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Abstract

B-Lactoglobulin (3-LG) denatured with 6 M guanidine hydrochloride (GdnHCl) containing a reducing agent and subsequently dialysed
against phosphate-buffered saline (PBS) resulted in incomplete refolding of this protein despite the fact that the biological activity for retinol-
binding was recovered to almost the same degree as that of the native molecule [Hattori, M., Ametani, A., Katakura, Y., Shimizu, M.,
Kaminogawa, S. J., Biol. Chem. 268 (1993) 22414-22419]. The enzyme probe method, evaluation of hydrophilicity values, in-gel mobility
on SDS-PAGE, and evaluation of disulfide bonds with the Ellman method showed exposure of the hydrophobic region(s) and incorrect
disulfide bond formation in such dialyzed B-LG molecules. We reveal in this present work that complete refolding could be attained by
diluting denatured 3-LG with PBS containing a reducing agent, before slow reoxidation of the sulfhydry! groups upon dialysis for gradient
removal of the reducing agent in 6 steps. Complete renaturation was confinmed by analyzing the retinol-binding activity, CD spectra, intrinsic
fluorescence, binding ability of monoclonal antibodies (mAbs), and SDS-PAGE. Step-by-step disulfide bond formation was considered to be
critical for the complete refolding of denatured 8-LG. Our method can contribute to establish a procedure for complete refolding of useful
recombinant proteins in vitro without such biological aids as chaperones.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction well as to produce biologically active recombinant proteins
by recombinant DNA technology. Although polypeptide

Unfolding and refolding of proteins have been widely synthesis, structural formation of microdomains, modifica-
investigated [1] to elucidate the mechanisms for the three- tion of amino acid residues, and assembly of polymers occur
dimensional structure formation of polymer molecules and in a complicated manner with the biological formation of a
the maturation of a protein newly synthesized in cells, as protein molecule, the production of biologically active

proteins from an aggregated polypeptide in the inclusion
bodies of recombinant bacteria requires the refolding of
already synthesized polypeptide chains. Refolding processes
that can only endow polypeptides with biological activities

Abbreviations: B-LG, B-lactoglobulin; RCM-B-LG, reduced and
carboxymethylated p-lactoglobulin; PBS, phosphate-buffercd saline;
GSH, reduced form of glutathione; GSSG, oxidized form of glutathione;

Kas, equilibrium constant; X 4, dissociation constant; mAb, monoclonal may not be enough to produce protein pharmaceuticals.
antibody; MES, 2—(N-morpholino) cthanesulfonic acid; GdnHCl, guanidine Considering the po[en[ia] for inducing anaphylactic reac-
hydrochloride tions, recombinant proteins as administered pharmaceuticals

* Corresponding author. Tel.: +81 42 367 5879; fax: +81 42 360 8830. R
E-mail address: makoto@cc.tuatac.jp (M. Hattori). should have the structurally native form. However, the

! Present address: Nihon University College of Biosource Sciences, 1866 methods to achieve complete refolding of pmtem? have not
Kameino, Fujisawa, Kanagawa 252-8510, Japan. yet been well established. We found in the previous study

1570-9639/$ - see front matter © 2005 Elsevier B.V. All rights rescrved.
doi:10.1016/).bbapap.2005.07.015



M. Hattori et al. / Biochimica et Biophysica Acta 1752 (2005) 154—165 155

[2] that when bovine R-lactoglobulin (B-LG) was treated
with 6 M guanidine hydrochloride containing a reducing
agent and subsequently dialysed against PBS, the molecule
regained a level of retinol-binding activity similar to that of
the native material. However, our panel of monoclonal
antibodies could detect structural differences between such
renatured and native molecules. Subramaniam et al. [3] have
also found that the conformational stability of the renatured
B-LG obtained by a method similar to ours was lower than
that of native B-LG by evaluating the room-temperature
tryptophan phosphorescence.

Bovine B-LG is a globular protein of MW 18,000 as a
monomer containing two disulfide bridges as well as a free
cysteine residue and can exist as a dimer or tetramer [4]. The
structure of R-LG has been widely studied by X-ray
crystallography [S—8], NMR [9-11], and other physico-
chemical methods. This protein consists of nine antiparallel
B-sheets and one a-helix to form a calyx-shaped B-barrel
structure and is classified as a member of the lipocalin
superfamily [12,13]. The physiological function of B-LG is
tentatively considered to be the binding and transportation
of small hydrophobic ligands such as retinol and fatty acids
[14]. Utilizing its structural data and advantage of smallness
as a protein molecule, 3-1.G has also been studied as a
model of unfolding [15-18] and refolding {2,10,19-21].
The refolding process of B-LG is unique in that non-native
a-helix intermediates appear during an early phase. Eluci-
dation of the B-LG folding mechanisin can be used as a
model to study the o-helix/R-sheet transition of other
proteins such as prion proteins [10,21].

We study in this present work the structural features of B-
LG treated for renaturation and develop a new method to
achieve complete refolding of B-LG. Many useful proteins
that are applicable as pharmaceuticals, including the lipo-
calin protein family, have a R-barrel structure [22], so the
renaturation method we develop in this study can be applied
to establish a production procedure for protein pharmaceu-
ticals using recombinant DNA technology.

2. Materials and methods
2.1. Preparation of B-LG and RCM-B-LG

Fresh skim milk from a Holstein cow of the genotype AA
for B-LG was supplied by our dairy farm. Crude B-LG was
prepared by the method of Armstrong et al. {23] and
purified by DEAE-Sephacel (Amersham Pharmacia Bio-
tech, Buckinghamshire, UK) ion-exchange chromatography
using linear gradient elution from 0 to 0.5 M of NaCl in a
0.05 M imidazole—HCI buffer (pH 6.7). A single band was
obtained for the purified B-LG by PAGE both with and
without SDS. RCM-R-LG was prepared by reducing the
disulfide bonds in B-LG with 2-mercaptoethanol and then
carboxymethylating the free sulfhydryl groups with sodium
iodoacetate as described previously [2].

2.2. Preparation and purification of monoclonal antibodies
(mAbs)

The ascites fluid containing each mAb was obtained as
previously described [2,15,24]. Each mAb was purified with
a Bakerbond ABx column (8 IDx250 mm; J. T. Baker,
Phillipsburg, NJ, USA) to which each ascites diluted with 4
parts of 10 mM 2-(N-morpholino)ethanesulfonic acid
(MES) at pH 5.6 was applied. Elution was achieved with
a linear gradient from 10 mM MES (pH 5.6) to 250 mM
KH,PO, (pH 6.8).

2.3. Denaturation and renaturation of B-LG

B-LG at 2.0 or 0.2 mg/ml was incubated for 3 h at 25 °C
in phosphate-buffered saline (PBS; 0.11 M phosphate buffer
at pH 7.1 containing 0.04 M NaCl and 0.02% NaNj)
containing 6 M guanidine hydrochloride (GdnHCI) in the
presence of 0.14 M 2-mercaptoethanol. The subsequent
renaturation treatment was initiated by the procedures
summarized in Table 1. A medium bottle (500 ml, Pyrex)
with a cap was used in the dialysis step of methods 611,
and the head space was filled with N, gas.

2.4. Measurement of the retinol-binding activity

The retinol-binding activity of B-LG was measured by
fluorescence titration [25]. In brief, retinol in ethanol was
added to a 2.0 ml solution in a cuvette containing 0.2 or
0.02 mg of protein in PBS. Small increments (5 ul at a
time) of the retinol in ethanol at about 100 or 10 uM were
added to the cuvette with a micropipette. The mixture was
thoroughly mixed and then allowed to equilibrate for 1
min before recording the fluorescence intensity. The
fluorescence was measured by a Shimadzu RF-5300PC
fluorescence spectrophotometer (Kyoto, Japan) with exci-
tation at 330 nm and emission at 470 nm. The apparent
dissociation constant (K’ 4) was calculated according to the
method of Cogan et al. [26] from the results of
fluorescence titration,

2.5. Spectroscopic analyses

CD spectra of 0.1% B-LG in PBS were recorded at 25 °C
with a J-720WI automatic recording spectro-polarimeter
(JASCO, Tokyo, Japan) in a cell of 1.0 mm path length. The
fluorescence intensity of 3-LG dissolved in PBS at 0.001%
was measured under an excitation wavelength of 283 nm by
means of an RF-5300PC fluorescence spectrophotometer
(Shimadzu, Kyoto, Japan).

2.6. SDS-PAGE
SDS-PAGE was carried out with 7.5% polyacrylamide

according to the method of Weber and Osborn [27]. Protein
bands were stained with a Plusone silver staining kit, protein
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(Amersham Pharmacia Biotech, Buckinghamshire, UK),
and the stained gels were analyzed by densitometry.

2.7. Enzyme-probe method

The structural difference between native and renatured p-
LG was evaluated by the enzyme-probe method [24]. A 320
ul amount of native or treated B-L.G (1.25 mg/ml) and 40 pl
of a-chymotrypsin (0.2 mg/ml; EC 3.4.21.1, Sigma, St.
Louis, MO, USA) in PBS were incubated at 30 °C. At
defined times, 40 pl of 2 M HCI was added to the reaction
mixture to stop the reaction. The resulting solution was
analyzed by reversed-phase HPLC with an ODS-120T
column (4.6 ISx250 mm; Tosoh, Tokyo, Japan), and the
peak area corresponding to undigested 3-L.G was measured.

