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Abstract

Target cell recognition by Cytotoxic T Lymphocytes
(CTL) depends on the presentation of peptides by Hu-
man Leukocyte Antigens class | (HLA-I) molecules.
Tumors and herpes viruses have adopted strategies to
greatly hamper this peptide presentation at the impor-
tant bottleneck, the peptide transporter TAP. Previ-
ously, we have described the existence of a CD8* CTL
subpopulation that selectively recognizes such TAP-
deficient cells in mouse models. Here, we show that
the human counterpart of this CTL subset is readily
detectable in healthy subjects. Autologous PBMC cul-
tures were initiated with dendritic cells rendered TAP-
impairment by gene transfer of the viral evasion mole-
cule UL49.5. Strikingly, specific reactivity to B-LCLs
expressing one of the other viral TAP-inhibitors (US6,
ICP47 or BNLF2a) was already observed after three
rounds of stimulation. These short term T-cell cultures
and isolated CD8* CTL clones derived thereof did not
recognize the normal B-LCL, indicating that the cog-
nate peptide-epitopes emerge at the cell surface upon
an inhibition in the MHC class | processing pathway. A
diverse set of T-cell receptors were used by the clones
and the cellular reactivity was TCR-dependent and
HLA-I-restricted, implying the involvement of a broad
antigenic peptide repertoire. Our data indicate that the
human CD8* T-cell pool comprises a diverse reactivity
to target cells with impairments in the intracellular pro-
cessing pathway and that these might be exploited for
cancers that are associated with such defects and for
infections with immune-evading herpesviruses.

Introduction

CD8* Cytotoxic T-Lymphocytes (CTLs) have an impor-
tant role in the immune response against infections
and outgrowth of tumors. They recognize antigenic
peptides presented at the cell surface by class | mole-
cules of the Major Histocompatibility complex (MHC-
1). Inhibition of the intracellular MHC-I antigen presen-
tation pathway is therefore an efficient strategy to
avoid CTL recognition. Indeed, both tumors and virus-
es are able to escape CTL-mediated immune control
through MHC-I down modulation -®. Several mecha-
nisms have been described that lead to loss of peptide
presentation and these involve targeting of the MHC
class | heavy chain, the B2-microglobulin chain, and
components of the peptide loading complex (PLC).
One common target in the PLC that results in efficient
impairment of MHC-| presentation is the Transporter
associated with Antigen Processing (TAP), which
transports peptides generated by the proteasome
from the cytosol into the Endoplasmic Reticulum (ER).
Deficiency in TAP expression is frequently found in

human cancers and several viral proteins have been
indentified that bind to TAP and block its peptide trans-
port function @7. As the heterodimeric TAP1/TAP2
proteins constitute the bottleneck of the MHC-I pro-
cessing pathway, a blockade at this step results in ef-
ficient and total decrease of antigen presentation at
the cell surface, and as a consequence, resistance to
antigen-specific CTL.

Within the family of Herpesviridae four variants of viral
TAP inhibitors have been characterized. Herpesvirus-
es cause life-long latent infections in their hosts, and
occasionally reactivate. Therefore, immune evasion is
an important survival strategy. UL49.5 is a protein en-
coded by herpesviruses belonging to the genus Vari-
cellovirus. In this paper the bovine herpesvirus-1
(BHV-1) variant of UL49.5 is used, which efficiently in-
activates TAP by arresting it into a translocation-in-
competent state, and, moreover, promotes the degra-
dation of TAP 19, The TAP inhibitor ICP47 is found in
herpes simplex virus type | and Il and binds in a stable
fashion to the cytosolic site of the TAP complex,
thereby acting as a high-affinity competitor for peptide
binding 4. The human cytomegalovirus protein US6
is an ER resident protein, which prevents ATP binding
to TAP and thereby blocking peptide transport (1519,
Recently a new TAP inhibitor was indentified in Ep-
stein-Bar Virus (EBV), BNLF2a, which prevents both
peptide- and ATP binding to TAP (718,

TAP impairment is found in a broad range of tumor
types with a frequency between 10-74%, and is regu-
larly found in metastatic leasons 3. It is the most fre-
quent cause of decreased expression of Human Leu-
kocyte Antigens class | (HLA-I), the MHC-l in man, and
is associated with a poor prognosis 1929, |oss of anti-
gen presentation as a result of TAP down regulation
leads to failure of recognition and elimination by tumor-
specific CTLs @24, Interestingly, the residual peptides
that are still presented at the surface of TAP-impaired
cells are dramatically different from the normal peptide
repertoire. In 1992, two studies described that the
peptide repertoire complexity of the TAP-negative T2
cell-line was much more limited compared to that of
the TAP—positive counterpart cell-line 529, Weinzierl
et al characterized these peptides in more detail using
a differential tandem mass-spectrometry approach
and reported a list of peptides which were much more
pronounced in the repertoire of TAP-negative B-LCL
@9 These studies demonstrated that blockades in the
intracellular antigen processing pathway lead to alter-
ations in the peptide repertoire presented by HLA-I at
the cell surface.

