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Simple Summary: The major histocompatibility complex (MHC) class I genes, encompassing the
human leukocyte antigen (HLA) class I and the beta-2 microglobulin (B2M) genes, play a key role in
neoantigens presentation to the immune system. We analyzed allelic imbalance (Al) of the respective
chromosomal regions by multiplex PCRs using microsatellite markers in biopsies of 158 patients
with gastric/gastroesophageal adenocarcinoma before neoadjuvant platinum/fluoropyrimidine
chemotherapy (CTx) for an association with clinical outcome of the patients. Al with no marker was
significantly associated with response or survival. However, subgroup analysis revealed interesting
differences. Of note, Al at markers of the HLA region was associated with a decreased survival only
in responding but not in non-responding patients. No associations were observed for B2M markers.
Our results underline the importance of intact neoantigen presentation specifically for responding
patients and may help explain an unexpectedly poor survival of a patient despite significant tumor
regression after neoadjuvant CTx.

Abstract: We aimed to determine the clinical and prognostic relevance of allelic imbalance (AI) of
the major histocompatibility complex (MHC) class I genes, encompassing the human leukocyte
antigen (HLA) class I and beta-2 microglobulin (B2M) genes, in the context of neoadjuvant plat-
inum/fluoropyrimidine chemotherapy (CTx). Biopsies before CTx were studied in 158 patients with
adenocarcinoma of the stomach or gastroesophageal junction. The response was histopathologically
evaluated. Al was detected by multiplex PCRs analysis of four or five microsatellite markers in HLA
and B2M regions, respectively. Al with no marker was significantly associated with response or
survival. However, subgroup analysis revealed differences. Al at marker D65265, close to the HLA-A
gene, was associated with an obvious increased risk in responding (HR, 3.62; 95% CI, 0.96-13.68,
p = 0.058) but not in non-responding patients (HR, 0.92; 95% CI, 0.51-1.65, p = 0.773). Markers D65273
and D652872 showed similar results. The interaction between Al at D65265 and response to CTx was
significant in a multivariable analysis (p = 0.010). No associations were observed for B2M markers.
Our results underline the importance of intact neoantigen presentation specifically for responding
patients and may help explain an unexpectedly poor survival of a patient despite significant tumor
regression after neoadjuvant platinum/fluoropyrimidine CTx.
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1. Introduction

Despite the declining incidence of gastric cancer, the disease is still the third leading
cause of cancer death worldwide [1]. Platinum/5-fluorouracil-based pre-/perioperative
chemotherapy was shown to increase survival of advanced gastric- or gastroesophageal
cancer patients, and the inclusion of docetaxel into the therapeutic regimens then further
improved the prognosis of the patients [2,3].

Response to cytotoxic chemotherapy is evaluated based on the histopathological
determination of the tumor’s regression using various scoring systems [4,5]. According
to Becker’s classification, the responses are classified into three grades. Tumor regression
grade 1 (TRG1) corresponds to no or less than 10%, TRG2 to 10-50%, and TRG3 to >50% of
residual tumor cells in the resected specimen [5]. This grading system is associated with
overall survival and is considered a valuable prognostic factor for predicting treatment
outcomes [6-9].

In a recent study, we demonstrated an association of a high degree of chromosomal
instability (CIN) in tumor biopsies before neoadjuvant chemotherapy with good histopatho-
logical tumor regression, which, however, did not translate into a significant survival benefit
in this specific subgroup of patients [10]. CIN is one of the major hallmarks of many solid
tumors, including gastric carcinomas [10,11]. A considerable interplay between the effects
of chemotherapeutic agents and the tumor microenvironment has been described, and
beyond that, CIN has been associated with immune evasion and immunological “cold”
tumors in various tumor entities [12-14]. Thus, we asked whether the loss of genes or chro-
mosomal regions, which are critical for antigen presentation, is of particular importance in
this context.

The major histocompatibility complex (MHC) class I presents specific tumor neoanti-
gens to cytotoxic T-lymphocytes and is essential for provoking an antitumor immune
response, and loss of MHC class I is associated with worse clinical outcomes in various
cancer types [15-18]. MHC class I consists of a heavy alpha chain encoded by three human
leukocyte antigen (HLA) genes (HLA-A, HLA-B, and HLA-C) located on chromosome 6p21
and a light chain encoded by the beta-2 microglobulin (B2M) gene located on chromosome
15q21 [15-17].

The aim of our study was to clarify whether allelic imbalance (Al) suggestive of a
loss of heterozygosity (LOH) at these specific chromosomal regions in tumor biopsies
before neoadjuvant treatment may have an impact on patient survival despite significant
histopathological tumor regression.

2. Material and Methods
2.1. Patients and Chemotherapy

Biopsies of gastric adenocarcinomas, including tumors of the gastroesophageal junc-
tion (AEG II and AEG III, according to Siewert and Stein [19]) before neoadjuvant CTx
from 158 patients, were analyzed. Patients were treated at the Department of Surgery
of the Technical University of Munich between 1995 and 2017. Inclusion criteria for the
present study were treatment with fluoropyrimidine/cis- or oxaliplatin-based neo-adjuvant
chemotherapy (Supplementary Table S1) and the availability of DNA or paraffin blocks
from tumor and non-tumorous tissues. Tumors with high microsatellite instability (MSI-H)
were excluded as described [10] (Figure S1). The patient characteristics are summarized in
Table 1.
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Table 1. Patient characteristics.

