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Transcript signature predicts tissue NK cell content
and defines renal cell carcinoma subgroups independent
of TNM staging
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Abstract Clear cell renal cell carcinoma (ccRCC) is an
aggressive and difficult to manage cancer. Immunotherapy has
the potential to induce long-lasting regression in a small group
of patients. However, severe side effects limit broad applica-
tion which highlights the need for a marker to distinguish
responder from nonresponder. TNMG staging, referring to
tumor size, lymph node involvement, presence of metastasis,
and grade of tumor differentiation, represents an important
prognostic system but is not useful for predicting responders
to immunotherapy. NK cells are potent antitumor effector
cells, and a role as prognostic marker in some solid tumors has

been suggested. As NK cells are responsive to various
immune modifiers, they may be important mediators of
patient response to immunotherapies, in particular those
including IL-2. We report that the NK cell percentage within
RCC-infiltrating lymphocytes, as determined by flow cytom-
etry, allows ccRCC subgrouping in NKhigh/NKlow tissues
independent of TNMG classification. Quantitative reverse
transcriptase polymerase chain reaction using whole-tissue
RNA identified four markers (NKp46, perforin, CX3CL1,
and CX3CR1) whose transcript levels reproduced the
NKhigh/NKlow tissue distinction identified by flow cytometry
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with high selectivity and specificity. Combined in a multiplex
profile and analyzed using neural network, the accuracy of
predicting the NKhigh/NKlow groups was 87.8%, surpassing
that of each single marker. The tissue transcript signature,
based on a robust high-throughput methodology, is easily
amenable to archive material and clinical translation. This
now allows the analysis of large patient cohorts to substantiate
a role of NK cells in cancer progression or response to
immunotherapy.

Keywords NK cells . Transcript signature . Renal cell
carcinoma . Prognosis . Immunotherapy

Introduction

Renal cell carcinoma (RCC) is the most common type of
kidney cancer and follows an unpredictable disease course [1].
The TNMG staging system, which defines local extension of
the primary tumor (T), involvement of regional lymph nodes
(N), the presence of distant metastasis (M), and the tumor
cell grade of differentiation (G), is currently the most applied
prognostic approach, but accurate estimation of prognosis
remains imprecise [2]. Current efforts are directed toward the
identification of new markers that would improve prediction
of prognosis (prognostic markers) and help stratify patients
for treatment strategies (predictive markers). Targeted thera-
pies have improved the management of metastatic disease
[3], but immunotherapy, in particular high-dose IL-2,
remains the only treatment that can induce cure in a
subgroup of patients with metastatic RCC [4]. It is not
understood why some patients are responders, whereas
others exhibit tumor progression under identical therapies.
RCC tissues are densely infiltrated with immune effector
cells (references in [5]), but it is unclear how the infiltrate
relates to tumor growth control (prognosis) or to the patient’s
responsiveness to therapy (prediction).

NK cells are cytotoxic effector cells that can kill
tumor cells. They are powerful antileukemia effector
cells [6], and a role in some solid tumors has been
suggested [7–9]. Partial regression of primary tumor
growth in melanoma patients has been correlated with
NK cell activity in some patients suggesting that NK cells
may represent a potential prognostic marker [10, 11].
However, studies directed toward this issue have been
hampered by technical limitations of NK cell quantification
in tissues.

We previously reported that clear cell (cc)RCC tumors can
be subdivided based on a high (NKhigh) or a low percentage
(NKlow) of NK cells present in the tumor-infiltrating
lymphocytes (TILs, cutoff: 20% NK within TILs) [12].
Based on the observation that NK cells from NKhigh tumors
responded to ex vivo IL-2 treatment with gain of cytolytic

activity, it is possible that a high NK cell content in RCC
tumors may help predict response to IL-2 therapy.

The current procedure for the discrimination of NKhigh

from NKlow tumors requires fresh postsurgery tissue for
flow cytometry of isolated tumor-infiltrating leukocytes and
thus is not compatible with the analysis of archive tissues
from large retrospective studies or to monitor prospective
trails. A reliable molecular tissue profile that would
reproduce the FACS-based (FC) quantification of NK cell
infiltration in the tissue would allow the analysis of large
archive cohorts and, thus, could be applied to refine and
expand our understanding of an NK cell contribution to
disease processes or response to immunotherapy.

We here report that subgrouping of ccRCC tissues
according to the percentage of NK cells among TILs is
independent of the TNMG classification and could be a
prognostic marker for ccRCC disease outcome. Using
whole-tissue RNA isolated from ccRCC tissues and
applying quantitative reverse transcriptase polymerase
chain reaction (RT-qPCR), specific gene transcripts were
identified that reproduced the FC-NKhigh/NKlow discrimi-
nation of tumors with high selectivity and specificity.
Highest accuracy was achieved when the markers were
combined in a multiplex profile and analyzed using neural
network. The tissue transcript signature, determined by a
robust high-throughput RT-qPCR methodology, is easily
amenable to archive material allowing the analysis of large
patient cohorts. This will help substantiate a role of NK cells
as prognostic factor for disease outcome or as predictive
marker for response to immunotherapy. Moreover, the
transcript signature may be used in other disease pathologies,
where an involvement of NK cells is suspected.

