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Introduction

The clinical management of metastatic renal cell carcinoma 
(RCC) patients has dramatically improved over the past few 
years primarily due to the development of novel targeted thera-
pies, resulting in a significant improvement of overall survival.1 
However, despite the survival benefits of these new therapeutic 
strategies, the only potentially curative intervention for meta-
static RCC remains the administration of interleukin-2 (IL-2) 
and interferon α (IFNα), strongly suggesting that the solicita-
tion of host immune responses is key to therapeutic successes, 
at least in this setting.2 The monoclonal antibody Yervoy® 
(ipilimumab) has been shown to induce favorable clinical 
responses (some of which are durable) among patients affected 
by melanoma, another cytokine-responsive malignancy.3 
Yervoy® blocks the immunosuppressive molecule cytotoxic 

T lymphocyte-associated protein 4 (CTLA4) expressed on 
T cells. Although the precise mechanisms remain to be eluci-
dated, current data strongly suggest that both CD4+ and CD8+ 
T cells play an important role in mediating this clinical benefit.4 
Thus, Yervoy®-based immunotherapy is hypothesized to unleash 
spontaneous anticancer T-cell immune responses, thereby lead-
ing to tumor regression in a fraction of patients.5 Beyond the 
targeting of CTLA-4, several other antibodies blocking vari-
ous regulatory molecules on the surface of T cells are in clinical 
development. These include antibodies targeting programmed 
cell death 1 (PDCD1, best known as PD-1) and its major ligand 
PD-L1, which have been shown to induce impressive clinical 
responses in a proportion of cancer (including RCC) patients 
in Phase I clinical trials.6–8 Given the overlapping expression 
profile and immunoregulatory functions of CTLA4 and PD-1, 
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T lymphocytes can mediate the destruction of cancer cells by virtue of their ability to recognize tumor-derived anti-
genic peptides that are presented on the cell surface in complex with hLa molecules and expand. Thus, the presence of 
clonally expanded T cells within neoplastic lesions is an indication of ongoing hLa-restricted T cell-mediated immune 
responses. Multiple tumors, including renal cell carcinomas (rccs), are often infiltrated by significant amounts of T cells, 
the so-called tumor-infiltrating lymphocytes (TILs). In the present study, we analyzed rcc lesions (n = 13) for the presence 
of expanded T-cell clonotypes using T-cell receptor clonotype mapping. Surprisingly, we found that rccs comprise rela-
tively low numbers of distinct expanded T-cell clonotypes as compared with melanoma lesions. The numbers of different 
T-cell clonotypes detected among rcc-infiltrating lymphocytes were in the range of 1–17 (median = 5), and in several 
patients, the number of clonotypes expanded within tumor lesions resembled that observed among autologous periph-
eral blood mononuclear cells. Moreover, several of these clonotypes were identical in TILs and PBMcs. Flow cytometry 
data demonstrated that the general differentiation status of cD8+ TILs differed from that of circulating cD8+ T cells. Fur-
thermore, PD-1 and LaG-3 were expressed by a significantly higher percentage of cD8+ rcc-infiltrating lymphocytes 
as compared with PBMcs obtained from rcc patients or healthy individuals. Thus, cD8+ TILs display a differentiated 
phenotype and express activation markers as well as surface molecules associated with the inhibition of T-cell functions. 
however, TILs are characterized by a low amount of expanded T-cell clonotypes.
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both PD-1- and PD-L1-blocking antibodies may possess a simi-
lar mechanism of action Yervoy®.6–8

The positive therapeutic outcome of soliciting immune 
responses against RCC—either by “pushing” the immune sys-
tem with activating cytokines or by unleashing spontaneous 
immune responses upon the blockade of immunological check-
points—parallels the fact that RCC lesions are often infiltrated 
by T cells.9 It is also well known that RCC cells express tumor-
associated antigens (TAAs) that are recognized by T cells.10–12 
Furthermore, peripheral blood lymphocytes from RCC patients 
have been shown to contain tumor-specific CD8+ T cells.11,13,14 
These findings, taken together with considerable improve-
ments in our understanding of the interplay between cells of the 

immune system and malignant cells (including RCC cells) 
have opened avenues to develop therapeutic anticancer vac-
cinations. Although the results of Phase III clinical trials test-
ing such approaches in RCC patients are not yet available, 
early clinical data are encouraging.15–17

An epitope specific T-cell response lead to clonal T-cell 
expansion. Thus, the detection of expanded T-cell clono-
types is strongly indicative of an ongoing HLA-restricted 
immune response. In this context, we have demonstrated that 
expanded T-cell clonotypes comprise a significant percent-
age of the lymphocytes that infiltrate melanoma lesions.18,19 
These findings have been corroborated by others.20 Moreover, 
this phenomenon has also been documented in other malig-
nancies, such as seminoma,21 as well as breast carcinoma and 
glioma (unpublished data). However, to date, very little is 
known about the clonality of tumor-infiltrating lymphocytes 
(TILs) in RCC patients.

