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ABSTRACT

Compelling evidences indicate that relative telomere length (RTL) in peripheral blood leu-
kocytes (PBLs) can predict the clinical outcome of several cancers. However, to date, the
prognostic value of leukocyte RTL in gastric cancer (GC) patients has not been explored.
In this study, relative telomere length (RTL) in peripheral blood leukocytes (PBLs) was
measured using a real-time PCR-based method in a total of 693 GC patients receiving sur-
gical resection. The prognostic value of leukocyte RTL was first explored in the training set
(112 patients) using Kaplan—Meier and Cox proportional hazards regression analyses. Then
an independent cohort of 581 patients was used as a validation set. To explore potential
mechanism, we detected the immunophenotypes of peripheral blood mononuclear cells
and plasma concentrations of several cytokines in GC patients. Patients with short RTL
showed significantly worse overall survival (OS) and relapse-free survival (RFS) than those
with long RTL in all patient sets. Furthermore, leukocyte RTL and TNM stage exhibited a
notable joint effect in prognosis prediction. Integration of TNM stage and leukocyte RTL
significantly improved the prognosis prediction efficacy for GC. In addition, we found
that patients with short RTL had a higher CD4" T cell percentage in PBMCs, CD19"IL-10"
Breg percentage in B cells and plasma IL-10 concentration, indicating an enhanced immu-
nosuppressive status with short leukocyte RTL. In conclusion, our study for the first time
demonstrates that leukocyte RTL is an independent prognostic marker complementing
TNM stage and associated with an immunosuppressive phenotype in the peripheral blood
lymphocytes in GC patients.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights
reserved.
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1. Introduction

Gastric cancer (GC) is a life-threatening malignant tumor in
humans, and has the fourth highest incidence among all ma-
lignant tumors. Nearly 1 million people are diagnosed with GC
every year worldwide, among which, 70% are in developing
countries and more than half in East Asia, especially China
(Jemal et al., 2011). In China, the incidence of GC ranks second
among all types of malignant tumors, accounting for approx-
imately 40% of the overall mortality due to GC worldwide
(Ferlay et al., 2010). Despite improvements in diagnosis, sur-
gery, chemotherapy, and target therapy, a substantial number
of GC patients develop locoregional recurrence or distant me-
tastases, the main cause of GC-related deaths (Amedei et al,,
2011). Tumor—Node—Metastasis (TNM) staging system has
been widely used to assist therapeutic decision-making and
prognosis predicting in GC patients (Edge et al., 2009). Howev-
er, due to the molecular and genetic heterogeneity, GC pa-
tients with the similar clinical and pathologic features often
exhibit distinct outcomes (Milne et al., 2009), indicating that
TNM stage alone is not sufficient to accurately predict the clin-
ical outcomes of GC patients. Therefore, it is urgent to explore
new molecular biomarkers to complement TNM staging sys-
tem for more precise prognostic prediction of GC.

Telomeres consist of a tandem TTAGG repeat located at
ends of linear chromosomes of eukaryote cells that often
decrease in length over time (largely due to oxidative damage
and the end replication problem during cell division) and
may trigger cellular senescence once telomere become criti-
cally short (von Zglinicki, 2000; Weng, 2012). While telome-
rase can recover telomere length, suggesting that telomere
length is determined by the balance of processes that
shorten and lengthen the telomere (Hug and Lingner, 2006).
Previous observational studies have found shorter immune
cell (e.g. lymphocyte) telomere lengths in individuals
suffering from age-related diseases, including cancer
(Murnane, 2010). The critical telomere length shortening in
leukocytes can reduce the immune response capacity of pa-
tients (Effros, 2011). In addition, it has been found that telo-
mere length shortening can induce chromosome instability
and further contribute to the development and progression
of many malignancies (Bisoffi et al., 2006). Therefore, recent
studies have focused on the role of leukocyte telomere length
in the prediction of cancer risk and prognosis. Some studies
have demonstrated that shorter leukocyte relative telomere
length (RTL) was associated with higher risk of kidney,
lung, and colorectal cancer (CRC) (Hou et al., 2012; Jang
et al., 2008; Shao et al., 2007), whereas several other reports
showed that longer leukocyte RTL was linked to higher risk
of hepatocellular carcinoma (HCC), breast cancer and non-
Hodgkin lymphoma (NHL) (Gramatges et al., 2010; Lan
et al., 2009; Liu et al., 2011). Furthermore, two studies have
evaluated the association between leukocyte RTL and cancer
prognosis and reported that patients with longer leukocyte
RTL had worse overall survival of breast cancer (Svenson
et al., 2008) and kidney cancer (Svenson et al., 2009). Our pre-
vious study has indicated that patients with shorter leuko-
cyte RTL had a significantly poor prognosis of CRC (Chen
et al., 2014). Taken together, these data suggest a potentially

important role of leukocyte telomere length in the prediction
of cancer risk and prognosis.

Previous studies have suggested that telomere length
shortening might contribute to the development of GC
(Maruyama et al., 1997). However, these studies have been
focused on the measurement of the telomere length in tissues
rather than the easily accessible blood sample. In a recent
study, we found that short RTL was associated with an in-
crease risk of developing GC (Liu et al., 2009). However, to
date, whether leukocyte RTL can predict GC patients’ prog-
nosis has never been investigated.