2.8. Competitive enzyme-linked immunosorbent assay
(ELISA)

Competitive ELISA with mAbs was carried out as
described previously [2]. In brief, the wells of a polystyrene
microtitration plate (Maxisorp, Nunc, Roskilde, Denmark)
were coated with a B-LG solution. Binding of mAb to B-LG
on the solid phase was inhibited by various concentrations
of antigens (B-LG, RCM-B-LG, or renatured B-LG) and
bound mAb was detected by alkaline phosphatase-labeled
goat anti-mouse immunoglobulin (DAXO A/S, Glostrup,
Denmark), followed by the substrate reaction of p-nitro-
phenylphosphate. The K 55 value between each antigen and
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mAb was calculated from the results of competitive and
noncompetitive ELISA according to the procedure of Hogg
et al. [28].

3. Results and discussion

3.1. Structural features of [-LG treated by the various
attempts to obtain a renatured form

We evaluated the structural features of 3-LG molecules
obtained by the renaturation method 1 in Table 1. Although
the physiological function of B-LG still remains unclear, p-
LG is classified as a member of the lipocalin superfamily and
can bind small hydrophobic ligands such as retinol and fatty
acids [12]. To investigate changes in the structure of the
retinol-binding site in B-LG after the renaturation treatment,
fluorescence titration of a mixture of B-LG and retinol was
performed to obtain the apparent dissociation constant (K ).
The K4 value between renatured B-LG (method 1) and
retinol was similar to that between native 3-L.G and retinol,
and the maximum fluorescence intensity, which indicates the
maximum amount of bound retinol, was similar between
renatured and native 8-LG (Fig. 1). Renatured B-LG (method
1) had a similar retinol-binding ability to that of native B-LG,
The intrinsic fluorescence and CD spectra were measured to
examine the overall protein structure of renatured B-LG
(method 1). The spectrum for renatured 3-LG (method 1) was
similar to that for the native molecule by both methods,
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Fig. 1. Retincl-binding activity of renatured B-LG. The retinol-binding activity of native and renatured B-LG was evaluated by fluorescence titration, The
apparent dissociation constant (K 3} was calculated according to the method of Cogan et al. [26] (@) K74 for B-LG; (a) K 4 for renatured B-LG. () relative
maximum fluorescence intensity for renatured B-LG as compared with maximum fluorescence intensity for native p-LG.
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indicating that renaturation was virtually complete, as
indicated in our previous report (data not shown). Local
conformational changes in the renatured B-LG molecules
were investigated by competitive ELISA with four anti-3-LG
mAbs (21B3, 31A4, 61B4, and 62A6). We have previously
shown that these mAbs can detect subtle conformational
changes in local areas within a B-LG molecule unfolded or
refolded [2,15,24]. The epitopes for mAbs 21B3, 31A4, and
61B4, respectively, contain regions around *Val-*lle (-
sheet region), ®Lys-'"Trp (short helix and random coil
region), and 125Thr-m’Lys (o-helix region). The epitope
region for mAb 62A6 is close to that for mAb 61B4. A
schematic representation of the three-dimensional structure
of B-LG and regions containing the epitopes for mAbs is
shown in Fig. 2. mAbs 61B4 and 62A6 reacted preferentially
to native 3-LG, while mAbs 21B3 and 31A4 reacted more
strongly to RCM-R-LG (a denatured form of 3-LG). mAbs
61B4 and 62A6 showed similar binding affinity to both the
native and renatured forms of B-LG (Fig. 3¢ and d, method 1).
The epitope regions for these mAbs are considered to have
had a native conformation after the renaturation treatment.
However, mAbs 21B3 and 31A4 showed greater affinity to
renatured B-LG than to native B-LG (Fig. 3a and b, method
1). The epitope regions for mAbs 21B3 and 31A4 exist in the
inner moiety and are not completely exposed on the surface of
the B-L.G molecule. These regions are considered to have
been exposed through denaturation and not to have returned

130

61B4
(125 Thr. 135 ys)

to the inner moiety after the renaturation procedure. These
results are consistent with those in our previous report [2].
The epitope region for mAb 21B3 (**Val-*1le) was found to
be the most hydrophobic through the entire sequence of B-LG
when the hydrophilicity value was calculated according to the
method of Hopp and Woods [29]. The exposure of such a
hydrophobic region was experimentally evaluated by the
digestibility with chymotrypsin. After 2 h of chymotrypsin
digestion, the digestibility of renatured p-LG (method 1) was
45.0%, while that of native p-LG was 21.0%. Renatured B-
LG (method 1) was more susceptible to chymotrypsin than
was native B-LG. It seems that the hydrophobic regions
remained exposed afler the renaturation treatment, since
chymotrypsin can preferentially digest regions of hydro-
phobic amino acid residues exposed to the aqueous phase.
The number of free thiol groups in native and renatured p-LG
{method 1) were, respectively, calculated as 0.977 and 0.601
mol per B-LG molecule by the Ellman method [30]. An SDS-
PAGE analysis could show the molecular assembly of native
and renatured B-LG. From the results of SDS-PAGE, soluble
aggregates were found in renatured B-LG (#1) (Fig. 4 and
Table 2, method 1). The results of SDS-PAGE under the non-
reducing condition indicated that ~76% of the renatured B-
LG molecules were in the monomeric form, while ~17% of
the molecule was dimeric, and ~7% was multimeric,
assembling more than two polypeptides. On the other hand,
soluble aggregates could not be found by SDS-PAGE under

(15val-2911e)

31A4
(8Lys- 1 9Trp)

Fig. 2. Schematic representation of the three-dimensional structure of B-LG and regions containing the epitope for mAbs. The epitope for mAbs 21B3, 31A4,
and 61B4 contain regions around 'SVal-*Ije (B-sheet region), *Lys-'*Trp (short helix and random coil region), and '**Thr-'3*Lys (a-helix region), respectively.

The epitope region for mAb 62A6 is close to that for mAb 61B4.
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Fig. 3. Equilibrium constants (Kas) of renatured B-LG with mAb. () B-LG; (O) RCM-B-LG; (A) renatured B-LG. K 45 valucs were calculated from the
results of competitive and noncompetitive ELISA according to the procedure of Hogg et al. [28].

the reduced condition. Differences in the results of SDS-
PAGE under the reduced and non-reduced conditions suggest
that some of the molecules in the renatured 8-LG fraction had
been aggregated by intermolecular disulfide bond formation
during the treatment. We consider from these results that the
B-LG molecules treated by method ! (Table 1) had hydro-
phobic surface regions that had failed to be refolded into an
internal site and that had incorrectly formed disulfide bond(s).
We presume that complete refolding of denatured B-LG
would require a decrease in the hydrophobic interaction of the
B3-LG molecules during the renaturation process under strict
control of the formation of disulfide bonds.

3.2. Improvement of the method for renaturing B-LG

First, the protein concentration for dialysis was lowered to
1710 in order to reduce the intra- and intermolecular
interaction (method 2 in Table [). However, renatured B-
LG (method 2) showed similar structural features to those of
renatured B-LG (method 1). Although the apparent dissoci-
ation constant (K') of renatured B-LG (method 2) with
retinol was similar to that of native R-LG, the maximum
amount of retinol bound to renatured B-LG (method 2) was
lower than that to native B-LG. The difference between the

maximum amount of retinol bound to native and to renatured
B-LG (method 2) is considered to have resulied from a
difference in the structural stability of the retinol-binding site
between native and renatured B-LG (method 2). The
structural stability of the retinol-binding site in renatured R-
LG (method 2) was lower than that in native B-LG. Although
complete refolding could not be achieved by method 2, the
amount of soluble aggregates was reduced to 6.6%, with all
existing only in the dimeric form (Fig. 4 and Table 2).
Dialysis at a low concentration of B-LG was effective for
reducing the amount of soluble aggregates, so we then
examined the order of removal of the denaturant and
reducing agent for the dialysis of a low initial concentration
of B-LG (0.2 mg/ml). In our previous study [2], we found
that quick removal of the denaturant by dilution or gel
filtration led to incomplete refolding of B-LG. Hence, we
attempted to achieve renaturation with a slower dialysis
process. Method 3 in Table 1 removed the denaturant and
reducing agent together; method 4 in Table 1 removed the
reducing agent first and then gradually the denaturant; and
method 5 in Table 1 removed the denaturant first, and then
the reducing agent. Although the X7 4 values for renatured B-
LGs (methods 3 and 5) for binding to retinol were similar to
that for native 3-LG, the maximum amount of retino! bound
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Fig. 4. SDS-PAGE patterns of renatured 3-LGs obtained by various renaturation methods. SDS-PAGE was carried out with 7.5% polyacrylamide according to
the method of Webcr and Osbom [27]. Protein bands were stained with a Plusone silver staining kit, protein (Amersham Pharmacia Biotech). The results were

recombined from different gels.

to renatured RB-LGs (methods 3, 4, and 5) was lower than
that to native R-LG (Fig. 1). It is considered that the
structural stability of the retinol-binding sites in B-LG
renatured by methods 3, 4, and 5 was lower than that in
native B-LG. CD spectra were measured to study the overall
structure of B-L.Gs renatured by methods 3, 4, and 5 (Fig. 5).

