


The Journal of Immunology

-O- UCP4 -8~ hTERT
1001 50
o W 0
60+ 30
404 20
204 10
0 T T T T 0
0 25 50 100
Chloroquine (pmol/L)
-O- UCP4 -8~ hTERT
100+ 50
80 40
60+ 30
40 20
204 10
C 1) Ll U 1) O
0 2 20 200
Leupeptin (umol/L)
-O- UcP2 -~ hTERT
60 O—O——O\O 50
40
40 20
20
20
10
0 T T T T 0
0 2.5 5 10
Lactacystin (umol/L)
-O- UCP2 -8~ hTERT
604 O\O/O\O 50
40
407 30
20
204
10
o Lo

0 25 5
Epoxomycin (umol/L)

10

Chloroquine (pmol/L)

Leupeptin (umol/L)

Lactacystin (pmol/L)

Epoxomycin (umol/L)

100

CD4

200

CD4

10

CD4

10

CD4

UCP2-CD4 T cell clones

UCP4-CD4 T cell clones

1603

hTERT UCP2 hTERT UCP4
A
62.5 81.8 55.3 95.6
46.6 72.1 8.4 96.4
IFN-y -
A hTERT ucpP2 hTERT UCP4
76.7 95.2 55.3 95.6
72.9 97.3 47.6 98.6
IFN-y 0 "
hTERT UCP2 hTERT UCP4
A
62.5 81.8 55.3 95.6
2.8 79 9.8 96
IFN-y i’
hTERT UcP2 hTERT UCP4
A
62.5 81.8 7.3 50.1
0.2 77.3 0.3 50
IFN-y "

FIGURE 4. hTERT protein processing by moDC. Effect of Ag-processing inhibitors on the recognition of MBP-hTERT-loaded moDC by UCP-specific
CD4 T cell clones. moDC were cultured for 1 h with or without indicated protease inhibitors (A and B) or proteasome inhibitors (C and D) and loaded with
hTERT (10 pg/ml) for 12 h. Then, moDC were matured with LPS for 5 h. Finally, moDC were cocultured for 12 h with UCP-specific CD4 T cell clones at a
2:1 ratio. Reactivity of UCP-specific CD4 T cell clones was evaluated by intracellular IFN-y staining. Results are shown as percentage of IFN-y—producing
cells among CD3"CD4" T cell clones. (A and B) Left panels, Graphics show one representative experiment from four independent assays with UCP4
stimulation. (C and D) Left panels, Graphics show one representative experiment from four independent assays with UCP2 stimulation. (A-D) Right panels,
All experiments with autologous DC were repeated at least three times for UCP2 and once for UCP4.

2202 ‘TZ RN uo 1s9nb Aq /6o jounwiw i [-mmmy/:dny wou) papeojumod



1604 HSPG-MEDIATED hTERT CAPTURE AND MHC CLASS II PRESENTATION

Table I.  Amino acids composition of hTERT protein

Molecular weight 127 kDa
Number of amino acids 1132
Percentage

Amino Acids Composition

into hTERT (%)

Number of negatively charged residues (Asp + Glu): 79 7
Number of positively charged residues (Arg + Lys): 165 14.6
Ala 99 8.7
Arg 125 11.0
Asn 21 1.9
Asp 34 3.0
Cys 29 2.6
Gln 47 4.2
Gly 75 6.6
His 34 3.0
Ile 23 2.0

Leu 147 13
Lys 40 35
Met 12 1.1
Phe 47 42
Pro 87 7.7
Ser 75 6.6
Thr 58 5.1
Trp 18 1.6
Tyr 28 2.5
Val 88 7.8

Amino acids are expressed as absolute number and percentage into hTERT protein. Numbers and percentages of positively and

negatively charged residues are also indicated.