In this study, to test the hypothesis that leukocyte RTL
affect GC prognosis, we measured the leukocyte RTL using a
real-time PCR-based method and assessed its prognostic
value in GC patients receiving surgical resection. Furthermore,
we explored the potential mechanisms underlying the associ-
ation between leukocyte RTL and the survival of GC patients.
To the best of our knowledge, this is the first study to investi-
gate the prognostic and predictive significance of leukocyte
RTL in GC patients.

2. Materials and methods
2.1. Study population

A total of 726 patients with GC were recruited into an ongoing
molecular epidemological study at the Department of General
Surgery of Tangdu and Xijing Hospital, affiliated to the Fourth
Military Medical Univeristy, in Xi'an, China between January
2008 and December 2012. Patient eligibility criteria in this
study were as follows: (1) histological confirmed gastric
adenocarcinoma; (2) receiving surgical resection; (3) availabil-
ity of complete clinical and follow-up data; (4) no preoperative
anticancer treatment; (5) no history of other malignancy; (6)
no history of blood transfusion; and (7) alive at least 1 months
after surgery. According to the eligibility criteria, we excluded
33 patients, including 13 patients who did not undergo surgery
or only received palliative operation, 8 patients who had
incomplete clinical information, and 12 patients who died
within 1 month after surgery. All patients in our study popula-
tion were Han Chinese. Finally, 693 patients with resected
gastric adenocarcinoma were included in the present study
for prognostic analysis. Among them, the 112 patients from
the Xijing Hospital of Digestive Disease between January
2008 and May 2009 were used as a training set. The 581 pa-
tients from the Department of General Surgery, Tangdu Hos-
pital between July 2008 and December 2012 were used as an
independent validation set. Moreover, 30 additional GC pa-
tients from the Department of General Surgery, Tangdu Hos-
pital were enrolled for the detection of peripheral blood
mononuclear cell (PBMC) immunophenotypes and plasma
cytokine concentrations.

2.2. Clinical and follow-up data collection
Epidemiological information was collected using a standard-

ized questionnaire by well-trained staff interviewers,
including age, sex, ethnicity, residential region, education
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status, and family history of cancer. Detailed clinical data
were abstracted from medical records or consultation with
treating physicians, including time of diagnosis, time of sur-
gery and/or chemotherapies, time of relapse and/or death,
tumor stage, differentiation, histological type, tumor site,
lymph node invasiveness, and treatment protocol. Follow-
up data was obtained by trained clinical specialists through
on-site interview, telephone calling, or medical chart review.
The latest follow-up date was October 2014 and the median
follow-up duration was 42 months (range 6—82 months).
The percentage of patient lost during follow-up was 9.9%.
Overall survival (OS) was defined as the time from surgery
to GC-specific death. Relapse-free survival (RFS) was defined
as the time from surgery to the date of the first recurrence or
distant metastasis of GC. Patients alive at the last follow-up
were censored.

2.3. Collection, processing and preservation of
specimens

Before surgery, 5 mL venous blood from each GC patient was
drawn into coded sodium citrate anticoagulant tubes and
were centrifuged within 30 min. Genomic DNA was extracted
from 5 mL venous blood by using the E.Z.N.A. blood DNA Midi
Kit, and then the genomic DNA was aliquoted and stored at
—80 °C for future analysis (726 cases). For 30 additional GC pa-
tients, 5 mL venous blood was divided into two parts, of which
4 mL was used for the detection of PBMC immunophenotype
and plasma cytokine concentrations and 1 mL for DNA extrac-
tion and the detection of leukocyte RTL. The study was
approved by the Institutional Ethic Committee of the Fourth
Military Medical University and written informed consent
was obtained from all participants.

2.4. Detection of RTL by real-time quantitative PCR

High-quality genomic DNA was extracted from PBLs using the
E.ZN.A. Blood DNA Midi Kit (Omega Bio-Tek, Norcross, Ga).
RTL was measured by a two-step real-time quantitative PCR-
based method as previously described (Liu et al., 2011). Briefly,
two pairs of primers were used in the two steps of relative
quantification for telomere length. The primer sequences for
the telomere gene were as follows: forward primer (tel-c), 5'-
ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3;
reverse primer (tel-g), 5-TGTTAGGTATCCCTATCCCTATCCC-
TATCCCTATCCCTAACA-3'. The single-copy nuclear gene hu-
man globulin (HGB) was used as a housekeeping gene
control and the primer pair was as follows: forward primer
(HGB-1), 5'-GTGCACCTGACTCCTGAGGAGA-3'; reverse primer
(HGB-2), 5'-CCTTGATACCAACCT GCCCAG-3'. In the first
step, the ratio of telomere repeat copy number (T) to the single
copy gene (HGB) copy number (S) was determined for each
sample using standard curves. The derived T/S ratio was pro-
portional to the RTL. In the second step, the T/S ratio of each
sample was normalized to a calibrator DNA to standardize be-
tween different PCR runs. The calibrated T/S ratio was then
used as the measurement of RTL in this study.