Table 2

The results indicated that the wavelength for minimum
ellipticity of R-L.Gs by methods 3 and 4 was blue-shifted (205
nm and 209 nm, respectively) compared with that for native
B-LG (216 nm) and that these renatured R-LGs contained a
considerable amount of misfolded molecules. Renatured B-
LG (method 5) had a similar spectrum to that of native B-LG,

Existence ratio of renatured -LG obtained by different methods evaluated by SDS-PAGE

Non-reduced condition

Reduced condition

Method Monomer Dimer >Dimer Monomer Dimer >Dimer

Native (fresh) 98.9 1.1 0 100 0 0

Native (preserved in PBS 96.3 3.7 0 100 0 0

at 4 °C for 120 h)

#1 76.2 17.2 6.6 100 0 0
#2 92.5 7.5 0 100 0 0
#3 52.2 433 4.5 100 0 0
#4 57.1 35.6 7.3 : 100 0 0
#5 84.4 14.4 1.2 100 0 0
#6 91.0 9.0 0 100 0 0
#7 97.1 2.9 0 100 0 0
#8 96.4 3.6 0 100 0 0
#9 94.5 5.5 0 100 0 0
#10 97.6 24 0 100 0 0
#11 96.2 3.8 0 100 0 0

The existence ratio of renatured 3-LG shown in the table indicates the ratio obtained from the results of densitometry after SDS-PAGE.
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Fig. 5. CD spectra of native and renatured B-LGs in PBS.

indicating that the secondary structure of B-LG renatured by
method 5 was similar to that of the native form.

Conformational differences in local areas between native
B-LG and renatured R-LGs (methods 3, 4, and 5) were
monitored by the binding properties of mAbs (Fig. 3). The
structure of the epitope region for mAb 21B3 in R-LGs
renatured by methods 3 and 4 was similar to that of a
denatured form of B-LG (RCM-B-LG), rather than to that of
the native form. The refolding of the epitope regions for
mAbs 61B4 and 62A6 in the B-LG molecules renatured by
methods 3 and 4 was also found to be incomplete. On the
other hand, refolding of the epitope regions for mAbs 61B4
and 62A6 in the B-LG molecules renatured by method 5
was complete, whereas the epitope region for mAb 21B3
was in the intermediate form between native and RCM-R-
LG. The results of SDS-PAGE (Fig. 4 and Table 2) show
that B-LGs renatured by methods 3 and 4 contained a
smaller amount of the monomer (~52% and ~57%,
respectively), but a larger amount of soluble aggregates,
while ~84% of B-LG renatured by method 5 existed as a
monomer. Although complete refolding could not be
achieved, method 5 was the most effective among methods
1-5. We consider that removal of the reducing agent afier
removing the denaturant was more appropriate to establish a
method for achieving complete refolding of B-LG.

3.3. Complete refolding of -LG by controlling the -8
bond formation

To achieve complete refolding of B-LG, strict control
of the process for removing the reducing agent was
considered to be nccessary. Other proteins such as BPTI

and hirudin easily denature in the presence of a reducing
agent [31,32]. In contrast, B-LG retained a native
conformation in the presence of 2-mercaptoethanol as a
reducing agent, as indicated by the CD spectral results
(data not shown). Burova et al. [33] have also shown that
the presence of 2-mercaptoethanol did not affect the
secondary structure of B-LG. Our strategy for complete
refolding of B-LG was to dilute denatured B-LG with a
buffer containing the reducing agent to form the
secondary structure, and then to gradually remove the
reducing agent to correctly regulate S-S bond formation.
Yagi et al. [34] have recently prepared wild-type B-LG
and mutants without a free thiol group by recombinant
DNA technology in Pichia pastris. They showed that
intramolecular thiol—disulfide exchange occurred to pro-
duce a mixture of molecules with non-native disulfide
bonds, and that oligomers were produced by this
intermolecular thiol-disulfide exchange in the renatura-
tion process of wild-type B-LG after its denaturation with
8 M urea. In contrast, mutants of p-LG without a free
thiol group showed reversible refolding. The strict control
of S-S bond formation is considered to have been
crucial for complete refolding of B-LG in our study. We
employed a mixture of reduced and oxidized glutathione,
which are the most commonly used oxido-shuffling
reagents, to regulate S—S bond formation in the
renaturation of B-LG. Hirose et al. {35], in their study
on the renaturation of ovotransferrin from the denatured
state, have reported that two-step renaturation was
effective to regain the native structure of ovotransferrin
without incorrect formation of intramolecular disulfide
bonds. In their experiments, denatured protein was
incubated at a low temperature (0 °C) in a non-
denaturing buffer containing reduced glutathione as the
first step, and then reoxidation at a higher temperature
(22 °C) in the presence of oxidized glutathione was
carried out as the second step. We applied the method of
Hirose et al. [35], although with many modifications.
Denatured B-LG (2.0 mg/ml) in PBS containing 6 M
GdnHCI and 0.14 M 2-mercaptoethanol was 10-fold
diluted with PBS containing 0.5 mM GSH and 1 mM
GSSG, and the solution was kept at 0 °C for 10 min
(Table 1, methods 6—11). The B-LG solution was then
incubated for 12 h at 25 °C while gently stirring to
slowly reoxidize it. Dilution reduced the GdnHCI con-
centration to a low level (about 0.6 M) such that it was
effective for inhibiting the aggregation of proteins during
renaturation [1]. The sample was then dialyzed against a
decreasing concentration of the reducing agent at 4 °C to
remove the reducing agent rapidly or slowly according to
the rate of decrease. The retinol-binding assay, SDS-
PAGE analysis, fluorescence measurement, CD spectra
measurement, and ELISA with mAbs were then per-
formed to study the structure of B-LGs renatured by
methods 6-11. The retinol-binding assay showed that
these renatured B-LGs had similar K4 values to that of
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Fluorescence intensity
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Fig. 6. Retinol-binding activity of renatured B-LG (#11). The retinol-binding activity of native and renatured B-LG (#11) was evaluated by fluorescence

titration, (@) native B-LG; (A) renatured B-LG #11).

the native material (Fig. 1). However, the maximum
fluorescence for B-LG by method 6 (the reducing agent
was removed in one step) was lower than that for native
B-LG (Fig. 1). The maximum florescence for each
renatured R-LG approached the value for native B-LG
as the number of steps to remove the reducing agent was
increased. B-LG renatured by method 11 (6 steps to
remove the reducing agent) had the same maximum
florescence as that of native B-LG, as shown in Fig. 6.
B-LG renatured by method 11 also had a similar CD
spectrum to that for native B-LG (Fig. 7a). The result of
intrinsic fluorescence measurements showed that native

a) CD spectra
4

[61x10° degree x cm?/decimol

-8 1 1 ] ]

220 230
Wavelength (nm)

200 210 240

250

B-LG and B-LG renatured by method 11 had a similar
maximum emission wavelength (Fig. 7b). These spectro-
scopic results indicate that B-LG renatured by method 11
possessed the native global structure. An SDS-PAGE
analysis (Fig. 4 and Table 2) revealed that each type of
renatured R-LG contained a small amount of soluble
aggregate only as a dimer. These results indicate that the
renaturation process by methods 6—11 was much more
effective than that by methods 1-5. Incorrect formation
of disulfide bonds could be suppressed by strictly
regulating the reoxidization process (Fig. 4 and Table
2). The dimeric content of each R-LG obtained by

b) Intrinsic fluorescence

Fluorescence intensity

300 350
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Fig. 7. Spectroscopic analysis of renatured p-LG (#11). (a) CD spcctra; (b) intrinsic fluorescence. Native B-LG (—); renatured B-LG (#11) (- - -); denatured

BLG (- - -)
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methods 6—11 was similar to that of native B-LG stored
at 4 °C for 120 h (3.7%). The binding ability of mAbs
indicated that the affinity of all tested mAbs to bind to
B-LG renatured by method 11 was similar to that to the
native protein (Fig. 3). Hence, we can assume that the
local conformation of the epitopes for all four mAbs
tested had been renatured by method 11. In conclusion,
complete refolding of R-LG could be achieved without
using such biological functions as chaperones by first
reducing the protein concentration, gradually removing
the reducing agent in 6 steps to slowly form the
secondary structure, and then gradually removing the
reducing agent to correctly regulate S—S bond formation.
Useful proteins prepared in bacteria by genetic engineer-
ing techniques require three steps after the expression of
the proteins in bacteria: (1) inclusion body isolation and
washing, (2) solubilization of the aggregated proteins, and
(3) renaturation of the solubilized proteins. Although the
first two steps can be effectively carried out without
difficulty, misfolding and aggregation of the proteins can
easily occur in the third step (renaturation), making
complete refolding of the proteins very difficult. In
addition, many useful proteins include one or more
disulfide bonds, and incorrect disulfide bonds can be
formed during the renaturation process. The development
of effective methods for oxidative protein refolding is
very important. The renaturation method reported in this
study is valuable for obtaining the active form of useful
proteins with a complete native structure by genetic
engineering techniques.
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Orally Tolerized T Cells Can Form Conjugates with APCs but
Are Defective in Immunological Synapse Formation®

Wataru Ise,* Kentaro Nakamura,* Nobuko Shimizu,* Hirofumi Goto,* Kenichiro Fujimoto,*
Shuichi Kaminogawa,*" and Satoshi Hachimura®*

