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bstract

HLA-DM (DM) plays a critical role in Ag presentation to CD4 T cells by catalyzing the exchange of peptides bound to MHC class II molecules.
t is known that DM interaction with MHC II involves conformational changes in the MHC II molecule leading to the disturbance of H-bonds
ormed between the bound peptide and the MHC II groove leading to peptide dissociation. The specific region of the DM molecule that induces this
eptide dissociation is not defined. In this study, we describe three short peptides (helper peptides) that accelerate DM-catalyzed peptide exchange.
inetic studies presented here demonstrate that these peptides act similarly to DM in; (a) enhancing peptide binding to HLA-DR1; (b) dissociation

f complexes of peptide-DR1; and (c) maintaining a receptive conformation of empty DR1. We further report that helper peptides are effective in
ncreasing peptide binding to DR1 expressed on B cells in vitro, and, when mixed with peptide and adjuvant, cause enhanced T cell priming in
LA-DR1 Tg mice. We suggest that helper peptides might interact with the same critical residues on MHC class II that is targeted by DM.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Shortly after synthesis in the antigen presenting cell, MHC
lass II �� heterodimers form nonameric assemblies with
nvariant chain (Ii) in the endoplasmic reticulum and are then
ransported through the Golgi complex to the endocytic path-
ay (Neefjes et al., 1990; Peters et al., 1991). During transport

hrough the endocytic pathway the majority of Ii is removed
rom MHC II molecules by low pH and acid proteases (Blum
nd Cresswell, 1988), leaving a proteolytic fragment of Ii called
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

LIP (class II-associated Ii peptide) bound to MHC class II
Cresswell, 1994). CLIP acts as a place-keeper for the MHC
lass II groove, inhibiting conformational changes that render
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he groove closed (Romagnoli and Germain, 1994; Castellino
t al., 1997; Natarajan et al., 1999a; Sadegh-Nasseri, 1994;
adegh-Nasseri and Germain, 1991, 1992; Sadegh-Nasseri et al.,
994; Sato et al., 2000) and has to be removed in order to allow
inding of exogenous peptides to nascent MHC class II com-
lexes. DM or H2-M in mice is a nonclassical HLA molecule
nd was discovered in B cell lines that were defective in Ag
resentation by MHC class II molecules (Mellins et al., 1990)
nd has been shown to play a critical role in the displacement of
LIP (Denzin et al., 1994; Denzin and Cresswell, 1995; Green
t al., 1995; Fung-Leung et al., 1996). In addition to displac-
ng CLIP, DM transiently interacts with empty MHC class II to
enerate a peptide-receptive conformation, and plays an active
ole in the selection of specific peptide/MHC class II complexes
uring antigen processing (Weber et al., 1996; Kropshofer et
l., 1996; Martin et al., 1996; Miyazaki et al., 1996; Ullrich
t al., 1997; Vogt et al., 1997; Kropshofer et al., 1997; Chou
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

nd Sadegh-Nasseri, 2000; Doebele et al., 2000; Narayan et al.,
007).

DM has been shown to function in two stages: a recogni-
ion phase followed by an effector phase. Multiple studies have

dx.doi.org/10.1016/j.molimm.2007.10.033
mailto:ssadegh@jhmi.edu
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hown that the recognition phase depends on structural varia-
ions among different peptide/MHC complexes (Belmares et al.,
003; Chou and Sadegh-Nasseri, 2000; Pashine et al., 2003; Pu et
l., 2004; Stratikos et al., 2004). It was shown that structurally
exible complexes were susceptible to DM-induced dissocia-

ion, whereas “rigid” complexes were resistant to DM (Chou
nd Sadegh-Nasseri, 2000). The effector phase involves desta-
ilization of H-bonds between the peptide main chain and the
onserved residues lining the groove of MHC class II protein.
pecifically, the H-bond formed between His 81 on the beta
hain and peptide was shown to be most critical (Narayan et
l., 2007). Thus, it was proposed that DM affects peptide/MHC
lass II complex dissociation by a “hit-and-run” mechanism,
here a transient interaction between DM and DR1 causes a

