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ABSTRACT

It has long been known that protein antigen con-
jugated with polyethylene glycol (PEG), a non-
immunogenic artificial polymer, induces immu-
ne tolerance of antigen-specific Th cells. How-
ever, the mechanism of this tolerance induction
remains unknown. In this study, the response
and differentiation of ovalbumin (OVA)-specific
CD4" Th cells upon exposure to tolerogenic PEG
conjugate of OVA (PEG-OVA) were studied. Nai-
ve OVA-specific Th cells from OT-ll mice were la-
beled with carboxyfluorescein succinimidyl es-
ter (CFSE), transferred into histocompatible
C57BL/6 mice, and then subsequently stimu-
lated with either tolerogenic PEG-OVA or with
OVA. Upon stimulation with tolerogenic PEG-
OVA in vivo, these cells showed a robust prolife-
rative response comparable to that observed by
stimulation with OVA. Nevertheless, upon pro-
longed exposure to PEG-OVA, OVA-specific Th
cells became anergic, showing a markedly re-
duced capacity to respond, and to produce IL-2
and other cytokines when stimulated with anti-
genic OVA323-339 peptide in vitro. There was
also a significant reduction of the frequency of
clonotypic TCR Va2'CD4" T cells in the spleens
of OT-Il mice treated with PEG-OVA. These fea-
tures of response of naive OVA-specific Th cells
upon sustained exposure to PEG-OVA were
quite analogous to those reported for the same
cells transferred into mice with systemic expres-
sion of the transgenic OVA gene. The highly en-
hanced stability in the circulation that was ob-
served for PEG-OVA was likely the basis of its
tolerogenic capacity.
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1. INTRODUCTION

Polyethylene glycol (PEG) is a linear synthetic poly-
mer produced by the polymerization of ethylene oxide.
PEG has repeating units of ethylene oxide groups that are
linked by flexible ether bonds, and is uniquely soluble in
both water and organic solvents [1]. PEG is safe for in-
ternal consumption, and extremely stable and nonimmu-
nogenic when introduced into the circulation [2]. These
features of PEG have enabled the development of PEG-
protein conjugates as therapeutic drugs [3-6]. It has long
been known that protein antigens conjugated with PEG
serve as immunological tolerogens when administered to
experimental animals. It is nearly 40 years since Lee and
Sehon [7,8] first reported the tolerogenic capacity of hen
egg albumin (ovalbumin: OVA) coupled with polyethy-
lene glycol. In these pioneering studies, it was demon-
strated that immune tolerance was established on carrier
(OVA)-specific Th cells. Based on the results of these
early studies, various PEG-allergen conjugates were
tested for their efficacy in treating patients with allergic
diseases [9,10]. To date, however, none of the PEG-pro-
tein antigen conjugates has been used effectively as a
tool for antigen-specific immune intervention. We stu-
died the response and differentiation of OVA-specific
naive Th cells upon exposure to tolerogenic PEG-OVA
with the hope that such knowledge may lead to practical
application of PEG-protein antigen conjugates to induce
immune tolerance.

2. MATERIALS AND METHODS
2.1. Mice

C57BL/6 mice, 2 months old, were obtained from San-
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kyo Laboratory Service (Tokyo, Japan) and were main-
tained in the animal-care facility of Toin University of
Yokohama. C57BL/6-TG(TcraTerb)425-CbnJ (OT-II) mice
[11] were obtained from the Jackson Laboratory (Sacra-
ment, CA). This study was reviewed and approved by the
research ethics committee of Toin University of Yoko-
hama.

2.2. PEG-OVA

Polyethylene glycol conjugate of OVA (PEG-OVA)
was prepared by the method described by Saito et al.
[12]. Five milligrams of OVA (albumin from chicken egg
white, grade VII; Sigma-Aldrich, St. Louis, MO) were
dissolved in one ml of 0.1 M sodium tetraborate (pH
10.0), and then 1,200 mg of activated PEG, [2, 4-bis(O-
methoxypolyethylene glycol)-6-chrolo-s-triazine] [13]
(Seikagaku Kogyo, Ltd., Tokyo, Japan) was added to the
solution. The reaction mixture was incubated under stir-
ring at 37°C for one hour. After the reaction, the mixture
was diluted with 10 ml of 0.1 M borate buffer (pH 8.0).
The unreacted polyethylene glycol was removed by ex-
tensive ultrafiltration using a PM-30 membrane (Merck
Millipore, Darmstadt, Germany). Protein concentrations
were measured by the Biuret method [14]. In the PEG-
OVA thus prepared, the average degree of modification
of 22 free amino groups in an OVA molecule was 54%,
as measured by the colorimetric titration of the free
amino groups using trinitrobenzene sulfonate [15].

2.3. Tolerance Induction

Female C57BL/6 mice, 3 months old, received intra-
peritoneal injections of PEG-OVA (100 pg in 200 pl of
PBS) or PBS (200 pl) at weeks 0, 1 and 2. Subsequently,
these mice were immunized with OVA (250 pg in 200 pl
of PBS) at weeks 4, 5, 6 and 11. At week 13, blood sam-
ples were obtained from orbital venous plexus using a
capillary tube, and were allowed to clot at 4°C. Sera were
stored at —20°C until analysis. Levels of IgG class anti-
OVA antibodies were measured by ELISA.

