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Full-length Tumor Antigens Prime CD4+ and CD8*
T Cells in Melanoma Patients

An MT Van Nuffel', Daphné Benteyn', Sofie Wilgenhof'?, Lauranne Pierret3, Jurgen Corthals’,
Carlo Heirman', Pierre van der Bruggen*, Pierre G Coulie’, Bart Neyns?, Kris Thielemans'~

and Aude Bonehill’

"Laboratory of Molecular and Cellular Therapy, Department of Immunology-Physiology, Medical School of the Vrije Universiteit Brussel (VUB),
Brussels, Belgium; ?Department of Medical Oncology, Universitair Ziekenhuis Brussel, Brussels, Belgium, *Department of Dermatology, Universitair
Ziekenhuis Brussel, Brussels, Belgium; “Ludwig Institute for Cancer Research, Brussels, Belgium; *de Duve Institute, Université Catholique de Louvain,

Brussels, Belgium

Itis generally thought that dendritic cells (DCs) loaded with
full-length tumor antigen could improve immunotherapy
by stimulating broad T-cell responses and by allowing
treatment irrespective of the patient’s human leukocyte
antigen (HLA) type. To investigate this, we determined
the specificity of T cells from melanoma patients treated
with DCs loaded with mRNA encoding a full-length tumor
antigen fused to a signal peptide and an HLA class Il sort-
ing signal, allowing presentation in HLA class | and Il. In
delayed-type hypersensitive (DTH)-biopsies and blood,
we found functional CD8% and CD4* T cells recogniz-
ing novel treatment-antigen-derived epitopes, presented
by several HLA types. Additionally, we identified a CD8%
response specific for the signal peptide incorporated to
elicit presentation by HLA class Il and a CD4™ response
specific for the fusion region of the signal peptide and one
of the antigens. This demonstrates that the fusion pro-
teins contain newly created immunogenic sequences and
provides evidence that ex vivo-generated mRNA-modified
DCs can induce effector CD8* and CD4™ T cells from the
naive T-cell repertoire of melanoma patients. Thus, this
work provides definitive proof that DCs presenting the full
antigenic spectrum of tumor antigens can induce T cells
specific for novel epitopes and can be administered to
patients irrespective of their HLA type.
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INTRODUCTION
Although dendritic cells (DCs) are the most proficient of all of
the professional antigen-presenting cells of the immune system,
clinical results from cancer immunotherapy trials with DCs are
relatively disappointing.! Consequently, DC treatment has been
scrutinized.>?

In most clinical trials, DCs are loaded with tumor-associated
antigens (TAAs) in the form of defined peptides.* As a result,

the treatment is suitable only for a select group of patients with
a matching human leukocyte antigen (HLA) type, often exclu-
sively HLA-A2" patients. Loading the DCs with full-length TAA
would lead to presentation of many epitopes contained within the
TAA by the patient’s unique set of HLA molecules. Theoretically,
a broader T-cell repertoire will be stimulated than if the DCs were
loaded with peptide antigen; this repertoire will include T cells
specific for both known and unknown epitopes in the TAA that
are presented by several HLA types. If this is the case, a larger
group of patients could benefit from DC therapy. However, there
are few data on the broadness of the T-cell response after the treat-
ment of patients with full-length tumor antigen-loaded DCs.

The loading of DCs with full-length TAA can be achieved via
different methods, including mRNA electroporation.” The use of
mRNA electroporation has several advantages. First, mRNA is
transiently expressed and lacks the potential to integrate into the
host genome, making it a very safe tool for clinical use.*” Second,
the technique results in a high transfection efficiency of DCs and
is applicable on a large scale, and there is a GMP-approved system
available for this technique, which is necessary for clinical adminis-
tration.® Third, the use of in vitro transcribed mRNA allows the TAA
to be linked to an amino-terminal signal peptide and a carboxy-ter-
minal HLA class II sorting signal to obtain presentation of the TAA
by both HLA class I and II molecules and, subsequently, stimula-
tion of CD8 and CD4™ T cells, respectively.” This is important as
CD4™* T cells play a crucial role in cancer immunotherapy.'®!! It has
been shown that mRNA encoding a TAA fused to an HLA class II
trafficking signal, e.g., derived from the transmembrane and cyto-
plasmic domains of the invariant chain, MHC class I, lysosome-
associated membrane protein (LAMP)-1 (CD107a), or DC-LAMP
(CD208), indeed leads to the stimulation of CD4™ T cells, as well as
anincreased stimulation of CD8™ T cells.'"** Moreover, this strategy
allows simultaneous polyepitopic expansion of CD8% and CD41 T
cells, resulting in a broad T-cell response in vitro."> However, this
has not yet been investigated in vivo.

At our institution, clinical trials are performed with melanoma
patients, irrespective of their HLA type. These patients are treated
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with DCs loaded with mRNA encoding one of four TAAs (gp100,
tyrosinase, MAGE-C2, or MAGE-A3).">1¢ All TAAs are fused to the
sorting signal of the human DC-LAMP protein for presentation by
HLA classII. In addition, MAGE-A3 and MAGE-C2 include, at their
amino terminus, the signal peptide of the murine LAMP-1 protein
(sig) to allow translocation toward the endoplasmic reticulum.

In this report, we performed an in-depth evaluation of the
T-cell repertoire of some of the patients included in these clini-
cal trials and demonstrated that the treatment of metastatic mela-
noma patients with DCs loaded with full-length TAA fused to an
HLA class II sorting signal leads to the stimulation of both CD8™"
and CD4™ T cells. These T cells are specific for unknown antigenic
epitopes, presented by both common and rare HLA types of the
Caucasian population. This finding underscores the potential of
DC therapy. Moreover, we provide evidence that mRNA-loaded
DCs that are generated ex vivo can induce de novo T-cell responses
directed against the antigens encoded by the mRNA. In addition,
we show that genetically modifying the TAA can create fusion
proteins containing new immunogenic epitopes.

RESULTS

Treatment with mRNA-loaded DCs stimulates
TAA-specific CD8* T cells recognizing a previously
unknown epitope

Patients were treated with autologous DCs matured with TriMix
mRNA? and co-electroporated with the above-mentioned TAAs
linked to an HLA class II targeting sequence. One week after the
fourth biweekly injection, an additional intradermal injection of
DCs was performed to elicit a delayed-type hypersensitive (DTH)
reaction. A biopsy was taken, and skin-infiltrating lymphocytes
(SKILs) were analyzed. Patient 88 had a marked CD8' T-cell
response against tyrosinase, as characterized by the upregulation of
CD137, CD107a and the secretion of interferon (IFN)-y and tumor
necrosis factor (TNF)-a by the SKILs (Figure 1a). No CD4™" T-cell
response was observed in this patient (Table 1).