Category Value 1 (%)
Cases Total 158 (100)
Median 62.2
Age (yr) Range 30.0-81.3
Median 48.1
3 a
Overall survival (mo) 95% CI 257705
Follow-up period Median 61.9
(mo) 95% CI 53.5-70.3
S Male 123 (77.8)
ex Female 35 (22.2)
Tumor Proximal 102 (64.6)
localization Non-proximal 56 (35.4)
Laurén Intestinal 77 (48.7)
classification Non-intestinal 81 (51.3)
- T2 9 (5.9)
Chsr;:ael Ell%wr T3/4 143 (94.1)
J n/a 6
0 8(5.1)
1 17 (10.9)
2 27 (17.3)
b
ypT 3 82 (52.6)
4 22 (14.1)
n/a 2
Negative 65 (41.7)
ypN P Positive 91 (58.3)
n/a 2
. Negative 108 (69.2)
Metastasis Positive 48 (30.8)
status
n/a 2
0 6(3.9)
1 26 (16.7)
2 38 (24.5)
b
yUICC stage 3 37(23.9)
4 48 (31.0)
n/a 3
. RO 125 (80.1)
Eii:dolfn R1 31 (19.9)
gory n/a 2
Tumor 1 44 (27.9)
regression 2 37 (23.4)
grade (TRG) 3 77 (48.7)
Responder TRG1 44 (27.8)
Non-responder TRG2, TRG3 114 (72.2)

CI, confidence interval; n/a, not available; * OS was defined as the time between the date of operation and death
by any cause; > TNM and UICC classification according to the 7th Edition of UICC.

2.2. Response Evaluation

The response was classified according to Becker into three tumor regression grades
(TRG): TRG1, TRG2, and TRG3, which corresponded to <10%, 10-50%, and >50% residual
tumor cells present in the resected specimen, respectively [6]. Patients with TRG1 were clas-
sified as responders, whereas those with TRG2 and TRG3 were classified as non-responders.
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2.3. Follow-Up and Owverall Survival

Follow-up was performed as described, and the overall survival (OS) of the patients
was defined as the time between the date of surgery and death by any cause [20].

2.4. Analysis of Allelic Imbalance

DNA from paired tumor and non-tumor formalin-fixed paraffin-embedded (FFPE)
tissues were isolated as described [21,22]. Allelic imbalance (AI) was considered as a
surrogate for loss of heterozygosity (LOH) and was detected using two microsatellite-
based multiplex PCR assays encompassing four or five microsatellite markers spanning
the chromosomal regions of the HLA genes on chromosome 6p21 and the B2M gene on
chromosome 15q21, respectively. Markers for chromosome 6p21 were D65291, D65273,
D65265, and D652872, and those for chromosome 15q21 were D155508, D1551028, D155119,
D155982, and D155117. The relative positions of microsatellite markers on each chromo-
some are shown in Figure 1. Design and PCR conditions are detailed in the Supplementary
Methods [21,23,24]. Primer sequences are summarized in Table S2 [25-30]. Individual
cut-off values for the definition of Al were determined for each marker as described in
the Supplementary Methods [21,24,31]. A representative dot plot related to the cut-off
definition is shown in Figure S2. The composition of the primer mixtures and the cut-off
values are summarized in Table S3.
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Figure 1. Chromosomal localization of the microsatellite markers. Localization of the microsatel-
lite markers at chromosome 6p21 relative to the HLA-A, HLA-B, and HLA-C genes and of the
microsatellite markers on chromosome 1521 relative to the B2M gene region is shown.

2.5. Statistical Analyses

The distribution of quantitative and qualitative data is presented by descriptive statis-
tics, such as the median and range or absolute and relative frequencies, respectively.
Kaplan—-Meier estimates of survival probabilities were compared between patient sub-
groups defined by clinical characteristics using log-rank tests. Relative risks were estimated
using hazard ratios (HRs) from the univariable and multivariable Cox proportional hazard
models. Interaction effects were added to these models to assess group differences in
relative risks. According to the recommendation of Peduzzi et al. [32], the ratio of the
number of variables in the multivariable Cox regression model to the number of events was
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limited to 1:10. Two-sided Chi-squared tests or Fisher’s exact tests were used to compare
relative frequencies. Overall, two-sided exploratory 5% significance levels (two-tailed)
were used for hypothesis testing. Respective 95% confidence intervals were calculated
for the effects measured. All statistical analyses were performed using SPSS Statistics
27 (IBM Corp., Armonk, NY, USA) and R version 4.0.3 (The R Foundation for Statistical
Computing, Vienna, Austria).

3. Results
3.1. Frequency of Allelic Imbalance and Association with Clinicopathological Parameters

Al of the four microsatellite markers on chromosome 6p21 was detected in a range
from 38.8% to 60.0% and in a range from 56.5% to 67.0% for markers on chromosome
15q21. The results are shown in Table 2. Representative images of Al analysis are shown in
Figure S3.

Table 2. Frequencies of AL

Informative *

Marker Al (n) Tumors (1) Frequency (%)
D6S5291 48 104 46.2
D6S273 45 116 38.8
D65265 52 111 46.8
D652872 61 102 60.0
D15S5508 38 62 61.3
D15S1028 78 117 66.7
D155119 75 112 67.0
D155982 69 111 62.6
D15S117 74 131 56.5

* Informative refers to patients with a heterozygous genotype in the normal tissue.

A statistically significant association was found between the markers D1551028 and
D155119 and tumor localization. Out of the 72 informative and proximally located tumors,
55 (76.4%) showed an Al compared with 23 of 45 (51%) informative and non-proximally
located tumors for marker D1551028 (p = 0.008). The results were similar for marker
D15119 (p = 0.023). Another significant difference was found between marker D155508 and
resection status. Among the 49 informative and RO-resected patients, 26 (53.1%) showed
an Al compared with 11 of 12 (91.7%) R1-resected patients (p = 0.019). No statistically
significant associations with sex, age, histopathological tumor type, tumor localization, ypT,
ypN, metastasis, or resection status were found for any of the other markers (Table S4).