We have recently investigated the phenotype and function-
ality of TILs in RCC patients, finding that RCC-associated 
TILs are composed of both CD4+ helper T cells and acti-
vated CD8+ effector memory T (T

EM
) cells.22 Thus, RCC-

associated TILs may be phenotypically very similar to those 
found within melanoma lesions.23,24 In the present study, we 
set out to characterize the clonality of the T cells infiltrat-
ing RCCs using T-cell receptor (TCR) clonotype mapping.25 
Surprisingly, we found that—in contrast to melanoma and 
some other cancers—RCCs generally contained relatively lim-
ited amounts of clonally expanded T cells. Since the relative 
quantity of clonally expanded T cells localized to the tumor 
was, in fact, quite similar to the frequency observed among 
peripheral blood mononuclear cells (PBMCs), we sought to 
discern unique features of tumor-infiltrating T-cell subsets by 
investigating the expression of T-cell differentiation markers 
and inhibitory molecules. Despite the relative infrequency of 
expanded T-cell clones among RCC-associated TILs, cyto-
fluorometric analyses demonstrate that these T lymphocytes 
are antigen experienced and express the inhibitory molecules 
PD-1 and lymphocyte-activation gene 3 (LAG3).

Results

RCC patients harbor circulating and tumor-infiltrating 
clonally-expanded T cells

To determine the nature of T cells present in RCC patients, 
leukocytes localized within the tumor (RCC-TILs; n = 13), and 
present in the peripheral blood (RCC-PBMC; n = 13) were ana-
lyzed for the presence of expanded T-cell clonotypes by RT-PCR 
and denaturing gradient gel electrophoresis (DGGE). TCR clono-
type mapping was performed via RT-PCR to amplify the hyper-
variable CDR3 region that spans the V-D-J junctions of the TCR 
β chain utilizing a panel of primers targeting 24 β variable (BV) 
region families. Due to the diversity between V-D and D-J junc-
tions, each T-cell clonotype has a unique CDR3 region within the 
β chain, and such sequence variability results in the denaturation 
of the corresponding PCR product at a specific position in a dena-
turing gradient gel.18,25,26 When analyzing mixed populations of 

Figure 1. Tcr clonotype mapping of circulating and tumor-infiltrating T cells 
in renal cell carcinoma patients. (A–C) rNa was extracted from tumor-infil-
trating lymphocytes (TILs) and peripheral blood mononuclear cells (PBMcs) 
from renal cell carcinoma (rcc) patients (n = 13). rT-Pcr was then performed 
to detect specific Tcr clonotypes with primers pairs 1–24 designed to span 
24 β variable (BV) region families of the Tcr and generate unique Pcr prod-
ucts. Pcr products were separated by denaturing gradient gel electropho-
resis (DGGe). DNa was stained with SyBr green and photographed under 
UV light; each band represents a clonally expanded T cell. 3 representative 
images are shown, including 2 DGGe images of the T-cell clonotype of rcc-
associated TILs (A and B) and 1 DGGe image of the T-cell clonotype of rcc-
associated PBMcs (C).
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T cells, an expanded T-cell clonotype is detected as a distinctive 
band over a background DNA smear resulting from the linear 
amplification of polyclonal TCR transcripts. This semiquantitive 
method offers an overview of the full TCR repertoire and the num-
ber of clonally expanded T-cell clonotypes.  On the basis of this 
assay, we determined that the frequency of expanded T-cell clono-
types (corresponding to the number of predominant TCR bands 
in the DGGE) detected in RCC lesions ranged from 1 to 17, with 
a median number of 5 (Fig. 1A and B; Table 1). Thus, although 
there were exceptions, most RCC patients harbored relatively few 
expanded T-cell clonotypes among their RCC-TILs, contrasting 
with previous observations of high TCR clonality in melanoma 
patients. Similar results were observed when the correspond-
ing PBMC preparations were analyzed. Therein, the numbers of 
presumed T-cell clonotypes ranged from 0 to 15, with a median 
of 4 (Fig. 1C; Table 1). Nevertheless, as compared with the results 
obtained in previous analyses of PBMCs from healthy individuals 
(which typically exhibit 0–5 clones, often associated with quite faint 
bands), the PBMC repertoire of some patients clearly contained 
an increased amount of expanded T-cell clonotypes. Thus, RCCs 

seem to have harbor a relatively low amount of expanded T-cell 
clonotypes, particularly in comparison to melanoma. However, 
our data indicate that the PBMCs of RCC patients contained more 
expanded T-cell clonotypes than those of control subjects.