Further characterization of the antigenic region recognized
by the CD8% SKILs of patient 88 was performed using overlap-
ping peptides spanning the entire tyrosinase protein (pooled in
groups of 10). Because pool 3 was recognized (Supplementary
Figure Sla), we tested the recognition of the individual peptides
from pool 3, revealing the recognition of peptides tyr, ,.
(PSVEYNRTCQCSGNF) and tyr,_,, (YNRTCQCSGNFMGEN)
(Figure 1b). Subsequently, we demonstrated that the minimal
epitope was the 9-mer tyr, . (RTCQCSGNF) (Supplementary
Figure S2a). To our knowledge, this epitope has not previously
been described.'” Moreover, using EBV-B cells from four selected
donors with one or more HLA types in common with patient
88, we determined that this epitope is presented by HLA-B57
(Figure 1c). This was confirmed by the activation of the SKILs
by tyrosinases HLA-B571 MOLT-4 cells loaded with the 9-mer
peptide (data not shown). Next, we established that the epitope
RTCQCSGNEF can be endogenously processed and presented by
tyrosinase-expressing melanoma cells. Indeed, a coculture of the
SKILs with tyrosinaset HLA-B57- 1087-mel cells, electroporated
with HLA-B57 encoding mRNA, stimulated TNF-a secretion by
the SKILs (Figure 1d). All results were confirmed by the CD137
assay and IFN-y/TNF-a secretion (data not shown).
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Importantly, analysis of peripheral blood T cells collected
pre- and post-treatment demonstrated that a higher percentage
of CD8* T cells recognized the RTCQCSGNF peptide post-treat-
ment than pretreatment (Figure le).

In conclusion, these results show that treatment with DCs
loaded with full-length TAA-encoding mRNA stimulates cytolytic
CD8* T cells, recognizing a previously unknown TAA-derived
epitope. These cells are capable of infiltrating the skin and recog-
nizing melanoma tumor cells.

Treatment with mRNA-loaded DCs stimulates
TAA-specific CD4* T cells recognizing a previously
unknown epitope

As shown by the upregulation of 4-1BB (CD137) and CD40L
(CD154), patient 38 had CD4%" SKILs that were reactive against
MAGE-A3 after DC treatment (Figure 2a). The same approach
used for the CD8% SKILs from patient 88 was applied in order
to characterize the recognized epitope and the presenting HLA
molecule. We demonstrated that within pool 6 (Supplementary
FigureS1b), the peptides MAGE-A3, . | - (GREDSILGDPKKLLT)
and MAGE-A3, . (SILGDPKKLLTQHFV) and their common
sequence MAGE-A3,  ~ (SILGDPKKLLT) were recognized
(Figure 2b). The latter is the shortest well-recognized pep-
tide (Supplementary Figure S2b). These data were confirmed
in TNF-a and CD137 assays, respectively (data not shown).
Presentation of this epitope was HLA-DRB1*03 restricted
(Figure 2c). Furthermore, characterization of the CD4" SKILs
showed enhanced secretion of IFN-y, TNF-qa, and IL-2, but
not IL-5 or IL-13, in response to antigenic stimulation (data not
shown), suggesting a Th1 response.’® Importantly, similar to the
observation made for patient 88, analysis of peripheral blood T
cells of patient 38 collected pre- and post-treatment demonstrated
that more SILGDPKKLLT-specific CD4* T cells were present
post-treatment than pretreatment (Figure 2d), showing that
mRNA-loaded DCs stimulated these CD4* T cells in vivo.

In conclusion, these data confirm that treatment of melanoma
patients with DCs loaded with mRNA encoding a TAA linked to
an HLA class II sorting signal leads to the in vivo stimulation of
TAA-specific CD4T T cells that recognize a previously unknown
epitope and display skin-infiltrating capacity.

Treatment with mRNA-loaded DCs induces CD8*
T cells recognizing the signal peptide fused to the TAA
In addition to MAGE-A3-specific CD4* SKILs, patient 38 had
CD8* SKILs showing upregulation of CD137 (Figure 3a) and
CD107a expression (Figure 3b), as well as IFN-y and TNF-a secre-
tion (Figure 3c), in response to MAGE-C2, MAGE-A3, and the
control antigen Nef (and not in response to gp100 or tyrosinase).
Because the control antigen is recognized, either the Nef anti-
gen itself, the signal sequence (sig) or the sorting sequence (DC.
LAMP) must be recognized (Figure 6a). The latter can be excluded,
as CD8™" SKILs are not activated by the gp100 and tyrosinase pro-
tein fused to the same DC.LAMP sequence (Figure 3a-c). Specific
recognition of Nef is unlikely because the absence of HIV infection
was an eligibility criterion for the study. To exclude the occurrence
of an HIV infection during the treatment period, we showed that
the SKILs did not recognize Nef that was not fused to sig. DC.LAMP
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Figure 1 CD8* T cells specific for a previously unidentified tyrosinase epitope are stimulated by treating a melanoma patient with DCs that had
been electroporated with tyrosinase encoding mRNA. (@) During the initial screening, the SKILs of patient 88 were cocultured with sig-Nef-DC.LAMP as
a control (CTRL) or tyrosinase-DC.LAMP presenting aEBV-B cells, followed by a CD137 and CD107a assay and measurement of specific IFN-y/TNF-o. secre-
tion. The concentration of IFN-y/TNF-c is presented as the mean + SD of duplicate cocultures. * indicates statistically significant increased cytokine secre-
tion compared to control. (b) CD137 assay of the SKILs after stimulation with aEBV-B-cells loaded for 2 hours with overlapping 15-mer peptides (individual
or pools of 10) spanning the complete tyrosinase protein, to determine the recognized region of tyrosinase. The recognized peptides and the adjacent
peptides are shown. (c) Identification of the presenting HLA molecule. Percentage of CD137tCD8* SKILs after stimulation with aEBV-B cells from patient
88 (P88) and allogeneic EBV-B-cells from four selected donors (D1-4). All EBV-B cells were electroporated with tyrosinase-DC.LAMP mRNA. (d) Presentation
of the tyrosinase epitope by tumor cells. SKILs were cocultured with the tyrosinase™ HLA-B57- melanoma cell line 1087 Mel, and then electroporated with
control mRNA (CTRL) or HLA-B57 mRNA (B57). After 24 hours, the TNF-o secretion by the SKILs was quantified. One representative experiment of two is
shown; the values are the mean + SD of triplicate cocultures. * indicates statistically significant increased cytokine secretion compared to control. (e) SKILs
were stimulated in vivo by the DC treatment. Purified CD8" T cells from pre- and post-therapy PBMCs were stimulated three times in vitro with autologous
TriMix-DC loaded with 10pg/ml of the newly identified tyrosinase peptide. CD137 and CD107a assays and intracellular IFN-y and TNF-a. staining were
performed after coculture with aEBV-B-cells loaded with the same peptide or a MelanA peptide as control (CTRL). All plots are displayed after gating on the
CD8* T cells except for the CD137 assay on stimulated CD8™ T cells isolated from the blood. The percentages shown are within the total CD8" popula-
tion. For the intracellular cytokine staining, the depicted percentages are as determined after subtraction of the background. CTRL, control; DC, dendritic
cell; DC.LAMP, HLA class Il sorting signal of the human DC-LAMP protein; HLA, human leukocyte antigen; IFN, interferon; LAMP, lysosome-associated
membrane protein; PBMC, peripheral blood mononuclear cell; SKIL, skin-infiltrating lymphocyte; TNF, tumor necrosis factor.

