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Papillary renal cell carcinoma (PRCC) is a rare entity in children with no established

therapy protocols for advanced diseases. Immunotherapy is emerging as an important

therapeutic tool for childhood cancer. Tumor cells can be recognized and killed by

conventional and unconventional T cells. Unconventional T cells are able to recognize

lipid antigens presented via CD1 molecules independently from major histocompatibility

complex, which offers new alternatives for cancer immunotherapies. The nature of those

lipids is largely unknown and α-galactosylceramide is currently used as a synthetic

model antigen. In this work, we analyzed infiltrating lymphocytes of two pediatric PRCCs

using flow cytometry, immunohistochemistry and qRT-PCR. Moreover, we analyzed the

CD1d expression within both tumors. Tumor lipids of PRCC samples and three normal

kidney samples were fractionated and the recognition of tumor own lipid fractions

by unconventional T cells was analyzed in an in vitro assay. We identified infiltrating

lymphocytes including γδ T cells and iNKT cells, as well as CD1d expression in both

samples. One lipid fraction, containing ceramides and monoacylglycerides amongst

others, was able to induce the proliferation of iNKT cells isolated from peripheral blood

mononuclear cells (PBMCs) of healthy donors and of one matched PRCC patient.

Furthermore, CD1d tetramer stainings revealed that a subset of iNKT cells is able to

bind lipids being present in fraction 2 via CD1d. We conclude that PRCCs are infiltrated

by conventional and unconventional T cells and express CD1d. Moreover, certain lipids,

present in pediatric PRCC, are able to stimulate unconventional T cells. Manipulating

these lipids and T cells may open new strategies for therapy of pediatric PRCCs.
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INTRODUCTION

In contrast to adults, where renal cell carcinoma accounts for two to three percent of all
malignancies (1), pediatric renal cell carcinoma is an extremely rare entity. Only 1.8–6.3% of all
malignant kidney tumors in children are renal cell carcinomas (2, 3) with papillary renal cell
carcinoma (PRCC) being the second most common type (4, 5). Selle et al. and Rao et al. studied all
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FIGURE 4 | CD1d is expressed by PRCC. PRCC samples were analyzed for their CD1d expression using IHC staining and qRT-PCR. (A) Quantification of CD1d+

tumor cells of sample 277 and 288, showing high expressions of CD1d protein. Of each case two different sections were stained and analyzed (277.1, 277.2, 288.1

and 288.2). After defining the tumor area, quantification of CD1d+ tumor cells was performed with HALO software. (B) Representative immunohistochemical

anti-CD1d staining of sample 277.1 and 288.1. Sample 277.1 shows a stronger CD1d expression than sample 288.1. (C) qRT-PCR expression analysis of CD1d

mRNA was performed. After normalization to the housekeeping gene HPRT, fold change quantification was performed with respect to pediatric normal kidney tissue

(sample 91). Analysis was performed in triplicates.

stainings revealed a moderate CD1d expression of intratumoral
CD45-positive cells (Supplemental Figure 3). Furthermore,
qRT-PCR analysis revealed much higher expression of CD1d
mRNA in both PRCC samples relative to normal kidney tissue
(sample 91) (Figure 4C). Overexpression of CD1d compared to
normal kidney tissue has already been reported in the literature
(35). In conclusion, pediatric PRCC samples displayed high
expressions of CD1d.

Tumor Own Lipid Fractions Induce the
Proliferation of Unconventional T Cells
From Healthy Donors and Patient-Derived
PBMCs
Unconventional T cells are known to bind lipid antigens and
therefore we fractionated tumor lipids of PRCC samples 277 and
288 in seven fractions to test if individual fractions would affect
these T cells. In both samples, early fractions contained more
hydrophobic lipids, i.e., triacylglycerides, 1-O-acylceramides
and diacylglycerides peaked in fraction 1 and ceramides and

