (33, 55–57).
Therefore, it is no surprise that the mechanical landscape of
PDAC cells is significantly altered, which makes cortical
mechanics an opportune field to explore for PDAC prognostic
and therapeutic purposes (26).

Specifically, the four cytoskeletal proteins non-muscle myosin
IIA (NMIIA), NMIIC, a-actinin 4, and filamin B have increased
expression in PDAC patient tissues as compared to normal
pancreatic ductal epithelium. The NMII paralogs are
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responsible for contractile forces in the cytoskeleton, and a-
actinin 4 and filamin B are actin crosslinkers. In response to
external stresses, each of these proteins accumulates to the site of
stress to generate forces and maintain membrane-cortex
integrity. We have defined this accumulation in response to
physical stress as a mechanoresponse. Additionally, NMIIC is
responsible for the formation of traverse actin arcs in single cells
and for cortical actin belts in PDAC spheroids. Traverse actin
arcs are actin bundles generated by NMII contractility and
propagate toward the rear end of migrating cells as a necessary
structural element driving migration. Cortical actin belts
between epithelial cells generate the epithelial boundary that
forms apical sides of tissues. Activating NMIIC assembly into the
cytoskeleton using the small molecule 4-Hydroxyacetophenone
(4-HAP) decreased in vitro dissemination from PDAC spheroids
and in vivometastasis. Specifically, 4-HAP induced cortical actin
belt formation and slowed down retrograde flow of transverse
actin arcs. Furthermore, 4-HAP increased cell cortical tension by
activating the assembly of NMIIB and NMIIC, which also
decreased migration and invasion in vitro. Therefore, inducing
NMIIB and NMIIC assembly is a therapeutic strategy to reduce
cell mobility and metastasis overall (26, 58).

Research from UCLA indicated stiffness and invasion are
differentially regulated by actin and NMII proteins in accordance
with disease stage in PDAC (59). The study used MIA PaCa-2
and PANC-1 cell lines derived from primary tumors and Hs766T
cells derived from a metastatic site in the lymph node. Hs766T
cells had higher stiffness than Panc-1 cells and were slower to
round up. Furthermore, the Hs766T cells did not require NMII
for invasion. Interestingly, Hs766T cells required actin filament
nucleators, Arp2/3 and formin, to maintain cell stiffness and
invasion. The dependence on actin filament nucleation suggests
that actin polymerization is a major driving force for invasion
and mechanotype (stiffness) in this metastasis-derived cell line.
Invasion was not dependent on expression or activity levels in
any of the cell lines. A characteristic hallmark of Arp2/3-
dependent invasion is longer protrusions at the leading edge of
the invading cell, which the Hs766T cell line exhibited more than
the Panc-1 cells (59). This work further elucidates the altered
mechanical landscape in PDAC progression and identifies
potential targets specifically for metastatic PDAC cells.

Another interesting finding from an immunotherapy clinical
trial implicated the NMII regulator, myosin phosphatase
targeting subunit 1 (MYPT1), in PDAC. MYPT1 was originally
identified through its being targeted by the immune system in a
clinical trial for a cytokine-secreting whole tumor cell vaccine.
An antibody response against MYPT1 in patients treated with
the tumor cell vaccine correlated to a positive treatment outcome
of greater than 3-years of disease-free survival. In addition to
MYPT1’s elicited antibody response, its expression is highly
upregulated in PDAC patient samples and in established
PDAC cell lines. The function of MYPT1 overexpression and
its implication in cortical mechanics has yet to be characterized
in PDAC tumor cells, but its discovery through this
immunotherapy clinical trial is a harbinger for the
interconnectedness of the individual tumor cell cytoskeleton,
FIGURE 1 | Cytoskeletal dynamics control cortical mechanics,
morphogenesis, and cell behavior. The cytoskeletal components of
filamentous actin (F-actin), actin crosslinking proteins, and non-muscle myosin
II bipolar thick filaments (NMII BTF) dynamically assemble, polymerize, and
depolymerize to generate whole cell mechanical properties and cell shape.
Mechanical properties and cell shape change underlie the cell behaviors that
we observe and measure. Therefore, we can manipulate cell behaviors by
altering cortical mechanics and cytoskeletal dynamics, which lends great
therapeutic potential.
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immune cells of the tumor microenvironment, and therapeutic
responses (60–62).

In summary, PDAC’s mechanical landscape comprising
various cytoskeletal and regulatory proteins is significantly
altered during transformation and the metastatic cascade. The
targetability of this altered mechanical landscape using the small
molecule 4-HAP demonstrated our ability to prevent metastasis,
but there is much more that needs to be explored to uncover
other potential therapeutics. Moreover, cortical mechanics can
be used to target more than proliferation, invasion, and
metastasis. While the number of studies in PDAC are still
limited, when combined with research in other cancer types
(12, 27), the implications and potential of targeting cell
mechanics are becoming increasingly apparent via connections
to cell stemness, differentiation, immune cell modulation, and
metabolic reprogramming. The following section will provide
evidence in other cancer types for such connections and
illuminate cortical mechanics as a foundational property of the
cell that can tie the various drivers of cancer together for more
efficacious therapeutic targeting. In combination, the studies
presented in this section on PDAC and the studies presented
in the following section further highlight the potential of PDAC's
altered mechanical landscape as being a revolutionary field for
PDAC-specific therapeutic development.
IMPLICATIONS FOR DISEASE SEVERITY
AND CLINICAL OUTCOME

Proliferation, Metastatic Potential, Disease
Progression
Numerous reports have centered the molecular determinants of
cortical mechanics in cell proliferation, migration, invasion,
metastasis, and overall disease prognoses. For example, the
cytoskeletal scaffolding protein anillin is extensively implicated
in cancer progression and patient survival of several cancer types
(e.g., breast, pancreatic, colorectal, lung, gastric, liver). Generally,
anillin is upregulated during cancer transformation and invasion
and is associated with both positive and poor prognoses clinically
depending on cell localization (63). Anillin binds to both actin
filaments and NMII in the cytoskeleton and facilitates NMII
localization and actomyosin contractility at the cortex of dividing
cells (64, 65). Regarding migration, anillin depletion in breast
cancer cells decreased in vitro migration and in vivo metastasis
(66). Additionally, anillin regulates assembly of adherens and
tight junctions in epithelial cells to establish the epithelial barrier.
The apical actomyosin cytoskeleton physically interacts with the
adhesion complexes and transfers tensile forces between cells of
the epithelial barrier. Therefore, anillin being implicated in
various adenocarcinoma’s disease severity and its impact on
the metastatic cascade is intuitive (67–70). Additionally, the
actin cross-linker and mechanoresponsive protein, filamin B,
has increased expression in pancreatic cancer primary tumors
and has been correlated with reduced patient survival through
the analysis of publicly available data on the Oncomine and
UALCAN databases (71, 72). Furthermore, filamin B is positively
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regulated by the pancreatic cancer-associated transcription
factor MYB, which is suggested to be a potential biomarker of
PDAC aggression (73, 74).

The NMII contractile protein paralogs have extensively been
implicated in cancer cell behaviors and disease progression.
Singh et al. found that NMIIA suppressed tumor formation,
metastasis, and regulated immune cell infiltration in in vitro and
in vivo melanoma models. NMIIA knockdown in B16F10 cells
enhanced migration and invasion in transwell-based assays.
Furthermore, subcutaneous and intravenous xenograft mouse
models showed enhanced tumor cell proliferation, metastasis,
and inflammatory cell infiltration in response to NMIIA
knockdown (75). Specifically, they saw an increase in several
oncogenes, ERK signaling, and endothelial cells in tumor
sections, which suggests NMIIA is a tumor suppressor in
melanoma cells. Picariello etal. (76) found that NMIIA
regulates glioblastoma proliferation and invasion depending on
the mechanical environment. Glioblastoma commonly invades
into the surrounding brain tissue, which results in its overall
aggressiveness and lethality. NMII activity was suspected to be a
potential target for glioblastoma since the invasive ability of the
tumor cells is dependent on NMII function (76).

Interestingly, this study discovered complete NMIIA
knockout regulated cell proliferation and motility differentially
depending on the stiffness of the substrate in the cells’
environment. On softer substrates, NMIIA depletion led to
ERK1/2 activation, resulting in higher proliferation rates. On
stiffer substrates, NMIIA depletion led to NFkB activation
impacting cell survival and cell stemness. NFkB activation in
response to NMIIA depletion was also observed in triple negative
breast cancer cells and keratinocytes. Overall, in vivo
experiments revealed NMIIA depletion in a mouse model led
to reduced invasion, but larger tumors which hastened the
overall lethality of the disease. The significant findings from
this study show that NMIIA is a downstream effector that can be
targeted to prevent invasion, but is also an up/mid-stream
signaling component that responds to the mechanical
environment and impacts disease progression. This is further
complicated by the fact that each of the NMII paralogs can serve
different functions within the cell (76).

The Nguyen-Ngoc et al. study found that NMIIA and NMIIB
suppress breast epithelial proliferation. Using transgenic mice,
they developed mammary organoids where 50-75% of the cells
were NMIIA and NMIIB null, resulting in a mosaic tissue of IIA
and IIB expression. Additionally, they used organoids from
transgenic mice that had ubiquitous deletion of NMIIA and
NMIIB expression and found that the mosaic NMIIA/IIB
organoids had increased proliferation compared to the
ubiquitously deleted NMIIA/IIB organoids. Furthermore,
simple stimulation via fibroblast growth factor signaling
induced hyperplasia. These results were also confirmed in an
in vivo model. Overall, this study demonstrated NMIIA and
NMIIB’s suppressive regulation of proliferation in breast
epithelium (77).

The Kapoor et al. study elucidated the RhoA-ROCK-NMII
pathway regulation of two distinct modes of invasion. The first
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being mesenchymal invasion where single cells have a spindle-like
morphology and use adhesion- and matrix metalloproteinase
(MMP)- dependent migration to move though tissue. The
second mode uses amoeboid migration where single cells have a
rounded morphology and use adhesion- and MMP-independent
motility to squeeze through ECM pores. They demonstrated
ovarian cancer cell lines with resistance to cisplatin used
mesenchymal invasion, whereas cells resistant to paclitaxel or
both drugs used amoeboid invasion. In both modes, signaling
through the RhoA-ROCK2-NMII regulated invasion and, more
specifically, NMIIA and NMIIB function mediated both nuclear
squeezing and MMP-9 activity. Conclusively, NMIIA and NMIIB
regulated both modes of invasion in ovarian cancer cells,
demonstrating NMII’s role in invasion and the metastatic
cascade (78).

Phosphorylation of the NMIIA heavy chain regulates breast
cancer cell ability to degrade ECM and invade. NMIIA heavy
chain phosphorylation regulates the myosin heavy chain’s ability
to assemble into the bipolar myosin II filaments that are
functional in the cytoskeleton. Phosphorylation of the heavy
chain on the Ser-1943 residue promotes myosin disassembly and
increased EGF-stimulated lamellipodia formation of breast
cancer cells. Additionally, Ser-1943 phosphorylation is required
for in vitro matrix degradation and increased invadopodia
function, as well as increased in vivo metastasis. Therefore,
NMIIA function regulates breast cancer cell invasion and
metastasis (79). NMIIA-mediated cortical mechanics has also
been implicated in colorectal cancer. Using tissue microarrays of
patient tumor samples, NMIIA heavy chain overexpression
positively correlated with disease progression and poor survival
of patients. Overexpression of NMIIA heavy chain increased
proliferation, invasion, and metastasis in both in vitro and in vivo
models. At the molecular level, NMIIA heavy chain
overexpression increased phosphorylation levels of both ERK
and AKT, which subsequently reversed with NMIIA heavy chain
knockdown (80). Altogether, the studies of the NMII paralogs in
various cancer types realize NMII-modulated cortical mechanics
as a foundational property of cancer cell shape control
and function.

Various reports have implicated MYPT1, the NMII assembly
regulator found overexpressed in PDAC (62), in the formation
and prognoses of different cancers. For example, MYPT1
knockdown in HeLa cells resulted in nuclear fragmentation,
nuclear compartment breakdown and genome instability (81).
MYPT1 knockdown also increased histone methylation levels via
the methyl transferase PRMT5, which is associated with
trans format ion in hepatoce l lu lar carc inoma (82) .
Overexpression of the micro-RNA molecule microRNA-30d
that targets MYPT1 knockdown predicted aggressive disease in
prostate cancer (83). Finally, low copy number of the MYPT1
gene in colorectal cancer predicted poor clinical outcome for
oxaliplatin treatment (84).

In gastric cancer, overexpression of MYPT1 presents as a
tumor suppressor. MYPT1 expression in normal tissue was
compared to patients’ cancer tissue and overall patient
survival. MYPT1 is decreased in gastric tumors, which also
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correlated with poor patient survival. In vitro, MYPT1
overexpression inhibited proliferation, migration, and invasion.
MYPT1 functions to negatively regulate NMII activity in the
cytoskeleton. Therefore, gastric tumor cells decreased a myosin
inhibitor to promote disease progression, ultimately increasing
NMII activity and yielding NMII activity as oncogenic (85).
MYPT1 was also discovered in prostate cancer as a biomarker of
disease progression. Gene expression profiles of tumor cells had
not adequately predicted patient outcome. Therefore, researchers
investigated the TME to identify potential prognostic biomarkers
using tumor microarrays of patient tumor samples paired with
Aperio Imagescope software analysis. They then evaluated
biomarker association to biochemical recurrence and time to
biochemical recurrence. Overall, MYPT1 positively correlated
with disease progression (86).

The reports mentioned thus far have focused on individual
cytoskeletal elements and regulators, but there are also many
reports characterizing general mechanical properties. For
example, mechanical properties of human ovarian and breast
cancer cell lines predicted the invasive ability of these cells.
Microfluidic devices were developed to perform quantitative
deformability cytometry and allowed measurement of physical
phenotypes such as the cell’s elastic modulus, cell fluidity, entry
time, maximum strain, and cell size. Using prediction models
paired with the known phenotypes of individual cell lines,
analysis indicated that the elastic modulus correlated the most
with invasive ability, but the additional parameters of fluidity,
entry time, and size improved the model’s predictive accuracy.
Altogether, this study demonstrated the value of mechanical
characteristics as biomarkers of invasion and potential targets for
therapeutic intervention (87).