onformational change in DR1 that leads to the perturbation of
he �81His H-bond, resulting in destabilization of bound pep-
ide. This characteristic of DM therefore, allows for screening
f different peptides until one comes along that forms a DM-
nsensitive complex with MHC II and thus remains bound and
s then perhaps exported to the cell surface. It has also been sug-
ested that the conformation of peptide/MHC class II complexes
ormed in the presence of DM might be somewhat different
rom those formed in its absence (Pu et al., 2004). Thus, DM is
ighly significant for efficient peptide binding to MHC class II
nd selection of peptides that remain bound to MHC II and their
ecognition by T cells (Lazarski et al., 2005).

Although these findings have provided a mechanistic under-
tanding of the DM interaction with MHC class II molecules,
he specific interaction site of DM and MHC class II remains
nknown. Interestingly, some earlier studies have shown that
he amino-terminal segment of long CLIP (residues 81–89) that
alls outside the peptide binding groove of class II molecules
ight facilitate the release of the groove-binding sequence of
LIP through an allosteric release mechanism (Kropshofer et
l., 1995a). In designing strategies to improve peptide vacci-
ation, Adams et al. (1997) constructed a series of peptide
ariants derived from the N-terminal sequence of CLIP. Origi-
ally called Ii-key peptides, but renamed as “helper peptides” in
he present study, they were shown to enhance peptide presen-
ation when mixed with the antigenic peptide and in conjugated
orm with peptide (Kallinteris et al., 2003, 2005a,b). A core pep-
ide sequence, LRLKLPK, was reported to be the shortest fully
ctive sequence of this subset of peptides. It has been hypothe-
ized that the position of the helper peptide regulatory site lies
t the end of the antigenic peptide binding groove around the
ocket 1 region (Kropshofer et al., 1995b; Vogt et al., 1995).
ased on such similarities, we proposed that helper peptides
ight mimic DM and these helper peptides may bind to the

ame regulatory site around pocket 1 on class II molecules and
unction in a similar way.

In this study, we show that a group of helper peptides can
acilitate the binding of high affinity peptides. We show that
E206, with the core sequence LRLKLPK, can catalyze pep-
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

ide exchange. The binding experiments showed that AE206
s able to convert the empty DR1 into receptive conforma-
ion, although it was less effective than DM. Moreover, just
ike DM, it can act as a molecular chaperone protecting empty
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R1 molecules from functional inactivation, and can distin-
uish conformational differences between the wild-type DR1
nd mutant DR1�G86Y, where pocket 1 is shallow because of
eing filled by tyrosine. Thus, these small peptides behave like
M with the advantage that they are perfectly functional at
eutral pH, making them effective additions to peptide vaccine
reparations.

. Materials and methods

.1. Production of recombinant soluble DR1 proteins

Soluble wild-type (wt) and mutant DR1 (DR1�G86Y) proteins
ere expressed and purified as originally described (Natarajan

t al., 1999a). Baculovirus DNA (BaculoGold; PharMingen, San
iego, CA) and transfer vectors carrying the wild-type or mutant
enes were cotransfected into Sf9 insect cells to produce recom-
inant viruses. Hy5 insect cells infected with these recombinant
iruses for protein production and DR1 proteins were purified
rom the culture supernatant by using anti-DR1 mAb (L243)
mmunoaffinity chromatography columns. Purified wild-type
nd mutant DR1 proteins migrated similarly at the expected
izes for � and � subunits in a SDS-PAGE assay, where samples
ere not boiled.