Gene-specific amplification was performed in a LightCy-
cler480 Real-Time PCR System (Roche) with a 10 puL PCR mix
containing 1 x SYBR green master mix (TaKaRa), 10 nM Tel-

g (or HGB-1) primer, 10 nM Tel-c (or HGB-2) primer, and 4 ng
of genomic DNA. The thermal cycling profile for telomere
amplification was 1 cycle at 95 °C for 30 s, 2 cycles at 94 °C
for 15 s and 49 °C for 15 s; then followed by 32 cycles of
86°Cfor15s,62°Cfor10s, and 74 °C for 15 s with signal acqui-
sition. The thermal cycling profile for human globulin amplifi-
cation was at 95 °C for 30 s, followed by 35 cycles of 94 °C for
30s, 58 °C for 30 s, and 72 °C for 50 s with signal acquisition.
The same negative and positive controls, a calibrator DNA,
and a sample for constructing a standard curve were included
in each run. The R? for each standard curve was >0.99, with
acceptable standard deviations set under 0.25 (for the Ct
values). Otherwise, the test was repeated. The reproducibility
of the assay was assessed by analyzing the intra- and inter-
assay coefficient of variation. All persons conducting this
experimental procedure were blinded to the endpoint of our
study.

2.5. Immunophenotype analysis of PBMCs by flow
cytometry

PBMCs of GC patients were isolated from 4 mL of venous blood
by density gradient centrifugation over Ficoll-Hypaque (Amer-
sham Pharmacia Biotech, NJ). The PBMCs were then fixed and
stained with fluorescence-conjugated antibodies against the
following immune markers: CD3, CD4, CD8, CD25, FOXP3,
CD19 and IL-10. Appropriate isotype controls were included
for each sample. The immunophenotype detection was per-
formed on a FACScan flow cytometer (Becton Dickinson,
Franklin Lakes, NJ).

2.6. Concentration detection of cytokines by enzyme-
linked immunoassay (ELISA)

Blood plasma from the same 30 GC patients was separated by
centrifugation at 3000 x g under 4 °C. The concentrations of
interleukin (IL)-2, IL-4, IL-10, transforming growth factor
(TGF)-B1, tumor necrosis factor (TNF)-o and interferon
(IFN)-y were detected by using ELISA kits according to the
manufacturer’s instructions (eBioscience, San Diego, CA).
All persons conducting the experimental and further ana-
lytic procedures were blinded to the endpoint data of GC
patients.

2.7. Statistical analysis

Normally distributed continuous variables were expressed as
mean + SD, while abnormally distributed continuous vari-
ables were expressed as median and range. Chi-squared test
was used to examine differences of categorical variables be-
tween subgroups. Student’s t-test was used to analyze the dif-
ference of normally distributed continuous variables between
two groups, while Mann—Whitney U test and Kruskal-Wallis
H test were employed for the comparison of abnormally
distributed continuous variables. The receiver operating char-
acteristic (ROC) curves were used to select to a leukocyte RTL
cutoff point for OS and RFS in the training set as previously
described (Zlobec et al.,, 2007) and assessed the sensitivity
and specificity of different prognostic prediction models.
Kaplan—Meier survival curve was plotted and compared
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with a log-rank test. Multivariate Cox proportional hazards
regression model was used to calculate the hazard ratio (HR)
and 95% confidence interval (CI) for the association of clinico-
pathological variables, and RTL on survival and relapse. All
statistical analyses were performed using the IBM SPSS Statis-
tics 19.0 software (IBM), and P < 0.05 was considered statisti-
cally significant.

3. Results

3.1 Characteristics of patient populations and
distribution of leukocyte RTL

Demographic and clinical characteristics of GC patients were
summarized in Supplementary Table 1. The median follow-
up time was shorter in the independent validation set (37
months ranging from 6 to 74 months) than in the training
(59 months ranging from 6 to 82 months) set due to the late
ending date of patient enrollment at the validation set. Thus
patients in the validation set had lower rates of relapse
(47.2%) and death (35.1%) than those in the training (79.5%
and 67.9%, respectively) (P < 0.001). At latest follow-up, 363 pa-
tients (89 and 274 in the training and validation group, respec-
tively) developed relapse and 280 died (76 and 204 in the
training and validation group, respectively).

We used a quantitative real-time PCR-based method to
measure leukocyte RTL. The mean inter-assay coefficient of
variation (CV) was 7.8% (range, 4.6%—9.3%), whereas the
mean intra-assay CV was 5.3% (range, 2.1%—7.9%), indicating
excellent assay reproducibility. The median value (range) of
normalized RTL was 0.71 (0.30—3.64) in total samples and no
significant difference was observed for RTL among training
[0.73 (0.30—2.46)] and validation [0.70 (0.30—3.64)] sets
(P = 0.912) (Supplementary Table 1), as well as between active
follow-up subgroup [0.71 (0.30—3.64)] and loss to follow-up
subgroup [0.74 (0.31—2.96)] (P = 0.822) (data not shown). In
consistence with previous findings, RTL was negatively corre-
lated with age in training (p = -0.397, P < 0.001;
Supplementary Figure 1A) and validation sets (p = —0.167,
P =0.014; Supplementary Figure 1B), as well as in total patients
(0 = —0.199, P = 0.009; Supplementary Figure 1C).

