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outcome of therapy-resistant neuroblastoma

Marco Mina1,#, Renata Boldrini2,#, Arianna Citti2, Paolo Romania2, Valerio D’Alicandro2, Maretta De Ioris2, Aurora Castellano2,
Cesare Furlanello1, Franco Locatelli2,3, and Doriana Fruci2,*

1Fondazione Bruno Kessler; Povo, Italy; 2Paediatric Haematology/Oncology Department; IRCCS; Ospedale Pediatrico Bambino Ges�u, Rome, Italy; 3University of Pavia; Pavia, Italy

#These authors contributed equally to this work

Keywords: clinical outcome, correlation network analysis, neuroblastoma, prognostic marker, T cells,
tumor-infiltrating T lymphocytes

Neuroblastoma grows within an intricate network of different cell types including epithelial, stromal and immune
cells. The presence of tumor-infiltrating T cells is considered an important prognostic indicator in many cancers, but the
role of these cells in neuroblastoma remains to be elucidated. Herein, we examined the relationship between the type,
density and organization of infiltrating T cells and clinical outcome within a large collection of neuroblastoma samples
by quantitative analysis of immunohistochemical staining. We found that infiltrating T cells have a prognostic value
greater than, and independent of, the criteria currently used to stage neuroblastoma. A variable in situ structural
organization and different concurrent infiltration of T-cell subsets were detected in tumors with various outcomes. Low-
risk neuroblastomas were characterized by a higher number of proliferating T cells and a more structured T-cell
organization, which was gradually lost in tumors with poor prognosis. We defined an immunoscore based on the
presence of CD3C, CD4C and CD8C infiltrating T cells that associates with favorable clinical outcome in MYCN-amplified
tumors, improving patient survival when combined with the v-myc avian myelocytomatosis viral oncogene
neuroblastoma derived homolog (MYCN) status. These findings support the hypothesis that infiltrating T cells influence
the behavior of neuroblastoma and might be of clinical importance for the treatment of patients.

Introduction

Tumor-infiltrating T lymphocytes play a key role in mediat-
ing control of cancer growth.1 In colorectal cancer, these cells
were found to have a prognostic factor greater than the histopath-
ological criteria currently available,2 thus providing evidence that
in situ analysis of tumor-infiltrating T cells may represent a pow-
erful prognostic tool also for other types of cancers.

Analyses of a large collection of malignant tumors have allowed
the identification of immune cells with either favorable or deleteri-
ous effect on clinical outcome. In general, high densities of CD8C

cytotoxic T cells, CD45ROC memory T cells and CD4C Th1 T
cells have been associated with good clinical outcome in several
solid tumors, including melanoma, head and neck, breast, bladder,
ovarian, colorectal, renal, prostatic, esophageal, pancreatic, urothe-
lial and lung carcinomas.2-4 Conversely, the effect of CD4C Th2
T cells and regulatory T (Treg) cells on clinical outcome is appar-
ently contradictory, depending on the tumor type and microenvi-
ronment.1 High density of infiltrating Treg cells has been
correlated with poor overall survival in breast and hepatocellular
carcinomas,5-8 and with either increased overall survival or no
effect in other types of cancers.1 Moreover, the presence of a

favorable immunological signature has also been shown to predict
a good response to chemotherapy in many tumors.9-11

Neuroblastoma is a common solid tumor of childhood arising
from neural crest cells involved in development of sympathetic
nervous system.12,13 It displays the highest rate of spontaneous
regression observed among human cancers.14 The induction of
patients’ immune response toward their own tumor cells is one
of the mechanisms suggested to contribute to this phenome-
non.15 Despite the fact that density of T cells has been associated
with favorable clinical outcome in neuroblastoma more than
40 years ago,16,17 the current knowledge of the types of immune
cells infiltrating neuroblastoma is limited to a few studies con-
ducted on a small number of specimens.18,19 Some authors
identified populations of CD4C and CD8C T cells with an acti-
vated (CD25C and/or HLA-DRC) phenotype,18 while others
found CD25C T cells or cells with effector memory
(CCR7¡CD45RA¡) phenotype.19 However, a detailed descrip-
tion of the various T-cell subsets resident within a large collection
of neuroblastoma specimens is not currently available.

To address this issue, we investigated the relationship between
the type, density and location of T cells and clinical outcome
within a large collection of neuroblastoma samples. We found
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that infiltrating T cells have a prognostic value independent of
the current indicators used for neuroblastoma staging. Low-risk
neuroblastomas display a higher number of proliferating and
more structured infiltrating T cells that enter in close contact
with tumor cells. In MYCN-amplified tumors, the presence of a
defined subset of infiltrating T cells was associated with a more
favorable outcome.