T cell clones were unable to process the MBP-hTERT, ruling out an
auto-presentation process (Fig. 3B, 3C). Thus, these results showed
that hTERT can be processed and presented by MHC-II molecules on
DC to effectively stimulate CD4 T cells.

hTERT presentation on MHC-1I molecules required both
endolysosomal and cytosolic proteases

To elucidate the mechanism by which UCPs are generated from
MBP-hTERT, we used pharmacological inhibitors of Ag processing.
The addition of increasing concentrations of chloroquine, an
agent preventing endosomal acidification and thus the activation of
endolysosomal proteases, dramatically inhibited MHC-II-restricted
presentation of both UCP2 and UCPA4. In contrast, this treatment had
no effect on the presentation of synthetic UCP2 and UCP4 peptides
excluding a toxic effect or unspecific alteration of DCs (Fig. 4A,
Supplemental Fig. 2). These results indicate that the processing of
these epitopes required a functional endosomal compartment. Then,
to investigate the role of lysosomal cysteine and serine proteases in
the formation of UCPs, we evaluated CD4 T cell clone reactivity
against DC pretreated with increasing concentrations of leupeptin,
which is a chymotrypsine-like protease inhibitor. As shown in Fig.
4B, DC pretreated with leupeptin before MBP-hTERT loading eli-
cited a weak inhibition of IFN-y production from UCP2- or UCP4-
specific CD4 T cell clones, demonstrating that leupeptin-sensitive
proteases were not required for the processing of UCPs. In clear
contrast, proteasomal activity appeared critical for the production of
UCPs. Indeed, the use of two proteasome inhibitors, lactacystin and
epoxomicin, completely abrogated the stimulation of UCP-specific
CDA4 T cell clones by DC loaded with MBP-hTERT (Fig. 4C, 4D).
Altogether, these results showed that the processing and presentation
of UCPs on HLA-DR by DC require both endolysosomal and cy-
tosolic proteases.

HSPG mediated internalization of hTERT by DC

Recent findings indicated that HSPG are involved in positive
charged Ag presentation on MHC-II molecules (23). Amino acids
sequence analysis of hTERT showed that this protein contains 165

basic residues, such as arginine and lysine residues (B), with a
theoretical isoelectric point of 10.54 (Table I). In addition, three
BBXB or BXBB motifs were localized in the nuclear localization
signal and the retrotranscriptase domains (Supplemental Fig. 3).
These motifs along with BXBXBXB motif are known to partici-
pate in the binding to heparinoids (24). Hence, we evaluated the
implication of HSPG on hTERT internalization by DC.

To demonstrate hTERT interaction with HSPG, we first used a
biochromatographic approach based on HSPG column (21, 22). As
shown in Fig. 5A, using this HSPG column, a MBP-hTERT re-
tention time of 7.5 min was observed, whereas the dead time of the
HSPG column and the MBP’s retention time were ~1 min. This
suggests that only the hTERT part of MBP-hTERT fusion pro-
tein bound to HSPG. Then, we performed DC-CD4 T cell clone
coculture experiments in presence of heparin, which would act
as a competitor of the hTERT/HSPG interaction. The addition
of increasing concentrations of heparin considerably inhibited
UCP-specific CD4 T cell clone activation (Fig. 5B, Supplemental
Fig. 4). In contrast, the presence of heparin had no effect on the
recognition of UCP-pulsed DC, indicating that heparin did not
compromise presentation capabilities of DC. In the same set of
experiments, chondroitin A was used as chondroitin sulfate com-
petitor. In contrast to heparin, addition of chondroitin A to the
culture didn’t specifically inhibit MBP-hTERT presentation by
DC (Fig. 5C, Supplemental Fig. 4). To confirm the implication of
HSPG in hTERT uptake, autologous DC were preincubated in the
presence or absence of heparinase III for 1 h before MBP-hTERT
loading. A decrease of 60% in UCP-specific clone reactivity was
observed when DC were pretreated with heparinase III, indicating
that HSPG contribute notably to MBP-hTERT internalization
(Fig. 5D).

