N

N

CD40L confers helper functions to human
intra-melanoma class-I-restricted CD4 + CDS8 + double
positive T cells
Tiphaine Parrot, Romain Oger, Houssem Benlalam, Diane Raingeard de La
Blétiere, Nicolas Jouand, Anne Coutolleau, Laurence Preisser, Amir

Khammari, Brigitte Dréno, Philippe Guardiola, et al.

» To cite this version:

Tiphaine Parrot, Romain Oger, Houssem Benlalam, Diane Raingeard de La Blétiére, Nicolas
Jouand, et al.. CD40L confers helper functions to human intra-melanoma class-I-restricted CD4
+ CD8 + double positive T cells. Oncolmmunology, 2016, 5 (12), pp.e1250991 (eCollection 2016).
10.1080/2162402X.2016.1250991 . inserm-01702809

HAL 1d: inserm-01702809
https://inserm.hal.science/inserm-01702809
Submitted on 7 Feb 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://inserm.hal.science/inserm-01702809
https://hal.archives-ouvertes.fr

ONCOIMMUNOLOGY
2016, VOL. 5, NO. 12, 1250991 (13 pages)
http://dx.doi.org/10.1080/2162402X.2016.1250991

Taylor & Francis
Taylor & Francis Group

ORIGINAL RESEARCH

3 OPEN ACCESS

CDA4O0L confers helper functions to human intra-melanoma class-I-restricted

CD41CD8™" double positive T cells

Tiphaine Parrot®®, Romain Oger®?, Houssem Benlalam®®, Diane Raingeard de la Blétiere®, Nicolas Jouand?®®,
Anne Coutolleau, Laurence Preisser®®, Amir Khammari®®9, Brigitte Dréno®®®¢, Philippe Guardiola®"<, Yves Delneste®”,

Nathalie Labarriere®?, and Nadine Gervois®®

3CRCNA, INSERM, CNRS, Université d’Angers, Université de Nantes, Nantes, France; "LabEx IGO “Immunotherapy, Graft, Oncology”, Nantes, France; “SNP
Transcriptome & Epigenomics Facility, Centre Hospitalier Universitaire, Angers, France; “Unit of Skin Cancer, Centre Hospitalier Universitaire, Nantes,
France; *GMP Unit of Cellular Therapy, Centre Hospitalier Universitaire, Nantes, France

ABSTRACT

Although CD4"CD8" double positive (DP) T cells represent a small fraction of peripheral T lymphocytes in
healthy human donors, their frequency is often increased under pathological conditions (in blood and
targeted tissues). In solid cancers such as melanoma, we previously demonstrated an enrichment of tumor
reactive CD4'°“CD8M"y B DP T cells among tumor-infiltrating lymphocytes of unknown function. Similarly
to their single positive (SP) CD8* counterparts, intra-melanoma DP T cells recognized melanoma cell lines
in an HLA-class-| restricted context. However, they presented a poor cytotoxic activity but a strong
production of diverse Th1 and Th2 cytokines. The aim of this study was to clearly define the role of intra-
melanoma CD4"°“CD8"9"wB DP T cells in the antitumor immune response. Based on a comparative
transcriptome analysis between intra-melanoma SP CD4*, SP CD8" and DP autologous melanoma-
infiltrating T-cell compartments, we evidenced an overexpression of the CD40L co-stimulatory molecule
on activated DP T cells. We showed that, like SP CD4* T cells, and through CD40L involvement, DP T cells
are able to induce both proliferation and differentiation of B lymphocytes and maturation of functional
DCs able to efficiently prime cytotoxic melanoma-specific CD8 T-cell responses. Taken together, these
results highlight the helper potential of atypical DP T cells and their role in potentiating antitumor
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Introduction

It has long been admitted that the distribution of CD4*CD8"
double positive (DP) T cells was not limited to the thymus, and
that mature DP T cells were also present in the peripheral blood
of healthy humans as a distinct T lymphocyte population."
This rare population, accounting for 1-2% of total peripheral T
lymphocytes in healthy recipients,” regroups at least three dif-
ferent subsets according to the surface expression level of the
CD4" and CD8" co-receptors (CD4™¢"CD8"", CD4"8"CD8-
high 3nd CD4"°"CD8"8") and on the nature of the CD8" dimer
expressed (CD8aa or CD8af3).>® Although not clearly estab-
lished, these diverse phenotypes may reflect different lineage
origins according to their thymic or peripheral differentia-
tion.”'” DP T cells were largely described in diverse pathologi-
cal contexts such as infectious diseases,>'"* autoimmune
syndromes,'>"” inflammatory disorders'®*° and cancer.”' ** In
most cases, a peculiar DP T-cell subset was generally found
enriched in the blood and/or in the target organ, suggesting
their involvement in the pathological process. Functional analy-
ses in a given context attributed at least three different

functions for DP T cells from regulatory properties to helper or
cytotoxic activity (for review, see Overgaard et al.*®). In human
cancer, DP T-cell subsets were found enriched at the tumor site
in lymphomas (cutaneous T-cell lymphoma and nodular lym-
phocyte predominant Hodgkin lymphoma)®*** and solid
tumors (melanoma, colorectal cancer and breast cancer)***>*
and were described as a tumor-reactive population suggesting
their role in the antitumor immune response. From one cancer
setting to another, opposite results were obtained regarding DP
T-cell function and phenotype; therefore, their study should be
dealt on a case-by-case basis. An efficient cytolytic activity was
attributed to the CD4"8"CD8'°" DP T-cell subset found in lym-
phoma.?! Conversely, in solid tumors, we reported at least two
different phenotypic DP T-cell subsets, the CD4'°*CDg"" Dp
T-cell subpopulation in melanoma and breast cancer*>** and
the CD4"8"CDg"" DP T-cell subpopulation in colorectal can-
cer,”® both sharing the CD8«f dimer.

Because the frequency of these DP T cells was positively cor-
related with advanced cancer stage, we initially thought that
intra-tumor DP T cells could exert regulatory functions.