.2. Peptide synthesis and labeling

Influenza hemagglutinin (HA) peptides, HA306–318
CPKYVKQNTLKLAT), and several variants, HAY308A
CPKAVKQNTLKLAT), Cys-HAAnchorless (CPKAVKAN-
AKAAT), and AE206 (LRLKLPK) were purified to apparent
omogeneity of >95% by reverse-phase preparative HPLC
nd their identities were confirmed by mass spectrometry.
hen, 0.15 �M HA305–318 or HAAnchorless, containing a
ingle cysteine, was incubated in 10 ml PBS with 25 �l of
5 �M fluorescein-5-maleimide (Molecular Probes) in N,N-
imethylformamide (DMF) for 1 h at room temperature. The
xcess free fluorescence label was removed by passing through
Sephadex G-10 column (Amersham Pharmacia Biotech). The
oncentration was determined by the extinction coefficient of
uorescein-5-maleimide (83 mM−1 cm−1).

.3. Cells and mice

Clone 1 (CL-1) is a CD4+ Th1 clone specific for the influenza
emagglutinin-derived peptide HA306–318 bound to HLA-DR1
De Magistris et al., 1992). Epstein-Barr virus (EBV) 1.24 trans-
ormed, a human HLA-DR1 (DRB1*0101)-positive B cell line
as used as the antigen presenting cell (APC) for CL-1 stimula-

ion. T cell clones and B cells were grown as described (Korb et
l., 1999). HLA-DR1 (DRB1*0101) transgenic mice were used
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

t 8–10 weeks of age. The chimeric HLA-DR1 molecule com-
rised a peptide-binding groove derived from the human DR1
equence and a CD4-binding domain from I-Af mice (Rosloniec
t al., 1997, 2002)

dx.doi.org/10.1016/j.molimm.2007.10.033
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Fig. 1. Effects of AE206 and DM on peptide association with empty wtDR1. (a)
The effect of AE206 on the binding of peptide to wtDR1 at pH 5.5 (�) and 7.4
(©): 2.4 �M wtDR1 was incubated with 10 �M FITC-HA306–318 peptide for
30 min with various concentrations of AE206 for various times in either 0.15 M
citrate phosphate buffer (pH 5.5) or PBS (pH 7.4) at 37 ◦C. (b) Association of
FITC-HA306–318 peptide with wtDR1 as a function of time in the absence (�)
or presence of 150 �M AE206 (©), or 0.5 �M of HLA-DM (�) at pH 5.5.
Half-time (t1/2) for each data set was calculated by fitting the data into equations
describing double exponential rise for the control, and single exponential rise
for the HLA-DM and AE206 curves. the t1/2 for the control was calculated as
3
i
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C

2
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St. Louis, MO). Eight days later mice were euthanized, inguinal
ARTICLEIMM-2581; No. of Pages 9
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.4. Peptide association and dissociation assays

Purified wtDR1 or DR1�G86Y (2.4 �M) was incubated in
he absence or presence of 1 �M DM or 150 �M AE206
ith 100 �M fluorescence-labeled HAAnchorless peptide (FITC-
AAnchorless) for various times in 0.15 M citric phosphate buffer,
H 6.0, or in PBS, at 37 ◦C. After removal of free peptides
y a Sephadex G-50 spin column equilibrated with PBS, flu-
rescence emission of the DR–FITC–HAAnchorless complex was
easured at 514 nm with an excitation at 490 nm on an LS-50B

pectrofluorimeter (PerkinElmer) at room temperature.

.5. In vitro stabilization assay

In experiments to study the lifetime of the receptive con-
ormation, unlabeled DR1/HAY308A complexes were separated
y HPLC as described earlier. DR1/HAY308A (1.5 �M) was
llowed to dissociate for various times at 37 ◦C in PBS (pH
.4) and in 0.1 M citrate/phosphate (pH 5.5) buffer in the pres-
nce or absence of DM or AE206 and then followed by binding
ith 50 �M FlTC-HA306–318 for 1.5 h in the respective buffers.
he unbound peptides in both reactions were removed using
ephadex G-50 spin columns equilibrated with PBS, as the
uorescein had significantly reduced fluorescence at pH 5.5.

.6. Data analysis

All the raw association data in Figs. 1–3 were fitted into either
ingle or double exponential association equations as previously
escribed (Chou and Sadegh-Nasseri, 2000).