In a mouse model we recently described that some of
the differentially presented peptides are immunogenic
and that a subpopulation of T cells is able to target
these TAP-independent peptides ©%3). This category
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of T cells eliminated tumors with a defect in MHC-I
antigen processing, while cells with no processing
defects were not eliminated. Such peptides were
found to be presented by classical MHC-I molecules,
but also by the conserved non-classical MHC-I Qa-1
@9, The peptide-epitopes, which were recognized by
the cognate T cells, were ‘self’ peptides which only
emerge at the cell surface once there is a defect in the
antigen presentation pathway. We named these new
peptides TEIPP, for T cell Epitopes associated with
Impaired Peptide Processing ©%3). Because TEIPP
peptides are derived from housekeeping proteins,
their presentation is also induced by TAP-deficiencies
in normal, non-transformed cells. Indeed, introduction
of the viral TAP inhibitor UL49.5 in myeloid dendritic
cells (DC), which are professional antigen presenting
cells capable of activating naive T cells, sensitized
these cells for recognition by TEIPP-specific CTL ©9.
These TAP-inhibited DCs were equally well recognized
by TEIPP T-cells, as DCs from TAP1” mouse.
Importantly, vaccination with these TAP-impaired DCs
elicited strong TEIPP T-cell responses in vivo, which
were able to prevent outgrowth of TAP-loss lymphoma
and fibrosarcoma tumor variants ©9.

Thus far studies on TEIPP antigens have been limited
to mouse models. Here, we present the first evidence
for the existence of a human T-cell subset with TEIPP-
specificity. In analogy with our mouse model, we
rendered monocyte-derived DC TAP-deficient by
gene transfer of viral evasion molecules that block the
peptide transporter TAP. These TAP-deficient DC
were used as stimulator cells in cultures with
autologous T cells. This approach revealed an efficient
outgrowth of CD8* T-cells with selective reactivity
against TAP-deficient target cells. Polyclonal cultures
and T-cell clones exhibited TCR-dependent and HLA-I
restricted lytic activity against TAP-inhibited targets,
but not against their non-inhibited counterparts.
Collectively, our data indicate that the CD8* T-cell
repertoire in humans contains reactivity against
peptides presented by cells with a defect or block of
the MHC-I antigen-processing route.

Material and methods

Cell lines and primary cell cultures

B-LCLs modo, hodo and HD10 (see Table I) were
transduced with retroviruses based on the pLZRS vec-
tor, which contains an internal ribosome entry site, fol-
lowed by GFP, and one of the viral TAP inhibitors. This
system is recently reported ¢ and the viral TAP inhibi-
tors UL49.5 (from BHV-1), ICP47, US6 and BNLF2a
were used, which were previously described ©®). Cells
were sorted on GFP expression by FACS to ensure
homogenous and high expression of the various TAP
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inhibitors. All B-LCL and K562 were cultured in com-
plete IMDM medium (Invitrogen, Carlsbad, CA) con-
taining 8% heat-inactivated FCS, 100 units/ml penicil-
lin, 100ug/ml streptomycin (Life technologies, Rocker-
ville, MD) and 2mM glutamine (Invitrogen).

We obtained blood from healthy donors (HDs), which
were partly HLA-matched with Modo or Hodo B-LCLs
(Table I). From these donors Peripheral Blood Mono-
nuclear Cells (PBMCs) were isolated, and positive se-
lection was performed on monocytes and B-cells, us-
ing respectively CD14* and CD19* MACS beads (Milt-
enyi Biotec, Gladbach, Germany). CD14* monocytes
were MoDCs in a concentration of 2x10° cells/well in a
6 wells plate (Costar, Cambridge, MA) in RPMI 1640
(Invitrogen) containing 8% heat-inactivated FCS, 100
units/ml penicillin, 100pg/ml, streptomycin and 2mM
glutamine, 800 units/ml GM-GSF (Invitrogen), and 500
units/ml IL-4 (Invitrogen) at 37°C, 5%CO,. After elec-
troporation 250 ng/ml LPS (Sigma-Aldrich, St Louis,
MO, Escherichia coli 055:B5) was added for 24h to
ensure maturation into mature dendritic cells, which
were then washed and used as stimulators for T-cells.
B-cells (2x10° cells/well) were cultured with irradiated
CD40 ligand (CD40L) L-cells, 0.5x10° cells/well in
6-wells plates with 500 units/ml IL-4 and ITES supple-
ment (Lonza group) in complete IMDM medium, with
8% heat-inactivated FCS. B-cells were stimulated
once a week and after electroporation the B-cells were
cultured overnight in complete IMDM medium includ-
ing 500 units/ml IL-4 before usage as stimulators.

RNA electroporation of MoDCs and B-cells

RNA was synthesized from the pGem4Z vector con-
taining the UL49.5 gene from BHV-1. Vector DNA was
linearized for 1h at 37°C, with Spel (Roche, Basel,
Switzerland). RNA of UL49.5 was then synthesized
with the High Yield Capped RNA transcription Kit (T7;
Ambion, Austin, TX).

MoDCs cells were cultured for 6 days before electro-
poration with 20ug synthesized RNA. For each elec-
troporation a maximum of 1x107 cells in 100 pl Opti-
mem media (Invitrogen) was used. Cells were collect-
ed, washed and taken up in Opti-Mem media and
pulsed with a blockpulser (Biorad, Hercules, CA), in a
2mM cuvette (Biorad), at 300V, 150 uCF ©3. Afterward
cells were taken up in X-vivo medium (Lonza) without
phenol red for 15 min at 37°C, 5%CO,, and then incu-
bated overnight in complete RPMI 1640 medium, with
8% heat inactivated FCS, 250 ng/ml LPS, 800 units/ml
GM-GSF, and 500 units/ml IL-4. For electroporation of
B-cells, 5x10° cells were stimulated with CD40L ex-
pressing L-cells, in a concentration of 0.5x10° cells/
well, and 500 units/ml IL-4 the day before. A maximum
of 5x10° cells were electroporated with 20ug synthe-
sized RNA with the Nucleofector Il, program U-008



(Amaxa, Lonza, Cologne, Germany), using the human
B-cell nucleofector kit (Amaxa). After electroporation
cells were kept in X-vivo medium without phenol red for
15 min at 37°C, 5%CO, and then cultured overnight in
complete IMDM medium, with 8% heat-inactivated
FCS containing 500 units/ml IL-4.