2.4. Proliferative Resonse of OVA-Specific
Th Cells in Vivo

Splenic lymphocytes from OT-II mice were labeled
with carboxyfluorescein succinimidyl ester (CFSE; Mo-
lecular Probes Inc., Eugene, OR) by the method des-
cribed by Quah et al. [16]. Briefly, splenic lymphocytes
were isolated by density-gradient centrifugation using
NycoPrep reagent (Axis-Shield PoC; AS, Oslo, Norway).
Four pl of CFSE solution in dioxane (2.5 mM) was
added to 2 ml of the lymphocyte suspension (10”/ml in
PBS containing 2% FBS), and the solution was reacted at
room temperature for 5 minutes. After washing with PBS
containing 2% FCS, 107 labeled cells were resuspended
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in 500 ul of PBS containing 2% FCS, and were trans-
ferred into the circulation of histocompatible C57BL/6
mice via the tail vein. The fluorescence at 535 nm of the
CD4" OT-II Th cells was measured by a FACS Vantage
Immunocytometry System (Becton Dickinson, San Jose,
CA).

2.5. Stimulation of OVA-Specific Th Cells
with Antigenic Peptide in Vitro

Spleen cells from OT-II mice were suspended at 5 X
10° cells/ml in RPMI 1640 medium containing 50 uM of
2-mercaptoethanol, 100 units/ml of penicillin G (potas-
sium salt), 100 pg/ml of streptomycin sulfate, 250 ng/ml
of amphotericin B, and 10% FCS. Aliquots (200 pl) of
the cell suspension were distributed in wells of a poly-
styrene flat-bottomed plate, and then various concentra-
tions of OVAs,3.339 peptide were added [17]. The plate
was incubated at 37°C under 5% CO, for 24 hours. In-
corporation of bromodeoxyuridine (BrdU) was tested
during the last 8 hours of the incubation by adding BrdU
to each well to obtain a final concentration of 100 pM.
After incubation, the supernatant was carefully removed
by aspiration. Subsequently, the cells were fixed to the
plate by treatment with methanol and drying. Incorpo-
rated BrdU in the genomic DNA of the cells was mea-
sured by ELISA with anti-BrdU monoclonal antibody
[18].

2.6. Enzyme Immunoassay for OVA-Specific
Antibodies

Levels of serum IgG class anti-OVA antibodies were
measured by ELISA [19]. Each well of a polystyrene
flat-bottomed plate (Nunc-Immuno Plate 442404; Nalge
Nunc International, Roskilde, Denmark) was coated with
1 pg of OVA in 0.1 ml PBS at 4°C overnight, blocked
with 3% BSA in PBS for one hour, and reacted with di-
luted serum (50 pl) at 4°C for one hour. After 6 washings
with PBS containing 0.05% Tween 20, 50 pl of peroxi-
dase-conjugated goat anti-mouse IgG antibodies was ad-
ded to each well, and the plate was incubated at room
temperature for 90 minutes. After extensive washing, 100
ul of 4.8 mM o-phenylenediamine (Wako Pure Chemical
Industries, Ltd., Osaka, Japan) in 0.1 M citrate-phosphate
buffer (pH 5.0) and hydrogen peroxide (2.6 mM) was
added to each well. After incubation at room temperature
for 5 minutes, the reaction was terminated by adding 50
ul of 4 N H,SO,. The absorbance at 490 nm was mea-
sured by a model 550 Plate Reader (Bio-Rad Laborato-
ries, Hercules, CA).

2.7. Cytokine Gene Expression

The levels of transcription of the cytokine genes were
measured by real-time PCR analysis. Spleen lympho-
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cytes (4 x 107) of the OT-II mice were stimulated in vi-
tro with 2.2 uM of OVA3,3.339 peptide in 8.0 ml of RPMI
medium supplemented with 10% FCS and 50 uM of
2-mercaptoethanol. After 16 hours, the cells were har-
vested and lysed with Trisol Reagent [20]. Cytoplasmic
RNA was extracted as described in the manufacturer’s
instructions, and was further purified by using an RNA-
free DNase in the presence of recombinant ribonuclease
inhibitor (Takara Shuzo, Shiga, Japan). cDNA molecules
were synthesized by using a reverse transcriptase and
random hexamer, and were amplified by Taq thermost-
able DNA polymerase in the presence of SYBR Green
[21]. The quantitative real-time PCR analysis was con-
ducted by using a Roche Lightcycler 480 (Roche Diag-
nostics GmbH, Mannheim, Germany). The nucleotide se-
quences of the primers used for the analysis were as fol-
lows: for Mouse IL-2 [22], AACTGAAA
CTCCCCAGGAT and AGGGCTTGTGAGATGATGC;
for Mouse IL-4 [23], CCTCACAGCAACGAAGAACA
and AAGTTAAAGCATGGTGGCTCA; for Mouse inter-
feron y (IFN-y) [24], AAGCAATCAGGCCATCAGC and
ATCAGCAGCGACTCCTTTTC; for Mouse IL-10 [25],
CCAAGCCTTATCGGAAATGA and TGGCCT
GTGACACCTTGG:; and for Mouse IL-17 [26],
TCTCTGATGCTGTTGCTGCT and GACAGATCTCTT
GCTGGA.