CONTACT Nadine Gervois @ nadine.gervois@inserm.fr e CRCNA, INSERM, CNRS, Université d’Angers, Université de Nantes, Nantes 44007, France.

Supplemental data for this article can be accessed on the publisher’s website.

Published with license by Taylor & Francis Group, LLC © Tiphaine Parrot, Romain Oger, Houssem Benlalam, Diane Raingeard de la Blétiére, Nicolas Jouand, Anne Coutolleau, Laurence Preisser,
Amir Khammari, Brigitte Dréno, Philippe Guardiola, Yves Delneste, Nathalie Labarriére, and Nadine Gervois.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/), which permits unre-
stricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been asserted.


http://dx.doi.org/10.1080/2162402X.2016.1250991
http://dx.doi.org/10.1080/2162402X.2016.1250991

12509912 (&) T.PARROTETAL.

However, we excluded this hypothesis as DP T cells (i) did not
expressed any regulatory markers nor secreted immunoregula-
tory cytokines and (ii) did not suppress proliferation and cyto-
kine production by various T-cell subsets (personal
unupublished results). In addition, even these DP T cells shared
class-I restriction with single positive (SP) CD8* T cells, they
did not exhibit high cytotoxic activity ruling out the hypothesis
that cytotoxicity may represent their main function. Interest-
ingly, we previously showed that melanoma infiltrating DP T
cells were able to secrete high level of diverse Thl and Th2
cytokines mostly IL-13 and TNF-e.>* In addition, we demon-
strated that DP T cells expressed high levels of IL-9R and that
IL-9 both promotes their survival and their activation.””

In this study, we soughed out to clearly delineate the function
of the melanoma-infiltrating CD4'°*CD8"¢"8 DP T-cell subset
(referred to as DP T cells for the rest of this manuscript) in order
to define their role in the global antitumor immune response.

Starting from a comparative transcriptome analysis between
autologous DP, SP CD4*" and SP CD8" T-cell subsets sorted
from melanoma-invaded lymph nodes, we identified a similar
overexpression of the co-stimulatory molecule CD40L on acti-
vated DP and SP CD4" T cells compared to SP CD8™" T cells.
The expression of this key helper T-cell molecule by DP T cells
led us to explore the potential helper function of these class-I
restricted population. Results showed that CD40L allowed DP
T cells to exert in vitro efficient helper activities on B cells and
dendritic cells (DCs).

Results

CD40L overexpression is induced after activation of
melanoma-infiltrating DP T cells

To decipher the role of the intra-melanoma DP T-cell popula-
tion in melanoma, we initiated a comparative transcriptome
analysis between autologous melanoma-infiltrating DP, SP
CD4% and SP CD8™" T lymphocytes at rest and upon anti-CD3
Ab activation. The three subpopulations were sorted from eight
tumor-infiltrating lymphocytes (TIL) lines previously estab-
lished from melanoma-invaded lymph nodes.*” This analysis
showed that DP T cells shared with SP CD4" T cells the ability
to significantly induce the expression of CD40L mRNA upon
activation (p < 0.01) (Fig. 1A), a key feature in CD4" helper
functions.”® This expression was similar between SP CD4*" and
DP T cells and significantly elevated compared to SP CD8" T
cells (p < 0.01). These results were further confirmed by qPCR
analysis (Fig. 1B). However, the expression profile of CD40L by
activated DP T cells appeared more heterogeneous compared
to SP CD4™" T cells. Flow cytometry identified at least three
CDA40L surface expression patterns on activated DP T cells: (i)
some DP T-cell populations (3/8) expressed CD40L at a similar
level than SP CD4™ T cells (>90 %), (ii) others (4/8) presented
an intermediate expression level (50-80%) and (iii) one DP T-
cell population displayed a poor expression (<10 %) (Fig. 1C).
Although not significant, a non-negligible proportion (from 5%
to 50%) of SP CD8™ T cells expressed CD40L. We also assessed
the induction of CD40L expression by DP T cells in a more
physiological context by using a tumor-reactive DP T-cell clone
M314.13.2 that we have previously isolated from one

melanoma TIL population.”> Following 6 h of co-culture with
the autologous melanoma cell line M314, we observed a strong
expression of the CD40L by the DP T-cell clone at a similar
level to the one obtained upon non-specific anti-CD3 activation
(Fig. S1). It is noteworthy that patients presenting the highest
CDA40L level on DP T cells were not necessarily the same as the
ones expressing highest CD40L levels on CD4" T cells. Since
CD40L, through its interaction with its cognate receptor CD40,
is a key element in T-cell help delivery, these data suggested
that intra-tumor DP T cells could exert a helper function. To
evaluate this hypothesis, we selected three representative DP
T-cell populations for functional assays: two with a high
CDA40L expression (M125 and M265) and one with an interme-
diary expression level (M305) (Fig. 1D). As positive and nega-
tive controls, DP T cells were systematically compared to
autologous SP CD4" and SP CD8™ T cells. Since it was clearly
demonstrated in the literature that CD40L-expressing CD8"
T cells can exert helper properties,”®>' and as a fraction of
autologous SP CD8" TILs expressed a non-negligible amount
of CD40L, their use as a negative control was unsuitable. There-
fore, sorted CD40L-negative (CD40L™) CD8" T cells were used
as a proper negative control (Fig. 1D).