T-cell induction protocol

Polyclonal T-cell cultures with a concentration of 6x10°
cells/ml were induced, in a U-bottom 96 wells plate
(Costar), by co-cultures with electroporated MoDCs
(week 0 and 4) or B-cells (week 2 and 6) in a
concentration of 2x10° cells/ml, in complete IMDM
medium containing 8% human AB serum (Greiner,
Bio-One, Alphen aan den Rijn, the Netherlands), 10
ng/ml IL-7 (only week 0), and 60 units/ml IL-2. An
alternating scheme is used as the amount of MoDCs,
obtained from our healthy donors, is limited.

T-cell clones were generated by limiting dilution at
week 4 or 6. Polyclonal cultures were first depleted for
CD4* cells and stimulated with 1x10° cells/ml TAP
inhibited B-LCLs (Modo or Hodo), 1x10° cells/ml pool
PBMCs and 60 units/ml IL-2 in complete IMDM medium
with 8% heat-inactivated FCS. After one week, T-cell
cultures were restimulation with similar conditions.
Clones were selected and restimulated every other
week with 1x10% cells/ml a mixture of various TAP
inhibited B-LCLs (Modo or Hodo), 1x10° cells/ml pool
PBMCs, 60 units/ml IL-2, and 5 ng/ml IL-15 (Invitrogen
Coroperation) in U-bottom wells.

Peptide transport assay

To ensure inhibition of TAP, a peptide transport assay
was done as described previously ©9. In brief cells
where permeabilized, and incubated with the fluores-
ceinconjugated synthetic peptide CVNKTERAY in the
presence or absence of 10mM ATP. Peptide transloca-
tion was terminated by adding ice-cold lysis buffer,
and after the removal of cell-debris incubation with
ConA beads was done to isolated glycosylated pep-
tides. The fluorescence intensity was measured and
peptide transport is expressed a percentage of trans-
location, which is relative to the translocation in control
cells.

Western blot

Cells were lysed in 0.5% Nonidet P-40 lysisbuffer (50
mM Tris, 150 mM NaCl (pH 8.0), 0.5% NP40, 25 mg/ml
Leupeptin, 25 mg/ml 4-(2-amino-ethyl)-benzene-sul-
fonyl fluoride hydrochloride (Sigma-Aldrich, Zwijn-
drecht, the Netherlands. Depending on the protein,
either 16.5% Tricine-PAGE (for UL49.5) or 10% SDS
page gels (for B-actin and TAP1) were made ©. The
gels were loaded, and BenchMark prestained ladder
(Invitrogen) was used as marker. For Tricine-PAGE

gels, gels ran for 3-4h at 25mA/gel. The 10% SDS
page gel ran for 1.5h at 15mA/gel. Afterwards the gel
was blotted in a semi-dry manner, (Hep-1 OWL Panter;
Thermo Scientific, Etten-Leur, the Netherlands) in
semi-dry blot buffer (25mM Tris-Base, 192mM Gly-
cine), for 45 min at 10V onto a Hybond-PVDF transfer
membrane (GE healthcare, Zoetermeer, the Nether-
lands), which was activated for 1 min in pure methanol.
After blotting the membrane was incubated overnight
at 4°C in either 5% elk (for UL49.5 and B-actin) or 0.6%
BSA (for TAP-1) in TBST (10mM Tris-base, 150mM
NaCl, 0.05% tween20, pH 7.4).

The next day the blots were stained with one of the
following antibodies, H11Az (anti BHV-1 UL49.5) ¢4,
148.3 (anti TAP-1) €539 or anti-B-actin (Sigma) in either
0.6 % BSA in TBST (anti TAP1) or 1% elk in TBST (anti
UL49.5 and anti-B-actin). After the staining, the
membrane was washed 3 times for 10 min in TBST,
followed by 3 times 10 min washing in TBS (10mM Tris-
Base, 150mM NaCl, pH 7.4). HRP labeled secondary
antibodies were used: anti-rabbit Ig (DakoCytomation,
Carpinteria, CA) for UL49.5, and anti-mouse Ig for
TAP1 and B-actin (Dako), followed by 3 times washing
in TBST and 3 times TBS. The western blot was
developed on film using ECL Plus Western Blotting
Dectection Reagents (GE Healthcare).

Flow cytometry

For flow cytometry the following antibodies were used
from BD bioscience: CD3 (SK7, FITC), CD137 (4B4-1,
APC), CD8 (SK1, PE or APC), CD4 (SK3, PE) from
Serotech: anti-HLA A/B/C (W6/32, APC), and from
Beckman Coulter the VB Repetoire Analyses kit was
used. Cells were analysed using a FACS Calibur, and
Cellquest software (Becton Dickinson, USA), or Flowjo
software (Tree star, Inc).

CD8+ T-cells clones were stained for the following NK
and KIR receptors: CD226 (clone DX11), NKG2A
(clone Z199PE), NKG2C (clone 134591), NKG2D
(clone 149810), CD56 (clone MY-31), CD94 (clone
DX22), 3DL1 (clone DX9), 2DL3 (clone GL183),
2DS1/2DL1 (clone EB6), 2DS4 (clone FES 172), 3DS1
(clone Z27), 1gG1 (clone A687), 2DL4 (clone A687),
2DL5 (clone A687), all kindly provided by Dr J. van
Bergen (Leiden).