3.2. Allelic Imbalances and Response to Neoadjuvant CTx

No significant association was found for Al at any of the microsatellite markers
spanning chromosomal region 6p21 or 15q21 with response to neoadjuvant CTx in terms
of histopathological tumor regression. A slightly higher frequency of Al was observed
for maker D155117 among the non-responders, as 56 of 91 (61.5%) informative patients
showed an Al compared with 18 of 40 (45.0%) informative responding patients (p = 0.079).
The results are summarized in Table 3.

3.3. Allelic Imbalances and Univariable Survival Analysis

In the study as a whole, no statistically significant association of Al at any of the
microsatellite markers with patient survival was observed. A somewhat worse OS was
observed in patients with Al at marker D652872 (HR, 1.65; 95% CI, 0.93-2.91, p = 0.087)
and for patients with Al at D155117 in their tumors (HR, 1.63; 95% CI, 0.97-2.72, p = 0.063)
(Table S5).
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Table 3. Association of AI with response to neoadjuvant CTx.

Responder (TRG1) Non-Responder (TRG2/3)
Informative Frequency Informative Frequency g s
Marker Al (n) * Tumors (1) %) Al (n) * Tumors (1) %) p-Value
D6S291 11 30 36.7 37 74 50.0 0.217
D6S273 14 33 42.4 31 83 37.3 0.613
D6S265 18 37 48.6 34 74 50.0 0.788
D6S2872 17 31 54.8 44 71 62.0 0.499
D15S508 10 19 52.6 28 43 65.1 0.352
D1551028 20 32 62.5 58 85 68.2 0.557
D155119 26 34 76.5 49 78 62.9 0.158
D155982 19 34 55.9 41 77 53.2 0.797
D15S117 18 40 45.0 56 91 61.5 0.079

* Informative refers to patients with a heterozygous genotype in the normal tissue. ** Chi-squared test.

A separate subgroup analysis of the responding and non-responding patients showed,
as expected, a greater difference in survival (piog-rank < 0.001) (Figure 2a), and we observed
striking differences for specific markers.

Of note, considering the markers of chromosome 6p21, Al was associated with worse
OS in the responding group but not in the non-responding group. In particular, marker
D65265 demonstrated a qualitative difference between the HR of Al in responders (HR, 3.62;
95% CI, 0.96-13.68, p = 0.058) compared with non-responders (HR, 0.92; 95% CI, 0.51-1.65,
p = 0.773), which indicates an almost four-fold increased risk in responders with an Al in
their tumors and only a minor decreased risk by Al in non-responders (Figure 2b). Increased
risk of Al was also found for markers D652872 (HR, 3.73; 95% CI, 9.77-18.03, p = 0.101) and
D65273 (HR, 2.73; 95% CI, 0.77-9.71, p = 0.120) in the responding group. In contrast, in the
non-responding group, only slight differences were observed for D652872 (HR, 1.29; 95%
CI, 0.69-2.38, p = 0.424) and D65273 (HR, 0.84; 95% CI, 0.47-1.50, p = 0.562) (Figure 2c,d).
Testing for an interaction effect between Al and response using univariable Cox regression
models was noticeable for markers D6S265 (p = 0.064) and D65S273 (p = 0.098). No obvious
differences were found for marker D65291.

Regarding the five markers spanning the region of the B2M gene on chromosome
15q21, no obvious differences between patients with or without Al were observed in either
the responding or non-responding group. The Kaplan-Meier survival curves are shown
for markers D1551028 and D155119 (Figure 2e,f).

All survival data are summarized in Table 4.

Analyses of the clinical variables of our patients for an association with survival
revealed UICC stage (HR, 1.86; 95% CI, 1.45-2.39, p < 0.001), R-category (HR, 3.40; 95% CI,
2.11-5.50, p < 0.001), response to CTx (HR, 0.307; 95% CI, 0.16-0.56, p < 0.001), and sex (HR,
0.57; 95% CI, 0.31-1.03, p = 0.061) as conspicuous parameters. No statistically significant
differences were observed regarding the Laurén classifications, comparing intestinal versus
non-intestinal tumor types (HR, 1.34; 95% CI, 0.87-2.07, p = 0.180), tumor localization
comparing proximal versus non-proximal tumor localizations (HR, 1.27; 95% CI, 0.82-1.98,
p = 0.180), and comparing age </> median (HR, 1.24; 95% CI, 0.81-1.91, p = 0.324).

3.4. Multivariable Survival Analysis

Multivariable analysis was performed for the marker D65265, which showed the most
conspicuous result in univariable analysis. Analysis including Al, response, the interaction
between Al at D65265 with the response, and clinical factors with prognostic relevance in
the univariable analysis as resection status, UICC stage, and sex, revealed the interaction of
D6S265 with the response as a statistically significant variable (HR, 0.14; 95% CI, 0.03-0.63,
p = 0.010) together with UICC stage (HR, 3.0; 95% CI, 1.53-5.88, p = 0.014), R-category (HR,
2.16; 95% CI, 1.13-4.15, p = 0.020), and sex (HR, 0.38; 95% CI, 0.18-0.83, p = 0.015) (Table 5).
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Figure 2. Survival of the responding and non-responding patients alone and in association with Al at
specific microsatellite markers of chromosome 6p21 and 15q21. Survival of (a) the responding (TRG1)
and non-responding (TRG2/3) patients. p * value log-rank test. Survival in association with Al (allelic
imbalance) or no Al in responding and non-responding patients separately at marker (b) D65265;
(c) D65273; (d) D6S2872; (e) D1551028; and (f) D155119. p ** values: univariable Cox regression for
patients with Al and no Al in the responding group. p *** values: univariable Cox regression for
patients with AI and no Al in the non-responding group.
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Table 4. Survival in the subgroups of the responding and non-responding patients and AL