(wild-type Nef (Nefwt)), which is readily presented by HLA class
I. In contrast, all proteins containing sig were recognized, includ-

peptide was presented by HLA-B7 (data not shown). Three other
patients (77, 80, and 123) treated in our clinical study were also

ing the sig-eGFP-DC.LAMP protein containing the same sig as the
TAAs and encoding a protein for which specific T cells are expected
to be absent in humans (Figure 3d). These data were confirmed by
IFN-y and TNF-a secretion assays (data not shown). Therefore,
we concluded that the CD8% SKILs were specific for the signal pep-
tide of the murine LAMP-1 protein. Furthermore, the sig-derived
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HLA-B7 positive. All of these patients mounted an immune
response against the signal peptide (Supplementary Figure S3).

In addition to the sig-specific CD87 response, patient 38 did
not mount a TAA-specific CD8* T-cell response to the DC treat-
ment, as 15-mer peptides spanning MAGE-A3 and MAGE-C2
did not stimulate the CD8% SKILs (data not shown).
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Figure 2 Treatment of melanoma patient 38 with mRNA-loaded DCs stimulates CD4* T cells specific for a novel MAGE-A3 epitope. (a) CD137
and CD40L assay of the SKILs after stimulation with aEBV-B-cells electroporated with control (CTRL) or MAGE-A3 mRNA; sig-Nef-DC.LAMP served as a
control (n = 2). (b) CD137 assay of the SKILs after stimulation with aEBV-B-cells pulsed overnight with 15-mer peptides (individual or pooled in groups
of 10) (n = 2). The recognized peptides from MAGE-A3 and the adjacent peptides are shown. (c) The presenting HLA molecule was determined with
a CD137 assay using autologous EBV-B cells (P38) and allogeneic EBV-B cells from six selected donors (D1-6), pulsed overnight with peptide pool 6
of MAGE-A3. (d) SKILs were stimulated in vivo by the treatment DCs. Enriched CD4™ T cells from pre- and post-treatment PBMCs were stimulated
once in vitro with TriMix-DCs loaded with 10 ug/ml of the 11-mer peptide SILGDPKKLLT. Screening was performed by CD40L staining after coculture
of the CD4™ T cells with aEBV-B-cells pulsed overnight with either a control (CTRL) or the recognized 11-mer peptide from MAGE-A3. All plots are
displayed after gating on the CD4™ T cells, and the indicated percentages are within the total CD4* T-cell population. CTRL, control; DC, dendritic
cell; DC.LAMP, HLA class Il sorting signal of the human DC-LAMP protein; HLA, human leukocyte antigen; LAMP, lysosome-associated membrane

protein; PBMC, peripheral blood mononuclear cell; SKIL, skin infiltrating lymphocyte.

Although a Basic Local Alignment Search Tool (BLAST)
search indicated that the signal peptide derived from the murine
LAMP-1 protein shows a high homology with its human counter-
part (Figure 6b), the CD8% SKILs could not be activated by the
chimaeric construct consisting of MAGE-A3-DC.LAMP preceded
by the signal peptide of the human LAMP-1 protein (Figure 3e).

In conclusion, treatment with modified DCs expressing exog-
enous sequences (in this case to allow presentation by HLA class
I molecules) stimulates antigen-specific CD8* T cells. The exog-
enous nature of the T-cell target proves the de novo induction of
these cytotoxic CD8* T cells from the naive CD8F T-cell pool.

Treatment with mRNA-loaded DCs stimulates CD4*

T cells that recognize a peptide created by the fusion
of the signal peptide to a TAA, as well as CD4* T cells
that recognize novel TAA-specific epitopes in the
same patient

We observed a CD4" T-cell response against MAGE-A3
after a single in vitro restimulation of the SKILs of patient 85
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(Figure 4a). Autologous EBV-B cells loaded with either pep-
tide pool 6 or peptide pool 8 induced upregulation of CD137
(Figure 4b). Peptides MAGE-A3, __ (PEEKIWEELSVLEVF)
and MAGE-A3, .. (IWEELSVLEVFEGRE) and peptides
MAGE-A3, (PHISYPPLHEWVLRE) and MAGE-A3,
(YPPLHEWVLREGEE) from pools 6 and 8, respectively, were
recognized by the CD4% SKILs (Supplementary Figure S4).
The SKILs recognizing peptide pool 6 showed increased TNF-q,
IL-10, and IL-5 secretion upon antigen recognition, a profile in
accordance with a mixed Th1/Th2 response. In contrast, the SKILs
recognizing peptide pool 8 showed upregulation of IFN-y and
TNF-aq, in accordance with a Th1 cytokine profile (Figure 4c).'®

We deduced that the epitope in pool 6 is presented by HLA-
DRB1*01,and theepitopein pool 8is presented by HLA-DQB1*05
(Figure 4d). The 13-mer MAGE-A3,, . (KIWEELSVLEVFE)
and the 12-mer MAGE-A3, .. (YPPLHEWVLREG) were
shown to be the shortest peptides that were recognized with a
similar affinity to the 15-mers (Supplementary Figure S2¢,d).
All results obtained from the IFN-y/TNF-a secretion assays

www.moleculartherapy.org vol. 20 no. 5 may 2012



© The American Society of Gene & Cel Therapy T-cell Specificities After Modified mRNA DC Therapy

a sig sig
gp100 tyrosinase MAGE-C2 MAGE-A3
CTRL DC.LAMP DC.LAMP DC.LAMP DC.LAMP

14.0 1.2 1.9 17.7

CD137

CD8

o

22.5

CD107a

C 10 ) )
IFN- sig sig
= g4 ETNFY d Nef eGFP
£ o DC.LAMP DC.LAMP
(=
§°]
S
§ 41
g
8 2 2]
o
o
0 comn N
CTRL gp100  tyrosinase sig sig CDb8
DC.LAMP DC.LAMP MAGE-C2 MAGE-A3
DC.LAMP DC.LAMP
e Mouse sig Human sig
CTRL MAGE-A3 MAGE-A3
no sig DC.LAMP DC.LAMP
T 10 ‘ ' ] 14
i @
~ i {4
o 4
3 9 2
o
CD8

Figure 3 Treatment of melanoma patient 38 with mRNA-loaded DCs also induces CD8™" T cells to recognize the exogenous signal sequence
attached to some of the treatment TAAs. (a) CD137 assay, (b) CD107a assay, and (c) specific IFN-y/TNF-o. secretion during the initial screening of the
SKILs of patient 38 after coculture with aEBV-B-cells presenting the control antigen sig-Nef-DC.LAMP (CTRL) and all four vaccine antigens (gp100-DC.
LAMP, tyrosinase-DC.LAMP, sig-MAGE-C2-DC.LAMP, and sig-MAGE-A3-DC.LAMP). The concentration of IFN-y/TNF-a. is presented as the mean + SD of
duplicate cocultures. (d) CD137 assay of the SKILs after stimulation with aEBV-B-cells electroporated with mRNA encoding Nefwt, sig-Nef-DC.LAMP, or
sig-eGFP-DC.LAMP. One representative experiment of four is shown. (e) CD137 assay of the SKILs after stimulation with aEBV-B cells electroporated with
mRNA encoding MAGE-A3-DC.LAMP, preceded by the murine or the human LAMP-1 derived signal sequence. One representative experiment of two is
shown. All plots are displayed after gating on the CD8™ T cells, and the indicated percentages are within the total CD8* population. CTRL, control; DC,
dendritic cell; DC.LAMP, HLA class Il sorting signal of the human DC-LAMP protein; eGFP, enhanced green fluorescent protein; Nefwt, mRNA encoding
the unmodified sequence of Nef without sig nor DC.LAMP; HLA, human leukocyte antigen; LAMP, lysosome-associated membrane protein; sig, signal
peptide of the murine LAMP-1 protein, unless indicated otherwise; SKIL, skin infiltrating lymphocyte; TAA, tumor-associated antigens.

were confirmed by the CD137 upregulation assay (data not  the control antigen did not activate the CD4" SKILs (Figure 4a),
shown). we excluded the recognition of sig or DC-LAMP.

