Cancer Immunology, Immunotherapy (2018) 67:1815-1823
https://doi.org/10.1007/500262-018-2235-8

ORIGINAL ARTICLE

@ CrossMark

Anergic natural killer cells educated by tumor cells are associated
with a poor prognosis in patients with advanced pancreatic ductal
adenocarcinoma

Chao Yang'*3**. He Cheng"?3*.Yiyin Zhang"?3*. Kun Fan'*** . Guopei Luo"?3*. Zhiyao Fan'>34.
Qiuyi Huang'%3# . Yu Lu'234. Kaizhou Jin'>3% . Zhengshi Wang'-?3*. Xianjun Yu'%3#. Chen Liu"234

Received: 5 December 2017 / Accepted: 18 August 2018 / Published online: 22 August 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract

Introduction Natural killer cells (NK) are often believed to play a positive role in the antitumor immune response. However,
this is not the case for patients with advanced pancreatic cancer. This study was performed to determine the unique subtype
of “educated” NK cells and their prognostic value in patients with advanced pancreatic cancer.

Methods We divided 378 eligible patients into a derivation cohort (September 2010 to December 2014, n=239) and a vali-
dation cohort (January 2015 to April 2016, n=139). Flow cytometry was performed to analyze NK cells. Enzyme-linked
immunosorbent assay was used to detect interleukin-2 (IL-2), interferon gamma (IFN-y) and tumor necrosis factor alpha
(TNF-a) production. The Kaplan—Meier method and the Cox proportional hazards model were used.

Results Survival analysis showed that a high density of NK cells accompanied by a high neutrophil-to-lymphocyte ratio was
associated with reduced overall survival in both the derivation and validation cohorts. Multivariable analysis also showed
that high NK infiltration (HR 1.45, 95% CI 1.17 to 1.79, p=0.001) was an independent prognostic factor. In these patients,
high NK infiltration was associated with reduced levels of IL-2, IFN-y and TNF-q, although only IFN-y reached statistical
significance, which accounted for this unique phenomenon.

Discussion Natural killer cells in patients with advanced pancreatic cancer are a unique subtype with anergic features. A
high density of NKs predicts poor survival in these patients, possibly because an active inflammatory response and reduced
secretion of IL-2, IFN-y and TNF-« inhibit NK activation.
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specific stromal components and tumor cells are not well
understood.

It is widely acknowledged that natural killer cells (NK
cells) play a protective role in spontaneous antitumor
response. By definition, NK cells are a subset of immuno-
cytes that kill target cells “naturally”, displaying cytotoxic
functions and cytokine secretion. Lacking expression of
cluster of differentiation-3 (CD3), the neural cell adhesion
molecule (NCAM), also known as CD56, is usually consid-
ered a marker of NK cells and is found on a subset of T cells.
In contrast to peripheral blood NK cells, studies of tumor-
infiltrating NK cells are limited. Unexpectedly, our previous
work found increased levels of NK cells in resectable or
borderline-resectable PDAC patients compared to the nor-
mal population [3]. Similar results were also found in non-
small-cell lung cancer (NSCLC) [4]. Unlike normal immune
cells, NK cells found in PDAC tended to be a unique subtype
of immune cell “educated” by tumor cells. Thus, we aimed
to understand how these “educated” intratumoral NK cells
function in PDAC.

Normally, activation of NK cells requires multiple sig-
nals, including interleukin-2 (IL-2), IL-12, IL-15, and IL-18.
Endogenous T cell-derived IL-2 modulates NK cell func-
tions by multiple mechanisms [5]. In the presence of IL-2,
NK cells are activated following the release interferon-y
(IFN-y). NK cells release cytokines and chemokines when
activated, including interferon gamma (IFN-y) and tumor
necrosis factor alpha (TNF-a) [6].

The neutrophil-to-lymphocyte ratio (NLR) is defined as
the ratio between the absolute number of neutrophils and
lymphocytes. Previous studies have shown that a high NLR
value is associated with a poor prognosis in PDAC patients
treated with surgery [7, 8] or chemotherapy [9]. We analyzed
blood neutrophils and lymphocytes and calculated the NLR
to verify our hypothesis.

In this study, the percentage of CD3~"CD16"CD56" NK
cells was examined in a large cohort. In addition, several
other biomarkers of PDAC were also analyzed. Enzyme-
linked Immunosorbent Assay (ELISA) was performed to
measure IL-2. The relationship between the NK cell number
and the prognosis of advanced PDAC patients is discussed.