Response OS Median -Value
Marker P Al Status (Months) HR (95% CI) p-Value * P .
Status o Inter-Action **
(95% CI)
Responder ﬁf e 0.57 (0.12—2.84) 0497
D65291 * 0.715
] Yes 31.05 21.11-40.99)  0.79 (0.44-1.41)
Non-responder No 28.40 (15.40-41.40) 1 0.424
Responder yes 62.80 2.73 (0.;7—9.71) 0190
D65273 T 0.098
] Yes 66.10 (10.24-121.96)  0.84 (0.47-1.50)
Non-responder No 29.31 (15.48-43.15) 1 0.562
Responder \I;es 5z.§0 3.62 (0.916—13.68) 0,058
D65265 . 0.064
] Yes 3134 (1672-4597)  0.92 (0.51-1.65)
Non-responder No 31.90 (11.90-51.90) 1 0.773
Responder \133; E; 3.73 (0.717—18.03) 0.101
D652872 i 0217
] Yes 2840 (17.38-39.42)  1.29 (0.69-2.38)
Non-responder No 38.70 (0.00-84.79) 1 0.424
Responder \Ii?s n 0.71 (0.14—3.53) 0543
D155508 T 0.698
] Yes 2521 (0.01-50.42)  1.02 (0.43-2.39
Non-responder No 44.62 (0.00-91.21) 1 0.968
Responder K?j EE 0.78 (0.18-3.49) 0.746
D1551028 . 0.663
] Yes 31.90 (18.71-45.09)  1.12 (0.62-2.03)
Non-responder No 48.10 (2.14-94.06) 1 0.717
Responder \133; E; 0.88 (0.184.36) 0.873
D155119 * 0.896
] Yes 4810 (2.14-94.06)  0.98 (0.55-1.74)
Non-responder No 27.40 (15.11-39.69) 1 0955
Responder \Ii?s o 0.82 (0.,’125—2.69) 0744
D155982 : 0.476
] Yes 3020 (12.58-47.82) 132 (0.74-2.36)
Non-responder No 31.05 (23.84-38.26) 1 0.341
— KIQS n 1.37 (0.;104.75) 06l
D155117 . 0.955
] Yes 2190 8.70-35.11) 132 (0.75-2.34)
Non-responder No 33.80 (5.95-61.65) 1 0341

OS: Overall survival; CI: confidence interval; n.r.: not reached; * Univariable Cox regression analysis; ** Interaction
between response and Al by Cox regression analysis.
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Table 5. Multivariable Cox regression model.

HR 95% CI p-Value *
yUICC stage 0.014
01,2 1 -
3,4 3.00 1.53-5.88
Response 0.553
Yes 1
No 131 0.54-3.19
R-category 0.020
RO 1
R1 2.16 1.13-4.15
Sex 0.015
Male 1
Female 0.38 0.18-0.83
AI D6S265 0.091
No 1
Yes 1.74 0.91-3.30
Interaction (AI D6S265 0.14 0.03-0.63 0.010

andResponse)

HR: Hazard ration; CI: Confidence interval; * p: Multivariable Cox regression model with the included variables:
UICC stage 7th edition, R-category, sex, response, Al at D65265 and the interaction between Al at D65265 with
the response.

Analysis in the subgroup of the responding and non-responding patients for the
marker D65265 and adjusting for the above-mentioned variables revealed a significantly
reduced risk for Al no compared with Al yes in the responding group (HR, 0.23; 95% CI
0.06-0.93, p = 0.038), whereas a slightly increased risk was observed in the non-responding
group (HR, 1.74; 95% CI, 0.91-3.30, p = 0.092).

4. Discussion

In this study, we analyzed the prognostic relevance of Al suggestive of LOH at
two chromosomal regions, 6p21 and 15921, for GC patients treated with neoadjuvant plat-
inum/fluoropyrimidine CTx. The chromosomal regions 6p21 and 15q21 encompass genes
coding for proteins of the MHC class I complex, which is a key component of the antigen
presentation pathway and is essential for a proper antitumor immune response [15-17]. The
most interesting finding of our study was the prognostic significance of Al at markers lo-
cated around the HLA genes on chromosome 6p21, which we found only in the responding,
but not in the non-responding group. Although statistical significance was not reached, the
strongest evidence was found for marker D65265, located close to the HLA-A gene, and to
a somewhat lesser extent for marker D65273 near the HLA-B gene and for marker D652872
flanking the HLA-A gene towards the telomeric region. Of note, if the tumors specifically
demonstrated an Al in these regions, the patients showed a considerably worse prognosis
similar to that of the non-responding patients, despite having tumor regression grade 1,
and the interaction between Al at D65265 with response was a statistically significant factor
in the multivariable analysis.

Our results are of particular relevance under several aspects.

We found a prognostic difference of Al at the HLA-I genes only for patients who
were classified as responding patients based on the measurement of tumor regression but
not for non-responding patients. Although statistical significance was not reached and
detailed characterization of the tumor microenvironment has not been performed, it is
tempting to speculate that our results may indicate that an intact antigen presentation,
together with a good response of the tumor cell itself (exerted by appropriate cytotoxic
treatment) is required to translate the chemotherapeutic effect into a survival benefit for
patients. Complex interactions between chemotherapy-induced cell death and the tumor
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microenvironment and immune components have been described and are thought to
contribute to therapeutic success [12,13]. Thus, our results may underline an intimate
interaction between the immune system and tumor cells in this connection. In addition,
our findings may suggest the existence of a specific window regarding the mass of the
remaining tumor tissue after CTx, which allows for an optimal antitumor immune response.
However, if the tumor mass remains or is too high, various mechanisms of immune evasion
beyond HLA class I alterations may be relevant [33-37]. Furthermore, an intact antigen
presentation machinery and immune response may even be overcharged to evoke a survival
benefit for patients with an advanced, chemoresistant tumor.