Results

Density of infiltrating CD3C T cells correlates with clinical
outcome of neuroblastoma

To investigate the relationship between the type, density and
location of T cells within neuroblastoma lesions and the clinical
outcome of patients, we performed in situ immunohistochemical
analysis in a cohort of 84 neuroblastoma samples (Table S1).
The density of total T lymphocytes (CD3C) quantified in tumor
cell nests and in surrounding fibrovascular septa ranged from
samples with prominent infiltrates, to others with no infiltration
(Fig. 1A). Survival analysis for up to 12 years after primary-
tumor resection was performed by stratifying the subjects accord-
ing to the median cut-off value for CD3C T-cell density (i.e.
50% of patients with high density and 50% of patients with low
density) (Fig. 1B; Fig. S1). Density of CD3C T cells in both
nests and septa was significantly correlated with patient outcome
(Fig. 1B; Fig. S2A and B). Specifically, the median CD3C cut-
off allowed patient stratification into groups with significantly
different disease-free survival (p values corrected by false discov-
ery rate were 0.0397 and 0.0156, respectively), overall survival
(p values: 0.0029 and 0.0044) and event-free survival (p values:
0.0241 and 0.0143) (Table S2). The distribution of survival
data of the entire cohort (i.e., the distribution of the time elapsed
from diagnosis to latest follow-up or death) is shown in Fig. S2C
and in supplementary material.

Next, we investigated whether the combined analysis of nest
and septa tumor regions could improve the survival. Patients
were stratified in three subgroups based on the density of CD3C

T cells within the two tumor regions: high or low density in both
regions (CD3NS

Hi and CD3NS
Lo, respectively) and heteroge-

neous density in the two regions (high density in nests and low
density in septa or, vice versa, low density in nests and high den-
sity in septa, CD3NS

Het). As reported for colorectal cancer,2 the
combined analysis of tumor regions improved disease-free sur-
vival, overall survival and event-free survival as compared to sin-
gle-region analysis (p values were 0.0146, 0.001 and 0.0142,
respectively) (Fig. 1B; Fig. S2A and B, Table S2).

Next, we determined whether these immunological criteria
could be associated with the clinical outcome of patients with
neuroblastoma at different stages. Patients were stratified accord-
ing to either the Children’s Oncology Group (COG) risk
groups20 or the International Neuroblastoma Staging System
(INSS)21 (Fig. S3). We found that a higher density of CD3C T
cells was associated with a favorable prognosis (Fig. 1C and D;
Table S3). The distribution of CD3C T cells in both tumor
regions was statistically different between COG high- and

low-risk groups (Fig. 1C; Table S3) and between INSS stages 1,
2 and 4S versus stage 4 (Fig. 1D; Table S3). As expected, neuro-
blastoma cells from tumors with favorable prognosis expressed
high levels of MHC class I molecules (Fig. S4). A significant
association was detected between the density of infiltrating
CD3C T cells and the levels of MHC class I molecules on tumor
cells (linear regression adjusted R-square: 0.1853, p value: 3.5 £
10¡4), suggesting a possible interaction between infiltrating T
cells and tumor cells.

Altogether, these results indicate that density and location of
tumor-infiltrating CD3C T cells may predict the clinical
outcome of neuroblastoma.

Tumor-infiltrating CD3C T cells proliferate in situ and
enter in contact with tumor cells in patients with
favorable outcome

Next, we evaluated the proliferation status of tumor-infiltrating
CD3C T cells in neuroblastomas at different INSS stage (six stage
4S and five stage 4). Proliferating CD3C T cells were counted
and their location was estimated by automatic image analysis (see
Methods). This analysis confirmed the manual quantification of
tumor-infiltrating CD3C T cells (Fig. 2A and B; Fig. S5A). On
average, stage 4S neuroblastomas were characterized by a higher
number of proliferating CD3C T cells, as compared to stage 4
(Wilcoxon rank-sum p value: 0.048) (Fig. 2B and C; Fig. S5B).
These immune cells were differently distributed in the two groups
of tumors, being localized in close proximity to tumor cells in
stage 4S and placed distant from tumor cells in stage 4 (Wilcoxon
rank-sum p value: 0.022) (Fig. 2C and D; Fig. S5C). Interest-
ingly, a higher number of proliferating CD3C T cells was attached
to tumor cells in stage 4S with respect to stage 4 (Fig. 2E).

Consistently with the role of T cells in suppressing tumor pro-
gression, the high density of proliferating CD3C T cells close to
tumor cells in less aggressive neuroblastoma may be indicative of
favorable clinical outcome.

Density of infiltrating CD4C and CD8C T cells correlates
with clinical outcome of neuroblastoma

To identify the subset(s) of T cells correlating with clinical
outcome of neuroblastoma, T-cell effectors (CD4C and CD8C)
and Treg cells (CD25C and FOXP3C) were studied in the same
cohort of 84 neuroblastomas by in situ immunohistochemical
analysis. As for CD3C T cells, density of immune cells was
quantified in the nest and in the septa tumor regions (Fig. 3A;
Fig. S6).

Survival analysis revealed a statistically significant correlation
between the density of CD4C in nest and septa tumor regions
and patient outcome (Fig. 3B). Specifically, the density of
CD4C T cells supported the stratification of patients into
groups with different disease-free survival (p values: nests
0.0421; septa 0.0156), overall survival (p values: nests 0.0062,
septa 0.0044) and event-free survival (p values: nests 0.0269,
septa 0.0143) (Fig. 3B; Figs. S7 and S8, Table S2). The den-
sity of CD25C T cells in the nests and of FOXP3C T cells in
the septa also appeared to correlate with patient outcome
(Fig. 3B; Figs. S7 and S8, Table S2). The combined analysis
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Figure 1. For figure legend, see next page.
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of tumor regions for CD4C and CD25C improved stratification
for disease-free survival (p values: CD4C 0.0203, CD25C

0.0146), overall survival (p values: CD4C 0.0047, CD25C

0.0069), event-free survival (CD4C 0.0142, CD25C 0.0157)
(Fig. 3B; Fig. S7 and S8, Table S2).