2.8. Flowcytometry

Splenic lymphocytes were treated with a lysis buffer
containing 0.15 M ammonium chloride, 0.01 M potas-
sium hydrogen carbonate and 0.1 mM EDTA at room
temperature for 5 minutes to remove erythrocytes. After
washing with RPMI medium containing 10% FCS,
splenic lymphocytes (2 x 10°) were stained with fluo-
rescein-conjugated anti-TCR Va2 mAb (clone B20.1;
Becton Dickinson, San Jose, CA), and PE-Cy5-conju-
gated anti-mouse CD4 mAb (clone L3T4; Becton Dick-
inson) in the presence of 0.5% normal rat serum, and
subsequently stained for dead cells with 7-amino-acit-
inomycin D (7-AAD, 2.5 pg/ml; Becton Dickinson). The
stained lymphocytes were analyzed with a FACS Vantage
Immunocytometry System (Becton Dickinson).

2.9. Blood Kinetics of OVA and PEG-OVA in
Mice

Blood kinetics of OVA and PEG-OVA were measured
using OVA labeled with fluorescein-5-maleimide at sulf-
hydryl groups on the molecule. An aliquot of 960 pl of
1.1 mM fluorescein-5-maleimide (Wako Pure Chemical
Industries, Ltd.) in dimethylformamide was added to 36
ml of 5 mg/ml OVA in 0.1 M borate buffer (pH 7.5). The
mixture was incubated under stirring at 37°C for one
hour, and dialyzed extensively against 0.1 M borate
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buffer (pH 7.5) to obtain fluorescein-labeled OVA (F-
OVA). A portion of F-OVA solution (18 ml of 5 mg/ml)
was dialyzed against 0.1M sodium tetraborate buffer (pH
10.0), and subsequently reacted with 5.4 g of activated
PEG; to obtain PEG-conjugate of F-OVA (F-PEG-OVA)
as described in Section 2.1. Both F-OVA and F-PEG-
OVA were purified extensively by ultrafiltration to re-
move residual fluorescein-maleimide. The protein con-
centrations of F-OVA and F-PEG-OVA were measured
by the Biuret method [7], and both solutions were ad-
justed to 8 mg/ml of protein. F-OVA or F-PEG-OVA so-
lution (200 pl) was injected into every 6 female C57BL/6
mice intraperitoneally. Blood samples were collected
from each mouse at 15, 30, and 45 minutes, and 1, 2, 3, 8,
17.5, 45, 96 and 144 hours after injection. A 100 pl ali-
quot of each blood sample was immediately transferred
to 900 pl of PBS containing 5 mM EDTA, and centri-
fuged to obtain the plasma sample. The concentrations of
F-OVA and F-PEG-OVA in plasma samples were deter-
mined by fluorometric quantification using a Fuji FLA-
2000 imaging analyzer (Fujifilm Co., Ltd., Tokyo, Ja-
pan).

3. RESULTS

3.1. Immune Tolerance Induced with
PEG-OVA Conjugates

PEG-OVA was prepared by reacting the free amino
groups of the OVA molecule with activated PEG, rea-
gent having two methoxypolyethylene glycol chains with
a molecular weight of 50 kilodaltons. The optimum de-
gree of modification of the primary amino groups of the
OVA molecule for tolerogenic conjugates was previously
shown to be around 50% [12]. The degree of modifica-
tion of the free amino groups of PEG-OVA used in the
present study was 54%. To test the tolerogenicity of
PEG-OVA conjugates, female C57BL/6 mice were pre-
treated with three weekly intraperitoneal injections of
PEG-OVA, and subsequently immunized with OVA. The
results are shown in Figure 1. Pre-treatment with PEG-
OVA induced a marked suppression of the IgG-class anti-
OVA immune response in mice, in keeping with the pre-
vious observations [7,8,12]. Similar profiles were ob-
served for the anti-OVA responses of the IgM, IgGl,
IgG2a, IgG2b and IgG3 subclasses (data not shown).

3.2. Response of Naive OVA-Specific Th
Cells towards Tolerogenic PEG-OVA

To characterize the response of OVA-specific naive Th
cells as elicited by tolerogenic PEG-OVA, splenic CD4"
T cells from OT-II mice with OVA-specific transgenic
T-cell receptor genes [11] were labeled with carboxy-
fluorescein succinimidyl ester (CFSE), and were trans-
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Figure 1. Immune tolerance induced by ovalbumin
conjugated with polyethylene glycol (PEG-OVA). Fe-
male C57BL/6 mice received 3 weekly intraperito-
neal injections of PEG-OVA (100 pg in 200 pl PBS) or
PBS (200 pl) at weeks 0, 1 and 2. Subsequently, these
mice were immunized with ovalbumin (250 pg in 200
ul PBS) at weeks 4, 5, 6 and 11. At week 13, blood
samples were obtained from the orbital venous plexus
using a capillary tube, and were allowed to clot at 4°C.
Sera were stored at —20°C until analysis. Levels of
IgG-class anti-OVA antibodies were measured by
ELISA.

ferred into the histocompatible CS7BL/6 mice. The re-
cipient mice were subsequently injected intraperitoneally
with either PBS, unconjugated OVA or tolerogenic PEG-
OVA. As shown in Figure 2, PEG-OVA, although tole-
rogenic with respect to the production of anti-OVA anti-
bodies, induced a robust proliferation of naive OVA-
specific Th cells in vivo, as demonstrated by the appea-
rance of CD4" Th cells with gradually decreased fluo-
rescence. The proliferative response induced by PEG-
OVA was comparable to or even higher than that induced
by unconjugated OVA (Figures 2(d) and (g)).