Specific tumor-infiltrating T-cell clonotypes are detected in 
the circulation of RCC patients

To determine the degree to which T-cell clones expanded in 
the tumor microenvironment can disseminate systemically, we 
performed comparative clonotype mapping of RCC-PBMCs 
and RCC-TILs from the same patients (RCC399, RCC478 and 
RCC464). In particular, the TCR clonotyping PCR products of 
the same BV region from both RCC-PBMCs and RCC-TILs were 
run in adjacent lanes of a denaturing gradient gel, in order to deter-
mine the presence of identical bands in samples corresponding to 
these 2 distinct immune compartments (Fig. 2). Although some 
T-cell clonotypes were only detected among TILs (Fig. 2), a num-
ber of clonally identical T cells were detected both within malignant 
lesions (i.e., among TILs) and in the peripheral blood (i.e., among 
PBMCs). Sequence conservation was verified by DNA sequencing 
(data not shown). These results are at odds with previous findings 

Table 1. Summary of renal cell carcinoma (rcc) patient disease history, histological subtypes and Tcr clonotype data from tumor-infiltrating 
lymphocytes (TIL) and peripheral blood mononuclear cells (PBMc)

Type Stage Gender Age TILd PBMCe

rcc365 papprcca pT3a N1 M1c M 55 ND 4

rcc370 ccrccb pT3b N0 M0 M 65 9 ND

rcc374 papprcc pT1a N0 M0 M 61 4 12

rcc381 ccrcc pT3a N0 M0 M 67 3 ND

rcc396 ccrcc pT3b N0 M1 M 66 2 2

rcc399 ccrcc pT3b N2 M1 M 55 3 3

rcc428 papprcc pT1a N0 M0 M 68 ND 6

rcc432 ccrcc pT1a N0 M0 M 70 ND 4

rcc433 ccrcc pT1b N0 M0 M 77 5 3

rcc445 ccrcc pT1b N2 M1 F 61 5 ND

rcc464 ccrcc pT1b N0 M0 F 62 4 3

rcc467 ccrcc pT3b N1 M0 M 79 15 ND

rcc478 papprcc pT1a N0 M0 M 49 5 5

rcc479 ccrcc pT1b Nx Mx M 78 1 6

rcc486 ccrcc pT3a N0 M0 M 66 17 15

rcc622 ccrcc pT3a N0 M0 M 66 ND 0

rcc626 ccrcc pT1a N0 M0 F 71 5 7

histological subtypes, including apapillary renal cell carcinoma, and bclear cell renal cell carcinoma, as well as cTNM staging, patient characteristics and 
number of Tcr clonotypes found among either dTIL or ePBMc. ND, not determined
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obtained with melanoma- and seminoma-associated samples, in 
which either none or only 1 single identical T-cell clonotype was 
found in tumor-infiltrating and circulating T cells.18,27

Circulating and tumor-infiltrating clonally expanded CD8+ 
T cells express different T-cell markers

A limited number of RCC patient samples were available for 
ex vivo phenotypic analyses. First, we analyzed the differentia-
tion status of CD8+ TILs and CD8+ PBMC from RCC patients 
using the surface markers CD28 and CD45RA.28 Figure 3 shows 
the percentage of naïve (T

naïve
; CD28+CD45RA+), central mem-

ory (T
CM

; CD28+CD45RA−), effector memory (T
EM

; CD28−

CD45RA−), and terminally differentiated, CD45RA+ effector 
memory (T

EMRA
; CD28−CD45RA+) T cells. RCC-TILs contained 

a significantly (P<0.001) higher percentage of memory CD8+ T 
lymphocytes (T

CM
 and T

EM
 cells, mean 85%, n = 4) and a mark-

edly (but not statistically significant) lower level of naïve (T
naive

, 
mean 4%, n = 4) and terminally differentiated (T

EMRA
, mean 

11%, n = 4) T cells than RCC-PBMCs (mean T
CM

 + T
EM

 28%, 
T

naive
 27%, T

EMRA
 45%, n = 5) (Fig. 3). Thus, most CD8+ TILs 

were activated memory T cells, although late-stage differentiated 
T cells T

EMRA
 appeared to be quite infrequent. These findings are 

in sharp contrast to the percentages of various circulating CD8+ 
T-cell subsets, which did not differ significantly between patients 
and healthy individuals (Fig. 3).