Material and methods

RCC tissues and patient information

RCC tissues were obtained from untreated patients
[Departments of Urology, Ludwig-Maximilians-University
(LMU); Urological Clinic Planegg, Munich, Germany] and
were histopathologically evaluated as ccRCCs (Department of
Pathology, LMU, Munich). Samples were snap-frozen within
30 min of nephrectomy and stored at −86°C. The sample
collection was done with the approval of the local ethics
committee (Ethikkommission der Medizinischen Fakultät der
LMU) with written informed consent of the probands. Patient
characteristics are listed in Table 1 (updated from [12]). None
of the patients had received any therapy before surgery as
there are no neoadjuvant (presurgery) therapies for RCC [3].
Thus, the NK cell content as well as the transcript profile
were established from therapy-naïve tumors. Metastatic
patients may receive systemic adjuvant therapy [3, 4]. In
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Table 1 Patient demographics and tumor characteristics

Patient ID Sex Agea T N M Gb Follow-upc NK in TILs (FACS)d NK in TILs (ANN)e

1 m 67 T1b N0 M0 G2 A (53) High High

2 f 31 T2 N0 M0 G2 A (40) High High

3 f 61 T1a N0 M0 G2 A (66) High High

4 f 66 T1b N0 M0 G2 A (43) High High

5 m 52 T1 N0 M0 G3 A (62) High Low

6 m 47 T2 N0 M0 Gx A (39) High High

7 m 68 T3b N0 M0 G2 A (93) High High

8 m 68 T3b N0 M0 G2 DOD (34) High Low

9 f 76 T3b N0 M0 G2 A (66) High Low

10 f 67 T3b N0 M0 G2 A (67) High High

11 f 74 T3a Nx M0 G3 n.d. High High

12 m 59 T3b Nx M0 G2 A (37) High High

13 m 77 T3 Nx M1 G2 D* (12) High High

14 m 49 T2 N0 M0 G2 n.d. High High

15 m 53 T3b N0 M0 G2 n.d. High High

16 m 50 T2 Nx M0 G2 n.d. High High

17 m 34 T2 N0 M0 G2 PR (63) Low Low

18 m 47 T1b N0 M0 G2 DOD (35) Low Low

19 m 57 T2 N0 M0 G3 A (62) Low Low

20 f 69 T1 Nx M0 G2 A (42) Low Low

21 m 68 T1 N0 Mx G2 A (67) Low Low

22 m 83 T2 N0 M0 G2 A (139) Low Low

23 m 61 T3 N0 M0 G3 D″ (38) Low High

24 m 74 T3b N0 M1 G3 DOD (55) Low Low

25 m 53 T3b N0 M0 G2 A (17) Low Low

26 f 74 T3b N0 M0 G2 D″ (36) Low Low

27 f 80 T3b N2 M0 G2 DOD (76) Low Low

28 m 61 T3b N2 M1 G3 DOD (12) Low Low

29 f 35 T4 N0 M0 Gx DOD (51) Low Low

30 m 73 T3c N0 M1 G2 DOD (27) Low Low

31 m 68 T3b N0 M1 G2 DOD (48) Low Low

32 f 80 T1 N0 M1 G3 PR (83) Low Low

33 m 67 T3b N0 M0 G2 A (40) Low Low

34 m 67 T3b N0 M0 G3 n.d. Low High

35 m 58 T3b N0 M0 G2 n.d. Low Low

36 f 65 T3b N2 M0 G3 n.d. Low Low

37 m 60 T3 Nx M0 G3 PR (16) Low Low

38 m 49 T2 N0 M0 G2 n.d. Low Low

39 f 57 T2 Nx M1 G3 DOD (3) Low Low

40 f 72 T3b N0 M0 G3 DOD (12) Low Low

41 f 67 T3b N0 M1 G2 n.d. Low Low

Only clear cell RCC were included. None of the patients had received treatment prior to surgery. For clinical data, see “Material and methods” section

m male, f female, A alive, PR progress, DOD dead of disease, D* dead of unrelated cause, D″ dead of unknown cause, n.d. no follow-up available
a Age in years at surgery; mean 60.3 years for NKhigh group and 63.2 for NKlow group
b Postoperative tumor classification according to UICC [1], with T referring to tumor size, N to nodal status, M to the presence of distant
metastasis, and G to the tumor differentiation
c Follow-up was completed until August 2010 with a median follow-up of 45 months (range 3–139 months). Numbers in brackets are months of
survival after surgery
d High/low refers to tissue with either >20% (high) or ≤20% (low) of NK cells among TILs as determined by FACS
eHigh/low refers to tissue classified by ANN analysis to express a high or low transcript signature
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our patient cohort, 10 patients had metastatic disease (M+ or/
and N+). Five received experimental immunotherapy
(anti-G250 antibody, inhalative IL-2, or tumor cell vaccina-
tion). Four of the treated patients had progressive disease
during/after therapy (cases 28, 30, 31, and 39) and died of
RCC, one patient died of unrelated cause (case 13). The
remaining patients with metastatic disease did not receive
any systemic treatment.