3.3. Anergy of OVA-Specific Th Cells by
Persistent Exposure to PEG-OVA

To determine the effect of longer exposure to toler-
ogenic PEG-OVA, female OT-II mice were injected in-
traperitoneally three times either with PBS, OVA or
PEG-OVA at weeks 0, 1 and 2. Mice were sacrificed at
week 3, and the splenic CD4" Th cells were tested in
vitro for their response towards varying concentrations of
OVA3,3.339 peptide [17] that is recognized by OVAspe-
cific Th cells. Figure 3 compares the dose-response
curves observed for incorporation of BrdU in splenic Th
cells from OT-II mice pretreated either with PBS, OVA
or PEG-OVA. Half-maximal levels of the proliferation of
naive OT-II CD4" T cells pretreated with PBS were ob-
served at 1.6 x 107 M of OVA313.330 peptide. The cells
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Figure 2. Proliferative response of OVA-specific Th cells
from OT-II mice upon exposure to tolerogenic PEG-OVA.
Splenic lymphocytes from OT-II mice were labeled with car-
boxyfluorescein succinimidyl ester (CFSE) as described in
the MATERIALS AND METHODS section. Fluoresceinated
cells (2 x 107) were resuspended in 200 pl of RPMI medium,
and were transferred into the circulation of histocompatible
C57BL/6 mice via the tail vein. The recipient mice were sub
sequently injected intraperitoneally with either PBS, OVA or
PEG-OVA as described in the MATERIALS AND METH-
ODS section. Forty-eight hours after the injection, mice were
sacrificed and the splenic lymphocytes were stained with
phycoerythrine (PE)-labeled anti-CD4 mAb (L3T4). Two-co-
lor profiles are shown for spleen cells from recipient mice
injected with PBS (a), OVA (b) and PEG-OVA (c). Numbers
of OT-II CD4" Th cells at 1 - 5 cell divisions were compared
for two groups, one with three recipient mice injected with
OVA (d) and the other with three recipient mice injected with
PEG-OVA (e). A total of 10° spleen lymphocytes were ana-
lyzed for each recipient mouse.

from OT-II mice pretreated with OVA responded simi-
larly, and the half-maximal level of response was obser-
ved at 2.0 x 10 M. In contrast, a higher concentration
(1.1 % 1078 M) of OVA;»3.330 peptide was required to ob-
serve the half-maximal response. The plateau level of the
response observed for the cells from mice pretreated with
PEG-OVA was also lower than those observed for the
cells from mice pretreated with OVA or PBS.

3.4. Frequencies of Splenic OVA-Specific
CD4" Th Cells

The lower response observed in OT-II mice pretreated
with PEG-OVA may have been partly due to the paucity
of the OVA-specific CD4" T cells in the spleen. There-
fore, the frequency of TCR Va2 CD4" cells in the spleen
was compared in OT-II mice pretreated with either PBS,
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OVA or PEG-OVA. Representative two-color profiles are
shown in Figures 4(a), (b) and (c). There was a signifi-
cant reduction in the frequencies of splenic TCR V2"
CD4" T cells in mice treated with tolerogenic PEG-OVA
as compared with those from OT-II mice pretreated with
PBS.

3.5. Cytokine Productions by OVA-Specific
Th Cells Pretreated with Tolerogenic
PEG-OVA

To characterize the pattern of cytokine productions of
CD4" Th cells exposed to tolerogenic PEG-OVA, OT-II
mice were pretreated either with PBS, OVA or tolero-
genic PEG-OVA as in Figure 3. Subsequently, splenic
CD4" T cells from these mice were cultured in the pres-
ence of 2.2 uM of OVAsy;.339 peptide in vitro. After 16
hours of incubation, the cells were harvested and ana-
lyzed for the expression of cytokine genes by real-time
RT-PCR analysis. Figure 5 shows the relative abundance
of transcripts as normalized on the basis of actin gene
transcripts. Enhanced transcripts of IL-2, IL-4, IFN-y,
IL-10 and IL-17 were observed for the mice pretreated
with OVA. In contrast, lower levels of cytokine gene
transcripts were observed for the mice pretreated with
PEG-OVA. The transcript of IL-2 was markedly sup-
pressed by the pretreatment with PEG-OVA.

3.6. Blood Kinetics of OVA and PEG-OVA in
Mice

The functional features of OVA-specific Th cells ex-
posed to tolerogenic PEG-OVA were analogous to those
observed for anergic Th cells, and presumably caused by
the persistent exposure to the antigenic peptide of
OVA33.339 derived from PEG-OVA. Therefore, in the
present study, the blood kinetics of OVA and PEG-OVA
were compared in mice. Figure 6 shows the blood kine-
tics of OVA and PEG-OVA. In mice injected with OVA,
the concentration of OVA in the plasma reached a peak
level (7 pg/ml) 30 minutes after the injection and then
was cleared rapidly, becoming undetectable in 8 hours. In
mice injected with PEG-OVA, the level reached a plateau
(50 pg of OVA equivalent /ml) at 2 hours after the injec-
tion, and then declined very slowly. The estimated half-
lives for OVA and PEG-OVA were 2.0 and 59 hours,
respectively. Therefore, PEG-OVA was found to be ne-
arly 30 times as stable as OVA in the circulation, and was
detectable in the plasma even 144 hours after the inject-
tion.