We then explored the distributions of RTL by characteris-
tics of GC patients. As shown in Table 1, there was no signifi-
cant difference between RTL and most host characteristics
such as age, sex, tumor site, TNM stage, differentiation, Lau-
ren classification and adjuvant treatment groups (P value
ranging from 0.082 to 0.766). However, leukocyte RTL was
significantly shorter in patients with relapse than in those
without relapse, and in patients who died than in those who
were alive in the training and validation sets, as well as in
the combining set (all P < 0.05).

3.2 Prognostic value of leukocyte RTL in GC patients

To predict the OS and RFS of GC patients with both best sensi-
tivity and specificity, the optimal cutoff point of RTL value in
the training set (0.75 for both OS and RFS) was determined
by ROC curve and then used as a uniform cutoff point to
dichotomize patients into either long or short RTL subgroups

in all the subsequent analyses (Supplementary Figure 2).
With the cutoff point established by ROC curve, we first
explored the prognostic value of RTL in the training set using
Kaplan—Meier survival analysis. As showed in Figure 1A, pa-
tients with short RTL had both poorer OS and RFS than those
with long RTL (log-rank P < 0.001 for both OS and RFS, respec-
tively). We then examined the effects of RTL on the survival of
GC patients in the independent validation set (Figure 1B). As
expected, patients with short RTL in validation set also
showed worse OS and RFS than those with long RTL (log-
rank P = 0.003 and 0.001 for OS and RFS, respectively). Finally,
we assessed the prognostic value of RTL in the combined pa-
tient population (Figure 1C). Consistent results were obtained,
indicating that patients with short RTL showed worse OS and
RFS than those with long RTL (log-rank P < 0.001 for both OS
and RFS).

We further evaluated the associations of patients’ char-
acteristics or RTL with GC outcomes using Cox proportional
hazards regression analyses. Univariate analysis showed
that both OS and RFS were significantly worse in patients
with higher TNM stage diseases, short RTL, poor differenti-
ation, Lauren classification of diffuse or patients without
adjuvant chemotherapy after surgery in all patient sets
than corresponding groups (all P < 0.05,
Supplementary Table 2). Multivariate analysis found that
TNM stage, adjuvant chemotherapy and RTL were indepen-
dent prognostic factors for both OS and RFS of GC patients
(Table 2). When combined the training and validation sets,
the significant results were consistently observed in the
multivariate analysis, showing that patients with short
RTL had a 2.78-fold (95% CI, 1.24—4.48; P = 0.003) death
risk increment and a 2.64-fold (95% CI, 1.19—-4.55;
P = 0.007) relapse risk increment than those with long RTL
(Table 2). Furthermore, when stratified by RTL, all patient
subgroups had similar OS and RFS for the response to adju-
vant chemotherapy (Supplementary Figure 3), indicating no
predictive value of RTL for benefit from adjuvant
chemotherapy.

control

3.3. Leukocyte RTL can predict patient survival within
TNM stages, histological subgroups and Lauren
classification

We further used the combination of the training and inde-
pendent set to examine whether leukocyte RTL can predict
patients survival within each stage stratum (GC stage I, II,
III or IV). We found that among patients with four stages of
GC, the short RTL curve all lies below the long RTL curve. Pa-
tients with short RTL at stage I, II, IIl and IV exhibited signif-
icantly worse OS and RFS than those with long RTL (all
P < 0.05) (Figure 2A—D). Next, we stratified the GC patients
by the histological subtype of well plus moderate differenti-
ated or poor differentiated and Lauren classification of intes-
tinal or diffuse. Kaplan—Meier survival analysis showed that
patients with short RTL at each differentiation or Lauren
classification subgroup exhibited significantly worse OS
and RFS than those with long RTL (all P < 0.05), indicating
that leukocyte RTL can predict patient survival within each
GC histological subtype and
(Figure 3A—D).

Lauren classification
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Table 1 — Clinical characteristics of patients with GC according to the RTL in the training, validation and combining sets.