Materials and methods
Design and patients

The study was approved by the Ethics Committee of Fudan
University Shanghai Cancer Center (FDUSCC) and met
ethical guidelines of the World Medical Association Decla-
ration of Helsinki. Written informed consent was acquired
at FDUSCC.
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Eligible patients who met the following standards were
enrolled in the study. Pancreatic ductal adenocarcinomas
confirmed by pathology were selected for analysis; stage
IIT and IV tumors were included as defined by the 7th
edition of the American Joint Committee on Cancer (Chi-
cago, IL, USA) classification. Patients were required to
have adequate renal and liver functions to tolerate the side
effects of chemotherapy. If icterus appeared, appropriate
treatment was performed to relieve the jaundice. No other
major cancers were detected. Initial medical care was con-
ducted at FUDSCC.

Exclusion criteria of this study were as follows: patients
with stage I and II PDAC; intolerance to chemotherapys;
presence of other tumors; incomplete medical records; and
presence of active infections or immune disease prior to
receiving major medical care.

The patients were divided into derivation (September
2010-December 2014, n=239) and validation (January
2015-April 2016, n=139) cohorts. The primary end-
point was overall survival (OS). OS was defined as the
date of diagnosis to the date of death or last follow-up. An
independent analyzer conducted the follow-up procedure
and calculated the OS. June 1, 2017, was the date of last
follow-up.

Blood samples and flow cytometry

Blood samples were collected before receiving medical
interferon. NK cells were analyzed in blood but not other
tissues. Detailed procedures of flow cytometry using BD
Multitest 6-color TBNK reagent (BD Pharmingen, USA)
have been described previously. In brief, blood cells were
treated with red blood cell lysis buffer (Beyotime, China)
and then labeled with fluorochrome-conjugated monoclonal
antibodies and incubated at 4 °C for 20 min. The antibod-
ies used were anti-CD56 (clone MEM-188), anti-CD16, and
anti-CD3 (eBioscience). CD3 CD167CD56% was consid-
ered the marker of NK cells.

Enzyme-linked immunosorbent assay and clinical
data

Human IL-2, IFN-y, and TNF-a Quantikine ELISA Kits
were purchased from R&D Systems (USA). The ELISA was
conducted according to the manufacturer’s instructions. The
standard concentration was plotted on the horizontal axis,
while the optical density (OD) value at 450 nm was plotted
on the vertical axis. Neutrophil and lymphocyte numbers at
least 3 days before major primary treatment were obtained
from routine clinical data from the Hospital Information
System (HIS) of FDUSCC.
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Statistical analyses

The Kaplan—Meier method was used to estimate overall
survival. Log-rank tests were performed to compare the
survival distributions of the two samples. The hazard ratio
was estimated with a Cox proportional hazards model. The
Wilcoxon rank test and y° test were used where appropriate.
GraphPad Prism 7.0 (GraphPad Software, Inc., USA) soft-
ware was used to create the artwork. The data are shown as
the means + SE. Statistical analyses were conducted using
STATA 13.0 (StataCorp LP, College Station, TX, USA). A
p value <0.05 was considered significant.

Results
Patient characteristics
In total, 446 patients with advanced PDAC were initially

included in the analysis. The cohort was divided into deri-
vation (September 2010-December 2014) and validation

(January 2015-April 2016) cohorts. The study participant
flow diagram is presented in Fig. 1. Among these patients,
24 in the derivation cohort and 9 in the validation cohort
did not have complete clinical data (total =33, 7.40%).
Furthermore, 21 and 14 patients in the derivation and
validation cohorts were lost to follow-up, respectively.
The lost-to-follow-up rate was 7.85%. All participants
lost to follow-up or with incomplete clinical data were
removed from the study, and 378 patients were ultimately
included in the final analysis. Among them, 239 patients
were grouped into the derivation cohort, and 139 patients
were grouped into the validation cohort. Characteristics of
both cohorts are listed on Table 1. There were no obvious
differences in baseline characteristics between the deriva-
tion and validation cohorts, and median OS was 5+0.18
[95% confidence interval (CI) 5-5] and 5+0.29 (95% CI
5-5), respectively.

A cut-off value of 20% NKs among blood cells was
selected as the median value for all participants. A high
NLR value was defined as NLR equal to or greater than
3.1, as described in our previous study [9].