Intra-tumor DP T cells induce memory B-cell proliferation
and differentiation through the CD40L engagement

We started investigating CD40L functionality by looking at the
ability of DP T cells to mediate B-cell help. Allogeneic CD19* B
cells were co-cultured with activated DP, SP CD4" or SP
CD40L~ CD8" T cells; B-cell proliferation was monitored 4 d
later by CFSE dilution assay. Pre-activated SP CD4™" T cells and,
to a lower extent, DP T cells induced B-cell proliferation
(Fig. 2A and B). This induction was not achieved with resting SP
CD4" and DP T cells (data not shown). As expected,” SP CD8*
CD40L" largely failed to induce B-cell proliferation (Fig. 2A and
B). According to the DP T-cell population tested, the B-cell pro-
liferation ranged from 50% to 80%, a result consistent with the
CDA40L expression levels on each DP T-cell subset. We further
investigated whether the B-cell proliferation induced in our co-
culture conditions was the result of naive or memory B-cell pro-
liferation. These two B-cell subsets were isolated from CD19™" B
cells on the basis of CD27 expression’” and individually co-cul-
tured with each activated T-cell subset. SP CD4" T cells and, to
a lower extent, DP T cells led to a modest proliferation of naive
B cells (Fig. 2A and C). Memory B-cell proliferation was induced
by both DP T cells and SP CD4" T cells with a comparable effi-
ciency, whereas SP CD8" CD40L ™ T cells were still inefficient.
With the three DP T-cell populations tested, we obtained an
average proliferation rate of naive and memory B cells up to
20% and 60%, respectively (Fig. 2C). To investigate the role of
CD40-CD40L interaction in this process, the same experiments
were performed in the presence of soluble CD40. Addition of a
soluble CD40, added at the beginning of the co-culture, induced
a clear decrease in memory B-cell proliferation up to 30%
(Fig. 2D). This partial inhibition suggested the involvement of
other co-stimulation pathways.

We then studied if, in addition to allow memory B-cell
proliferation, DP T cells could support their differentiation
into terminally differentiated B cells. Plasma cells
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Figure 1. CD40L overexpression is induced on intra-melanoma DP T cells upon activation. CD40L expression of intra-melanoma SP CD4™ (black diamonds), DP (white
circles) and SP CD8* (black triangles) T-cell lines isolated from TILs, stimulated (S) or not (NS) with anti-CD3 mAb for 6 h was determined by (A) microarray analysis, (B)
quantitative RT-PCR analysis and (C) flow cytometry (n = 8 melanoma patients). Results are expressed as mean £ SEM. Statistical analysis was performed using the one-
way ANOVA analysis, followed by a Tukey multiple comparison test. “p < 0.05, “*p < 0.01, **p < 0.001, “***p < 0.0001. (D) Representative flow cytometry staining of
CD40L following anti-CD3 activation on the 3 autologous intra-melanoma SP CD4*, DP, SP CD8" and SP CD8" CD40L™ TIL sub-populations (M125, M265 and M305)
selected for further experiments. Cells were co-stained with CD4", CD8a mAbs and with either the isotype control (filled histogram) or CD40L mAb (open histogram).

Numbers indicated represent the percentages of CD40L™ cells.

(CD197CD27"CD38"8"CD20°"CD138~) and terminally
differentiated plasma cells (CD19TCD27"CD38"¢"CD20'"
CD138") were counted 7 d after the initiation of the co-culture
(Fig. 3A). Activated DP T cells induced the development of
plasma cells from memory B cells at a level similar to SP CD4™"
T cells (Fig. 3B). In addition, SP CD4 ™" cells and DP T cells were
able to generate terminally differentiated plasma cells, more effi-
ciently than SP CD8* CD40L™ T cells. Moreover, B-cell differ-
entiation induced by DP and SP CD4" T cells was associated
with the production of IgG (Fig. 3B). Taken together, these
results showed that intra-tumor DP T cells share a similar helper
potential with intra-tumor SP CD4" T cells to promote B-cell
proliferation and differentiation and that this function was par-
tially dependent on CD40L.

Intra-tumor DP T cells allow the maturation of functional
DCs able to prime antitumor CD8" T-cell responses

We then evaluated the ability of DP T cells to induce DC acti-
vation and efficient cross-priming of antitumor CD8" T cells.
Immature DCs differentiated from healthy blood monocytes
(Mo-DCs) were co-cultured with activated DP, SP CD4" or SP
CD8" T cells for 36 h before analyzing the expression of

maturation markers by flow cytometry. Activated DP T cells
strongly induced DC maturation from immature Mo-DCs as
illustrated by an increased expression of CD83, CD80, CD86
and HLA-DR compared to immature Mo-DCs alone, whereas
SP CD8* CD40L™ T cells were poorly effective (Fig. 4A and B).
For all DP T-cell populations tested, CD80, CD86 and HLA-
DR expression levels were comparable to those of activated SP
CD4* T cells. CD83 expression was controversial between the
three DP T-cell populations tested with two of them failing in
inducing its expression, suggesting that DP T cells induced a
less matured DC phenotype than SP CD4™ T cells.

We next asked whether direct contact between DP T cells
and immature DCs was required to induce DC maturation.
Using Transwell plates, we did not observe any phenotypic
maturation of the DCs as assessed by the lack of CD83 expres-
sion and the low increase of CD80, CD86 and HLA-DR expres-
sions, when immature DCs and activated DP T cells were
cultured in separate chambers (Fig. 4C). These data demon-
strated that the maturation of DC induced by DP T-cells was
dependent on cell-cell contacts, in support of the role of CD40/
CD40L interaction.

To determine whether DP T-cell-matured DCs were func-
tional, we investigated their ability to prime Melan-A-specific
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Figure 2. Intra-melanoma DP T cells mediate memory B-cell proliferation through CD40L engagement. Intra-melanoma SP CD4™, DP and SP CD8" CD40L™ T-cell lines
were co-cultured with CFSE-labeled B cells for 4 d at a 1:1 ratio on anti-CD3-coated microwells, and B-cell proliferation was evaluated by flow cytometry gated on CD19™
cells. (A) Representative CFSE dilution profiles of total (CD197), naive (CD19%CD277) and memory (CD197CD277") B-cell fractions after co-cultured with CD3-activated SP
CD4™, DP and SP CD8" CD40L™ T cells. B cell proliferation was expressed as the percentage of CFSE dilution. Results of total (B), naive or memory (C) B-cell proliferation
stimulated with each T-cell subpopulations derived from the three patients M125, M265 and M305 are gathered on a single graph (n = 3 independent experiments with
three different B-cell donors). (D) Memory B-cell proliferation stimulated with DP T cells derived from M125, M265 and M305 patients in the presence of either recombi-
nant human CD40 Fcy1 (black bars), control IgG1 Fc (gray bars) or without treatment (white bars). Results are normalized to the non-treated control condition (n = 3

independent experiments with three different B-cell donors).