Characteristics Training set (n = 112) Validation set (n = 581) Combining set (n = 693)
Short RTL  Long RTL  Pvalue ShortRTL LongRTL Pvalue ShortRTL LongRTL P value
(n=157) (n=155) (n = 326) (n = 255) (n = 383) (n = 310)
Age, years 61.67 (11.39)  59.91 (10.32) 0.277° 58.15(9.93) 56.96(11.04)  0.101°  58.57 (10.21) 57.36 (10.93) 0.203°
Sex
Male 48 (84.2) 43 (78.2) 257 (78.8) 190 (74.5) 305 (79.6) 233 (75.2)
Female 9 (15.8) 12 (21.8) 0.414* 69 (21.2) 65 (25.5) 0.219° 78 (20.4) 77 (24.8) 0.160"
Tumor site
Proximal 9 (15.8) 14 (25.5) 74 (22.7) 73 (28.6) 83 (21.6) 87 (28.1)
Middle 22 (35.6) 26 (47.3) 128 (39.3) 103 (40.4) 150 (39.2) 129 (41.6)
Distal 26 (48.6) 15 (27.2) 0.114* 124 (38.0) 79 (31.0) 0.131% 150 (39.2) 94 (30.3) 0.082°
TNM stage
I 14 (24.5) 8 (14.5) 74 (22.7) 52 (20.4) 88 (23.1) 60 (19.7)
1 21 (36.8) 25 (45.5) 155 (47.5) 105 (41.2) 176 (44.7) 130 (43.6)
111 20 (35.1) 20 (36.4) 74 (22.7) 74 (29.0) 94 (25.6) 94 (28.6)
v 2 (3.6) 2 (3.6) 0.766° 23 (7.1) 24 (9.4) 0.217° 25 (6.6) 26 (8.1) 0.563%
Differentiation
Well 9 (15.8) 10 (18.2) 50 (15.3) 30 (11.8) 59 (15.4) 40 (12.9)
Moderate 23 (40.4) 15 (27.3) 129 (39.6) 94 (36.9) 152 (39.7) 109 (35.2)
Poor 25 (43.8) 30 (54.5) 0.340° 147 (45.1) 131 (51.3) 0.249° 172 (44.9) 161 (51.9) 0.179°
Lauren classification®
Intestinal 23 (41.8) 25 (47.2) 135 (41.7) 110 (43.7) 158 (41.7) 135 (44.3)
Diffuse 32 (58.2) 28 (52.8) 0.471*% 189 (58.3) 142 (56.3) 0.593¢ 221 (58.3) 170 (55.7) 0.487*
Chemotherapy
No 21 (28.1) 23 (32.7) 144 (41.2) 95 (37.3) 165 (33.1) 118 (38.1)
Yes 36 (71.9) 32 (67.3) 0.590° 182 (58.8) 160 (62.7) 0.103* 218 (56.9) 192 (61.9) 0.182°
Relapse
Yes 54 (94.7) 35 (63.6) 167 (51.2) 107 (42.0) 221 (57.7) 142 (45.8)
No 3(5.3) 20 (36.4) <0.001¢ 159 (48.8) 148 (58.0) 0.001° 162 (42.3) 168 (54.2) <0.001¢
Death
Yes 48 (84.2) 28 (50.9) 131 (40.2) 73 (28.6) 179 (46.7) 101 (32.6)
No 9 (15.8) 27 (49.1)  <0.001° 195 (59.8) 182 (71.4) 0.003¢ 204 (53.3) 209 (67.4)  <0.001°

Notes: Data are mean (SD) or n (%), unless otherwise stated. TNM, tumor-node-metastasis; RTL, relative telomere length.
a The P values were calculated using a Pearson Chi-Square test.

b The P values were calculated using an unpaired student’s t test.

c The P values were calculated using Log-rank test.

d Other classification were censored due to the small number of subjects in this subgroup.

3.4. Prognostic prediction of leukocyte RTL
complementing to TNM stage

Since leukocyte RTL is an independent prognostic marker, we
next evaluated whether leukocyte RTL can improve prog-
nostic prediction based on TNM stage in combined GC pa-
tients. We constructed ROC curves based on TNM stage only,
RTL only, and TNM stage plus RTL and compared the area un-
der the ROC curves (AUC). For OS, the AUC and 95% Cls were
0.683 (0.596—0.737) for the TNM stage model and 0.704
(0.618—0.781) for the RTL model; for the combined model of
TNM stage and RTL, the AUC was 0.769 (95% CI, 0.681—0.815),
a significant improvement over TNM only model (P = 0.003,
Figure 4A). For RFS, the AUC and 95% Cls for TNM stage model,
RTL, and TNM plus RTL model were 0.665 (0.584—0.722), 0.687
(0.604—0.745) and 0.721 (0.663—0.792), respectively (Figure 4B).
Again, the addition of RTL to TNM stage-based prognosis pre-
diction model significantly improved prognosis prediction
(P = 0.009). We then compared the OS and RFS of GC patients
in different subgroups divided by TNM stage together with
RTL. Kaplan—Meier survival analysis indicated that patients

with short RTL at TNM stage III/IV exhibited the worst OS
and RFS, whereas those with long RTL at TNM stage I/II had
the best OS and RFS (both log-rank P < 0.001) (Figure 4C and
D). In addition, multivariate Cox regression analysis also
confirmed that patients with short RTL in TNM stage III/IV
had the highest risk of both death (HR = 4.94, 95%
CI = 1.96-8.73; P < 0.001) and relapse (HR = 4.49, 95%
CI =1.58-8.17; P < 0.001) (Figure 4C and D). All these data sug-
gested that the combination use of TNM stage and RTL had a
better efficacy in predicting GC prognosis.

3.5. Immunophenotypes of PBMCs and plasma
concentration of cytokines in GC patients with different
leukocyte RTL

To explore the potential mechanisms that account for the
different prognosis of GC patients with different leukocyte
RTL, we first examined the subtypes of PBMCs from additional
30 GC patients by flow cytometry analysis. Our results showed
that there was a significant difference in the frequency of
CD4" T cell in PBMCs between patients with short and long
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Figure 1 — Kaplan—Meier estimation of OS and RFS of gastric cancer patients by leukocyte RTL. (A), OS and RFS in the training set; (B), OS
and RFS in the validation set; (C), OS and RFS in the combination of training and validation sets.