Oral tolerance is systemic immune hyporesponsiveness induced by the oral administration of soluble Ags. Hyporesponsiveness of
Ag-specific CD4 T cells is responsible for this phenomenon. However, the molecular mechanisms underlying the hyporesponsive state
of these T cells are not fully understood. In the present study, we investigated the ability of orally tolerized T cells to form conjugates
with Ag-bearing APCs and to translocate TCR, protein kinase C-0 (PKC-8), and lipid rafts into the interface between T cells and APCs.
Orally tolerized T cells were prepared from the spleens of OVA-fed DO11.10 mice. Interestingly, the orally tolerized T cells did not show
any impairment in the formation of conjugates with APCs. The conjugates were formed in a LFA-1-dependent manner. Upon antigenic
stimulation, the tolerized T cells could indeed activate Rapl, which is critical for LFA-1 activation and thus cell adhesion. However,
orally tolerized T cells showed defects in the translocation of TCR, PKC-6, and lipid rafts into the interface between T cells and APCs.
Translocation of TCR and PKC-0 to lipid raft fractions upon antigenic stimulation was also impaired in the tolerized T cells. Ag-induced
activation of Vav, Racl, and cdcd2, which are essential for immunological synapse and raft aggregation, were down-regulated in orally
tolerized T cells. These results demonstrate that orally tolerized T cells can respond to specific Ags in terms of conjugate formation but
not with appropriate immunological synapse formation. This may account for the hyporesponsive state of orally tolerized T cells. The

Journal of Immunology, 2005, 175: 829-838.

ral tolerance is the state of systemic Ag-specific hypo-
() responsiveness induced by the oral administration of

soluble Ags. The physiological role of oral tolerance is
thought to be the prevention of hypersensitivity to food Ags and is
a representative form of peripheral tolerance against non-self-Ags
under physiological conditions. In addition, a number of experi-
mental autoimmune diseases can be inhibited by oral administra-
tion of the corresponding autoantigen (1). Therefore, it is believed
that this approach could be used therapeutically to treat autoim-
mune, inflammatory, and allergic disorders.

Oral tolerance is mediated by T cells. Three mechanisms have
been proposed to be involved in the induction of oral tolerance: 1)
unresponsiveness of T cells to specific Ags (anergy) (2-4); 2)
immune suppression by regulatory T cells that produce TGF-f3 or
IL-10 (5, 6); and 3) the elimination of Ag-specific T cells via
apoptosis (clonal deletion) (7). In addition to CD4 T cells, several
studies have suggested the role of CD8 T cells (8, 9) or & T cells
(10, 11) in oral tolerance, especially in terms of their immune
suppressive activity. However, CD4 T cells, rather than other T
cells, seem to be indispensable to oral tolerance because in vivo
depletion of CD4 T cells abrogates oral tolerance induction (12,
13), and CD4 T cells can transfer oral tolerance in vivo (14).
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Previous studies demonstrated defects in TCR-mediated signal-
ing in in vivo-tolerized T cells. Upon TCR stimulation, these T
cells show incomplete protein tyrosine phosphorylation of signal-
ing molecules (15-17) and impaired nuclear translocation of tran-
scription factors (18-20). We have recently characterized TCR-
mediated signaling in orally tolerized T cells. We have used OVA-
specific TCR transgenic mice and induced tolerance to peripheral
CD4 T cells by the feeding of high doses of OVA. In this exper-
imental system, orally tolerized CD4 T cells show impaired cal-
cium/NFAT signaling upon TCR cross-linking but normal activa-
tion of the MAPK pathway (21). Furthermore, we have found that
orally tolerized T cells up-regulate caspase activation and show
decreased levels of caspase-targeted proteins, such as Grb2-related
adaptor downstream of Shc (GADS) and Src homology 2 domain
containing leukocyte protein of 76 kDa (SLP-76), which are im-
portant adaptor molecules in TCR signaling (22). Thus, it has been
suggested that these characteristics of TCR signaling could be re-
sponsible for the hyporesponsiveness of orally tolerized T cells.

Most of these studies used artificial stimulation, such as Ab-
mediated cross-linking of TCR, to elicit strong signaling and to
facilitate biochemical analysis. The events occurring in tolerized T
cells upon stimulation with Ag-APCs, which are more physiolog-
ical ligands for TCR, have not been documented. Upon recognition
of specific Ags via TCRs, T cells form conjugates with APCs. The
interaction culminates in the formation of a highly organized com-
plex of receptors, adhesion molecules, and intracellular signaling
molecules at the interface between the T cells and APCs, the so-
called immunological synapse (23). It is well established that upon -
antigenic stimulation, TCR, protein kinase C-8 (PKC-6)°, and
LFA-1 polarize to the APC interface and segregate into distinct
supramolecular clusters following a precise relative topology (24,
25). This process is mediated, in part, by remodeling of the actin

3 Abbreviations used in this paper: PKC-8, protein kinase C-8; CTx, cholera toxin B;
RBD, rap binding domain; PBD, p21-binding domain; PLC-vy, phospholipase-y.
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cytoskeleton (26). In addition, lipid rafts containing various sig-
naling molecules are also recruited to the interface and participate
in immunological synapse formation (27, 28). Forming a long-
lived conjugate and synapse is thought to be required for full T cell
activation because the disruption of conjugate and synapse forma-
tion, by drug or Ab, results in the inhibition of proliferation and
IL-2 production (29). Specific characteristics of immunological
synapse formation have been investigated in various cell types,
such as Thil, Th2 cells (30), CD8 T cells (31, 32), and immature
thymocytes (33, 34). However, it remains unclear whether in vivo-
tolerized T cells can form conjugates with APCs and form immu-
nological synapses at the interface.

In this article, we prepared orally tolerized CD4 T cells from
OVA-specific DO11.10 mice fed OVA and examined their ability
to form conjugates with APCs, to form immunological synapse,
and to activate signaling pathways associated with these two
events. We demonstrate that orally tolerized T cells can form sta-
ble conjugates with Ag-bearing APCs but cannot translocate TCR,
PKC-6, and lipid rafts into the contact site. Biochemical analysis
revealed that orally tolerized T cells can activate Rapl, which is
required for integrin-mediated adhesion. However, they also
‘showed defects in Ag-induced activation of Vav, Rac, and cdc42,
which are critical for immunological synapse formation.

Materials and Methods
Mice

Female BALB/c mice were purchased from CLEA Japan and used at 8-10
wk old. DO11.10 TCR transgenic mice (35) were maintained by back-
crossing to BALB/c mice. Female DO11.10 mice were used at 8-12 wk
old. All mice used in this study were maintained in the animal facility at the
University of Tokyo and used in accordance with the guidelines of the
University of Tokyo.

Peptide, Abs, and reagents

OVA323-339 (ISQAVHAAHAEINEAGR) was purchased from Bio-
logica. Rabbit polyclonal anti-Vav, cdcd42, Rapl, PKC-8 Ab, and mouse
anti-TCR-{ mAb (6B10.2) were purchased from Santa Cruz Biotechnol-
ogy. Mouse anti-Racl mAb (102), unconjugated or biotin-conjugated rat
anti-LFA-1 mAb (M17/4), Cy-chrome-conjugated rat anti-CD4 mAb
(H129.19), PE-conjugated rat anti-CD44 (pgpl), and FITC-conjugated
streptavidin were purchased from BD Pharmingen. PE-conjugated rat anti-
CD62L. (MEL14) was purchased from eBioscience. Mouse anti-
phosphotyrosine mAb (4G10) was obtained from Upstate Biotechnology.
Clonotype-specific mAb KJ1.26 was purified from ascites and conjugated
with biotin or FITC in our laboratory. PE-conjugated KJ1.26 was pur-
chased from Caltag Laboratories. Rat anti-MHC class I mAb (M5) was
purified and conjugated with FITC in our laboratory. Alexa Fluor-594-
conjugated goat anti-rabbit IgG and Alexa Fluor 647-conjugated strepta-
vidin were purchased from Molecular Probes. FITC-conjugated cholera
toxin B (CTx) was obtained from Sigma-Aldrich. HRP-conjugated goat
anti-rabbit IgG was from Cell Signaling Technology. HRP-conjugate goat
anti-mouse IgG was purchased from Amersham Biosciences.

Immunization and oral tolerance induction

For the induction of oral tolerance, OVA (WAKQ) was administered to
DO11.10 mice in their drinking water (100 mg/ml) for 7 days. The daily
intake of OVA was estimated to be ~100 mg/mouse. For immunologic
priming, mixture of OVA and CFA was injected i.p. to DO11.10 mice at
a OVA dase of 100 pg/mice. The immunized mice were sacrificed 7 days
later.

Cell preparation

Splenic CD4 T cells from DO11.10 mice were purified by positive selec-
tion using MACS CD4 microbeads (Miltenyi Biotec). The purity of iso-
lated cells was routinely >95%. T cell-depleted splenocytes, such as APCs,
were prepared from the spleens of BALB/c mice as described previously
(36). APCs used in this study were <5% Thyl.2%.

Proliferation and cytokine secretion assay

Splenic CD4 T cells from DO11.10 mice (1 X 10°/well) were cultured with
APCs (2 X 10%/well) in the presence or absence of various concentrations
of OVA323-339 in 96-well flat-bottom plates for indicated periods, and
proliferation was assayed by measuring the incorporation of [*H]thymidine
(37 kBqg/well) during the final 24 h of culture. For cytokine secretion as-
says, culture supernatants were harvested at the indicated time points, IL-2,
IL-4, and IFN-+y concentrations were determined by means of a sandwich
ELISA as described previously (36).