To address the potential immunological competence of tumor-
infiltrating vs. circulating CD8+ T lymphocytes, we next analyzed 
the frequency of cells expressing activation markers and/or the 
inhibitory molecules PD-1 and LAG3 among RCC-TILs and 
RCC-PBMCs (Fig. 4). PD-1 was detected on a significantly 
greater proportion of CD8+ RCC-TILs (range 28–86%, mean 
63%, n = 10) than of RCC-PBMCs (range 14–65%, mean 
35%, n = 11) and control PBMCs (range 19–54%, mean 39%, 
n = 10) (Fig. 4A). Similarly, the frequency of LAG3-expressing 
CD8+ T cells was significantly higher among RCC-TILs (range 
6.3–12%, mean 8.3%, n = 5) than among RCC-PBMCs (range 

0.7–1.7%, mean 1.3%, n = 4) and PBMC from healthy 
individuals (range 0.5–4.8%, mean 2.1%, n = 6), although 
the overall percentages of LAG3+ cells were much lower 
than those of PD-1+ cells (Fig. 4B). The expression of other 
regulatory molecules such as B and T lymphocyte associated 
(BTLA) and killer cell lectin-like receptor subfamily 
K, member 1 (KLRK1, best known as NKG2D) on the 
surface of CD8+ RCC-TILs and CD8+ RCC-PBMCs did 
not differ significantly from that of control PBMCs (data 
not shown). Of note, in 3 RCC patients the frequency of 
PD-1-expressing CD8+ TILs was comparable to that of 
PD-1-expressing CD8+ PBMCs from healthy donors. One 
of these actually exhibited the lowest frequency of PD-1-
expressing CD8+ T cells among PBMCs.

It has previously been shown that LAG3 and PD-1 
can function synergistically to inhibit T-cell activation in 
mice.29 Therefore, we characterized the frequency of LAG3-
expressing CD8+PD-1+ cells in our samples. The frequency 
of LAG3+ cells in the CD8+ PD-1+ cell subset was signifi-
cantly higher among RCC-TILs (range 2.9–6.9%, mean 
4.5%, n = 5) than among PBMCs from either RCC patients 

(range 0–0.4%, mean 0.18%, n = 4) or healthy individuals (range 
0–0.2%, mean 0.03%, n = 6) (Fig. 4C). Of note, approximately 
55–60% of LAG3+CD8+ TILs were also PD-1+ (data not shown). 
In sum, most CD8+ T cells infiltrating RCCs appear to be acti-
vated, most probably upon the local presentation of TAAs, and to 
have begun their differentiation into T

EM
 and T

CM
 cells. Moreover, 

the expression of PD-1 and LAG3 is more common among RCC-
infiltrating CD8+ T cells than among CD8+ PBMCs, be them 
from RCC patient or healthy subjects.

Expression of PD-1 by clonally expanded RCC-associated TILs
As reported above, a significant proportion RCC-TILs was 

found to express T-cell inhibitory molecule PD-1. Since PD-1 
is also a marker of previous T-cell activation, we aimed at dis-
cerning whether RCC-associated PD-1+ T cells were clonally 
expanded. To this end, CD8+ TILs from 2 patients were sorted 
into PD-1− (non-expressing) and PD-1+ (expressing) cell popula-
tions (Fig. 5A). Sorted cells were subsequently analyzed by TCR 
clonotype mapping, and comparative denaturing gradient gels 
were run along with samples from non-fractionated (bulk) TILs 
and autologous PBMCs. TCR clonotyping of patient RCC399 
revealed 2 clonotypes (BV2 and BV20) that could be detected in 
PBMCs as well as in both the bulk TIL population and among 
PD-1−CD8+ TILs (Fig. 5B). Similarly, the TCR clonotyping of 
patient RCC396 revealed 2 clonotypes (BV4 and BV14) that 
were detected in bulk TILs as well as among the PD-1+ TIL sub-
set (Fig. 5B). In addition, the BV4 clonotype could also detected 
among PD-1− TILs. Identical clonotypes were verified by DNA 
sequencing (data not shown). Therefore, clonally-expanded 
T cells may express or not PD-1, suggesting that some T cells 
may undergo clonal expansion irrespective of PD-1 expression.

Discussion

Identification of skewed variable region usage by T cells in tis-
sues under various pathological conditions has been judged as an 

Figure 2. comparative Tcr clonotype mapping reveals common T-cell clones in 
the peripheral blood and neoplastic lesions of 3 renal cell carcinoma patients. 
Pcr products of the same β variable region amplified from the peripheral blood 
mononuclear cells (PBMcs) or tumor-infiltrating leukocytes (TILs) of renal cell 
carcinoma (rcc) patients were run in adjacent lanes of a denaturing gradient 
gel as described in the legend to Figure 1. The comparison of samples from rcc 
patients 399, 478 and 464 is shown. clonotype sequence identities for BV20, 
BV4 (upper band), BV9, and BV17 were verified by DNa sequencing (not shown).



www.landesbioscience.com OncoImmunology e26014-5

indication of an ongoing HLA-restricted T-cell response, and has 
been used as a monitoring tool particularly in the context of auto-
immune diseases and cancer. For example, early studies of T-cell 
infiltrates into brain lesions of multiple sclerosis patients evinced 
that such disease-associated T cells were biased in the usage of 
the TCR α chain variable region. More recently, methods have 
been developed for the detection of expanded T-cell clonotypes 
in heterogeneous populations of cells such as in TIL preparations. 
We have used the TCR clonotype mapping technique to study 
T-cell infiltrates in melanoma,18 seminoma,27 breast carcinoma 
(unpublished), and glioma (unpublished) lesions.