.7. Cell surface peptide loading assay

EBV 1.24, B cell line was used for detection of AE206
ffects on peptide binding to HLA-DR1. One million EBV 1.24
ells were pulsed with the short-lived peptide, HAAnchorless,
vernight. The excess peptide was washed off and then the
BV-B cells were incubated with 1 �M fluorescence labeled
A306–318 peptide in the presence or absence of 150 �M AE206

t 37 ◦C for various times (0, 30, 60, 120 min). Cells were then
ashed twice and analyzed by flow cytometry with a FACScal-

bur instrument (Becton Dickinson, Mountain View, CA).

.8. T cell proliferation assay

Clone 1 is a human CD4+ Th1 clone specific for HA306–318
eptide presented on HLA-DR1. EBV-B cells were pulsed
ith either 0.1 �M or 1 �M HA306–318 peptide in the pres-

nce and absence of 150 �M AE206 at 37 ◦C for 0, 30, 60 or
20 min. Clone 1 (4 × 104) T cells were then incubated with
qual numbers of irradiated (10,000 rad) pulsed EBV-B cells
t 37 ◦C in 5% CO2. Seventy-two hours after the addition of
he peptide-pulsed APCs in RPMI 1640 medium (Life Tech-
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

ologies, Grand Island, NY) supplemented with 5% FCS (Life
echnologies), 5% pooled human serum, 2 mM l-glutamine
Life Technologies), and 10 mM HEPES (Life Technologies),
ach well was pulsed with 1 �Ci [3H]thymidine (Amersham,

l
n
H
p

.46 h and 533 h; for DM, 4.8 h; and for AE206, 36.4 h. Representative of three
ndependent experiments.

rlington Heights, IL). Cells were harvested and counted 14 h
ater by using a beta counter (Packard Instruments, Meriden,
T). Each assay was done in triplicate.

.9. Immunization of transgenic mice

HLA-DR1 Tg mice were immunized at the base of the tail
ubcutaneously (s.c.) with various doses of HA306–318 peptide
n the presence (100 nmol) or absence of AE206 peptide emulsi-
ed at a 1:1 (v/v) in Complete Freund’s Adjuvant (CFA) (Sigma,
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

ymph nodes were removed, and cells were cultured either with
o peptide or various concentrations (0, 0.1, and 1 �M) of
A306–318 at 37 ◦C in 5% CO2 for 72 h. Proliferation assay was
erformed as described above.

dx.doi.org/10.1016/j.molimm.2007.10.033
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Fig. 2. Effects of AE206 and DM on peptide/DR1 complex dissociation. (a) Effects of concentration of AE206 on dissociation of peptide/DR1 at pH 5.5 and pH
7.4: 2.4 �M wtDR1 in complex with FITC-HAAnchorless (©) or HA306–318 (�), and 2.4 �M DR1�G86Y in complex with FITC-HAAnchorless (�). Titrated amounts
of AE206 were incubated with the shown complexes at 37 ◦C for 30 min, and dissociation of the complexes was measured. (b and c) Effects of AE206 on rate of
dissociation of peptide/DR1 at pH 5.5 and pH 7.4: 150 �M AE 206 or 0.5 �M DM was incubated with wtDR1 in complex with FITC-HAAnchorless at pH 7.4 (b),
and pH 5.5 (c). The labeled complexes were dissociated in the presence of 100 times molar excess of unlabeled HA306–318 peptides at 37 ◦C for the indicated times
in the absence (�) or presence of 150 �M AE206 (�), or 0.5 �M of HLA-DM (©). The fluorescence of the labeled complex before dissociation (f0) was arbitrarily
a n for
t nd 3.1
f entati
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ssigned a value of 1.0. The fluorescence of the labeled complex after dissociatio
o a single exponential curve that yields t1/2 of 2.6 h for DM, 0.4 h for AE206, a
or control at pH 5.5. The y-axis represents arbitrary fluorescence units. Repres