Isolation of tumor-infiltrating leukocytes and NK cell
quantification using flow cytometry

Tumor-infiltrating leukocytes were isolated from fresh tumor
tissues by mechanical and enzymatic tissue dissociation [12].
NK cells among the tumor-infiltrating lymphocytes were
quantified using multicolor flow cytometry. Briefly, 3–5×105

tumor-infiltrating leukocytes were stained in FACS buffer
(PBS, 2% FCS, 2 mmol/L EDTA, 0.1% NaN3) for 20 min at
4°C with a cocktail of antibodies, anti-CD45-PE-Cy7 (BD
Bioscience, Heidelberg, Germany), anti-CD14-APC-
Alexa750 (Invitrogen, Darmstadt, Germany), anti-CD19-
APC-Alexa780 (eBioscience, Frankfurt, Germany), anti-
CD3-PacificBlue (BD), anti-CD56-APC (Beckmann Coulter,
Krefeld, Germany), and 7-AAD (Sigma-Aldrich, Krefeld,
Germany). Cells were then fixed with 1% paraformaldehyde
for 20 min at 4°C. Data acquisition and analysis were done
with LSRII (BD) and FlowJo (Tree Star, Inc., Ashland,
USA). The lymphocyte population (TIL) within tumor-
infiltrating leukocytes was selected based on FSC/SSC
characteristics using parallel stained PBMC of healthy
individuals as a guideline. Selection of lymphocytes was
followed by exclusion of 7-AAD+ (dead) cells and duplets.
Then, CD45-expressing cells were selected and CD14+

myeloid cells excluded. NK cells were identified as
CD3−CD56+ cells within the gated live CD45+ CD14−

lymphocytes. The percentage of CD3−CD56+ (NK) cells
among the gated lymphocyte population (CD45+, CD14−,
7-AAD− lymphocytes) represents the frequency of NK cells
(supplementary Fig. S1). The combination of antibodies
detailed above additionally included anti-NKp46-PE (BD) or
anti-CX3CR1-PE (BioLegend, San Diego) to determine the
expression of NKp46 and CX3CR1 within the gated NK cell
population (supplemental Fig. S1c, d).

RNA isolation and quantitative RT-PCR

Total mRNAwas isolated from cryoconserved ccRCC tissues
(10–20 10-μm tissue cryosections; n=41 patients remained
for analysis after exclusion of five tissues with poor RNA
quality or poor RT-qPCR performance, see below) using
Qiagen RNeasy Mini Kit (Qiagen; Duesseldorf, Germany).
RNA yield was determined with Qubit-iT RNA Assay Kit

(Invitrogen). One microgram RNA was transcribed into
cDNA with random hexamer primers (Roche Diagnostic;
Mannheim, Germany) using reverse transcriptase Super Script
II (Invitrogen). cDNAs were amplified by RT-qPCR with the
Taqman® ABI 7700 Sequence Detection System (Applied
Biosystems; Weiterstadt, Germany) using commercially
available predeveloped Taqman® reagents with optimized
primer and probe concentrations for CD2, CD56, NKp46,
granzyme B, perforin, CXCL10, CXCL12, CX3CL1,
CX3CR1, and 18SrRNA (Applied Biosystems). Cycle
conditions were as follows: after an initial hold of 2 min at
50°C and 10 min at 95°C, the samples were cycled 40 times
at 95°C for 15 s and at 60°C for 60 s. Controls, consisting of
master mixes without cDNA template, were negative in all
runs. The primers and probes were cDNA specific except for
18SrRNA, CX3CL1, and CX3CR1. Comparing RT-negative
samples with RT-positive samples revealed ΔCt>6, indicat-
ing that contaminations with genomic DNA were negligible
(below 0.6%). All PCR reactions were performed in
duplicates. The relative concentration of target gene was
determined by the comparative Ct method by subtracting the
Ct of the target gene from the Ct of the control gene [13].
Five tissues were excluded from further analysis due to poor
RNA quality or ΔCt of the duplicates more than 0.5, leaving
data of 41 ccRCC tissues from individual patients for
analysis. Samples with a mean Ct of the duplicate of 39
and more cycles were named “under detection limit” for the
respective probe. In total, these were three samples (one
NKhigh, two NKlow) of the granzyme B probe. 18SrRNA and
CD2 were identified as suitable normalization genes using
NormFinder algorithm (Multid; GenEx, Göteborg, Sweden).
CD2 was used for normalization of markers that are
predominantly lymphocyte expressed and, additionally, to
mimic the gating process used in the FACS (FC)-based NK
cell tissue classification. The concept to use lymphocyte-
associated transcript levels for normalization has been
described [14]. RT-qPCR values of markers (here the chemo-
kines), expressed by diverse cell types including tumor cells,
lymphocytes, and myeloid cells, were normalized to
18SrRNA.

Statistical analysis

Normality testing was performed using Kolmogorov–
Smirnov, D’Agostino, Pearson omnibus, and Shapiro–Wilk
tests. As they failed to determine normal distribution of the
data, statistical tests for nonparametric data were applied.
For statistical analysis, the measurements with PCR product
under detection limit were given the arbitrary value of 10−10,
which was below the lowest value observed for any positive
marker in any tissue. Mann–Whitney U test and Bonferroni’s
correction were used to determine the significance between
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the association of marker transcript (Tc) levels and the FC-
NKhigh and NKlow tumor subgroups in the dichotomized
models. In addition, the association between FC-NK content
and marker Tc levels as continuous variables was analyzed
by Spearman rank correlation. Receiver operating character-
istic (ROC) analysis was employed to assess the performance
of marker Tc levels to predict the FC-NKhigh/NKlow