monoacylglycerides concentrated in fraction 2. Polar lipids eluted
with later fractions: Hexosylceramides (including glucosyl-
and galactosylceramides) eluted with fraction 4, whereas
most of the phosphatidylcholine, sphingomyeline and lyso-
phosphatidylcholine were present in fraction 5 and anionic lipids
eluted in fraction 6 (Figures 5A,B). Fractionation of lipids of
three normal pediatric kidneys showed a similar distribution
profile (Supplemental Figure 4), but the concentration of
ceramides and monoacylglycerides was significantly increased
in the tumor samples in fraction 2 (Figures 5C,D), while
no difference was observed in the amount of other lipids
(Supplemental Figures 5, 6). The lipid fractions of sample
277 were analyzed by an in vitro assay to see if they
were able to induce the proliferation of unconventional T
cells. Therefore, lipid fractions were loaded on CD1d-positive,
immature dendritic cells. Subsequently, lipid-loaded DCs were
co-cultivated with iNKT or γδ T cells and the proliferation
of iNKT and γδ T cells was measured by flow cytometry.
The immunogenic potential of lipid fractions was tested on
unconventional T cells from six healthy donors. Considering
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FIGURE 5 | Lipid profile of fractionated tumor lipids. Lipids of tumor samples 277 (A) and 288 (B) and three normal kidneys (Supplemental Figure 5) were

fractionated on aminoproyl column as described in the methods section and fractions were screened for several lipid classes by reversed phase LC-MS2. Note, that

(Continued)
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FIGURE 5 | from all investigated lipids only ceramides (Cer) and monoacylglycerides (MAG) peak in fraction 2. Cer were quantified absolutely using internal standard

(C) and MAG were quantified relatively using the peak area (D) and the level of expression between the average of the two tumor samples (red) and of the three

normal kidneys (blue) was compared using student’s t-test. Sum indicates the amount of the indicated lipid over all fractions. An asterisk denotes a significant p

value:*p < 0.05). TAG, triacylglycerides; 1OAC, 1-O-acylceramides; HexCer, hexosylceramides (glucosylceramides and galactosylceramides); PC,

phosphatidylcholines; LPC, lyso-PC; PS, phosphatidylserines; LPS, lysopho-PS; DAG, diacylglycerides; SM, sphingomyelines; PE, phosphatidylethanolamines; LPE,

lyso-PE; PG, phosphatidylglycerols; LPG, lyso-PG. In (A) and (B) lipids were normalized to the fraction with the corresponding maximal concentration.

TABLE 1 | Lipid fractions of pediatric PRCC are able to induce proliferation of unconventional T cells.

Buffy coats Population size of iNKT cells relative to DMSO Population size of Vδ1 cells relative to DMSO

α-GalCer Lipid fraction α-GalCer Lipid fraction

Healthy donor 1 124% Fraction 5 (233%) 106% Fraction 6 (135%)

Healthy donor 2 21,951% Fraction 0 (196%)

Fraction 2 (511%)

120% Fraction 0 (141%)

Healthy donor 3 178% No positive fraction 118% Fraction 2 (131%)

Fraction 3 (222%)

Fraction 5 (148%)

Healthy donor 4 215% Fraction 3 (187%) 139% Fraction 0 (204%)

Fraction 2 (286%)

Fraction 5 (158%)

Healthy donor 5 6,285% Fraction 2 (1,677%)

Fraction 3 (259%)

49% No positive fraction

Healthy donor 6 11,196% Fraction 2 (173%) 121% Fraction 1 (256%)

Increase in T cell populations following stimulation with α-GalCer or lipid fractions relative to DMSO-treated cell populations (vehicle control). The value of the vehicle control was defined

as 100%. Those fractions inducing proliferation > 30% were considered as immunogenic.

the variability between the different donors, fractions were
considered immunogenic if they increased cell population size by
more than 30% relative to the DMSO vehicle control. α-GalCer
was used as positive control. All results are listed in Table 1,
revealing that several fractions are able to induce the proliferation
of unconventional T cells. In some samples, the use of DMSO
had a small effect on iNKT or γδ T cells, but this effect was
much smaller than the effect of the lipid fractions. Particularly,
compared to DMSO control, fraction 2 showed a strong potential
to stimulate the proliferation of iNKT cells (Figures 6A,B) in
three healthy donors, whereas the proliferation of Vδ1 T cells
from different donors was not induced by a common but by
individual lipid fractions (Figures 6C,D). Similar results were
obtained when fractions 2 and 5 isolated from the tumor
sample 288 were used to stimulate unconventional T cells
(Supplemental Figure 7).

Statistical analyses with the non-parametric Kruskal-Wallis
test showed neither significant differences between DMSO
and the individual fractions nor between the fractions among
themselves (Supplemental Figure 8). Significant effect of α-
GalCer stimulation on the amount of iNKT cells could only
be detected relative to DMSO in sample 277 (∗p = 0.0179;
data not shown). High data variances even in the positive
control might be due to strong differences in the physiology,
constitution and cell distribution in general of the healthy donors,
illustrating the strong impact of different parameters on immune
cell composition. Nevertheless, there is a strong tendency for
fraction 2 to stimulate unconventional T cells.