CD8* T cells. Peripheral blood T lymphocytes from HLA-A2
donors were stimulated with autologous Melan-A16-40L-
pulsed-DCs matured with either activated intra-tumor DP or
SP CD4" T cells. Melan-A-specific CD8' T cells were

monitored 15 d after the stimulation by Melan-A/A2 tetramer
staining. DCs matured in the presence of DP T cells were able
to generate Melan-A-specific CD8" T cells with a fraction of
positive microcultures ranging from 2% to 19% according to
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Figure 3. Intra-melanoma DP T cells mediate B-cell differentiation. The differentiation status of B cells was determined by flow cytometry after 7 d of co-culture of sorted

memory B cells at a 1:1 ratio with anti-CD3 activated DP, SP CD4* or SP CD8* CD40L™

. (A) Gating strategy performed on viable cells to discriminate plasma cells

(CD197CD277CD38"I"CD20'°*CD138~) from highly differentiated plasma cells (CD19+CD27+CD38""CD20"°*CD138™). (B) The relative number of plasma cells and
highly differentiated plasma cells was determined using counting beads at the end of the 7 d of memory B cells co-cultured with SP CD4™" (white bars), DP (gray bars) or
SP CD8" CD40L™ (black bars) T-cell subpopulations derived from M125, M265 and M305 melanoma patients (n = 7 independent experiments with seven B-cell donors).
Supernatants from the same co-cultures were analyzed at day 7 by ELISA for secretion of IgG. Results are expressed as mean £ SEM. Statistical analysis was performed
using the non-parametric Friedman test, followed by Dunn’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001.

TIL populations (Table 1). However, and in agreement with a
less mature phenotype, the priming by DP-matured DCs was
less efficient than the one induced by SP CD4™ T cells (fraction
of positive microcultures ranging from 5% to 32%). Nonethe-
less, among the positive microcultures, the mean percentage of
specific T cells obtained in CD4* and DP conditions was quite
similar (1.01% and 0.8%, respectively). Both DP and SP CD4™
T cells from M305 population generated fewer positive micro-
cultures, a result consistent with a weaker CD40L expression
(Fig. 1D). Finally, we evaluated the in vitro tumor reactivity of
sorted Melan-A-specific CD8" T cells generated with SP
CD4*-matured-DCs or DP T cell-matured-DCs. In response
to Melan-A/HLA-A2-positive melanoma cell line, Melan-A-
specific CD8" T cells induced with DP-matured DCs were able

to secrete TNF-«, IFNy and IL-2 (Fig. 5A) and exhibited an
efficient cytotoxic activity as measured by *'Cr release assay
(Fig. 5C). These responses were not observed against Melan-
A-negative tumor cell lines (data not shown). Similar cytokine
profile (Fig. 5B) and cytotoxic activity (Fig. 5D) were observed
with Melan-A-specific CD8" T cells induced with SP CD4*-
matured DCs. These results demonstrate the efficient helper
activity of the DP T cells in priming an antitumor CD8" T-cell
response.

Discussion

According to the traditional dichotomy, the CD8* and CD4™"
co-receptors expression delineates respectively the MHC class-



€1250991-6 e T. PARROT ET AL.

CD86 HLA-DR
)]1? 1 n 58
IJ'I I| i I'|
Ll |
/o \

10! 10?10?10t 107

151

M

CcDs
CD40L-

iDC

10" 102 10% 0% 10® 10" 10? 10® 10f 10 10" 102 10? 10* 10®

10" 10? 107 10* 108

CDso cD83 CcDss HLA-DR
1 52 Nz
|| f
: I 'I \
iDC I | I
J \ | /|
- -\
10" 10% 10 10% 10° 107 107 10% 10* 10°
4 53
| A ||ﬂ|
| |
DP [ L | b
[ i l'
| \ N |I II
' - AN VAR
10! 102 10% 10% 10 10! 102 10% 10* 10
a 18 30|
lll' \ h fﬁl'l
| |
Transwell [\ | |lI| I|I
{ o\ |
[ o ) . |
B | y) N )

10" 102 10% 10% 10° 107 102 10 10* 10° 10! 102 10° 10t

10 10t 102 10?10t 10

woMi2o o M26s L MBOS

704 ; ;
601
- - o i s H
HE ] . Pl :
= Sof & {5 ‘I‘ ‘g :
L f T il e o !
E 4of % Pl W | ;I; :
o i 3o o Ak :
8 ol . : :
o ¥ v 5 £ P _} ° :
20§ 3 TR
104 io:
glbnseneiiont Soo oot Ty st d
CD4 DP CDs CcD4 DP CD8 CD4 DP CD8
CcD40L- CcD40L- CD40L-
....... M125 .. ...M265 . . . M305. .
QSR SR SRR 4 .
wf o E o
T BE :
e f _I_ :
© : :
o 100 T o :
o -
- +
) i ;

cD40L- CD40L-

CD4 DP CD8 CD4 DP CD8 CD4 DP CD8

cD40L-

CD83 (RFI)

HLA-DR (RFI)

M125 M265 M305
6- -
44
24
) Ol sogeus R e 0 T i
Cchb4 DP CD8 CD4 DP CDs8 CD4 DP CDs8
CD40L- cD40L- CD40L-
M125 . ... M265 . M305
s OO .o OO
: 3 O
100-? & ? *
«t7 F. Ft
60'; * . _E— ; A
: P o :
404 o i —‘E :
204 T == :
ol i s