4. DISCUSSION

The mechanism of peripheral T-cell tolerance is thou-
ght to play a pivotal role in the regulation of the adap-
tive immune system, and has been a focus of extensive
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Figure 3. Dose-response curves observed
in vitro by various concentrations of anti-
genic OVAjj3.339 peptide of OVA-specific
splenic CD4" Th cells from OT-II mice
pretreated with PBS (closed circles), with
OVA (closed square) and with PEG-OVA
(open triangles). The proliferative response
was measured by the incorporation of bro-
modeoxyuridine (BrdU) as described in the
MATERIALS AND METHODS section.
Half-maximal levels of the responses were
observed at 1.6 x 107 M of the peptide
concentration for mice pretreated with PBS,
at 2.0 x 10° M for mice pretreated with
OVA, and at 11 x 10 M for mice pre-
treated with PEG-OVA.

studies aiming to develop an effective method of specific
intervention in immune-mediated disorders. In classical
studies, the routes of administration and dosage regimen
of exogenous proteins that optimize the T-cell tolerance
in the experimental animals have been explored [27].
Recently acquired information on the cellular and mo-
lecular basis of antigen recognition by T cells has led to
the proposal of several strategies for the specific down-
regulation of pathogenic T cells. For example, altered
peptide ligands (antigenic peptides with amino acid sub-
stitutions at TCR contact sites) were clinically tested for
their ability to antagonize pathogenic T cells in patients
with multiple sclerosis [28]. Preferential use of a par-
ticular TCR Vg (VS 8) gene element observed in the
pathogenic T cells in the murine model of experimental
allergic encephalomyelitis (EAE) allowed its successful
treatment with Vf 8-specific monoclonal antibodies [29].
Genetically engineered tolerogenic dendritic cells were
tested for their ability to suppress the graft rejection [30].
To date, however, none of these approaches has proven
to be practical.

The technique of covalent attachment of polyethylene
glycol has been studied for nearly 40 years, and was
successfully applied to improve the efficacy of therapeu-
tic enzymes and cytokines [3-6]. However, the antigen-
specific immune tolerance induced by PEG-protein anti-
gen conjugates, which was originally described by Lee
and Sehon [7-9], has not been fully worked out. In the
present study, we examined the response and fate of anti-
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Figure 4. Reduction in the frequency of splenic
OVA-specific CD4" Th cells from OT-II mice
treated with tolerogenic PEG-OVA. Female OT-II
mice were pretreated either with PBS, OVA or
PEG-OVA as described in the MATERIALS AND
METHODS section. One week after the last treat-
ment, mice were sacrificed and analyzed for the
frequencies of splenic TCR Va2'CD4" T cells.
Representative profiles are shown for an OT-II
mouse treated with PBS (a), OVA (b) and PEG-
OVA (c). Numbers in quadrants are the frequencies
(%) in lymphocytes. (d) Average frequencies of
Va2'CD4" cells in the splenic CD4" Th cells.

gen-specific Th cells upon encountering tolerogenic PEG-
protein antigen conjugate. The availability of transgenic
mice expressing the OVA-specific TCR gene [11] has
enabled studies using the same model antigen as used in
the classical studies.

In keeping with the results of previous studies [7,12],
pretreatment of C57BL/6 mice with our PEG-OVA
preparation induced the OVA-specific immune tolerance.
The suppressive effect of PEG-OVA on the OVA-specific
antibody production was not restricted to particular im-
munoglobulin isotypes (data not shown). Therefore,
skewed differentiation into particular Th subsets was not
likely involved. PEG-OVA was recognized by CF-
SE-labeled OVA-specific naive Th cells and induced
their robust proliferation. However, treatment of OT-1I
mice with PEG-OVA resulted in an anergic state of
OVA-specific Th cells that was characterized by a low
response rate and a markedly reduced ability to produce
IL-2 and other cytokines, upon stimulation in vitro with
antigenic peptide OVAjy;3.339. There was also a slight but
significant reduction of the frequencies of the clono-
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Figure 5. Cytokine gene expressions as induced by the
stimulation with antigenic OVAj3,3.339 peptide in vitro in
splenic CD4" Th cells from OT-II mice pretreated with
PBS, OVA and PEG-OVA. Three groups of OT-II mice
were pretreated with PBS, OVA or PEG-OVA as in
Figure 1. One week after the last treatment, mice were
sacrificed and spleen cells (4 x 107 cells) were cultured
in vitro in the presence of 2.2 uM of OVAjj;.339 peptide
in RPMI medium supplemented with 10% FCS and 50
UM of 2-mercaptoethanol. After 16 hours, the cells
were harvested and lysed with Trisol Reagent. Cyto-
plasmic RNAs were reverse-transcribed by reverse
transcriptase, and the relative abundance of cytokine
gene transcripts was measured with reference to the ac-
tin-gene transcript levels by real-time PCR analysis as
described in the MATERIALS AND METHODS sec-
tion.

typic TCR Va2'CD4" Th cells in the spleens of OT-II
mice treated with PEG-OVA.