Although we identified two new MAGE-A3 epitopes rec- To identify the additionally recognized epitope in the protein
ognized by the SKILs of patient 85, we observed a discrepancy  derived from sig-MAGE-A3-DC.LAMP mRNA, four MAGE-A3
between the percentage of SKILs recognizing the chimaeric pro- mRNA constructs were cloned, each encompassing two pools of
tein derived from sig-MAGE-A3-DC.LAMP mRNA (60%) andthe  peptides (Figure 6c). Each of these constructs was linked to the sig-
percentage of SKILs recognizing the newly identified MAGE-A3  and DC.LAMP-sequence. Fragments 3 and 4 were recognized by
peptides (10% and 3.5% of the SKILs recognized pool 6 and 8,  4.7% and 2.6% of the SKILs (Figure 4e), corresponding to the rec-
respectively) (Figure 4a,b). This finding suggested the recognition  ognition of the epitopes in pool 6 and pool 8, respectively. Fragment
ofan additional epitope by the CD4" SKILs of this patient. Because 1 was recognized by 75% of the SKILs (Figure 4e). The only region
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Figure 4 CD4* T cells recognizing multiple MAGE-A3 epitopes and an epitope created by fusing an exogenous signal sequence to the TAA
for presentation by HLA class Il are induced through DC therapy of a melanoma patient using mRNA-loaded DCs. (a) After one in vitro restim-
ulation, the CD4% SKILs of patient 85 specifically upregulated CD137 and CD40L expression, as well as IFN-y and TNF-o. secretion, in response to
aEBV-B-cells presenting MAGE-A3 in the context of HLA class | and Il (sig-MAGE-A3-DC.LAMP). Sig-Nef-DC.LAMP-electroporated aEBV-B cells were
used as a control (CTRL). (b) Identification of the recognized MAGE-A3 region. CD137 assay with the SKILs of patient 85 after stimulation with aEBV-
B-cells pulsed overnight with overlapping 15-mer peptides (pooled per 10) spanning the entire MAGE-A3 protein (n = 4). (c) A 7-plex cytokine bead
array was performed using the supernatant of stimulated SKILs. Results are representative of two independent experiments. (d) Identification of the
presenting HLA molecules. Fold increases in TNF-o. secretion by the CD4" SKILs after stimulation with autologous EBV-B-cells (P85) and allogeneic
EBV-B-cells of three selected donors (D1-3), loaded with peptide pool 6 and peptide pool 8, in comparison to MAGE-A3 peptide pool 1 loaded
EBV-B cells. Results are representative of two independent experiments. (e) SKILs from patient 85 recognize more than two regions of the MAGE-A3
protein encoded by the mRNA loaded into the DCs. Upregulation of CD137 by the CD4* SKILs after stimulation with aEBV-B-cells electroporated
with mRNA encoding adjacent MAGE-A3 fragments. (f) The 7-plex cytokine bead array in response to the best recognized 16-mer peptide covering
the fusion region of sig and MAGE-A3. Peptide pool 1 from MAGE-A3 served as a control (CTRL). The values shown are the mean + SD of duplicate
cocultures. * indicates statistically significant increased cytokine secretion compared to control. All plots are displayed after gating on the CD4™*
T cells. The percentages indicated are within the total CD4™ T-cell population. CTRL, control; DC, dendritic cell; DC.LAMP, HLA class Il sorting signal
of the human DC-LAMP protein; HLA, human leukocyte antigen; IFN, interferon; LAMP, lysosome-associated membrane protein; SKIL, skin infiltrat-
ing lymphocyte; TAA, tumor-associated antigens; TNF, tumor necrosis factor.
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shared by mRNA fragment 1 and the sig-MAGE-A3-DC.LAMP
mRNA that was not present in the peptides or the control mRNA
is the fusion region between sig and the amino-terminal end of
MAGE-A3 (Figure 6a-c). Three synthetic peptides spanning this
fusion region were tested, of which peptide GASALFEDLEQRSQHC
was most optimally recognized (Supplementary Figure S2e). The
SKILs showed a mixed Th1/Th2 cytokine profile in response to this
peptide (Figure 4f). A BLAST comparison of this sequence with the
human genome uncovered no homologous human proteins.

Finally, the upregulation of CD40L (Figure 5a) and the secre-
tion of TNF-a and TNF-a/IFN-y (Figure 5b) by peripheral blood
CD4* T cells were analyzed in cells collected pre- and post-treat-
ment. A higher percentage of CD4™ T cells specific for these three
MAGE-A3 epitopes was found post-treatment than pretreatment.
It is notable that we observed a discrepancy between the percent-
age of CD40L-expressing CD4" T cells and cytokine-producing
T cells. This could reflect a heterogeneous functionality of the
CD4™" T cells or a partially impaired functionality.

T-cell Specificities After Modified mRNA DC Therapy

In conclusion, our results demonstrate that therapy with
mRNA-loaded DCs stimulates a broad TAA-specific CD4* T-cell
response and that fusion constructs of the TAA contain newly
created immunogenic epitopes. These findings also show that
mRNA-loaded DCs can induce de novo CD4™ T-cell responses
from the naive CD4% T-cell pool.

DISCUSSION

The patients in this report participated in clinical trials to assess
the feasibility, toxicity, and immunogenicity of treatment with
mature DCs loaded with full-length TAA-encoding mRNA.'¢¥
Here, we looked closer at the specificity of the stimulated T cells
to estimate the diversity of the T-cell response that was stimu-
lated in vivo by autologous DCs. We show that DC treatment
of advanced melanoma patients with mRNA-loaded autologous
DCs stimulates both CD81 and CD4™ T cells specific for epitopes
that have not been described elsewhere (Table 1).!” These T cells
are functional, as they can migrate toward the skin, upregulate

a signal sequence-
MAGE-A3 fusion From peptide pool 6 From peptide pool 8
GASALFED-
CTRL LEQRSQHC CTRL KIWEELSVLEVFE YPPLHEWVLREG
16.9 27.8 20.0 10.3 12.8