Another important aspect of our study is that we did not find statistically significant
prognostic relevance for markers spanning the region of the B2M gene. The HLA-I gene
complex, which encompasses three classical HLA genes in humans, seems to play a major
role in this context. Studies analyzing HLA gene expression have shown that a small
reduction in the expression level may affect antigen presentation [38]. HLA-I genes are
highly polymorphic, which is related to their ability to bind foreign antigens with various
affinities, and small differences in the number of specifically available HLA-I alleles were
supposed to impair the presentation of neoantigens [36,39]. Thus, this may be related to
the prognostic effect we detected for the HLA-I gene region but not for the B2M region.

In our previous study, we found an association between tumors with high CIN and
response to neoadjuvant CTx, which, however, did not translate into a survival benefit
for the patients [10]. High CIN or aneuploidy has been described as a feature of immune
evasion and was suggested to be a marker of resistance to immune-based therapies [14,36].
It has been speculated that a high CIN may interfere with neoantigen loading onto the MHC
and thus may exert a direct mechanistic role in resistance to immune-based therapies [14,36].
However, our results indicate that alterations in specific chromosomal regions involved in
an adequate antitumor immune response are of major importance in this context and are
critical to translating tumor shrinkage into a survival benefit for the patient.

HLA class I alterations have been suggested to play a crucial role in immunother-
apy resistance [16,39]. Our study, which investigated patients treated with platinum/
fluoropyrimidine CTx in the neoadjuvant setting, showed that these alterations are also
important for therapy regimens based only on cytotoxic chemotherapeutic agents. This
may question whether combined platinum/fluoropyrimidine /immunotherapy regimens
could lead to substantial benefits for patients with structural HLA class I alterations in
their tumors.

We found Al at the markers of the HLA-I gene region on chromosome 6p21 at relatively
high frequencies, with up 60% of the tumors demonstrating Al at marker D652872 telomeric
flanking the HLA-A gene. LOH of the HLA gene region has been described in different
tumor types, for example, in 40-58% of non-small cell lung, colorectal, laryngeal, breast,
and gastric cancers [25,37,40,41]. We also found a relatively high frequency of Al in the B2M
region, with up to 67% of the tumors exhibiting Al for at least one marker. A considerable
variation in the prevalence of LOH in various tumor entities has also been reported for this
chromosomal region, with 35% to 54% of colon, bladder, and head and neck carcinomas
showing loss of this chromosomal region [26,40]. Different methods have been used for the
detection of LOH in these studies, and the high frequency we found in our analysis may
be related to the use of individual cut-off values for the definition of Al for each marker,
which may allow for more sensitive detection of Al In addition, our method also detects Al
due to copy-neutral LOH, which seems to be a common event in various cancers involving
chromosome 6p21 [42].

Our study has several limitations that must be addressed. One limitation of this study
is its retrospective nature. In addition, particularly in the subgroup analysis, a small number
of patients were available; therefore, the results must be interpreted with care. Furthermore,
we are aware that the patients in our study were not treated with taxane-containing therapy,
which is currently used to treat GC patients. Future studies, including patients treated with
neoadjuvant chemotherapy with a taxane-containing compound, should be performed
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to investigate the role of MHC I alterations in the context of specific treatment protocols.
However, our results are based on a relatively homogeneously treated patient cohort, which
exemplarily may indicate the intimate interaction between the cytotoxic components of
this treatment regimen and the immune system and, finally, may contribute to a better
understanding of this complex system.

5. Conclusions

Our results demonstrate a prognostic effect of Al for marker D65265 located in the
HLA class I gene region, specifically for responders. This may underline the importance of
intact neoantigen presentation in this patient group and may help explain a paradoxically
unexpected poor survival of a gastric cancer patient despite significant tumor regression
after neoadjuvant platinum/fluoropyrimidine CTx.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15030771/s1, Supplementary Methods. Table S1: Chemother-
apy regimens; Table S2: Primer Sequences; Table S3: Composition of the multiplex PCRs and upper

and lower threshold values for the definition of AL Table S4: Al and clinicopathological characteris-
tics; Table S5: Survival data and Al of all patients (n = 158); Table S6: Multivariable Cox regression

model; Figure S1: Overview of the study’s enrollment.

Author Contributions: Conceptualization, writing, and study supervision: G.K. Development of
methodology: TH., N.S.,, M.K. and A.-L.H. Acquisition of molecular data: T.H. and N.S. Contribution
of either clinical or pathological data: M.]., ].S.-H., S.L., A.N., K.O. and W.W. Statistical analyses
and interpretation of the data: A.H., TH., N.S. and G.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the “Deutsche Krebshilfe” German Cancer Aid (grant no.
70112177 to G.K., A.N., and W.W.; Technical University of Munich, Germany) and by the Wilhelm-
Sander Stiftung (grant no. 2019.156.1 to G.K.).

Institutional Review Board Statement: This study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the local Institutional Review Boards at the Technical
University of Munich (reference: 502/15s).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available in this article or
Supplementary Materials.

Conflicts of Interest: W.W. has attended the advisory boards and served as a speaker for Roche,
MSD, BMS, AstraZeneca, Pfizer, Merck, Lilly, Boehringer, Novartis, Takeda, Bayer, Amgen, Astellas,
Eisai, Johnson & Johnson, Janssen, Illumina, Siemens, Agilent, ADC, GSK, and Molecular Health.
W.W. receives research funding from Roche, MSD, BMS, and AstraZeneca. The other authors declare
no conflict of interest.