Flow cytometric analysis of surface molecules

For analysis of LFA-1 expression, splenic CD4 T cells from DO11.10 mice
were stained with biotin-anti-LFA-1, FITC-conjugated streptavidin, PE-
KJ1.26, and Cy-chrome-anti-CD4. For analysis of CD62L or CD44 ex-
pression, T cells were stained with FITC-KJ1.26, Cy-chrome-anti-CD4,
and PE-CD44 or PE-CD62L. Cells were analyzed on a flow cytometer (BD
LSR; BD Biosciences) using CellQuest software (BD Biosciences).

In vivo OVA-specific Ab production

DO11.10 mice were immunized i.p. with 100 pg of OVA in the form of an
emulsion in CFA. Seven days after, the mice were boosted with 100 g of
OVA emulsified in IFA. Seven days after the boosting, the mice were bled,
and OV A-specific IgG titer of their sera was measured by ELISA as de-
scribed previously (37).

T-APC conjugate formation assay

APCs (2 X 10%well) were pulsed with the indicated concentrations of
OVA323-339 for 2 h in 96-well round-bottom plates. Splenic CD4 T cells
from DO11.10 mice were mixed with APCs at a 1:1 ratio and centrifuged
briefly. After incubation for the indicated period at 37°C, cells were vig-
orously pipetted to disrupt nonspecific conjugates. Cells were then fixed
with 2% paraformaldehyde for 10 min at room temperature. Cells were
stained with FITC-anti-MHC class II, PE-KJ1.26, and Cy-chrome-anti-
CD4 Abs and analyzed by flow cytometry. Conjugates were determined as
the percentage of CD4*KJ1.26™ events that were also MHC class 1™,

Confocal microscopy

Splenic CD4 T cells (5 X 10°) from DO11.10 mice were mixed with APCs
(5 X 10%), which had been previously pulsed with 20 uM OVA323-339
for 2—4 h, and ingubated at 37°C for 30 min. For lipid raft staining, CD4
T cells were stained with FITC-CTx before incubation with APCs. Cells
were then fixed with 4% paraformaldehyde in PBS for 10 min. In the case
of PKC-0 staining, cells were permeabilized with 0.1% Triton X-100 in
PBS for 2 min. Cells were blocked overnight with 1% BSA/PBS and
stained with biotin-KJ1.26 followed by Alexa Fluor 647-streptavidin. For
PKC-0 staining, cells were further stained with rabbit anti-PKC-8 followed
by Alexa Fluor 594-conjugated anti-rabbit IgG. Staining was performed for
1 h each. All images were taken using a Fluoview FV500 laser scanning
confocal microscope (Olympus). '

Pull-down assay, immunoprecipitation, and immunoblot

APCs were pulsed with 20 pM OVA323-339 for 4 h at 37°C, after which
they were washed three times. APCs were then fixed with 0.2% parafor-
maldehyde for 10 min to avoid activation of signaling molecules. Splenic
CD4 T cells (3 X 10% from DO11.10 mice were mixed with peptide-
pulsed APCs (3 X 10% for the indicated times at 37°C. Reactions were
stopped by the addition of ice-cold PBS.

For analysis of Rap1, cells were lysed in 25 mM Tris (pH 7.5), 250 mM
NaCl, 1.25 mM MgCl,, 10% glycerol, 0.5% Nonidet P-40, and a mixture
of protease inhibitor (Roche). Cell nuclei were removed by centrifugation.
Clarified lysates were incubated with GST-fusion, Ral GDS-rap binding
domain (RBD) (Upstate Biotechnology) at 4°C for 1 h. The GST-Ral GDS-
RBD-bound proteins were washed and analyzed by SDS-PAGE. After
electrophoresis, the proteins were transferred onto polyvinylidene difiuo-
ride membranes for immunoblotting. Blots were probed with rabbit anti-
Rap1 followed by HRP-conjugated anti-rabbit IgG. The immunoblots were
developed by ECL (Amersham Biosciences). In addition, 10% of whole
cell lysates from each sample was run to assess the total amount of Rapl
present. For analysis of Racl and cdc42 activation, cells were lysed in 25
mM HEPES (pH 7.5), 150 mM NaCl, 1% legpal CA-630, 10 mM MgCl,,
I mM EDTA, 10% glycerol, and a mixture of protease inhibitor. Cell
lysates were incubated with GST-fusion, PAK-1 p2l-binding domain
(PBD) (Upstate Biotechnology) at 4°C for 1 h. The GST-PAK-1 PBD-
bound proteins were analyzed as described above. Blots were probed with
mouse anti-Racl or rabbit anti-cdcd2 followed by HRP-conjugated



The Journal of Immunology

anti-mouse IgG or HRP-conjugated anti-rabbit IgG, respectively. The total
amount of Racl or cdc42 in the cell lysates was determined as described
above.

To analyze tyrosine phosphorylation of Vav, cells were lysed in 20 mM
Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% Nonidet P-40, 1 mM
Na,VO,, 50 mM NaF, 10 mM Na,MnO,, and a mixture of protease in-
hibitor. Cell extracts were incubated with protein G-Sepharose conjugated
with rabbit anti-Vav. The precipitates were subjected to immunoblotting as
described above, using anti-phosphotyrosine mAb 4G10 followed by HRP-
conjugated anti-mouse IgG. The amount of Vav protein was determined by
stripping the phosphotyrosine blot and reprobing with rabbit anti-Vav fol-
jowed by HRP-conjugated anti-rabbit 1gG.

Biochemical isolation of lipid raft fraction

APCs were pulsed with 50 pM OV A323-339 for 4 h at 37°C, after which
they were washed three times. Splenic CD4 T cells (3 X 107) from
DO11.10 mice were mixed with peptide-pulsed APCs (3 X 107) for the
indicated times at 37°C. The reaction was stopped by adding ice-cold PBS.
Cells were then lysed with 1 ml of lysis buffer containing 25 mM Tris (pH
7.5), 150 mM NaCl, 5 mM EDTA, 1% Brij 98, 50 mM NaF, 1 mM
Na;VO,, 10 mM Na,MnO,, and a mixture of protease inhibitor. The ly-
sates were homogenized with 20 strokes of a Dounce homogenizer and
centrifuged. Supernatants were collected and mixed with an equal volume
of 80% sucrose solution and overlaid with 6.5 ml of 30% sucrose and 3.5
ml of 5% sucrose solution. The samples were subjected to ultracentrifu-
gation in a Hitachi RPS40T rotor (Hitachi) at 35,000 rpm at 4°C for 16 h.
Twelve fractions were collected from the top of the gradient. Fractions
containing lipid rafts were determined using HRP-conjugated CTx. Frac-
tions 3 and 4 or fractions 10-12 were combined and referred to as raft
fractions or nonraft fractions, respectively. Proteins in raft fractions were
concentrated by acetone precipitation. Pooled raft and nonraft fractions
were subjected to SDS-PAGE and Western blotting with mouse anti-
TCR-{ or rabbit anti-PKC-8, followed by HRP-conjugated anti-mouse IgG
or HRP-conjugated anti-rabbit-IgG, respectively.

Statistical analyses

Statistical significance was assessed by Student’s ¢ test, with significance
accepted at the p < 0.05 level.

Results

Induction of oral tolerance in DO11.10 mice

To obtain orally tolerized T cells, OVA was administered to
DO11.10 TCR transgenic mice in their drinking water for 7 days.
CD4 T cells were isolated from the spleens of these mice or control
DO11.10 mice, which had been administered OVA-free water.
First, we checked the expression levels of clonotype TCRs and
naive/memory markers on CD4 T cells from OVA-fed mice. As
shown in Fig. 14, expression of KJ1.26" TCR was slightly down-
regulated in CD4 T cells from OVA-fed mice. However, signifi-
cant levels of KJ1.26™ TCR were expressed on these CD4 T cells.
In addition, the percentage of KJ1.26™ T cells in CD4 T cells in
OVA-fed mice was almost the same compared with that observed
in control mice. Analysis of CD62L and CD44 expression revealed
that ~60-70% of KJ1.26" T cells showed phenotype of previ-
ously primed T cells. Therefore, it seems that oral administration
of OVA to DO11.10 was effective to prime Ag-specific T cells.
Next, the functional response of splenic CD4 T cells from these
mice was analyzed by measuring both proliferation and IL-2 pro-
duction upon stimulation with OVA323-339 and APCs at several
time points. As shown in Fig. 1, B and C, both the proliferative
response and IL-2 production were significantly decreased in CD4
T cells from OVA-fed DO11.10 mice at any time point of the
culture. Furthermore, in vivo OV A-specific Ab response elicited
by OVA immunization in OVA-fed mice was examined. Com-
pared with non-OVA fed control mice, anti-OVA IgG response
was significantly reduced in OVA-fed mice (Fig. 1D). Conse-
quently, we concluded that oral administration of QVA success-
fully induced systemic tolerance and hyporesponsiveness of Ag-
specific CD4 T cells in DO11.10 mice. Hereafter, we designate
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CD4 T cells from non-OVA fed or OVA-fed DO11.10 mice as
untreated control or orally tolerized T cells, respectively.