T-cell reactivity assays

IFNy production by T-cells was analysed after 24h or
48h incubation via ELISA (PeliKine compact human
IFN ELISA kit, Sanquin Amsterdam). ELISA plates
were developed with TMB (3, 3', 5, 5'-Tetramethyl-
benzidine Liquid Substrate Supersensitive, for ELISA,
Sigma) and measured at 450nm. On each plate a
standard curve was added to calculate the IFNy
production (pg/ml).
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Figure 1: RNA electropora-
tion with UL49.5 into pri-
mary B cells leads to MHC-
| downregulation. (A) Pri-
mary cultures of B-cells or
MoDCs were electroporated
with  RNA encoding GFP.
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and expression of UL49.5 (after 24 h) and TAP1 (48 h) was analysed by western blot. B-LCL with stable expression of the UL49.5
protein served as positive control. (C) Electroporated primary B-cells were stained with anti HLA-I antibody at different time
points. HLA-I surface expression is depicted of B cells electroporated with UL49.5 RNA (filled histograms) and with control RNA
(open histograms). A decrease of HLA-I at the cell-surface was seen up till day 5 after electroporation. Data are representative
for three independent experiments. Monocyte-derived dendritic cells showed similar results (data not shown).

To confirm the receptor dependency of the T-cells,
several antibodies were used: W6/32 (HB-95, anti
HLA), BB7.2 (anti HLA-A2) and, B123.2.1 (anti HLA-
B/C) (kindly provided by Dr. E. Verdegaal) and FK18
(anti CD8) (kindly provided by Dr. A. Mulder). Cells
were pre-incubated at 37°C, with 50l of the antibody
and IFNy release was measured after overnight
incubation.

Lytic activity of CD8* T-cell clones was determined ina
4h ®'Cr release assay as previously described ©7.
1x10° target cells were labeled with 100ul 5'Cr for 1h at
37C2. After labeling the cells were washed 3 times with
PBS. The target cells were incubated for 4h at 37°C,
5% CO,, with different concentrations of CD8* T-cells,
after which the chrome release was measured. The
percentage of specific lysis was calculated as follows:
((specific lysis test well —spontaneous lysis)/(maximum
lysis — spontaneous lysis)) x 100.

A CD8* T-cell reactive against the TAP-dependent
peptide HA-1 (clone HA-1, kindly provided by Dr. E.
Goulmy) was used to ensure TAP inhibition in the
B-LCL modo TAP inhibited targets ©8.

Results

RNA electroporation of UL49.5 leads to
effective TAP inhibition

Previously, we demonstrated that inhibition of peptide
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transport through TAP induces the HLA-I-mediated
presentation of TEIPP antigens by DCs ©°. In analogy
with this approach in our mouse model, we engineered
TAP-inhibition in human monocyte-derived DC
(MoDC) and B cells by the introduction of the TAP
inhibitor UL49.5 of the BHV-1 virus ®. Gene transfer
was accomplished through electroporation with
synthetic RNA in order to prevent artificial vector
sequences in these professional stimulator cells. The
UL49.5 gene was chosen from the four characterized
viral TAP-blocking molecules, since we previously
found that this protein is the most efficient inhibitor and
actively breaks down TAP proteins ©2. Introduction of
synthetic RNA encoding for GFP showed that ~90% of
both B-cells and MoDC were successfully transfected
with GFP (fig 1a). Electroporation with synthetic RNA
of UL49.5 resulted in strong expression of UL49.5 in
MoDC and B-cells from healthy blood donors (fig. 1b).
The high expression levels of the viral protein resulted
in a specific TAP degradation, comparable to B-LCL
that were stably transfected with the gene (fig 1b), and
this TAP degradation was still present in B-cells 5 days
after electroporation (data not shown). Importantly, the
introduction of UL49.5 in the primary MoDC (12-20%
reduction in intensity two days after electroporation)
and B-cells (fig. 1c) led to a decrease of HLA-I
molecules at the cell surface, illustrating that the
inhibition of TAP function indeed limited the availability
of peptides in the ER. Therefore, we concluded that



electroporation with synthetic RNA encoding the viral
UL49.5 is an effective method to generate TAP-
inhibited Anitgen Presenting Cells (APCs). These TAP
impaired professional APCs were used for the
induction of TEIPP-specific T-cells in vitro.

Construction of a target cell panel for the
analysis of TEIPP-specific T cells

In order to determine the specificity of the T-cell cul-
tures resulting from stimulations with TAP-inhibited
APCs, we constructed target cell panels on the basis
of stable B-LCL cell-lines. B-LCLs hodo and modo cell
panels were used as these two cell-lines cover around
80% of the Caucasian population, including HLA-A1,
-A2, -B8 and -B44 (Table 1) (39). TAP was inhibited in
these cell-lines via stable expression of the inhibitors
UL49.5, ICP47, US6 and BNLF2a and as a control the
empty pLZRS vector was used. Flow cytometry analy-
sis was performed to determine surface HLA-| expres-
sion using an anti-HLA-A/B/C mAb. The B-LCL dis-
played decreased HLA-I levels after introduction of
one of the TAP inhibitors, albeit to variable extent (fig
2a). Subsequently, we determined the impairment of
TAP function in these B-LCLs, with a peptide transport
assay. The efficiency of TAP inhibition was found to
vary between 70 to 90%, with UL49.5 giving the stron-
gest decrease in TAP transport (fig 2b). These results
confirmed that all viral proteins were capable of effi-
ciently impair TAP function, although the changes in

