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Abstract: A particularly interesting marker to identify anti-tumor immune cells is the neural cell
adhesion molecule (NCAM), also known as cluster of differentiation (CD)56. Namely, hematopoietic
expression of CD56 seems to be confined to powerful effector immune cells. Here, we sought to
elucidate its role on various killer immune cells. First, we identified the high motility NCAM-120
molecule to be the main isoform expressed by immune cells. Next, through neutralization of surface
CD56, we were able to (1) demonstrate the direct involvement of CD56 in tumor cell lysis exerted by
CD56-expressing killer cells, such as natural killer cells, gamma delta (γδ) T cells, and interleukin
(IL)-15-cultured dendritic cells (DCs), and (2) reveal a putative crosstalk mechanism between IL-15 DCs
and CD8 T cells, suggesting CD56 as a co-stimulatory molecule in their cell-to-cell contact. Moreover,
by means of a proximity ligation assay, we visualized the CD56 homophilic interaction among cancer
cells and between immune cells and cancer cells. Finally, by blocking the mitogen-activated protein
kinase (MAPK) pathway and the phosphoinositide 3-kinase (PI3K)–Akt pathway, we showed that
IL-15 stimulation directly led to CD56 upregulation. In conclusion, these results underscore the
previously neglected importance of CD56 expression on immune cells, benefiting current and future
immune therapeutic options.

Keywords: CD56 homodimers; common gamma-chain family; interleukin-15 signaling; NCAM-120;
tumor cell eradication

1. Introduction

Cluster of differentiation (CD)56 or the neural cell adhesion molecule (NCAM) is expressed
in nearly all tissues. Depending on the cell type and its surroundings, three main isoforms can be
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generated from one single gene by alternative splicing. Based on their apparent molecular weights,
they are termed NCAM-120, NCAM-140, and NCAM-180. Whereas NCAM-140 and NCAM-180
are transmembrane proteins, NCAM-120 is glycosylphosphatidylinositol (GPI)-anchored with no
intracellular residues [1]. The highest CD56 levels are found in the central and peripheral nervous
system, where it plays an important role mediating intracellular signal transduction and stabilizing
synaptic contacts [2]. By contrast, the function of the CD56 protein in the hematopoietic system is
largely undetermined, but its expression seems to be confined to activated immune cells exhibiting
some level of cytotoxic properties, as recently reviewed by Van Acker et al. [3]. Although known
for its role as the archetypal phenotypic marker of natural killer (NK) cells [4], CD56 can actually be
expressed by many more immune cell subsets including NKT cells, gamma delta (γδ) T cells, CD8 T
cells, monocytes, dendritic cells (DCs) [3], and cytokine-induced killer (CIK) cells [5]. Alluding to a
central role of the CD56+ immune cell fraction, both functional and numerical aberrations affecting this
subset are observed in a wide variety of pathologies, comprising several malignant diseases [6–11].

Ranked third on the cancer immunotherapy trials network (CITN) priority list of immunotherapy
agents, the pleiotropic cytokine interleukin (IL)-15 has a lot of potential to boost the anti-tumor immune
response and help cure cancer [12–14]. This is also reflected by the results of the first in human
clinical trial of recombinant IL-15 [15] and of the IL-15 superagonist complex ALT-803 [16], both
showing a favorable safety profile together with proliferation and activation of NK cells and T cells.
Interestingly, CD56 was found to be expressed by our next-generation IL-15 DC vaccine, differentiated
with IL-15 instead of IL-4, and was absent on conventional IL-4 DCs [17]. In turn, IL-15 DCs secrete
IL-15 themselves [18]. Natural killer cells activated by IL-15 DCs significantly upregulate CD56,
both on the CD56bright and CD56dim NK cell subpopulations [19]. In addition, CD56 expression is
significantly higher on IL-15- and isopentenyl pyrophosphate (IPP)-stimulated γδ T cells as compared
to IL-2/IPP-stimulated or unstimulated γδ T cells [20]. We, therefore, hypothesize that IL-15 signaling
augments CD56 expression, which is further supported by data from other groups [21,22]. For example,
IL-15 can convert central memory γδ T cells into potent CD56+ effector cells with the ability to rapidly
produce large amounts of interferon-γ and kill tumor cells [23]. Correia et al. [24] reported that after
12 days of culture with IL-15, purified CD8+CD56− T cells expressed de novo CD56. It is known that
IL-15 is capable of enhancing the cytotoxic effector functions of lymphocytes through three pathways,
i.e., (1) the Janus kinase (JAK)–signal transducer and activator of transcription (STAT) pathway; (2) the
mitogen-activated protein kinase (MAPK) pathway, and (3) the phosphoinositide 3-kinase (PI3K)–Akt
pathway [25]. To advance our understanding of the individual contribution of each pathway to
the enhanced activation and cytotoxic state of the γδ T cells and their expression of CD56, all three
pathways were blocked separately.

An initial impetus pursuing the clarification of the upregulation and functional role of CD56 on
immune cells was taken in this paper. In the first part, we looked at the CD56 phenotype and isoforms
of different immune cell subsets on the molecular and protein level. Next, we investigated if CD56 was
actively involved in the cytotoxic capacity of CD56+ effector cells by means of neutralizing CD56 in a
killing assay against a panel of CD56+ tumor cell lines. Furthermore, we looked for definitive proof of
the existence of a CD56–CD56 interaction on the surface of immune cells and tumor cells by means of
Duolink®Technology (Merck; Overijse, Belgium). In the second part, we examined if IL-15 and, more
broadly, cytokines of the common gamma-chain cytokine family play a central role in the activation of
immune cells and their upregulation of CD56.

2. Results

2.1. CD56 Isoform Expression in Immune Cells

Expression of CD56 was found on a variety of immune cells (Figure 1). Considering human
NK cells are generally characterized by a CD56+CD3− phenotype, all NK cells express some level of
CD56. A significant portion of γδ T cells (39.14 ± 6.86%), CD8+ T cells (16.59 ± 2.73%), monocytes
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(6.19 ± 1.14%), and monocyte-derived IL-15 DCs (43.64 ± 7.68%) express CD56 as well. In view of
the existence of several isoforms of CD56, generated by alternative splicing and posttranslational
modifications, we identified the subsets expressed by the different immune cells on the molecular
level by quantitative-PCR (qPCR). Protein expression validations and specific amplification of CD56
isoforms by qPCR were performed on immune cells of the same donors (n = 5). Interestingly, NK cells
and γδ T cells favored the expression of NCAM-120 over the two transmembrane proteins NCAM-140
and NCAM-180 (Figure 1). This preference for the high motility 120 kD CD56 isoform was also seen
with the IL-15 DCs, although the 140 kD isoform assumed a higher share on this immune cell subset as
compared to NK cells and γδ T cells. CD8 T cells and monocytes did not prioritize the expression of
one of the three isoforms.
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Figure 1. Cluster of differentiation (CD)56 (isotype) expression by different immune cell subsets. 
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flow cytometry (left y-axis) and CD56 isoform (120–140–180 kD) mRNA expression (scaled to average) 
determined by qPCR (right y-axis). Data from five donors are represented as scatter plots. One-way 
ANOVA with Bonferroni’s multiple comparison test or Friedman test with Dunn’s multiple 
comparison test was used. *** p < 0.001; ** p < 0.01; * p < 0.5. 

  

Figure 1. Cluster of differentiation (CD)56 (isotype) expression by different immune cell subsets.
Juxtaposition of the percentage CD56 expression on different immune cell subsets as determined by
flow cytometry (left y-axis) and CD56 isoform (120–140–180 kD) mRNA expression (scaled to average)
determined by qPCR (right y-axis). Data from five donors are represented as scatter plots. One-way
ANOVA with Bonferroni’s multiple comparison test or Friedman test with Dunn’s multiple comparison
test was used. *** p < 0.001; ** p < 0.01; * p < 0.5.
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2.2. Involvement of CD56 in Immune Effector Cell Activation and CD56+ Tumor Cell Killing