An in vitro study using osteosarcoma cells investigated the
relationship between mechanical properties and metastatic
potential. Researchers used a low metastatic parental line and a
corresponding high metastatic line. Overall, highly metastatic
cells spread less and exerted weaker forces than the line with low
metastatic ability. The weaker forces of the highly metastatic cells
contradict the increased traction forces of metastatic cells in
other cancer types (14–16), but osteosarcoma differs in that it has
mesenchymal origin and does not undergo epithelial-to-
mesenchymal transition (EMT). Therefore, osteosarcoma cells
do not experience similar polarity and differentiation trends as
other adenocarcinomas, which exemplifies differences in
mechanical properties according to differentiation and the
need to characterize mechanics specific to each cancer type
(88). Finally, cell and tissue stiffness are determinants in
metastatic organotropism (89–92). For example, breast cancer
cells subcategorized by their cytoskeletal and biophysical
properties had specific metastatic preferences due to
cytoskeletal adaptation ability and their corresponding gene
expression patterns (93).

In summary, mechanical properties of individual cells and
tissues dictate cell behaviors and overall disease outcomes, but we
see a contradiction of effect for specific cytoskeletal proteins like
the NMII paralogs (76–83). The contradiction of NMII function
in different cancer types reveals the complexity of the cytoskeletal
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system and our lack of understanding of the cortical cytoskeletal
role in cell function, further revealing the need for investigation
and integration of cortical mechanics in the different cancer
types. Yet, each of these studies points toward the cell’s
mechanical landscape as a foundational system that can tie the
various drivers of cancer together for more efficacious
therapeutic targeting, further highlighting the role of PDAC’s
altered mechanical landscape.

Immune Cell Interaction and
Immunotherapy Resistance
Cytoskeletal forces of both the TME immune cells and tumor
cells regulate immune cell infiltration into tumors, immune cell
polarity, the molecular interactions between cells, and the
resulting anti- or pro-tumor immune response. Traction force
microscopy has been used to measure Jurkat T cell force exertion
during T cell receptor (TCR) activation. TCR activation is central
to any adaptive immune response and mediates both antigen-
specificity and cytotoxic activity against targeted cells. For the
anti-tumor response, TCR activation in CD4+ T cells enables
identification of neoantigens on tumor cells vs. normal cells and
the fatal interaction of CD8+ T cells recognizing the tumor cells.
Previous work had indicated that primary CD4+ T cells exerted
traction forces in response to CD3 or CD28 stimulation, which is
required for TCR activation and a T cell response. The
cytoskeletal forces generated in the T cell are mediated by actin
polymerization and NMII contractility (94–104).

A study of Jurkat T cells demonstrated that T cells spread
more uniformly and exhibited larger and longer TCR signaling
responses on stiffer substrates as compared to softer substrates.
The differential responses of T cells based on substrate stiffness
have major implications for the interactions between tumor cells
and T cells and the regulation of cell stiffness and cortical tension
of the individual tumor cells (105). The exact molecular
mechanisms of T cell response to substrate stiffness are already
being elucidated. For example, cytotoxic CD8+ T cells were able
to kill the bulk of tumor cells, but not the undifferentiated cells
with self-renewal capabilities. The undifferentiated cells are
referred to as tumor repopulating cells, a subset of cancer stem
cells that can be dormancy competent, and were immediately
characterized as inducing PD-1 expression in CD8+ T cells and
as being softer than the differentiated tumor cells (106–110).

Further investigation revealed cell softness prevented
formation of the perforin pore in the targeted tumor cell.
Perforin is released from activated CD8+ T cells to form a pore
on the tumor cells and allow granzymes from the T cell to enter
the targeted cell for apoptotic induction. NMIIA heavy chain is
required for perforin pore formation because tumor cells with
NMIIA heavy chain knocked down were unable to generate the
actomyosin-mediated forces at the cell membrane and failed to
form perforin pores. Pharmacologically increasing the stiffness of
tumor repopulating cells allowed perforin pore formation and T
cell-induced apoptosis in tumor cells using both in vitro and in
vivo models (111). Cell softness also prevented immune synapse
formation and target-induced apoptosis of natural killer cells, in
addition to cytotoxic T cells. Human NK cells more effectively
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secreted granzymes A and B, FasL, granulysin, and IFNg on
stiffer substrates than softer substrates (112), a trend that was
similarly observed in the cytotoxic T cells. Moreover, a study in
cervical and colorectal cancer cell lines revealed NMII paralog-
specific activity and localization induced MHCI and CD59
uptake via clathrin-mediated endocytosis (113).

The previous studies focused on T cell and natural killer cell
interactions with tumor cells. Work has shown that the
mechanical properties of tumor cells also impact the immune
cells’ ability to enter and incorporate with the tumor. Specifically,
knockdown of the NMIIA heavy chain in melanoma cells
regulated immune cell infiltration of the TME. Using
subcutaneous tumor formation and intravenous lung
metastasis models, melanoma tumors with NMIIA heavy chain
knocked down had increased recruitment of leukocytes (CD45+)
and macrophages (F4/80+). The exact polarity and function of
these cells was not further investigated, but we know immune
cells in general greatly impact tumor growth, metastatic ability,
and therapeutic response (75).

In summary, cortical mechanics of both tumor cells and the
cells of the tumor microenvironment coordinate to facilitate
immune evasion, detection, and therapeutic responses. The
studies presented here indicate that targeting cell softness
could enhance the tumor response to immunotherapies that
induce cytotoxic T cell killing. This is pertinent to PDAC as it has
repeatedly shown low response rates to anti-PD-1/PD-L1
immunotherapy. Cancer cell stemness adds to the story since
mechanisms of T cell evasion have been elucidated in the tumor
repopulating cells. These findings imply that we can target
cortical mechanics to induce cancer cell differentiation and
simultaneously prevent immune evasion. The next section will
further elucidate the connection between the mechanical
properties of cancer cell stemness, differentiation state, and
their impact on immune cell interactions.

Cancer Cell Stemness, Differentiation, and
Disease Relapse
The case for cancer stem cells (CSC) has faced criticism due to
the complexity of differentiation states and cell plasticity/
adaptability, which hinder our ability to fully understand these
cell populations. CSCs are characterized by self-renewal,
resistance to stress, dormancy, and evading cell death (114).
Clinical data from cancer patients with disease recurrence or
relapse revealed the metastatic tumor cells and circulating tumor
cells within these patients came from cancer cells that persisted
after treatment of the primary tumor. Therefore, CSCs are
suspected of being the therapy-resistant cells that are
responsible for disease recurrence (115).

Molecular and genetic characterization of CSCs have further
revealed subcategories such as dormancy-competent CSCs,
dormancy-incompetent CSCs, and cancer-repopulating cells.
Dormant cells are simply defined as cells that exit a highly
proliferative state. Dormant cells are able to evade standard
chemotherapies that kill highly proliferative cells due to the
quiescent-like state (116, 117). Additionally, CSCs can
maintain short- and long-term dormant states, which helps to
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explain clinical relapse after just months or years of remission
(118–120). Moreover, dormancy-competent cells are able to
resist immunological targeting directly and indirectly through
immunosuppression. The less proliferative dormant cells are not
capable of generating neoantigens like highly proliferative tumor
cells, which ultimately leads to immune evasion. Dormant cells
have also displayed immunosuppressive mechanisms of
inhibition for T cell activation via overexpression of B7
homolog 1, cytotoxic T cell-induced apoptosis via methylation
of suppressor of cytokine signaling 1, and antigen inhibition via
decreased human leukocyte antigen expression (121–124).

We are emphasizing cancer stem cells, and the subsequent
dormant and differentiated cells, in this review because
interesting mechanical data has revealed a new avenue of
characterization and targetability for these therapy-resistant
cells. For example, research with breast, ovarian, lung, bladder,
and prostate cancer cell lines revealed that dormancy competent
cells entered states of dormancy and survival in response to high
matrix stiffness, whereas dormancy-incompetent cells rapidly
died. Both proliferative and metabolic activity were inhibited,
and chemoresistance was increased in these dormant cells (125–
132, 145). Ongoing research is developing ways to induce cancer
cells to exit dormancy by using biomaterials. Using an agarose-
silica gel-based method, breast cancer cells were able to enter
dormant states and then exit by immediately regaining
proliferative and migratory capabilities that were lost in the
dormant state (134). Uncovering the mechanism of matrix
stiffness regulating dormancy will provide new insight on how
to effectively target dormant cancer cells and prevent clinical
relapse. Additionally, research has focused on uncovering ways
to identify cancer stem cells from the bulk tumor cells.
Interestingly, cell stiffness or cell softness is a unique marker of
cancer stem cells. Specifically, CSCs are significantly softer across
various cancer types, and this property is mediated through stem
cell factor signaling pathways (135–137).

Interestingly, NMII activity regulates the self-renewal
capability in human pluripotent stem cells and mouse
embryonic stem cells. For example, NMII inhibition via
blebbistatin and RNA knockdown increased cell viability and
the expression of self-renewal regulators Oct3/4 and Nanog
(138). Additionally, NMIIA expression in mouse embryonic
stem cells maintained E-cadherin-mediated cell adhesions.
Fu r th e rmor e , NMI I a s s emb l y r e gu l a t i on v i a i t s
phosphorylation sites is intertwined with EMT and migration.
When EMT is induced via TGF-b stimulation in mouse
epithelial cells, there was a stark increase in NMIIA Ser-1916
phosphorylation, which increased the invasive behavior of these
cells. In mesenchymal stem cells, phosphorylation of NMIIA at
Ser-1943 resulted in random migration on soft substrates, but
dephosphorylation and subsequent assembly of NMIIA at Ser-
1943 resulted when these same cells were placed on stiff
substrates (139). Altogether, these results reveal the molecular
determinants of cortical mechanics to actively regulate stemness.

Focusing on differentiation state, the Singh et al. study in
melanoma revealed NMIIA knockdown regulated EMT.
Specifically, NMIIA heavy chain knockdown increased the
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mesenchymal markers slug and twist and the epithelial marker
E-cadherin. The final effect of the altered EMT markers is
inconclusive, but demonstrates the clear connection between
myosin II expression and differentiation (75). The Wang et al.
study revealed NMIIA heavy chain overexpression induced EMT
through upregulation of mesenchymal markers fibronectin, N-
cadherin, and MMP9, and downregulation of epithelial markers
ZO-1 and b-catenin. NMIIA heavy chain-mediated EMT was
required for the observed aggressive phenotype (80).

Returning to the case of anillin (63, 66), this scaffolding
protein impacts differentiation and stemness in addition to
proliferation, migration, and invasion. Depletion of anillin in
two mesenchymal-type breast cancer cell lines decreased stem
cell properties. Similarly, increased anillin expression in an
epithelial cell line increased stemness properties (66, 67).
Interestingly, pluripotent cells of mouse embryos, Drosophila
testes, and zebrafish retina all have higher anillin expression,
while senescent human fibroblasts and cervical cancer cells have
decreased anillin expression (133, 140–144). This correlation in
stem-like properties is interconnected with differentiation state.
For example, a decrease of anillin in lung and breast cancer cells
resulted in mesenchymal-to-epithelial transition. The exact
mechanisms and transcription factors responsible for
connecting anillin to stemness and plasticity are currently
being elucidated (63, 66).

Collectively, the studies of this section reveal the intertwined
relationship between cell stemness, differentiation, and
mechanical state. Additional reports exemplify the axis of
regulat ion between matrix st i ffness , cel l s temness/
differentiation, and NMII expression/function (146–150). Most
importantly, cancer stem cells evade T cell-induced apoptosis by
reducing cell stiffness and subsequently preventing perforin pore
formation. Overall, these studies elucidate how we can use
cytoskeletal components to identify and target cancer cell
stemness and differentiation, which contribute to cancer
progression, therapeutic resistance, and clinical relapse. This is
relevant to PDAC because we do not have a clear consensus for
cancer stem cell identification. Using PDAC cortical mechanics,
we can potentially identify and target stem cells to eradicate
therapeutic resistance and disease relapse caused by CSCs.

Targeting Cytoskeletal and Metabolic
Connections
One of the hallmarks of cancer cells is the metabolic
reprogramming undergone to allow the cancer cells to survive
in densely populated tissues with limited nutrients. TheWarburg
effect is a well-characterized metabolic shift in which cancer cells
increase glucose uptake and glycolytic rates to increase energy
production. More recent discoveries uncovered the heterogeneity
of metabolic reprogramming in cancer cells to also include
increases in oxidative phosphorylation and the use of
alternative carbon sources (i.e., glutamine, fatty acids, and
serine). Various studies have revealed a metabolic regulation
system between cancer cells, immune cells, and stroma and have
demonstrated the targetability of these metabolic shifts in
preventing disease progression (151–158). Surprisingly, studies
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have also revealed regulation and correlation between metabolic
shifts and cytoskeletal proteins in cancer.

For example, proteomic analysis of breast cancer cells treated
with doxorubicin, a chemotherapeutic agent, identified
connections between the transcription of several metabolic
enzymes, actin, and a-actinin. Ongoing work aims to use these
proteins as treatment targets for breast cancer cells (159). Breast
epithelial cells’ EMT via TGF-b induction can be mitigated
through inhibition of phosphocholine anabolism, which
subsequently changed the increased actin stress fiber formation
that is associated with EMT (160). Another breast cancer study
demonstrated the association of actin binding proteins with
proteasome activity (161). Ezrin, a scaffolding protein that links
the cytoskeleton to the plasma membrane, regulates osteosarcoma
tumor progression and metastasis through alterations in lactate
production and ATP-dependent oxygen consumption (162). A
limitation of the aforementioned studies is the lack of a clear
mechanistic pathway, but there are reports which implicate
various mechanisms of regulation between metabolism and
cytoskeletal components. For example, the pro-metastatic actin-
binding protein Fascin that is overexpressed in lung cancer
directly increases the transcription and activity of glycolytic
enzymes phosphofructokinase 1 and 2 through the YAP1
transcription factor (163). Fructose-bisphosphate aldolase A
(ALDOA), a glycolytic enzyme, directly interacts with actin and
regulates the polymerization of actin filaments, which is crucial for
migration and invasion. Furthermore, ALDOA has increased
expression in renal, liver, and lung cancer cells and correlated
with disease aggression and prognoses (164–167). Targeting
ALDOA to prevent its interaction with actin reduced actin stress
fiber content, proliferation, migration, ATP synthesis and survival
in cancer cells (168, 169).