subgrouping of ccRCC. The strength of the association is
seen by the area under curve (AUC) with values below 0.6
are not considered biologically useful [15]. ROC cutoffs
were defined such that best values for the percent of
specificity and sensitivity (with a 95% confidence interval)
for the prediction of FC-NKhigh tissues were achieved. The
validity of the cutoff point of each Tc level for the prediction
of the FC-NKhigh/NKlow tissue group was tested using
contingency measurements (Fisher’s exact test). Contingency
measurement (Fisher’s exact test) was also performed to
test the associations of Tc levels of individual markers or
the FC-NKhigh/NKlow tissue distinction with clinicopatho-
logic data, whereby the dichotomized values of the Tc levels
(according to ROC cutoff) were set in relation to dichoto-
mized TNMG parameters (pT1–2 vs T3–4, pN0 vs N+,
M0 vs M+, G1–2 vs G3–4). To evaluate whether the
combination of marker Tc levels would improve the
prediction of FC-NKhigh/NKlow tumors, the Tc levels of
markers showing the best association in univariate ROC
and contingency analyses were combined in multivariate
models using logistic regression and artificial neural
network models (ANN) [16]. The BFGS (Broyden–
Fletcher–Goldfarb–Shanno) training algorithm was used
for ANN training until the error function (sum of squares)
reached a minimum. In all cases, the network architecture
was a three-layer multilayer perceptron with one hidden layer
of neurons. A sigmoid activation function was employed to
determine the values to be summed from the four input
variables. The final weighting was approximately equal for
the four input variables and consistent across the top neural
networks. Tc levels were log transformed prior to multivariate
regression and ANN analyses.

The association of NKhigh/NKlow ccRCC groups defined
by individual Tc levels or the ANN Tc profile with cancer-
specific survival was evaluated univariately (Mantel–Cox)
and plotted as Kaplan–Meier curves. Follow-up data were
available of 32 patients. Two patients had died of
undetermined cause, leaving 30 patients for cancer-
specific survival analysis. The association between ccRCC
groups defined by FC-NK cell percentages and cancer-
specific survival was also analyzed by Cox regression
models, univariately and after adjusting for primary tumor
TNMG stage. All univariate data analyses were performed
using GraphPad Prism version 5.01 for Windows (GraphPad
Software; San Diego, USA). Multivariate analysis (ANN,

logistic regression, and Cox regression) used STATISTICA 9
(StatSoft Inc.; Tulsa, USA).

Results

NK cell percentage among lymphocytes infiltrating ccRCC
tumors identifies ccRCC subgroups independent
of the TNMG classification

We previously reported that ccRCC tumors could be
divided into two groups based on their percentage of NK
cells present in the TILs [12]. The cutoff value for NKhigh

tumors (>20% of NK cells in TILs) was thresholded to the
value of NK cell percentages observed in PBLs of healthy
donors, which are generally below 15% [17]. Having
extended our initial patient panel (n=41) and updating
patient follow-up data (median 45, range 3–139 months;
Table 1), we now report evidence that patients, who have
tumors with high NK cell content, have a longer cancer-
specific survival (Fig. 1a; Cox–Mantel p=0.043). Adjusting
for primary tumor stage, lymph node involvement, distant
metastasis, or tumor grade, the association was no longer
significant (Table S1; p adjusted for T=0.063; p values
between 0.144 and 0.195 after adjustment for N, M, or G),
indicating that the NK cell percentage among TILs may not
be independent of the TNMG classification when consid-
ering survival as the analysis endpoint. The proportion of
patients having received postsurgery treatment was lower in
the NKhigh group than in the NKlow group (one NKhigh

patient, four NKlow patients; see “Material and methods”
section). Nevertheless, the survival probability of the
NKhigh group was better. Thus, the better survival of the
NKhigh group was not caused by a higher number of treated
patients. In the NKlow group, which had poorer survival,
more patients had received treatment. If treatment would
have prolonged life, this would decrease the difference
between the groups. Thus, considering a potential bias of
treatment may improve the significance of the analysis.

Notably, using Fisher’s exact analysis, there was no
significant association between the FC-NKhigh/NKlow tissue
grouping and the TNMG classification (p values between
0.079 and 0.537, Table 2). Thus, the NK cell percentage of an
RCC tissue was not a surrogate of the TNMG classification
but could be regarded as a new marker used in addition to the
TNMG classification to identify ccRCC subgroups.

Analysis of large patient cohorts will be required to test
if the FC-NKhigh/NKlow ccRCC subgrouping has relevance
for ccRCC prognosis, in addition to or independent of the
TNMG stage and whether it will have value as a new
marker independent of TNMG. This is not possible with the
current FACS-based NK cell quantification method but
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Fig. 1 Univariate association of cancer-specific survival with NKhigh

vs NKlow tissue grouping. Thirty ccRCC patients were classified into
two groups according to their percentage of NK cells in TILs as
determined by FACS (FC) analysis (a) or according to the four-gene
transcript signature of artificial neural network (ANN) (b). The

association to cancer-specific survival was analyzed using Kaplan–
Meier. p values of the univariate Cox–Mantel test are indicated. Each
tick mark represents a censored case. Depicted under the graphs are
the number of patients at risk at the given time point. For details on
clinical data, see “Material and methods” section