In general, a higher density of T cell subtypes was always asso-
ciated with a favorable prognosis in both COG and INSS classifi-
cation systems (Fig. 4 and Table S3. Specifically, the
distribution of CD4C, CD8C and CD25C cells in both nests and
septa, and of FOXP3C cells in septa only, was statistically differ-
ent between COG high- and low-risk groups (Fig. 4A;
Table S3). A significantly different distribution between INSS
stages 1, 2 and 4S vs. stage 4 was also found for CD4C in both
nests and septa and for CD8C in nests (Fig. 4B; Table S3).
CD8C, CD25C and FoxP3C cells in septa were also significantly
distributed between INSS stages 2 and/or 1 versus stage 4
(Fig. 4B; Table S3).

Density of infiltrating T cells is not associated with MYCN
amplification and age at diagnosis in neuroblastoma

To verify whether the abundance of infiltrating T lympho-
cytes may represent an independent predictor of clinical outcome
in neuroblastoma, the association between density of T-cell sub-
sets and two major clinicopathological features (MYCN amplifi-
cation and age at diagnosis) was studied by both univariate and
multivariate analyses. No statistically significant association was
detected between the density of different T-cell subsets in the
two tumor regions and MYCN-amplification by univariate anal-
ysis (Wilcoxon rank-sum test p values greater than 0.3) (Fig. 5A;
Table S3). Consistently, results of multivariate logistic regression
analysis performed to predict the MYCN amplification status
from the density of T-cell subsets in the nest and septa tumor
regions were not significantly different from those obtained by
the random predictor (Chi-Square test between output distribu-
tions, p value: 0.11).

Similarly, no significant association was detected between the
density of T-cell subsets and age at diagnosis (F-statistics p values
of linear regression models greater than 0.09) (Fig. S9,
Table S3). In addition, multivariate linear regression analysis
performed to predict age at diagnosis from T-cell density values
also gives results not significantly different from those of the ran-
dom predictor (F-statistics p value: 0.33) (Table S3).

Next, we built a logistic regression model to evaluate whether
the density of T lymphocytes in both tumor regions could predict
COG risk groups, and evaluated its predictive power in a 3-fold
cross validation scheme (see Methods and Table S4). The model
was able to predict the COG risk group with an area under the
curve (AUC) of 0.84 § 0.07 and a Matthews Correlation Coeffi-
cient (MCC) of 0.49 § 0.16, showing a significant increment in
the predictive power compared to the random null model (NM)
(AUC: 0.50 § 0.00; MCC: 0.00 § 0.00; Chi-Square average
p value: 4.21 £ 10¡6) and random labels (RL) model (AUC:
0.48 § 0.12; MCC: 0.00 § 0.18) (Fig. 5B and C). This model
based on T-cell density was comparable (in terms of predictive
power) to the one based only on MYCN amplification status
(AUC: 0.77 § 0.08; MCC: 0.54 § 0.15; Chi-Square vs NM,
average p value: 2.16 £ 10¡5). Since T-cell density is indepen-
dent from MYCN amplification status (Fig. 5A), we built an
integrated classifier using T-cell density values and MYCN
amplification status as predictive features. The integrated immu-
nological-clinical predictor showed an improvement in predictive
power (AUC: 0.91 § 0.07; MCC: 0.60 § 0.15; Chi-Square vs
NM, p value: 5.03 £ 10¡9) (Fig. 5B and C). The confusion
matrices of the five predictors are reported in Table S5. The
machine learning analysis repeated under a 4-fold cross validation
scheme gave results comparable to those obtained with a 3-fold
cross validation scheme (Fig. S10, Tables S5 and S6).

Thus, these results demonstrate that a higher density of T cells
(i) is a significant and independent predictor of clinical outcome
in neuroblastoma, and (ii) can be usefully integrated with estab-
lished prognostic markers, such as the MYCN amplification sta-
tus and age at diagnosis.

The network of infiltrating CD4C and CD8C T cells
characterizes the clinical outcome of neuroblastoma

Several studies indicate that the coordinated interaction of dif-
ferent T-cell subsets is essential for promoting and maintaining
an active and efficient adaptive immunity. In particular, the
cooperation between CD4C and CD8C T cells is required for
sustaining the effector functions of CD8C T cells during viral
infections22-27 and for in vivo tumor eradication.28,29 In esoph-
ageal squamous cell carcinoma22 and non-small-cell lung carci-
noma,30 the survival rate for patients with high levels of
infiltrating CD4C and CD8C T cells was significantly better as