In order to validate the results obtained from T cell subsets
of healthy donors, the same in vitro assays were performed

with patient-derived (277) iNKT cells. Therefore, we pre-
selected potential immunogenic lipid fractions and performed
the experiment with fractions 0, 2 and 5 (Figure 7). Fraction 2
strongly induced the proliferation of iNKT cells derived from
patients PBMCs. Interestingly, the induction was even stronger
than with α-GalCer, which served as positive control. The
remaining lipid fractions were not able to stimulate iNKT cells
obtained from patients PBMCs (data not shown).

In conclusion, we identified different lipid fractions from
pediatric PRCC sample 277 which induced the proliferation of
unconventional T cells from healthy donors. Based on these
results, we analyzed selected lipid fractions for their ability to
induce proliferation of patient’s own immune cells. Fraction
2, indeed, induced proliferation of iNKT cells isolated from
patient’s PBMCs.

Tumor Lipids Are Presented via CD1d to
iNKT Cells
Methods for characterization of antigen recognition by iNKT
cells rely on direct detection of CD1d-lipid complexes bound
to the NKT cell receptor using tetramers. To further specify
whether lipid fraction 2-induced proliferation of iNKT cells
is dependent on CD1d presentation, we performed CD1d
tetramer stainings with iNKT cells isolated from two healthy
donors. The analyses revealed small CD3+CD1d tetramer+

populations due to stimulation with 277 fraction 2 and 288
fraction 2-loaded CD1d tetramers (Figure 8). Incubation of
iNKT cells with α-GalCer-loaded CD1d tetramers revealed a big
CD3+CD1d tetramer+ population, indicating a strong CD1d-
specific presentation. It is worth noting that while α-GalCer is
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FIGURE 6 | Tumor own lipids (277) induce proliferation of unconventional T cells from healthy donors. Lipid-loaded DCs were co-cultivated with purified iNKT (A,B) or

γδ T cells (C,D). DMSO was used as negative control, α-GalCer as positive control. Untreated iNKT and Vδ1 cells are shown to assess whether DMSO-treated

immature DCs have an effect on the respective T cell population. (A,B) After three stimulations with lipid-loaded DCs, lipid fraction 2 showed the strongest induction of

proliferation of healthy donor 2-derived iNKT cells compared to DMSO control (defined as 100%, red line). DMSO has a small stimulating effect on iNKT cells. (C,D)

After three stimulations, lipid fraction 2 is able to induce the proliferation of healthy donor 4-derived Vδ1+ T cells compared to DMSO control (defined as 100%, red

line). DMSO has no stimulating effect on Vδ1+ T cells. The results for all lipid fractions and all donors are shown in Supplemental Figure 8.

provided as purified lipid, we don’t know the final concentration
of the antigen lipid in fraction 2. Therefore, a large population
as detected after incubation with α-GalCer cannot be expected.
These results indicate the existence of a subset of iNKT that can
bind a lipid present in fraction 2 presented via CD1d.

DISCUSSION

In contrast to adult tumor entities, little is known about tumor-
infiltrating lymphocytes in pediatric, solid tumor entities. Most
pediatric studies in context of TILs focused on the infiltration
of conventional T cells (15, 17–19, 36), whereas infiltration
of γδ T cells is described in pediatric medulloblastoma (14)
and of iNKT cells is described in neuroblastoma (16, 31). To
date and to our knowledge, there is no data available that
investigates infiltrating lymphocytes in pediatric PRCC. The data
of the present study suggest an infiltration of both conventional
and unconventional T cells in the tumor of pediatric PRCC.
As tumor material of this entity is very rare, our analysis is

based on two pediatric PRCC samples. T cell infiltration was
detected by flow cytometry and, particularly, infiltrations of
unconventional T cells were validated by immunohistochemistry
and qRT-PCR. Infiltrating γδ T cells are already described in
adult renal cell carcinoma (37). In the present work, we also
identified infiltrating γδ T cells in pediatric PRCC. Compared
to the T cell frequency in patients peripheral blood cells, there
is an increased amount of iNKT cells (sample 277) and γδ T
cells (sample 288) found in the tumor. Infiltrating γδ T cells
and iNKT cells contribute to natural tumor immunosurveillance.
Anti-cancer functions of γδ T cells are due to the interaction
with other immune cells or due to direct lysis of tumor cells
e.g., via the perforin-granzyme pathway (22). iNKT cells have
a potent anti-tumor activity by bridging innate and adaptive
immune system. Once activated, iNKT cells produce various
cytokines that activate several other anti-tumor immune cells
(38). Moreover, iNKT cells have the ability to kill CD1d-
expressing tumor cells directly via the perforin/granzyme B, Fas-
Fas ligand system and tumor necrosis factor-α-related apoptosis-
inducing ligand (TRAIL) (23). Another interesting ability of
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activated iNKT cells is the reinvigoration of exhausted immune
cells in the tumor microenvironment (38). Therefore, the
infiltration of unconventional T cells in pediatric PRCC identified
in the present work suggests these cells as important effectors
in antitumor immunity. Nonetheless, further pediatric PRCCs
should be screened for their infiltration by unconventional
T cells.