Table 2 Association between NKhigh/NKlow tissue grouping by flow cytometry or transcript levels and TNMG classification using Fisher’s exact test

p valuea PPV NPV RR (CI 95%) LR

FC-NK (% of TIL)

pT (T1 + T2 vs T3 + T4) 0.518 0.47 0.67 1.4 (0.7–3.0) 1.4

pN (N0 vs N1) 0.537 0.39 1.00 1.3

M (M0 vs M1) 0.114 0.47 0.88 3.8 (0.7–3.0) 1.3

G (G1 + G2 vs G3 + G4) 0.079 0.50 0.83 3.0 (0.8–11.2) 1.5

Tc-NKp46[CD2]

pT (T1 + T2 vs T3 + T4) 0.756 0.53 0.54 1.2 (0.6–2.2) 1.2

pN (N0 vs N1) 1.000 0.47 0.67 1.4 (0.3–7.3) 1.1

M (M0 vs M1) 0.092 0.56 0.86 3.9 (0.6–24.8) 1.4

G (G1 + G2 vs G3 + G4) 0.506 0.54 0.62 1.4 (0.7–3.0) 1.2

Tc-perforin[CD2]

pT (T1 + T2 vs T3 + T4) 0.748 0.47 0.62 1.3 (0.6–2.6) 1.3

pN (N0 vs N1) 0.251 0.45 1.00 1.2

M (M0 vs M1) 0.107 0.50 0.88 4.0 (0.6–25.9) 1.4

G (G1 + G2 vs G3 + G4) 0.734 0.41 0.67 1.2 (0.5–3.1) 1.1

Tc-CX3CL1[18SrRNA]

pT (T1 + T2 vs T3 + T4) 0.759 0.47 0.63 1.3 (0.6–2.6) 1.3

pN (N0 vs N1) 1.000 0.36 0.67 1.1 (0.2–5.7) 1.0

M (M0 vs M1) 0.107 0.50 0.88 4.0 (0.6–25.9) 1.4

G (G1 + G2 vs G3 + G4) 0.076 0.52 0.83 3.1 (0.8–11.6) 1.6

Tc-CX3CR1[CD2]

pT (T1 + T2 vs T3 + T4) 0.759 0.47 0.58 1.1 (0.6–9.9) 1.1

pN (N0 vs N1) 0.251 0.45 1.00 1.2

M (M0 vs M1) 0.258 0.50 0.75 2.0 (0.6–7.0) 1.2

G (G1 + G2 vs G3 + G4) 0.742 0.48 0.58 1.2 (0.5–2.5) 1.1

The flow cytometry (FC)-based NK cell percentages of TILs of each patient were used as dichotomized variable using the 20% cutoff (Table 1).
Transcript (Tc) levels were modeled as dichotomized variable using the cutoff as determined by ROC analysis (Table 3). TNMG variables were
modeled as indicated

PPV positive predictive value, NPV negative predictive value, RR relative risk, LR positive likelihood ratio
a p value (two sided) of the Fisher’s exact test
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requires a robust methodology that recapitulates the FACS-
based NKhigh/NKlow tissue distinction and is applicable to
archival material and large cohorts.

Tissue transcript levels of NKp46, perforin, CX3CL1,
and CX3CR1 reproduce the ccRCC tissue subgrouping
according to FACS-determined high or low NK cell content

Potential markers for NK cell quantification include the
activating natural cytotoxicity receptors NKp30, NKp44,
and NKp46 that are exclusively expressed on NK cells,
CD56, and perforin [7, 18, 19]. An additional class of
potential markers includes the chemokine/chemokine receptor
family. Chemokine receptors help regulate the leukocyte
response and direct their migration to tissues based on the
tissue-specific chemokine microenvironment [20, 21].

To identify a molecular tissue signature that reproduces
the FC-NKhigh/NKlow discrimination, whole-tissue RNA
was prepared from the archived ccRCC tumors where the
corresponding fresh tissues had been used for leukocyte
isolation and NK cell quantification by flow cytometry (n=41;
Table 1, updated from [12]). Tc levels of NK- and
lymphocyte-associated markers, NKp46, CD56, perforin,
granzyme B, CXCL10/IP-10, CXCL12/SDF-1, and
CX3CL1, and the corresponding chemokine receptor
(CX3CR1) were assessed by RT-qPCR and set in relationship
to the FC-NK cell frequency among TILs.

Flow cytometry is a lymphocyte-gated strategy yielding
percentages of NK cells among TILs rather than absolute
numbers of NK cells within the tissue. To reproduce the
FACS strategy of NK cell quantification at the transcript
level analysis, RT-qPCR data of the lymphocyte-expressed
markers, i.e., NKp46, CD56, perforin, granzyme B, and
CX3CR1, were normalized to the common lymphocyte
marker CD2, while the chemokines, which are expressed by
diverse cell types including tumor cells, lymphocytes, and
myeloid cells, were normalized to 18SrRNA.

Tc levels of NKp46 and perforin reproduced the FACS-
based NKhigh/NKlow tissue discrimination when normalized
to CD2 (p Tc-NKp46[CD2]=0.0002, p Tc-perforin[CD2]=
0.02; Fig. 2a), but not when normalized to 18SrRNA (not
shown). Tc levels of CD56 and granzyme B did not
reproduce the tissue grouping regardless of normalization
(Fig. 2a; not shown).

Of the analyzed chemokines (CXCL10, CXCL12, CX3CL1),
the Tc levels of CX3CL1[18SrRNA] were found to correspond
to the FC-NKhigh/NKlow tissue grouping (p=0.004, Fig. 2b).
Concomitantly, the Tc levels of the corresponding chemokine
receptor CX3CR1 (CD2 normalized) which is expressed on
most NK cells of TILs (supplemental Fig. 1d) also distin-
guished the FC-NKhigh/NKlow tissue subgroups (p=0.0006,
Fig. 2c). Tc levels of CX3CR1 normalized to 18SrRNA still
segregated the tissues into the NKhigh/NKlow groups, albeit

with lower significance (p=0.03; not shown). Uncorrected
p values of these associations were interpreted as a measure of
strength of evidence for the FC-NKhigh/NKlow discrimination,
markers whose Tc levels remained significant after Bonferro-
ni’s correction, NKp46[CD2], CX3CL1[18SrRNA], and
CX3CR1[CD2], were considered robust candidate biomarker
for the prediction whether a tissue belonged to the FC-NKhigh

or FC-NKlow ccRCC group. Using Spearman correlation, Tc
levels of those markers which discriminated the FC-NKhigh/
NKlow ccRCC groups as dichotomized variables were found
to also correspond to the FC-NK cell percentages as
continuous variables (Fig. 2d).