In conclusion, cytoskeletal composition and assembly level
directly and indirectly regulate different metabolic pathways and
can be used to reveal mechanisms and potential targets in cancer
progression. Research has revealed upregulated cytoskeletal
components in PDAC (26, 62). Work investigating the
connection between these proteins and metabolism has yet to
be published, but PDAC’s metabolic reprogramming is well
documented and known to drive disease progression (Li et al.,
2019). Therefore, there is a need for investigations of altered
PDAC-associated metabolic pathways in connection with the
upregulated cytoskeletal components.
FUTURE OUTLOOK AND CLINICAL
PERSPECTIVES

The latest technology and research have revealed cancer to not
only be a disease of genetics, but also a disease of epigenetics,
immunology, and metabolism. Yet, therapeutic approaches thus
far have targeted only one or two of the cancer-specific
hallmarks, such as high proliferation rate, apoptotic evasion,
immune evasion, etc. Unfortunately, current therapies and
molecular targeting have not been a huge success for all
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cancers due to various reasons, including pathway
redundancies and circumvention, low levels of immune cell
invasion, cell plasticity, and metabolic reprogramming. For
these reasons, cancers such as PDAC continue to have low
clinical response rates and poor prognoses. To effectively
combat cancers like PDAC, we need an innovative approach
that can simultaneously impact the multiple systems driving
cancer progression. Traditional combination therapies are an
option, but may be limited due to only targeting a couple systems
at a time, the overall drug toxicity, and the tendency of cancer
cells to forget their initial disease drivers. Therefore, an ideal
therapeutic approach may be to target multiple systems
concurrently. The cancer cell’s mechanical system is a
prospective field for target exploration, seeing as it is a
foundational property of the cells and has already been tied to
various systems driving the disease.

Cortical mechanics refers to the physical properties and
capabilities of a cell given by the underlying cytoskeleton and
the molecular properties of its various components. For example,
actin polymerization and NMII contraction are largely
responsible for force generation, but actin crosslinkers and
mechanoresponsiveness of these proteins contribute to the
load-bearing capability of cells. Ultimately, these properties of
force generation and load-bearing drive cell morphogenesis and
culminates into cell behaviors such as proliferation, migration,
polarity, differentiation, and invasion. Therefore, these proteins
are a major focus within the realm of cortical mechanics and
have been implicated throughout various cancer types and
studies. Thus far, cytoskeletal components and their regulation
are heavily involved in invasive and metastatic potential, disease
prognoses, cell fate and polarity, immune cell interactions of the
tumor microenvironment, and metabolic regulation.
Additionally, preclinical targeting of the cytoskeleton,
specifically NMIIC assembly, has already been shown to
prevent metastasis in PDAC and colorectal cancer in vivo
models (26, 27).

Major challenges in the field of cancer cortical mechanics
would need to be addressed to use this knowledge to its full
potential. The first is the full elucidation of the mechanoresponse
system regulating cell morphogenesis and the subsequent cell
behaviors. Work thus far has focused on specific proteins in
various cancer types at various stages with no indication of
changes in the remaining cytoskeletal components. Therefore,
there is confusing and contradicting conclusions regarding these
specific proteins. For example, NMII has been characterized as
both a tumor suppressor and promotor, depending on the
specific paralog, cancer type, and methods used. Additionally,
studies focus on expression levels of proteins with simplified
binary descriptions of high vs. low. Unfortunately, many of the
cytoskeletal components are filamentous and/or need to be
assembled to be functional, but also must maintain a free pool
of subunits in order to facilitate rapid remodeling in response to
various mechanical and signaling inputs. Therefore, expression
levels do not inform us of the assembled or functional fractions
of these components in the cytoskeleton vs. the cytoplasm.
Moreover, a concept of an optimal setpoint for the function of
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these proteins is becoming increasingly fundamental, which is
exemplified through NMII being able to drive cancer
progression, while at the same time, being tumor suppressive
in other cancer types. Collectively, simply targeting these systems
using inhibitors is not the correct strategy. As we see in PDAC
and colorectal cancer models, the strategy of pushing the system
towards over-assembly, i.e., beyond the “optimal setpoint”, may
block cancer progression, including metastasis, without
inhibiting the protein’s tumor suppressive functions (26, 58).

Another major challenge is the siloed nature of many studies.
The studies presented here have focused on cortical mechanics
and just a few aspects of a cancer cell phenotypes, such as
proliferation/migration, metabolism, and/or immune cell
infiltration. For example, the melanoma study characterized
proliferation, metastasis, and immune cell infiltration, but did
not characterize the functionality or role of the immune cells in
the tumor (75). We will need to understand the full integration of
these concepts in order to draw conclusions on the impacts of
any manipulation on the system. Finally, we need better
characterization and identification of cancer stem cells within
each cancer type. Undifferentiated cancer cells will remain a
clinical problem due to their ability to resist various therapies,
maintain migratory and proliferative capabilities, and further
differentiate into tumor repopulating cells. Majority of cancer
patient deaths are due to metastases, and we know metastasis
results from persistent cancer cells that are able to micro- and
macro-metastasize prior, during, and after therapies. Therefore,
we need to develop methods to target the population of cancer
stem cells in addition to the bulk tumor cells to fully address the
disease long-term. Some cancers, such as PDAC, lack consensus
Frontiers in Oncology | www.frontiersin.org 10166
on how to best identify these populations, creating yet another
gap in our understanding. Without this understanding, we will
not be able to treat clinical relapse.

In summary, aggressive cancers require innovative
therapeutic approaches that can concurrently target the
multiple systems driving disease progression to be effective. We
propose that the field of cancer cortical mechanics is a
prospective area for targetability since it encompasses
foundational properties of cells that interact with multiple
systems (proliferation, migration, invasion, differentiation,
metabolism, immune evasion) driving disease progression,
Figure 2. Work has already uncovered PDAC’s altered
mechanical landscape at the molecular level and revealed
targeting NMIIC assembly can prevent metastasis, but we need
further integration of this work with other fields such as
metabolism, cancer stem cells, and immune cell infiltration/
interaction. The integration of these systems will provide an
understanding for therapeutic development that will be
applicable to numerous cancer types in addition to PDAC.
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Background: Biological sex, gender and age have an impact on the incidence and
outcome in patients with metastatic pancreatic cancer. The aim of this study is to
investigate whether biological sex, gender and age are associated with treatment
allocation and overall survival (OS) of patients with metastatic pancreatic cancer in a
nationwide cohort.

Methods: Patients with synchronous metastatic pancreatic cancer diagnosed between
2015 and 2019 were selected from the Netherlands Cancer Registry (NCR). The
association between biological sex and the probability of receiving systemic treatment
were examined with multivariable logistic regression analyses. Kaplan Meier analyses with
log-rank test were used to describe OS.

Results: A total of 7470 patients with metastatic pancreatic cancer were included in this
study. Fourty-eight percent of patients were women. Women received less often systemic
treatment (26% vs. 28%, P=0.03), as compared to men. Multivariable logistic regression
analyses with adjustment for confounders showed that women ≤55 years of age, received
more often systemic treatment (OR 1.82, 95% CI 1.24-2.68) compared to men of the
same age group. In contrast, women at >55 years of age had a comparable probability to
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receive systemic treatment compared to men of the same age groups. After adjustment
for confounders, women had longer OS compared to men (HR 0.89, 95% CI 0.84-0.93).

Conclusion: This study found that women in general had a lower probability of receiving
systemic treatment compared to men, but this can mainly be explained by age differences.
Women had better OS compared to men after adjustment for confounders.
Keywords: pancreatic neoplasms, pancreatic cancer, sex, gender identity, drug therapy, systemic treatment,
palliative treatment
INTRODUCTION

Pancreatic cancer has a higher incidence in men than in women.
In The Netherlands in 2019, the incidence of pancreatic cancer in
absolute numbers for men was 1324 (52%) compared to 1245 for
women (48%) (1–3). Many studies have reported on the
predominance of pancreatic cancer diagnosis in men (1–5).
Also, worse survival has been described for men suffering from
pancreatic cancer (1–5).

Differences in incidence rates and outcome among women
and men might be explained by biological (sex) and gender
based-causes. These biological factors include sex differences in
molecular and genetic subtypes (e.g. BRCA mutations). Gender-
related factors are, for example, individual exposure to risk
factors as tobacco and obesity (6–10). Also, gender may impact
patient and physicians’ attitudes (11) and accessibility to
health care.

Sex differences in cancer risk and survival have been described
for multiple cancer types (12). Theoretically, sex differences in
cancer survival may be attributed to differences in disease stage
and/or (sub)-type at diagnosis, differences in biology of a given
type of cancer of similar stage, differences in treatment allocation
or differences in treatment effects.

Differences in treatment effects are classified in differences in
pharmacokinetics and differences in pharmacodynamics (13,
14). However, little is known about the association between
gender and the probability of receiving systemic treatment in
metastatic pancreatic cancer. Examination of differences in
treatment allocation and clinical characteristics of both men
and women with metastatic pancreatic cancer might help to
explain potential differences in outcome.

The aim of this study is to investigate patient characteristics,
systemic treatment allocation and overall survival (OS) of
women and men with metastatic pancreatic cancer in a
nationwide cohort in general and also stratified for age ≤55
years, 56-64 years, 65-74 years and ≥75 years.
MATERIALS AND METHODS

Data collection
All patients diagnosed with synchronous metastatic pancreatic
adenocarcinoma in The Netherlands between 2015 and 2019
were selected from the Netherlands Cancer Registry (NCR). In
order to keep the patient population as homogenous as possible,
2173
we only included patients with metastatic disease. The NCR is a
population-based registry containing data on all cancers in the
Dutch population of over 17 million individuals. The database is
directly linked with the nationwide network and registry of
histology and cytopathology (PALGA), comprising all
histologically confirmed cancer diagnoses. This registry, in
combination with the National Registration of Hospital Care is
a suitable representation of the metastatic pancreatic cancer
patient population nationwide. Information about the patient
(sex, age, performance status, previous cancer diagnosis,
comorbidities), tumor (TNM-stage, tumor histology, location
of primary tumor and metastases) and systemic treatment were
identified from the hospital’s electronically health record system
by trained registrars of the NCR. The main reason for deciding
no cancer-directed treatment was also routinely registered in the
NCR and categorized into comorbidity, social context, patient’s
whish, short life expectancy, old age, extensive disease and other.
Multiple metastases in one organ were defined as one metastatic
site. Day to last follow-up was obtained by the annual linkage
with data from the Municipal Personal Records Database,
containing information on vital status and date of death from
all Dutch inhabitants. These data were complete up to 1 February
2020. This study proposal was approved by the scientific
committee of the Dutch Pancreatic Cancer Group (15).
According to the Central Committee on Research involving
Human Subjects, this type of study does not require approval
from an ethics committee in the Netherlands. This study
was designed in accoradance with the Strengthening the
Reporting of Observational Studies in Epidemiology (STROBE)
guidelines (16).

Statistical Analysis
Data in this study were analyzed using SAS software (version 9.4,
SAS institute, Cary, NC, USA). Patient and tumor characteristics
were presented with means and standard deviations (SD) for
continuous variables. Categorical variables were described with
absolute numbers and percentages. Differences regarding patient
and tumor characteristics between women and men were tested
with chi-squared tests, or with Fisher’s exact tests when
appropriate. The association between sex and the probability of
receiving systemic treatment was examined with multivariable
logistic regression analyses with adjustment for age, comorbidity,
performance status, year of diagnosis and number of metastatic
locations. OS was defined as the time interval from diagnosis
until the end of follow-up or death. Kaplan Meier analyses with
log-rank test were used to describe median OS and sex also
March 2022 | Volume 12 | Article 839779
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stratified for age ≤55 years, 56-64 years, 65-74 years and ≥75
years because differences in outcome between patients of
different sex in these age categories were expected based on the
descriptives. The probability of a type-I error was set at 0.05.
RESULTS

Patient Characteristics
A total of 7470 patients with metastatic pancreatic cancer were
included in this study. Just under half of all patients were women
(48%; [Table 1]). Median age was 71 years (IQR 63-78 years) and
was slightly higher in women compared to men (72 vs. 70 years,
P<0.001). Women had less comorbidities than men (P<0.001).
Of all patients, 27% received systemic treatment and 73% best
supportive care (BSC).

Treatment
Among all patients, women received less often systemic
treatment as compared to men (26% vs. 28%, P=0.03).
Differences were mainly seen in the younger age groups.
Figure 1 shows the treatment allocation (systemic treatment
and BSC) of men and women by age category. Women aged ≤55
Frontiers in Oncology | www.frontiersin.org 3174
years received more often systemic treatment than men (p=0.03),
whereas in the older age categories the allocation of systemic
therapy did not differ. Furthermore, at younger age (≤55 years
and 56-64 years) reasons for no administration of systemic
treatment did not differ between women and men (P= 0.9952
and P=0.6195 [Table 2]). At higher age (65-74 years and ≥75
years) a significant difference in the reasons for not
administering systemic treatment between women and men
(P=0.0287 and P=0.0017) has been observed, with women
choosing more often BSC.

Association of Biological Sex and the
Probability of Receiving
Systemic Treatment
Logistic regression showed that among all patients, women had a
lower probability of receiving systemic treatment compared to
men (adjusted odds ratio [OR] 0.89, 95% confidence interval [CI]
0.81-0.99). When we restricted our analyses to patients with a
good performance status (0–1), the patients generally most
suitable for systemic therapy, we did not find a statistically
significant difference in the probability of receiving systemic
treatment between women and men (OR 0.92, 95% CI
0.79-1.07). However, in patients with performance status 2 or
TABLE 1 | Baseline characteristics of 7470 patients with metastatic pancreatic cancer stratified by sex.