. Results

.1. Influence of AE206 on peptide association with wtDR1

To test the influence on peptide loading, we first examined the
olar ratio of AE206 required to facilitate association of wtDR1

n complex with FITC-HA. Soluble HLA-DR1 was incubated
ith a fluorescein-labeled high affinity peptide, HA306–318, in the
resence of various concentration of AE206 at 37 ◦C for 18 h in
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

.1 M citrate phosphate buffer (pH 5.5) or PBS (pH 7.4). In both
uffers, the addition of AE206 to the binding assay enhanced
he amount of peptide bound to wtDR1, although AE206 was

ore effective at pH 7.4 (Fig. 1a). A similar enhancing effect

s
p
t
2

various times is expressed as a percentage of f0. The dissociation data are fitted
5 h for control at pH 7.4, and t1/2 of 0.34 h for DM, 0.86 h for AE206 and 2.5 h

ve of four to five independent experiments.

as induced by AE107 upon peptide binding to sDR1 (data not
hown). To examine the influence of AE206 on peptide loading
o DR1 in more detail, the association rate of the binding was

easured in the presence and absence of either AE206, or DM
t pH 5.5 (Fig. 1b). In control samples, where no catalyst was
resent, empty sDR1 showed the typical biphasic binding kinet-
cs and maximal binding was not obtained even after 96 h of
ncubation in the presence of 10 �M peptide. In the presence of
M, the formation of peptide complex significantly increased, as
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

hown previously. DM converted the biphasic peptide-binding
attern of wtDR1 to the monophasic-binding pattern of recep-
ive wtDR1 (Chou and Sadegh-Nasseri, 2000; Narayan et al.,
007). Interestingly, the same effect was also evident when AE

dx.doi.org/10.1016/j.molimm.2007.10.033
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Fig. 3. Stabilization of empty class II molecules by AE206 at pH 5.5 and pH 7.4. FPLC-isolated DR1/Y308A complexes (2.4 �M) were incubated in the absence
of any free peptide for the indicated times at 37 ◦C in (a) PBS (pH 7.4) or in (b) 0.1 M citrate/phosphate buffer (pH 5.5) in the absence (©) or presence of 150 �M
AE206 (�), or 0.5 �M HLA-DM (�) followed by binding to 50 �M Fl-HA for 1.5 h in the same buffer. The samples were then passed over a Sephadex G-50
c e the
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olumn equilibrated with PBS, to remove the excess free peptide and to exchang
R1/Y308A complexes was arbitrarily assigned a value of 100%. The data wer
olecule is 1.1 h at pH 7.4 and 1.5 h at pH 5.5 for control. Representative of thr

06 was used but at neutral pH, although the effect was less
rominent than the DM sample at pH 5.5.

.2. Effect of AE206 on peptide release from Wt and
R1βG86Y

Because both AE206 and AE107 displayed same HLA-DM-
ike catalytic activity in the loading experiment, the effect of the
E206 was further investigated. We next tested the influence
f AE206 on peptide release by the dissociation of FITC-
abeled peptide from DR1. WtDR1 and DR1�G86Y in complex
ith HA306–318 and HAAnchorless were incubated in the pres-

nce of increasing concentrations of AE206 for 30 min at 37 ◦C
t pH 5.5 and at pH 7.4 (Fig. 2a). Consistent with effects on
eptide binding, AE206 enhanced wtDR1/HAAnchorless com-
lex dissociation more effectively at pH 7.4 compared to pH
.5. Importantly, AE206 was not effective in dissociation of
tDR1/HA306–318, or DR1�G86Y/HAAnchorless consistent with

he previous data showing that DR1�G86Y is less sensitive
o the catalytic function of DM (Chou and Sadegh-Nasseri,
000). Thus, AE206 can mediate the release of peptides
ccording to their affinity and the conformation of the com-
lexes.