References

1.  Sung, H. Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]

2. Cunningham, D.; Allum, W.H.; Stenning, S.P.; Thompson, ].N.; Van de Velde, C.].; Nicolson, M.; Scarffe, ]. H.; Lofts, FJ.; Falk, S.J.;
Iveson, T.].; et al. Perioperative Chemotherapy versus Surgery Alone for Resectable Gastroesophageal Cancer. N. Engl. ]. Med.
2006, 355, 11-20. [CrossRef]

3. Al-Batran, S.-E.; Homann, N.; Pauligk, C.; Goetze, T.O.; Meiler, ].; Kasper, S.; Kopp, H.-G.; Mayer, F.; Haag, G.M.; Luley, K,; et al.
Perioperative chemotherapy with fluorouracil plus leucovorin, oxaliplatin, and docetaxel versus fluorouracil or capecitabine
plus cisplatin and epirubicin for locally advanced, resectable gastric or gastro-oesophageal junction adenocarcinoma (FLOT4): A
randomised, phase 2/3 trial. Lancet 2019, 393, 1948-1957. [CrossRef]

4. Mandard, AM.,; Dalibard, F.; Mandard, ].C.; Marnay, J.; Henry-Amar, M.; Petiot, ].E; Roussel, A.; Jacob, J.H.; Segol, P;

Samama, G.; et al. Pathologic assessment of tumor regression after preoperative chemoradiotherapy of esophageal carcinoma.
Clinicopathologic correlations. Cancer 1994, 73, 2680-2686. [CrossRef]


https://www.mdpi.com/article/10.3390/cancers15030771/s1
https://www.mdpi.com/article/10.3390/cancers15030771/s1
http://doi.org/10.3322/caac.21660
http://doi.org/10.1056/NEJMoa055531
http://doi.org/10.1016/s0140-6736(18)32557-1
http://doi.org/10.1002/1097-0142(19940601)73:11&lt;2680::AID-CNCR2820731105&gt;3.0.CO;2-C

Cancers 2023, 15, 771 12 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Becker, K.; Mueller, ].D.; Schulmacher, C.; Ott, K.; Fink, U.; Busch, R.; Bottcher, K.; Siewert, ].R.; Hofler, H. Histomorphology
and grading of regression in gastric carcinoma treated with neoadjuvant chemotherapy. Cancer 2003, 98, 1521-1530. [CrossRef]
[PubMed]

Becker, K.; Langer, R.; Reim, D.; Novotny, A.; Buschenfelde, C.M.Z.; Engel, J.; Friess, H.; Hofler, H. Significance of Histopathologi-
cal Tumor Regression After Neoadjuvant Chemotherapy in Gastric Adenocarcinomas: A summary of 480 cases. Ann. Surg. 2011,
253,934-939. [CrossRef] [PubMed]

Spoerl, S.; Novotny, A.; Al-Batran, S.-E.; Lordick, F; Thuss-Patience, P; Pauligk, C.; Haller, B.; Feith, M.; Lorenzen, S. Histopatho-
logical regression predicts treatment outcome in locally advanced esophagogastric adenocarcinoma. Eur. |. Cancer 2018, 90, 26-33.
[CrossRef]

Xie, J.-W.; Lu, J.; Xu, B.-B.; Zheng, C.-H.; Li, P.; Wang, ].-B.; Lin, ].-X.; Chen, Q.-Y.; Cao, L.-L.; Lin, M.; et al. Prognostic Value of
Tumor Regression Grading in Patients Treated With Neoadjuvant Chemotherapy Plus Surgery for Gastric Cancer. Front. Oncol.
2021, 11, 587856. [CrossRef] [PubMed]

Liu, Z.-N.; Wang, Y.-K.; Zhang, L.; Jia, Y.-N.; Fei, S; Ying, X.-J.; Zhang, Y.; Li, S.-X.; Sun, Y.; Li, Z.-Y.; et al. Comparison of tumor
regression grading systems for locally advanced gastric adenocarcinoma after neoadjuvant chemotherapy. World . Gastrointest.
Oncol. 2021, 13,2161-2179. [CrossRef]

Kohlruss, M.; Krenauer, M.; Grosser, B.; Pfarr, N.; Jesinghaus, M.; Slotta-Huspenina, J.; Novotny, A.; Hapfelmeier, A.; Schmidt,
T.; Steiger, K.; et al. Diverse ‘just-right” levels of chromosomal instability and their clinical implications in neoadjuvant treated
gastric cancer. Br. J. Cancer 2021, 125, 1621-1631. [CrossRef]

Sansregret, L.; Vanhaesebroeck, B.; Swanton, C. Determinants and clinical implications of chromosomal instability in cancer. Nat.
Rev. Clin. Oncol. 2018, 15, 139-150. [CrossRef] [PubMed]

Lama-Sherpa, T.D.; Shevde, L.A. An Emerging Regulatory Role for the Tumor Microenvironment in the DNA Damage Response
to Double-Strand Breaks. Mol. Cancer Res. 2020, 18, 185-193. [CrossRef] [PubMed]

Bruni, D.; Angell, HK.; Galon, J. The immune contexture and Immunoscore in cancer prognosis and therapeutic efficacy. Nat.
Rev. Cancer 2020, 20, 662-680. [CrossRef] [PubMed]

Davoli, T.; Uno, H.; Wooten, E.C.; Elledge, S.J. Tumor aneuploidy correlates with markers of immune evasion and with reduced
response to immunotherapy. Science 2017, 355, eaaf8399. [CrossRef] [PubMed]

Anderson, P.; Aptsiauri, N.; Ruiz-Cabello, F.; Garrido, F. HLA class I loss in colorectal cancer: Implications for immune escape
and immunotherapy. Cell. Mol. Immunol. 2021, 18, 556-565. [CrossRef] [PubMed]

Garrido, F; Algarra, I.; Garcia-Lora, A.M.; Garcia-Lora, A. The escape of cancer from T lymphocytes: Immunoselection of MHC
class I loss variants harboring structural-irreversible “hard” lesions. Cancer Immunol. Immunother. 2010, 59, 1601-1606. [CrossRef]
Marincola, EM.; Jaffee, EIM.; Hicklin, D.J.; Ferrone, S. Escape of human solid tumors from T-cell recognition: Molecular
mechanisms and functional significance. Adv. Immunol. 2000, 74, 181-273. [CrossRef] [PubMed]