Variable All (n = 7470) Men (n = 3884) Women (n = 3586) P value

Age years, median
(IQR) 71 (63-78) 70 (63-77) 72 (64-79) <0.001a

≤55 574 (8%) 326 (8%) 248 (7%) <0.001b

56-64 1512 (20%) 831 (21%) 681 (19%)
65-74 2726 (36%) 1460 (38%) 1266 (35%)
≥75 2658 (36%) 1267 (33%) 1391 (39%)
Tumor location, n (%)
Head of pancreas 3089 (41%) 1598 (41%) 1491 (42%) 0.0098b

Body of pancreas 1274 (17%) 620 (16%) 654 (18%)
Tail of pancreas 1870 (25%) 1027 (26%) 843 (24%)
Overlapping sites 755 (10%) 381 (10%) 374 (10%)
Pancreas NOS 482 (6%) 258 (7%) 224 (6%)
Number of comorbidities, n (%)
0 3047 (41%) 1441 (37%) 1606 (45%) <0.0001b

1 2503 (34%) 1352 (35%) 1151 (32%)
≥2 1376 (18%) 825 (21%) 551 (15%)
Missing 544 (7%) 266 (7%) 278 (8%)
Performance status, n (%)
WHO 0-1 2630 (35%) 1411 (36%) 1219 (34%) 0.0017b

WHO 2 796 (11%) 444 (11%) 352 (10%)
WHO 3-4 685 (9%) 362 (9%) 323 (9%)
Unknown 3359 (45%) 1667 (43%) 1692 (47%)
Year of diagnosis
2015 1380 (18%) 746 (19%) 634 (18%) 0.1904b

2016 1533 (21%) 791 (20%) 742 (21%)
2017 1485 (20%) 767 (20%) 718 (20%)
2018 1522 (20%) 758 (20%) 764 (21%)
2019 1550 (21%) 822 (21%) 728 (20%)
Number of metastatic sites, n (%)
1 4493 (60%) 2340 (60%) 2153 (60%) 0.854b

≥2 2977 (40%) 1544 (40%) 1433 (40%)
March 2022 | Volume 12 | Artic
n, number; IQR, interquartile range; NOS, not other specified; WHO, World Health Organization.
aKruskal-Wallis test;
bChi-Square test.
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higher we did find a statistically significant difference to the
disadvantage of women (OR 0.89, 95% CI 0.81-0.98). The
statistically significant difference between women and men
observed in the total group of patients is therefore driven by
performance status.

Multivariable logistic regression analyses, stratified by age
category, showed that at ≤55 years of age, women were more
likely to receive systemic treatment (OR 1.82, 95% CI 1.24-2.68
[Table 3]) as compared to men of the same age group. In the older
age categories the probababilty to receive systemic treatment did
not signifcantly differ between women and men (56-64 years OR
women vs men) 0.99, 95% CI 0.80-1.24; and 65-74 years OR 0.93,
95% CI 0.76-1.10; and ≥75 years OR 0.85, 95% CI 0.63-1.13).
When we restricted our analyses to patients with a good
Frontiers in Oncology | www.frontiersin.org 4175
performance status (0–1), we found comparable results. At
younger age ≤55 years, women had a higher probability of
receiving systemic treatment compared to men (OR 1.83, 95%
CI 1.02-3.29). Older women andmen had no significantly different
probability to receive systemic treatment (55-64 years OR (women
vs men) 0.89, 95% CI 0.65-1.21; and 65-74 years OR 0.94, 95% CI
0.74-1.21; and ≥75 years OR 0.96. 95% CI 0.65-1.42).

Survival
Median OS of women with metastatic pancreatic cancer was 2.3
months and 2.1 months for men with metastatic pancreatic
cancer (P=0.137 [Figure 2]).

In most age groups, women had (slightly) better median OS
compared to men (Figure 3), except for the oldest age group
TABLE 2 | Reasons for no administration of systemic treatment in women and men with metastatic pancreatic cancer per age group.

Age groups All patients ≤55 years 56-64 years 65-74 years ≥75 years

Sex Men Women Men women Men Women Men Women Men Women

Patients not receiving systemic treatment (n) 2792 2658 149 91 474 387 1016 897 1153 1283
Main reason for not receiving systemic treatment:
Wish patient (%) 33 38 30 27 38 40 36 43 30 35
Comorbidity/Performance status (%) 27 23 23 27 26 26 27 23 28 22
Progressive disease (%) 19 19 21 23 17 13 16 15 21 22
Death after diagnosis (%) 5 5 5 5 5 6 6 5 5 4
Age (%) 1 2 3 4
Situation at home (%) 0 0 0
Other (%) 6 6 3 3 6 6 6 4 6 7
Missing (%) 8 15 17 13 9 9 8 32 7 6
Chi square p-value 0.0002 0.9952 0.6195 0.0287 0.0017
March 2022 | Volume 1
2 | Article
FIGURE 1 | Treatment characteristics of women and men with metastatic pancreatic cancer. BSC: best supportive care; P: Chi square p-value.
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(≥75 years of age) and in patients ≤55 years of age receiving
systemic treatment.

In patients treated with BSC-only the median OS was only
different between women and men in the age groups 56-64 and
65-74 years. Median OS in the age group ≤55 years was 1.8
months for women and 1.7 months for men (P=0.08). Women
aged 56-64 years had a median OS of 1.8 months versus 1.5
months for older men (P=0.007). In the age group 65-74 years,
women had a median OS of 1.7 months compared to 1.4 months
for men (P=0.0007). In the age group ≥75 years, women had a
median OS of 1.4 months versus 1.3 months for men (P=0.207).
Frontiers in Oncology | www.frontiersin.org 5176
Multivariable Cox propotional hazard analyses including all
patients showed that women had a longer OS compared to men
after adjustment for confounders (adjusted hazard ratio [HR]
0.89, 95% CI 0.84-0.93 [Table 4]). Increasing age and
performance status, and metastatic sites all resulted in an
increased risk of dying. Compared to tumors located in the
head of the pancreas, patients with tumors in the body and tail
had an increased risk of dying. Multivariable Cox proportional
hazard analyses stratified for the different age groups (≤55, 56-64,
65-74 and ≥75 years of age) showed similar results. Women had
a longer OS compared to men in all age groups. Increasing
performance status and number of metastatic sites resulted both
in an increased risk of dying in all age groups (Table 4).
DISCUSSION

In this population-based study on sex and gender differences in
patients with metastatic pancreatic adenocarcinoma, treatment
use and survival differed between women and men. In general,
women were slightly less often treated with systemic therapy
compared to men. At a younger age (≤55 years), women more
often received systemic treatment than men, but this difference
disappeared at older age. Overall, after adjustment for
confounding factors, women had a more favourable overall
survival, however it should be mentioned that this statistically
significant difference in survival between women has limited
clinical relevance since the difference described is 0.3 months
only. These results confirm the hypothesis that gender may
influence treatment allocation and survival in patients with
metastatic pancreatic cancer.

Treatment allocation not only affects a patient’s survival, but
also the quality of life (17). Consequently, it is important to
FIGURE 2 | Kaplan Meier curves displaying overall survival in patients with
metastatic pancreatic cancer stratified for sex. OS: overall survival.
TABLE 3 | Multivariable logistic regression analyses for the probability of receiving systemic treatment in patients with metastatic pancreatic cancer stratified by age.

≤55 years (n=574) 56-64 years (n=1512) 65-74 years (n=2726) ≥75 years (n=2658)

OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value

Sex
Men Reference Reference Reference Reference
Women 1.82 1.24-2.68 0.0025 0.99 0.80-1.24 0.942 0.93 0.76-1.10 0.385 0.85 0.63-1.13 0.260
Performance status
WHO 0-1 Reference Reference Reference Reference
WHO 2 0.22 0.12-0.41 <0.001 0.48 0.33-0.69 <0.001 0.51 0.39-0.67 <0.0001 0.53 0.35-0.79 <0.0001
WHO 3-4 0.04 0.01-0.10 <0.001 0.07 0.04-0.14 <0.001 0.07 0.04-0.12 <0.0001 0.03 0.01-0.13 0.0021
Unknown 0.21 0.14-0.32 <0.001 0.29 0.23-0.37 <0.001 0.25 0.21-0.31 <0.0001 0.15 0.10-0.20 <0.0001
Number of comorbidities
0 Reference Reference Reference Reference
1 1.03 0.65-1.63 0.905 0.80 0.63-1.03 0.0842 0.90 0.74-1.10 0.311 0.95 0.69-1.31 0.749
≥2 0.85 0.31-2.32 0.757 0.53 0.37-0.76 0.0007 0.72 0.56-0.93 0.0117 0.48 0.30-0.75 0.0015
Unknown 0.46 0.24-0.88 0.0187 0.79 0.51-1.24 0.305 0.67 0.46-0.97 0.0319 0.85 0.46-1.57 0.594
Number of metastatic sites
1 Reference Reference Reference Reference
2 or more 0.76 0.52-1.10 0.147 1.04 0.83-1.29 0.761 1.06 0.89-1.27 0.497 0.77 0.56-1.04 0.0905
Year of diagnosis
2015 Reference Reference Reference Reference
2016-2019 1.06 0.93-1.21 0.334 0.99 0.92-1.07 0.867 1.03 0.97-1.10 0.356 1.04 0.94-1.16 0.470
March 202
2 | Volum
e 12 | Article
OR, odds ratio; 95% CI, 95% confidence interval; WHO, World Health Organization.
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create awareness of the potential impact of gender stereotypes of
caregivers on treatment decisions for each individual patient as
they may compromise a patients’ access to care. To be able to
understand these differences, it is important to make a
distinction between gender based (behavioral and/or social)
and sex based (tumor biology) aspects.

Gender based aspects that may contribute to the treatment
allocation process include the preferences of the patient, social
support and (unconscious) discrimination of the health care
giver (18). Overall, only 27% of the patients in our study received
systemic treatment with a median overall survival of 2.1-2.3
months. These outcomes are in line with other real-world studies
on systemic treatment for patients with metastatic pancreatic
cancer in The Netherlands (19–21). Gender has been proposed
to be the most prominent predictor of a patients’ preference and
may have an impact on treatment choices (22). Women tend to
prefer BSC only more often compared to men (18, 23) – an
observation, which is confirmed in our study. However, this does
not explain our finding that younger women have a higher
probability to receive systemic treatment. Also, the lack of
differences in the older age groups are not explained, nor the
fact that at younger age there was no difference in reasons for not
starting systemic treatment. Overall, women had less
comorbidities compared to men, which might be related to the
higher probability for younger women to receive systemic
treatment in our study. The family support of patients, e.g.
marital status, plays a role in the treatment decision of cancer
patients too (24). Married patients seem to choose active
treatment more often and this trend has also been described
for patients with pancreatic cancer (25, 26). Unfortunately, we
did not have information on the marital status of the patients in
our study. Since it is known that older women more often have a
Frontiers in Oncology | www.frontiersin.org 6177
single status compared to younger women, this might explain
why younger women were more likely to receive systemic
treatment in our study compared to women of older age (25,
26). Another gender based factor that may affect treatment
allocation is the possible bias of health care givers. Physicians
are known to be susceptible to stereotypes and preconceptions
(27, 28). For instance, single patients are offered treatment less
often because of the assumption that there would not be enough
support throughout the treatment trajectory (29). It is difficult to
relate this possible bias of health care givers to our patient
population. While patients preferences, marital status and
unconscious bias of health care givers are factors with potential
impact, it is currently not completely understood why younger
women receive more often systemic treatment compared to men
of the same age group.

A sex based effect that plays a role in the development of
pancreatic cancer is the female sex hormone. Women are less
likely to develop pancreatic cancer, and this is not fully explained
by the exposure to the main risk factors cigarette smoking, high
body mass index and diabetes mellitus (all gender based aspects),
which are all more common in men (30–33). Studies showed that
the female sex hormone estrogen decreases pancreatic cancer
growth, which might explain why women have a lower risk to
develop pancreatic cancer compared to men at younger ages but
not at older ages (34–37). In our study, which focused on
metastatic disease, we found a higher age at diagnosis in
women. Maybe the drop in estrogen levels after menopause
could be an additional explanation besides the fact that women
live longer than men and therefore can be diagnosed with
pancreatic cancer at an older age than men (38).

Moreover female sex hormone might have an impact on
survival by a protective effect (39). The outcome of our study,
A B C D

E F G H

FIGURE 3 | Kaplan Meier curves displaying overall survival in patients with metastatic pancreatic cancer stratified for sex. Graphs (A–D) depict all patients with
pancreatic cancer stratified for sex, graphs (E–H) depict patients with pancreatic cancer who received systemic treatment stratified for sex. OS: overall survival.
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with women having a better survival compared to men, cannot
completely be explained by the difference in hormone levels,
because we assume that the majority of women in our study was
post-menopausal. However, post-menopausal women still have a
different endocrine system compared to men. Another
explanation might be the suggestion that the efficacy of
systemic treatment may be different in women and men (13).
Studies with various chemotherapeutic agents in different cancer
types have shown treatment responses and survival rates in the
advantage of women (40–43). However, in randomized studies
on patients with pancreatic cancer the hazard ratios show the
same treatment effect in women and men (44, 45) and our study
did not show important differences in the population with all
patients, therefore a difference in treatment effect in our
population is unlikely. Our study showed that older women
(>55 years) had the same probability to be treated with systemic
therapy compared to men. This suggests differences in disease
biology in men and women that might be responsible for the
longer survival of women and warrants further investigation.

A limitation of this study is that the performance status was
unknown in 45% of the patients, consequently less optimal
adjustment for performance status in multivariable logistic
Frontiers in Oncology | www.frontiersin.org 7178
regression analyses was possible. Second, data on toxicity were
not available in our study, therefore it was not possible to
describe potential differences between men and women in
toxicity of systemic treatment. Third, since literature is
unequivocal about the effect of social and family support on
the treatment decision of oncological patients, it is unfortunate
that we did not have any information about marital status or
social support of the patients in our study. These factors and
their impact on treatment decisions need further investigation.
Although the findings in our study on the percentage of patients
being treated with systemic treatment and pancreatic cancer
diagnosis being more common in men than in women are in line
with other European and American studies (46, 47), it might be
difficult to generalize our findings to the rest of the (Western)
world because ethnic differences may have an impact.
Information on ethnicity is not captured in our study because
this was not registered in the NCR. Fifth, age subgroups in the
stratified analyses were small and might not have enough power
to become statistically significant due to the groupsizes. Since the
aim of this study was to provide insight in the systemic treatment
allocation and survival between women and men, describing the
specific systemic treatment regimen was beyond the scope of
TABLE 4 | Multivariable Cox proportional hazard regression analyses for overall survival.