Performance and relevance of marker transcript levels
in predicting the FC-based NKhigh/NKlow tumor
classification

To evaluate the significance of each marker Tc level to
distinguish FC-NKhigh from FC-NKlow tumors, ROC
analysis was performed for the four discriminating markers
(including perforin). AUC and potential cutoff values were
calculated and subjected to statistical analysis for specificity
and sensitivity using 95% confidence intervals (Table 3).
CD2-normalized Tc levels of NKp46, Tc-CX3CL1
[18SrRNA], and Tc-CX3CR1[CD2] showed high AUC
values and cutoff points separating FC-NKhigh from FC-
NKlow tumors with good specificity and sensitivity, providing
evidence for a strong overall association of these individual
marker Tc levels to the FC-NKhigh/NKlow distinction. The
perforin Tc-[CD2] level had the lowest AUC (0.7; 95%
CI=0.47–0.85; p=0.036) of the four markers and was
considered a fair predictor. For comparison, the CD2-
normalized Tc level of CD56, which did not correlate with
the tissue’s FC-NKhigh/NKlow status, had an AUC value
below 0.6, which is considered biologically not useful [15].

The validity of the defined cutoffs to predict the FC-
NKhigh/NKlow tissue status was tested by Fisher’s exact
analysis (Table 4). The data revealed good positive and
negative predictive values for the Tc levels of all four
markers, with Tc levels of perforin again showing the
weakest values. Relative risk values of 5.0 for Tc-NKp46
[CD2] and 3.1 for Tc-perforin[CD2] indicated that tissues
with values above the ROC cutoff had fivefold and
threefold, respectively, higher probability to belong to the
FC-NKhigh group. The overall accuracy of prediction by
each individual marker was between 78% (Tc-NKp46
[CD2]) and 73% (Tc-perforin[CD2]) (Table 4).

Transcript levels combined in multivariate
analysis improve the prediction of NKhigh ccRCC tissues

After providing evidence for the independent ability of each
marker to predict whether a tissue belonged to the FC-
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NKhigh or FC-NKlow ccRCC group, it was assessed if
combining the four markers (NKp46[CD2], perforin[CD2],
CX3CL1[18SrRNA], and CX3CR1[CD2]) would further

increase the accuracy of prediction. Using the logistic
regression model, the accuracy of prediction was 82.9%,
thus higher than the accuracy of the best individual marker

Fig. 2 Association between tis-
sue transcript levels of select
genes and the NKhigh/NKlow

ccRCC groups. RNA was
isolated from for 41 ccRCC
tissues with either a high
(NKhigh, n=16) or low (NKlow,
n=25) percentage of NK cells
among TILs as determined by
FACS analysis. Transcript levels
of NKp46, perforin, CD56,
granzyme B, CXCL10,
CXCL12, CX3CL1, and
CX3CR1 were determined by
RT-qPCR. RT-qPCR data of
markers expressed by lympho-
cytes were normalized to CD2
(Tc-[CD2]) (a, c). Markers (here
the chemokines) (b) that are
expressed by many cell types,
including tumor cells and thus
represent the tissue milieu, were
normalized to 18SrRNA (Tc-
[18SrRNA]). Each dot repre-
sents the Tc level of one tissue
(filled dot NKhigh, empty dot
NKlow tissue). u.d. refers to
tissues where the respective Tc
level was under detection limit.
Box plots indicate the median,
the 25th and 75th percentile.
Whiskers extend to the lowest
and highest value within the
group. p values were determined
by Mann–Whitney U test. p
values are given uncorrected for
multiple testing. Indicated by
stars are those values which
remained significant after cor-
rection for multiple comparisons
(p<0.0064). d Spearman corre-
lation between the FACS-
determined NK cell percentages
in TILs and the CD2-normalized
Tc levels of NKp46, perforin,
and CX3CR1, and the
18SrRNA-normalized Tc levels
of CX3CL1. NK cell percen-
tages as determined by FACS
and the transcript values are
plotted on a logarithmic scale.
Each dot represents one tissue;
R is the Spearman correlation
coefficient and p the
corresponding p value. After
adjusting for multiple compari-
sons, p values of <0.013 were
considered significant
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(78% for Tc-NKp46[CD2]). None of the four markers was
independent from the other, as expected, since they all are
related to the tissue’s NK cell content (Table S2). In
addition, ANN analysis was performed. Out of 1,000 trained
and validated networks, the best five networks achieved
accuracies between 85.4% and 87.8% (Table S3), thus they
were all higher than the accuracies of the logistic regression
or the single markers. The AUC values of ANN varied
between 0.88 and 0.90 (Table S3) and were also higher than
those of the univariate analysis, which ranged between 0.70
and 0.85 (Table 3). Combining the four markers into a profile
improved the accuracy of correctly classifying the tissues in
the NKhigh/NKlow FACS subgroups.