Orally tolerized T celis can form stable conjugates with APCs

Efficient TCR signaling following T cell activation requires con-
jugate formation with an APC (38). The hyporesponsive state of
orally tolerized T cells may be due to inefficient conjugate forma-
tion. We first asked whether orally tolerized DO11.10 T cells could
form stable conjugates with OVA-bearing APCs. T cell-depleted -
splenocytes from BALB/c mice were pulsed with OVA323-339
and incubated with DO11.10-splenic CD4 T cells. T cell-APC con-
jugates were measured using flow cytometry by staining with
KJ1.26 and anti-MHC class Il mAb. Interestingly, we found that
orally tolerized T cells have no impairment in their formation of
conjugates with APCs. Within 30 min of incubation, orally toler-
ized T cells formed conjugates with APCs pulsed with 1 uM
OVA323-339, at comparable levels with untreated control T cells
(Fig. 2A). Next, we checked the kinetics and Ag dose response of
conjugate formation. In this system, conjugate formation occurred
rapidly, within minutes of mixing, and reached maximal conjuga-
tion at ~30 min (Fig. 2B). Orally tolerized T cells formed conju-
gates more efficiently than untreated control T cells after 5 and 15
min of incubation (Fig. 2B). However, comparable levels of con-
jugate formation were seen between these T cells after 30 min. The
conjugates formed by these T cells were stable for at least 3 h (data
not shown). Conjugate formation was completely Ag dose depen-
dent, and no difference in Ag dose dependency was seen between
untreated control and orally tolerized T cells (Fig. 2C). These re-
sults clearly show that orally tolerized T celis can respond to spe-
cific Ags quite normally in terms of forming APC conjugates.

TCR-mediated recognition of peptide/MHC complexes on
APCs triggers inside-out signaling, leading to integrin activation
and integrin-mediated formation of T-APC conjugates. Among a
number of molecules, the §B,-integrin LFA-1 plays an important
role in conjugate formation (39). Therefore, LFA-1 expression on
the surface of these T cells was analyzed by FACS. Orally toler-
ized T cells expressed slightly higher levels of LFA-1 than un-
treated control T cells (Fig. 34); however, this difference had no
effect on the efficiency of conjugate formation (Fig. 2). The addi-
tion of anti-LFA1 mAb to the cultures completely blocked conju-
gate formation by both untreated control and orally tolerized T
cells (Fig. 3B). These results show that orally tolerized T cells
form conjugates with APCs in a LFA-1-dependent manner.

The small GTPase, Rapl, is a signaling molecule that plays a
pivotal role in mediating inside-out signals to activating integrins
(40). Rapl activation by TCR stimulation enhances the adhesive
activity of LFA-1 and, thus, regulates LFA-1/ICAM-1-mediated
interactions between T cells and APCs (41, 42). Because orally
tolerized T cells could form stable conjugates with APCs in a
LFA-1-dependent manner, we thought that signaling pathways,
leading to Rap1 activation, should be intact in orally tolerized T
cells. We examined Ag-induced Rapl activation in T cells by a
pull-down assay using GST-RalGDS-RBD, which binds specifi-
cally to Rap1-GTP (43). As shown in Fig. 3C, antigenic stimula-
tion significantly induced Rap! activation in orally tolerized T
cells. Rapl activation in tolerized T cells was evident 5 min after
stimulation and persisted for as long as 30 min. The levels of active
Rapl were slightly higher in orally tolerized T cells than in un-
treated control T cells. Thus, it was suggested that Rap1-mediated
activation of LFA-1 could occur normally in orally tolerized T
cells upon antigenic stimulation, resulting in efficient formation of
conjugates with APCs,.
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FIGURE 1. Oral tolerance induction in DO11.10 mice. A, Splenic CD4 T cells from untreated control or OVA-fed DO11.10 mice were stained with
clonotype-specific mAb KJ1.26. Mean fluorescence intensity (MFI) of KJ126* TCR and percentages of KJ1.26™ T cells in total CD4 T cells are indicated.
CD4 T cells were also stained with KJ1.26 and anti-CD62L or anti-CD44 mAb. Expression of CD62L and CD44 on KJ1.267CD4 T cells are shown.
Percentages of CD62L™®" and CD44™" T cells in KJ1.26*CD4 T cells are indicated. B, Splenic CD4 T cells from untreated control (O) or OVA-fed
DO11.10 mice (@) were stimulated with 0.1 uM OVA323-339 plus APCs for the indicated periods (left) or stimulated with indicated concentration of
OVA323-339 plus APCs for 72 h (right). Proliferation was measured by [*H]thymidine uptake. The data are shown as the average of triplicate cultures =
SD. The results shown are representative of more than three independent experiments. C, Splenic CD4 T cells from untreated control (O) or OVA-fed
DO11.10 mice (@) were stimulated with 0.1 uM OVA323-339 plus APCs for the indicated periods (leff) or stimulated with indicated concentration of
OVA323-339 plus APCs for 48 h (right). IL-2 concentration in the culture supernatants was determined by ELISA. The data are shown as the average of
triplicate cultures + SD. The results shown are representative of more than three independent experiments. D, Untreated control or OVA-fed DO11.10 mice
were immunized i.p. with OVA/CFA. Seven days later, the mice were boosted i.p. with OVA/IFA. The anti-OVA total 1gG titer of sera collected 7 days
after boosting was measured by ELISA. The data represent five mice per group and are shown as the average = SD. Similar results were obtained in one
further experiment.

Translocation of TCR, PKC-0, and lipid rafts into the T cell-
APC contact site is defective in orally tolerized T cells

It has been shown that T cells interacting with APCs accumulate
Ag receptors, coreceptors, and adhesion and signaling molecules at
the site of cell-cell contact, which is called the immunological
synapse (23, 44). Formation of the immunological synapse is
thought to be required for full activation of T cells, such as their
proliferation and IL-2 production (29). We next examined whether
orally tolerized T cells could accumulate signaling molecules to
the contact site with APCs. Confocal microscopy was performed to
investigate localization of TCR (KJ1.26" TCR) and PKC-6 at the
interface between T cells and Ag-bearing APCs. T cells were
mixed with APCs for 30 min because conjugate formation was
predetermined optimal at this time point (Fig. 2). Fig. 44 shows a
representative set of images of TCR and PKC-6 localization in
both untreated control and orally tolerized T cells conjugated to
peptide-pulsed APCs. We counted the number of KJ1.26™T cell-
APC conjugates with translocation of TCR and PKC-0 to the con-
tact site. Fig. 4B shows the frequencies of KJ1.26™ T cell-APC
conjugates with polarized TCR or PKC-0. The frequency of con-
Jjugates with polarized TCR was 52.5% in untreated control T cells

but was 25% in orally tolerized T cells. PKC-8 analysis showed
similar results. The frequency of conjugates with polarized PKC-4
was 52.6% in untreated control T cells but was only 20% in orally
tolerized T cells. These differences were statistically significant
(p < 0.001 for TCR and p < 0.01 for PKC-6). Importantly, the
results indicate that immunological synapse formation was im-
paired in orally tolerized T cells.

It has been demonstrated that lipid rafts function as platforms
for the assembly of signaling complexes and play an important role
in T cell signaling (27, 45, 46). Upon antigenic stimulation, lipid
rafts on T cells recruit signaling molecules and move to the contact
site with APCs. To determine whether lipid raft signaling functions
normally in orally tolerized T cells, we first examined lipid raft
polarization to the interface between T cells and Ag-bearing APCs.
Lipid rafts can be visualized by confocal microscopy with the use
of fluorescently labeled CTx subunits. CTx specifically binds to
the glycosphingolipid GM1, which is enriched in membrane lipid
rafts (47). As can be seen in Fig. 54, stimulation of untreated
control T cells with Ag-pulsed APCs for 30 min induced translo-
cation of lipid rafts to their contact area. However, the majority of
orally tolerized T cells expressed their lipid rafts around the
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from untreated control or OVA-fed DO11.10 mice were
mixed with APCs prepulsed with 1 uM OVA323-339.
After 30 min, cells were harvested, fixed, and stained
with anti-CD4, KJ1.26, and anti-MHC class II. A rep-
resentative staining profile with KJ1.26 and anti-MHC
class Tl mAb, and the percentage of double positive cells
are shown. B and C, APCs were prepulsed with 0.01-10
uM (B) or 1 uM (C) OVA323-339 and mixed with
splenic CD4 T cells from untreated control (O) or OVA- B C
fed (@) DO11.10 mice for 30 min (B) or 5, 15, 30, and
60 min (C). The percentages of MHC class 11" cells
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mined. The results are shown as the average from trip-
licate cultures = SD. The results are representative of
three independent experiments.
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plasma membrane, even if they formed conjugates with APCs. The Upon antigenic stimulation, small but readily detectable increases
frequency of KJ1.26™ T cell-APC conjugates with polarized lipid in the amount of TCR-{ and PKC-8 were seen in the lipid raft
rafts was 63.2% in untreated control T cells but 22% in orally fractions in untreated control T cells (Fig. 5B). As expected,
tolerized T cells. We next investigated whether signaling mole- TCR-{ and PKC-6 were barely detectable in lipid raft fractions in
cules translocate to the lipid rafts. To prepare the detergent insol- orally tolerized T cells upon stimulation with Ag (Fig. 5B). These
uble raft fractions, cell lysates were ultracentrifuged over a sucrose results indicate that orally tolerized T cells have defects in their
step-gradient. The positions of raft and nonraft fractions in the polarization of lipid rafts and translocation of signaling molecules
gradient were revealed by reactivity with CTx (data not shown). into lipid rafts upon antigenic stimulation.
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FIGURE 3. LFA-1-dependent conjugate formation by orally tolerized T cells. A, The expression levels of LFA-1 on the surface of CD4KJ1.26 cells from
untreated control (thin line) or OVA-fed (thick line) DO11.10 mice were determined by FACS. The data is a representative of three independent
experiments. B, APCs were prepulsed with 1 uM OVA323-339 and mixed with splenic T cells from untreated control or OVA-fed DO11.10 mice for 30
min, in the presence or absence of anti-LFA-1 mAb. The percentages of MHC class II* cells within the CD4*KJ1.26™ T cell population were determined.
The results are shown as the average from triplicate cultures = SD. The data are representative of three independent experiments. C, Splenic CD4 T cells
were incubated for the indicated times with APCs prepulsed with 20 uM OV A323-339. Cells were lysed, and active GTP-bound Rapl was detected with
a pull-down assay using GST-fusion Ral GDS-RBD. Bound Rapl (upper panels) and total Rapl (lower panels) were detected by Western blotting with
anti-Rapl Ab.
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.FIGURE 4. Ag-induced translocation of TCR and PKC-6 to the contact
site in orally tolerized T cells. Splenic CD4 T cells were incubated with
APCs prepulsed with 1 uM OVA323-339. After 30 min, cells were fixed,
permeabilized, and stained for KJ1.26*TCR and PKC-8 for confocal mi-
croscopy. In the upper panels, representative images for T-APC conjugates
and the localization of TCR and PKC-6 are shown. In the lower panels, the
percentages of KJ1.26™ conjugates with polarized TCR or PKC-8 are
shown. Thirty to 50 KJ1.26™ conjugates were counted in each experiment.
The results are shown as the average of four independent experiments =+
SD. Values of p were calculated using the paired Student r test.