In particular, melanoma-infiltrating lymphocytes have been 
intensively studied by many groups over recent years.18,19,21 This 
interest in melanoma immunology stems from early data sug-
gesting that a brisk infiltration of TILs in primary lesions is a 
prognostic indicator of favorable clinical outcome. Furthermore, 
the first description of TAA epitopes and the therapeutic tar-
geting of characterized peptide tumor antigens were conducted 
in this setting. More recently, the adoptive transfer of TILs 
expanded ex vivo has been associated with impressive response 
rates in melanoma patients.30 Similarly to melanoma, RCCs are 
often infiltrated by T cells, and peripheral blood samples from 
RCC patients harbor tumor-specific T cells.31 Furthermore, RCC 
patients respond to IL-2, Yervoy® (an anti-CTLA4 antibody) and 
anti-PD-1 antibodies, as do melanoma patients.32 These similari-
ties suggest that both these cancers are susceptible to the anti-
neoplastic activity of the immune system, at least under selected 
circumstances, that, just as for melanoma, the adoptive transfer 
of TILs expanded ex vivo could be an efficient therapeutic option 
for RCC. Thus, we set out to scrutinize T-cell clonality and T-cell 
phenotypes among lymphocytes infiltrating RCCs.

The number of T-cell clones per RCC varied widely between 
patients. However, the number of expanded clones was strikingly 
low as compared with our previous data on melanoma-associ-
ated TILs. A few tumors did contain numerous clonotypes but 
in general quite few expanded clonotypes were detected. In fact, 
several RCC lesions contained T-cell profiles resembling those 
of PBMCs from healthy donors, with either none or very few 

detectable T-cell clonotypes. Thus, despite the similarities in 
responses to immunotherapy mentioned above, RCC-associated 
TILs are quite different from their melanoma-associated coun-
terparts in terms of T-cell clonality. Ample evidence indicate 
that T cells comprised among melanoma-associated TILs can 
recognize TAAs.33,34 However, we recently scanned melanoma-
associated TILs for their reactivity against a panel of all previ-
ously characterized antigens and found that only a fraction of 
TILs apparently recognize known tumor-associated epitopes.35 
Undoubtedly, all tumor antigens are yet to be characterized, but 
even in studies based on autologous cancer cell lines it seem that 
the T lymphocytes that are capable of specifically recognizing 
melanoma cells constitute a minority of TILs.35 Thus, it is con-
ceptually possible that a substantial fraction of T cells infiltrating 
melanoma lesions do not recognize TAAs, or recognize antigens 
expressed by non-malignant components of the tumor mass (e.g., 
fibroblasts and keratinocytes).36

Nonetheless, assuming that the T-cell clonality can be used 
as a surrogate marker for the activation and expansion of pep-
tide-specific T cells, the frequency of tumor-specific TILs is 
even lower in RCC than in melanoma patients. In line with this 
notion, Markel et al. expanded RCC-TILs ex vivo, and only 
20% of their cultures turned out to recognize autologous RCC 
cell lines.31 Moreover, accumulating evidence points to tumor 
infiltration by T cells as a favorable prognostic marker in most 
types of cancer.37 As for RCCs, high amounts of intratumoral 
neutrophils as well as low numbers of natural killer (NK) cells 
have been proposed as poor prognostic factors.38 Some studies of 
T-cell infiltration into RCC lesions have shown a positive prog-
nostic value for proliferating CD8+ T cells or T

H
1 responses,39,40 

whereas other have evinced mononuclear cell infiltration to be 
an unfavorable prognostic marker.9 More recently, the immune 
infiltrate of primary and metastatic RCC and colorectal cancer 
(CRC) lesions has been shown to correlate with patient sur-
vival.41 Strikingly, the density of CD8+ and lysosomal-associated 
membrane protein 3 (LAMP3)+ cells has been associated with 
good prognosis in CRC patients but bad clinical outcome among 
subjects affected by RCC.37 Moreover, it has previously been 

Figure 3. cytofluorometric analyses of tumor-infiltrating and circulating cD8+ lymphocytes in renal cell carcinoma patients. The relative abundance of 
naïve (Tnaive), central memory (TcM), effector memory (TeM), as well as terminally differentiated, cD45ra+ effector memory (TeMra) cD8+ T cells was deter-
mined among tumor-infiltrating lymphocytes (TILs; n = 4) and peripheral blood mononuclear cells (PBMcs; n = 5) from renal cell carcinoma (rcc) patients, 
as well as among PBMcs from healthy donors (hDs; n = 6) by flow cytometry. The following phenotypes were employed: Tnaive cells = cD28+cD45ra+; 
TcM cells = cD28+cD45ra−, TeM cells = cD28−cD45ra−; and TeMra cells = cD28−cD45ra+. Mean values and significant differences between groups are 
shown (***P < 0.001).
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observed that the immune microenvironment of CRC lesions is 
generally biased toward a T