Relationship of transcript levels to clinicopathologic
variables and cancer-specific survival

The Tc levels of the four markers showed no statistically
significant association to the TNMG staging, similar to the
observation for the NK cell percentage in TILs (Table 2). In
univariate analysis (Cox–Mantel), patients with a tumor

showing high Tc levels of NKp46[CD2] (p=0.029) or a
high Tc signature as classified by ANN (p=0.036) showed
better RCC-specific survival (Fig. 1, Table 5).

Discussion

NK cells are potent innate immune effector cells that can
eliminate infected or malignant cells. Increased NK cell
content in tissue has been suggested to correlate with better
disease prognosis in some solid tumors [7–11]. In addition
to cancer, there is wider interest in NK cells in transplant
acceptance [22], pregnancy [23] and the regulation of
autoimmune disease [24, 25]. In a model of multiple
sclerosis, the number of NK cells in the central nervous
system was found to correlate to suppression of inflamma-
tion and limiting autoimmune pathology [26].

Studies of NK cell frequency and disease prognosis have
been hampered in large part due to technical limitations and
the lack of a clinically applicable method for the analysis of
small amounts of tissues from archival material. Histology

Table 3 Receiver operating characteristic (ROC) analysis to assess the performance of transcript levels in predicting NKhigh/NKlow tumors as
defined by the NK cell percentage of TILs

RT-qPCR marker (normalization) p valuea AUC (±SEM) CI 95%b Cutoffc Sensitivity (%) Specificity (%)

Tc-NKp46[CD2] 0.0004 0.85 (±0.07) 0.63–0.95 0.04 80 82

Tc-perforin[CD2] 0.0360 0.70 (±0.09) 0.47–0.85 0.48 67 68

Tc-CX3CL1[18SrRNA] 0.0080 0.76 (±0.09) 0.59–0.91 0.0001 80 75

Tc-CX3CR1[CD2] 0.0006 0.82 (±0.06) 0.69–0.95 1.70 76 75

Tc-CD56[CD2] 0.5130 0.57 (±0.10) 0.33–0.70 0.14 60 63

ccRCC tumors were divided into NKhigh or NKlow according to the 20% cutoff value of flow cytometry data of TILs (Table 1)

AUC area underneath the curve, SEM standard error of the mean
a p value of ROC analysis
b 95% confidence interval of the AUC
c Cutoff value of normalized transcript level that is best fit to discriminate FC-based NKhigh from NKlow tissues

Table 4 Relevance of transcript levels for the prediction of NKhigh/NKlow tissue grouping as determined by flow cytometry using Fisher’s
exact test

p valuea PPV NPV RR (CI 95%) LR Overall accuracy (%)

FC-NK (% of TIL)

Tc-NKp46[CD2] 0.0005 0.68 0.86 5.0 (1.7–15.0) 3.4 78

Tc-perforin[CD2] 0.086 0.65 0.79 3.1 (1.3–7.3) 2.9 73

Tc-CX3CL1[18SrRNA] 0.0009 0.71 0.83 4.2 (1.6–10.9) 3.8 78

Tc-CX3CR1[CD2] 0.003 0.67 0.83 3.8 (1.5–9.9) 3.1 77

The flow cytometry (FC)-based NK cell percentages of TILs of each patient were used as dichotomized variable using the 20% cutoff (Table 1).
Transcript (Tc) levels were modeled as dichotomized variable using the cutoff as determined by ROC (Table 3)

PPV positive predictive value, NPV negative predictive value, RR relative risk, LR positive likelihood ratio
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used to quantify NK cells is limited by the lack of
individual markers that unambiguously identify NK cells
[18, 19]. Single markers such as CD56 have been shown to
falsely identify NK cells [27], as CD56 is also expressed by
other lymphocytes which are often elevated in tissues [18,
28]. NKp46, a marker unique to NK cells, can also be
problematic in histology or FACS analysis as protein levels
of NKp46 can be downregulated in some situations [6, 19,
29], including NK cells in TILs of ccRCC (supplemental
Fig. 1c). Flow cytometry, which allows marker combina-
tions, is a method of choice for the quantification of cell
types that require more than one marker for distinction from
other cell types. Identification of NK cells by flow
cytometry as CD3−CD56+ cells has proven reliable, out-
performing the utilization of NKp46 due to its down-
regulation in RCC tumors. However, flow cytometry
requires live cell suspensions and thus relies on the
availability of sufficient fresh surgical material to isolate
the leukocyte infiltrate, which makes its application
impossible for biopsy material or archival tissue. The
development of a method for NK cell quantification that
is easily applicable to diverse tissue sources would improve
our understanding of the role of NK cells in disease
pathogenesis.

Here we report that transcript levels of NKp46 and
perforin, normalized to the lymphocyte-associated CD2
transcript levels, the chemokine CX3CL1 (normalized to
18SrRNA), and its corresponding NK cell-expressed
receptor CX3CR1 (normalized to CD2) allowed statistically
significant prediction of the NKhigh/NKlow tissue classifica-
tion based on flow cytometry NK cell frequencies among
TILs of ccRCC tissues. Neither CD56 nor granzyme B

transcript levels, commonly assumed to be strongly
associated with NK cells, showed predictive power. The
lack of association was not unexpected based on their
expression by other lymphocytes [18, 28]. The predictive
value of the Tc levels required the appropriate normalization
strategy for the lymphocyte-expressed markers. Tc-NKp46 or
Tc-perforin was only able to reproduce the FC-based NKhigh/
NKlow tissue grouping when normalized to the common
lymphocyte marker CD2, which mimicked the lymphocyte-
gated quantification strategy of flow cytometry.