Figure 1 (See previous page). Density of CD3C T cells associates with clinical outcome in neuroblastoma (A). Representative examples of low (Lo) and
high (Hi) density of CD3C T cells in neuroblastoma samples. CD3C T cells (red) and tumor cells (blue) are shown in nest (N) and septa (S) regions. Blue
and green arrows indicate CD3C T cells infiltrated in the nest and in the septa, respectively. The density of CD3C T cells was recorded as the number
of positive cells per unit of tissue surface area. Cut-off values of immune cell densities, defined as the median of the cohort, are reported for each
tumor region. (B) Kaplan–Meier curves show the duration of disease-free survival according to the CD3C T cell density in a single tumor region in the
nests or septa (left and middle panels, respectively), and in both tumor regions (right panels). In each tumor region, high (Hi) and low (Lo) cell densi-
ties were plotted according to the cut-off value of cell density. In single-region analysis (left and middle panels), black lines indicate high cell density
and red lines indicate low cell density. In combined analysis (right panels), black and red lines indicate high and low cell densities, respectively, in
nests and septa, and purple line indicates heterogeneous (Het) cell density in both tumor regions (high density in nests and low density in septa or,
vice versa, low density in nests and high density in septa). (C) and (D) Box plots of the CD3C T cell density in the nest (N) or septa (S) regions according
to the high- (Hi) or low/intermediate- (Lo) COG risks (C) and the INSS stages (1, 2, 4, 4S) (D) NB patients with stage 3 (n D 4) were omitted from the
analysis because not representative. The boxes show the 25th to 75th percentile, the horizontal line inside the box represents the median, the
whiskers extend to the most extreme data point which is no more than 1.5 times the interquartile range from the box and the circles are individual
samples. *p < 0.05, **p < 0.001, ***p < 0.0001.
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compared to patients whose tumor
specimens lack one or both T-cell sub-
types. In liver tumors, high CD4C/
CD3C and CD8C/CD3C ratios were
significantly associated with an
improved overall survival.31

In view of these results, we evaluated
the degree of concurrent infiltration of
CD3C, CD4C and CD8C T cells in
neuroblastoma samples of patients
belonging to the different COG risk
groups and INSS stages (Fig. 6A).
CD25C and FOXP3C T cells were
excluded from this analysis because pre-
sented only in a small number of
patients. The association (Spearman cor-
relation) between the CD3C, CD4C and
CD8C markers in nests and septa, evalu-
ated over the COG risk groups (low/
intermediate and high) and INSS stages
(1, 2, 4, 4S), produced 6 correlation net-
works of 6 nodes and 15 edges each
(Fig. 6A), revealing strong differences
between co-infiltration patterns. Tumors
with favorable outcome (stage 4S:
median correlation weight 0.70; low-
risk: 0.68; stage 1: 0.55; stage 2: 0.50)
were characterized by a stronger correla-
tion between T-cell subsets, as compared
with tumors with unfavorable outcome
(stage 4: 0.38; high-risk: 0.30)
(Fig. 6B). A differential network analy-
sis based on the Hamming–Ipsen–
Mikhailov (HIM) indicator32 revealed a
gradual disruption of the correlation
structure that was associated with a drift
toward poor outcome (Fig. 6C), with
the biggest differences measured
between stages 4 and 4S (HIM: 0.45)
and COG high- and low-risk groups
(HIM: 0.35) (Table S7). Furthermore,
we found that CD8C T cells were pro-
gressively de-correlated from the other
markers from low- to high-risk tumors
(Fig. 6B; Fig. S11).

These results prompted us to investi-
gate the balance between the different
T-cell subsets and its association to the
prognosis. Patients were stratified
according to the densities of CD3C

(high or low) and the CD4C/CD8C

ratios, in nest or septa tumor regions.
The CD4C/CD8C ratio cut-off thresh-
olds were determined in an unsupervised
manner, exploiting the observed multi-
modal nature of the CD4C/CD8C ratio

Figure 2. Tumor infiltrating CD3C T cells proliferate in situ and enter in contact with tumor cells in
low-risk neuroblastoma (A). Comparative estimation of manual and automatic counts of CD3C T cells
in a representative set of five neuroblastoma stage 4 (fuchsia dots) and six neuroblastoma stage 4S
(blue dots). (B) Automatic analysis pipeline of CD3C T cell density in neuroblastoma samples. Each
dot represents the average number of lymphocytes for single subject. (C) Representative examples of
CD3/Ki67 double staining of primary neuroblastoma lesions visualized with Fast Red (red) and diami-
nobenzidine (brown), respectively. Nuclei were counter stained with haematoxylin (blue). CD3C T
cells (white arrows) and proliferating tumor cells (black arrows) are indicated. (D) and (E) Automatic
quantification of CD3C T cells (D) and proliferating CD3C T cells close to at least one tumor cell (E).
Each dot represents the average number of lymphocytes for single subject. * p < 0.05
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Figure 3. Density of CD4C T cells associates with clinical outcome in neuroblastoma (A). Representative examples of low (Lo) and high (Hi) density of
adaptive immune cells in neuroblastoma lesions. The density of T cells was recorded as the number of positive cells per unit of tissue surface area. Cut-
off values of immune cell densities, defined as the median of the cohort, are reported for nest (N) and septa (S) tumor regions. (B) Kaplan–Meier curves
show the duration of disease-free survival according to the CD4C, CD8C, CD25C and FOXP3C cell density in a single tumor region in the nests or septa
(top and middle panels, respectively), and in both tumor regions (bottom panels). In each tumor region, high (Hi) and low (Lo) cell densities were plotted
according to the cut-off value of cell density. In single-region analysis (top and middle panels), black lines indicate high cell density and red lines indicate
low cell density. In combined analysis (bottom panels), black and red lines indicate high and low cell densities, respectively, in nests and septa, and
purple lines indicate heterogeneous cell density in both tumor regions. * p< 0.05.
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distribution in the entire cohort (see Methods). Four different
groups were defined for each tumor region (Fig. 7A; Table S8).
A strong in situ immune reaction (high CD3C T cells) correlated
with a favorable prognosis regardless of the CD4C/CD8C ratio.
Conversely, a weak in situ immune reaction (low CD3C T cells),