Ag-induced activation of Vav, Racl, and cdc42 is defective in
orally tolerized T cells

Next, we analyzed the biochemical basis underlying the defective
translocation of TCR, PKC-6, and lipid raft localization in orally
tolerized T cells. Vav, a guanine nucleotide exchange factor for the
Rho family GTPases Racl and cdc42, is a critical regulator for

A

FIGURE 5. Ag-induced lipid raft translocation to the
contact site and translocation of TCR and PKC-8 to lipid
rafts in orally tolerized T cells. A, Splenic CD4 T cells
were stained with FITC-CTx and then incubated with
APCs prepulsed with 1 uM OV A323-339. After 30 min,
cells were fixed and stained for KJ1.26 *TCR for confocal
microscopy. In the left panels, representative images for
T-APC conjugates and localization of the lipid rafts are
shown. In the right panels, the percentages of KJ1.26%
conjugates with polarized lipid rafts are shown. Thirty to
50 KJ1.26™ conjugates were counted in each experiment.
The results are shown as the average of four independent
experiments = SD. Value of p was calculated using the
paired Student ¢ test. B, Splenic CD4 T cells were incu-
bated for the indicated times with APCs prepulsed with 50 B
uM OVA323-339. Cells were lysed in 1% Brij 98 lysis
buffer. The lysates were subjected to ultracentrifugation,
and 12 fractions were collected. Fractions 3 and 4 or frac-
tions 10—-12 were pooled as lipid raft fractions or nonraft
fractions, respectively. The amounts of TCR-£ and PKC-6
in lipid raft or nonraft fractions were analyzed by Western
blotting. The results shown are representative of three in-
dependent experiments.
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immunological synapse formation and raft recruitment to the syn-
apse (48-51). Thus, we investigated tyrosine phosphorylation of
Vav upon antigenic stimulation by Vav immunoprecipitation (Fig.
6A). Tyrosine phosphorylation of Vav was rapidly and signifi-
cantly induced as early as 1 min upon antigenic stimulation in
untreated control T cells. Phosphorylated Vav was seen 10 min
after stimulation, although the levels were reduced. In sharp con-
trast, the levels of phosphorylation of Vav were not increased 1
min after stimulation in orally tolerized T cells. Interestingly, the
levels of phosphorylation of Vav at 5 min were below those before
stimulation. Phosphorylation of Vav was barely detectable 10 min
after stimulation in these cells. We next investigated activation of
Racl and cdc42 by the pull-down assay using GST-PAK-1 RBD,
which specifically binds to Rac-GTP and cdc42-GTP (52). The
GTP-bound, activated Racl and cdc42 were significantly induced
upon antigenic stimulation in untreated control T cells (Fig. 6, B
and C). Activation of Racl and cdcd42 persisted for as long as 10
min. In contrast, activated Racl was not significantly induced be-
yond the levels before stimulation in orally tolerized T cells (Fig.
6B). Activated cdcd42 was barely detectable upon antigenic stim-
ulation in orally tolerized T cells (Fig. 6C). These differences in
activation of Racl and cdc42 between untreated control and toler-
ized T cells were not due to differences in kinetics of activation
because we did not observe increases in the levels of activated
Racl and cdcd4? at 15, 30, and 60 min after stimulation in orally
tolerized T cells (data not shown). Taken together, our results in-
dicate that defective activation of Vav/Racl/cdc42 in orally toler-
ized T cells results in their defective translocation of TCR, PKC-6,
and lipid rafts into the interface between T cells and APCs

OVA-immunized T cells can form immunological synapses and
activate vav, Rac, and cdc42

One may argue that any Ag-experienced T cells behave differently
to naive T cells in terms of immunological synapse formation.
Therefore, we finally made comparisons of orally tolerized T cells
vs productively primed T cells. OVA-immunized T cells were pre-
pared from spleen of DO11.10 mice immunized i.p. with OVA.
Approximately 60-80% of these T cells showed phenotypes of
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FIGURE 6. Activation of Vav, Racl, and cdc42 in orally tolerized T
cells upon antigenic stimulation. Splenic CD4 T cells were incubated for
the indicated times with APCs prepulsed with 20 uM OVA323-339. 4,
Cells were lysed, and Vav was immunoprecipitated with anti-Vav Ab. The
levels of tyrosine phosphorylation of Vav (upper panel) and total Vav
(lower panel) were determined by Western blotting. B, Cells were lysed
and active GTP-bound Rac was detected with a puil-down assay using
GST-fusion PAK1-PBD. Bound Racl (upper panel) and total Racl (lower
panel) were detected by Western blotting with anti-Racl Ab. C, Active
GTP-bound cdc42 was detected as in B. Bound cdc42 (upper panel) and
total cdcd?2 (lower panel) were detected with anti-cdc42 Ab.
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memory/primed T cells as judged by CD62L and CD44 expression
(data not shown). As shown in Fig. 74, OVA-immunized T cells
showed the same levels of proliferation and IL-2 production but-
greatly enhanced levels of IL-4 and IFN-y production, compared
with untreated control T cells, showing that these immunized T
cells are productively primed to be differentiated to effector T cells.

No differences were seen in conjugate formation between im-
munized and orally tolerized T cells (Fig. 7B). However, in con-
trast to orally tolerized T cells, immunized T cells could accumu-
late TCR, PKC-6, and lipid rafts at the interface between T cells
and APCs. The frequencies of conjugates with polarized TCR,
PKC-9, and lipid rafts in immunized T cells were higher than those
of untreated control T cells (Figs. 4 and 7C). As expected, in con-
trast to orally tolerized T cells, Ag-induced activation of vav,
Racl, and cdc42 was seen in immunized T cells (Fig. 7D). Thus,
we conclude that impaired immunological synapse formation is
specifically observed in orally tolerized T cells, not in any Ag-
experienced T cells.

Discussion

In this article, we demonstrate that orally tolerized T cells can form
stable conjugates with Ag-bearing APCs. However, these cells
have defects in their translocation of TCR, PKC-0, and lipid rafts
to the interface between T cells and APCs. Biochemical analysis
revealed intact activation of Rapl but defective activation of Vav,
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FIGURE 7. Conjugate formation, immunological synapse formation, and vav/Rac/cdc42 activation by T cells from OV A-immunized DO11.10 mice. A,
Splenic CD4 T cells from untreated control (#), OV A-fed (BI), or OV A-immunized DO11.10 mice (O0) were stimulated with 0.1 uM OVA323-339 in the
presence of APCs. Proliferation between 48 and 72 h after stimulation was measured by [*Hlthymidine uptake. The culture supernatants were collected after
48 h, and concentration of IL-2, IL-4 and IFN-y was determined by ELISA. The data are shown as the average of triplicate cultures * SD. The results
shown are representative of more than three independent experiments. B, Splenic CD4 T cells from OV A-immunized (O) or OVA-fed DO11.10 mice (@)
were mixed with APCs prepulsed with indicated concentrations of OVA323-339. Conjugate formation after 30 min of incubation was determined as in
Fig. 2. The data are shown as the average of triplicate cultures = SD. The results shown are representative of three independent experiments. C, Splenic
CD4 T cells from OVA-immunized ((J) or OVA-fed DO11.10 mice () were incubated for 30 min with APCs prepulsed with 1 uM OVA323-339. The
percentages of KJ1.26™ conjugates with polarized TCR, PKC-0, or lipid rafts were determined as in Fig. 4. The results are shown as average of three independent
experiments = SD. D, Splenic CD4 T cells from OVA-immunized or OVA-fed DO11.10 mice were incubated for 2 min with APCs prepulsed with 20 uM
OVA323-339. Activation of vav, Racl, and cdcd2 was detected as in Fig. 6. The results shown as representative of three independent experiments.
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Racl, and cdc42 in orally tolerized T cells upon antigenic stimu-
lation. These biochemical events induced by Ag stimulation cor-
relate well with normal conjugate formation but impaired immu-
nological synapse formation in orally tolerized T cells. The
characteristics of TCR-mediated signaling in in vivo-tolerized T
cells have been analyzed in various experimental systems (15-17).
However, most of these studies used artificial, anti-TCR or anti-
CD3 stimulation; therefore Ag-induced signaling, conjugate for-
mation, and immunological synapse formation in in vivo-tolerized
T cells have not been examined thus far. Therefore, this study
provides new insight into Ag responsiveness of orally tolerized T
cells. The findings are novel in that orally tolerized T cells are
shown to form stable conjugates with APCs, without the accumu-
lation of TCR, PKC-6, and lipid rafts at the interface. The data
suggest that not all functions are impaired in orally tolerized T
cells. This is also supported by our biochemical data in that these
T cells show normal activation of Rapl (Fig. 3) and the Ras-ERK
pathway (21). Furthermore, our data also suggests that conjugate
formation and immunological synapse formation are regulated by
distinct mechanisms. Thus, as seen in orally tolerized T cells, sta-
ble conjugate formation may not be always accompanied by im-
"munological synapse formation.