H
1 profile as compared with the het-

erogeneous pattern associated with RCC.41

In the present study, we also scrutinized the T-cell clonality 
of RCC-associated PBMCs. On average, PBMC samples from 
healthy, young to middle aged individuals exhibit 0–5 T-cell 
clonotypes.18 Elderly individuals may show higher numbers of 
expanded clonotypes,42 and some of the patients included in this 
study are indeed old (Table 1), but quite a number of the blood 
samples harbored a strikingly high number of expanded TCR 
clonotypes irrespective of age (Table 1 and Fig. 1C).

Given the relatively low numbers of expanded T-cell clono-
types infiltrating RCC lesions and the tendency to an increased 
number of expanded T-cell clonotypes in peripheral blood 
samples, we compared the nature of expanded T-cell clonotypes 
between these 2 immune compartments in 3 patients (Fig. 2). 
These comparative analyses revealed that a number of clones 
found among RCC-TIL can be tracked back to the periphery. 
Previous studies of melanoma and seminoma samples failed to 
detect identical T-cell clones among TILs and PBMCs.19,27 Rather, 
the PBMCs of the patients included in these studies resembled 
those of healthy individuals, with no (or very few) clonal expan-
sions. We have previously tracked T-cell clonotypes detected 
among TILs to tumor-draining lymph nodes (LNs). However, 
we only cold find T-cell clonotype identity when LNs were also 
infiltrated by tumor cells.43 Thus, in RCC there seems to be a 
more pronounced link between clonally expanded T cells found 
among TILs and among PBMCs. RCCs are more vascularized 
than several other tumors,44 offering a plausible explanation for 
this phenomenon and, at least in part, for the limited clonality 
of TILs. Certainly, if circulating T cells frequently home to the 
tumor or pass through in significant numbers they may dilute 
out any clonally expanded resident T cell.

We and others have shown that RCC-TILs primarily display 
a memory phenotype.22,45 As discussed below, the comparison of 

T-cell phenotypes revealed distinctions between CD8+ TIL and 
CD8+ PBMCs in our patient samples. Wang et al. demonstrated 
the presence of antigen-experienced T cells in melanoma-associ-
ated TIL subsets as well. However, in this case, melanoma TIL 
comprised a higher proportion of T

CM
 cells than that routinely 

detected in RCC-TILs samples.45 In the study of Wang et al. this 
observation is proposed to relate to expression of CD70 by RCC 
cells, which could sustain (at least theoretically) T-cell differen-
tiation, but only in the context of concomitant TCR signaling. 
Thus, the expression of CD70 is a plausible explanation for the 
T

EM
 phenotype but fails to account for the limited numbers of 

T-cell clonotypes detected among RCC-TILs. As the activation 
and differentiation of T cells is highly dependent on environ-
mental parameters, we speculate that the extensive activation of 
CD27 through persistent CD70 expression by tumor cells could 
be sufficient to induce a partial, albeit aberrant, differentia-
tion program, even in the absence of TCR signaling. In accor-
dance with this hypothesis, CD70-CD27 interactions have been 
observed to lead to dysfunctional T cells and promote tumor 
growth in several murine models of solid neoplasms.46

Supporting the premise that RCC-TILs preferentially exhibit 
a differentiated phenotype, we demonstrated that PD-1 is 
expressed by a higher proportion of CD8+ TILs than of CD8+ 
PBMCs. All RCC-TIL samples that we analyzed expressed 
PD-1, with a mean value of 76% of CD8+ TILs expressing this 
key T-cell regulatory molecule. PD-1 has been shown to inhibit 
T-cell function at the effector site upon interaction with PD-L1.32 
Blocking PD-1 signaling using human antibodies has proven to 
have broad effects on T-cell proliferation and activation, as well 
as on regulatory T cell function. Anti-PD-1 and anti-PD-L1 anti-
bodies show indeed great promise for the treatment of various 
solid cancers including RCC.6,7,47

Also LAG3 was expressed on a significantly higher amount of 
CD8+ TILs (mean 8.3%) than of PBMCs, be them from RCC 
patients (mean 1.3%) or healthy donors (mean 2.1%) (Fig. 4B), 