Pre

CD40L

T

TNF-o,

IFN-y

Figure 5 The CD4* T-cell responses in patient 85 were all stimulated by the TriMix-DC treatment in vivo. Enriched CD4™ T cells obtained from
pre- and post-treatment PBMCs were stimulated in vitro with autologous TriMix-DCs loaded with 10ug/ml of the recognized 16-, 13-, or 12-mer
peptides. To evaluate the presence of specific CD4™ T cells, aEBV-B-cells were used as target cells; the aEBV-B-cells were loaded with either the rec-
ognized peptides or a control MAGE-A3 peptide with a corresponding length (CTRL). (a) Upregulation of CD40L expression in the CD4™ T cells was
quantified after two in vitro stimulations. (b) Intracellular staining of the CD4* T cells for IFN-y and TNF-o. is shown after three in vitro stimulations. The
indicated numbers are the percentages of positive cells within the total CD4™ T-cell population. CTRL, control; DC, dendritic cell; PBMC, peripheral
blood mononuclear cell.
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a T7 sig Nef DC.LAMP UTRUTR
A(120) ——

T7 gp100 DC.LAMP UTRUTR
- - - SSK NN A (120) ——

T7 tyrosinase DC.LAMP UTRUTR
- - SR S SKXNIA(120) ——

T7 sig MAGE-C2 DC.LAMP UTRUTR

— = NSRS A(120) ——
T7 sig MAGE-A3 DC.LAMP UTRUTR
—— ey S S S A(120) ——

MAGE-A3 DC.LAMPUTRUTR

A(120)

b T7 sig

Mouse LAMP-1 sig
MAAPGARRPLLLLLLAGLAHGASALFE!
Human LAMP-1 sig

MAAPGSARRPLLLLLLLLLLGLMHCASAAMD

T7 sig  MAGE-A3 DC.LAMP UTRUTR
A(120) ——
Fragment 1 ———p I === ======== NN A(120) ——
Fragment 2 ——mp___+--- - -----~~ S NSNS A(120) ——
Fragment 3 ——mp—_F======= - - - - SN SN A(120) ——
Fragment 4 —— i F===========~ <SS SN A(120) ——

Figure 6 Schematic representation of the TAA-encoding vectors used
for in vitro transcription of the mRNA. (a) pST1 vectors encoding the
different TAAs (or control antigen Nef) flanked by the signal peptide of the
mouse LAMP-1 protein (sig) and/or the HLA class Il sorting signal of the
human DC-LAMP protein (DC.LAMP). The deleted sequences of gp100
and tyrosinase, encoding their original transmembrane and intracytoplas-
mic domains, are indicated (---). (b) pST1 vectors encoding the MAGE-A3
antigen flanked by the murine or human LAMP-1 signal peptides. The
protein sequences of the signal peptides and of the adjacent MAGE-A3
region are shown. (c) pST1 vectors encoding the adjacent fragments of
MAGE-A3. The deleted portions (---), mouse LAMP-1 signal peptide (sig),
and HLA class Il sorting signal (DC-LAMP) are shown. A(120), poly-A-tail of
120 consecutive adenines; DC, dendritic cell; HLA, human leukocyte anti-
gen; LAMP, lysosome-associated membrane protein; T7, bacteriophage
T7 promoter; TAA, tumor-associated antigen; UTR, untranslated region of
the human B-globin gene.

the activation marker CD137, and secrete the inflammatory
cytokines IFN-y and TNF-a.**?! Moreover, the CD8" SKILs
can degranulate after stimulation with target cells (as shown by
CD107a surface expression),”? and they recognize a melanoma
cell line that endogenously presents the TAA-derived epitope.
The CD4" SKILs upregulate CD40L after stimulation, and both
Thl T-cell populations and mixed Th1/Th2 T-cell populations
were found. The latter cytokine profile is typically observed after
DC therapy of cancer patients.” Although Th1 type responses are
generally assumed to be favorable, both Th1 and Th2 types have
been shown to play a role in tumor clearance.'®*** Importantly,
these data provide evidence that the addition of an HLA class
IT targeting sequence to a TAA does indeed lead to the stimula-
tion of TAA-specific CD4™ T cells in vivo. As such, proteins that
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naturally reside in the cytoplasm can be targeted by the CD41 T
cells. Moreover, we describe the coordinate evolution of CD4*
and CD8* T-cell responses in one patient. To date, we have
observed this in 8/17 patients mounting a CD8% T-cell response
against one or more of the treatment antigens.*

The diversity of the T-cell repertoire stimulated by anti-
gen mRNA-loaded DCs is also reflected by the recognition of
several epitopes within the same antigen, which has also been
described by others.”” In addition, our study demonstrates that
multiple epitopes are presented by different HLA types. Loss or
downregulation of HLA class I expression is one of the escape
mechanisms of melanoma tumors.>*% It can also be specu-
lated that melanomas escape immune surveillance through
a similar mechanism for HLA class II. Indeed, a considerable
percentage of melanoma cells present HLA class II on their sur-
face,”**! and direct cytotoxic effects on tumor cells by specific
CD4% T cells have been described in vitro.** These data indicate
that therapy with mRNA-loaded DCs might reduce the chance
of tumor escape, as this would require the loss of expression of
more than one HLA allele or an HLA haplotype in the tumor
cells.

The epitopes to which the CD8*1 and CD4* T cells responded
were presented by both frequently and rarely expressed HLA types
in the Caucasian population (CD8% SKILs: 3% for HLA-B57; CD4*
SKILs: 11% for HLA-DRB1*03, 9% for HLA-DRB1*01, and 39%
for HLA-DQB1*05).*? To date, no HLA-B57-restricted tyrosinase
epitopes or HLA-DRB1*03/HLA-DQB1*05-restricted MAGE-A3
epitopes have been described,” whereas a single MAGE-A3
epitope presented by HLA-DRB1*01 is known.* Furthermore, of
all of the TAA-derived epitopes described thus far,'” no epitope
has been found to be restricted to HLA-DQB1*05, and only one
epitope (a MAGE-A1 peptide) has been described to be presented
by HLA-B57.%* This underscores the potential for treatment with
mRNA that encodes full-length TAAs, as more patients might
benefit from DC-based immunotherapy, and clinical trials should
therefore no longer be restricted to patients with a predefined
HLA type.

As TAA-specific T cells can arise spontaneously in melanoma
patients,*~*” we verified whether the T cells isolated from the post-
treatment DTH skin biopsies were stimulated by our DC treat-
ment. Compared to pretreatment T cells, higher frequencies of
the antigen-specific CD8% and CD4" T cells were found in the
peripheral blood after therapy, demonstrating that this was indeed
the case. This finding is in agreement with our previous report
showing that treatment-antigen-specific CD8" T cells, recogniz-
ing epitopes other than the known HLA-A2-restricted epitopes,
were increased in number after DC treatment."” Other groups
have observed that DC-treatment-specific T cells found at a DTH
site cannot always be detected in the peripheral blood by direct
tetramer staining, possibly because of their low frequency.’®*
Accordingly, in patient 88, the percentage of the CD81 T cells
observed post-treatment after three additional in vitro stimula-
tions was relatively low, although the DCs modified with TriMix
and TAA-encoding mRNA have proven to be potent CD8 T-cell
stimulators in in vitro cultures.®

Importantly, this work also shows that treatment with DCs
that present full-length TAA bears implications for immune
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Table 1 Summary of the antigenic regions of the treatment TAA recognized by post-therapy CD8* and CD4* SKILs and their HLA restriction

CD8™ T-cell response

CD4" T-cell response

Antigen Epitope HLA restriction Antigen Epitope HLA restriction
Patient 88 Tyrosinase RTCQCSGNF HLA-B57 — — —
Patient 38 sig? ND¢ HLA-B7 MAGE-A3 SILGDPKKLLT HLA-DRB1*03
Patient 85 — — — sig-MAGE-A3fusion GASALFEDLEQRSQHC ND
MAGE-A3 KIWEELSVLEVFE HLA-DRB1*01
MAGE-A3 YPPLHEWVLREG HLA-DQB1*05

Abbreviations: HLA, human leukocyte antigen; LAMP, lysosome-associated membrane protein; SKIL, skin-infiltrating lymphocyte; TAA, tumor-associated antigens.
aNo response found. °sig: signal sequence of the mouse LAMP-1 protein. °ND: not determined.

monitoring. Indeed, because T cells recognizing unknown epitopes
are stimulated, the patients’ responses should be screened with a
technique independent of the presented epitope or its present-
ing HLA type to avoid misclassifying patients (such as the ones
described here) as nonresponders.