CD4 DP CD8 CD4 DP CD8
CD40L- cD40L-

CD4 DP CD8

cD40L-

Figure 4. Intra-melanoma DP T cells induce DC maturation in a contact-dependent manner. iDCs were co-cultured for 36 h with intra-melanoma SP CD4*, DP and SP
CD8*" CD40L™ T-cell subpopulations pre-stimulated for 6 h with OKT3 at ratio of 1:2, and the expression of maturation markers (CD80, CD83, CD86 and HLA-DR) was
determined by flow cytometry. (A) Representative flow cytometry analysis of cell surface expression of different maturation markers. DCs were stained with either the iso-
type control mAb (filled histrogram) or with the indicated maturation marker mAb (open histograms). Results are expressed as the relative fluorescence intensity (RFl). (B)
RFI of CD83, CD80, CD86 and HLA-DR expression on DCs after maturation with either SP CD4™" (black diamonds), DP (white circles) and SP CD8" CD40L™ (black triangles)
T-cell subpopulations derived from TIL of M125, M265 and M305 melanoma patients (n = 3 independent experiments with three different DC donors). Results are
expressed as mean £ SEM. (C) Representative flow cytometry analysis of DCs maturation profile after co-culture of intra-melanoma DP T cells with iDCs respectively
seeded in the upper chamber and in the lower chamber of a Transwell plate at a 1:2 ratio for 36 h. DCs were stained with either the isotype control (filled histograms) or
with CD80, CD83, HLA-DR or CD86 mAbs (open histograms). Data are expressed as the RFI. Control experiments included the standard co-culture of Mo-DCs with or with-

out DP T cells.
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Figure 5. DCs matured with intra-melanoma DP T cells prime antitumor CD8" T-cell responses as efficiently as conventional SP CD4™ T cells. CD3 T cells from healthy
donors PBMCs were stimulated with Melan-A16-40 A27L peptide loaded HLA-A2" DCs matured with intra-melanoma SP CD4* (A, C) or DP (B, D) T cells derived from
M125, M265 and M305 melanoma patients. After two weeks, Melan-A-specific CD8" T cells were sorted and evaluated for their tumor reactivity. (A, B) Production of
TNF-o, IFN-y and IL-2 was determined by flow cytometry on Melan-A-specific CD8" T cells at rest (filled histograms) or stimulated against a Melan-A-negative HLA-A2-
positive melanoma cell line (dashed histogram) or a Melan-A/HLA-A2-positive melanoma cell line (solid line histogram). Results are expressed as the percentages of cyto-
kine-positive T cells. (C, D) Cytolytic activity of Melan-A specific CD8" T cells was measured by a *'Cr release assay at various effector/target ratios against a Melan-A/HLA-
A2-positive melanoma-cell line. Results are expressed as the mean percentage of specific lysis == SEM in triplicate cultures.

I-restricted cytotoxic and the MHC class-II-restricted helper
T-cell lineages. This scheme became outdated with the inclu-
sion of CD4" Treg cells, CD4"7/CD8"'~ NKT cells and
non-conventional CD8" innate T cells as independent line-
ages™ as well as the description in the periphery of CD4" cyto-
toxic T cells®® and CD8™ helper T cells.”” With this study, we
add an additional degree of complexity by ascribing a helper
potential  to  class-I  restricted  melanoma-infiltrating
CD4°"CD8" "¢ DP T cells involving the CD40L co-stimula-
tory molecule.

The CD40L co-stimulatory molecule through its interaction
with its cognate receptor CD40 plays a key role in governing

both the humoral and the adaptive immune responses. CD40 is
constitutively expressed on all antigen-presenting cells and is
also found on T cells as well as non-hematopoietic cells.’>*
Overall, CD40 signaling of B cells promotes their activation,
proliferation, isotype switching and differentiation into anti-
body-secreting plasma cells.”® In addition, CD40 ligation trig-
gers DC licensing by promoting their maturation and secretion
of the pro-inflammatory cytokine IL-12p70 and thus, allowing
an efficient CTL priming. In this context, CD40L is also
required to generate memory CTL responses by a direct
engagement of CD40 on CD8" T cells.”® Thus, CD40L is a
characteristic feature of helper T-cell function and as such, its
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Table 1. Distribution of Melan-A-specific T lymphocytes in microcultures of healthy
donor T cells stimulated with SP CD4"- or DP-matured HLA-A2" DCs.

D4t DP

M125

Fraction of positive
microcultures (%)

Mean percentage of specific
T cells (% max)

M265

Fraction of positive
microcultures (%)

28/96% (29.2%) 15/96 (15.6%)

1.37%P (9.3%) 1.08% (3.7%)

36/96 (32.3%) 18/96 (18.7%)

Mean percentage of specific 0.87% (7%) 0.87% (6.4%)
T cells (% max)

M305

Fraction of positive 5/96 (5.2%) 2/96 (2.1%)

microcultures (%)
Mean percentage of specific
T cells (% max)

0.80% (1.3%) 0.50% (0.5%)

CD3 T cells from healthy donors PBMCs were stimulated with Melan-A16-40 A27L
peptide loaded on SP CD4"- or DP-matured autologous HLA-A2* Mo-DCs. Intra-
melanoma SP CD4" or DP T-cell subpopulations isolated from TIL of M125, M265
and M305 melanoma patients. Microcultures positive from Melan-A specific
CD8™ T cells were identified by flow cytometry after staining with Melan-A/A2
tetramer.

“Ratio of positive to total microcultures.

PMean percentage of specific CD8" T lymphocytes stained by tetramer among the

positive microcultures.

expression was initially thought to be restricted to T cells from
the class-II-restricted helper CD4™ lineage. Since then, CD40L
expression was described on a larger cell panel following activa-
tion or under inflammatory conditions and includes, among
others, CD8" T cells, NKT cells, mast cells, activated B cells
and DCs.*®