All patients (n = 7470) ≤55 years (n = 574) 56-64 years (n = 1512) 65-74 years (n = 2726) ≥75 years (n = 2658)

HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Sex
Men Reference Reference Reference Reference Reference
Women 0.89 (0.84-0.93) <.0001 0.79 (0.66-0.95) 0.0137 0.88 (0.79-0.98) 0.0171 0.85 (0.79-0.92) <.0001 0.93 (0.86-0.99) 0.0387
Age – – – –

≤55 years Reference
56-64 years 1.11 (1.00-1.23) 0.0450
64-74 years 1.15 (1.04-1.27) 0.0054
≥75 years 1.18 (1.07-1.31) 0.0012
Performance status
WHO 0-1 Reference Reference Reference Reference Reference
WHO 2 1.37 (1.26-1.49) <.0001 1.63 (1.19-2.23) 0.0026 1.42 (1.18-1.72) 0.0002 1.31 (1.15-1.50) <.0001 1.41 (1.22-1.63) <.0001
WHO 3-4 2.07 (1.89-2.27) <.0001 2.49 (1.69-3.67) <.0001 1.89 (1.54-2.31) <.0001 2.20 (1.90-2.55) <.0001 2.16 (1.85-2.52) <.0001
Unknown 1.63 (1.54-1.72) <.0001 1.30 (1.05-1.62) 0.0159 1.58 (1.40-1.79) <.0001 1.52 (1.39-1.67) <.0001 1.87 (1.69-2.08) <.0001
Number of comorbidities
0 Reference Reference Reference Reference Reference
1 1.01 (0.96-1.07) 0.6980 0.90 (0.72-1.13) 0.3530 1.01 (0.89-1.14) 0.8955 1.04 (0.94-1.14) 0.4590 1.00 (0.90-1.09) 0.8667
≥2 1.02 (0.95-1.09) 0.5901 1.06 (0.65-1.72) 0.8269 0.90 (0.76-1.08) 0.2574 1.00 (0.90-1.12) 0.9610 1.07 (0.96-1.19) 0.2243
Unknown 0.85 (0.77-0.93) 0.0005 1.13 (0.83-1.55) 0.4420 0.66 (0.54-0.82) 0.0002 0.93 (0.79-1.09) 0.3507 0.85 (0.72-1.00) 0.0546
Number of metastatic sites
1 Reference Reference Reference Reference Reference
2 or more 1.30 (1.24-1.37) <.0001 1.34 (1.12-1.61) 0.0015 1.43 (1.28-1.60) <.0001 1.40 (1.29-1.51) <.0001 1.15 (1.06-1.25) 0.0011
Year of diagnosis
2015 Reference Reference Reference Reference Reference
2016-2019 1.01 (0.99-1.03) 0.4017 0.95 (0.89-1.02) 0.1343 1.03 (0.99-1.07) 0.1202 0.99 (0.96-1.02) 0.5670 1.02 (0.99-1.06) 0.1193
Systemic treatment
No Reference Reference Reference Reference Reference
Yes 0.31 (0.29-0.33) <.0001 0.23 (0.19-0.29) <.0001 0.25 (0.22-0.28) <.0001 0.31 (0.28-0.34) <.0001 0.40 (0.34-0.47) <.0001
Tumor location
Head of pancreas Reference Reference Reference Reference Reference
Body of pancreas 1.14 (1.07-1.22) 0.0002 1.06 (0.82-1.38) 0.6561 1.11 (0.96-1.30) 0.1650 1.16 (1.04-1.30) 0.0076 1.34 (1.01-1.28) 0.0309
Tail of pancreas 1.21 (1.14-1.29) <.0001 1.21 (0.96-1.52) 0.1045 1.17 (1.03-1.34) 0.0206 1.24 (1.12-1.37 <.0001 1.23 (1.11-1.36) <.0001
Overlapping sites 1.27 (1.17-1.38) <.0001 1.36 (1.01-1.82) 0.0421 1.33 (1.10-1.59) 0.0025 1.16 (1.01-1.34) 0.0411 1.35 (1.18-1.54) <.0001
Pancreas NOS 1.28 (1.16-1.42) <.0001 1.08 (0.72-1.62) 0.7240 1.26 (1.00-1.58) 0.0502 1.37 (1.17-1.60) <.0001 1.25 (1.05-1.47) 0.0100
March 2022 | Vo
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HR, hazard ratio; 95% CI, 95% confidence interval; WHO, World Health Organization; NOS, not other specified.
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this study. However, it would be interesting to describe therapy
schedules and dose density in future studies to give a more
comprehensive overview of OS in relation to treatment. In
addition, in order to interpret treatment allocation and OS in a
more complete group of patients with pancreatic cancer, it would
be important to add information of patients of all stages of the
disease with a need for systemic treatment (e.g. locally advanced
disease) in future studies.

In conclusion, the current study showed a statistically
significant sex difference in survival in multivariable analyses,
with women having a slightly better outcome. Since this
difference in survival is 0.3 months only the clinical impact is
limited. This study suggested that differences in survival might
not always be fully explained by patient and treatment
characteristics, disease biology might also play a role in the
survival of patients with pancreatic cancer. To further
personalize the treatment of these patients, it is important to
understand the biological basis for sex differences while tailoring
medical decisions to the patients’ wish and be aware of and
avoiding gender stereotypes. Besides, it would be of interest to
further investigate the difference seen between the age categories.
We were not able to explain why the more frequent application
of systemic therapy among females, disappeared at older ages.
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Jinan, China, 4 Department of General Surgery, The First Affiliated Hospital of Shandong First Medical University, Jinan,
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Chemoresistance against 5-fluorouracil (5-FU) is a major issue for colorectal cancer (CRC)
patients. Increasing evidence for the roles of CD147 in glycolipid metabolic
reprogramming and chemoresistance of tumor cells has emerged in recent years.
However, whether CD147 contributes to 5-FU resistance in CRC and the role of
abnormal glycolipid metabolism in this process remain poorly understood. We analyzed
CD147 expression in primary tumor samples of CRC patients and found that upregulated
CD147 correlated with decreased 5-FU chemosensitivity and an unfavorable prognosis of
CRC patients. Moreover, in vivo and in vitro experiments confirmed that CD147 regulates
glycolipid metabolism through two separate pathways. Mechanistically, CD147
upregulates HIF-1a-mediated glycolysis by activating the PI3K/AKT/mTOR pathway
and CD147 also attenuates PPARa-mediated fatty acid oxidation by activation of the
MAPK pathway. Most importantly, we found that CD147 confers 5-FU resistance in CRC
via these glycolipid metabolic signatures. Our results demonstrated that CD147 is a
potential 5-FU resistance biomarker for CRC patients and a candidate therapeutic target
to restore 5-FU sensitivity of 5-FU-resistant CRC by remodeling glycolipid metabolism.

Keywords: colorectal cancer, 5-fluorouracil, chemoresistance, CD147, glycolipid metabolism reprogramming
INTRODUCTION

Colorectal cancer (CRC) causes considerable morbidity and mortality worldwide (1).
Chemotherapy treatments have improved the outcomes of CRC patients, but chemoresistance
remains the major cause of therapy failure (2). 5-Fluorouracil (5-FU) is one of the most efficacious
and widely used chemotherapeutic agents for CRC patients (3, 4), but 5-FU resistance has become a
challenge in CRC treatment (3). Therefore, identifying resistance biomarkers and effective
therapeutic targets to monitor and reverse 5-FU resistance is critical.
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Abnormal glycolipid metabolism plays important roles in the
tumorigenesis and development of CRC (5–8). Glycolipidmetabolic
reprogramming provides energy to maintain the survival and
proliferation of tumor cells (5, 9). It also supplies substrates for
biosynthesis, which promotes malignant phenotypes that include
chemoresistance (8, 10–12). Several studies have reported
associations between the increased expression and activity of
glycolysis-related enzymes, such as glucose transporter 1
(GLUT1), hexokinase 2 (HK2), pyruvate kinase M2 (PKM2),
lactate dehydrogenase A (LDHA), and monocarboxylate
transporters (MCTs), and the occurrence and development of
chemoresistance (12–15). High glycolytic flux may support tumor
cell resistance to chemotherapy by remodeling the energy metabolic
architecture, increasing building blocks, and regulating signaling
pathways (16). However, the mechanisms that underlie the
increased glycolysis in chemoresistant cells remain unknown.

Lipid metabolic reprogramming is a hallmark of tumors and
facilitates tumor cell escape from the cytotoxicity of
chemotherapy (17, 18). Fatty acid oxidation (FAO) as a
lipolytic phenotype provides considerable energy to tumor cells
and is involved in regulating tumor behavior (7, 19).
Upregulation of carnitine palmitoyltransferase 1 (CPT1) and
other FAO-related enzymes is linked to chemoresistance in
several cancers (20–22). However, other studies reported that
enhanced aggressiveness is accompanied by weakening of FAO
in numerous types of cancer (23). Thus, the roles of FAO in
regulating the malignant features and chemoresistance of tumors
are currently controversial.

CD147 is a transmembrane glycoprotein with multiple
functions in diverse physiological and pathophysiological
processes (24). Overexpression of CD147 is strongly linked to
various malignant tumors (25). As an extracellular matrix-
metalloproteinase inducer, CD147 is involved in tumor invasion
and distant metastasis (26). CD147 also modulates angiogenesis by
inducing tumor cells to secrete vascular endothelial growth factor
(27). CD147 also plays a role in the regulation of tumor
metabolism (28, 29). CD147 directs MCTs to the plasma
membrane and assists their functions in transmembrane lactate
transport (29). Thus, CD147 is considered a regulatory molecule
of glycolysis. Additionally, a regulatory effect of CD147 on FAO
and de novo lipid synthesis has been reported (28). CD147 is
overexpressed in chemoresistant tumors of ovarian cancer (30),
renal cancer (31), and Kaposi’s sarcoma (32), suggesting that
CD147 is closely associated with chemoresistance.

As CD147 plays a crucial role in glycolipid metabolic
reprogramming and chemoresistance, and abnormal glycolipid
metabolism leads to chemotherapy failure (13), we examined
whether CD147 affects 5-FU resistance in CRC by reprogramming
glycolipid metabolism.
MATERIALS AND METHODS

Antibodies and Reagents
The antibodies used in this study are shown in Supplementary
Table 1. Detailed information on small molecule compounds and all
reagents and kits is listed in Supplementary Tables 2, 3, respectively.
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Cell Culture and Cell Models
HCT15 and LoVo cells with STR profiling were obtained from
KeyGEN BioTECH (Jiangsu, China). Cells were cultured in
Roswell Park Memorial Institute-1640 (RPMI1640) medium
supplemented with 10% fetal bovine serum at 37°C in 5% CO2.
The generation of the stable acquired 5-FU resistance cell model
(5FU-R cells) is described in the Supplementary Materials.
HCT15 and LoVo cells were subjected to treatment with
increasing concentrations of 5-FU, from 1×10-8 M to 1×10-4

M, for approximately 8 months. Cell survival was assessed by
performing CCK-8 assays, and 5-FU resistance was identified by
calculating the IC50 of 5-FU. To establish stable knockdown and
overexpression of cell models, cells were subjected to infection
with CD147, HIF1A, and PPARA knockdown lentiviruses,
HIF1A overexpression lentiviruses, or their control lentiviruses.
For transient CD147 and HIF1A knockdown, siRNA was
transfected into cells using the Lipofectamine RNA iMAX
reagent. For transient HIF1A overexpression, overexpression
plasmids were transfected into cells using Lipofectamine 3000.
The sequence information is provided in the Supplementary
Table 4.

Mice
Athymic BALB/c nude mice (male, 4 weeks old) and NOD/SCID
mice (male, 4 weeks old) were purchased from SPF Biotechnology
(Beijing, China). Mice were housed in the Animal Center of
Qianfoshan Hospital Affiliated to Shandong University. All
procedures were approved by the Institutional Animal Care and
Use Committee of Qianfoshan Hospital Affiliated to Shandong
University. All animal studies complied with the relevant ethical
regulations for animal testing and research.

Patient Information and Tumor Samples
Tumor samples from CRC patients were collected from the
Department of Gastrointestinal Surgery, Qianfoshan Hospital
Affiliated to Shandong University, and the Department of
Colorectal Surgery, Qilu Hospital of Shandong University.
According to RECIST, we evaluated the patients’ response to
the neoadjuvant chemotherapy was classified into four groups,
including complete response (CR), partial response (PR), stable
disease (SD) and progressive disease (PD), based on change in
lesion size derived from imaging (contrast-enhanced CT and
MRI scanning) or clinical examination. CR and PR were defined
as good response, and SD and PD were defined as poor response.
Clinicopathological data of patients is provided in the
Supplementary Table 5. The Ethics Committee of Qianfoshan
Hospital Affiliated to Shandong University granted approval for
this study.

CCK8 Cytotoxicity Assay
For conducting 5-FU cytotoxicity assays, 5 × 103 cells, with pre-
treated indicated agents, were added to 96-well plates. After
adherence of the cells to the wall, they were subjected to
treatment with the 5-FU for 72 h. Thereafter, they were
incubated with 10% v/v of water-soluble tetrazolium salts-8
(WST-8) for 0.5-2 h, and the absorbance values of the
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formazan at 450 nm were measured using a microplate reader
(BioRad, USA) after subjection to gentle mixing on an orbital
shaker for 1 min. The percentage of viability (%) was calculated
as [(absorbance of sample - absorbance of blank)/(absorbance of
control - absorbance of blank) × 100%].

Cell Sorting via Flow Cytometry
1×107 5FU-R CRC cells were incubated on ice with an anti-CD147
(1:200, Abcam) primary antibody for 1 h. Cells were subjected to
washing steps and centrifugation, followed by incubation with
Alexa-conjugated-488 secondary antibody (1:500, Proteintech) for
30 min on ice. Cells were collected after subjection to washing
steps with PBS thrice, and were sorted immediately using the BD
FACSAria III instrument (BD Biosciences, USA).