Next, we tested the cytotoxic capacity of the different CD56-expressing immune cell subsets against
a panel of CD56+ tumor cell lines (Figure 2). As members of the innate immune system, empowered
with major histocompatibility complex (MHC)-independent cytolytic capacity, unstimulated NK cells
and γδ T cells were able to kill the CD56+ tumor cell lines NB4, SH-SY5Y, and U266 to a variable
degree (Figure 3, left panels), while unstimulated CD56-enriched CD8 T cells only showed marginal
killing. At an effector: target cell (E:T) ratio of 20:1, the IL-15 DC vaccine manifested its “killer-like”
DC profile as well, especially against SH-SY5Y (12.81 ± 4.65%) and U266 (12.72 ± 2.95). Importantly,
direct cytotoxicity of IL-15 DCs, NK cells, and γδ T cells was modulated by the addition of anti-CD56
blocking monoclonal antibodies (mAbs) to varying degrees, depending on the target cell line used
(Figure 3, right panels). This suggests, at least in part, the involvement of CD56 in the lysis of
malignant CD56-expressing cells. Surprisingly, we observed a strong enhancement of the killing
capacity of enriched CD56+ CD8 T cells by IL-15 DCs. Tumor cell-killing by unprimed CD8 T cells
co-cultured overnight with IL-15 DCs was 2–3 fold enhanced against NB4, SH-SY5Y, and U266 cells,
i.e., 17.43 ± 14.45% → 43.32 ± 12.32%, 8.46 ± 3.27%→ 23.87 ± 6.62%, and 8.82 ± 4.35→ 23.17 ± 10.61%,
respectively. Upon CD56 neutralization, the lytic activity of IL-15 DC-primed CD8 T cells was reduced
to levels comparable to that of unstimulated CD8 T cells. Concerning NK cells and γδ T cells alike,
a clear enhancement in tumor cell killing was seen after overnight co-culture with IL-15 DCs against
two out of three tumor cell lines tested. The role of CD56 in innate effector cell activation by IL-15
DCs was, however, less pronounced as for the CD8 T cells. This observed cell type specificity may be
related to the effects of both CD56 and IL-15 DCs.
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Figure 2. Cluster of differentiation (CD)56 expression by human tumor cell lines. (A) Flow cytometric
analysis of tumor cells labelled with CD56-PE (black line) or corresponding isotype control (filled
grey), represented as histogram overlays. (B) Real-time qPCR data of the expression levels of the
different CD56 isoforms by NB4, U266 (left y-axis) and SH-SY5Y (right y-axis). Fold-changes are scaled
to average. Each bar is the mean ± standard error of the mean (SEM) of technical replicates (n = 2).
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Figure 3. Involvement of Cluster of differentiation (CD)56 in immune effector cell activation and tumor
cell killing. Immune cell cytotoxicity was defined against the cell lines NB4, SH-SY5Y, and U266,
unstimulated and after overnight culture with interleukin (IL)-15 dendritic cells (DCs). Immune cells
were cultured in medium without neutralizing monoclonal antibodies (mAbs) (circles) or in medium
containing either CD56 neutralizing GPR165 mAbs (triangles) or its corresponding isotype control
(squares) (n = 4–6, two independent experiments). One-way ANOVA with Bonferroni’s multiple
comparison test or Friedman test with Dunn’s multiple comparison test. ** p < 0.01; * p < 0.5.



Cancers 2019, 11, 1029 6 of 20

2.3. Proximity Ligation Assay Reveals Homophilic CD56 Binding between CD56-Expressing Immune and
Tumor Cells

Subsequently, we sought to identify whether a homophilic CD56–CD56 binding was formed
between CD56+ cells. To visualize this protein interaction, we performed a proximity ligation assay
(PLA) analysis. From all the cultures tested, it was apparent that neuroblastoma cells, namely,
SH-SY5Y-eGFP cells, strongly interacted with one another via CD56 homodimerization, not least in
areas of cell confluency (Figure 4). The CD56+ immune cells (IL-15 DCs, NK cells, and γδ T cells) were
captured too interacting with CD56+ tumor cells by means of a CD56 homophilic binding, whereby an
accumulation of red signal (CD56–CD56 interaction) was observed (Figure 5). The interaction rate was
lower as between neuroblastoma cells, likely due to the CD56+ immune cells’ lower mean fluorescence
intensity (MFI) of CD56 expression and their non-adherent nature.
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(CD)56 homodimer formation among tumor cells. Representative example of a SH-SY5Y-eGFP (green)
culture (with natural killer cells (CD45; yellow)), mounted with 4′,6-diamidino-2-phenylindole (DAPI)
(blue), whereby the CD56–CD56 interaction is visualized as red dots (n = 9). Scale bar: 20 µm.
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Figure 5. Association of Cluster of differentiation (CD)56–CD56 interactions and the “kiss of
death”—cytotoxic immunological synapse between immune cells and cancer cells. SH-SY5Y-eGFP
cells (green) were co-cultured with immune effector cells (CD45; yellow), namely, interleukin (IL)-15
dendritic cells (DCs) (upper row, n = 3), natural killer cells (middle row, n = 3) or γδ T cells (bottom
row, n = 3), and mounted with 4′,6-diamidino-2-phenylindole (DAPI) (blue). White arrows on the left
overview images indicate a probable interface between immune cells and cancer cells (enlarged in the
right column). The connection between both cell types is associated with an accumulation of red signal,
being CD56 homodimerization. Scale bar: left column = 20 µm, right column = 5 µm.
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2.4. IL-15 Stimulation Directly Leads to CD56 Expression

From our previously published work [17,19,20], it is apparent that exposure to IL-15 might be
linked to increased CD56 expression. In preliminary titration experiments, we established that the
optimal concentration of IL-15 for promoting CD56 expression by immune cells is 10 ng/mL (data not
shown). Subsequently, the kinetics of the CD56 expression on the immune cell surface was assessed
at different time points (Figure 6). Concerning NK cells, for which CD56 is a prototypic cell surface
marker, we detected a steady increase over time in the number of CD56 molecules on the CD56dim

NK cell surface following IL-15 stimulation (Figure 6B, Figure S1). CD56bright NK cells, on the other
hand, initially seemed to downregulate their CD56 expression overnight, followed by an upregulation
definitely visible after 48 hours of IL-15 stimulation (Figure 6B). After this time point, a clear distinction
between the CD56dim and CD56bright NK cell subsets was no longer discernible (data not shown).
Correspondingly, we also detected a clear rise in the percentage of CD56-expressing γδ T cells after an
initial lag period of 24 hours after the addition of IL-15, and a concomitant increase in its density on
the cell membrane (Figure 6C,D). This expansion of CD56+ γδ T cells continued until at least one-week
post-stimulation. Concerning CD8 T cells, a more delayed yet rapid induction and upregulation in
CD56 expression was evident after 72 hours of stimulation (Figure 6C,D). CD4 T cells, however, were
found to be negative for CD56 and remained CD56-negative after IL-15 stimulation. A portion of
CD1c+ myeloid DC weakly expressed CD56 at baseline and there was only a limited, if any, effect
of IL-15 after 48 hours of culture with IL-15. On the other hand, CD14+ monocytes rapidly induced
and/or upregulated their CD56 levels. However, CD14+ cells were no longer detectable in peripheral
blood mononuclear cells (PBMCs) exceeding 72 hours of culture with IL-15.
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Figure 6. Cluster of differentiation (CD)56 expression and kinetics following interleukin (IL)-15
stimulation. (A) CD56 surface expression on different immune cell subsets in fresh peripheral blood
mononuclear cells (PBMCs) as determined by flow cytometry. Donors are represented by unique
symbols (n = 8). (B–D) PBMCs (1 × 10e6 cells/mL) were stimulated with 10 ng/mL recombinant IL-15.
At different time points, the expression of CD56 was assessed flow cytometrically. (B) CD56 expression
levels in mean fluorescence intensity (MFI), of CD56bright and CD56dim NK cells, were transformed
to relative levels by the subtraction of the MFI of the fresh subset (n = 8). (C–D) Monitoring of CD56
expression on the cell membranes of γδ T cells (circle), CD8 T cells (square), CD1c dendritic cells (DCs)
(triangle), monocytes (diamond), and CD4 T cells (cross), both in % (C) and ∆MFI (MFI condition—MFI
isotype control) (D). The evolution in CD56 expression is shown as a mean of 5 independent donors.
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In addition, complementary analysis of cytotoxicity-related markers (perforin, granzyme B,
TRAIL, FASL, NKG2D) as well as of some activation markers (CD69, HLA-DR) was performed
(Table S1). However, no direct relationships between these markers and CD56 (following IL-15-mediated
stimulation) could be drawn, except for a significant difference between granzyme B-positive cells
amid the CD56+ CD8 T cells (75.91 ± 7.81%) as compared to CD56− CD8 T cells (14.33 ± 3.51%) and
CD69+ cells amongst CD56+ monocytes (10.59 ± 2.58%) and CD56− monocytes (2.90 ± 0.85%).

2.5. Blocking of the Different IL-15 Signaling Pathways

To assess the IL-15 signaling pathway(s) involved in the induction and/or upregulation of CD56
on immune cells, the selective inhibitors CAS 285986-31-4 (JAK/STAT pathway), trametinib (MAPK
pathway), and afuresertib (PI3K pathway) were used (Figure 7, Figure S2). Afuresertib drastically
inhibited IL-15-mediated CD56 upregulation in NK cells, γδ T cells, and CD8 T cells. Therefore,
the PI3K pathway is likely to be involved in the IL-15-mediated upregulation of CD56 expression
on effector lymphocytes. Additionally, albeit to a lesser extent, trametinib significantly reduced the
level of CD56 expression in NK cells and γδ T cells after IL-15 exposure (Figure 7), suggesting that
the MAPK pathway of IL-15 signaling might play a role in the upregulation of CD56 expression in
NK and γδ T cells. In contrast, only trametinib was able to inhibit IL-15-mediated upregulation of
CD56 expression on the membrane of monocytes, suggesting distinct IL-15 signaling pathways are
involved in the de novo and upregulated CD56 expression in different immune cell lineages. The
effect of blocking different IL-15 signaling pathways on cytotoxicity-related molecules and activation
markers can be consulted in Table S1.