Advanced pancreatic cancer patients (from Sept 2010 to Apr 2016)
N=446

Derivation cohort, N=284
(Sept 2010 to Dec 2014)

Excluded:
Lacking complete clinical data, N=24

Excluded:
Lost to follow-up, N=21

v

Validation cohort, N=162
(Jan 2015 to Apr 2016)

Excluded:
Lacking complete clinical data, N=9

Excluded:
Lost to follow-up, N=14;

\4

Eligible Derivation cohort
N=239

Fig. 1 Study participant flow diagram

Eligible Validation cohort
N=139
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Table 1 Basic population

o . Baseline characteristic Parameter Derivation cohort Validation cohort p value
characteristics of the patients (n=239) (n=139)
No. Percentage No. Percentage

Age <60 98 41.00 64 46.04 0.389
>60 141 59.00 75 53.95

Sex Male 153 64.02 88 63.31 0.912
Female 86 35.98 51 26.69

Tumor size (cm) <5 127 53.14 65 46.76 0.488
>5 49 20.50 32 23.02
Unknown 63 26.36 42 30.22

Tumor location Head 96 40.17 44 31.65 0.122
Body and tail 143 59.83 95 68.35

Metastasis Yes 156 65.27 94 67.63 0.654
No 83 34.73 45 32.37

Chemo No chemo 12 5.02 5 3.60 0.614
Received chemo 227 94.98 134 96.40

NK <20 101 42.26 65 46.76 0.699

(CD3-CD56") >20 138 57.74 74 53.24

NLR <31 123 51.46 65 46.76 0.395
>3.1 116 48.54 74 53.24

Chemo chemotherapy, NK natural killer cell, NLR neutrophil-to-lymphocyte ratio

High NK cell density indicates a poor prognosis
and is accompanied by high NLR

Survival curves for patients stratified across a specific
NK cell cut-off value are presented in Fig. 2. Unexpect-
edly, we found that a high density of NK cells indicated
shorter OS in the derivation cohort (log-rank test, p
value =0.0205). The median OS for the high NK group
was 4 +0.32 months (95% CI 4-5), whereas the low NK
group showed a median OS of 6 +0.30 months (95% CI
5-6). These results were confirmed in the validation group
(»p=0.0145).

These results represent a completely different paradigm
from our previous understanding of NK cells. Further-
more, we chose NLR, a commonly used laboratory marker
obtained from complete blood counts (CBC), to test the
efficacy of the group. In this cohort, the data indicate that
high NLR was associated with worse outcomes (Supplement
Figure 1), and a high number of circulating NK cells with a
high NLR value was correlated with poor prognosis in both
the derivation and validation cohorts.

Univariate and multivariate analyses by the Cox propor-
tional hazards model are shown in Table 2. Multivariate
analyses found that age (hazard ratio, HR 1.34, 95% confi-
dence interval (95% CI) 1.08-1.67, p=0.008), absence of
metastasis (HR 0.72, 95% CI 0.57-0.90, p=0.005), NLR
(HR 1.48,95% CI 1.19-1.83, p<0.001), and NK cells (HR
1.45,95% CI 1.17-1.79, p=0.001) were independent prog-
nostic factors.
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Reduced levels of IL-2, IFN-y, and TNF-a are
associated with NK anergy

The abnormal NK cell distribution in the population
aroused our interest, as the distribution of NLR values was
normal in the cohorts. We hypothesized that the NK cells
we measured were different from traditional NK cells.
We speculated that they could be a unique subtype with
impaired functions, which may be associated with NLR.
Activation of NK cells requires stimulation from IL-2, and
NLR has been reported to serve as a biomarker for the
response to IL-2 in renal cell carcinoma [10]. Activated
NK cells release IFN-y and TNF-a as well. Therefore, half
of the patients from the validation cohort were randomly
assigned to undergo ELISA to measure serum IL-2, IFN-y
and TNF-a. A randomization sequence was created using
STATA 13.0 software. A total of 62 blood samples were
collected. Five cases were excluded from the ELISA due
to a lack of adequate sample volume, and 57 samples were
analyzed. Groups were divided into a low NK group and a
high NK group. Interestingly, as shown in Fig. 3, the mean
values of IL-2, IFN-y and TNF-a were lower in the high
NK group, although only IFN-y showed statistical signifi-
cance (low NK group, n=26; high NK group, n=31; IL-2,
p=0.0780; TNF-a, p=0.0971; IFN-y, p=0.0425).
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Fig.2 Kaplan—-Meier Survival Curves according to different NK lev-
els. a Derivation cohort, b validation cohort

Discussion

Various immune-based therapies, including vaccines and
checkpoint inhibitors, have shown promising results in
the treatment of pancreatic cancer [11]. Numerous stud-
ies have focused on these vaccines or checkpoint inhibi-
tors, such as GVAX or PD-1/PD-L1 inhibitors. However,
little is known about how tumor-infiltrating immune cells
behave in the special microenvironment of PDAC. PDAC
has a rich stroma and lacks oxygen, with a blood supply
unique from other solid tumors. With these characteristics,
immune cell infiltration in this context would be different
from that of immune cells isolated from healthy people, as
they would be “educated” by the surrounding tumor cells.
Consequently, these “educated” immune cells may display
impaired functionality.