RNA Extraction, Reverse Transcription
PCR, and Real-Time Quantitative PCR
Total RNA extraction from cells and samples was performed using
the TRIzol reagent (TaKaRa, Japan), and the concentration of RNA
was measured using the NanoDrop spectrophotometer (NanoDrop
Technologies, USA). RNA samples were reverse-transcribed into
cDNA using the ReverTra Ace qPCR RT kit (TOYOBO, Japan).
For conducting RT-qPCR, 1 mL cDNA was mixed with 0.8 mL
gene-specific primers and 5 mL SYBR Green Realtime PCR Master
Mix (TOYOBO, Japan), and reactions were detected by using the
LightCycler 480 II instrument (Roche, Switzerland). Relative
mRNA quantification was performed by adopting the DDCt
method, and the housekeeping gene ACTB was used as an
internal reference. Detailed information on primer sequences is
listed in the additional files. The relative gene expression values
were estimated by performing the DDCt method, and ACTB was
used as an internal reference. The detailed primer information is
provided in the Supplementary Table 6.

Protein Extraction and Western Blotting
Total protein extraction from cells was performed using the
RIPA buffer (Kaiji, China) containing protease inhibitor and
phosphatase inhibitor (Kangwei Century, China). Cell lysates
were then centrifuged, and the supernatant was boiled in 5 ×
loading buffer (Kangwei Century, China) at 98°C for 10 min.
Proteins were resolved via SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) (BioRad, USA), and proteins in
gel were transferred onto 0.45-mm PVDF membranes (Millipore,
Ireland). PVDF membranes were blocked with 5% skimmed
milk powder (BD Biosciences, China) in TBST for 2 h, following
which PVDF membranes were incubated overnight with the
primary antibody working fluid at 4°C. The primary antibodies
used in the experiment were: anti-CD147 (1:5000, Abcam), anti-
HIF-1a (1:500, Abcam), anti-GLUT1 (1:5000, Abcam),
anti-LDHA (1:1000, Proteintech), anti-HK2 (1:1000, Abcam),
anti-PKM2 (1:500, CST), anti-PI3K (1:1000, Affinity), anti-
phospho-PI3K (1:1000, Affinity), anti-AKT (1:500, Abcam),
anti-phospho-AKT (1:1000, Abcam), anti-mTOR (1:1000,
HUABIO), anti-phospho-mTOR (1:1000, Abcam), anti-PPARa
(1:500, Abcam), anti-ACOX1 (1:2000, Proteintech), anti-CPT1A
(1:1000, Proteintech), anti-CPT2 (1:1000, Proteintech), anti-p38
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(1:1000, HUABIO), anti-phospho-p38 (1:500, HUABIO), anti-
JNK (1:1000, HUABIO), anti-phospho-JNK (1:1000, CST), anti-
ERK1/2 (1:1000, HUABIO), anti-phospho-ERK1/2 (1:2000,
CST), anti-b-Actin (1:5000, Proteintech). Detailed antibody
information is listed in Supplementary Table 1. After
incubation for 24 h, the PVDF membranes were incubated
with the secondary antibodies (HRP-conjugated Affinipure
goat anti-rabbit/mouse IgG(H+L)). Proteins were finally
detected by using the LI-COR Odyssey Imager (LI-COR
Biosciences, USA) using ECL (Millipore, USA) and were
analyzed by using Image J software (version 1.34, USA).

Immunocytofluorescence
1 × 105 cells were cultured on 14-mm cell climbing slices. At
room temperature, cells at 80% confluency were subjected to
fixation in 4% paraformaldehyde (PFA) for 20 min, followed by
permeabilization with 0.3% Triton X-100 for 10 min and
blockade with 10% goat serum in PBS for 1 h. Anti-CD147
(1:200, Abcam) primary antibody was incubated overnight at 4°
C. The following day, CoraLite594-conjugated goat anti-rabbit
IgG(H+L) (1:250, Proteintech) secondary antibody was added
and incubation was observed for 1.5 h at room temperature.
Cell climbing slices were sealed with mounting medium
containing DAPI (Abcam, USA). Image acquisition was
performed using the TCS SP8 confocal laser scanning
microscopy (Leica, Italy).

Immunohistochemistry
Fresh CDX/PDX tumors and tissue samples were fixed in 4%
PFA and were embedded in paraffin to prepare formalin-fixed
paraffin-embedded blocks, following which the blocks were cut
into 5-mm paraffin sections. The paraffin sections were
sequentially subjected to dewaxing (dewaxing agent),
dehydration (gradient alcohol), microwave thermal repair
(sodium citrate buffer solution), and blocking (10% goat serum
in PBS). The following primary antibodies were used and
incubation was performed overnight at 4°C: anti-CD147
(1:500, Abcam), anti-HIF-1a (1:200, Abcam), anti-PPARa
(1:100, Abcam), anti-GLUT1 (1:500, Abcam), anti-HK2 (1:100,
Abcam), anti-PKM2 (1:200, CST), anti-LDHA (1:200,
Proteintech), anti-ACOX1 (1:200, Proteintech), anti-CPT1A
(1:100, Proteintech), anti-CPT2 (1:200, Proteintech), and anti-
Ki67 (Proteintech, 1:5000). The next day, the sections were
incubated with HRP-conjugated anti-rabbit/mouse IgG (ZSGB-
BIO, China) and reactions were detected by performing DAB
staining (ZSGB-BIO, China). The nuclei were subjected to
staining procedures with hematoxylin and were differentiated
in 1% acid alcohol, following which the sections were rinsed with
running water. Finally, the slides were sealed with neutral gel.
Images were acquired by using the Axio Scope A1 microscope
(Zeiss, Germany).

Mito-Tracker Fluorescence Staining of
Mitochondria
1 × 105 cells were cultured on 14-mm cell climbing slices. Cells at
80% confluency were incubated with a working solution of Mito-
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Tracker (Abcam, USA) for 1 h at 37°C. Cell climbing slices were
then fixed, permeabilized, and sealed with mounting medium
containing DAPI (Abcam, USA). Image acquisition was
performed using the TCS SP8 confocal laser scanning
microscopy (Leica, Italy).

Transmission Electron Microscopy for
Mitochondrial Visualization
Cells were harvested and subjected to centrifugation,
following which the electron microscope fixation liquid
(Servicebio, China) was added to the tube and incubation
was performed for 2 h at 4°C. The fixed samples were
subjected to agarose electrophoresis, followed by subjection
to pre-embedding, post-fixation steps, dehydration, resin
penetration and embedding, polymerization, ultrathin
section preparation, and staining. Finally, images were
observed and acquired us ing the Hitachi HT7800
transmission electron microscope (Hitachi, Japan).

2-NBDG Uptake Assay
We detected glucose uptake using the fluorescent glucose
analog, 2-NDBG (MCE, China). When cells in 6-well plates
reached 80% confluency, they were incubated with sugar-free
RPMI-1640 medium (Gibco) containing 100 mM 2-NBDG for
2 h. They were then subjected to washing steps with chilled
PBS and were collected in tubes. The fluorescence intensity
was detected by using the BD FACSAria II (BD Biosciences,
USA) flow cytometry instrument and the FITC channel. Cell
debris and clusters were excluded, and the mean fluorescence
intensity was calculated by using the FlowJo software (version
10.0.7, USA). As 2-NBDG exhibits green fluorescence, both
CD147 siRNA, HIF1A siRNA, HIF1A-OE plasmids, and their
controls have been used in 2-NBDG detection without using
any fluorescent tag.

Lactate Release Assay
The content of lactate in supernatant was measured to quantify
the extent of lactate release. The medium was replaced when
cells in 24-well plates reached 80% confluency, and
supernatants were collected after 24 h. The content of lactate
was detected via colorimetric assay according to the
manufacturing instructions of the kit used (KeyGEN
BioTECH, China). Values of lactate were standardized
according to sample protein concentrations.

Measurement of Oxygen Consumption
Rates and Extracellular Acidification Rates
1×104 cells were seeded into XFe96 cell culture plates (Agilent
Technologies, USA) and were cultured as per methods described
earlier, followed by overnight incubation to enable cell adhesion.
The next day, XFe96 cell culture plates were washed using the
assay medium and were incubated at 37°C for 1 h in a CO2-free
incubator to equilibrate the detection system. OCR and ECAR
were detected using the Agilent Seahorse XFe96 extracellular flux
analyzer (Agilent Technologies, USA). Seahorse XF cell mito
stress test kit and Seahorse XF glycolysis stress test kit (Agilent
Frontiers in Oncology | www.frontiersin.org 4184
Technologies, USA) were performed to detect the OCR and
ECAR, respectively.

Quantification of Triglyceride and
Cholesterol Contents
The cells were collected and resuspended in 50% isopropanol/
50% n-heptane solution. Cells were subjected to lysis using an
ultrasonic cell-crushing device, followed by subjection to
centrifugation to obtain the supernatant. The triglyceride assay
kit (Solarbio, China) and the total cholesterol assay kit (Solarbio,
China) were used to detect the content of triglyceride and
cholesterol, respectively. Values of triglyceride or cholesterol
were standardized according to sample protein concentrations.

Oil Red O Staining
Cells were subjected to growth conditions for 24 h in oleic acid-
containing medium. One group of cells was immediately
detected via Oil red O staining, while another group was
detected following an additional 72 h of growth in serum- and
oleic acid-free medium. When suitable, a fixative solution was
added into the plates for 20 min. Cells were then subjected to
treatment with 60% isopropanol for 5 min. Next ,
neutral lipids were labeled by performing fresh Oil Red O
staining and nuclei were counterstained using the Mayer
Hematoxylin solution. Images were acquired by using the
fluorescence microscopy Olympus IX73 (Olympus,
Tokyo, Japan).

Detection of Fatty Acid Oxidation via
FAOBlue
When cells cultured in 24-well plates reached 80% confluency,
FAOBlue (a coumarin derivative with blue fluorescence)
(FUJIFILM, Japan) was added to the medium and incubation
was performed for 1 h. The final FAOBlue concentration used
was 5 mM. After completion of incubation, cells were subjected to
washing steps with PBS and photographs were immediately
acquired by using the fluorescence microscopy Olympus IX73
(Olympus, Tokyo, Japan).

Subcutaneous Cell-Derived Xenograft
Nude Mouse Model
Male athymic BALB/c nude mice were housed under SPF
conditions with 12-h light/12-h dark cycles. We injected 5×106

WT HCT15, shNC 5FU-R HCT15, shCD147 5FU-R HCT15,
HIF1A-OE shCD147 5FU-R HCT15, and PPARA-KD shCD147
5FU-R HCT15 into the right forelimb underarm of 4-week-old
nude mice, respectively. The subcutaneous xenograft tumors
were visualized one week after injection. Each group was
further divided into two subgroups, and then the mice were
intraperitoneally injected with 25 mg/kg 5-FU three times a
week, or saline used as a control. Tumor volumes (V=L × W2/2,
where L represents the length and W denotes the width) and
body weights were continuously monitored, and mice were
sacrificed under anesthetization conditions established via
inhalation of isoflurane when the tumor reached a diameter of
approximately 1.5 cm.
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Subcutaneous Patient Derived Xenograft
Nude Mouse Model
We obtained fresh tumor tissues from a male patient with
TNM stage III rectal cancer who did not exhibit responses to
5-FU-based preoperative neoadjuvant chemotherapy. The
tumor tissues were cut into pieces (approximately 3 mm)
and were immediately preserved in RPMI-1640 medium
containing 50% FBS and penicillin/streptomycin. We
implanted the tumor pieces into the right forelimb
underarm of 4-week-old NOD/scid mice, and the first
generation of xenografts was harvested when the tumors
reached a diameter of approximately 1.5 cm. When these
xenografts were subjected to growth conditions for
approximately 3 weeks, mice were divided into four groups,
namely control (saline), 5-FU (administered intraperitoneally,
25 mg/kg, three times a week), AC-73 (administered
intraperitoneally, 25 mg/kg, daily), and 5-FU with AC-73.
Tumor volumes (V=L × W2/2, where L represents the length
and W denotes the width) and body weights were
continuously monitored, and mice were sacrificed under
anesthetization conditions established via inhalation of
isoflurane when the tumor reached a diameter of
approximately 1.5 cm.

Statistical Analysis
Data are shown as means ± standard deviation (SD). Student’s t-
test and one-way or two-way ANOVA were performed for
comparisons. Patient survival data were evaluated by the
Kaplan–Meier method with survival analysis using the Log-
rank (Mantel–Cox) test. Correlation analysis was conducted
using Pearson correlation analysis. P < 0.05 was considered
statistically significant.
RESULT

Expression and Prognostic Value of CD147
in 5-FU-Resistant CRC
To explore whether CD147 expression is associated with 5-FU
resistance in CRC patients, we analyzed CD147 mRNA and
protein expression in primary tumor samples of three groups
of TNM stage III or IV CRC patients: a no chemotherapy
group (without preoperative chemotherapy), a response group
(good response to preoperative fluorouracil analog–based
chemotherapy), and a no response group (poor response to
preoperative fluorouracil analog–based chemotherapy)
(Supplementary Table 5). Both CD147 mRNA and protein
levels were higher in the no response group compared with
levels in the other groups (Figures 1A, B, S1A). Moreover,
CRC patients who underwent preoperative fluorouracil
analog–based chemotherapy (response and no response
groups) with high CD147 mRNA or protein levels
demonstrated poor disease-free survival after surgery
compared with those with low CD147 express ion
(Figures 1C, D). Furthermore, we examined whether CD147
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mRNA lev e l s showed pr ed i c t i v e v a lue fo r 5 -FU
chemotherapeutic efficacy using the public Gene Expression
Omnibus databases (GSE69657, GSE104645). The results
revealed no differences in CD147 expression in primary
tumors before chemotherapy between patients who
responded and those who did not respond to fluorouracil
analog–based chemotherapy (Figure S1B).

To investigate the role of CD147 in 5-FU-resistant CRC, we
generated HCT15 5FU-R and LoVo 5FU-R CRC cells, with
acquired 5-FU resistance (Figure 1E). Consistent with tumor
sample results, CD147 mRNA and protein levels were
significantly elevated in 5FU-R cells compared with those in
wild-type (WT) cells (Figures 1F–H, S1C). We sorted 5FU-R
cells in accordance with CD147 expression and found that 5-
FU sensitivity was associated with CD147 expression
(Figures 1I , S1D). Furthermore, we reduced CD147
expression levels in 5FU-R cells by shRNA knockdown
(Figure S1E ) and found tha t CD147 knockdown
significantly diminished 5-FU resistance in 5-FU-resistant
cells (Figures 1J, S1F). These data indicate that upregulated
CD147 correlates with decreased 5-FU chemosensitivity and
an unfavorable prognosis of CRC patients.