differently affected the survival rate of patients depending on the
CD4C/CD8C balance. Specifically, a predominance of CD8C

cells on CD4C cells (i.e., CD4C/CD8C ratio less than 2.23 and
1.72, respectively, for septa and nests) was associated with very
poor prognosis, whereas a predominance of CD4C cells on

Figure 4. Density of immune cells identifies the outcome of neuroblastoma according to the COG risk and INSS stages Box plots of the CD4C, CD8C,
CD25C and FOXP3C cell densities in the nest (N) or septa (S) regions according to the high- or low/intermediate-COG risks (A) and the INSS stages (B).
NB patients with stage 3 (n D 4) were omitted from the analysis because not representative. * p < 0.05, ** p < 0.001.

www.tandfonline.com e1019981-7OncoImmunology



CD8C cells was associated with a good prognosis (Cox regression
p values of 0.018 and 0.004 for nests and septa, respectively)
(Fig. 7A; Table S8. Thus, we can distinguish two groups of infil-
trating T cells, one of “good quality” (high CD3C or low CD3C

and high CD4C/CD8C ratio) associated with good prognosis,
and another of “bad quality” (low CD3C and low CD4C/CD8C

ratio) associated with poor prognosis.
Next, we determined whether these new immunological

criteria could improve the prognostic value when combined
with MYCN amplification status. Thus, patients were strati-
fied according to the MYCN status alone (Fig. 7B), or in
combination with infiltrating T cells (Fig. 7C). We found
that the presence of either “good quality” or “bad quality”

infiltrating T cells differently affected disease-free survival of
patients with MYCN-amplified and non-MYCN-amplified
neuroblastoma. Disease-free survival of non-MYCN-amplified
neuroblastoma patients varied from 75% to 95% in the pres-
ence of a “bad” or “good quality” infiltrating T cells, while
that of MYCN-amplified neuroblastoma patients varied from
38% to 78% (Fig. 7B and C; Table S9). When patients were
stratified according to the lowest and the highest CD4C/
CD8C threshold ends of the confidence intervals (1.92 for
septa and 1.42 for nests and 3.8 for septa and 3.73 for nests,
respectively), similar results were obtained (Fig. S12 and
Table S9), suggesting that the use of the CD4C/CD8C ratio
criterion for stratification is rather robust.

Figure 5. Density of immune cells is a prognostic factor independent from MYCN amplification status (A). Box plots of the immune cell density in the
nest (N) or septa (S) tumor regions for MYCN amplified and not-MYCN amplified neuroblastomas. (B) Mean and standard deviation of the Area Under
the Curve (AUC) for the COG risk group predictors. (C). Mean and standard deviation of the Matthew Correlation Coefficient (MCC) for the same COG risk
group predictors. In (B) and (C) from the left: Null Model predictor (NM), Random Labels predictor based on immune cell density and MYCN (RL),
predictor based on MYCN (MYCN), immune cell density (CD), or both markers (CD and MYCN). Performance in the 3-fold cross validation scheme.
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Thus, the type, density and composition of immune
cells seem to influence the behavior of neuroblastoma and
improve the prediction of patient survival when combined with
MYCN-amplification status.

Discussion

Herein, we provide new insight into the composition, density
and strategic location of tumor-infiltrating T cells in neuroblastoma

Figure 6. Correlation network and survival analyses confirm the importance of collaborative T-cell infiltration in defining neuroblastoma clinical outcome
(A). Correlation networks for COG risk groups (Low, High) and INSS stages (1, 2, 4, 4S). Vertices represent the immune cell densities in nests (dark green)
and septa (light green), respectively. Edge thickness is proportional to the Spearman correlation coefficient between the connected immune cell densi-
ties, also numerically reported on top of each edge. (B) Comparison of the correlation scores most varying in the six correlation networks. From the left,
correlation between CD8 nest and CD8 septa (CD8NS), median correlation for the whole network, median correlation for the edges insisting on CD8 nest
(CD8N), and median correlation for the edges insisting on CD8 septa (CD8S). Additional comparisons are shown in Fig. S5. (C) Multi-Dimensional Scaling
(MDS) of the pairwise distances between the six correlation networks. Networks were compared by the Hamming–Ipsen–Mikhailov (HIM) indicator. The
size of each circle is proportional to the number of samples in each class.

www.tandfonline.com e1019981-9OncoImmunology



and their association with clinical outcome. We found that a strong
infiltration of CD3C T cells is significantly associated with better
disease-free survival, overall survival and event-free survival. Most
important, we showed that T-cell infiltration is an independent
prognostic factor and improves the prediction of clinical outcome
when combined with the well-established MYCN marker. Intrigu-
ingly, we found that neuroblastomas with favorable outcome were
characterized by a more structured T-cell infiltration, which was
gradually lost in tumors with poor prognosis.