RTL (41.5% vs. 36.2%, P = 0.02, Figure 5A). More importantly,
patients with short RTL had significantly higher frequency of
CD197IL-10% regulatory B cells (Bregs) (4.6% vs. 2.5%,
P =0.005, Figure 5B) in B cells than those with long RTL, which
suggests an immunosuppressive phenotype for patients with
short RTL. No significant difference on percentage of total
CD3* T cell, CD8" T cell, B cell and CD4*CD25*Foxp3™* regula-
tory T cells (Tregs) was observed between patients with short
and long RTL (P = 0.254, 0.366, 0.106 and 0.455, respectively;
Supplementary Figure 4A—C and Figure 5C). We further exam-
ined the plasma concentrations of several cytokines that may
reflect the immune function of the body. ELISA results showed
that patients with short RTL had significantly higher plasma
IL-10 concentration than those with long RTL (34.8 pg/mL vs.
24.5 pg/mL, P =0.019, Figure 5E), while there was no significant
difference in the concentration of IL-4, TNF-a, IFN-y, IL-2 or

TGF-B1l between two patient subgroups (P = 0.912, 0.865,
0.411, 0.195 and 0.149, respectively; Supplementary
Figure 4D—F, Figure 5D and F).

4, Discussion

In the present study, we evaluated the prognostic value of
leukocyte RTL in 693 GC patients. We found that patients
with short leukocyte RTL showed poorer prognosis of both
OS and RFS, suggesting that leukocyte RTL can serve as an in-
dependent prognostic factor for GC patients. Furthermore,
integration of TNM stage and leukocyte RTL significantly
improved the prognosis prediction efficacy for GC. In addition,
short leukocyte telomere length was significantly associated
with higher CD4* T cell percentage in PBMCs, CD19"IL-10"
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Table 2 — Multivariable Cox regression analysis of GC patients’ prognosis in training, validation and combining sets.

Variables Training set Validation set Combining set
R (95% CI) P value R (95% CI) P value HR (95% CI) P value

Overall survival
Age (>58 vs. < 58) 1.26 (0.83—1.54) 0397  1.12 (0.61-1.41) 0.665 1.18 (0.72—1.49) 0.547
Sex (male vs. female) 1.17 (0.86—1.45) 0.748  1.37 (0.88—1.64) 0.339 1.23 (0.84—1.56) 0.438
Tumor site (proximal + middle vs. distal) 1.13 (0.66—1.74) 0.437 0.98 (0.81-1.32) 0.933 1.06 (0.78—1.44) 0.864
TNM stage (IIl + IV vs. I + IT) 2.51 (1.29-5.39) 0.001  2.36 (1.22-5.17) 0.006 2.43 (1.24-5.26) 0.004
Differentiation (poor vs. well + moderate) 1.63 (0.89—2.27) 0.171 1.77 (0.92—2.89) 0.102 1.68 (0.94—2.37) 0.115
Lauren classification (diffuse vs. intestinal) 1.74 (0.97—2.53) 0.075 1.69 (0.88—2.36) 0.121 1.72 (0.94—2.46) 0.107
RTL (short us. long) 2.95 (1.31-5.53) 0.001  2.46(1.18-4.37)  0.005  2.78 (1.24-4.48)  0.003
Chemotherapy® (yes us. no) 0.41 (0.17—0.84) 0.008  0.49 (0.21—0.86) 0.012 0.47 (0.19—0.84) 0.009

Relapse-free survival
Age (>58 vus. <58) 1.13 (0.86—1.36) 0.769 1.09 (0.79-1.52) 0.541 1.10 (0.83—1.45) 0.494
Sex (male vs. female) 1.20 (0.73—1.98) 0.354 1.25 (0.91-1.69) 0.113 1.21 (0.87—1.78) 0.215
Tumor site (proximal + middle vs. distal) 1.28 (0.76—1.87) 0.247  1.15 (0.81-1.47) 0.673 1.19 (0.78—1.64) 0.345
TNM stage (IIT + IV vs. I + II) 246 (1.38-5.93) <0.001  2.41(1.28-5.48)  0.002  2.45(1.22-5.36)  0.003
Differentiation (poor vs. well + moderate) 1.61 (0.82—2.81) 0.178 1.69 (0.89—2.97) 0.102 1.67 (0.87—2.86) 0.115
Lauren classification (diffuse vs. intestinal) 1.65 (0.91—2.59) 0.084 1.73 (0.98—2.88) 0.062 1.69 (0.95—2.64) 0.073
RTL (short vs. long) 2.76 (1.22—4.73) 0.004 252(1.21-3.98)  0.006  2.64 (1.19-4.55)  0.007
Chemotherapy® (yes vus. no) 0.42 (0.20—0.91) 0.022  0.51 (0.24—0.88) 0.016 0.49 (0.28—0.80) 0.017

Notes: RTL, relative telomere length; HR, hazard ratio; 95% CI, 95% confidence interval; TNM, tumor-node-metastasis.
We calculated hazarded ratios and P values with an adjusted multivariate Cox proportional hazards regression model, including RTL, age, sex,
tumor site, TNM stage, differentiation, Lauren classification, and chemotherapy as covariates. Significant P value was in bold.

a Only including stage II and stage III GC patients.

Breg percentage in B cells and plasma IL-10 concentration,
indicating an enhanced immunosuppressive status with short
leukocyte RTL. To the best of our knowledge, this is the first
study that investigated the prognostic value of leukocyte
RTL in GC patients.