Figure  4. cytofluorometric analyses of tumor-infiltrating and circulating PD-1- and LaG-3-expressing cD8+ T  cells in renal cell carcinoma patients. 
(A–C) expression analysis of T-cell regulatory molecules in cD8+ T cells from renal cell carcinoma (rcc) patients relative to healthy donors via cyto-
fluorometric analysis and flow cytometry. Fluorescent antibodies specific for PD-1 and LaG3 were used to stain cD8+ peripheral blood mononuclear 
cells (PBMc) or tumor-infiltrating lymphocytes (TILs) from renal cell carcinoma (rcc) patients or healthy donors (hD). expression analysis of: PD-1 
(A) LaG3 (B) and both PD-1 and LaG3 (c) in cD8+ TILs from rcc patients as compared with cD8+ PBMcs from rcc patients or hDs. Mean values and 
significant differences between groups are shown (*P < 0.05, **P < 0.01, ***P < 0.001).
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although—as compared that of PD-1—the expression of LAG3 
was less common. Also, the frequency of LAG3+ cells among 
CD8+PD-1+ (double positive) cells was significantly higher among 
RCC-TILs (mean 4.5%) than among PBMCs from RCC patients 
(mean 0.18%) or healthy controls (mean 0.03%). Preclinical stud-
ies in mice suggest that LAG3 and PD-1 synergistically inhibit 
CD8+ T cells.48 LAG3 could inhibit T-cell function upon engage-
ment of its ligand (MHC class II molecules), which is thought to 
be expressed on the surface of malignant cells in about 50% of 
RCC patients.49–51 Therefore, blocking LAG3 together with PD-1 
could improve clinical responses in comparison monotherapeutic 
approached based on the blockade of PD-1 alone.

Since PD-1 is a T-cell activation marker as well as a dampener 
of T-cell responses we hypothesized that PD-1+ T cells would be 
preferentially found among clonally-expanded T cells. To get some 
insights into this issue, we isolated PD-1+ and PD-1− CD8+ T cells 
from RCC-TILs and RCC-PBMCs and subjected these cells to 
comparative clonotype mapping, thus tracking the nature of T-cell 

clonotypes in these 2 distinct immune compartments. Our data 
show that expanded T-cell clonotypes may be PD-1− or PD-1+ and 
can be tracked to either PBMCs, TILs, or both compartments. 
Obviously, the absence of clonal expansion does not exclude anti-
gen specificity and whether these CD8+PD-1+ T cells are truly 
tumor-specific remains to be determined. It has been previously 
shown that the CD8+PD-1+ cell population infiltrating melanoma 
lesions is enriched for tumor-reactive T cells.52 Interestingly, these 
cells lose PD-1 expression and can lyse cultured cancer cells in the 
presence of IL-2, implying that the anergic state of T cells may be 
reversible in situ. The (re)activation of CD8+ T cells upon block-
ade of the PD-1 receptor has also been shown to be of therapeu-
tic relevance for the treatment of RCC patients. Specifically, the 
immunohistochemical detection of PD-1 on RCC-TILs has been 
correlated with poor disease outcome53 and, as previously men-
tioned, antibodies blocking PD-1 or its ligand have shown clinical 
efficacy in a Phase I/II trial.54 Thus, PD-1-blocking antibodies may 
represent a promising therapeutic approach to treat RCC patients.

Figure  5. Tcr clonotype analyses of PD-1+ and PD-1− cD8+ tumor-infiltrating lymphocytes from renal cell carcinoma patients. (A and B) PD-1+ and 
PD-1− cD8+ tumor-infiltrating lymphocytes (TILs) were sorted from patients rcc399 and rcc396 and analyzed for T-cell clonotypes (as described in the 
legend to Figure 1). (A) Dot plot of sorting parameters upon staining with fluorophore-conjugated antibodies specific for cD8 (cD8-aPc-cy7) and PD-1 
(PD-1-FITc). (B) comparative Tcr clonotype mapping. Sequence identity was verified by sequencing (data not shown).
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In summary, the clonotypic composition of RCC-associated 
TILs is very distinct from that of their melanoma-associated 
counterparts, in that few clonally-expanded T cells infiltrate 
RCCs, despite the fact that a large fraction of such T cells present 
an antigen-experienced phenotype.

Materials and Methods

Patients and samples
Blood from healthy individuals was provided by the local blood 

bank in the form of buffy coats (Rigshospitalet, Copenhagen). 
Patients were included upon written informed consent and their 
clinical characteristics are provided in Table 1. PBMCs were iso-
lated using Lymphocyte separation medium (Medinor or PAA 
Laboratories). The processing of tumor tissues has been previ-
ously described.22 In brief, tumor pieces were collected in Iscove’s 
modified Dulbecco’s medium supplemented with 100 units/mL 
penicillin/streptomycin, 10% heat-inactivated fetal calf serum 
(FCS), and 50 μg/mL gentamicin, minced into small pieces, then 
mechanically disaggregated using a Medimachine (DAKO) and 
50-μm Medicon grids (Becton Dickinson). The resultant cell 
suspension, including TILs, was subsequently filtered through 
a 70-μm nylon mesh, followed by density gradient separation 
to isolate lymphocytes. Patient-derived PBMCs and TILs were 
cryopreserved in 9:1 FCS:DMSO and stored in liquid nitrogen.