Garcia et al. (53) have shown previously that hyporesponsive T
cells from aged mice have defects in their immunological synapse
formation. Their results are consistent with ours in that hypore-
sponsive T cells cannot translocate TCR or PKC-6 to the site of
T-APC interaction. They also showed that various kinases, en-
zymes, and adaptors, such as Ick, phospholipase C-y (PLC-vy),
linker for activation of T cells, Grb2, and Vav, are not accumulated
in the contact site with APCs and T cells from aged mice. Recent
work by Heissmeyer et al. (54) also demonstrated instability of the
immunological synapse formation in in vitro-anergized T cells.
These reports suggest that impaired immunological synapse for-
mation could account for T cell hyporesponsiveness. In contrast,
some differences were observed between our orally tolerized T
cells and in vitro anergized T cells in terms of their immunological
synapse formation. In vitro anergized T cells formed immunolog-
ical synapses indistinguishable from those of normal T cells at
early time points after incubation on lipid bilayers (54). However,
the immunological synapse of anergized T cells was not stable and
was broken down at later time points. We also analyzed the ki-
netics of accumulation of TCR and PKC-6 to the site of T-APC
contact. However, we failed to observe translocation of these mol-
ecules in orally tolerized T cells at earlier time points (data not
shown). The differences in synapse formation at early time points
may be derived from the differences in the experimental systems,
such as in vitro vs in vivo hyporesponsive T cells as responders, or
lipid bilayers or live APCs as stimulators. It is important, anyhow,
that in both studies, the majority of hyporesponsive T cells did not
form proper immunological synapses at later time points because
prolonged immunological synapse formation appears to be re-
quired for full T cell activation (29).

We demonstrated that translocation of lipid rafts to the contact
site and TCR/PKC-6 recruitment to the lipid rafts is defective in
orally tolerized T cells upon antigenic stimulation (Fig. 5). Lipid
rafts are plasma membrane compartments enriched in key signal-
ing molecules, such as Ick, fyn, and linker for activation of T cells,
and are thought to function as platforms in TCR signaling. Aggre-
gation and translocation of lipid rafts is thought to stabilize the
immunological synapse and result in sustained signaling leading to
full activation (55). Thus, the failure of lipid raft clustering and
translocation of signaling molecules into lipid rafts may result in
defects in immunological synapse formation and affect down-
stream signaling events. It has been demonstrated that transloca-

tion of PKC-8 into lipid rafts and immunological synapse is re-
quired for NF-«B activation in T cells (28). Consistent with this,
we have found that NF-«B nuclear translocation is defective in
Ag-stimulated orally tolerized T cells (unpublished observation).

Orally tolerized T cells showed defective activation of Vav,
Racl, and cdc42 upon antigenic stimulation (Fig. 6). Knockout
studies revealed that Vav is a critical regulator for rearrangement
of the actin cytoskeleton, TCR capping, and cell adhesion (48, 51).
Furthermore, it has been shown that lipid raft polarization into the
immunological synapse depends on Vav/Rac function (50). Wis-
kott-Aldrich syndrome protein, a cdc42 effector, has also been
shown to be required for TCR capping, lipid raft clustering, and
immunological synapse formation (56). Taken together, defective
activation of Vav/Racl/cdc4? in orally tolerized T cells may be
responsible for their impaired immunological synapse formation
and raft translocation to the synapse.

The molecular basis underlying defective Vav activation in
tolerized T cells remains unclear. However, we noted unique pat-
terns of tyrosine phosphorylation of Vav observed in orally toler-
ized T cells upon antigenic stimulation (Fig. 64). The levels of
tyrosine phosphorylation of Vav 5 min after stimulation was below
those of unstimulated T cells, although the levels of Vav protein
were not changed. This'may be explained by the idea that negative
regulators for Vav are strongly activated upon stimulation and
such molecules induce down-regulation of Vav phosphorylation in
orally tolerized T cells. One of candidate negative regulator may
be cbl-b, an E3 ubiquitin ligase (57, 58). Vav phosphorylation is
strongly up-regulated in cbl-b™/~ T cells upon TCR stimulation,
suggesting that cbl-b is a negative regulator of Vav phosphoryla-
tion (59, 60). We found that cbl-b is highly expressed in orally
tolerized T cells (data not shown). We are now investigating the
mechanism of Ag-induced down-regulation of Vav phosphoryla-
tion in orally tolerized T cells, including the involvement of cbl-b
activation.

We found that Rapl activation remains intact in orally tolerized
T cells upon antigenic stimulation (Fig. 3). Rapl is a potent acti-
vator of integrins and is essential for LFA-1/ICAM-1-mediated
interactions between T cells and APCs (41, 42). Inhibition of Rap!
activation by a dominant-negative Rapl abrogates T-APC conju-
gate formation (41). Conversely, overexpression of Rapl enhances
conjugate formation (41). Thus, normal conjugate formation by
orally tolerized T cells seems to be due to intact activation of Rapl.

Katagiri et al. (61) have demonstrated recently that Rapl acti-
vation induced by TCR stimulation is dependent on PLC-y and
that Raplactivation is likely to be mediated by CalDAG-GEFL. In
contrast, Amsen et al. (62) reported that Rapl activation in thy-
mocytes is induced in a PLC-vy-independent manner. The study
also suggested that Cbl-C3G-Crkl. may play an important role for
Rap] activation in thymocytes. We have demonstrated that PLC-vy
is not activated in orally tolerized T cells upon TCR stimulation
(21). Thus, it is likely that Rapl activation in orally tolerized T
cells is induced independently of PLC-+y pathways, as in the case
of thymocytes.

It has been reported that human anergic T cell clones express
active Rap1 constitutively (63) and that overexpression of consti-
tutively active form of Rap1 inhibits IL-2 production by T cells by
the down-regulation of Ras-ERK activation (63). The function of
Rapl as a negative regulator for T cell activation was confirmed by
a knockout study of SPA-1, a principle Rapl GTPase-activating
protein, showing that accumulation of large amounts of active
Rapl correlated with T cell hyporesponsiveness and down-regu-
lation of ERK activation (64). In our system, the levels of active
Rapl in orally tolerized T cells was higher, but only slightly, than
those in control T cells (Fig. 3). Furthermore, Ras-ERK activation
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induced by TCR stimulation was normal in orally tolerized T cells
(21). Thus, it seems unlikely that Rap] activation contributes to the
hyporesponsiveness of orally tolerized T cells.

The biological meaning of normal conjugate formation by orally
tolerized T cells is currently unknown. However, the formation of
stable conjugates with APCs may help to regulate their own acti-
vation. It may be possible that stable and prolonged conjugate
formation enables these T cells to elicit negative signaling, such as
ubiquitin-mediated degradation of signaling proteins or phospha-
tase activation or to cause their own apoptosis. It has been dem-
onstrated that orally tolerized T cells have immunoregulatory func-
tions via the production of suppressive cytokines such as IL-10 or
TGF-B (6, 65). Stable conjugate formation may be required to
elicit such effector functions by tolerized T cells. These points
should be clarified in future studies.

One may argue that regulatory T cells may play a role in our
OVA-induced tolerance system. CD4 T cells from OVA-fed
DO11.10 mice contained 15-30% of CD25% T cells (data not
shown). Consistent with recent reports suggesting the suppressive
function of CD4CD25% T cells in oral tolerance (66, 67),
CD4CD25™ T cells in OVA-fed DO11.10 mice were unresponsive
to TCR stimulation but were able to inhibit naive T cell activation
(data not shown). It is unknown whether these CD4CD25™ T cells
play some roles in induction of oral tolerance. However, depletion
of the CD4CD25™ T cells did not affect the proliferative response
and IL-2 production by CD4 T cells from OV A-fed mice (data not
shown), suggesting that the hyporesponsiveness of CD4 T cells in
our system was not mediated by the CD4CD25™ T cells. So far a
few studies have addressed TCR-mediated sigrialing in naturally
occurring CD4CD25™ T cells (68, 69), but their characteristics
concerning imrmunological synapse formation is still unknown.
The comparison between anergic and CD4CD25™ regulatory T
cells in terms of their TCR-mediated signaling and immunological
synapse formation should be performed.

In conclusion, this study demonstrates that orally tolerized T
cells can form conjugates with APCs efficiently but fail to trans-
locate TCR, PKC-6, and lipid rafts to the contact site. This im-
pairment of immunological synapse formation may be responsible
for the hyporesponsive state of orally tolerized T cells. These find-
ings will be helpful in providing a deeper understanding of the
molecular mechanisms of peripheral tolerance.
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