Using an in vitro allogeneic co-culture model dedicated to the
evaluation of DP T-cell-mediated B-cell help, we described the
ability of activated DP T cells to stimulate the proliferation and
differentiation of memory B cells at a level comparable to SP
CD4* T cells. Unlike memory B cells that have a reduced thresh-
old of activation and can be activated without BCR signaling,
naive B cells require additional signals including BCR and TLR
stimulation for their complete activation.”” Therefore, consis-
tently with our co-culture model, we did not observed a major
proliferation of naive B cells upon DP T-cell stimulation, which
does not exclude this possibility in vivo in the presence of ade-
quate additional signals. The use of a CD40 antagonist demon-
strated that memory B-cell proliferation was dependent on
CD40L engagement. This inhibition was however partial, sug-
gesting that other mechanisms related to the activation status of
DP T cells might be involved. Among others molecules, the cyto-
kines IL-2,°** IL-4,%*! 1L-10,"** IL-13"* or IL-21">*® were
shown to be required for B-cell proliferation and/or differentia-
tion. We previously showed that melanoma-infiltrating acti-
vated DP T cells produced, upon activation, IL-2, TNF-«, IFNy
and GM-CSF and were distinguishable from SP CD4% and
CD8™ T cells by a cytokine expression profile biased toward IL-
13, IL-4 and IL-5 expression.”® Therefore, IL-2, IL-13 and IL-4
could probably be involved in B-cell proliferation in addition to
CDA40L engagement as well as an allogeneic BCR recognition.
DP T cells also induced B-cell differentiation into IgG-secreting
plasma cells with a fraction of them expressing CD138, a marker
of terminally differentiated plasma cells.*’

In the tumor microenvironment, B cells are versatile and can
exert both antitumor and regulatory functions.*® In melanoma,
an immunosuppressive activity was recently attributed to
IgG4-positive B cells since IgG4 serum level is associated to a
negative prognosis factor.*>*® Since DP T cells distinguished
themselves from SP T cells by their production of IL-4 and IL-
13, and since these cytokines are described to promote IgG4
class switching in B cells,”"** one can argue that DP T cells
could promote the expression of IgG4 by B cells and therefore
could negatively impact the antitumor immune response. In
our co-culture system of naive B cells and activated DP T cells,
we neither detect any IgG4 membrane expression (flow cytom-
etry) nor soluble IgG4 production (ELISA), therefore, excluding
this hypothesis (data not shown). Regulatory B cells (Bregs)
constitute another immunosuppressive B cell subtype found in
the infiltrate of several solid tumors and generally associated
with an increase tumor progression.”> As the CD40/CD40L
interaction is one of the mechanisms described in the induction
of B-cell regulatory functions,” we addressed this point
through co-culture of naive B cells with activated DP cells. The
results did not reveal any B cells expressing a regulatory pheno-
type (CD197CD24M#hCD38Me")  (flow cytometry) no more
than the secretion of the immunosuppressive cytokine IL-10
(ELISA) (data not shown). Overall, our results did not support
the ability of DP T cells to induce a pro-tumor B-cell phenotype
and are in favor of an antitumor function for DP T cells. The
activation, proliferation and differentiation of B cells are a spe-
cific feature of follicular helper CD4* T cells (Tth) found in
germinal center.” Although DP T cells did not share some Tth
characteristics, such as CXCR5 expression and IL-21 produc-
tion (data not shown), and are probably less efficient in activat-
ing B cells than Tth, they still present a significant helper
activity that can be valuable in situ to mediate an antitumor
immune response.

In addition, we reported that melanoma-infiltrating DP T cells
induced the maturation of DCs able to efficiently prime CD8"
anti-melanoma specific responses. Although the phenotypic mat-
uration of DCs was clearly observed (as evidenced by an increased
expression of CD83, CD80, CD86 and HLA-DR increased
expression), we did not detect any IL-12p70 secretion by DCs
matured in the presence of DP T cells and either with our SP
CD4" T cells. However, both populations produced IFN-y that
in combination with CD40L/CD40 engagement was described as
necessary for IL-12p70 synthesis.’® This could be explained by
the lack of additional signal(s), such as TLR signaling that has
been reported to contribute to IL-12p70 production.””® Further-
more, we demonstrated, using a Transwell assay, that the matura-
tion of DC by DP T cells was dependent on cell-contact, in
support of the role of CD40/CD40L interaction.

Although CD40L expression is mainly associated to helper
CD4* T cells, early in vitro studies described that a subset of
CD8" T cells can also induce, upon activation, the expression
of CD40L able both to induce the differentiation of B cells into
IgG-secreting plasma cells’® and to induce DC maturation.”®
Recent in vivo studies confirmed the existence of such CD4™"
helper-independent CTL>>* that are characterized in human
as a memory T-cell population displaying a cytokine expression
profile similar to conventional helper CD4" T cells.* It has
been hypothesized that CD40L expression by CD8" T cells



might result from a strong TCR avidity for its peptide-MHC
complex in combination with the presence of pro-inflamma-
tory cytokines, such as IL-12.°" It was recently described in
vitro and in vivo that some highly immunogenic CD8" T-cell
peptides could act as helper epitopes.”” Whether CD40L
expression by DP T cells is an original feature or results from
DP T-cell activation with such epitopes in the periphery
remains to be established.

In conclusion, intra-melanoma DP T-cell population could
supplement the conventional CD4" helper T-cell function and
actively participate in shaping antitumor immunity. First, it
will contribute to the maturation of DCs directly in the tumor
microenvironment, which would lead to the promotion of anti-
tumor immune T-cell responses. Second, it will enhance B-cell
infiltration and activation, which by antibody secretion, antigen
presentation, tertiary lymphoid structure formation or direct
killing of tumor cells could potentiate the antitumor immune
response.®” This scheme is consistent with the view that tumor
infiltration by activated B cells has been reported to be associ-
ated with a better prognosis, especially when combined with
CD4" or CD8™" tumor infiltration.**"®> Moreover, as we previ-
ously reported that IL-9 promotes the function of intra-mela-
noma DP T cells,”’ this cytokine may also foster DP helper
functions. In support, we observed that IL-9 enhances CD40L
expression level on DP T cells (data not shown). Finally, it
should be pointed out that due to their HLA class I restriction,
CD4°"CD8"&"y8 DP T cells could fulfill their helper function
even in HLA class II-negative tumors.

Materials and methods
PBMCs and cell lines

PBMCs were isolated from HLA-A2-positive healthy donors
(Etablissement Frangais du Sang (EFS), Nantes, France), and
PBL and monocytes fractions were isolated by elutriation
(DTC facility, Nantes).