TCR clonotype mapping by DGGE
RNA was extracted using the NucleoSPin RNA II Kit 

(Macherey-Nagel). cDNA synthesis was performed using 
SuperScript III reverse transcriptase (Invitrogen) in a total vol-
ume of 10 μL. cDNA synthesis was performed according to 
the following thermal protocol: 70 °C for 10 min, 55 °C for 60 
min, and 72 °C for 2 min. 4 μL cDNA were then amplified 
by RT-PCR using a panel of primers amplifying 24 BV region 
families (designated BV1–24) of the TCR in DNA fragments 
suitable for TCR clonotype mapping by DGGE, as previously 
described.25,55,56 Amplifications were conducted in a total vol-
ume of 30 μL containing PCR buffer [50 mM potassium chlo-
ride, 20 mM Tris (hydroxymethyl)aminomethane (pH 8.4), 2.0 
mM magnesium chloride, 0.2 mM cresol red, 12% sucrose, and 
0.005% (w:v) bovine serum albumin (Boehringer)] 0.33 pmol 
of each primer, 40 mM dNTP (Pharmacia LKB), and 1.25 U 
AmpliTaq polymerase (Roche, Applied Bioscience). The thermal 
protocol used for amplification was: 94 °C for 60 s, 60 °C for 
60 s, and 72 °C for 60 s for 40 cycles. The Taq polymerase and 
dNTPs were added to the reaction tube at an 80 °C step between 
the denaturation and annealing steps of the first cycle (hot start). 
For DGGE analysis, 10 μL of the PCR product were loaded 
onto a denaturing gradient gel containing 6% polyacrylamide 

and a gradient of urea and formamide from 20% to 80%. Gels 
were run at 160–175 V for 4.5 h in TAE buffer [0.04 M Tris-
acetate, 0.001 M EDTA (EDTA)] at a constant temperature 
of 56 °C. After electrophoresis, the gel was stained with SYBR 
Green (Biorad) and photographed under UV light. For the direct 
comparison of TCR clonotypes by DGGE, samples were run in 
adjacent lanes of the gel, since identical DNA molecules resolve 
at identical positions.

DNA sequencing
DNA bands that resolved at identical positions in the gel 

were subjected to direct sequence analysis using the BigDye 
Terminator v 3.1 cycle sequencing kit (Applied Biosystems), 
according to manufacturer specifications. In brief, bands were 
excised from the denaturing gradient gel, and DNA was eluted in 
100 μL of water and 1 μL was re-amplified for 32 cycles. A 1 µL 
aliquot of the PCR product was subsequently sequenced using a 
3500 Genetic Analyzer (Applied Biosystems, Hitachi).

Cytofluorometric analyses and cell sorting
Cryo-preserved PBMCs and TILs were thawed and washed 

in preheated PBS (Hospital pharmacy, Herlev Hospital) supple-
mented with 2% FCS. Cells were then stained with the following 
pre-tested fluorochrome-labeled mouse anti-human monoclonal 
antibodies: anti-PD-1-FITC (eBioscience), anti-LAG3-FITC 
(Lifespan Biosciences), anti-NKG2D-PE (BD PharMingen), 
anit-CD4-PerCP, (BD Bioscience), anti-CD45RA-PE-Cy7 
(BD PharMingen), anti-BTLA-APC (BioLegend), anti-CD8-
APC-Cy7 (BD PharMingen) and anti-CD28-PB (BioLegend). 
Prior to staining, cells were incubated with 2 µL mouse serum 
for 10 min to block unspecific binding sites. Afterwards, cells 
were incubated with the above mentioned antibodies in 100 uL 
PBS supplemented with 2% FCS at 4 °C for 20 min in the dark, 
washed and resuspended for analysis. Dead cells were gated out 
using either the LIVE/DEAD cell death marker (Invitrogen) 
or, when appropriate, 7AAD-PE-Cy7 (BD PharMingen). Cells 
were analyzed by flow cytometry on a BD FACS Canto II or BD 
FACS Aria (BD Bioscience) cytometer equipped with Diva soft-
ware (Becton Dickinson). Antibody-stained lymphocyte sorting 
was performed using the BD FACS Aria.

Statistical analyses
Cytofluorometric data were analyzed for statistical significance 

by 1-way ANOVA and, when appropriate, post-hoc Mann-Whitney 
U test, a non-parametric test that does not assume normal distri-
bution of values. Control PBMCs, RCC patient-derived PBMCs 
and RCC-associated TILs were compared pairwise. Differences 
were considered statistically significant when P < 0.05.
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