The tumor immunogenicity is largely dependent on the
composition of the tumor microenvironment and, thus, defines
conditions for a potential lymphocyte infiltration and antigen
presentation. Beside the production of chemokines, the existence
of antigen-presenting structures within the tumor is crucial for
activation of T cell responses (39). CD1d is a MHC class I-
like molecule and serves as an antigen-presenting structure for
iNKT and Vδ1+ γδ T cells (24, 40). The advantage of CD1d-
expressing tumors is the independence of MHC molecules (41).
Several vaccine and T cell therapies are based on immunogenic,
mutated peptides resulting from genetic alterations within the
tumor. These peptides are presented on MHC molecules of
cancer cells (42). In contrast to adult tumors, pediatric tumors
are usually associated with low mutation burden. This is why
MHC peptide-based immunotherapy is less efficient in pediatric
cancer patients (43). Among pediatric tumors, increased
CD1d expression was already detected in medulloblastoma
with SHH subtype, thus suggesting an immunotherapeutic
option with iNKT cells (44). Moreover, a murine study with
breast cancer cells showed that a downregulation of CD1d
results in inhibition of iNKT-related antitumor immunity
and promotion of metastasis (45). In adult RCCs, a high
expression of CD1d is associated with poorer prognosis (35).
However, high expression of CD1d is not always associated
with iNKT infiltration, as shown by Metelitsa and colleagues in
neuroblastoma samples (31). To date, there is no information
about CD1d expression in pediatric PRCC. Our data suggest a
strong expression of CD1d, especially in sample 277. In both
cases, surgery was the treatment of choice without any adjuvant
therapy and both patients did not experience a recurrence
of their disease during the last 2 years. These facts would
not suggest poor prognosis of CD1d expression in case of
pediatric PRCCs.

The recognition of lipids, as well as of peptides, allows the
immune system to detect a wide range of antigenic molecules.
Lipid-specific responses play a role in both defense against
infection and in autoimmunity, as well as in the immunological
control of tumors. Thus, it is important to understand the
mechanisms of T cell lipid recognition (46). Lipid antigens are
presented via CD1 molecules that have a hydrophobic binding
groove. This allows the binding of hydrophobic lipid antigens
without additional processing, which is why a higher efficiency
of hydrophobic antigens is to be assumed. Furthermore, it has
been recognized that the length of the hydrophobic chain has
a great impact and that the length of lipids bound to human
CD1d molecules modulates the affinity of NKT cell TCR and the
threshold of iNKT cell activation (25, 47). In contrast, polar lipids
contain hydrophilic groups. It is known that e.g., hydrophilic
glycolipids require additional processing of the sugar residues
by lysosomal hydrolases (48). Thus, the endogenous gangliosides

FIGURE 7 | Tumor own lipids (277) induce proliferation of iNKT cells from

patient-derived PBMCs (n = 1). Quantification of flow cytometric analysis

showing the percentage of iNKT cells in a patient-derived PBMC population

stimulated with lipid fractions 0, 2, and 5 relative to the positive control

α-GalCer (defined as 100%, red line).