In the process of tolerance induction, the functions of
antigen-specific Th cells are theoretically downregulated
in the periphery by three alternative mechanisms. The
first is clonal deletion of antigen-specific Th cells by
apoptosis [31]. The second is the establishment of clonal
anergy that is intrinsic to the specific Th cells [32]. The
third is clonal suppression by regulatory T (Treg) cells
[33]. The present and previous data suggest that clonal
anergy was the most common fate of OVA-specific naive
Th cells upon persistent exposure to PEG-OVA. As to the
possibility of clonal deletion of Th cell precursors in the
thymus, we could not observe any marked distortion of
TCR Va2" thymocyte subsets as dissected by CD4 and
CD8 expressions in the thymus of mice treated with
PEG-OVA (data not shown). Nevertheless, there was a
slight reduction in the frequencies of clonotypic TCR
Va2 CD4" T cells in the spleens of OT-II mice pretreated
with PEG-OVA. Therefore, it is possible that clonal dele-
tion of OVA-specific Th cells may have partly contrib-
uted to the observed OVA-specific unresponsiveness. In
early studies, carrier-specific Th cell tolerance induced
with PEG-OVA was explained by the involvement of
specific suppressor T (Ts) cells that were thought to be
responsible for the downregulation of Th cells [34,35].
As to the potential involvement of regulatory T (Treg)
cells, we could not detect any marked increase of the
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Figure 6. Blood kinetics in mice treated with OVA
(closed circles) and PEG-OVA (open circles). Sulf-
hydryl groups of the OVA molecule were labeled
with fluorescein using fluorescein maleimide. Fluo-
rescein-labeled OVA was subsequently conjugated
with activated PEG, reagent as described in the
MATERIALS AND METHODS section. Two
groups of six C57BL/6 mice each received intrap-
eritoneal injection of either fluorescein-labeled OVA
or PEG-conjugated fluorescein-labeled OVA. Blood
samples were collected at various time periods, and
the time course of changes in plasma fluorescence
levels was measured by using an FLA-2000 fluo-
rescence analyzer (Fujifilm, Tokyo, Japan).

frequencies of Foxp3™ cells either in the TCR Va2 'CD4"
population or in the TCR Va2 CD4" population in the
spleen (data not shown).

The initial robust response, and the subsequent anergy
of naive OT-II Th cells upon persistent exposure to
tolerogenic PEG-OVA observed in the present studies,
were quite analogous to those reported for the OVA-sp-
ecific transgenic Th cells transferred into the histocom-
patible mice with systemic expression of the transgenic

Copyright © 2013 SciRes.

OVA gene. Barron, et al. [36] reported that naive OVA-
specific Th cells from DO11.10 mice transferred into
histocompatible BALB/c mice with systemic expression
of transgenic OVA proliferated vigorously in the periphe-
ry. Nevertheless, these cells eventually ceased to prolix-
ferate and became anergic, exhibiting reduced production
of IL-2, IL-4 or IFN-y. They observed that some of the
OVA-specific Th cells were lost by apoptosis upon the
sustained exposure to OVA. Genetic manipulation of
OVA-specific Th cells to inhibit their apoptosis did not
prevent their anergy upon persistent exposure to trans-
genic OVA. They concluded that induction of clonal an-
ergy is the major mechanism of self-tolerance of Th cells
in the periphery.

Because the above-described experiments using mice
with systemic expression of a transgenic OVA gene are
generally accepted as a model of peripheral tolerance of
autoreactive Th cells, the Th cell tolerance induced with
PEG-OVA may be concluded to occur via a mechanism
that is normally operative for the establishment of self-
tolerance. This type of tolerogenic capacity of PEG-OVA
likely arises from the enhanced plasma half-life of PEG-
OVA in the circulation. Highly enhanced stability has
often been reported for the PEG-conjugates of enzymes,
and is generally the basis of their improved therapeutic
activities [3-6]. In the present study, we compared the
blood kinetics of OVA and PEG-OVA, and observed that
stability of OVA in the circulation was indeed greatly
enhanced by conjugation with PEG. Persistent presenta-
tion of the OVA3»3.339 peptide originated from PEG-OVA,
and presumably the absence of costimulatory signals for
effective Th cell differentiation might be the bases of the
clonal anergy of Th cells as induced with PEG-OVA.

PEG-protein antigen conjugates demand attention as
potential tools for specific immune intervention. Better
understanding of the nature of their tolerogenic antigen
presentation could lead to their application as tools for
specific immune interventions.

5. CONCLUSION

Tolerogenic polyethylene glycol (PEG) conjugate of
ovalbumin (OVA) was recognized by transgenic OVA-
specific Th cells, and induced their robust proliferation.
However, upon prolonged exposure to PEG-OVA, OVA-
specific Th cells became anergic. This process was ana-
logous to that observed for the peripheral tolerance of au-
toreactive Th cells. The tolerogenic potential of PEG-
OVA is likely due to the highly enhanced stability in the
circulation, and the inability to elicit costimulatory sig-
nals for an effective immune response.

6. ACKNOWLEDGEMENTS

We thank Noriko lida for technical assistance. This work was supp-

OPEN ACCESS



M. Obata et al. / Open Journal of Immunology 3 (2013) 62-70 69

orted by a Grant-in-Aid for Scientific Research (C) from the Ministry

of Education, Science, Technology, Sports and Culture, Japan.

REFERENCES

(1]

[11]

[12]

Israelachvili, J. (1997) The different faces of poly (ethy-
lene glycol). Proceedings of the National Academy of
Sciences of the United States of America, 94, 5 August
1997, 8378-8379. doi:10.1073/pnas.94.16.8378

Chen, J., Spear, S.K., Huddleston, J.G.,, Holbrey, J.D. and
Rogers, R.D. (2004) Application of polyethylene glycol-
based aqueous biphasic reactive extraction to the catalytic
oxidation of cyclic olefins. Journal of chromatography B,
Analytical Technologies in the Biomedical and Life Sci-
ences, 807, 145-149. doi:10.1016/j.jchromb.2004.01.047

Kozlowski, A. and Harris, J.M. (2001) Improvements in
protein PEGylation: Pegylated interferons for treatment
of hepatitis C. Journal of Controlled Release, 72,217-224.
doi:10.1016/S0168-3659(01)00277-2

Kamisaki, Y., Wada, H., Yagura, T., Nishimura, H., Matsu-
shima, A. and Inada, Y. (1982) Increased antitumor acti-
vity of Escherichia coli. L-asparaginase by modification
with monomethoxy-polyethylene glycol. Gann, 73, 470-
474.