Figure 2: B-LCL panel with stable expression of each

of the four known viral TAP inhibitors. (A) The genes A
of UL49.5, ICP47, US6 or BNLF2a were introduced into
B-LCL modo using retroviral vectors. MHC-I cell-surface
display was measured with a pan-HLA-I antibody. All cell
lines were stained in the same experiments, but are sepa-
rated in two histogram plots for clarity. Isotype control
(thin lines) and modo B-LCL transfected with vector alone
(‘control’, thick lines) are the same in both panels. Similar
results were obtained in three other experiments. (B) All
viral proteins efficiently inhibit TAP function, as tested in a
peptide transport assay. Percentage of TAP transport
was calculated against B-LCL modo control which was
set at 100%. Means and standard deviations shown are
representative of two assays with similar outcome. Com-
parable results were observed for B-LCL hodo (data not
shown). (C-D) IFNy release (C) and lytic activity (D) by an
established CTL clone, specific for the HA-1 antigen, was
measured to ensure that the viral TAP-inhibitors were able
to block surface presentation of TAP-dependent peptide-
epitopes. The HA-1 antigen is endogenously expressed
by modo B-LCL and is presented by HLA-A2. Means and
standard deviations are shown from one out of three ex-
periments with similar outcome

counts

IFNy release (pg/mi)

Tabel I. HLA-I serotype of cell-lines and donors

HLA typing

Sort Name HLA-A HLA-B HLA-C

Cell-line B-LCLhodo 1 1 8 60 w3 w7
B-LCLmodo 2 2 44 60 w5 w10
B-LCLHD10 1 68 44 58 w3 w7

Donor HD1 2 23 44 44 w5 w4
HD2 " 31 7 44 w5  wi5
HD3 2 2 44 18 w5 w7
HD4 1 2 8 44 w5 w7
HD5 2 24 44 39 w5 w7
HD6 1 1 8 40 w2 w7
HD7 2 3 44 57 w5 w6
HD8 1 1 8 58 w7 w7
HD9 2 23 44 44 w5 w4

total HLA-I surface levels were not compelling. In ac-
cordance, earlier studies indeed point at a discrepancy
between TAP blockade and the effects in HLA-I ex-
pression levels at the cell surface (32), implying that
alternative peptides substitute for the TAP-mediated
peptide repertoire. To examine this notion, the recog-
nition of the minor histocompatibility antigen HA-1
presented by HLA-A2 in a TAP-dependent way was
determined with a previously established CD8+ CTL
clone (32,38). IFNg production and cytotoxicity by this
CTL clone upon incubation with the HLA-A2 positive
B-LCL modo and its TAP-inhibited variants clearly in-
dicated that this peptide-epitope is virtually absent
from the TAP-inhibited B-LCLs (fig 2c and d). We
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Tabel Il. IFNy release by polyclonal T-cell cultures from different donors

Target Medium Control® UL49.5 ICP47 useé
Donor cell-line mean® SDe mean SD mean SD mean SD mean SD
HD1 Modo 39¢ 10 354 50 1098 176 1308 81 1407 141
HD2 Modo 44 6 68 16 145 24 198 32 164 4

Hodo 44 6 72 3 354 76 368 78 225 16
HD3 Modo NT® NT 2 2 51 49 121 131 61 26
HD4 Modo 10 0 205 34 122 27 240 47 213 59

Hodo 10 0 418 53 629 98 NT NT NT NT
HD5 Modo NT NT 155 32 269 85 811 120 NT NT
HD6 Hodo 30 4 54 1 114 24 62 1 52 19
HD7 Modo 14 0 134 28 507 49 793 215 466 187
HD8 Hodo 181 14 529 83 737 39 623 27 610 86
HD9 Modo 2 1 4 5 744 109 814 69 744 12

a B-LCLs are transduced with either an empty vector (control) or a vector containing one of the viral TAP inhibitors (UL49.5, ICP47 or US6).

b mean is calculated from triplicate samples
¢ SD is Standard Deviation

d IFNy release (pg/ml)

e NTis Not Tested

therefore concluded that the control B-LCL presents a
TAP-positive peptide repertoire and that the variants
expressing one of the viral TAP-inhibitors predomi-
nantly present a different, TAP-independent peptide
repertoire in their broad array of HLA alleles. These
two cell panels constituted ideal target cells to deter-
mine TEIPP-reactivity by the T cell cultures induced
with the UL49.5 RNA electroporated APCs .
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Figure 3: Polyclonal T-cell cultures exhibit TEIPP-speci-
ficity. (A-B) Shortterm T cell cultures from PBMC were stimu-
lated with UL49.5 expressing autologous dendritic cells and
tested four to six weeks after initial stimulation against two
panels of TAP-inhibited B-LCL. Healthy subjects were select-
ed on basis of sharing some HLA-I alleles with the modo or
hodo B-LCL target cell lines (see Table | for HLA typing). IFNy
release by one T cell cultures from donor HD2 (A-B) is shown.
HD2 shared HLA-I alleles with both B-LCL modo (A) and hodo
(B) and was tested against both panels. Effector to target ratio
was 2:1 for all experiments. (see Table Il for results of all do-
nors).
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Polyclonal T-cell cultures display TEIPP-
specificity