2.6. IL-15 Shares Its CD56-Boosting Effect with IL-2

Given the fact that IL-15 is a cytokine of the common gamma-chain receptor family, the question
arose as to whether the upregulation of CD56 by IL-15 was shared by other members of this family.
Interleukin-2 (200 IU/mL) and IL-21 (20 ng/mL) were tested, as these cytokines are known to bear the
highest potential for the generation of anti-cancer immune effector cells [12]. From our results, it is
evident that IL-2, but not IL-21, shares the CD56-enhancing feature of IL-15, although to a lesser extent
(Figure 8). Next, we assessed the contribution of the different downstream cytokine signaling pathways
of IL-2 on the expression of CD56 (Figure S3). Like for IL-15-mediated CD56 induction on monocytes,
the MAPK pathway is primarily involved in IL-2-induced CD56 expression. Thereto, as compared to
IL-15, this pathway is also more involved in the upregulation of CD56 by IL-2 on lymphocytes. For CD8
T cells for example, the MAPK pathway and PI3K pathway are equally important, and regarding NK
cells, the MAPK pathway even gets the better of the PI3K pathway. Concerning γδ T cells, no effect was
actually seen with the addition of afuresertib, whereas it was manifest with the addition of trametinib.
Therefore, despite the strong similarities between IL-2 and IL-15, (important) differences were seen
between their signaling and effects on immune cells.
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Figure 7. The effect of the selective inhibition of the interleukin (IL)-15 signaling pathways on Cluster of
differentiation (CD)56 expression. Peripheral blood mononuclear cells (PBMCs) were cultured in IL-15
(10 ng/mL) containing medium (−) in the presence of CAS 285986-31-4 (1 µM; CAS), trametinib (1 µM;
Tram) or afuresertib (2 µM; AF) for 48 hours (Natural killer (NK) cells, monocytes) or 1 week (γδ T cells,
CD8 T cells). The percentage CD56-postive cells are shown, as determined by flow cytometry, as well
as the ∆MFI) of CD56 calculated by subtracting the “background” MFI of the isotype control from the
MFI of the sample. Concerning NK cells, the MFI of the IL-15 medium (−) control was subtracted from
the MFI of the sample (rMFI). Data are represented as boxes and whiskers (10–90%) of 9 independent
donors. One-way ANOVA with Bonferroni’s multiple comparison test or Friedman test with Dunn’s
multiple comparison test were used. **** p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.5.
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** p < 0.01; * p < 0.5.
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3. Discussion

New determinants of anti-cancer immune effector cells are warranted, enabling tumor
immunologists to select and expand those cells with superior tumoricidal capacity. Here, we have
demonstrated that CD56 expression on immune cells seems to be a common denominator of potent
immune effector cells, endowed with cytotoxic activity against cancer cells. Moreover, CD56 itself
contributes to the killing capacity of immune cells, including through the formation of homodimers.
In order to induce and/or boost the expression of CD56, IL-15 stimulation can be employed, pointing
to the importance of this cytokine in cellular therapy manufacturing processes.

CD56is a known cell adhesion molecule in the neuronal system, of which the three major
isoforms are called NCAM-120, NCAM-140, and NCAM-180. While the 140 and 180 kD isoforms
are predominantly present in the central nervous system, extraneural human tissues mainly express
NCAM-120 and NCAM-140. Accordingly, our qPCR data show very low expression levels of NCAM-120
by the SH-SY5Y cells (neuroblastoma) as compared to NCAM-180 (and NCAM-140). On the other hand,
NB4/U266 (hematological malignancies) give clear preference to the NCAM-120 (and NCAM-140)
isoform. Although some early reports by Lanier et al. [26,27] identified NCAM-140 as the principal
isoform expressed by NK cells, it is apparent from our data that NK cells rather prefer NCAM-120.
γδ T cells, innate-like killer cells, also predominantly expressed the 120 kD isoform. The difference
between those findings could be attributed to the use of a human peripheral blood NK cell clone by
Lanier et al. [26,27] and freshly sorted immune cells in our case. This underscores the hypothesis that
the expression of the different isoforms is dependent on the cellular state and environment. In line with
this, and as opposed to fresh immune cells, CIK cells were shown to express mainly the 140 kD isoform
and only a small amount of the 120 kD transcript [28]. Other examples include the shift observed in
neoplasia from NCAM-120 to NCAM-140 (and NCAM-180) [29,30] and the exclusive upregulation of
NCAM-140 on cardiomyocytes in the context of ischemic cardiomyopathy [31]. Interestingly, epigenetic
modulation has been reported to result in alternative splicing of NCAM [32].

Accordingly, functional differences can be expected from the expression of different CD56 isoforms.
Whereas the transmembrane proteins NCAM-140 and NCAM-180 are known for their binding of
various signaling proteins, activating a range of intracellular pathways, the GPI-anchored NCAM-120
preferentially associates with lipid rafts. As such, NCAM-120 is characterized by a high motility
and a dual role as a cell-surface molecule and extracellular protein after secretion. The physiological
role of shed CD56, as well as its pros and cons in the context of immunotherapy, remains to be
discovered [33]. However, the higher motility of NCAM-120 could be biologically important for
immune cells, facilitating cellular communication and a rapid response to external stimuli [34]. The
latter being only hypothetical, since, at present, the linkage between the different isoforms expressed
by the immune cells and their resulting contribution to cell functioning remains to be established.

Looking into the overall role of CD56 in immune effector functions, we were able to establish a
direct involvement of CD56 in the cytotoxic capacity of IL-15 DCs, NK cells, and γδ T cells against CD56+

tumor cells. It should, however, be noted that the anti-CD56 GPR165 mAb blocked the cytotoxicity of the
various effector cells against the different tumor cell lines somewhat inconsistently. Jarahian et al. [35]
reported something similar. Whereas some tumor cell lines transfected with NCAM-140 showed
enhanced susceptibility for the cytotoxicity of IL-2-activated NK cells (i.e., PANC-1, T98G), it reduced
NK cell-mediated lysis in others (i.e., LP-1, SHEP, and RPMI-8226) [35]. Thus far, no conclusive answer
can be provided as to the mechanism behind these results. Furthermore, our data corroborate earlier
findings of a direct role of CD56 in CIK-mediated cytotoxicity against CD56+ hematopoietic tumor
cell targets [28]. Other indications of the functional role of CD56 in the immune system include:
the CD56-mediated inhibition of tumor cell growth by IL-2-activated NK cells [36], the induction of NK
cell maturation by CD56 forming a developmental synapse [37], and the role of CD56 as a pathogen
recognition receptor [38].

Following from this, it is apparent that the number of reports investigating the functional role
of CD56 on immune cells is very low. The lack of good commercially available blocking mAbs
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could be the cause of the scarcity of research investigating the role of CD56. Namely, the GPR165
neutralizing CD56 mAbs of Daniela Pende and Alessandro Moretta, used in this study, are the only
known mAbs to effectively neutralize CD56 on human cells. Thus far, commercially available anti-CD56
mAbs, including clone B159, exhibit no CD56-neutralizing properties [28,38]. In addition, no specific
neutralizing antibodies for the different NCAM isoforms have been described. Hence, tackling these
limitations in future studies will provide the research community with new tools for even deeper
analyses of the role of CD56’s isoforms.

We have previously demonstrated that our IL-15 DCs are able to elicit an antigen-specific cellular
immune response [39] to promote NK cell tumoricidal activity [19] and to potentiate γδ T cells to
kill malignant cells [18]. The detected enhancement of NK cell- and γδ T cell-mediated killing of
CD56-positive malignant cells after overnight culture with IL-15 DCs further substantiates these
previous findings. However, no obvious involvement of CD56 was detected. On the other hand,
as shown in Figure 3, the enhanced cytotoxic capacity of CD8 T cells (enriched for CD56) after co-culture
with IL-15 DCs seems to be, at least in part, regulated by CD56 engagement. This suggests a potential
crosstalk mechanism, where CD56 could function as a co-stimulatory molecule between IL-15 DCs and
CD8 T cells. The specific mode of action is, however, still unknown. Indeed, besides facilitating and
strengthening cell-to-cell contact, adhesion molecules like CD56 could also play a role in transmitting
molecular signals across the cell membrane, regulating, in turn, a pleiotropy of cellular functions.