To evaluate the effect of AE206 on peptide release in more
etail, the off-rates of FITC-HAAnchorless/wtDR1 complexes
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

ere tested in the presence of either 0.5 �M soluble DM, or
50 �M AE206 at both pH 5.5 (Fig. 2C) and pH 7.4 (Fig. 2B).
t pH 5.5, the dissociation T1/2 of HAAnchorless was enhanced by
LA-DM from 2.5 h (in the control samples) to 0.34 h. Similar

5
i
r
p

buffer. The amount of HA binding to DR1 immediately after dissociation from
o a single exponential decay function. The t1/2 for inactivation of the receptive
four independent experiments.

esults were observed with 150 �M AE206. As expected, HLA-
M molecules showed little or no catalytic activity at pH 7.4

Denzin and Cresswell, 1995). In accordance with these reports,
nly little enhancement of off-rate from 3.15 h to 2.6 h was
bserved. Compared with HLA-DM, the ligand release capac-
ty of AE206 appeared to be more dramatic at pH 7.4, with an
nhancement of almost 8-fold.

.3. AE206 stabilizes empty class II molecules

Empty class II �� dimers have been shown to aggregate
nd lose their ability to bind antigenic peptides (Beeson and
cConnell, 1994; Natarajan et al., 1999a; Sadegh-Nasseri,

994; Sadegh-Nasseri et al., 1994; Sato et al., 2000; Stern
nd Wiley, 1992). HLA-DM has been shown to prevent the
unctional inactivation and aggregation of class II molecules.
tabilization of empty class II molecules may be an impor-

ant property of HLA-DM in facilitating antigen processing.
o investigate whether AE206 also can stabilize the empty
R1 molecules, we measured the lifetime of the empty recep-

ive DR1 molecules (Natarajan et al., 1999a). HPLC-purified
tDR1/HAY308A was incubated at 37 ◦C for various times in

he presence and absence of DM or AE206, and the availability
f functional DR1 molecules by binding of fluorescent labeled
A peptide was measured. In the absence of DM or AE206 only
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

0% of peptide-receptive DR1 molecules were present after 24 h
ncubation at pH 5.5, whereas almost all of the class II molecules
etained their peptide binding function when DM or AE206 was
resent (Fig. 3). At physiological pH, however, only AE206

dx.doi.org/10.1016/j.molimm.2007.10.033
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Fig. 4. Enhanced antigen loading efficiency in the presence of AE206 on
HLA-DR1 expressing B cell line. HLA-DR1 EBV B cells were pulsed with
HAAnchorless overnight and then washed. FITC-HA306–318 peptide loading was
carried out in the absence (dotted line) or presence (solid line) of 150 �M AE206
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nto EBV 1.24 B cells for the duration of time indicated to the right. The amount
f peptide loading was determined by FACS analysis. Representative of at least
hree independent experiments.

tabilized the empty DR1 molecules in receptive form in the
bsence of peptide.

.4. Peptide loading of antigen presenting cells in the
resence of AE206

Because AE206 retains effectiveness at neutral pH, we next
ested its efficacy in peptide loading onto DR1 expressed on
he cell surface under physiological conditions. EBV 1.24, a
uman HLA-DR1 (DRB1*0101)-positive, EBV-immortalized,
ctivated B cell line (EBV-B, or B cells) were pulsed with the
hort-lived peptide, HAAnchorless, overnight. The excess pep-
ide was washed off and then the cells were incubated with
�M fluorescence-labeled HA306–318 peptide in the presence
r absence of AE206 for various time points. The excess
abeled peptide was washed off before the analysis was car-
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

ied out by flow cytometry. The mean channel fluorescence
ntensity, MFI, showed a 2-fold increase in the presence of
E206 after 2-h incubation with HA306–318. Thus, the presence
f AE 206 resulted in a 2-fold increase in the level of peptide
xchange (Fig. 4).
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.5. Enhancement of T cell proliferation by AE206