Polyclonal T-cell cultures were initiated from PBMC of
healthy donors whom were selected to match HLA-|
alleles with the modo or hodo B-LCL (Table I). MoDC
or B-cells, with an impaired TAP function through
UL49.5 RNA electroporation, were added to
autologous T-cell cultures in a bi-weekly alternating
scheme in order to stimulate the outgrowth of T-cells
with TEIPP-specificity. Specificity of the T-cell cultures
was examined after three to four in vitro stimulations by
measuring IFNy release upon incubation with cells
from the partly HLA-matched modo and hodo B-LCL
panels. Strikingly, these short term cultures already
displayed selective reactivity to the TAP-inhibited
variants of the B-LCL (fig 3). One donor (HD2) which
shared HLA-I alleles with both B-LCL lines, also
exhibited reactivity against both TAP-inhibited cell
lines (fig 3), suggesting that this T-cell culture
contained multiple TEIPP-specificities presented by at
least two different HLA-I molecules. Complete
mismatched targets showed no reactivity, and the
HLA-I negative target K562 was also not recognized
(data not shown). IFNy release by the polyclonal
T-cells was observed against TAP-inhibited B-LCL,
irrespective of which viral TAP-targeting protein was
expressed. Since the viral evasion molecules exert
different mechanisms for TAP impairment ©1® these
data suggested that the T-cell recognition was induced
by general TAP-impairment in the target cells rather
than by a particular molecular strategy. An overview of
the results from all nine polyclonal T-cell cultures is
depicted in Table II. All cultures, from different blood
donors, displayed selective reactivity against the TAP-
inhibited B-LCL. These surprisingly broad T-cell
responses from short-term cultures prompted us to
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Figure 4: Clones 7.12, 4.16 and 2.3 are CD3*, CD8* and
each has their own TCR VB usage. All three clones were
stained for CD3, CD8 and 24 different TCR V3. Flow cytometry
analysis revealed that clone 7.12 has TCR Vj 14, clone 4.16
VB 20 and clone 2.3 VB 4, confirming their independent origin.
All clones are CD3* and CD8*.

exclude a super-antigen like response, reflected by
strong T-cell expansions of one particular TCR V§-
positive subpopulation. Staining with a panel of V-
specific antibodies demonstrated a wide array of TCR
VB usage (data not shown), indicating that the T-cell
cultures were clearly polyclonal and were not the result
of super-antigen mediated expansion. Together, these
data suggested that TEIPP-specific T-cells can readily
be detected in short-term T-cell cultures from PBMC of
healthy blood donors.

Figure 5: CD8* T-cell clones exhibit
TEIPP-specificity. (A-C) CTL clones A o, .,
were obtained by limiting dilution and
selected on reactivity against TAP-in-
hibited B-LCL. Approximately 10-20% 1000
of all isolated CTL clones showed
preferred reactivity against TAP-inhib-
ited B-LCL, similar to the three CD8*
CTL clones shown here for 7.12 (A),
4.16 (B) and 2.3 (C). IFNy release by
CTL clones upon incubation with the
B-LCL panels is shown. Means and
standard deviations are shown from
one out of four similar assays. NT
means not tested.
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Isolation of TEIPP-specific CD8+ T-cell
clones

The short-term polyclonal T-cell cultures resulting
from three stimulations with RNA electroporated
TEIPP-presenting cells contained both CD4* and
CD8* T cells. CD8* T-cell clones were isolated from
these cultures by limiting dilution, stimulating CD4-
depleted cultures with TAP-inhibited modo or hodo B-
LCL. Approximately 10-20% of the isolated clones
showed higher reactivity against TAP-inhibited B-
LCLs than control B-LCL. Further expansion of these
T-cell clones resulted in the isolation of three stably
growing T-cell clones from different donors. These
three clones (clone 7.12, clone 4.16, and clone 2.3)
expressed CD3, CD8 and TCR molecules from differ-
ent VB families (fig. 4), confirming their independent
origin.

Flow cytometry profiling of natural killer receptors
demonstrated that the TEIPP-specific CD8* clones did
not display an aberrant expression of these receptors.
Comparable to the vast majority of activated CTL, the
lectin receptors CD94, NKG2A and NKG2D were ex-
pressed, but the KIR family was absent (supp. fig 1).
All three CD8* T-cell clones recapitulated the TEIPP-
specificity of the polyclonal T-cell cultures and
recognized all TAP-inhibited B-LCL, but not control the
B-LCL (fig. 5a-c). This indicates that all viral TAP-
inhibitors present an overlapping peptide repertoire
which is different than its non-inhibited counterpart,
and that the viral proteins themselves were not
recognized by our T-cell clones. Of note, the reactivity
pattern is completely opposed to that of the HA-1-
specific CTL (fig. 2c), illustrating the distinct peptide
repertoires presented by TAP-proficient and TAP-
impaired target cells ®@. The TAP-inhibited B-LCLs
were recognized with different efficiencies by the CD8*
T-cell clones (fig 5). Interestingly, the B-LCLs inhibited
with US6 had the least TAP-blocking effect (see fig 2b
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Figure 6: Recognition of TAP-inhibit-
ed target cells is TCR-mediated. (A-
C) CTL clones were pre-incubated with a
blocking anti-CD8 antibody before incu-
bation with B-LCL target cells. IFNy re-
lease for all three CTL clones is shown:
712 (A), 4.16 (B) and 2.3 (C). Isotype
control antibodies did not alter the rec-
ognition of TAP-inhibited B-LCL (not
shown).
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for modo) and were also the least
recognized by the T cells,
suggesting that a correlation exist
between the degree of TAP-
inhibition and the level of HLA-I
mediated TEIPP antigen presentation in HLA-I at the
cell surface.
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Target cell recognition is TCR-mediated and
HLA-restricted

We previously reported in mouse tumor models that
TEIPP-specific CTL exert their reactivity strictly via
their T-cell receptors and that the TEIPP antigens can
be presented on classical as well as non-classical
MHC-I molecules ©%2. Since the isolated human
TEIPP-specific CD8* T-cell clones described here
displayed comparable specificity against TAP-inhibit-
ed targets, we anticipated that also the human CD8*
T-cell clones mediated target cell recognition in a
TCR- and HLA-I dependent fashion. To examine this,
all three CD8* T-cell clones were incubated with a
blocking antibody against CD8 during the incubation
with the B-LCL panel. The anti-CD8 antibody caused a
complete block of CTL-reactivity, strongly indicating
that TAP-impaired targets were recognized via the
TCR (fig 6). Secondly, to determine the HLA-I restric-