Typically, a high density of NK cells is correlated with a
strong ability to kill “non-self” cells, thus promising robust
immunity and improved cancer prognosis. However, our
study of a large cohort of 378 advanced PDAC patients
revealed a very different result. We unexpectedly found
that a high density of CD3"CD167CD56% cells, a com-
monly used surface signature of NK cells, did not guarantee
increased killing function in advanced pancreatic cancer. In
contrast, increased NK cell levels predicted poor survival in
PDAC patients. NLR was also measured. Our results showed
that high NLR indicated poor prognosis, similar to previ-
ous studies [9, 12, 13]. Together, these data suggest that the
NK cells we measured were different from traditional NK
cells due to an active inflammatory context, suggestive of
a unique subtype with impaired functions. These cells may
have been “educated” by tumor cells, resulting in anergy. In
fact, the prognosis of PDAC patients can depend on various

Table 2 Univariate and

. . Characteristic Parameter Univariate analysis Multivariate analysis
multivariate analysis for overall
survival of all patients using the HR  95%CI P HR  95%CI p
Cox proportional hazards model
Age <60 1 - - 1 - -
>60 1.25 1.01-1.54 0.037 1.34  1.08-1.67 0.008
Sex Male 1 - -
Female 095 0.77-1.18 0.636
Tumor size (cm) <5 1 - - 1 - -
>5 1.30 1.01-1.67 0.040 1.39  1.07-1.79 0.012
Tumor location Head 1 - -
Body and Tail 1.12  0.91-1.39  0.285
Metastasis Yes 1 - - 1 - -
No 0.71  0.57-0.89 0.003 0.72  0.57-0.90 0.005
NLR <3.1 1 - - 1 - -
>3.1 142  1.15-1.76 <0.001 148 1.19-1.83 <0.001
CD3 CD16%CD567(NK) <20% 1 - - 1 - -
>20% 141 1.14-1.73  0.001 145 1.17-1.79 0.001

CI confidence interval, HR hazard ratio, NLR neutrophil-to-lymphocyte ratio
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NK cell subtypes with different functions and phenotypes
[14], rather than simple numbers. The inflammation-associ-
ated marker NLR revealed an active inflammatory response
in advanced PDAC patients. Thus, we assumed that inflam-
matory response contributed to NK cell anergy.

Questions have emerged regarding the identity of this
NK cell subtype and how these cells lose their killing
functions in advanced PDAC. We assumed that the lack
of killing function was due to insufficient NK cell activa-
tion. Activated NK cells produce chemokines and cytokines
such as IFN-y and TNF-a that play an important role in the
immune response. Our study found that in PDAC patients,
an increased quantity of NK cells was associated with a
poor outcome, with the quality of these NK cells reduced.
In the poor outcome group, IFN-y levels were lower than
the other group even though the absolute number NK cells
was higher (p =0.0425). Similar results were also found for
TNF-a, although the differences were not statistically sig-
nificant (p=0.0971). Reductions in IFN-y and TNF-a reflect
impaired NK cell functions, demonstrating that these NK
cells are a unique subtype in an anergic state.

Normally, activation of NK cells requires multiple fac-
tors, including IL-2, IL-12, IL-15 and IL-18 [15]. IL-2,
which is predominately produced by active T cells, plays
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an important role in regulating NK cell activation [5]. IL-
2-deficient mice have impaired NK cell functions [16]. Aner-
gic NK cells were found to regain their functionality after
stimulation with IL-2 in vitro [17, 18]. Of note, IL-2 is able
to stimulate both cytotoxic effector T cells and Treg cells
[18]. Somewhat paradoxically, different doses of IL-2 have
different functions. While low doses of IL-2 induce the dif-
ferentiation of Treg cells [19], high-doses IL-2 have been
shown to activate cytotoxic T cells [20]. As IL-2 is one of
the cytokines capable of activating NK cells, we hypoth-
esized that NK cell anergy is influenced by reduced levels of
IL-2. We analyzed levels of IL-2 in a small sample popula-
tion. The results showed that in the high NK group, levels of
IL-2 were lower. We assumed that a unique T cell distribu-
tion influenced by an active inflammatory microenvironment
resulted in altered IL-2 secretion, resulting in impaired NK
cell activation and disabled functions in this unique subtype.
However, the sample size for the IL-2 detection was small,
and, therefore, more samples should be enrolled to corrobo-
rate these findings.