According to the composition of infiltrating T cells, neuro-
blastoma patients were stratified into groups with different sur-
vival. In general, highly infiltrated neuroblastomas had a better
outcome than less-infiltrated tumors. In this latter case, the type
and composition of immune cells appeared to assume greater
importance for patient outcome. A prevalence of CD4C over
CD8C T cells was associated with a better prognosis in these
tumors. We could distinguish infiltrating T cells of “good
quality” associated with good prognosis and infiltrating T cells of

Figure 7. High density of tumor-infiltrating T cells predicts the clinical outcome of neuroblastoma patients (A). Kaplan–Meier curves show the disease-
free survival of patients according to the CD3C T cell density and the CD4C/CD8C ratio in the septa and nest tumor regions. (B) Kaplan–Meier curves of
the disease-free survival of patients according to the MYCN amplification status (MYCN amplified and not-MYCN amplified neuroblastoma patients were
23 and 60, respectively). (C) Kaplan–Meier curves of the disease-free survival of patients according to the T-cell density and MYCN amplification status in
the septa and nest regions. The number of subjects in each class in A and C is reported in Tables S8 and S9. *** p< 0.0001.
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“bad quality” associated with poor prognosis. Notably, we
showed that when patients were stratified according to this
immunological criterion together with the MYCN amplification
status, the presence of infiltrating T cells of “good quality” signif-
icantly improved the survival of MYCN-amplified neuroblas-
toma patients. Namely, disease-free survival of patients with “bad
quality” infiltrating T cells was 38%, while that of patients with
“good quality” infiltrating T cells was 78%. These findings
underline the higher prognostic value of tumor-infiltrating T
cells as compared to conventional markers, and their potential
use in clinical practice.

The more structural organization of proliferating T cells in
low-risk neuroblastoma reflects the key role of these cells in the
spontaneous tumor regression. This hypothesis is supported by a
series of dated observations including the strong T-cell infiltration
in well-differentiated neuroblastoma,16,33-35 and the transient
increase in serum levels of granulysis, an effector molecule
released through granule exocytosis pathway by CD8C T cells,36

during the spontaneous neuroblastoma regression.37 In agreement
with these observations, we found that tumors with different out-
come displayed a different structural organization and landscape
of the various T-cell subsets: neuroblastomas with good prognosis
were characterized by a higher number of proliferating CD3C T
cells in close proximity to tumor cells. This picture clearly reflects
a different functional state of infiltrating T cells that coincides
with the expression levels of MHC class I molecules in neuroblas-
toma cells. Tumor cells from high-risk neuroblastoma patients
express low levels of MHC class I molecules, whereas tumor cells
from low-risk neuroblastoma patients express high levels of
MHC class I molecules .16,33,38-40 Tumor cells from high-risk
neuroblastoma patients are also known to express low levels of
components of the antigen processing machinery38-40 and a lim-
ited number of tumor-specific CD8C T cells.41 The scarcity of
these cells limits their effectiveness. Recombinant human inter-
feron-g has been demonstrated to enhance expression of MHC
class I molecules and antigen processing components on human
neuroblastoma cells, to increase trafficking of human T cells into
neuroblastoma tumors in vivo, and to augment the killing of neu-
roblastoma cells by tumor-specific T cells.42,43 However, immu-
notherapeutic use of interferon-g in the treatment of human
solid tumors is limited by negative feedback loops preventing
long-lasting biological effects.44,45

Adoptive T-cell therapy using autologous ex vivo-expanded
tumor-infiltrating T cells transferred back into patients, repre-
sents a fascinating option for adjuvant treatment of patients with
aggressive neuroblastoma. Our data suggest that infusion of
tumor-specific T cells could induce long-lasting complete remis-
sion of aggressive neuroblastoma, as already demonstrated in
long-term follow-up of melanoma patients.46 In this context, it
remains to evaluate the specificity and clonality of T-cell popula-
tions infiltrating neuroblastoma, as well as their direct functional
involvement in neuroblastoma tissues. A strong T-cell accumula-
tion in tumors is associated with oligoclonal expansion of tumor-
infiltrating T cells resulting from a potential selective enrichment
of tumor-specific T cells. Recently, high–throughput sequencing
of the third complementary-determining region 3 (CDR3) of the

T-cell receptor (TCR) b chains, where is contained the specificity
of each particular T-cell clone, has been used to study the clonal
composition of T-cell population infiltrating ovarian and renal
cell carcinomas.47,48 One study revealed a homogeneous antigen
receptor repertoire of tumor-infiltrating lymphocytes in ovarian
tumors, which is distinct from the T-cell compartment of periph-
eral blood.47 The other study revealed the complexity and hetero-
geneity of T-cells clones across different regions of the same
tumor.48 Functional activity of tumor-specific T cells can be
monitored by their release of effector cytokines. Indeed, upregu-
lation of TNF-a expression in tumor-infiltrating T cells in colo-
rectal cancer has been shown to correlate with an increase of
intratumoral TNF-a which is indicative of tumor-specific cyto-
toxic activity.49

To our knowledge, this is the first study that investigates the
prognostic significance of tumor-infiltrating T cells in a fairly
numerous collection of neuroblastoma patients. The information
presented here might be useful in the clinical management of
neuroblastoma with potential impact on patient outcome.