Tabel Ill: HLA-I restriction of CD8* T-cell clones
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tion of the human T-cell clones, we generated an ad-
ditional TAP-inhibited B-LCL, which expresses a
complementary set of HLA alleles (B-LCL HD10). All
three CTL clones were tested for IFNy production
against B-LCL hodo, modo and HD10 (Table IlI). Im-
portantly, the CTL clones did not show reactivity
against completely HLA-I mismatched target cells
(Table Ill), even when the UL49.5 TAP-inhibitor was
properly expressed, clearly indicating a dependency
on specific HLA class | molecules. With the use of
these target cell panels we were capable to determine
the shared HLA-restriction element that determined
the restriction of the three CTL clones: HLA-A2, HLA-
B8 and HLA-B44 (Tabel Ill). Some ambiguity was left
for the CTL clone 7.12 concerning HLA-I restriction,
since both A2 and Cw5 were still candidates (Tabel ll).
The HLA-A2 allele could, however, be appointed as
restriction element for this CTL clone, because CTL
reactivity was blocked using a HLA-A2-specific anti-
body, whereas an antibody against HLA-B and -C
molecules did not block the recognition (supl fig 2).
The fact that each T-cell clone used a different HLA-
restriction element for recognition of target cells indi-

CD8" T-cell
B-LCL target clone 7.12 clone 4.16 clone 2.3
Modo shared HLA-I? A2, B44,Cw5® A2, B44, Cw5 B44, Cw5
T-cell recognition® 654 ¢ 17 474
Hodo shared HLA-I none A1, B8, Cw7 Al
T-cell recognition 4 244 23
HD10 shared HLA-| B44 A1, B44, Cw7 B44
T-cell recognition 1 3 121

a HLA-I expressed by both the CTL of the donor and the B-LCL
b In bold are possible restriction molecules for CD8+ T-cell clones

¢ Specific IFNy release (pg/ml) by the T cell clones calculated by the IFNy release against B-LCL UL49.5 minus the IFNy release against the B-LCL control.

d mean value of IFNy of triplicate samples, SD < 50 pg/ml in all cases
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Figure 7: CD8* T-cell clones lyse TAP-inhibited B-LCL.
(A-B) The B-LCL cell panels were loaded with chromium and
used as targets for CTL clones 7.12 (A) and 4.16 (B). K562 cells
are HLA-negative target cells and were not lysed by the CTL
clones, indicating the absence of natural killer-like reactivity.
Different effector to target (E:T) ratios were tested and data
points represent means and standard deviations from tripli-
cate wells. Similar results were observed in two independent
experiments.

cated that multiple different peptide-epitopes are in-
volved in the TEIPP-specific response of healthy sub-
jects. The broadness of TEIPP-specific T-cells was
further supported by the finding that the polyclonal T-
cell culture of donor HD2 displayed reactivity against
both hodo (A11 matched) and modo (B44 matched)
B-LCLs (fig. 3c), whereas the modo stimulated CTL
clone derived thereof was solely restricted by the B44-
allele (Tabel Ill). All together, these data demonstrated
that the TEIPP-directed T-cell response in humans is
broad and involves multiple HLA-I presented peptide-
epitopes.

CD8+ T-cell clones lyse TAP-impaired B-LCL

To examine if the CD8* T-cell clones were also capable
to lyse TAP-deficient targets, a chromium release
assays was preformed. The two tested T-cell clones
712 and 4.16 efficiently lysed all four TAP-inhibited
target cells, whereas their TAP-proficient counterparts
were not killed (fig 7a,b). The specificity pattern of the
T-cell clones matched that of the IFNy release assays
(fig 5a,b). To determine the contribution of NK-like
reactivity to this lysis, the K562 cell line, which is
completely HLA-I negative, was included as a target.
K562 cells were not killed by the T-cell clones,
indicating that our cytotoxic T-cell clones did not
exhibit HLA-I-independent killing activity (fig 7a,b). We
speculate that our T-cell clones constitute the first
examples of TEIPP-reactive CTL in humans, and that
this CD8* T-cell subset is well represented in PBMC of
healthy subjects.

Discussion

Here we present the first evidence for the existence
of TEIPP-specific CTL in humans. These CD8* T
cells selectively recognize TAP-inhibited target
cells, which are generally resistant to detection and
lysis by conventional CTL. TEIPP-specific CTL were
already detectable in short term T-cell cultures that
received only three rounds of stimulation, indicating
that TEIPP-CTL are well represented in the PBMC of
healthy subjects. All PBMC cultures exhibited reac-
tivity against B-LCL expressing a viral TAP-inhibitor,
but not against the normal B-LCL, suggesting that
TEIPP-CTL are generally present in the human
population and target a broad repertoire of peptides
which are presented upon TAP-inhibition. Analyses
of TEIPP-specific CTL clones revealed that target
cell recognition depends on the T-cell receptor and
that several different classical HLA-I molecules
present these cognate peptides. These data are in
complete analogy with our previous findings in
mouse models @831,

TEIPP-specific T cells were isolated by stimulations
of PBMC from healthy donors with autologous
dendritic cells that were electroporated with RNA
encoding the BHV-1 gene UL49.5. The protein from
this bovine herpesvirus efficiently inhibits the
peptide transporter TAP (see fig 1) through induction
of a conformational arrest and proteasomal
degradation @19, Using this autologous culture
system, we minimized the risk of inducing artificial
T-cell specificities, e.g. allogenic-HLA antigens,
minor histocompatibility antigens and vector-
derived antigens. The generated T-cell cultures
were tested against panels of B-LCL stably
expressing one of four different well characterized
viral TAP inhibitors (UL49.5, ICP47, US6 and
BNLF2a). The polyclonal T- cell cultures, and also
the isolated T-cell clones responded to all four TAP-
inhibited cell lines, excluding the UL49.5 protein,
which was present during the culture period, as the
source of target peptides. Although RNA
electroporation is only transient and not completely
inhibiting TAP function (fig 1b), it is sufficient enough
to alter the repertoire of peptides as such that CTLs
which are specific for TAP-inhibited cells are
induced. This is in line with our previous studies in
which both TAP-knockout and TAP-inhibited cells
where recognized @8-30),