T cell proliferation assays were used to test whether the
ncrease in loading efficiency also translated into improved T
ell responses. EBV cells expressing HLA-DR1 were loaded
ith 0.1 �M or 1 �M of HA306–318 peptide in the absence or
resence of 150 �M AE206 for various lengths of time (0, 30,
0 and 120 min) and used to stimulate clone 1 T cell reporter
pecific for HLA-DR1/HA306–318. In accordance with the pre-
ious peptide loading experiment, the HLA-DR1-restricted T
ell response was increased by ∼2-fold with 0.1 �M HA pep-
ide pulsed for 2 h. In the case of 1 �M HA, a ∼2-fold increase
f T cell response was observed upon 1 h coincubation, and
ncreased only 25% over the control APC that was pulsed
ith HA306–318 peptide alone. This is not surprising because

n 2 h, at 1 �M HA306–318 peptide concentration, we see a
ess significant enhancement in the presence of AE peptide,
ikely because at higher concentration of peptide, sufficient
umbers of peptide/DR1 complexes sufficient for T cell acti-
ation were formed (Fig. 5). The above cell experiments clearly
llustrated that the presence of AE206 amplifies the T cell
esponses.

.6. Enhancement of specific T cell response by AE206 in
ivo

Because of an enhancement in peptide loading on B cells, we
ought to determine whether this effect was also reproducible
n vivo. HLA-DR1 (DR B1*0101) transgenic mice (Rosloniec
t al., 1997) were immunized with 0.1, 1, or 10 nmol HA306–318
eptide alone, or together with 100 nmol AE206 subcutaneously
s described under Section 2. Cells from the draining nodes were
ssayed for T cell proliferation in vitro as previously described
Mirshahidi et al., 2001, 2004). The results, which are shown in
ig. 6, are impressive, indicating that Ii helper peptides when

njected together with different quantities of HA306–318 peptide
enerated significant increases in immunizing specific T cell
esponse up to 4-fold over groups injected with HA306–318 pep-
ide alone. Overall, these results clearly demonstrate that small
eptides such as AE206 can function similarly to DM and can
e used to enhance the efficacy of immunization.

. Discussion

Identification of small molecules and/or peptides to mimic
M functions is of great value for understanding the mecha-
isms of peptide binding and DM functions, for mapping of
M/MHC-class II interaction sites, and for the enhancement of
eptide vaccine efficiency. Several recent studies have focused
n the identification and characterization of such molecules
Hopner et al., 2006; Marin-Esteban et al., 2004; Nicholson et al.,
006). In this study, we have provided evidence that several short
eptides, derived from the N-terminal sequence of long CLIP,
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

nd bearing the core sequence of LRLKLPK, share common
haracteristics with HLA-DM in regulation of peptide loading
o HLA-DR1. We also demonstrate that these short peptides,
imilar to HLA-DM can preserve the peptide-binding groove

dx.doi.org/10.1016/j.molimm.2007.10.033


ARTICLE IN PRESS+Model
MIMM-2581; No. of Pages 9

C.-L. Chou et al. / Molecular Immunology xxx (2007) xxx–xxx 7

Fig. 5. Increased T cell sensitivity in the presence of AE206. HLA-DR1+ EBV-B cells were pulsed with either 0.1 �M (a) or 1 �M (b) HA306–318 peptide in the
a e poi
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p

m
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n
q
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u
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D

bsence (open bars) or presence (filled bar) of 150 �M AE206 at indicated tim
BV-B cells were then washed and used to challenge CL-1 cells. The response
xperiments.

f class II from inactivation at physiological temperatures. As
n added bonus, these peptides function at neutral pH, mak-
ng them excellent candidates for inclusion in peptide vaccine
reparations.

HLA-DM has been shown to be in command of several
ajor functions related to MHC class II peptide binding: (1)

cceleration of MHC class II/Peptide complex dissociation; (2)
eneration of peptide-receptive conformation; (3) prevention
Please cite this article in press as: Chou, C.-L., et al., Short peptid
doi:10.1016/j.molimm.2007.10.033

f denaturation of the peptide-binding groove at physiologi-
al temperature; and (4) enhancement of formation of stable
eptide/MHC complexes. We have shown that DM can per-
orm these functions by recognizing different conformations

ig. 6. AE206 peptide enhances T cell responses to HA306–318 peptide immu-
ization. HLA-DR1 Tg mice were primed with HA306–318 peptide at nmol
uantities shown, alone or together with 100 nmol AE206 at the base of tail.
en days later, cells from the draining lymph nodes were challenged with 0,
.1, or 1 �M HA306–318 peptide in vitro and assayed for T cell proliferation by
sing [3H]thymidine incorporation assay. Representative of three independent
xperiments.