Several pro-tumorigenic factors secreted by tumor cells
can “educate” NK cells as a way to escape attack from
the immune system. In melanoma, matrix metalloprotein-
ase-2 (MMP-2) secreted by cancer cells causes NK cells to



Cancer Immunology, Immunotherapy (2018) 67:1815-1823

1821

become exhausted and dysfunctional. Feng et al. showed that
MMP-9 and Indoleamine 2,3-dioxygenase (IDO) produced
by pancreatic cancer cells result in NK cell anergy, and
blockade of MMP-9 and/or IDO restored NK cell function.
Other pro-tumorigenic factors that influence cell-extrinsic
pathways are other potential factors that can “educate” NK
cells, such as eomesodermin and Telomeric repeat binding
factor 2 (TRF2). These factors influence NK cell functional-
ity via various mechanisms; for example, MMP-2 degrades
the type I IFN receptor 1 and mitigates the phosphorylation
of STAT1 [21].

In contrast to NK cells from healthy people, NK cells
“educated” by cancer cells bear different phenotypes and
show different levels of NK cell receptors [4]. Previous stud-
ies have indicated that a subset of NK cells with high levels
of PD-1 displayed impaired functions and are defined as
CD56Y™NKG2A~KIR*CD57" in ovarian carcinoma [22].
This unique subset lacks the ability to produce cytokines and
exert cytotoxic function. We found that when NK cells (from
healthy donors) were co-cultured with pancreatic cancer cell
lines (SW1990), levels of PD1 were up-regulated, and NK
cell functions were impaired (up-regulation of KIR; Sup-
plement Figure 2). These NK cells bear the exhausted phe-
notype (PD1+). Intratumoral NK cells show an exhausted
phenotype. Ndhlovu et al. found that T cell immunoglobulin-
and mucin domain-containing (Tim)-3, a marker typically
used to identify exhausted T cells, could also indicate NK
cell exhaustion [23], and TIM-3 blockade partially reversed
NK cell exhaustion [24].

Results from other tumor studies support our hypothesis.
Carrega et al. demonstrated that CD56™¢h NK cells are
highly enriched within NSCLC tissues compared to NK cells
isolated from autologous peripheral blood, while showing
reduced functionality in antitumor responses [25]. A study
conducted by Chansac et al. indicated that lung adenocar-
cinoma cells escape attack from NK cells by downregulat-
ing the expression of major histocompatibility complex-1
(MHC-I) [26]. In addition, the authors found that NK cells
isolated from healthy donors were able to kill tumor cells,
while the tumor-infiltrating NK cells lacked cytotoxic capa-
bilities. During NK cell development, the absence of MHC-I
negatively affects the ability of NK cells to kill MHC-I defi-
cient tumor cells [27].

The quantity or quality of NK cells could also be affected
by therapeutic interventions. In mice, the numbers of NK
cells, but not T cells, are increased upon treatment with gem-
citabine following resection of pancreatic tumors [28]. This
study also shows that chemotherapy prevents local recur-
rence by activating the innate immune response. In addi-
tion, Plate et al. found that gemcitabine is not immunosup-
pressive [29]. These findings show that administration of
chemotherapy is not harmful to the immune system; rather,
it contributes to the activation of the immune response.

The main limitation of our work is the absence of a poten-
tial underlying mechanism. In addition, a larger cohort is
needed for the detection of cytokines and chemokines to con-
firm our results. We observed a high NLR value and a high
density of NK cells in a cohort of patients with poor prognosis.
In a sub-analysis, we reported that in the high-density NK
group, the level of IL-2, TNF-o and IFN-y was lower than the
other groups. Related studies revealed a possible relationship
between these factors. However, correlation does not equal
causation. No molecular mechanism was found to explain the
correlation between IL-2 and NK. There has not been a robust
study on the potential underlying molecular mechanism to sup-
port our hypothesis. Additionally, when and where NK cells
become anergic should be a primary focus of future research.

In summary, we found that high numbers of NK cells did
not promise better outcomes in a derivation cohort. In con-
trast, NK cell number was correlated with poor prognosis in
advanced pancreatic cancer. These results were confirmed in
a validation cohort. High NLR also predicted poor prognosis
and demonstrated the reliability of the cohort. We hypoth-
esized that the reason for this phenomenon was that the NK
cells we measured were “educated” by tumor cells and had
become anergic. This may be due to the influence of tumor
cells on NK cell activation through inhibition of IL-2, TNF-a
and IFN-y secretion. Finally, we present the hypothesis that
NK cells become anergic and show impaired functionality in
the microenvironment of advanced pancreatic cancer.
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