Methods

Patients
Tumor samples from 84 neuroblastoma patients diagnosed

between 2002 and 2013 at the Bambino Ges�u Children’s Hospi-
tal were randomly selected and used for this study after obtaining
written informed parental consent and approval by the Ethical
Committee of the Institution. The clinical information of NB
patients including age at diagnosis, disease stage according to the
INSS21 and the COG risk groups,22 presence of metastasis, his-
tology, grade of differentiation, MYCN status, 1p aberration are
listed in Table S1. Diagnosis and histology were performed
according to the INSS and the International Neuroblastoma
Pathology Classification (INPC),50 respectively. MYCN and 1p
status were evaluated according to current guidelines.51 Two
samples classified in the COG intermediate-risk group were
included in the COG low-risk group.

Overall survival was defined as the time interval elapsing
between the date of diagnosis and the date of death from any
cause, or the date of last follow-up for surviving patients. Dis-
ease-free survival was defined as the time interval from the date
of diagnosis to the date of first relapse/progression, or the date of
the last follow-up for surviving patients. Event-free survival was
defined as the time interval elapsing between the date of diagnosis
and the date of first relapse/progression or death from any cause,
or the date of last follow-up for surviving patients.

Immunohistochemistry
Formaldehyde-fixed paraffin-embedded blocks were cut into

3 mm sections for haematoxylin and eosin staining and others
immunohistochemical staining. Samples were deparaffinized and
subjected to heat-induced antigen retrieval using EnVision FLEX
Target retrieval solution at low or high pH (citrate buffer pH 6.1
and Tris/EDTA pH 9.0, respectively) at 96�C for 15 min with
PT-link (Dako). For single staining, the avidin/biotin blocking
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system (Thermo Fisher Scientific, Fremont, CA, USA) was used
according to the manufacturer’s instructions. Tissue sections
were incubated (60 min at room temperature) with monoclonal
antibodies (mAb) against CD3 (F7.2.38, Dako), CD4 (1F6,
Leica Microsystems) CD8 (C8/144B, Dako), CD25 (4C9, Leica
Microsystems), FOXP3 (clone 236A/E7, Abcam) and Ki67
(MM1, Leica Microsystems), b2m-free MHC-I heavy chains
(HC10,52) followed by incubation with streptavidin alkaline
phosphatase (Dako). Bound streptavidin was detected with Fast
Red chromogen substrate (Dako) and levamisole in the reaction
mixture for 10 min at room temperature.

For double staining, endogenous peroxidase activity was
blocked using FLEX Peroxidase-blocking reagent (Dako) accord-
ing to the manufacturer’s protocol. Sections were incubated
(60 min at room temperature) with mAb anti-Ki67 followed by
incubation with a secondary antibody coupled with peroxidase
(Dako). Bound peroxidase was detected with diaminobenzidine
(DAB) solution and EnVision FLEX Substrate buffer containing
peroxide (Dako). After performing avidin/biotin blocking sys-
tem, sections were incubated with mAb CD3 and the detection
was performed with biotinylated-secondary antibody (Dako) fol-
lowed by incubation with streptavidin alkaline phosphatase
(Dako) and Fast Red chromogen. Tissue sections were counter-
stained with EnVision FLEX Haematoxylin (Dako). Sections of
normal tonsils were used as positive controls. Isotype-matched
mouse mAbs were used as negative controls.

Manual and digital acquisition
Slides were analyzed using an image analysis workstation

(D-SIGHT Menarini Diagnostic). The density in nests and in
the surrounded fibrovascular septa was recorded by two blinded
examiners as the number of positive cells per unit tissue surface
area (mm2). The natural logarithm of the mean density of five
fields for each sample was used for statistical analysis.

Automatic quantification was performed in the NB samples
stained with anti-Ki67 and anti-CD3 and digitally acquired for a
total of 852 8-bit RGB images of 1520 £ 1017 pixels each. The
CRImage image analysis pipeline53 was adapted to count lym-
phocytes and tumoral cell nuclei in triple stained images. First, in
order to correct for staining deviations, color mapping in the
LAB space was applied to each image to align the mean and
the standard deviation of LAB channels to a reference value (the
median values across the entire dataset). Since the process is sensi-
tive to image content differences, white regions in the images
were automatically detected and masked, in order to minimize
content differences. Afterwards, a color deconvolution process
was applied to separate the three staining channels (hematoxylin
for nuclei, DAB for Ki67 and Fast Red for CD3).54 Cell segmen-
tation by recursive local Otsu thresholding and Watershed
segmentation was separately applied to the Ki67 and the Hema-
toxylin channels. Segmented cells were then classified into tumor
non-proliferating (Ki67-negative cells), tumor proliferating
(Ki67-positive cells), and CD3C T cells, according to the pre-
dominance of Ki67 over Hematoxylin, and the presence of CD3
surrounding the cell. The entire pipeline was implemented in R
and Python.