f
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p
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t
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t
t
c
t
D
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nts. The specific T cell response was determined by using clone 1 T cell line.
measured by [3H]thymidine incorporation. Representative of two independent

f class II. Class II molecules acquire different conformations
ased on whether they are empty or are bound to peptides
f different sequences. If the conformation of a complex is
oppy, i.e., flexible, DM dissociates the complex. However, if

he peptide/MHC shapes into a rigid complex, such as HLA-
R1/HA306–318, DM can no longer be effective in dissociating

hem. We have demonstrated this by using a DR1�G86Y mutant
R1 that has a filled pocket 1 and has a relatively rigid con-

ormation, as detected by resistance to denaturation by heat
nd SDS (Natarajan et al., 1999b; Sato et al., 2000). DM does
either enhance binding of peptides to DR1�G86Y, nor does it
ccelerate dissociation of peptide/DR1�G86Y complexes. Most
vailable data demonstrate that the interaction of DM with MHC
lass II is transient (Grotenbreg et al., 2007; Narayan et al.,
007; Zwart et al., 2005). In agreement with those data, by
sing two different assays, we observed that while AE206 bound
inimally to the empty DR1, there was no detectable binding
ith HA306–318/DR1 complexes, or DR1�G86Y (data not shown).
hus, all of these characteristics of DM are exactly mimicked
y the helper peptides studied here, suggesting that the helper
eptides may also function through conformational recognition
f MHC class II.

Previously, we have shown that DM converts the biphasic
eptide-binding pattern of wtDR1 to the monophasic-binding
attern in peptide binding assays (Chou and Sadegh-Nasseri,
000; Narayan et al., 2007). In the AE206 study, we found
hat AE206 also converts the biphasic binding pattern toward
monophasic pattern, although less effectively than DM. Thus,
E206 only facilitates peptide binding to DR1 molecules

hat have non-receptive conformation. Another main func-
ion for DM is to stabilize empty class II molecules. AE206
e sequences mimic HLA-DM functions, Mol. Immunol. (2007),

learly can stabilize the empty class II molecules and prevent
hem from functional inactivation. This strongly suggests that
M and the helper peptides may function through the same
echanism.
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Earlier work (Kropshofer et al., 1995b) indicated an enhanc-
ng effect in dissociation of long CLIP that was due to the
-terminal CLIP extension. Although the helper peptides used

n this study do not carry the same sequence as N-terminus
f CLIP, they do share several common residues. One expla-
ation might be that the N-terminus of CLIP interacts with
he region outside of the P1 pocket of the peptide bind-
ng groove (Doebele et al., 2000; Pashine et al., 2003) and
ould interfere with the formation of an H-bond between
is 81 and the peptide backbone, leading to destabilization
f the peptide (Narayan et al., 2007). This hypothesis might
xplain peptide dissociation, but it does not offer explana-
ions for other observed effects of helper peptides, such as
heir effects on the association of peptide with empty DR1,
r the maintenance of the peptide-receptive conformation of
mpty DR molecules. Nevertheless, knowing that such small
eptides can effectively enhance peptide exchange and con-
ert MHC molecules into a peptide-receptive conformation is
triking. Such functional resemblance suggests that all the dif-
erent functions of DM are monitored by a single molecular
echanism.
Helper peptides studied here were quite effective at increas-

ng the antigen loading efficiency on HLA-DR1 expressed on
BV B cell lines at neutral pH, and at increasing T cell sensitiv-

ty. More important, inclusion of helper peptides instead of DM,
ogether with antigenic peptide led to higher T cell responses.
hus, such peptides can be of great help in any clinical settings
henever efficient peptide exchange is desired. A most outstand-

ng example would be in peptide charging of dendritic cells for
riming with cancer peptides.
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