Abnormal Glycolipid Metabolism in
5FU-R CRC Cells Is Corrected by
CD147 Knockdown
We examined the glycolipid metabolic characteristics of CRC cells
after acquisition of 5-FU resistance. The 5FU-R CRC cells
consumed more glucose and produced more lactate compared
with parental cells (Figures 2A, B, S2A). Higher glucose/lactate
fluxes were accompanied by a decreased oxygen consumption rate
and an increased ECAR (Figures 2C, D, S2B, C). We also observed
reduced mitochondrial respiration and enhanced glycolysis in
5FU-R cells (Figure S2D). Expressions of GLUT1 and major
enzymes of glycolysis were also elevated in tumor samples of the
no response group compared with those in tumors of the response
group (Figure 2E). These results suggested that 5FU-R cells had
switched from oxidative phosphorylation to glycolysis.

We next assessed lipid metabolism in 5FU-R cells.
Increased intracellular triglyceride and cholesterol levels
(Figures 2F, G), decreased consumption of intracellular
lipids (Figures 2H, S2E), and attenuated FAO (Figures 2I,
S2F) were observed in 5FU-R CRC cells compared with those
in WT cells. The expression of major FAO enzymes was
downregulated in 5-FU-insensitive patients compared with
5-FU-sensitive patients (Figure 2E).

Notably, abnormal glycolipid metabolism in 5FU-R cells was
partly corrected by CD147 knockdown (Figures 2A–D, F–I,
S2A–F). Attenuated 5-FU resistance of CD147 knockdown 5FU-
R CRC cells was partially be reversed by the glycolytic activators,
Mitapivat (a selective PKM2 activator) or Oligomycin (an ATP
synthase/complex V inhibitor, could be used to release glycolytic
reserve) (Figures S2G, H). Furthermore, 5-FU resistance reversal
after CD147 knockdown was partially restored by FAO
inhibitors, 10,12-Tricosadiynoic acid (a selective ACOX1
inhibitor) or etomoxir sodium salt (a reversible CPT-1
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inhibitor), in CD147 knockdown 5FU-R cells (Figures S2I, J).
These data suggest that CD147 mediates glycolipid metabolic
reprogramming in 5-FU-resistant CRC.

Decreased oxidative phosphorylation and FAO in 5FU-R cells
indicated disruption of mitochondrial oxidative functions. We
confirmed this by visualizing mitochondria with Mito-Tracker
staining, which showed reduced mitochondrial contents (Figure
S2K). Transmission electron microscopy images revealed
destruction of the mitochondrial ultrastructure in 5FU-R cells
(Figure S2L).

CD147 Enhances Glycolysis by
Upregulation of HIF-1a in 5-FU-Resistant
CRC Cells
HIF-1a is the most important regulator of glycolysis (33). We
examined HIF-1a levels in CRC cells with different CD147
expression and observed significantly higher HIF-1a mRNA
and protein levels in 5FU-R cells compared with that in WT
Frontiers in Oncology | www.frontiersin.org 6186
cells (Figures 3A, B). HIF-1a protein expression decreased after
CD147 knockdown in 5FU-R cells, with no changes in HIF-1a
mRNA level (Figures 3A, B). We further examined the
expressions of CD147 and HIF-1a in 27 tumor specimens of
CRC patients treated with preoperative fluorouracil analog–
based chemotherapy. CD147 and HIF-1a expressions in
protein level showed a significant positive correlation
(Figures 3C, D), while no correlation was observed with
mRNA level (Figure 3E).

We next investigated whether CD147 enhanced glycolysis
through HIF-1a in 5-FU-resistant CRC cells. HIF1A
knockdown in 5FU-R cells resulted in decreased 5-FU
resistance, downregulated GLUT1 and glycolytic enzyme
levels, decreased glucose uptake, and reduced lactate release.
CD147 knockdown attenuated 5-FU resistance and weakened
the phenotypes of glycolysis in 5FU-R cells, while these
reductions were partially restored by HIF1A overexpression
(Figures 3F–I, S3A–D).
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FIGURE 1 | Upregulated CD147 expression correlates with 5-FU resistance and a poor prognosis of CRC patients. (A) Comparison of CD147 mRNA expression in CRC
patients as assessed via RT-qPCR. ACTB was used as the internal reference. (B) Comparison of CD147 protein expression in CRC patients as assessed via IHC. (C) Kaplan-
Meier estimates of DFS of CRC patients on fluorouracil analog-based chemotherapy with high (n = 13) or low (n = 14) relative CD147 mRNA expression as assessed via RT-
qPCR. (D) Kaplan-Meier estimates of DFS of CRC patients on fluorouracil analog-based chemotherapy with high (MOD ≥ 0.25, n = 13) or low (MOD < 0.25, n = 14) CD147
expression as assessed via IHC staining. (E) The cell survival in different concentrations of 5-FU based on the CCK-8 assay. (F–H) (F) RT-qPCR, (G) WB, and (H) IF analyses
of the expression of CD147 in WT and 5FU-R CRC cells. (H) Representative images of IF staining for CD147 (red) expression and the nucleus (blue); scale bar = 20 mm.
(I) Relative 5-FU sensitivity of 5FU-R HCT15 cells sorted via flow cytometry for high and low CD147 expression, compared with unsorted WT and 5FU-R HCT15 cells, as
determined via CCK-8 assays. (J) Effect of CD147 knockdown on 5-FU sensitivity of 5FU-R HCT15 cells, as assessed via CCK-8 assays. Data are presented as mean ± SD.
Bar chart data were compared by performing the Student’s t-test or ANOVA (ns, not significant, *p < 0.05, **p < 0.01, and *** p < 0.001). Survival data were compared with
log rank (Mantel-Cox) test results.
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CD147 Upregulates HIF-1a Through the
Activated PI3K/AKT/mTOR Signaling
Pathway in 5FU-R CRC Cells
Several studies have implicated the PI3K/AKT/mTOR signaling
pathway in glucose metabolism and chemotherapy resistance
(34, 35). Additionally, the PI3K/AKT/mTOR pathway is
activated by CD147 (36, 37). Therefore, we hypothesized that
CD147-mediated activation of the PI3K/AKT/mTOR pathway
may upregulate HIF-1a, which further enhances glycolysis and
induces 5-FU resistance in 5-FU-resistant CRC. The
phosphorylated levels of PI3K, AKT, and mTOR were elevated
in 5FU-R cells compared with those of WT cells, whereas CD147
knockdown in 5FU-R cells suppressed activation of the PI3K/
AKT/mTOR pathway (Figures 4A, S4A). Furthermore, 5FU-R
cells treated with rapamycin (38), an mTOR inhibitor, showed
downregulated HIF-1a level, attenuated 5-FU resistance, and
decreased glucose uptake and lactate release. Moreover,
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attenuated 5-FU resistance and decreased glycolytic flux in
5FU-R cells caused by CD147 knockdown were restored by
treatment with MHY1485 (39), an mTOR activator
(Figures 4B-E, S4B–E).

CD147 Suppresses FAO via
Downregulation of PPARa in 5-FU-
Resistant CRC Cells
A markedly attenuated FAO rate and accumulated intracellular
lipids were characteristic changes of lipid metabolism in 5FU-R
CRC cells. The PPAR transcription factor promotes the
transcription of key factors in FAO (40). A negative correlation
between the expressions of CD147 and PPARa was reported in
hepatocellular carcinoma (28). We thus hypothesized that
CD147-mediated abnormal lipid metabolism in 5-FU-resistant
CRC may be mediated through downregulated PPARa. PPARa
mRNA and protein levels were significantly reduced in 5FU-R
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FIGURE 2 | Effect of CD147 on glycolipid metabolism in 5FU-R CRC cells. (A) 2-NBDG signals of WT and 5FU-R HCT15 cells were quantified via flow cytometry.
(B) The cell culture supernatants were assayed for lactate release using a colorimetric assay, and values were normalized by cellular protein content. (C, D) OCR and
ECAR of WT and 5FU-R HCT15 cells were measured using Seahorse XFe96. (C) FCCP (1 mM), Oligomycin (1.5 mM), and rotenone/antimycin A (0.5 mM) were
successively added to measure OCR, and (D) glucose (100 mM), oligomycin (10 mM), and 2-DG (500 mM) were successively added to measure ECAR.
(E) Representative images of IHC staining for CD147, GLUT1, and major enzymes of glycolysis and FAO on tumor sections in CRC patients. Scale bar = 100 mm.
(F, G) The cellular contents of (F) triglyceride and (G) total cholesterol were estimated using a colorimetric assay, and values were normalized by cellular protein
content. (H) Oil Red O staining was performed to examine intracellular lipid droplets of HCT15 cells. Scale bar = 20 mm. (I) FAO was detected by using an FAOBlue
probe and a fluorescence microscope. Scale bar = 20 mm. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p <
0.05, **p < 0.01, and ***p < 0.001).
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cells compared with those in WT cells, whereas PPARa levels
were increased in CD147 knockdown 5FU-R cells (Figures 5A,
B). Additionally, PPARa expression was negatively related to
CD147 at both mRNA and protein levels in 27 specimens from
CRC patients treated with preoperative fluorouracil analog–
based chemotherapy (Figures 5C–E).

Next, we examined whether the effect of CD147 on PPARa
contributed to the regulation of FAO in 5FU-R cells. After
treating 5FU-R cells with eupatilin (41), a PPARa agonist, we
observed enhanced 5-FU sensitivity, higher FAO enzyme
expressions, decreased triglyceride and cholesterol contents,
increased consumption of intracellular lipids, and accelerated
FAO compared with those of DMSO-treated 5FU-R cells.
Conversely, 5-FU resistance reversal and acceleration of
intracellular lipid metabolism after CD147 knockdown were
partially restored by GW6471 (a PPARa antagonist) (42) in
CD147 knockdown 5FU-R cells (Figures 5F–K, S5A–F).
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CD147 Downregulates PPARa by
Activating the MAPK Signaling Pathway in
5FU-R CRC Cells
Activation of the MAPK signaling pathway decreases PPAR
transcriptional activity (43). Regulation of ERK, a MAPK
family member, by CD147 has also been reported in cancer
and atherosclerosis (44, 45). Enrichment analysis of KEGG
pathways on transcriptome data of WT and 5FU-R CRC cells
included the MAPK signaling pathway (Figure 6A).
Therefore, we suspected that MAPK signaling might play a
role in CD147 negative regulation of PPARa. JNK, ERK, and
p38 phosphorylated levels were markedly upregulated in
5FU-R cells, whereas CD147 knockdown in 5FU-R cells
suppressed the phosphorylation of these MAPK-related
molecules (Figures 6B, S6A). We next examined whether
ERK mediated the negative regulation of PPARa by CD147,
because it showed the most pronounced increase in
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FIGURE 3 | CD147 enhances glycolysis by upregulating HIF-1a expression. (A, B) (A) RT-qPCR and (B) WB analyses of the expression levels of HIF-1a in WT, 5FU-R, and
shCD147 5FU-R CRC cells. (C) Representative images of IHC staining for CD147 and HIF-1a expression on tumor sections in CRC patients. Scale bar = 100 mm. (D)
Correlations between protein levels of CD147 and HIF-1a in 27 tumor specimens of CRC patients treated with preoperative fluorouracil analog-based chemotherapy, as
estimated by performing Pearson correlation analysis. Protein levels were quantified by IHC staining. (E) Correlations between mRNA levels of CD147 and HIF1A in 27 tumor
specimens of CRC patients as previously described, as estimated by performing Pearson correlation analysis. (F) WB analyses of CD147, HIF-1a, GLUT1, and glycolytic
enzymes in WT HCT15 cells, 5FU-R HCT15 cells subjected to treatment with shHIF1A or control shRNA, and shCD147 HCT15 5FU-R cells subjected to treatment with
HIF1A-OE lentivirus or control lentivirus. (G) Relative 5-FU sensitivity of the indicated HCT15 cells, as determined via CCK-8 assays. (H) 2-NBDG signals were quantified via
flow cytometry in WT HCT15 cells, 5FU-R HCT15 cells subjected to treatment with siHIF1A or control siRNA, and siCD147 HCT15 5FU-R cells subjected to treatment with
HIF1A-OE plasmids or control plasmids. (I) The cell culture supernatants of the indicated HCT15 cells were assayed for lactate release using a colorimetric assay, and values
have been normalized by cellular protein content. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p < 0.05, **p < 0.01,
and ***p < 0.001). Correlation analysis was conducted using Pearson correlation analysis.
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phosphorylation in 5FU-R cells. In 5FU-R cells treated with
PD98059 (an ERK1/2 signaling inhibitor) (46), PPARa
expression was upregulated and the sensitivity to 5-FU and
FAO was also enhanced. Conversely, treatment of CD147
knockdown 5FU-R cells with TBHQ (an ERK activator) (47)
reversed the CD147 knockdown-induced resistance and lipid
metabolic phenotypes (Figures 6C–H, S6B–G).