All melanoma cell lines were cultured in RPMI-1640
medium supplemented with 10% heat-inactivated fetal calf
serum (FSC) (Gibco, 31870-025), 2 nM L-glutamine (Gibco,
25030-024), 100 U/mL penicillin and 0.1 mg/mL streptomycin
(Gibco, 15140-122). They have been established in the GMP
Unit of Cellular Therapy (PCU892-NL biocollection, CHU
Nantes). This biocollection was approved by the local ethic
committee of Nantes hospital (GNDES) and registered under
the CNIL number “1278197”.

Generation of tumor-infiltrating DP, SP CD4" and SP CD8"
T-cell lines and culture

TILs were previously obtained from tumor-invaded lymph
nodes of eight melanoma patients (M125, M256, M261, M265,
M288, M291, M298, M305, M314 and M329). TILs were
expanded by stimulation with PHA-L (Sigma-Aldrich, 1.4144)
and 150 U/mL human rIL-2 (Proleukin, Novartis) in the pres-
ence of allogeneic irradiated feeder cells (PBMCs and B-EBV B
cells) in RPMI-1640 medium supplemented with 8% human
serum (local production), 2 mM L-glutamine, 100 U/mL peni-
cillin and 0.1 mg/mL streptomycin, as previously described.®®
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Pure DP, SP CD4" and SP CD8" T-cell polyclonal populations
were generated by cell sorting using a BD FACSAria IIT cell
sorter (BD Biosciences). TILs were stained with APC-conju-
gated anti-CD4" MAB (Clone SK3, BD Biosciences, 340672)
and BV421-conjugated anti-CD8" mAb (Clone RPA-TS8, BD
Biosciences, 562428) for 30 min at 4°C in PBS 0.1% BSA and
then washed two times in PBS 0.1% BSA (Sigma-Aldrich,
A9576) before cell sorting. To ensure that DP T-cell phenotype
does not result from doublets of SP T cells, doublets were
excluded using FSC-A/FSC-H and SSC-A/SSC-H dot plots.
The purity of each sorted T-cell population was checked right
after cell-sorting and routinely by flow cytometry. After 24 h,
sorted cell populations were amplified in culture as described
above. In order to isolate SP CD8* CD40L™ T cells, SP CD8"
T cells were stimulated for 6 h by anti-CD3 stimulation
(1 pg/mL, local production) in the presence of anti-CD40L-
mAb (Clone 24-31, BioLegend, BLE310802), and FACS-sorted.

Microarray analysis

Total RNA was extracted from 5 x 10° sorted DP, SP CD4™"
and SP CD8" TIL populations from eight melanoma patients.
After cell lysis with Trizol reagent (Life Technologies,
15596026), total RNA was extracted using the RNeasy Micro
kit (Qiagen, 74004) and quantified using a Nanodrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Inc.) according
to manufacturer’s recommendations. Integrity of the extracted
RNAs was assessed with a Bioanalyzer 2100 using the
RNA6000 Nano kit (Agilent Technologies, Inc.). An RNA
integrity number (RIN) greater or equal to 7.00 was achieved
for all samples. No sign of DNA contamination was detected.
The starting amount of total RNA used for the reactions was
400 ng per sample. The Illumina Total Prep RNA Amplifica-
tion kit (Ambion, Life Technologies, AMIL1791) was used to
generate biotinylated, amplified cRNA according to the manu-
facturer’s recommendations. Hybridization on Illumina
HumanHT-12 v3 Expression BeadChips, staining and detection
of cRNAs with the I-Scan system were performed according to
manufacturer’s protocol (Illumina, Inc.). The HumanHT-12 v3
Expression BeadChip assesses a total of 48,803 marker probes,
of which 27,455 are NM coding transcripts; and 7,870 are XM
coding transcripts (RefSeq Content, Build 36.2, Release 22). It
also contains 12,837 experimentally confirmed mRNA sequen-
ces that align to EST clusters (UniGene, Build 199). This entire
process was performed in duplicate. GenomeStudio 2011 v1
and its Expression Analysis Module (version 1.9.0) were used
for signal extraction and quantile normalization (Illumina,
Inc.). Omics Explorer 3.2 software (Qlucore AB) was used on
log-transformed data for hierarchical clustering analysis, and
paired t-test comparisons with adjusted p-values (or g-values).

Analysis of transcript expression

Total RNA from different TIL sub-populations, prepared as
described above, was reverse transcribed using the Superscript
IT reverse transcriptase (Life Technologies, 18064014). The
expression of CD40L mRNA was analyzed by quantitative RT-
PCR. Amplification was done by using iQ SYBR Green Super-
mix (Bio-Rad, 1708880). Relative gene expression was
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calculated using the EACt method with ACt values calculated
from the sample with the largest Ct (fewest gene copies) and
then normalized against the GAPDH (determined as the most
stably expressed housekeeping gene using the geNorm
method). Primer sequences are available upon request.

CD40L membrane expression

Intra-melanoma DP, SP CD4™ and SP CD8™" TILs were stimu-
lated for 6 h with coated anti-CD3 mAb (1 pg/mL, OKT3)
before being stained with anti-CD40L mAb or isotype control
mAb (Clone MOPC-21, BioLegend, 400101) for 20 min at 4°C
in PBS 0.1% BSA. CD40L membrane expression was analyzed
on BD FACSCanto II (BD Biosciences). Relative fluorescence
intensity (RFI) was calculated as sample mean fluorescence
intensity divided by isotype control mean fluorescence intensity.

B-cell helper assay

CD19" B cells were isolated from healthy donors PBMCs by
negative immunomagnetic selection (STEMCELL Technologies,
19054) and cultured in RPMI supplemented with 10% SVF.
After 24 h, naive (CD27 ") and memory B (CD27") cell fractions
were then separated with anti-human-CD27 microbeads
(Miltenyi Biotec, 130-051-601). For proliferation assay, B cells
were labeled with 1 uM CFSE (Invitrogen, C34554) for 10 min
at 37°C and incubated in RPMI 10% FBS at a 1:1 ratio with
intra-melanoma SP CD4", DP and SP CD8* CD40L~ T-cell
subpopulations pre-irradiated at 35 Gy. The co-cultures were
performed in microwells, pre-coated or not with anti-CD3 mAb
(I png/mL, OKT3) to induce T-cell activation. At day 4, cells
were recovered and stained with anti-CD19-APC mAb and
Zombie NIR™ viability dye (BioLegend, 423105) before analy-
sis on a BD FACS Canto II cytometer (BD Biosciences).