The CTL clones isolated display different HLA-I re-
strictions for their TEIPP epitope. CTL 7.12 is HLA-
A2 restricted, CTL 4.16 is most likely HLA-B8 re-
stricted and CTL 2.3 is HLA-B44 restricted. HLA-I
molecules associate in the peptide loading complex
with TAP in order to directly load peptides which are
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there pumped into the ER. The binding of HLA-1to TAP
is not well understood, but it is shown that position 116
(p116) in the HLA-I molecule has a great effect on as-
sociation with TAP and/or tapasin “%-42. This is well il-
lustrated by the two closely related alleles HLA-B4402
and B4405 “0-42 Where B4402, with aspartic acid at
p116, is highly dependent on TAP, B4405 with tyrosine
at this position is completely independent of TAP ¢“0-42),
Detailed analyses showed that peptide loading of
HLA-A2, -A23, -B7, -B8, and -B4405 molecules is
largely independent of TAP (252643-47) " while the TAP-
dependent pathway is the main processing route for
HLA-A1, -A3, -A11, -A24, -B15, -B27 and -B4402 “#0-49,
It could be hypothesized that TEIPP peptides are pre-
dominantly presented by HLA-I molecules that are
normally dependent on TAP for their peptide loading,
since the transition to TAP-deficiency would then se-
lect for a completely distinct peptide repertoire. How-
ever, we isolated CTL with HLA-I restrictions from both
categories (HLA-A2, HLA-B8, and HLA-B4402), sug-
gesting that TAP associations are not predictive for
presentation of TEIPP peptide-epitope, and that all al-
leles could display TEIPP upon inhibition of TAP.
Apart from presenting TEIPP at the cell-surface of
TAP-deficient cells another explanation for reactivity
against TAP-deficient targets could the involvement of
the CD94/NKG2a complex which is expressed on
some of the CD8* T-cells. Indeed our CTL 7.12 also
expresses this complex, while it is absent on CTL 4.16
(supl fig 1). CD94/NKG2a can bind to surface HLA-E
molecules loaded with peptide, which then acts as an
inhibitory molecule “®. Since TAP-deficient cells
express these HLA-E molecules and TAP-deficients
cells in lower amounts it could be possible that the
TAP-independent peptide, which is recognized by the
TCR of CTL 7.12, is already presented at TAP* but non-
reactive due to the presence of HLA-E and NKG2a/
CD94. However, in our previous studies in mice
blocking the NKG2a had no effect on the reactivity of
the CTLs @ and we therefore have no reason to
believe that this would be the case for our CTL 7.12
which is expressing NKG2a/CD94.

Molecular identification of human TEIPP antigens
would enable immunotherapeutic approaches for the
treatment of tumors harboring antigen processing
defects. Since processing-deficient tumors are
resistant to conventional anti-tumor CTL and represent
a major percentage of all tumors, alternative T-cell
based strategies, like TEIPP antigens, are more than
welcome. In an attempt to indentify the nature of the
involved peptide-epitopes, we tested HLA-A2 binding,
TAP-independently processed peptides that were
described by the group of Dr. Stevanovic (Tuebingen,
Germany) ©” for recognition by our TEIPP T-cell
clones. However, none of the peptides from this list
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stimulated our T-cells, and also the T2 cell-line from
which these peptides were eluted was not recognized
by our HLA-A2 specific CTL. Despite the fact that the
exact identity of our human TEIPP peptides remains
unknown, TAP-impaired DC could constitute an
alternative in vaccination studies. RNA electroporation
of MoDCs or B-cells with a viral TAP inhibitor is feasible
in clinical settings. RNA electroporation has the
advantage that the nucleotides are not integrated in
the host genome, like viral vectors ©349-59_In our mouse
model, TAP-deficient dendritic cells were capable to
prevent the outgrow of TAP-deficient tumors ©0.
Several improvements still need to be made to fully
optimize dendritic cell vaccination in cancer patients,
but the process will remain tailored and laborious as
each patient needs their own manufactured vaccine.
Therefore, we argue for the molecular identification of
human TEIPP in order to enable peptide vaccination,
which holds great promise for the future as a cancer
treatment.
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Supplementary figure 1:
Clones 7.12 and 4.16
have a normal T-cell phe-
notype. CTL clone 7.12 (A)
and clone 4.16 (B) were
stained for well known T-
cell, NK and KIR receptors.
Clone 7.12 was positive for
CD56, CD94, DNAM, NK-
G2A and NKG2D all mark-
ers which are expressed on
a subet of T-cells. None of
the KIR receptors was
found at its cell surface
Clone 4.16 was positive for
CD56, DNAM and NKG2D
and again no KIR receptor
expression was observed.
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Supplementary figure 2: TEIPP-CTL
clone 7.12 is HLA-A2 restricted. Target
cells modo B-LCL and UL49.5 expressing
modo B-LCL were pre-incubated with anti
HLA-I, anti HLA-A2, and anti HLA-B/C anti-
bodies, before clone 7.12 was added. IFNy
release by CTL was measured. Two panels
represent independent experiments, which
show that total HLA-I blocking and specific
HLA-A2 blocking prevented CTL activation.
These results corroborate those from figure
7 on the HLA-A2 restriction of TEIPP-CTL
clone 7.12.
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