Of note, although innate/unlicensed responses are generally not attributed to CD8 T cells, under
certain conditions, CD8 T cells can acquire these characteristics [40–42]. By way of example, innate CD8
T cell activation is associated with increased immunopathology in Leishmania infection [43], and, more
related to our current research, Sosinowski et al. [44] demonstrated the generation of functional
antigen-inexperienced T cells through IL-15 trans-presentation by DCs. Interestingly, pro-inflammatory
cytokine receptor signals have further been shown to use mechanisms exclusive to the T cell receptor
(TCR)/CD3 signalosome to mediate bystander effector/memory CD8 T cell responses [45].

These findings raise intriguing questions regarding the nature and extent of the role of CD56
in cancer and immune cell functioning. As shown here, CD56 homodimerization is an important
interaction among neuroblastoma cells. It is, therefore, likely that such connections exist among more
types of CD56-expressing malignancies, including ovarian carcinomas [46], renal neoplasms [47],
and small-cell lung cancer [48]. Conceivably, CD56 homodimers may be involved in the adhesion
among cancer cells, and implicated in the communication and organization within the tumor
micro-environment [49]. The latter could explain why CD56 expression is associated with advanced
stages or dismal prognosis in different cancers [50–52]. On the other hand, we showed a role for CD56
in effector cell cytotoxicity and were able to provide evidence for interaction between immune cells and
cancer cells via CD56–CD56 adhesion. This could account for the reports indicating a positive effect of
the presence of CD56 on survival [8,53]. Altogether, CD56 expression seems to be confined to either
potent immune effector cells or to malignant cancer cells, resulting in a difficult balance to manipulate
in view of cancer treatment. Therapeutically eradicating CD56+ cancer cells could, therefore, imply
incapacitating CD56+ cytotoxic effector cells by obstructing their connection with malignant cells.

It is noteworthy that both cis (on the same cell surface) and trans (emanating from opposing
cell surfaces) CD56 homophilic interactions can be established. While the cis homodimers do not
intervene in intercellular communications themselves, they are thought to contribute to the stability
of the trans interactions, mediating improved synapses with other cells [54,55]. From the PLA assay
results, it is inconclusive as to whether the observed signals among the SH-SY5Y cells are all CD56
trans homodimers or whether CD56 cis homodimers are formed as well.

Finally, the question arose as to how CD56 expression is regulated and induced. There is a
body of evidence showing a direct or indirect role of IL-15 signaling for upregulation of CD56: (1)
culturing NK cells with IL-15 leads to an upregulation of CD56 on both CD56bright and CD56dim NK
cells [56]; (2) IL-15 triggers the PI3K and MAPK pathways more robustly in CD56bright NK cells as
compared to CD56dim NK cells [57]; (3) stimulation of isolated γδ T cells with IPP and IL-15 significantly
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upregulates CD56 levels [20]; (4) purified CD8+CD56− T cells express de novo CD56 after 12 days of
culture with IL-15 [24]; (5) umbilical cord blood T cells acquire CD56 after culture in IL-15 [58]; and (6)
monocyte-derived DCs, which are differentiated with IL-15, also have a CD56-expressing subset [17,59].
In this study, we provided evidence for a direct upregulation of CD56 by IL-15, potentially through the
recruitment of shc, binding to a phosphotyrosine residue on the IL-2/15Rβ chain, activating the MAPK
and/or the PI3K–Akt pathway [25]. This could explain why IL-2 stimulation also leads, although at a
lower level, to CD56 expression and why no such effect is observed with IL-21. Namely, the IL-2 and
IL-15 receptors not only share the common gamma-chain, but also the IL-2/15Rβ chain, contrary to
IL-21 [12]. From this it can be deduced that IL-15 can induce CD56 expression on immune cells bearing
the IL-2/IL-15Rβ subunit. However, it is unlikely that IL-15 (and IL-2) is the sole trigger for CD56
upregulation [60]; nonetheless, it is an attractive and straightforward approach to induce immune cell
activation and CD56 expression.

In conclusion, this study identified a variable expression profile of CD56 on fresh and cultured
human lymphocytes and monocytes, whereby the NCAM-120 isoform was more commonly expressed
than previously presumed. Secondly, the presence of CD56 on the surface of effector immune
cells was more than a mere activation marker, being directly linked to their cytotoxic capacity and
immunostimulatory effect. Furthermore, we described and visualized a CD56 homophilic interaction
among cancer cells themselves as well as between immune cells and malignant cells. Finally, in order
to induce and upregulate CD56 expression on immune cells, we substantiated the potency of the
pleiotropic cytokine IL-15, which occurred mainly through the PI3K pathway.

4. Materials and Methods

4.1. Cell Lines and Primary Cells

This study was approved by the Ethics Committee of the Antwerp University Hospital (Edegem,
Belgium) under the reference number B300201419756 on 27th January 2014. The acute myeloid leukemia
cell line NB4 was purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen
(Braunschweig, Germany). The SH-SY5Y and SH-SY5Y-eGFP [61] neuroblastoma cell lines were kindly
provided to us by the laboratory of Prof. Dewilde (University of Antwerp, Belgium) and the multiple
myeloma cell line U266 was a gift from Prof. Germeraad (Maastricht University, The Netherlands).
Peripheral blood mononuclear cells were isolated from buffy coats of healthy donors, provided by the
Red Cross donor center (Red Cross-Flanders, Mechelen, Belgium). Immune cell subsets for downstream
molecular biology applications were sorted on a FACSAria II flow cytometer (BD; Erembodegem,
Belgium) based on the following markers within the viable cell population (Live/Dead®Fixable Aqua
Stain; Thermo Fisher Scientific, Waltham, MA, USA); NK cells (CD3-PerCP-Cy5.5− (BD), CD56-PE+

(BD)), γδ T cells (CD3-PerCP-Cy5.5+ (BD), γδ TCR-APC+ (Miltenyi, Bergisch Gladbach, Germany),
CD8+ T cells (CD3-PerCP-Cy5.5+ (BD), and CD8-PB+ (Thermo Fisher Scientific). Flow cytometric
evaluation of CD56 membrane expression of the different subsets was performed at the same time.
Monocytes were isolated with anti-CD14-conjugated CliniMACS microbeads (REF 272-01; Miltenyi).
For cytotoxicity experiments, NK cells were isolated with an NK cell isolation kit (REF 130-092-657;
Miltenyi) and CD8 T cell purification was performed with the REAlease CD8 microbead kit (Miltenyi)
followed by a CD56 enrichment step with CD56 microbeads (Miltenyi). CD8 T cells were 61%
CD56-positive (range 45–89%).

4.2. IL-15 DC Culture

Monocyte-derived IL-15 DCs were generated according to our previously reported protocol
comprising a rapid (28 hour) differentiation of monocytes with granulocyte-macrophage
colony-stimulating factor and IL-15, followed by a maturation step of 20 hours by triggering of
the toll-like receptor-7/8 signaling pathway [18,39,62].
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4.3. γδ T Cell Expansion Protocol

γδ T cells were expanded from PBMCs as previously described [20]. Briefly, PBMCs were seeded
at a final concentration of 1 × 106 cells/mL in Roswell Park Memorial Institute medium supplemented
with 10% plasma-derived human serum (Thermo Fisher Scientific), zoledronate (5 µM; Stemcell,
Cologne, Germany), IL-2 (100 IU/mL; ImmunoTools, Friesoythe, Germany), and IL-15 (10 ng/mL,
ImmunoTools). Cell cultures were maintained at a cell density of 0.5–2 × 106 cells/mL and replenished
every 2 to 3 days with IL-2/IL-15-supplemented medium. After 14 days, γδ T cells used in functional
assays were on average 94% pure and 57% positive for CD56. The two donors used for the Duolink®
assay had a mean culture purity and CD56 expression level of 96% and 45%, respectively.

4.4. RNA Extraction and Real-Time Polymerase Chain Reaction

Total RNA was extracted from 250,000 cells using the RNeasy Micro Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instruction. Subsequent quantification and purity
evaluations were performed on a NanoDrop spectrophotometer (Thermo Fisher Scientific). First-strand
cDNA synthesis was conducted with the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA),
of which 10 ng was taken for each qPCR analysis. SYBR Green technology was used for relative
mRNA quantification by qPCR on a CFX96 C1000 thermal cycler (Bio-Rad). The PrimePCR cycling
protocol consisted of an initial pre-incubation of 30 s at 95 ◦C, followed by 40 cycles of 95 ◦C
for 5 s and 60 ◦C for 30 s. The following primers were used to amplify CD56 isoform specific
transcripts: 120 kD CD56 (F-CACAGCCATCCCAGCAACCTTG, R-TCCAAAGGGGGCACTGATCTT),
140 kD CD56 (F-CACTGACGGAGCCCGAGAAG, R-TCATGCTTTGCTCTCGTTCTCC), 180 kD CD56
(F-GACCCCAGATATTGACCTTGC, R-CCTTCTCGGTCTTTGCTGGC). The primers of the CD56
isoforms have been described previously [28]. Three housekeeping genes (B2M, SDHA, and TBP)
were carefully chosen from a list of 8 reference targets, also including ACTB, IPO8, PGK1, RPL13,
and RPS14, using geNorm in qBase+ (geNorm V < 0.15; Version 2.6.1, Biogazelle, Gent, Belgium).
Inter-run calibrators were included. All primers were purchased from Bio-Rad. Fold-changes were
calculated using the comparative Cq method, scaled to average.