Acidosis improved binding of hTERT to HSPG

To assess whether hTERT binding to HSPG is pH and temperature
dependent, these variables were modulated and the MBP-hTERT
retention was evaluated. The retention factor of MBP-hTERT on
HSPG was calculated over the entire pH range 5.00-8.00 with
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FIGURE 5. hTERT protein internalization by moDC. (A) HPLC chromatograms for the MBP-hTERT binding to HSPG. The first two peaks correspond
to the column dead time and the MBP retention on the HSPG column. The third peak corresponds to MBP-hTERT retention on the HSPG column. Data are
representative of three independent experiments performed in triplicate. Biochromatographic conditions; mobile phase: phosphate buffer 0.1 M (pH = 7.00);
flow rate: 0.3 ml/min; column temperature: 298K. (B and C) Effects of proteoglycan competitors on the recognition of MBP-hTERT-loaded moDC by
UCP-specific CD4 T cell clones. moDC were cultured for 1 h with or without sulfated polysaccharides: heparin (B) or chondroitin A (C), followed by MBP-
hTERT (10 pg/ml) loading for 12 h. Then, moDC were matured with LPS for 5 h. Finally, moDC were cocultured for 12 h with UCP-specific CD4 T cell

clones at a 2:1 ratio. Reactivity of UCP-specific CD4 T cell clones was evaluated by intracellular IFN-y staining. Results are shown as percentage of

IFN-y-producing cells among CD3"CD4" T cell clones. (B and C) Left panels, Graphics show one representative experiment from three independent
assays. (B and C) Right panels, All experiments with autologous DC were repeated at least three times for UCP2. UCP4 experiment with heparin-pretreated
autologous DC was performed once. (D) Effects of heparinase III on the recognition of hTERT-loaded moDC by UCP2-specific (Figure legend continues)
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FIGURE 6. HSPG and hTERT interactions. (A) Variation of the logarithm of the MBP-hTERT retention factor k with HSPG versus pH. Mobile phase:

phosphate buffer 0.1 M; column temperature: 298K. (B) Van’t Hoff plots of

the hTERT/HSPG binding for a phosphate buffer 0.1 M mobile phase at eight

different pHs, 5, 5.5, 6, 6.5, 7, 7.4, 7.8, and 8, and in the temperature range 288K-310K (288, 293 298, 303, and 310K). (C) Variation of the binding

enthalpy AH (kJ/mol) hTERT/HSPG versus pH. Mobile phase: phosphate bu

ffer 0.1 M. (D) Variation of the binding entropy AS* hTERT/HSPG versus pH.

Mobile phase: phosphate buffer 0.1 M. Data are representative of three independent experiments performed in triplicate.

column temperature varying from 288K to 310K. As represented in
Fig. 6A, at all studied pH values, the MBP-hTERT retention time
was always much higher than the column dead-time, confirming the
hTERT binding to HSPG. The ability of hTERT to bind HSPG was
pH dependent as increasing interactions were observed as the pH
values fall below neutrality. In contrast, the lowest binding was
observed at a pH range 7.40-8.00. The nonlinearity of the plot Ink
versus pH (Fig. 6A) showed that van der Waals and hydrogen bonds
were not the only forces that interfere in this association mecha-
nism. The plot Ink versus pH showed the ability of HSPG to bind to
MBP-hTERT at acidic pHs indicated that the association was also
mediated through ionic interactions of sulfate groups of HSPG with
the positively charged amino acids, especially the arginine (11% of
all amino acids) and in a less manner the lysine (3.5%) (Table I),
which were always protonated at all studied pH (the pKa of the
arginine and lysine side chain are 12 and 10.5, respectively). As
expected, lower temperatures slightly increase the retention time
whatever the pH value, and all curves exhibited a similar variation
at all studied temperatures (Fig. 6B).