Furthermore, we detected whether a crosstalk exists
between glycolysis and FAO regulations in 5FU-R CRC
cells. To determine whether HIF-1a affect MAPK/PPARa
axis in 5FU-R cells, WB analyses of ERK, phospho-ERK and
PPARa in WT HCT15 cells, 5FU-R HCT15 cells subjected to
treatment with shHIF1A or control shRNA, and shCD147
HCT15 5FU-R cells subjected to treatment with HIF1A-OE
lentivirus or control lentivirus. The results indicated that HIF-
1a did not notably affect the MAPK/PPARa axis in 5FU-R
cells (Figure S6H). Additionally, to detect the influence of
PPARa on PI3K/AKT/mTOR/HIF-1a axis in 5FU-R cells, WB
analyses of mTOR, phospho-mTOR and HIF-1a in WT
HCT15 cells, 5FU-R HCT15 cells subjected to treatment
with eupatilin or DMSO (control), and shCD147 HCT15
5FU-R cells subjected to treatment with GW6471 or DMSO
(control). The results showed that there is a slightly negative
regulation of PI3K/AKT/mTOR/HIF-1a axis by PPARa in
5FU-R cells (Figure S6I).
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Upregulated CD147 Confers 5-FU
Resistance in CRC via Glycolipid
Metabolic Reprogramming
To evaluate the effect of CD147 on 5-FU resistance of CRC cells
in vivo, WT, shNC, and shCD147 5FU-R HCT15 cells were
injected subcutaneously into nude mice. After 1 week, tumor-
bearing mice were treated with 5-FU or saline. Tumors in 5FU-R
cell–bearing mice grew faster and were insensitive to treatment
compared with those in WT cell–bearing mice (Figures 7A, B).
Tumors from 5FU-R cell-bearing mice exhibited higher Ki-67-
positive rates (Figures 7C, D) and higher expression of CD147,
glycolytic and FAO enzymes (Figure 7E). Conversely, tumors
from CD147 knockdown 5FU-R cell–bearing mice had
decelerated growth, increased 5-FU sensitivity, and reversed
glycolipid metabolism compared with controls (Figures 7A–E).
We also established a patient-derived xenograft mouse model
from a male patient with TNM stage III rectal cancer who did not
respond to 5-FU-based preoperative neoadjuvant chemotherapy.
Mice were treated with a combination of 5-FU and AC-73 (a
CD147 inhibitor) (48), which significantly inhibited tumor
growth, proliferation, and glycolipid metabolism compared
with 5-FU alone (Figures 7F–J). Mouse bodyweight was
unaffected by 5-FU, but the AC-73 group showed weight loss,
suggesting that AC-73 treatment may have potential risks
(Figures S7A, B).
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FIGURE 4 | CD147 upregulates HIF-1a expression through the activated PI3K/AKT/mTOR signaling pathway. (A) WB analyses of the expression levels
of PI3K, phospho-PI3K, AKT, phospho-AKT, mTOR, and phospho-mTOR in WT, 5FU-R, and shCD147 5FU-R HCT15 cells. (B) WB analyses of CD147,
mTOR, phospho-mTOR, and HIF-1a in WT HCT15 cells, 5FU-R HCT15 cells subjected to treatment with 50 nM rapamycin or DMSO (control), and
shCD147 HCT15 5FU-R cells subjected to treatment with 10 mM MHY1485 or DMSO (control). (C) Relative 5-FU sensitivity of the indicated HCT15
cells, as determined via CCK-8 assays. (D) 2-NBDG signals of the indicated HCT15 cells were quantified via flow cytometry. (E) The cell culture
supernatants of the indicated HCT15 cells were assayed for lactate release using a colorimetric assay, and values have been normalized by cellular
protein content. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p < 0.05, **p < 0.01, and
***p < 0.001).
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Considering that metabolic reprogramming leads to
changes in tumor behavior (10), we hypothesized that
CD147-mediated 5-FU resistance in CRC may be mediated
through glyco l ip id metabol ic reprogramming . We
established cell models with HIF1A overexpression and
PPARA knockdown in CD147 knockdown 5FU-R HCT15
cells. Notably, the inhibitory effects of CD147 knockdown
were partially reversed by HIF1A overexpression or PPARA
knockdown (Figures 7A–E). These results showed that
CD147 confers 5-FU resistance in CRC by glycolipid
metabolic reprogramming.
Frontiers in Oncology | www.frontiersin.org 10190
DISCUSSION

CRC resistance to 5-FU is challenging in the clinic (3). In the
5FU-R CRC cell models and patient samples, CD147 enhanced
HIF-1a-induced glycolysis by activating the PI3K/AKT/mTOR
signaling pathway and suppressed PPARa-mediated FAO by
activating the MAPK signaling pathway. Our findings showed
that overexpressed CD147 confers 5-FU resistance to CRC by
reprogramming glycolipid metabolism. We demonstrated that
CD147 is a potential 5-FU resistance biomarker for CRC patients
and a valuable therapeutic target for 5-FU-resistant CRC.
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FIGURE 5 | CD147 suppresses FAO by downregulating PPARa expression. (A, B) (A) RT-qPCR and (B) WB analyses of the expression levels of PPARa in WT,
5FU-R, and shCD147 5FU-R CRC cells. (C) Representative images of IHC staining for CD147 and PPARa expression on tumor sections in CRC patients. Scale
bar = 100 mm. (D) Correlations between protein levels of CD147 and PPARa in 27 tumor specimens of CRC patients as previously described, as determined via
Pearson correlation analysis. Protein levels were quantified by IHC staining. (E) Correlations between mRNA levels of CD147 and PPARA in 27 tumor specimens of
CRC as previously described, as estimated via Pearson correlation analysis. (F) WB analyses of CD147, PPARa, and FAO-related enzymes in WT HCT15 cells, 5FU-
R HCT15 cells subjected to treatment with 50 mM eupatilin or DMSO (control), and shCD147 HCT15 5FU-R cells subjected to treatment with 25 mM GW6471 or
DMSO (control). (G) Relative 5-FU sensitivity of the indicated HCT15 cells, as determined via CCK-8 assays. (H, I) The cellular contents of (H) triglyceride and (I) total
cholesterol of the indicated HCT15 cells were assayed using a colorimetric assay, and values have been normalized by cellular protein content. (J) Oil Red O staining
was performed to examine intracellular lipid droplets of the indicated HCT15 cells. Scale bar = 20 mm. (K) FAO was detected by using an FAOBlue probe and a
fluorescence microscope. Scale bar = 20 mm. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p < 0.05,
**p < 0.01, and ***p < 0.001).
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Several enzymes and regulators of glycolysis are associated
with chemoresistance (49–51). Our findings showed that
CD147 promoted upregulation of glycolytic enzymes, higher
glucose uptake, lactate release, and ECAR in 5-FU-resistant
CRC cells. Glucose addiction and enhanced aerobic glycolysis,
the so-called “Warburg effect”, are metabolic features
of tumor cells (52). We found that 5-FU-resistant CRC cells
shifted from oxidative phosphorylation to glycolysis,
which was consistent with the observed disruption of
mitochondria. Enhanced glycolysis may therefore be a
compensatory change for the insufficient energy production
from mitochondrial dysfunction. Such adaptive changes in
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5-FU-resistant CRC cells are important for energy supply but
also generate intermediates of macromolecule biosynthesis.
HIF-1a is a major regulator of glycolysis and overexpressed
HIF-1a is associated with chemoresistance in pancreatic
cancer (13). We identified the contribution of HIF-1a-
mediated glycolysis to 5-FU resistance in CRC and
confirmed that HIF-1a was regulated by CD147. HIF-1a is
regulated by oxygen-dependent prolyl hydroxylases (53).
However, we found that CD147 regulated HIF-1a protein
levels through phosphorylation of the PI3K/AKT/mTOR
pathway, which represents a non-classical and oxygen-
independent regulation mode.
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FIGURE 6 | CD147 downregulates PPARa expression through the activated MAPK signaling pathway. (A) Enrichment analysis of KEGG pathways using
transcriptome data obtained for WT and 5FU-R CRC cells. (B) WB analyses of the expression levels of p38, phospho-p38, JNK, phospho-JNK, ERK, and phospho-
ERK in WT, 5FU-R, and shCD147 5FU-R HCT15 cells. (C) WB analyses of CD147, ERK, phospho-ERK, and PPARa in WT HCT15 cells, 5FU-R HCT15 cells
subjected to treatment with 50 mM PD98059 or DMSO (control), and shCD147 HCT15 5FU-R cells subjected to treatment with 20 mM TBHQ or DMSO (control).
(D) Relative 5-FU sensitivity of the indicated HCT15 cells, as determined via CCK-8 assays. (E, F) The cellular contents of (E) triglyceride and (F) total cholesterol of
the indicated HCT15 cells were assayed using a colorimetric assay, and values have been normalized by cellular protein content. (G) Oil Red O staining was
performed to examine intracellular lipid droplets of the indicated HCT15 cells. Scale bar = 20 mm. (H) FAO was detected by using an FAOBlue probe and a
fluorescence microscope. Scale bar = 20 mm. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p < 0.05,
**p < 0.01, and ***p < 0.001).
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Many studies of tumor metabolism have concentrated on
the Warburg effect, glutaminolysis, and de novo fatty acid
synthesis (54, 55). Studies on FAO have been limited, with
conflicting results. Some research revealed that FAO is an
essential ATP source in ovarian cancer and leukemia to
maintain survival of tumor cells (56, 57). FAO enzymes may
be upregulated by oncoproteins such as c-Myc (58),
suggesting that activated FAO is a part of oncogene-
associated signaling pathways. However, other studies
demonstrated that weakened FAO correlated with increased
tumor malignancy (23, 28). A possible explanation is that
accumulated intracellular lipids are not directly involved in
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the energy supply and instead shunt into pathways for
biomolecule synthesis. In our cell models and patient
samples, FAO was significantly slower with the development
of 5-FU resistance in CRC. Our study raises the possibility
that reduced FAO results from an impaired mitochondrial
oxidative capacity in 5-FU-resistant CRC. However, as other
metabolic pathways may provide adequate energy, decreased
FAO would not affect the survival of 5-FU-resistant cells.
Conversely, excess lipids may be involved in other essential
functions and play a critical role in 5-FU resistance. PPARa is
a critical regulator of enzymes in FAO (40) and our results are
in accordance with studies indicating that PPARa has a
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FIGURE 7 | Upregulated CD147 confers 5-FU resistance in CRC via glycolipid metabolic reprogramming. (A, B) (A) Tumor growth curves and (B) dissected tumors
of subcutaneous xenograft tumor formation with the indicated HCT15 cells, followed by treatment with 5-FU (administered intraperitoneally, 25 mg/kg, three times a
week) or saline (control). (C, D) (C) Representative images of IHC staining for Ki-67 expression on subcutaneous xenograft tumors of the indicated HCT15 cells;
scale bar = 50 mm. (D) Percentage of Ki-67-positive cells. (E) Representative images of IHC staining for determining expression of CD147, GLUT1, and major
enzymes of glycolysis and FAO on subcutaneous xenograft tumors of the indicated HCT15 cells. Scale bar = 100 mm. (F, G) (F) Tumor growth curves and
(G) dissected tumors of PDX NOD/scid mice, followed by treatment with 5-FU (administered intraperitoneally, 25 mg/kg, three times a week), AC-73 (administered
intraperitoneally, 25 mg/kg, daily), or saline (control). (H, I) (H) Representative images of IHC staining for Ki-67 expression on tumor sections of PDX models; scale
bar = 50 mm. (I) Percentage of Ki-67-positive cells. Data are presented as mean ± SD. Data were compared by performing ANOVA (ns, not significant, *p < 0.05, **p
< 0.01, and ***p < 0.001).
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beneficial effect against cancer (59). Interestingly, we found
that PPARa-mediated FAO was negatively regulated by
CD147 in 5-FU-resistant CRC. Several reports showed that
CD147 exerts a prominent regulatory effect on the MAPK
pathway (44, 45). Our findings demonstrate that CD147 has a
negative regulatory function in PPARa-mediated FAO by
activation of the MAPK signaling pathway.

The most clinically relevant finding is the potential
diagnostic and therapeutic value of CD147 for 5-FU-
resistant CRC. We found that CD147 may be an efficient
biomarker for assessment and prognosis of CRC patients
treated with fluorouracil analog–based chemotherapy.
CD147 is involved in multiple tumor processes, including
invas ion, metastas i s , angiogenes is , and epithe l ia l–
mesenchymal transition, which are associated with the
formation of circulating tumor cells (CTCs) (60, 61).
Further study is needed to assess the association between
CD147-positive CTCs and 5-FU resistance in CRC and
explore a “liquid biopsy” approach for real-time monitoring
of chemotherapy response. Additionally, we demonstrated
that targeting CD147 may be a promising strategy to
increase 5-FU sensitivity in 5-FU-resistant CRC in vitro and
in vivo. We found that AC-73, a small molecule CD147
inhibitor (48), reversed 5-FU resistance. However, body
weights were significantly lower after AC-73 treatment,
raising concerns of safety. Therefore, CD147-targeted small
molecule inhibitors that are suitable and safe for in vivo use
are needed.

An anti-CD147 monoclonal antibody (MEM-M6/1) induces
cell death in colon cancer by blocking CD147 and MCT1 binding
(62). Considering the high flux of lactate transmembrane
transport in 5-FU-resistant CRC cells, MEM-M6/1 may be a
good alternative for 5-FU-resistant CRC patients. Licartin, a 131I-
radioisotope-labeled anti-CD147 monoclonal antibody
(metuximab), was approved for hepatocellular carcinoma
treatment by the Chinese State Food and Drug Administration
(63) and increased the chemosensitivity of pancreatic cancer to
gefitinib and gemcitabine (64). We will evaluate Licartin for its
possible use in 5-FU-resistant CRC treatment. Furthermore, we
observed 5FU-R CRC cells had a higher expression of HG-
CD147 (highly glycosylated CD147) compared to WT CRC cells.
In present study, our main focus was on the influence of total
CD147 on 5-FU resistance and glycolipid metabolism. The
functional research of CD147 is also affected by glycosylation
modification, and we will carry out related work in this field to
identify the influence of glycosylated CD147 on chemoresistance
of CRC.

CD147 is involved in cell proliferation, migration,
invasion, and angiogenesis (25–27). Our findings suggested
that CD147 also mediates 5-FU resistance in CRC through
increased glycolysis and decreased FAO. We identified CD147
as a potential novel biomarker for accurate assessment of 5-
FU resistance and evaluation of prognosis in CRC patients
treated with 5-FU. Our results revealed that suppressing the
expression of CD147 may be a therapeutic strategy to restore
5-FU sensitivity of 5-FU-resistant CRC by remodeling
Frontiers in Oncology | www.frontiersin.org 13193
glycol ip id metabol i sm. However , we are aware of
chemoresistance is a complicated event that cannot be
explained by single molecules or simple signaling pathways.
In present study, we investigated CD147 as a core molecule
and explored the upstream and downstream regulatory
mechanisms in 5-FU-resistant CRC, but it is clearly not
sufficient for comprehensively reveal the pathophysiological
state of chemoresistance. More efforts will be made into sets in
future which make up a complete study system of 5-FU-
resistant CRC.
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