Survival analysis and patient stratification
The Kaplan–Meier method was used for the estimation of dis-

ease-free survival, overall survival and event-free survival curves.
The log-rank test, implemented in the Survival R package, was
used to compare disease-free survival, overall survival and event-
free survival of groups of patients. Patients were stratified accord-
ing to the COG stage, the INSS stage, and the cell density for the
five markers CD3C, CD4C, CD8C, CD25C and FOXP3
detected in the two different tumor regions, nest and septa. For
each marker, the median of their distribution was used as cut-off
to stratify all patients.55,56 To avoid overfitting, no information
on the outcome was considered in the process of threshold selec-
tion. The cut-off values for CD3C, CD4C, CD8C, CD25C, and
FOXP3 cell densities are shown in Figs. 1A and 3A, while the
distribution of the CD3C, CD4C, CD8C, CD25C, and FOXP3
cell densities are shown in Figs. S1 and S6.

To define the CD4C/CD8C ratio threshold, we exploited the
multimodal distribution of the CD4C/CD8C ratio on the cohort
of 84 patients (Hartigans’s dip statistic of unimodality p values:
0.007 and 3.2 £ 10¡4, respectively, for nest and septa regions).
These CD4C/CD8C distributions were fit separately for nests
and septa with a two-component mixture model using the R
library mixtools.57 Then, a cut-off threshold was selected as the
value at which the probability of drawing a sample at random
from the lower component was 0.5. To assess the threshold vari-
ability, we repeated the process 100 times considering random
subsets of 40 patients each time (»50% of the entire cohort).
The median and the 5%–95% CI of the distribution of thresh-
olds estimated on the subsets of patients were used as CD4C/
CD8C ratio cut-off thresholds in the stratifications (Table S9).
No information on the outcome was considered in the process of
threshold selection.

Non-parametric Wilcoxon rank-sum test was used to compare
density of T-cell subsets between high- and low-risk COG stages,
and between INSS stages. The association between automatic
and manual CD3C marker quantification was tested with a per-
mutation test. The Spearman correlation coefficient between the
real automatic and manual quantifications was compared to a
null distribution of 100,000 Spearman correlation coefficients
between randomly permutated quantifications. The fraction of
random permutations giving a Spearman correlation coefficient
greater than the real one was used as empirical p value. p values
were corrected for multiple hypothesis testing by False Discovery
Rate, and p values smaller than 0.05 were considered as statisti-
cally significant. All the statistical analyses were performed with
the R software.

COG stage and MYCN amplification predictive models
Three binary classifiers based on logistic regression for binomial

classification of COG stage were trained using the R package glm2
on the cohort of 84 neuroblastomas. The first predictor (MYCN)
only considers the MYCN amplification status, the second one
(CD) makes use of the density of T-cell subsets (CD3C, CD4C,
CD8C, CD25C, FOXP3 in nests and septa) and the third one (CD
C MYCN) considers all the features i.e., the density of T-cell sub-
sets and the MYCN amplification status. An additional binary
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classifier based on logistic regression was trained on the same 84NB
data set, considering all the density of T-cell subsets as features, and
the MYCN amplification status (amplified/non-amplified) as the
binary label to predict. A 3-fold cross validation scheme was
repeated 100 times to evaluate prediction performance avoiding
overfitting. In each round, samples were uniformly splitted between
training set and validation set (respectively the 66% and the 33% of
the total), maintaining the same class ratio (Table S4). For the
COG group predictors, in order to reduce feature dimensionality,
at each round the logistic model was built on the five density lym-
phocyte values having highest univariate Wilcoxon rank-sum test
scores between classes on the training set. The predictive power of
the generalized linear regression models was evaluated with the R
package ROCR, selecting the AUC and the MCC as metrics,58 to
control for unbalanced classes. In particular, the MCC is computed
from the confusion matrix as follows:

MCCD TP£TN¡ FP£ FN
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TPC FPð Þ TPC FNð Þ TNC FPð Þ TNC FNð Þp ;

where TP is the number of True Positives, TN is the number of
True Negatives, FP is the number of False Positives and FN is the
number of False Negatives. Moreover, the three classifiers were
compared to two random predictors to check for potential bias. We
considered first the NM, a predictor that assigns all the samples to
the most numerous class. The second random predictor, RL, was
obtained by training the CD C MYCN predictor with randomly
shuffled target class labels. Random predictors are expected to have
AUC and MCC close to 0.5 and 0.0, respectively. The Chi-Square
test was used to compare the predictors to the NMpredictor.

All the analyses were repeated also under a 4-fold cross valida-
tion scheme, with training set and validation set containing 75%
and 25% of the 84 samples, respectively (Table S4).

Correlation network analysis of tumor-infiltrating
T lymphocytes

For each INSS stage (1, 2, 4, 4S) and COG-risk group (low/
intermediate and high), a correlation network was generated with
Spearman correlation coefficient between six density lymphocyte
values, namely CD3C, CD4C and CD8C in the nest and septa
tumor regions. Correlation networks were compared by applying
the HIM indicator,32 a glocal network distance that can quantify
at the same time local editing and global structural difference.
Multi-Dimensional Scaling (MDS) was used to map the HIM
network distances into a 2D space. Correlation networks were
plotted with the igraph R library with circular node layout.
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