Then, the linear Van’t Hoff plots were used to calculate the
values of the hTERT/HSPG-binding thermodynamic parameters
(Fig. 6C, 6D). The variation of AH and AS* with pH confirmed
the pH-dependent binding of hTERT with HSPG and a change in
the interaction mechanism at pH ~6.50. The thermodynamic data
of this association process were always negatives at all pH values,
therefore demonstrating that van der Waals and hydrogen bonds
played a major role in the hTERT/HSPG association mechanism
at physiological pH 7.4. When pH decreased from 8.00 to 6.50, an
increase in the thermodynamic data was observed (Fig. 6C, 6D).
As interactions between ionic and hydrophobic species in an
aqueous solution are characterized by small positive enthalpy and
positive entropy variations (25), this result demonstrated that ionic
and hydrophobic interactions appear in the hTERT/HSPG-binding
mechanism at acid pH. In addition, the pH profile of h"TERT/HSPG
interaction had a midpoint pH of ~6.50, and the maximal number
of proton released from the buffer to the hTERT/HSPG complex
was maximal around this pH value (n = 1.20 = 0.04) (Fig. 6A).
This result suggests that one or more histidine (His) residues (3%)

CD4 T cell clones. moDC were incubated with heparinase III (30 mUI/ml) for 1 h at 37°C and MBP-hTERT loading (10 p.g/ml) for 12 h. Then, moDC were
matured with LPS for 5 h. Finally, moDC were cocultured for 12 h with UCP-specific CD4 T cell clones at a 2:1 ratio. Reactivity of UCP-specific CD4 T
cell clones was evaluated by intracellular IFN-vy staining. Data are representative of two independent experiments.
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(pKa His = 6-6.5) were protonated during the binding process and
interacted with the sulfate groups of HSPG, this interaction being
inhibited theoretically at pH values >7.

Discussion

In this study, we have identified a unique MHC-II Ag-processing
pathway, using both the endolysosomal and cytosolic pathways,
which allows the recognition of hTERT-derived UCPs by CD4
T cells. Moreover, we demonstrated that HSPG mediate hTERT
internalization by DC notably in an acidic environment.

Previous studies described a direct recognition of tumor cell lines
by tumor-Ag—specific CD4 T cells (26-29). However, the indirect
recognition through processing of the tumor Ag by DC remains
the main pathway of Ag presentation to CD4 T cells (30-32). In this
study, UCP2- and UCP4-specific CD4 T cell clones did not rec-
ognize MHC-II-matched hTERT-expressing tumor cell lines. In
contrast, UCPs had to be processed from MBP-hTERT or hTERT-
positive lysate and presented by DC. The absence of direct tumor
cell recognition was not related to low expression of MHC-II mol-
ecules on tumor cell surface or to low expression of hTERT by
tumor cell lines used in this study. One reasonable explanation
would be the inability of tumor cell lines to process and present
these two hTERT-derived peptides. Similar results had been reported
by Schroers et al. (33) regarding HLA-DR7-restricted peptides de-
rived from hTERT. However, a recent study showed the ability of a
CD4 T cell clone specific of a HLA-DRB1*08/hTERT complex to
directly recognize a HLA-matched melanoma cell line (34). These
results suggest that only some hTERT-derived epitopes can be
generated and presented by tumor cells as it had been reported for
MAGE-A3 or NYESO-1 (35, 36). This could be explained by the
different processing pathway or proteases used by tumor cells and
DC (37). The direct recognition of tumor cells by CD4 T cells has
been described as a critical mechanism to bypass unfit DC within the
tumor microenvironment (29, 36). However, as tumor cells do not
express costimulatory molecules and are in an immunosuppressive
microenvironment, tumor stimulation would preferentially lead to
CD4 T cells’ anergy rather than stimulation (38). Thus, by recog-
nizing peptides generated only by DC, CD4 T cells would be pro-
tected from T cell anergy. Furthermore, the selective processing of
certain tumor Ags by DC could permit the preservation of normal
hTERT-expressing cells, such as immune cells, from T cell attack.