For the blockade of CD40L/CD40 interactions, 10 pg/mL of
recombinant human CD40 Fc chimera protein (R&D Systems,
1493-CD-050) was added at the beginning of T-cell-B-cell co-
culture. The recombinant human IgGl Fc chimera protein
(R&D Systems, 110-HG-100) was used as a negative control.
For differentiation assay, unlabeled memory B cells were cul-
tured as described above for 7 d and stained with anti-CD19-
APC (Clone SJ25C1, 363029), anti-CD20-BV421 (Clone 2H7,
302329), anti-CD38-PE-Cy7 (Cone HIT2, BioLegend, 303516),
anti-CD27-FITC (Clone M-T271, 555440) and anti-CD138-PE
(BD Biosciences, Clone MI15, 347215) mAbs. At day 7, super-
natants were collected and the level of IgG was quantified with
the human IgG ELISA kit (eBioscience, 88-50550-22) according
to the manufacturer’s instructions.

DC maturation assay

Monocytes were obtained by elutriation (DTC Facility, Federa-
tive Structure Research Frangois Bonamy, Nantes) and differ-
entiated into immature monocyte-derived DCs (Mo-DCs) in
RPMI containing 2% human albumin, GM-CSF (1,000 U/mL,
CellGenix, 1412-050) and IL-4 (200 U/mL, CellGenix, 1003-
050) for 5 d. Then, immature Mo-DCs (iDCs) were cultured at
a 1:2 ratio in a 24-well plate for 36 h with intra-melanoma SP
CD4% or DP T-cell subpopulations pre-activated for 6 h with

anti-CD3 mAb (1 pg/mL, OKT3). DC maturation was ana-
lyzed by flow cytometry after staining with anti-CD80-PE
(Clone 2D10, 305207), anti-CD83-FITC (Clone HBI5e,
305305), anti-CD86-PE anti-HLA-DR-PE (Clone LN3,
327007) mAbs and their respective isotype controls
(BioLegend). To evaluate the cell contact dependency of DC
maturation, iDCs were seeded at a 1:2 ratio into the bottom
chamber of a 24-well Transwell (0.4 wm pores) plate (Costar,
3413), whereas pre-activated intra-melanoma DP T cells were
seeded into the upper chamber. After 36 h, DC maturation pro-
file was evaluated by flow cytometry as described above.

Priming of Melan-A specific CD8" T-cell responses

For CD8" T-cell priming, HLA-A2" DCs were pulsed with the
modified Melan-A16-40 A27L peptide for 24 h before matura-
tion with activated T-cell subsets. This modified long peptide
was chosen for its ability to generate the highly immunogenic
class-I-restricted Melan-A26-35 ELAGIGILTV epitope (carry-
ing the substitution of Ala for Leu at position 2 from the NH,
terminus hereafter A27L) that forms stable complexes with
HLA-A"0201, conferring it a more immunogenic potential
than the natural Melan-A peptide. The superior efficiency of
cross-priming with this long peptide loaded on DC has already
been documented in comparison with the non-modified pep-
tide.”” DCs were then separated from the remaining allogeneic
T cells with anti-CD3-positive immunomagnetic selection
(eBioscience, 8802-6830-74) and cultured at a 1:10 ratio with
autologous CD3" T cells enriched by anti-CD3-negative selec-
tion (STEMCELL Technologies, 19051) in RPMI 8% human
serum and 50 U/mL IL-2. At day 15, Melan-A-specific CD8" T
cells were detected using tetramer (Recombinant Protein Facil-
ity, Federative Structure Research Fran¢ois Bonamy, Nantes)
labeling. Microcultures were considered positive when the per-
centage of Melan-A-specific CD8" T cells was > 0.2%.

Melan-A-specific CD8" T-cell sorting and
functional evaluation

Sorting and amplification of Melan-A-specific CD8" T cells
were performed as previously described.®® Melan-A-specific
CD8" T cells were stimulated against HLA-A2* Melan-A™
M113 and HLA-A2* Melan-A~ M25 melanoma cell lines at a
1:2 ratio for 6 h in the presence of 10 ug/mL Brefeldin A
(Sigma, B7651). After fixation with PBS 4% paraformaldehyde
(VWR, 100504-858) for 10 min, cells were stained with anti-
TNF-a-APC (Clone cA2, 130-098-882), anti-IFN-y-APC
(Clone 45-15, 130-097-944) (Miltenyi Biotec) or anti-IL-2-PE
(Clone 5344.111, BD Biosciences, 340450) mAbs for 30 min in
PBS 0.1% BSA and 0.1% saponin (Sigma-Aldrich).

Cytolytic activity of Melan-A-specific CD8" T cells was
tested against the °'Cr-labeled M113 melanoma cell line.
Briefly, 1 x 10° M113 cells were labeled with 100 uCi of
Na,CrO, (2,77MBq) (NEZ030, PerkinElmer) for 1 h at 37°C.
After five washes in RPMI 1640 10% FCS, °'Cr-labeled M113
cells were plated at 1 x 10° cells/well. 5 x 10*-0.7 x 10°
Melan-A-specific CD8"' T cells were added (50:1-0.78:1 effec-
tor/target ratios). After 4 h at 37°C, 25 uL of supernatants was
mixed with 100 ©L of scintillation liquid (Optiphase Supermix,



Wallack) for measurement of radioactive content on a beta
plate counter (Microbeta Jet 1450, PerkinElmer). Percentage of
target cell lysis was calculated according to the following for-
mula: [(experimental release — spontaneous release)/
(maximum release — spontaneous release)] x 100. Maximum
and spontaneous releases were respectively determined by add-
ing 0.1% Triton X-100 or RPMI 1640 10% FCS on *'Cr-labeled
M113 cells.
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