GM3 and GD3 need to be processed via the lysosome in order to
activate iNKT cells via CD1d (49). Our data suggest a stimulation
of iNKT cells by the fraction 2 of pediatric PRCC sample
277 and 288, containing relative hydrophobic membrane lipids
and lysolipids. The stimulation was detected in cells of healthy
donors and in the patient’s own cells. This fraction contains
ceramides and monoacylglycerols amongst others. Interestingly,
the expression of ceramides and monoacylglycerols appeared to
be significantly increased in the two tumor samples analyzed
in this work as compared to three normal kidney samples,
whereas the concentration of other lipid fractions did not
differ. Ceramides are a subset of sphingolipids and amides of
fatty acids with long-chain di- or tri-hydroxyl 2-amino bases.
The acyl group of ceramides varies in length, saturation and
hydroxylation. The nature of the base and the structure of
the fatty acid thereby determine the distribution of glycolipids
of the membrane within the cell, their association with other
molecules, frequency of degradation and persistence within the
cell (50). All of these aspects are relevant to immune recognition
because T cell receptors recognize specific structures of the lipid
antigens. For example, in the recognition of ganglioside GM1,
the structure of the ceramide tail contributes to the specific
recognition by the T cell receptor (51). Another important aspect
is that different cell types and tissues synthesize and accumulate
glycosphingolipids with modified ceramide structure. Modified
lipid structures may arise from differences in lipid metabolism
during cell growth, viral transformation or during oncogenesis
and have an effect on the specific immune response (46).
Moreover, sphingolipids with very-long acyl chains appear to be
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FIGURE 8 | Tumor lipids are presented to iNKT cells by CD1d. To show whether the stimulation of iNKT cells is dependent on CD1d specific lipid presentation, CD1d

tetramer stainings with iNKT cells of two healthy donors were performed. α-GalCer-loaded CD1d tetramers were used as positive control and lipid-unloaded,

vehicle-treated CD1d tetramers as negative control. Incubation of iNKT cells with lipid fraction (277 Fr. 2 and 288 Fr. 2) loaded CD1d tetramers reveal a small

CD3+CD1d-tetramer+ population, indicating CD1d-specific presentation of tumor derived lipids. Numbers on the upper left represent the mean values of total

CD3+CD1d-tetramer+ cells from the two donors.

critical for proper iNKT cell numbers, survival and maturation
in mice (52). Although ceramides, as present in fraction 2, are
not known to stimulate iNKT cells via CD1d by themselves,
they may be processed within the APCs to more immunogenic
sphingolipids and it may be noted that at least 70% of the
ceramides in fraction 2 contain very-long chain fatty acids
(data not shown). Finally, immunomodulatory properties of
ceramides may also depend on their concentration, as shown
for β-GalCer with long acyl chains (C ≥ 12) that, when used at

high concentrations, can effectively activate cytokine secretion by
NKT cells (53).

The existence of a lipid with activating potential in fraction
2 was confirmed by tetramer staining, which allowed the
identification and enumeration of specific CD1d-restricted
iNKT cells. The determination of the exact structure of this
lipid will require further sub-fractionation, activity testing
and a different type of sophisticated MS analysis (untargeted
analysis with high resolution mass spectrometry). Moreover, the
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effect of the lipid ligand on the cytokine profile and therefore
on the immunomodulatory potential of iNKT cells remain to
be clarified.

In the context of γδ T cells, CD1d is known to present
lipid antigens for Vδ1 and Vδ3-positive cells (54, 55). Several
studies about activation of Vδ1-positive γδ T cells used lipids
such as sulfatides and α-galactosylceramide. Analyses of different
TCR clones showed a specificity for sulfatides but also the
ability to recognize other endogenous lipids presented via
CD1d. Moreover, one clone was specific for the CD1d-α-GalCer
complex (56). Other studies have shown that Vδ1-positive T
cells have TCR structures similar to those of type II NKT cells
and recognize CD1d-presented sulfatides and lysosulfatides (57,
58). In our project, sulfatides are to be assumed in fraction 6.
A significant stimulation by this fraction was not observed in
our in vitro studies. Other lipid fractions rather induced the
proliferation of Vδ1+ T cells in a donor-dependent manner.

Previous clinical studies reported on injection of α-GalCer-
loaded immature DCs or mature monocyte-derived DCs in
patients with multiple myeloma and other solid tumors, which
led to a reduction of tumor markers or tumor mass or to stable
metastatic disease (59–61). Furthermore, Lepore et al. were able
to identify own lipids of leukemic blasts presented via CD1c,
which are recognized by T cells and cause the specific elimination
of the blasts (62). Thus, lipid antigens might have high potential
for novel therapeutic approaches.

In conclusion, we demonstrate the presence of tumor-
infiltrating unconventional T cells in two pediatric PRCC
samples. Furthermore, a strong expression of CD1d molecules
by tumor cells was observed in both samples, which function
as a lipid antigen-presenting structure. Indeed, tumor own lipid
fractions of pediatric PRCC were able to induce the proliferation
of unconventional T cell subsets and may offer new therapeutic
strategies for pediatric PRCC.
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