4.5. Cytotoxicity Assay

Determination of the (innate-like) cytotoxic capacity of different immune cells was performed by
means of a 4 hour flow cytometry-based lysis assay against PKH67-labeled (Thermo Fisher Scientific)
CD56+ cell lines; NB4, SH-SY5Y, and U266 (Figure 2). To specify the direct killing capacity of isolated
NK cells, CD8 T cells, and expanded γδ T cells, they were co-cultured at an E:T ratio of 5:1, whereas
IL-15 DCs were cultured at an E:T ratio of 20:1. To investigate the involvement of CD56, 100 µL of the
neutralizing GPR165 mAbs-containing supernatant (IgG2a) [28,38] was added to specific conditions.
To assess the involvement of CD56 in immune effector cell activation by (CD56+) IL-15 DCs, NK
cells/γδ T cells/CD8 T cells were cultured overnight at a 1:1 E:T ratio with IL-15 DCs, whether or not in
the presence of anti-CD56 neutralizing antibodies or isotype controls. Subsequently, cultures were
washed and PKH67-positive target cells were added at a 5:5:1 ratio for four hours. Target cell death
was determined by combined annexin-V-APC (BD)/propidium iodide (PI; Merck) staining. Specific
target cell killing was calculated using the following formula: % killing = 100−((% annexin-V–PI–

target cells with effector cells/% annexin-V–PI– target cells without immune cells) × 100).

4.6. Blocking of the Distinct IL-15 Signaling Pathways

Iinterleukin-15 signaling pathways were blocked using either (1) CAS 285986-31-4 (1 µM; Merck)
as a STAT5 Inhibitor, (2) trametinib (1 µM; GSK1120212; Selleckchem, Munich, Geramany) as a highly
selective inhibitor of both MEK1 and MEK2, and (3) afuresertib (2 µM; GSK2110183, Selleckchem) as a
highly selective inhibitor of Akt. Concentrations of the different inhibitors were first titrated to ascertain
preservation of cell viability. One hour prior to the addition of IL-15 (10 ng/mL), PBMCs (1× 106 cells/mL)
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were exposed to the abovementioned inhibitors to ensure adequate blocking. Natural killercells and
monocytes were analyzed after 48 h, whereas γδ T cells and CD8 T cells were assessed after 1 week.
For immunophenotypic analysis, cells were stained with the following fluorochrome-labeled mAbs:
CD3-FITC (Immunotools), CD8-FITC, CD14-FITC, γδ TCR-FITC (Miltenyi), CD69-PE, CD314-PE,
CD3-PerCP-Cy5.5, CD56-BV421, CD3-APC, CD253-APC, γδ TCR-APC (Miltenyi), CD178-BV786,
and HLA-DR-APC-H7 (or isotype controls). Fc receptor blocking was done with mouse gamma
globulins (Jackson ImmunoResearch, West Grove, PA, USA) for 10 min prior to staining with mAbs.
For the combined cell surface and intracellular perforin and granzyme B staining, Brefeldin A (1 µL/mL;
Golgi-Plug, BD) was added to the cultures for four h prior to membrane staining. Cultures were fixed
and permeabilized with the Foxp3 Transcription Factor Staining Buffer Set (Invitrogen, Ottawa, ON,
Canada) and stained with granzyme B-BV421 and perforin-AF647. All mAbs were purchased from
BD, unless stated otherwise. Additionally, dead cells were excluded using Live/Dead®Fixable Aqua
Stain (Invitrogen).

4.7. Proximity Ligation Assay

To study CD56 homodimerization, Duolink©—proximity ligation assay (PLA) analysis was
performed. Per 24 well, 150,000 SH-SY5Y-eGFP cells were plated for three days on round 12 mm cover
glasses (VRW, Radnor, PA, USA). Subsequently, 750,000 immune cells, i.e., IL-15 DCs, NK cells or
γδ T cells, were added to the wells and co-incubated for 20 minutes. Fixation of the co-cultures was
performed with 4% formaldehyde. Goat anti-human CD56 mAbs (AF2408, 1:200; R&D, Minneapolis,
MN, USA) were labeled with the Duolink®in situ probemaker PLUS or MINUS. Identification of
immune cells relied on staining with CD45 mAbs (YAML501.4, 1:500; Thermo Fisher Scientific) in
combination with Cy™5 AffiniPure donkey anti-rat IgG mAbs (1:100; Jackson ImmunoResearch).
Samples were amplified with the Duolink®In Situ Detection Reagents Red (#DUO92008), generating
red fluorescent spots if two CD56 proteins are located in a radius of 40 nm (dimerization). The cover
slips were mounted with Duolink®in situ mounting media with DAPI. Images were captured on a
Nikon TI-E inverted confocal microscope (Nikon, Tokyo, Japan) and analyzed with ImageJ.

4.8. Statistical Analysis

All flow cytometry data were acquired on a FACSAria II flow cytometer (BD) and analyzed using
FlowJo (v10; Treestar, Ashland, OR, USA). GraphPad Prism software (v7.00; Graphpad, San Diego, CA,
USA) was used for statistical analysis and artwork. The Shapiro–Wilk normality test was performed to
test if the datasets came from a Gaussian distribution.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/7/1029/s1,
Table S1: Complementary analysis of activation and cytotoxicity related markers on CD56-expressing immune
cells, Figure S1: CD56 expression levels on NK cells following stimulation with IL-15, Figure S2: The contribution
of the different IL-15 signaling pathways on CD56 expression, Figure S3: Comparison between blocking the IL-2
and IL-15 signaling pathways.

Author Contributions: Conceptualization, H.H.V.A., V.F.V.T. and E.L.S.; Methodology, H.H.V.A., Z.P.V.A., V.F.V.T.
and E.L.S.; Validation, H.H.V.A.; Formal Analysis, H.H.V.A.; Investigation, H.H.V.A., Z.P.V.A. and M.V.; Resources,
P.P. and D.P.; Writing—Original Draft Preparation, H.H.V.A.; Writing—Review and Editing, V.F.V.T. and E.L.S.;
Visualization, H.H.V.A.; Supervision, Z.N.B., S.A., V.F.V.T. and E.L.S.; Project Administration, H.H.V.A.; Funding
Acquisition, V.F.V.T.

Funding: This work was supported by grant G.0399.14N and G.0535.18N from the Fund for Scientific Research
Flanders (FWO Vlaanderen), by a grant of the Fund Baillet-Latour, a grant of the Belgian Foundation against
Cancer (Stichting tegen Kanker) [2016-138 (FAF-C/2016/764)] and by a Methusalem grant from the University of
Antwerp. HVA holds a PhD fellowship of the FWO (grant 11ZL518N). MV holds a Doctoral Grant Strategic Basic
Research of the FWO (grant 1S24517N). The authors declare no competing financial interests.

Acknowledgments: The authors would like to express their gratitude to Hans De Reu (Laboratory of
Experimental Hematology, University of Antwerp, Belgium) for technical assistance and Sara I. Van Acker
(Department of Ophthalmology, Antwerp University of Antwerp, Belgium) for her help with the fluorescence
microscopy measurements.

http://www.mdpi.com/2072-6694/11/7/1029/s1


Cancers 2019, 11, 1029 17 of 20

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Cunningham, B.A.; Hemperly, J.J.; Murray, B.A.; Prediger, E.A.; Brackenbury, R.; Edelman, G.M. Neural cell
adhesion molecule: Structure, immunoglobulin-like domains, cell surface modulation, and alternative RNA
splicing. Science 1987, 236, 799–806. [CrossRef] [PubMed]

2. Ditlevsen, D.K.; Povlsen, G.K.; Berezin, V.; Bock, E. NCAM-induced intracellular signaling revisited.
J. Neurosci. Res. 2008, 86, 727–743. [CrossRef] [PubMed]

3. Van Acker, H.H.; Capsomidis, A.; Smits, E.L.; Van Tendeloo, V.F. CD56 in the immune system: More than a
marker for cytotoxicity? Front. Immunol. 2017, 8, 892. [CrossRef] [PubMed]

4. Chou, C.; Li, M.O. Tissue-resident lymphocytes across innate and adaptive lineages. Front. Immunol. 2018, 9,
2104. [CrossRef] [PubMed]