As mentioned in the introduction, extensive alterations of
telomere length mightlead to genomic instability contributing
to cancer development and prognosis (Wentzensen et al,,
2011). Telomere length measured in surrogate tissues, such
as blood leukocytes, has emerged as a putative biomarker
for risk assessment and prognostication of malignancies. A
growing number of epidemiological studies have demon-
strated that leukocyte RTL is closely related to risk and prog-
nosis of various cancers (Svenson and Roos, 2009). Two
independent studies showed an increased association be-
tween short leukocyte RTL and the risk of GC (Hou et al.,
2009; Liu et al., 2009). Previous study conducted using cancer
somatic tissue samples has indicated that shortening telo-
mere length involves in the carcinogenesis of gastric mucosa
(Maruyama et al., 1997). Our recent study also reported that
short leukocyte RTL was significantly associated with poor
clinical outcomes of CRC patients (Chen et al., 2014). Consis-
tent with these findings, our present study confirmed the sig-
nificant association between short leukocyte telomere length
and prognosis in GC patients, which further indicates the vital
role of aberrant telomere in cancer development and progres-
sion. In contrast, several studies have evaluated the associa-
tion between leukocyte RTL and cancer prognosis and
reported that patients with longer leukocyte RTL have worse
survival of breast, renal and liver cancer (Liu et al., 2012;
Svenson et al., 2009, 2008). These discrepant results suggested
that the relationship between leukocyte telomere length and
cancer evolution may be cancer organ-specific. Although the

detail molecular mechanisms underlying these findings
remain to be investigated further, recent studies have sug-
gested that these may be accounted for in part by the func-
tional balance between the effects of oncogenic (such as
telomere dysfunction) and tumor-suppressing factors that
are essential to the maintenance of normal physiological ho-
meostasis (Svenson and Roos, 2009). The length of telomeres
represents the status of a wide array of cellular activities,
such as growth, proliferation, senescence, and apoptosis.
Although short telomeres may give rise to greater chromo-
some instability, which may be a constitutional or acquired
predisposition factor to tumorigenesis (Bailey and Murnane,
2006), conversely, long telomeres also may result in cancer
development through delaying cellular senescence and
apoptosis, thus leading to a greater chance that cells will be
exposed to various genetic and environmental insults and
will accumulate genetic lesions (Mooi and Peeper, 2006).
Furthermore, genetic  polymorphism in telomere-
maintenance genes is an important determinant of endoge-
nous causes for telomere dysfunction and contributes to can-
cer development (Hu et al., 2010; Jung et al.,, 2014). Taken
together, these reports indicate that there may be a balance
of telomere length to maintain chromosome stability and pro-
grammed cell death. Either excessively short or long telomere
length may contribute to cancer development once the bal-
ance is broken.

Another potential biological mechanism for the associa-
tion between leukocyte telomere length shortening and GC
prognosis is that telomere shortening may causally contribute
to the declining of immune function of patients (Damjanovic
et al., 2007). The immune system is highly sensitive to short-
ening of telomeres as its immunocompetence depends strictly
on cell renewal and clonal expansion of T- and B-cell
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Figure 2 — Kaplan—Meier estimation of OS and RFS according to leukocyte RTL differential stages of gastric cancer patients in the combination
of training and validation sets. (A) Stage I (n = 148); (B) Stage II (n = 306); (C) Stage III (» = 188); (D) Stage IV (n = 51).

populations (Hodes et al., 2002). In present study, we found
that short leukocyte telomere length was significantly associ-
ated with higher percentage of CD4" T cells in PBMCs. These
results gave rise to the postulation that CD4" T cells might
be underwent more extensive cell division and clonal expan-
sion in GC patients with short RTL than those with long RTL,
and hence exhibited an increased degree of immunosenes-
cence. Immunosuppressive contexture, such as high

frequency of Tregs and Bregs, may decrease the immune sur-
veillance on the microresidual lesions after resection, the root
of cancer relapse (Mauri and Bosma, 2012; Wang and Wang,
2007). Previous studies have been demonstrated that Bregs
play an important role during squamous carcinogenesis
(Schioppa et al.,, 2011). The increased frequency of circulating
Bregs has been found in HCC patients after surgery and the
frequency of peripheral Bregs was positively correlated with
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Figure 3 — Kaplan—Meier estimation of OS and RFS according to leukocyte RTL differential histological types or Lauren classification of gastric

cancer patients in the combination of training and validation sets. (A) Well and moderate differentiation (n = 360); (B) Poor differentiation

(n = 333); (C) Intestinal (» = 293); (D) Diffuse (= = 391).
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Figure 4 — Joint prognostic value of leukocyte RTL and TNM stage in gastric cancer patients. ROC analysis showed that combined leukocyte
RTL and TNM stage model had a better prediction value than did leukocyte RTL alone or TNM stage alone model in both OS (A) and RFS (B).
(C and D) Kaplan—Meier curves of OS and RFS subgrouped by leukocyte RTL and TNM stage. Hazards ratios and 95% ClIs were calculated by

multivariate Cox proportional hazards regression model, adjusted for age, sex, tumor site, differentiation, TNM stage, Lauren classification,

chemotherapy and RTL as covariates.

tumor stage (Chen et al., 2012). Consistent with these reports,
our results indicated that GC patients with short leukocyte
RTL had an immunosuppressive phenotype, i.e., more Bregs
in peripheral blood. Additionally, Tregs have been described
in many types of cancer and their immunosuppressive activ-
ity often promotes tumor growth (Mougiakakos et al., 2010).
Previous study has demonstrated that patients with long
leukocyte RTL had higher percentage of Tregs than those
with short leukocyte RTL (Svenson et al., 2013). However, in
present study, no significant differences in percentage of
Tregs were found between long and short leukocyte RTL sub-
groups. These inconsistent findings suggested that telomere
length alteration may affect the immune functions of cancer
patients in a disease-specific manner.