As an immunologic side effect, CD8% and CD4* T cells recog-
nizing the signal sequence preceding the TAA or its fusion region
with the MAGE-A3 antigen were detected. The HLA-restriction
element responsible for the presentation of the signal peptide in
patient 38 appeared to be HLA-B7 (data not shown), which is
expressed by 9% of the Caucasian population.** According to the
SYFPEITHI database,* the signal peptide can engage several HLA
types with sufficient strength for presentation, but we did not find
sig-specific CD8* T cells in HLA-B7- patients. In contrast, analy-
sis of other HLA-B7* patients indicates that they also responded
to the sig-antigen.

Because the murine LAMP-1 signal sequence is not part
of the native TAA sequences, the sig-specific CD4*" and CD8*
T cells will not directly contribute to tumor rejection. The influ-
ence of sig-specific T cells on the immune response to TAAs is
unclear. These T cells may lead to bystander memory T-cell stim-
ulation and contribute to a favorable environment for the devel-
opment of TAA-specific T cells, and/or they could narrow the
immune response by competing with TAA-specific T cells.***
Additionally, sig-specific T cells could lead to the induction of
autoimmunity if they recognized a human protein. This does
not appear to be an issue, as the functional CD8% sig-specific
T cells detected in patient 38 did not show cross-reactivity with
the amino-terminal part of the human LAMP-1 protein, the most
homologous human protein counterpart of the mouse LAMP-1
signal sequence. Also, no human analogue peptide was found for
the overlapping region of the signal peptide and MAGE-A3, rec-
ognized by the CD4™ T cells of patient 85.

The presence of these CD8% and CD4™ T cells ultimately
shows that ex vivo-generated and manipulated DCs can induce
de novo effector T-cell responses against mRNA encoded antigens
in vivo from the naive T-cell repertoire of melanoma patients.
In contrast to TAA-specific T cells, these T cells could not have
been present before DC therapy, even in frequencies too low to be
detected, because the signal sequence used in this study is derived
from the mouse LAMP-1 protein. Such an observation could not
be made beyond doubt with an endogenous TAA.

As expected owing to the xenogeneic or chimaeric origin of
the recognized region, the results from the blood analysis dem-
onstrated stimulation of these CD81 and CD4% T cells by the
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DC treatment. Nevertheless, the CD8% and CD4* T cells were
also detected in the pretreatment assay (Figure 5 and data not
shown). We assume that because of the nature of these epitopes,
the sequences recognized by these T cells are sufficiently antigenic
for in vitro stimulation by the DCs. Because patient 38 also par-
ticipated in an earlier clinical trial that involved the administra-
tion of ampligen/CD40L-matured mRNA-loaded DCs, it is also
possible that the sig-specific CD8"1 T cells were induced during
that therapy. In that case, the increased presence of sig-specific
CD8* T cells after the current trial demonstrates that they were
reactivated by TriMix-DCs.

To our knowledge, only one other clinical trial has involved
DCs loaded with mRNA encoding a chimaeric construct of a TAA
flanked by a signal peptide and an endosomal/lysosomal targeting
sequence.' In this trial, the prostate carcinoma patients showed
no intrinsic immune response to the sequences fused to the TAA.
However, the signal sequence of the human gp96 protein was used
in this study, which is probably protected by central and periph-
eral tolerance mechanisms.*

In conclusion, we show the potential of mRNA-loaded DCs
for inducing T-cell responses in vivo from the naive T-cell rep-
ertoire. These DCs stimulate a broad spectrum of TAA-specific
CD8* and CD4™ T cells targeting previously unknown epitopes
presented by common and rare HLA types in the Caucasian popu-
lation. Therefore, this work forms the basis for extending DC ther-
apy to all patients, irrespective of their HLA type, as they all might
benefit from such an autologous cellular therapy.

MATERIALS AND METHODS

Cell lines, media, and reagents. Autologous EBV-B (aEBV-B) cells and 1087
Mel cells were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium (Lonza, Verviers, Belgium) supplemented with 10% foetal bovine
serum (BioChrom AG, Berlin, Germany), 100 U/ml penicillin, 100 pg/ml
streptomycin, and 2mmol/l L-glutamine (penicilin, streptomycin (PS)/
L-Glu) (all obtained from Lonza).

SKILs were cultured in “SKIL medium” consisting of RPMI 1640
medium supplemented with 7% heat-inactivated human AB serum (huAB
serum; PAA Laboratories, Linz, Austria), 0.24mmol/l L-asparagine,
0.55mmol/l L-arginine, and PS/L-Glu.

Peripheral blood T cells and DCs were cultured in Iscove’s modified
Dulbeccos medium (IMDM; Gibco, Paisley, UK) supplemented with 1%
huAB serum, PS/L-Glu, 1 mmol/lsodium pyruvate (Lonza),and nonessential
amino acids (Lonza), herein referred to as “stimulation medium”.

Recombinant IL-2 and IL-7 were purchased from Chiron (Emeryville,
CA) and PeproTech (Rocky Hill, NJ), respectively, and used at the indicated
concentrations. Amphotericin B was purchased from Invitrogen (Paisley,
UK) and used where indicated at a concentration of 1 ug/ml.
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Patients, DC preparation, and treatment schedule. Melanoma patients
88, 38, 77, 80, and 85 participated in a single institution (UZ Brussel)
clinical trial programme of therapy with autologous mRNA electroporated
DCs.'® Patient 123 and 77 participated in a follow-up trial in which DCs
were administered both intradermally and intravenously (EudraCT2009-
015748-40)." Patients were recruited after written informed consent
was obtained for the study protocol, which had been approved by the
institutional ethical commission and national competent authorities.
The declaration of Helsinki protocol was followed. The patients’ baseline
characteristics and clinical outcome are summarized in Supplementary
Table S1.

All patients were treated with autologous DCs co-electroporated
with TriMix mRNA and TAA-encoding mRNA linked to an HLA class
IT sorting signal;*® TAAs MAGE-A3, MAGE-C2, tyrosinase, and gp100
were used, and the corresponding genetic constructs are described
below. DC preparation and the treatment schedule have been described
previously.?