NKp46 and perforin are common NK-associated
markers and likely predict the NK cell content independent
of the tissue milieu or disease. However, perforin can be
downregulated in cancer and chronic viral situations [30,
31] which could explain the observed weak predictive value
for ccRCC tissues. The chemokine milieu may show tissue-
specific variations. Thus, different ligand/receptor pairs can
have predictive value in different tissue types. Tissue-
specific differences may explain why transcript levels of
CXCL10 and CXCL12 which had been associated with NK
cell recruitment in other organ systems [25, 32] had no
predictive value in the context of our ccRCC tissues.
CX3CL1 plays an important role as an adhesion molecule,
chemotactic factor, and costimulator of cytotoxicity of
CX3CR1

+ NK cells [33]. An association of NK cells with
the CX3CR1/CX3CL1 axis has been documented in various
tissue settings [33–35]. Thus, a transcript signature based
on Tc levels of NKp46, CX3CL1, CX3CR1, and potentially
perforin should be broadly applicable for NK cell quanti-
fication across different tissue types, including cancer,
autoimmune disease, viral infections, and disorders of the
maternal–fetal tolerance.

Table 5 Univariate analysis (Cox–Mantel) of an association between cancer-specific survival and patient NKhigh/NKlow grouping according to
either FC-based NK cell percentages or the transcript levels

Classification method Group (number of patients) p valuea Median survival (months) HR (CI 95%)

FC-NK (% of TILs) High (12) 0.043 n.a. 0.27 (0.08–0.96)
Low (18) 55

NK [ANN] High ( 9) 0.036 n.a. 0.23 (0.06–0.91)
Low (21) 55

Tc-NKp46[CD2] High (12) 0.029 84.5 0.25 (0.07–0.87)
Low (18) 51

Tc-perforin[CD2] High (10) 0.351 n.a. 0.52 (0.13–2.05)
Low (20) 76

Tc-CX3CL1[18SrRNA] High (13) 0.097 76 0.35 (0.1–1.21)
Low (17) 55

Tc-CX3CR1[CD2] High (12) 0.225 n.a. 0.45 (0.12–1.63)
Low (18) 76

The flow cytometry (FC)-based NK cell percentages of TILs of each patient were used as dichotomized variable using the 20% cutoff (Table 1).
Transcript (Tc) levels were modeled as dichotomized variable using the cutoff as determined by ROC (Table 3)
a p value of Mantel–Cox test

n.a. not applicable (median survival has not been reached yet), HR hazard ratio

64 J Mol Med (2012) 90:55–66



Each transcript parameter details a different feature of an
NK cell or tissue factor (i.e., chemokines that potentially
contribute to NK cell recruitment). Not all markers may
concomitantly be present in an individual sample. Therefore,
combining the markers into a multiplex profile should best
describe the NK cell content in a tissue, possibly explaining
why the multiplex analysis surfaced as the most accurate way
in predicting the NK cell frequency within the RCC’s
lymphocyte infiltrate. However, CD2-normalized transcript
levels of NKp46 were found to accurately predict the RCC
tissue NK cell content and may, therefore, suffice as a single
marker in many situations to predict a tissue’s NK cell content.

Testing the NK cell content as a potential prognostic
marker for patient survival, it was observed that patients
with FC-NKhigh tumors, tumors with high NKp46 Tc levels,
or high ANN signature had a higher survival probability.
However, this association appeared not to be independent
of the TNMG classification system, which is currently the
most important prognostic system. Future analyses of a
larger patient cohort with detailed consideration of the
postsurgery treatment status are required to allow a founded
conclusion as to whether a patient’s tumor NK cell status
contributes to survival prognosis in addition to or indepen-
dent of the TNMG stage. While this was not possible with
the current FACS-based NK cell quantification method, this
will now be possible using the transcript analysis.

TNMG, while being the most important prognostic
system in RCC, is not useful in predicting responders to
immunotherapy. IL-2 therapy has the potential to induce
prolonged disease-free survival and even cure in a select
subgroup of patients [4]. Yet, this treatment comes with
severe life-quality impairing toxicity preventing its broad
application. Because there is no marker to predict respond-
ers, potentially responding patients may not receive the
treatment while others are undergoing treatment and
toxicity without being able to derive benefit.

Notably, here we found that the subgrouping according
to the FC-based NK cell percentages, the transcript levels,
or the ANN profile of NKp46, perforin, CX3CL1, and
CX3CR1 was independent of TNMG, revealing the NK cell
content of the RCC tissue as a potential new marker to
identify ccRCC subgroups different from the TNMG stage.
NK cells are responsive to IL-2, and as shown in our
previous analysis [12], NK cells of the NKhigh ccRCC
group acquired cytotoxicity after in vitro IL-2 treatment.
Thus, the frequency of NK cells in the tumor could be of
importance for the response to IL-2 therapy. Exploring the
value of the RCC tissue NK cell content as a predictive
marker for response to immunotherapies, in particular those
including IL-2, will now be possible by analyzing retro-
spectively the transcript signature of tissue collections of
patient cohorts who received immunotherapy and were
identified as either responders or nonresponders to therapy.

The gene signature may also be useful in the character-
ization of tissue of other disease pathologies where an
involvement of NK cells has been proposed, such as
multiple sclerosis, pregnancy, or transplant rejection. In
situations where CX3CL1/CX3CR1 seems dispensable,
single marker analysis of NKp46 Tc levels, with or without
perforin, may be considered to estimate the content of NK
cells in the tissue.
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