5. Sangiolo, D.; Martinuzzi, E.; Todorovic, M.; Vitaggio, K.; Vallario, A.; Jordaney, N.; Carnevale-Schianca, F.;
Capaldi, A.; Geuna, M.; Casorzo, L.; et al. Alloreactivity and anti-tumor activity segregate within two distinct
subsets of cytokine-induced killer (CIK) cells: Implications for their infusion across major HLA barriers.
Int. Immunol. 2008, 20, 841–848. [CrossRef] [PubMed]

6. Junge, A.; Bacher, U.; Mueller, B.U.; Keller, P.; Solenthaler, M.; Pabst, T. Adverse outcome of AML with
aberrant CD16 and CD56 NK cell marker expression. Hematol. Oncol. 2018. [CrossRef] [PubMed]

7. Garcia-Cuesta, E.M.; Esteso, G.; Ashiru, O.; Lopez-Cobo, S.; Alvarez-Maestro, M.; Linares, A.; Ho, M.M.;
Martinez-Pineiro, L.; Hugh, T.R.; Vales-Gomez, M. Characterization of a human anti-tumoral NK cell
population expanded after BCG treatment of leukocytes. Oncoimmunology 2017, 6, e1293212. [CrossRef]
[PubMed]

8. Pan, Y.; Wang, H.; Tao, Q.; Zhang, C.; Yang, D.; Qin, H.; Xiong, S.; Tao, L.; Wu, F.; Zhang, J.; et al. Absence of
both CD56 and CD117 expression on malignant plasma cells is related with a poor prognosis in patients with
newly diagnosed multiple myeloma. Leuk. Res. 2016, 40, 77–82. [CrossRef] [PubMed]

9. He, H.; Luthringer, D.J.; Hui, P.; Lau, S.K.; Weiss, L.M.; Chu, P.G. Expression of CD56 and WT1 in ovarian
stroma and ovarian stromal tumors. Am. J. Surg. Pathol. 2008, 32, 884–890. [CrossRef]

10. Schurch, C.M. Therapeutic Antibodies for Myeloid Neoplasms-Current Developments and Future Directions.
Front. Oncol. 2018, 8, 152. [CrossRef]

11. Messlinger, H.; Sebald, H.; Heger, L.; Dudziak, D.; Bogdan, C.; Schleicher, U. Monocyte-derived signals
activate human natural killer cells in response to leishmania parasites. Front. Immunol. 2018, 9, 24. [CrossRef]
[PubMed]

12. Van Acker, H.H.; Campillo-Davo, D.; Roex, G.; Versteven, M.; Smits, E.L.; Van Tendeloo, V.F. The role
of the common gamma-chain family cytokines in gammadelta T cell-based anti-cancer immunotherapy.
Cytokine Growth Factor Rev. 2018. [CrossRef] [PubMed]

13. Weng, J.; Moriarty, K.E.; Baio, F.E.; Chu, F.; Kim, S.D.; He, J.; Jie, Z.; Xie, X.; Ma, W.; Qian, J.; et al.
IL-15 enhances the antitumor effect of human antigen-specific CD8(+) T cells by cellular senescence delay.
Oncoimmunology 2016, 5, e1237327. [CrossRef] [PubMed]

14. Van Acker, H.H.; Anguille, S.; Van Tendeloo, V.F.; Lion, E. Empowering gamma delta T cells with antitumor
immunity by dendritic cell-based immunotherapy. Oncoimmunology 2015, 4, e1021538. [CrossRef] [PubMed]

15. Conlon, K.C.; Lugli, E.; Welles, H.C.; Rosenberg, S.A.; Fojo, A.T.; Morris, J.C.; Fleisher, T.A.; Dubois, S.P.;
Perera, L.P.; Stewart, D.M.; et al. Redistribution, hyperproliferation, activation of natural killer cells and CD8
T cells, and cytokine production during first-in-human clinical trial of recombinant human interleukin-15 in
patients with cancer. J. Clin. Oncol. 2015, 33, 74–82. [CrossRef] [PubMed]

16. Romee, R.; Cooley, S.; Berrien-Elliott, M.M.; Westervelt, P.; Verneris, M.R.; Wagner, J.E.; Weisdorf, D.J.;
Blazar, B.R.; Ustun, C.; DeFor, T.E.; et al. First-in-human phase 1 clinical study of the IL-15 superagonist
complex ALT-803 to treat relapse after transplantation. Blood 2018, 131, 2515–2527. [CrossRef] [PubMed]

17. Anguille, S.; Lion, E.; Tel, J.; de Vries, I.J.; Coudere, K.; Fromm, P.D.; Van Tendeloo, V.F.; Smits, E.L.;
Berneman, Z.N. Interleukin-15-induced CD56(+) myeloid dendritic cells combine potent tumor antigen
presentation with direct tumoricidal potential. PLoS ONE 2012, 7, e51851. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.3576199
http://www.ncbi.nlm.nih.gov/pubmed/3576199
http://dx.doi.org/10.1002/jnr.21551
http://www.ncbi.nlm.nih.gov/pubmed/17975827
http://dx.doi.org/10.3389/fimmu.2017.00892
http://www.ncbi.nlm.nih.gov/pubmed/28791027
http://dx.doi.org/10.3389/fimmu.2018.02104
http://www.ncbi.nlm.nih.gov/pubmed/30298068
http://dx.doi.org/10.1093/intimm/dxn042
http://www.ncbi.nlm.nih.gov/pubmed/18469328
http://dx.doi.org/10.1002/hon.2516
http://www.ncbi.nlm.nih.gov/pubmed/29862539
http://dx.doi.org/10.1080/2162402X.2017.1293212
http://www.ncbi.nlm.nih.gov/pubmed/28507799
http://dx.doi.org/10.1016/j.leukres.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26597998
http://dx.doi.org/10.1097/PAS.0b013e3181609d59
http://dx.doi.org/10.3389/fonc.2018.00152
http://dx.doi.org/10.3389/fimmu.2018.00024
http://www.ncbi.nlm.nih.gov/pubmed/29472914
http://dx.doi.org/10.1016/j.cytogfr.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29773448
http://dx.doi.org/10.1080/2162402X.2016.1237327
http://www.ncbi.nlm.nih.gov/pubmed/28123872
http://dx.doi.org/10.1080/2162402X.2015.1021538
http://www.ncbi.nlm.nih.gov/pubmed/26405575
http://dx.doi.org/10.1200/JCO.2014.57.3329
http://www.ncbi.nlm.nih.gov/pubmed/25403209
http://dx.doi.org/10.1182/blood-2017-12-823757
http://www.ncbi.nlm.nih.gov/pubmed/29463563
http://dx.doi.org/10.1371/journal.pone.0051851
http://www.ncbi.nlm.nih.gov/pubmed/23284789


Cancers 2019, 11, 1029 18 of 20

18. Van Acker, H.H.; Anguille, S.; De Reu, H.; Berneman, Z.N.; Smits, E.L.; Van Tendeloo, V.F.
Interleukin-15-cultured dendritic cells enhance anti-tumor gamma delta t cell functions through il-15
secretion. Front. Immunol. 2018, 9, 658. [CrossRef] [PubMed]

19. Anguille, S.; Van Acker, H.H.; Van den Bergh, J.; Willemen, Y.; Goossens, H.; Van Tendeloo, V.F.; Smits, E.L.;
Berneman, Z.N.; Lion, E. Interleukin-15 dendritic cells harness NK cell cytotoxic effector function in a contact-
and IL-15-dependent manner. PLoS ONE 2015, 10, e0123340. [CrossRef] [PubMed]

20. Van Acker, H.H.; Anguille, S.; Willemen, Y.; Van den Bergh, J.M.; Berneman, Z.N.; Lion, E.; Smits, E.L.; Van
Tendeloo, V.F. Interleukin-15 enhances the proliferation, stimulatory phenotype, and antitumor effector
functions of human gamma delta T cells. J. Hematol. Oncol. 2016, 9, 101. [CrossRef]

21. Poonia, B.; Pauza, C.D. Levels of CD56+TIM-3- effector CD8 T cells distinguish HIV natural virus suppressors
from patients receiving antiretroviral therapy. PLoS ONE 2014, 9, e88884. [CrossRef] [PubMed]

22. Tao, Q.; Chen, T.; Tao, L.; Wang, H.; Pan, Y.; Xiong, S.; Zhai, Z. IL-15 improves the cytotoxicity of
cytokine-induced killer cells against leukemia cells by upregulating CD3+CD56+ cells and downregulating
regulatory T cells as well as IL-35. J. Immunother. 2013, 36, 462–467. [CrossRef] [PubMed]

23. Gruenbacher, G.; Nussbaumer, O.; Gander, H.; Steiner, B.; Leonhartsberger, N.; Thurnher, M. Stress-related
and homeostatic cytokines regulate Vgamma9Vdelta2 T-cell surveillance of mevalonate metabolism.
Oncoimmunology 2014, 3, e953410. [CrossRef] [PubMed]