Apart from regulatory immune cells, cytokines are also the
important effector molecules of immune contextures. Many
evidences highlight that immune contextures exert signifi-
cant immunoregulatory functions through the production of
several immunosuppressive cytokines such as IL-17, IL-10,
etc. (Amedei et al.,, 2014; Moore et al., 2001). Observational
studies have been found that high systemic levels of IL-10

correlate with poor survival of several cancer patients
(Bohlen et al., 2000; Chau et al., 2000), indicating its suppres-
sive role responsible for restraining tumor growth. In this
study, we found that patients with short RTL had a significant
higher concentration of IL-10, representing a more wide-
spread effect of leukocyte telomere length on host immune
system. Taken together, all above mentioned findings support
our preceding postulation that leukocyte telomere length
shortening might be a causative factor to worsen the host im-
mune system by regulating lymphocyte phenotypes and cyto-
kine secretion, which promote tumor immune escape and
eventually lead to poor prognosis in GC patients. Additionally,
our observation that leukocyte telomere length declined with
increasing age is consistent with previous studies (Iwama
et al.,, 1998), which further confirmed that telomere length
act as an indicator of biological age.

GC is a highly heterogeneous disease where even similar
clinical and pathologic features lead to distinct outcomes
(Milne et al., 2009). These observations indicated that current
TNM staging system, based on clinical and pathologic find-
ings, may have reached their limit of usefulness and impelled
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Figure 5 — Immune phenotype and plasma cytokine concentrations in gastric cancer patients. (A—C) Flow cytometry detection of the percentage of
CD47 cells in PBMCs, CD19*IL-10" Bregs in B cells and CD4* CD25"FOXP3* Tregs in CD4™ T cells of gastric cancer patients with long
and short RTL (both » = 30). (D—F) Plasma concentrations of IL-2, IL-10 and TGF-B1 were measured by ELISA in gastric cancer patients with

long and short RTL (both » = 30).

the need for molecular biomarkers, as an added value, to
improve the prognosis prediction of GC patients. Several
high-throughput screening-based biomarker studies have
been carried out to evaluate the prognostic power of combina-
tion of molecular biomarkers and TNM stage, such as gene
expression profile, microsatellite analysis and genetic poly-
morphisms analysis, which add significant prognostic value
to the current TNM staging system (Yasui et al., 2005). Howev-
er, these biomarkers are limited for routine clinical applica-
tion due to several disadvantages, such as high cost,
multiple comparison issue and complex detection method,
etc. In this study, we measured leukocyte RTL using a real-
time PCR-based approach, which is easy to conduct and yields
accurate data. The hypothesis-driven approach targeting a
single biomarker of interest eliminated the multiple compari-
son issue in the majority of current high-throughput
screening-based biomarker studies. We identified leukocyte
RTL as an independent prognostic factor for both OS and
RFS of GC patients in present study and we also conducted a
joint effect analysis to evaluate whether combination of
leukocyte RTL and TNM stage can improve prognostic predic-
tion in GC patients. As expected, integration of leukocyte RTL
into TNM stage-based prognosis prediction models signifi-
cantly improved the prediction power of both OS and RFS in
GC patients.

Our study has several strengths. First, the patient popula-
tion is enrolled from Xi’an and adjacent areas. This region is

highly attractive in conducting population-based research
due to the geographical stability with low mobility rate. Sec-
ond, the patients with GC had relatively homogenous treat-
ments. All patients received surgery to remove the primary
tumor and in around half of patients received the same first-
line chemotherapy after surgery. These homogenous patient
characteristics and treatments greatly reduced the confound-
ing effects of the heterogeneous therapeutic modalities in
most cancer clinical outcomes studies. One major limitation
of our study is that in contrast to the training population,
our validation population has a relatively short follow-up
time. However, the validation population has already pre-
sented with a considerable percentage of events. The
continuing growth of our population with a low rate of patient
loss during follow-up will further enable us to obtain adequate
power for more in-depth interaction analyses. Furthermore,
the immune-related mechanism analysis has been performed
in a relative small sample size (n = 30), which would limit the
accuracy and generality of our results. Future studies in larger
populations are warranted to further confirm our findings.

In conclusion, our study for the first time demonstrates
that short leukocyte RTL is significantly associated with poor
prognosis of GC patients, which may involve an immune-
related mechanism. Furthermore, the integration of leukocyte
RTL and TNM stage dramatically improved the prognostic pre-
diction efficacy. Our findings suggest that leukocyte RTL may
serve as a novel biomarker for evaluating the immune
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functions and prognosis of GC patients. Once validated in
larger prospective and multicentric studies, this marker might
be implemented in the routine clinical setting to optimize risk
stratification and ultimately personalize the therapeutic man-
agement of GC patients.
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