Yoshimoto, T., Nishimura, H., Saito, Y., Sakurai, K.,
Kamisaki, Y., Wada, H., Sako, M., Tsujino, G. and Inada,
Y. (1986) Characterization of polyethylene glycol-modi-
fied L-asparaginase from Escherichia coli and its applica-
tion to therapy of leukemia. Japanese Journal of Cancer
Research, 77, 1264-1270.

Foster, GR. (2010) Pegylated interferrons for the treat-
ment of chronic hepatitis C: pharmacological and clinical
dirrerences between peginterferon-alpha-2a and peginter-
feron-alpha-2b. Drugs, 70, 147-165.
doi:10.2165/11531990-000000000-00000

Lee, W.Y. and Sehon, A.H. (1977) Abrogation of reaginic
antibodies with modified allergens. Nature, 267, 618-619.
doi:10.1038/267618a0

Lee, W.Y. and Shehon, A. H. (1978) Suppression of re-
aginic antibodies. Immunological Review, 41, 200-247.
doi:10.1111/.1600-065X.1978.tb01466.x

Sehon, A.H. and Lee, W.Y. (1979) Suppression of immu-
noglobulin E antibodies with modified allergens. Journal
of Allergy and Clinical Immunology, 64, 242-250.
doi:10.1016/0091-6749(79)90139-8

Dreborg, S. and Akerblom, E.B. (1990) Immunotherapy
with monomethoxypolyethylene glycol modified aller-
gens. Current Reviews in Therapeutic Drug Carrier Sys-
tems, 6, 315-365.

Barnden, M.J., Allison, J., Heath, W.R. and Carbone, F.R.
(1998) Defective TCR expression in transgenic mice con-
structed using cDNA-based alpha- and beta-chain genes
under the control of heterologous regulatory elements.
Immunology & Cell Biology, 76, 34-40.
d0i:10.1046/j.1440-1711.1998.00709.x

Saito, T., Nishimura, H., Sekine, T., Urushibara, T., Ko-
dera, Y., Hiroto, M., Matsushima, A. and Inada, Y. (1996)
Tolerogenic capacity of poly(ethylene glycol) (PEG)-

Copyright © 2013 SciRes.

[13]

[14]

[17]

(21]

(22]

modified ovalbumins in relation to their immunoreacti-
vity towards anti-ovalbumin antibody. Journal of Bioma-
terials Science, Polymer Edition, 8, 311-321.
doi:10.1163/156856296X00327

Ono, K., Kai, Y., Maeda, H., Samizo, F., Sakurai, K.,
Nishimura, H. and Inada, Y. (1991) Selective synthesis of
2, 4-bis(O-methoxypolyethylene glycol)-6-chloro-s-tria-
zine as a protein modifier. Journal of Biomaterials Sci-
ence, Polymer Edition, 2, 61-65.
doi:10.1163/156856291X00061

Layne, E. (1957) Spectrophotometric and turbidimetric
methods for measuring proteins. Methods in Enzymology,
3, 447-453.

doi:10.1016/S0076-6879(57)03413-8

Habeeb, A.F. (1966) Determination of free amino groups
in proteins by trinitrobenzenesulfonic acid. Analytical
Biochemistry, 14, 328-336.
doi:10.1016/0003-2697(66)90275-2

Quah, B.J., Warren, H.S. and Parish, C.R. (2007) Moni-
toring lymphocyte proliferation in vitro and in vivo with
the intracellular fluorescent dye carboxyfluorescein dia-
cetate succinimidyl ester. Nature Protocols, 2, 2049-2056.
doi:10.1038/nprot.2007.296

McFarland, B.J., Sant, A.J., Lybrand, T.P. and Beeson, C.
(1999) Ovalbumin (3p3.339) peptide binds to the major
histocompatibility complex class II 1-A(d) protein using
two functionally distinct registers. Biochemistry, 38,
16663-16670. doi:10.1021/bi9913931

Perros, P. and Weightman, D.R. (1991) Measurement of
cell proliferation by enzyme-linked immunosorbent assay
(ELISA) using a monoclonal antibody to bromodeoxyu-
ridine. Cell Proliferation, 24, 517-523.
doi:10.1111/5.1365-2184.1991.tb01179.x

Voller, A., Bartlett, A. and Bidwell, D.E. (1978) Enzyme
immunoassays with special reference to ELISA techni-
ques. Journal of Clinical Pathology, 31, 507-520.
doi:10.1136/jcp.31.6.507

Hummon, A.B., Lim, S.R., Difilippantonio, M.J. and
Ried, T. (2007) Isolation and solubilization of proteins
after TRIzol extraction of RNA and DNA from patient
material following prolonged storage. Biotechniques, 42,
467-470, 472. doi:10.2144/000112401

Zipper, H., Brunner, H., Bernhagen, J. and Vitzthum, F.
(2004) Investigations on DNA intercalation and surface
binding by SYBR Green I, its structure determination and
methodological implications. Nucleic Acids Research, 32,
e103. doi:10.1093/nar/gnh101