24. Correia, M.P.; Costa, A.V.; Uhrberg, M.; Cardoso, E.M.; Arosa, F.A. IL-15 induces CD8+ T cells to acquire
functional NK receptors capable of modulating cytotoxicity and cytokine secretion. Immunobiology 2011, 216,
604–612. [CrossRef] [PubMed]

25. Mishra, A.; Sullivan, L.; Caligiuri, M.A. Molecular pathways: Interleukin-15 signaling in health and in cancer.
Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2014, 20, 2044–2050. [CrossRef] [PubMed]

26. Lanier, L.L.; Chang, C.; Azuma, M.; Ruitenberg, J.J.; Hemperly, J.J.; Phillips, J.H. Molecular and functional
analysis of human natural killer cell-associated neural cell adhesion molecule (N-CAM/CD56). J. Immunol.
1991, 146, 4421–4426. [PubMed]

27. Lanier, L.L.; Testi, R.; Bindl, J.; Phillips, J.H. Identity of Leu-19 (CD56) leukocyte differentiation antigen and
neural cell adhesion molecule. J. Exp. Med. 1989, 169, 2233–2238. [CrossRef] [PubMed]

28. Valgardsdottir, R.; Capitanio, C.; Texido, G.; Pende, D.; Cantoni, C.; Pesenti, E.; Rambaldi, A.; Golay, J.;
Introna, M. Direct involvement of CD56 in cytokine-induced killer-mediated lysis of CD56+ hematopoietic
target cells. Exp. Hematol. 2014, 42. [CrossRef] [PubMed]

29. Gattenlohner, S.; Stuhmer, T.; Leich, E.; Reinhard, M.; Etschmann, B.; Volker, H.U.; Rosenwald, A.; Serfling, E.;
Bargou, R.C.; Ertl, G.; et al. Specific detection of CD56 (NCAM) isoforms for the identification of aggressive
malignant neoplasms with progressive development. Am. J. Pathol. 2009, 174, 1160–1171. [CrossRef]

30. Cavallaro, U.; Christofori, G. Cell adhesion and signalling by cadherins and Ig-CAMs in cancer.
Nat. Rev. Cancer 2004, 4, 118–132. [CrossRef]

31. Tur, M.K.; Etschmann, B.; Benz, A.; Leich, E.; Waller, C.; Schuh, K.; Rosenwald, A.; Ertl, G.; Kienitz, A.;
Haaf, A.T.; et al. The 140-kD isoform of CD56 (NCAM1) directs the molecular pathogenesis of ischemic
cardiomyopathy. Am. J. Pathol. 2013, 182, 1205–1218. [CrossRef] [PubMed]

32. Schor, I.E.; Fiszbein, A.; Petrillo, E.; Kornblihtt, A.R. Intragenic epigenetic changes modulate NCAM
alternative splicing in neuronal differentiation. EMBO J. 2013, 32, 2264–2274. [CrossRef] [PubMed]

33. Paulick, M.G.; Bertozzi, C.R. The glycosylphosphatidylinositol anchor: A complex membrane-anchoring
structure for proteins. Biochemistry 2008, 47, 6991–7000. [CrossRef] [PubMed]

34. Low, M.G.; Saltiel, A.R. Structural and functional roles of glycosyl-phosphatidylinositol in membranes.
Science 1988, 239, 268–275. [CrossRef] [PubMed]

35. Jarahian, M.; Watzl, C.; Issa, Y.; Altevogt, P.; Momburg, F. Blockade of natural killer cell-mediated lysis by
NCAM140 expressed on tumor cells. Int. J. Cancer 2007, 120, 2625–2634. [CrossRef]

36. Takasaki, S.; Hayashida, K.; Morita, C.; Ishibashi, H.; Niho, Y. CD56 directly interacts in the process of
NCAM-positive target cell-killing by NK cells. Cell Biol. Int. 2000, 24, 101–108. [CrossRef]

37. Mace, E.M.; Gunesch, J.T.; Dixon, A.; Orange, J.S. Human NK cell development requires CD56-mediated
motility and formation of the developmental synapse. Nat. Commun. 2016, 7, 12171. [CrossRef] [PubMed]

38. Ziegler, S.; Weiss, E.; Schmitt, A.L.; Schlegel, J.; Burgert, A.; Terpitz, U.; Sauer, M.; Moretta, L.; Sivori, S.;
Leonhardt, I.; et al. CD56 Is a pathogen recognition receptor on human natural killer Cells. Sci. Rep. 2017, 7,
6138. [CrossRef]

http://dx.doi.org/10.3389/fimmu.2018.00658
http://www.ncbi.nlm.nih.gov/pubmed/29692776
http://dx.doi.org/10.1371/journal.pone.0123340
http://www.ncbi.nlm.nih.gov/pubmed/25951230
http://dx.doi.org/10.1186/s13045-016-0329-3
http://dx.doi.org/10.1371/journal.pone.0088884
http://www.ncbi.nlm.nih.gov/pubmed/24520422
http://dx.doi.org/10.1097/CJI.0000000000000001
http://www.ncbi.nlm.nih.gov/pubmed/24145357
http://dx.doi.org/10.4161/21624011.2014.953410
http://www.ncbi.nlm.nih.gov/pubmed/25960933
http://dx.doi.org/10.1016/j.imbio.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20956026
http://dx.doi.org/10.1158/1078-0432.CCR-12-3603
http://www.ncbi.nlm.nih.gov/pubmed/24737791
http://www.ncbi.nlm.nih.gov/pubmed/1710251
http://dx.doi.org/10.1084/jem.169.6.2233
http://www.ncbi.nlm.nih.gov/pubmed/2471777
http://dx.doi.org/10.1016/j.exphem.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25201755
http://dx.doi.org/10.2353/ajpath.2009.080647
http://dx.doi.org/10.1038/nrc1276
http://dx.doi.org/10.1016/j.ajpath.2012.12.027
http://www.ncbi.nlm.nih.gov/pubmed/23462508
http://dx.doi.org/10.1038/emboj.2013.167
http://www.ncbi.nlm.nih.gov/pubmed/23892457
http://dx.doi.org/10.1021/bi8006324
http://www.ncbi.nlm.nih.gov/pubmed/18557633
http://dx.doi.org/10.1126/science.3276003
http://www.ncbi.nlm.nih.gov/pubmed/3276003
http://dx.doi.org/10.1002/ijc.22579
http://dx.doi.org/10.1006/cbir.1999.0457
http://dx.doi.org/10.1038/ncomms12171
http://www.ncbi.nlm.nih.gov/pubmed/27435370
http://dx.doi.org/10.1038/s41598-017-06238-4


Cancers 2019, 11, 1029 19 of 20

39. Anguille, S.; Smits, E.L.; Cools, N.; Goossens, H.; Berneman, Z.N.; Van Tendeloo, V.F. Short-term cultured,
interleukin-15 differentiated dendritic cells have potent immunostimulatory properties. J. Transl. Med. 2009,
7, 109. [CrossRef]

40. Berg, R.E.; Forman, J. The role of CD8 T cells in innate immunity and in antigen non-specific protection.
Curr. Opin. Immunol. 2006, 18, 338–343. [CrossRef]

41. White, J.T.; Cross, E.W.; Kedl, R.M. Antigen-inexperienced memory CD8(+) T cells: Where they come from
and why we need them. Nat. Rev. Immunol. 2017, 17, 391–400. [CrossRef] [PubMed]

42. Ruiz, A.L.; Soudja, S.M.; Deceneux, C.; Lauvau, G.; Marie, J.C. NK1.1+ CD8+ T cells escape TGF-beta control
and contribute to early microbial pathogen response. Nat. Commun. 2014, 5, 5150. [CrossRef] [PubMed]

43. Crosby, E.J.; Goldschmidt, M.H.; Wherry, E.J.; Scott, P. Engagement of NKG2D on bystander memory CD8 T
cells promotes increased immunopathology following Leishmania major infection. PLoS Pathog. 2014, 10,
e1003970. [CrossRef] [PubMed]

44. Sosinowski, T.; White, J.T.; Cross, E.W.; Haluszczak, C.; Marrack, P.; Gapin, L.; Kedl, R.M. CD8alpha+

dendritic cell trans presentation of IL-15 to naive CD8+ T cells produces antigen-inexperienced T cells in the
periphery with memory phenotype and function. J. Immunol. 2013, 190, 1936–1947. [CrossRef] [PubMed]

45. Goplen, N.P.; Saxena, V.; Knudson, K.M.; Schrum, A.G.; Gil, D.; Daniels, M.A.; Zamoyska, R.; Teixeiro, E.
IL-12 Signals through the TCR To Support CD8 Innate Immune Responses. J. Immunol. 2016, 197, 2434–2443.
[CrossRef] [PubMed]

46. Bosmuller, H.C.; Wagner, P.; Pham, D.L.; Fischer, A.K.; Greif, K.; Beschorner, C.; Sipos, B.; Fend, F.; Staebler, A.
CD56 (Neural Cell Adhesion Molecule) expression in ovarian carcinomas: Association with high-grade
and advanced stage but not with neuroendocrine differentiation. Int. J. Gynecol. Cancer 2017, 27, 239–245.
[CrossRef] [PubMed]

47. Cirovic, S.; Vjestica, J.; Mueller, C.A.; Tatic, S.; Vasiljevic, J.; Milenkovic, S.; Mueller, G.A.;
Markovic-Lipkovski, J. NCAM and FGFR1 coexpression and colocalization in renal tumors. Int. J. Clin.
Exp. Pathol. 2014, 7, 1402–1414.