Patient 88 was serologically typed HLA-A1, A28, B44, B57, and Cw6
for HLA class I and started on TriMix-DC treatment in August 2008.
Patient 38 was typed HLA-A3, A24, B7, B18, Cw7 for HLA class I and
HLA-DRB1*03, DRB1*15, DPB1*0201, DPB1*0601, DQB1*02, DQB1*06
for HLA class II. He started TriMix-DC treatment in December 2009.
From May 2006 until April 2007, patient 38 was included in an earlier
institutional pilot trial using DCs co-electroporated with polyl:C U
(Ampligen; Bioclones, Sandton, South Africa), CD40 ligand (CD40L)
mRNA, and the same TAA-encoding mRNA.**

Patient 85 was typed HLA-DRB1*01, DPB1*0402, DQB1*05 and
started TriMix-DC treatment in June 2008.

Genetic constructs and in vitro transcription of capped mRNA. The
pST1-SIINFEKL vector was kindly provided by U. Sahin (Johannes
Gutenberg University, Mainz, Germany) and served as the backbone for
all genetic constructs. This vector contains a bacteriophage T7 promoter
to allow in vitro transcription and a tandem repeat of two 3’ untrans-
lated regions of the human B-globin gene followed by a poly-A tail of
120 adenines and a Sapl restriction site.* From this vector, the original
SIINFEKL insert was excised and replaced with the genetic sequence
of interest: the TAAs MAGE-A3, MAGE-C2, gp100, and tyrosinase or
the dysfunctional form of the HIV antigen Nef as a control.”” To achieve
translocation of the MAGE-A3, MAGE-C2, and Nef proteins to the
endoplasmic reticulum, these sequences were fused at their amino ter-
minus to the signal sequence of murine LAMP-1 (sig). The gp100 and
tyrosinase mRNAs encode their own signal peptide. To obtain transloca-
tion of the translated proteins to the HLA class II processing compart-
ments, all antigens included, at their carboxy terminus, the HLA class
II targeting sequence of the human DC-LAMP protein, consisting of its
transmembrane and cytoplasmic domains (DC.LAMP)." To avoid mul-
tiple targeting sequences within one protein, the cytoplasmic and trans-
membrane domains of the gp100 and tyrosinase antigens were deleted.
A schematic representation of the different TAA-encoding mRNA con-
structs is shown in Figure 6a.

An alternative MAGE-A3 construct was made in which the murine
LAMP-1 signal peptide was replaced by its human counterpart. For this
purpose, the human LAMP-1 signal peptide was amplified from a synthetic
template (GENEART, Regensburg, Germany) by PCR and cloned 5’ to the
MAGE-A3-DC.LAMP in the pST1 vector as a Spel-BamHII fragment. The
amino acid sequences of the murine and human LAMP-1 signal peptides
are shown in Figure 6b.

A series of plasmids was constructed that encoded truncated fragments
of MAGE-A3. Four adjacent MAGE-A3 fragments were amplified by PCR
and cloned as a Bg/II-BgIII fragment between the signal peptide of the
murine LAMP-1 protein and the sorting signal of the human DC-LAMP
protein in the pST1 plasmid. A schematic representation of the different
MAGE-A3 mRNA constructs is shown in Figure 6c.
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Prior to in vitro transcription, all pST1 plasmids were linearized with
Sapl. The in vitro transcription and mRNA capping were performed using
a commercially available kit (Ambion mMessage mMachine Ultra T7 Kit,
Austin, TX).

The vectors encoding sig-eGFP-DC.LAMP, Nef wild type (Nefwt),
and the components of TriMix have been described elsewhere.!*4

HLA-B57 mRNA was transcribed from the pcDNA3-HLA-B57
plasmid. After in vitro transcription and 5" capping, a poly-A tail was
added enzymatically in vitro, following the manufacturer’s instructions
(mMessage mMachine Ultra T7 Kit).

The mRNA concentration was measured spectrophotometrically,
and the mRNA quality was evaluated by agarose gel electrophoresis. The
mRNA was stored in aliquots of 20 ug at —20°C.

Electroporation of aEBV-B cells and 1087-mel. The generation and
storage of EBV-B cells is described elsewhere.® Electroporation of
EBV-B cells was performed with the same TAA-encoding mRNA
as used for the DC vaccine. Prior to electroporation, cells were first
washed with DPBS (Lonza) and then with Optimem without phenol
red (Invitrogen, Paisley, UK). Four million cells were electroporated
in a 4mm gap cuvette using the EQUIBIO EasyjecT Plus apparatus
(EQUIBIO, Ashford, UK) with 20 ug TAA-encoding mRNA (for EBV-B
cells) or HLA-B57 mRNA (for 1087-mel) in a total volume of 200 pul
Optimem. An exponential decay pulse of 450V (EBV-B cells) or 300 V
(1087-mel) was used with a capacity of 150 uF and a resistance of 99
Q, resulting in a pulse time of ~6 ms (EBV-B cells) or 5ms (1087-mel).
Immediately after electroporation, EBV-B cells and 1087-mel cells were
diluted to an estimated density of 1 x 10° cells/ml, in SKIL medium or
1087-mel medium, respectively, and incubated for at least 30 minutes
at 37°C/5% CO, before further use.

Peptides and peptide pulsing of EBV-B cells. As described previously,
15-mer peptides covering the complete TAA, each with an 11 amino
acid overlap, were used to characterize the peptide recognized by TAA-
specific T cells.”® The peptides covering the tyrosinase or MAGE-A3
protein sequence were purchased from EMC microcollections GmbH
(Tuebingen, Germany). Pools of 10 overlapping peptides were prepared,
resulting in eight pools for MAGE-A3 (76 individual peptides) and 13
pools for tyrosinase (130 individual peptides). All other peptides were
purchased from Eurogentec (Seraing, Belgium). Peptides were dissolved
in 10% DMSO/10 mmol/I acetic acid to a final concentration of 5mg/ml
and stored in aliquots at —20 °C. Peptides are indicated by the name of the
protein from which they are derived and the number of their first and last
amino acid.

To load EBV-B cells with peptides for CD81 SKIL stimulation, EBV-B
cells were diluted to a final density of 1 x 10° cells/ml SKIL medium and
were pulsed for 2 hours at 37°C/5% CO, with 5ug/ml of the peptide
pools or the individual peptides, unless indicated otherwise. To stimulate
CD4™% SKILs with individual peptides and peptide pools and to titrate
the minimal recognized epitope, EBV-B cells were pulsed with 5ug/ml
peptide (unless indicated otherwise) at a final density of 1 x 10° EBV-B
cells/ml. Pulsing was performed overnight or for 2 hours at 37 °C in SKIL
medium with or without 7% huAB serum.

DTH. One week after a treatment cycle consisting of four biweekly
TriMix-DC injections, a DTH skin test was performed. A mean of 1.8 x
10° treatment DCs were injected intradermally in the backs of the patients
at two sites. After 48 hours (patient 38) or 72 hours (patients 77, 80, 88,
85, and 123), 6-mm punch biopsies were taken from the injection site
and cut into pieces. Leukocytes emigrating from these tissue fragments
were cultured in SKIL medium. From day 1, 1001U/ml IL-2 and 1 pg/ml
amphotericin B were added to the SKIL culture. Twice a week, half of the
medium was replaced with fresh IL-2 containing SKIL medium. Once a
week, amphotericin B was readministered. After 2.5 weeks of culture, the
SKILs were separated from the remaining tissue clumps using a MACS
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pre-separation filter (Miltenyi Biotec, Bergisch Gladbach, Germany) and
screened for treatment antigen specificity.