Dhatchinamoorthy, K.; Colbert, ].D.; Rock, K.L. Cancer Immune Evasion Through Loss of MHC Class I Antigen Presentation.
Front. Immunol. 2021, 12, 636568. [CrossRef] [PubMed]

Siewert, ].R.; Stein, H.]J. Classification of adenocarcinoma of the oesophagogastric junction. Br. |. Surg. 1998, 85, 1457-1459.
[CrossRef] [PubMed]

Bauer, L.; Hapfelmeier, A.; Blank, S.; Reiche, M.; Slotta-Huspenina, J.; Jesinghaus, M.; Novotny, A.; Schmidt, T.; Grosser, B.;
Kohlruss, M.; et al. A novel pretherapeutic gene expression-based risk score for treatment guidance in gastric cancer. Ann. Oncol.
2017, 29, 127-132. [CrossRef]

Kohlruss, M.; Reiche, M.; Jesinghaus, M.; Grosser, B.; Slotta-Huspenina, J.; Hapfelmeier, A.; Bauer, L.; Novotny, A.; Weichert, W,;
Keller, G. A microsatellite based multiplex PCR method for the detection of chromosomal instability in gastric cancer. Sci. Rep.
2018, 8, 12551. [CrossRef] [PubMed]

Kohlruss, M.; Grosser, B.; Krenauer, M.; Slotta-Huspenina, J.; Jesinghaus, M.; Blank, S.; Novotny, A.; Reiche, M.; Schmidt,
T.; Ismani, L.; et al. Prognostic implication of molecular subtypes and response to neoadjuvant chemotherapy in 760 gastric
carcinomas: Role of Epstein—-Barr virus infection and high- and low-microsatellite instability. J. Pathol. Clin. Res. 2019, 5, 227-239.
[CrossRef] [PubMed]

Holleley, C.E.; Geerts, P.G. Multiplex Manager 1.0: A cross-platform computer program that plans and optimizes multiplex PCR.
Biotechniques 2009, 46, 511-517. [CrossRef] [PubMed]

Frigerio, S.; Padberg, B.C.; Strebel, R.T.; Lenggenhager, D.M.; Messthaler, A.; Abdou, M.T.; Moch, H.; Zimmermann, D.R.
Improved detection of bladder carcinoma cells in voided urine by standardized microsatellite analysis. Int | Cancer 2007, 121,
329-338. [CrossRef]

Garrido, M. A ; Rodriguez, T.; Zinchenko, S.; Maleno, I.; Ruiz-Cabello, F.; Concha, A_; Olea, N.; Garrido, E; Aptsiauri, N. HLA
class I alterations in breast carcinoma are associated with a high frequency of the loss of heterozygosity at chromosomes 6 and 15.
Immunogenetics 2018, 70, 647-659. [CrossRef]

Poetsch, M.; Kleist, B. Loss of heterozygosity at 15q21.3 correlates with occurrence of metastases in head and neck cancer. Mod.
Pathol. 2006, 19, 1462-1469. [CrossRef]

Feenstra, M.; Veltkamp, M.; van Kuik, J.; Wiertsema, S.; Slootweg, P.; van den Tweel, J.; de Weger, R.; Tilanus, M. HLA class
I expression and chromosomal deletions at 6p and 15q in head and neck squamous cell carcinomas. Tissue Antigens 1999, 54,
235-245. [CrossRef]


http://doi.org/10.1002/cncr.11660
http://www.ncbi.nlm.nih.gov/pubmed/14508841
http://doi.org/10.1097/SLA.0b013e318216f449
http://www.ncbi.nlm.nih.gov/pubmed/21490451
http://doi.org/10.1016/j.ejca.2017.11.020
http://doi.org/10.3389/fonc.2021.587856
http://www.ncbi.nlm.nih.gov/pubmed/34386413
http://doi.org/10.4251/wjgo.v13.i12.2161
http://doi.org/10.1038/s41416-021-01587-4
http://doi.org/10.1038/nrclinonc.2017.198
http://www.ncbi.nlm.nih.gov/pubmed/29297505
http://doi.org/10.1158/1541-7786.MCR-19-0665
http://www.ncbi.nlm.nih.gov/pubmed/31676722
http://doi.org/10.1038/s41568-020-0285-7
http://www.ncbi.nlm.nih.gov/pubmed/32753728
http://doi.org/10.1126/science.aaf8399
http://www.ncbi.nlm.nih.gov/pubmed/28104840
http://doi.org/10.1038/s41423-021-00634-7
http://www.ncbi.nlm.nih.gov/pubmed/33473191
http://doi.org/10.1007/s00262-010-0893-2
http://doi.org/10.1016/s0065-2776(08)60911-6
http://www.ncbi.nlm.nih.gov/pubmed/10605607
http://doi.org/10.3389/fimmu.2021.636568
http://www.ncbi.nlm.nih.gov/pubmed/33767702
http://doi.org/10.1046/j.1365-2168.1998.00940.x
http://www.ncbi.nlm.nih.gov/pubmed/9823902
http://doi.org/10.1093/annonc/mdx685
http://doi.org/10.1038/s41598-018-30971-z
http://www.ncbi.nlm.nih.gov/pubmed/30135548
http://doi.org/10.1002/cjp2.137
http://www.ncbi.nlm.nih.gov/pubmed/31206244
http://doi.org/10.2144/000113156
http://www.ncbi.nlm.nih.gov/pubmed/19594450
http://doi.org/10.1002/ijc.22690
http://doi.org/10.1007/s00251-018-1074-2
http://doi.org/10.1038/modpathol.3800666
http://doi.org/10.1034/j.1399-0039.1999.540304.x

Cancers 2023, 15, 771 13 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Gyapay, G.; Morissette, J.; Vignal, A.; Dib, C.; Fizames, C.; Millasseau, P; Marc, S.; Bernardi, G.; Lathrop, M.; Weissenbach, J. The
1993-94 Genethon human genetic linkage map. Nat Genet 1994, 7, 246-339. [CrossRef]

Gourraud, P.A.; Mano, S.; Barnetche, T.; Carrington, M.; Inoko, H.; Cambon-Thomsen, A. Integration of microsatellite characteris-
tics in the MHC region: A literature and sequence based analysis. Tissue Antigens 2004, 64, 543-555. [CrossRef]

Available online: https://genecards.weizmann.ac.il/geneloc_prev-bin/marker_cards.pl?id=1113499 (accessed on 21 Novem-
ber 2022).