To our knowledge, we also demonstrated for the first time the
implication of cell surface HSPG to facilitate the internalization of
hTERT by DC. A recent study showed that coupling of HSPG-
binding domain to a protein Ag improves its uptake and presen-
tation by APCs and increases its capacity to stimulate T cells (23).
As such putative domains are present in the hTERT protein se-
quence, we assessed whether hTERT endows this property. Au-
tologous moDC were used because different human mononuclear
cells and particularly iDC actively synthesize cell surface pro-
teoglycans (39). We demonstrated that HSPG-binding ability of
MBP-hTERT is critical for its internalization by DC. Membrane
HSPG are therefore used as cell surface receptors for MBP-
hTERT uptake. A biochromatography approach was used to
confirm these hTERT/HSPG interactions and to evaluate the
binding mechanism. We showed that the hTERT part of the MBP-
hTERT fusion protein is involved as the MBP does not interact
with HSPG, as it has been described by Su et al. (40). We hy-
pothesized that hTERT is able to bind to HSPG mainly through
van der Waals and hydrogen bonds at physiological pH. Inter-
estingly, ionic and hydrophobic interactions appeared at pH ~6.5,
favoring stronger hTERT/HSPG interactions theoretically. These
results confirm and reinforce the existence of positive correlation
between acidosis and MHC-II-restricted Ag presentation already
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described by Léonetti and colleagues (41). Nevertheless, as pro-
ducing full-length hTERT without any tag is still challenging, we
could only use MBP-hTERT fusion protein. Thus, we could not
exclude that MBP may also induce conformational changes in
hTERT and thereby modulate its HSPG-binding capacity even if
MBP-hTERT has been shown to be catalytically active (17).

Hydrophobic interactions could be generated by apolar amino
acids such as valine, alanine, and specially leucine in a great
proportion in hTERT (13%), which can form hydrophobic bonds
with the N-acetyl group of HSPG. Concerning the ionic interac-
tions, we demonstrated that His residues of MBP-hTERT were
critical for its interaction with HSPG. His residues were generally
uncharged at neutral pH and are more often buried in the interior of
protein as opposed to basic residues such as arginine or lysine,
which tend to be on the surface of MBP-hTERT. At an acidic pH
(6.00-5.00), a weak variation in the MBP-hTERT affinity with the
HSPG surface was observed, and this was associated with a de-
crease of the thermodynamic values. We can assume that the
flipping of the His switch to the on position (i.e., protonation of
His residues) in the pH range 7.00-6.50 led to ionic interactions
between the protonated His residues of hTERT with the negatively
charged sulfate groups of HSPG. This would modify the van der
Waals and hydrogen bond network and lead to a slight confor-
mational change of hTERT. The reported decrease of pH in tumors
(42, 43) may cause an increased association of hTERT with gly-
cosaminoglycan chains, increasing its internalization by DC.

Since the identification of Tatyg_¢o as a cell-penetrating peptide
(CPP) (44), hundreds of CPP sharing this property have been
discovered. Recently, a systematic cataloging of these peptides
has been carried out, and various families have been described
(45). GV1001, a hTERT-derived peptide, has been proposed as a
CPP (46). However, in this study, GV1001 internalization re-
quired heat shock protein 70 or heat shock protein 90 interaction,
whereas it was only weakly inhibited by heparin. We propose
that hTERT conformation may hinder GV1001 interaction with
HSPG, whereas motifs containing basic residues would remain
accessible to HSPG. This cell-penetrating property is shared by
tumor-derived exosomes (47) and probably by other tumor Ags
(48). Tumor Ag-HSPG interaction could facilitate the stimula-
tion of tumor-specific CD4 T cell response after release of Ags
from dying tumor cells exposed to cytotoxic agents. Thus, these
results could explain the synergistic effect between cytotoxic
chemotherapy and hTERT-specific Thl CD4 responses, which
led to improvement of cancer patients’ survival (5, 13).

Collectively, we have identified a unique Ag-processing pathway,
requiring cell surface HSPG and using both the endo-lysosomal and
cytosolic pathways, which allow the recognition by CD4 T cells of
hTERT-derived UCPs presented on MHC-II by DC. Thus, tumor-
associated Ags rich in basic amino acids represent attractive tar-
gets for anticancer immunotherapy strategies.
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