Cytokine bead array and CD137 assay. Fifty-thousand SKILs were
cocultured with 5 x 10* stimulator cells (electroporated or peptide pulsed
aEBV-B cells) in 100 pl SKIL medium in a round bottom 96-well and incu-
bated for 24 hours at 37°C/5% CO,. EBV-B cells were electroporated with
treatment TAA-encoding mRNA or a dysfunctional Nef-encoding mRNA
as a control antigen.” After coculture of SKILs with EBV-B cells, the
supernatant was collected, and the supernatant’s IFN-y and TNF-a con-
tent was determined by a cytokine bead array (R&D Systems, Abingdon,
UK). To evaluate the CD41 T-cell responses, IFN-y, TNF-q, IL-2, IL-10,
IL-17,1L-13, and IL-5 were quantified in some experiments using a 7-plex
cytokine bead array from BioRad (Hercules, CA). All procedures were per-
formed following the manufacturer’s instructions. Samples were analyzed
with the Bio-Plex Manager 4.1.1 software, using the Bio-Plex 200 System
(BioRad, Nazareth, Belgium).

At the same time that the supernatant was collected, cells were
harvested, stained for CD4, CD8, and CD137 expression and analyzed
by flow cytometry using the FACSCanto I flow cytometer and FACSDiva
software (Becton Dickinson) as described elsewhere (A.M.T. Van Nulffel,
unpublished data).

CD107a and CD40L assay. For CD107a and CD40L assays, 5 x 10* SKILs
were restimulated with 1 x 10* tyrosinase- or MAGE-A3-electroporated
EBV-B cells in 100pl SKIL medium. For the CD107a assay, GolgiStop
(1/2000; monensin; BD Biosciences Pharmingen, Erembodegem,
Belgium) and anti-CD107a mAb (eBioscience, Frankfurt, Germany)
were added during an overnight coculture.?? Subsequently, the cells were
harvested and analyzed by flow cytometry. For the CD40L staining, 1 ug/
ml anti-CD28 antibody (NA/LE purified, clone CD28.2, BD Biosciences
Pharmingen) and 5pg/ml anti-CD40 antibody (clone MAB89, Abcam,
Cambridge, UK) were added.” After a 24-hour incubation at 37°C, cells
were harvested and analyzed by FACS as described elsewhere (A.M.T. Van
Nuffel, unpublished data).

In vitro expansion and cryopreservation of treatment-specific SKILs. To
expand treatment-specific T cells, SKILs were restimulated weekly (for
CD8' T cells) or biweekly (for CD4" T cells) with irradiated (90 Gy)
aEBV-B-cells electroporated with tyrosinase or MAGE-A3 mRNA, respec-
tively. If fewer than 5 x 10° SKILs were available, restimulation was induced
by adding irradiated aEBV-B-cells expressing the appropriate tumor anti-
gen until a total of 1 x 10° cells per well was obtained. If more than 5 x
10° SKILs were available, restimulation occurred by coculture of irradiated
aEBV-B cells expressing the appropriate tumor antigen with SKILs and
irradiated allogeneic EBV-B cells as feeder cells in a 0.4:1:3 ratio. The cul-
ture contained SKIL medium enriched with 501U/ml IL-2 and 5ng/ml
IL-7. When the proliferation capacity decreased, increasing amounts of
IL-2 were added (up to 1,000IU/ml). If more SKILs were obtained than
necessary, SKILs were cryopreserved in 90% huAB serum with 10% DMSO
using a cryofreezer container to slowly freeze the cells to —80°C (Cryo
1°C freezing container, rate of cooling —1°C/minute; Nalgene, Hereford,
UK). Thereafter, the cryotubes were transferred to liquid nitrogen until
further use. In case no further expansion of SKILs could be achieved or
the cytokine secretion capacity of the SKILs was lost, SKILs that had been
frozen at an earlier time point were thawed and cultured in SKIL medium
supplemented with 25I1U/ml IL-2 at a density of ~4 x 10° cells per ml. Cells
were incubated for at least 2 hours at 37°C/5% CO, before further use.

Tracing the antigen-specific T cells in peripheral blood. Autologous DCs
were generated from leukapheresis material collected after the fourth DC
administration. DCs were matured by TriMix mRNA electroporation and
cryopreserved until further use as described before.* CD8 T cells were
purified from the nonadherent fraction of peripheral blood mononu-
clear cells (PBMCs) by immunomagnetic selection with CD8 microbeads
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(Miltenyi, Bergisch Gladbach, Germany). CD8* T cells were consistently
>95% pure (data not shown). The CD8" flow-through was used as a source
of CD41 T cells. The CD4™ T cell purity of the CD8" flow-through was
~60%, except in the pretreatment cell population of patient 38, where the
purity was ~45% (data not shown).

Of note, post-therapy material was collected at the same time as the
DTH skin biopsy was taken.

For stimulation, 20 x 10° enriched CD8" or CD4" T cells were
cocultured with 2 x 10° TriMix-DCs loaded with 10 pig/ml of the indicated
peptide. Coculture was performed in 7.5 ml of stimulation medium in a
6-well dish in the presence of 50 ITU/mlIIL-2 and 5 ng/mlIL-7. The medium
was replaced when necessary. Cells were stimulated three times at weekly
intervals for CD8™ T cells or biweekly for the CD4% T cells. The presence
of antigen-specific CD8% and CD4™ T cells was evaluated by challenging
the cells with peptide-loaded aEBV-B cells and was determined by
CD137/CD107a or CD40L assay, respectively. For intracellular cytokine
staining, stimulated T cells were cocultured overnight with peptide-
loaded EBV-B cells (ratio 10:1) in 250 pl in a round bottom 96-well. After
2 hours, GolgiPlug (1/1,000; Brefeldin A, BD biosciences Pharmingen)
was added. The cells were fixed and permeabilized using the BD Cytofix/
Cytoperm Fixation/Permeabilization Kit (BD Biosciences Pharmingen)
following the manufacturer’s instructions, using anti-IFN-y -PE and anti-
TNF-a -antigen-presenting cells antibodies (both from eBioscience).
Cells were analyzed by using a FACSCanto I flow cytometer using BD
FACSDiva software.

Statistics. Significant increases in cytokine secretion were evaluated by an
unpaired Student’s ¢-test using Graphpad Prism software version 5.0c. Data
were considered significant when P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Tracing the location of the antigenic regions recognized by
the CD8™ SKILs of patient 88 and the CD4™" SKILs of patient 38.
Figure S2. Identification of the peptide most optimally recognized by
the CD8™ SKILs of patient 88 and of the minimal peptides recognized
by the CD4™ SKILs of patient 38 and 85.

Figure $3. Responses to the signal peptide by the other HLA-B7* pa-
tients included in the clinical TriMix-DC studies.

Figure $4. |dentification of the regions of MAGE-A3 recognized by the
CDA4™ SKILs of patient 85.

Table $1. Patients’ baseline characteristics and clinical outcomes.
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