Beckmann, M.W.,; Picard, F.; An, H.X.; van Roeyen, C.R.; Dominik, S.I.; Mosny, D.S.; Schnurch, H.G.; Bender, H.G.; Niederacher, D.
Clinical impact of detection of loss of heterozygosity of BRCA1 and BRCA2 markers in sporadic breast cancer. Br ] Cancer 1996,
73,1220-1226. [CrossRef]

Peduzzi, P.; Concato, J.; Feinstein, A.R.; Holford, T.R. Importance of events per independent variable in proportional hazards
regression analysis II. Accuracy and precision of regression estimates. J. Clin. Epidemiol. 1995, 48, 1503-1510. [CrossRef] [PubMed]
Rosenthal, R.; Cadieux, E.L.; Salgado, R.; Bakir, M.A.; Moore, D.A ; Hiley, C.T.; Lund, T.; Tani¢, M.; Reading, ].L.; Joshi, K.; et al.
Neoantigen-directed immune escape in lung cancer evolution. Nature 2019, 567, 479—-485. [CrossRef] [PubMed]

Rosenthal, R.; Swanton, C.; McGranahan, N. Understanding the impact of immune-mediated selection on lung cancer evolution.
Br. J. Cancer 2021, 124, 1615-1617. [CrossRef] [PubMed]

Jhunjhunwala, S.; Hammer, C.; Delamarre, L. Antigen presentation in cancer: Insights into tumour immunogenicity and immune
evasion. Nat. Rev. Cancer 2021, 21, 298-312. [CrossRef] [PubMed]

Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy. Nat. Rev.
Cancer 2019, 19, 133-150. [CrossRef]

McGranahan, N.; Rosenthal, R.; Hiley, C.T.; Rowan, A.J.; Watkins, T.B.K.; Wilson, G.A.; Birkbak, N.J.; Veeriah, S.; Van Loo,
P; Herrero, J.; et al. Allele-Specific HLA Loss and Immune Escape in Lung Cancer Evolution. Cell 2017, 171, 1259-1271.e11.
[CrossRef]

Algarra, I.; Garrido, F; Garcia-Lora, A.M. MHC heterogeneity and response of metastases to immunotherapy. Cancer Metastasis
Rev. 2021, 40, 501-517. [CrossRef]

Aptsiauri, N.; Garrido, F. The Challenges of HLA Class I Loss in Cancer Immunotherapy: Facts and Hopes. Clin. Cancer Res. 2022,
28,5021-5029. [CrossRef]

Maleno, I.; Aptsiauri, N.; Cabrera, T.; Gallego, A.; Paschen, A.; Lopez-Nevot, M.A.; Garrido, F. Frequent loss of heterozygosity in
the 32-microglobulin region of chromosome 15 in primary human tumors. Immunogenetics 2010, 63, 65-71. [CrossRef]

Wang, X.C.; Zhang, ].Q.; Shen, Y.Q.; Miao, F.Q.; Xie, W. Loss of heterozygosity at 6p21.3 underlying HLA class I downregulation
in gastric cancer. J. Exp. Clin. Cancer Res. 2006, 25, 115-119.

Garrido, M.A; Perea, E; Vilchez, ].R.; Rodriguez, T.; Anderson, P.; Garrido, F.; Ruiz-Cabello, F.; Aptsiauri, N. Copy Neutral
LOH Affecting the Entire Chromosome 6 Is a Frequent Mechanism of HLA Class I Alterations in Cancer. Cancers 2021, 13, 5046.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/ng0694supp-246
http://doi.org/10.1111/j.1399-0039.2004.00317.x
https://genecards.weizmann.ac.il/geneloc_prev-bin/marker_cards.pl?id=1113499
http://doi.org/10.1038/bjc.1996.234
http://doi.org/10.1016/0895-4356(95)00048-8
http://www.ncbi.nlm.nih.gov/pubmed/8543964
http://doi.org/10.1038/s41586-019-1032-7
http://www.ncbi.nlm.nih.gov/pubmed/30894752
http://doi.org/10.1038/s41416-020-01232-6
http://www.ncbi.nlm.nih.gov/pubmed/33623078
http://doi.org/10.1038/s41568-021-00339-z
http://www.ncbi.nlm.nih.gov/pubmed/33750922
http://doi.org/10.1038/s41568-019-0116-x
http://doi.org/10.1016/j.cell.2017.10.001
http://doi.org/10.1007/s10555-021-09964-4
http://doi.org/10.1158/1078-0432.CCR-21-3501
http://doi.org/10.1007/s00251-010-0494-4
http://doi.org/10.3390/cancers13205046
http://www.ncbi.nlm.nih.gov/pubmed/34680201

	Introduction 
	Material and Methods 
	Patients and Chemotherapy 
	Response Evaluation 
	Follow-Up and Overall Survival 
	Analysis of Allelic Imbalance 
	Statistical Analyses 

	Results 
	Frequency of Allelic Imbalance and Association with Clinicopathological Parameters 
	Allelic Imbalances and Response to Neoadjuvant CTx 
	Allelic Imbalances and Univariable Survival Analysis 
	Multivariable Survival Analysis 

	Discussion 
	Conclusions 
	References