48. Whiteman, K.R.; Johnson, H.A.; Mayo, M.F.; Audette, C.A.; Carrigan, C.N.; LaBelle, A.; Zukerberg, L.;
Lambert, J.M.; Lutz, R.J. Lorvotuzumab mertansine, a CD56-targeting antibody-drug conjugate with potent
antitumor activity against small cell lung cancer in human xenograft models. MAbs 2014, 6, 556–566.
[CrossRef]

49. Weledji, E.P.; Assob, J.C. The ubiquitous neural cell adhesion molecule (N-CAM). Ann. Med. Surg. 2014, 3,
77–81. [CrossRef]

50. Zaidi, S.Z.; Motabi, I.H.; Al-Shanqeeti, A. CD56 and RUNX1 isoforms in AML prognosis and their therapeutic
potential. Hematol. Oncol. Stem Cell Ther. 2016, 9, 129–130. [CrossRef]

51. Yang, A.H.; Chen, J.Y.; Lee, C.H.; Chen, J.Y. Expression of NCAM and OCIAD1 in well-differentiated thyroid
carcinoma: Correlation with the risk of distant metastasis. J. Clin. Pathol. 2012, 65, 206–212. [CrossRef]
[PubMed]

52. Kurokawa, M.; Nabeshima, K.; Akiyama, Y.; Maeda, S.; Nishida, T.; Nakayama, F.; Amano, M.; Ogata, K.;
Setoyama, M. CD56: A useful marker for diagnosing Merkel cell carcinoma. J. Dermatol. Sci. 2003, 31,
219–224. [CrossRef]

53. Wang, L.; Wang, Z.; Xia, Z.J.; Lu, Y.; Huang, H.Q.; Zhang, Y.J. CD56-negative extranodal NK/T cell lymphoma
should be regarded as a distinct subtype with poor prognosis. Tumour Biol. 2015, 36, 7717–7723. [CrossRef]
[PubMed]

54. Kulahin, N.; Grunnet, L.G.; Lundh, M.; Christensen, D.P.; Jorgensen, R.; Heding, A.; Billestrup, N.; Berezin, V.;
Bock, E.; Mandrup-Poulsen, T. Direct demonstration of NCAM cis-dimerization and inhibitory effect of
palmitoylation using the BRET2 technique. FEBS Lett. 2011, 585, 58–64. [CrossRef] [PubMed]

55. Soroka, V.; Kasper, C.; Poulsen, F.M. Structural biology of NCAM. Adv. Exp. Med. Biol. 2010, 663, 3–22.
[CrossRef]

56. Boyiadzis, M.; Memon, S.; Carson, J.; Allen, K.; Szczepanski, M.J.; Vance, B.A.; Dean, R.; Bishop, M.R.;
Gress, R.E.; Hakim, F.T. Up-regulation of NK cell activating receptors following allogeneic hematopoietic
stem cell transplantation under a lymphodepleting reduced intensity regimen is associated with elevated
IL-15 levels. Biol. Blood Marrow Transplant. 2008, 14, 290–300. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1479-5876-7-109
http://dx.doi.org/10.1016/j.coi.2006.03.010
http://dx.doi.org/10.1038/nri.2017.34
http://www.ncbi.nlm.nih.gov/pubmed/28480897
http://dx.doi.org/10.1038/ncomms6150
http://www.ncbi.nlm.nih.gov/pubmed/25284210
http://dx.doi.org/10.1371/journal.ppat.1003970
http://www.ncbi.nlm.nih.gov/pubmed/24586170
http://dx.doi.org/10.4049/jimmunol.1203149
http://www.ncbi.nlm.nih.gov/pubmed/23355737
http://dx.doi.org/10.4049/jimmunol.1600037
http://www.ncbi.nlm.nih.gov/pubmed/27521342
http://dx.doi.org/10.1097/IGC.0000000000000888
http://www.ncbi.nlm.nih.gov/pubmed/27984374
http://dx.doi.org/10.4161/mabs.27756
http://dx.doi.org/10.1016/j.amsu.2014.06.014
http://dx.doi.org/10.1016/j.hemonc.2015.11.006
http://dx.doi.org/10.1136/jclinpath-2011-200416
http://www.ncbi.nlm.nih.gov/pubmed/22081784
http://dx.doi.org/10.1016/S0923-1811(03)00029-X
http://dx.doi.org/10.1007/s13277-015-3485-0
http://www.ncbi.nlm.nih.gov/pubmed/25935537
http://dx.doi.org/10.1016/j.febslet.2010.11.043
http://www.ncbi.nlm.nih.gov/pubmed/21115007
http://dx.doi.org/10.1007/978-1-4419-1170-4_1
http://dx.doi.org/10.1016/j.bbmt.2007.12.490
http://www.ncbi.nlm.nih.gov/pubmed/18275895


Cancers 2019, 11, 1029 20 of 20

57. Wagner, J.A.; Rosario, M.; Romee, R.; Berrien-Elliott, M.M.; Schneider, S.E.; Leong, J.W.; Sullivan, R.P.;
Jewell, B.A.; Becker-Hapak, M.; Schappe, T.; et al. CD56bright NK cells exhibit potent antitumor responses
following IL-15 priming. J. Clin. Invest. 2017, 127, 4042–4058. [CrossRef]

58. Tang, Q.; Grzywacz, B.; Wang, H.; Kataria, N.; Cao, Q.; Wagner, J.E.; Blazar, B.R.; Miller, J.S.; Verneris, M.R.
Umbilical cord blood T cells express multiple natural cytotoxicity receptors after IL-15 stimulation, but only
NKp30 is functional. J. Immunol. 2008, 181, 4507–4515. [CrossRef]

59. Roothans, D.; Smits, E.; Lion, E.; Tel, J.; Anguille, S. CD56 marks human dendritic cell subsets with cytotoxic
potential. Oncoimmunology 2013, 2, e23037. [CrossRef]

60. Kelly-Rogers, J.; Madrigal-Estebas, L.; O’Connor, T.; Doherty, D.G. Activation-induced expression of CD56
by T cells is associated with a reprogramming of cytolytic activity and cytokine secretion profile in vitro.
Hum. Immunol. 2006, 67, 863–873. [CrossRef]

61. Van Acker, Z.P.; Van Raemdonck, G.A.; Logie, E.; Baggerman, G.; Vanden Berghe, W.; Ponsaerts, P.; Dewilde, S.
Connecting the dots in the neuroglobin-protein interaction network of an unstressed and ferroptotic cell
death neuroblastoma model. Cells 2019, under review.

62. Van Acker, H.H.; Beretta, O.; Anguille, S.; Caluwe, L.; Papagna, A.; Van den Bergh, J.M.; Willemen, Y.;
Goossens, H.; Berneman, Z.N.; Van Tendeloo, V.F.; et al. Desirable cytolytic immune effector cell recruitment
by interleukin-15 dendritic cells. Oncotarget 2017, 8, 13652. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1172/JCI90387
http://dx.doi.org/10.4049/jimmunol.181.7.4507
http://dx.doi.org/10.4161/onci.23037
http://dx.doi.org/10.1016/j.humimm.2006.08.292
http://dx.doi.org/10.18632/oncotarget.14622
http://www.ncbi.nlm.nih.gov/pubmed/28099143
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	CD56 Isoform Expression in Immune Cells 
	Involvement of CD56 in Immune Effector Cell Activation and CD56+ Tumor Cell Killing 
	Proximity Ligation Assay Reveals Homophilic CD56 Binding between CD56-Expressing Immune and Tumor Cells 
	IL-15 Stimulation Directly Leads to CD56 Expression 
	Blocking of the Different IL-15 Signaling Pathways 
	IL-15 Shares Its CD56-Boosting Effect with IL-2 

	Discussion 
	Materials and Methods 
	Cell Lines and Primary Cells 
	IL-15 DC Culture 
	 T Cell Expansion Protocol 
	RNA Extraction and Real-Time Polymerase Chain Reaction 
	Cytotoxicity Assay 
	Blocking of the Distinct IL-15 Signaling Pathways 
	Proximity Ligation Assay 
	Statistical Analysis 

	References