Fuse, A., Fujita, T., Yasumitsu, H., Kashima, N., Hase-
gawa, K. and Taniguchi, T. (1984) Organization and
structure of the mouse interleukin-2 gene. Nucleic Acids
Research, 12, 9323-9331. doi:10.1093/nar/12.24.9323

Otsuka, T., Villaret, D., Yokota, T., Takebe, Y., Lee, F.,
Arai, N. and Arai, K. (1987) Structural analysis of the
mouse chromosomal gene encoding interleukin 4 which
expresses B cell, T cell and mast cell stimulating active-
ties. Nucleic Acids Research, 15, 333-344.
doi:10.1093/nar/15.1.333

Gray, P.W. and Goeddel, D.V. (1983) Cloning and ex-
pression of murine immune interferon cDNA. Proceed-

OPEN ACCESS


http://dx.doi.org/10.1073/pnas.94.16.8378
http://dx.doi.org/10.1016/j.jchromb.2004.01.047
http://dx.doi.org/10.1016/S0168-3659(01)00277-2
http://dx.doi.org/10.2165/11531990-000000000-00000
http://dx.doi.org/10.1038/267618a0
http://dx.doi.org/10.1111/j.1600-065X.1978.tb01466.x
http://dx.doi.org/10.1016/0091-6749(79)90139-8
http://dx.doi.org/10.1046/j.1440-1711.1998.00709.x
http://dx.doi.org/10.1163/156856296X00327
http://dx.doi.org/10.1163/156856291X00061
http://dx.doi.org/10.1016/S0076-6879(57)03413-8
http://dx.doi.org/10.1016/0003-2697(66)90275-2
http://dx.doi.org/10.1038/nprot.2007.296
http://dx.doi.org/10.1021/bi991393l
http://dx.doi.org/10.1111/j.1365-2184.1991.tb01179.x
http://dx.doi.org/10.1136/jcp.31.6.507
http://dx.doi.org/10.2144/000112401
http://dx.doi.org/10.1093/nar/gnh101
http://dx.doi.org/10.1093/nar/12.24.9323
http://dx.doi.org/10.1093/nar/15.1.333

70

(27]

(28]

(29]

(30]

(31]

M. Obata et al. / Open Journal of Immunology 3 (2013) 62-70

ings of the National Academy of Sciences of the United
States of America, 80, 5842-5846.
d0i:10.1073/pnas.80.19.5842

Moore, K.W., Vieira, P., Florentino, D.F., Trounstine,
M.L., Khan, T.A. and Mosmann, T.R. (1990) Homology
of cytokine synthesis inhibitory factor (IL-10) to the Ep-
stein-Barr virus gene BCRFI. Science, 250, 494.

Kennedy, J., Rossi, D.L., Zurawski, S.M., Vega, F., Jr.,
Kastelein, R.A., Wagner, J.L., Hannum, C.H. and Zlotnik,
A. (1996) Mouse IL-17: A cytokine preferentially expres-
sed by alpha beta TCR" CD4 CD8 T cells. Journal of
Interferon & Cytokine Research, 16, 611-617.
doi:10.1089/5ir.1996.16.611

Weigle, W.O. (1977) Immunologic tolerance and immu-
nopathology. Hospital Practice, 12, 71-80.
doi:10.1016/0092-8674(88)90558-2

Conlon, P. and Steinman, L. (2002) Altered peptide lig-
ands and MS treatment. Science, 296, 1801-1802.

Acha-Orbea, H., Mitchell, D.J., Timmermann, L., Wraith,
D.C., Tausch, G.S., Waldor, M K., Zamvil, S.S., McDevitt,
H.O. and Steinman, L. (1988) Limited heterogeneity of T
cell receptors from lymphocytes mediating autoimmune
encephalomyelitis allows specific immune intervention.
Cell, 54, 263-273.

Steinman, R.M., Hawiger, D. and Nussenzweig, M.C.
(2003) Tolerogenic dendritic cells. Annual Review of Im-
munology, 21, 685-711.
doi:10.1146/annurev.immunol.21.120601.141040

Starr, T.K., Jameson, S.C. and Hogquist, K.A. (2003)

Copyright © 2013 SciRes.

[35]

Positive and negative selection of T cells. Annual Review
of Immunology, 21, 139-176.
doi:10.1146/annurev.immunol.21.120601.141107

Reinhardt, R.L., Kang, S.J., Liang, H.E. and Locksley,
R.M. (2006) T helper cell effector fates—who, how and

where? Currrent Opinion in Immunology, 18, 271-277.
d0i:10.1016/j.c0i.2006.03.003

Sakaguchi, S., Yamaguchi, T., Nomura, T. and Ono, M.
(2008) Regulatory T cells and immune tolerance. Cell,
133, 775-787.

Chen, Y., Takata, M., Maiti, P.K., Rector, E.S. and Sehon,
A.H. (1992) Characterization of suppressor T cell clones
derived from a mouse tolerized with conjugates of oval-
bumin and monomethoxypolyethylene glycol. Cellular
Immunology, 142, 16-217.
doi:10.1016/0008-8749(92)90265-Q

Chen, Y., Takata, M., Maiti, P.K., Mohapatra, S., Moha-
patra, S.S. and Sehon, A.H. (1994) The suppressor factor
of T suppressor cells induced by tolerogenic conjugates
of ovalbumin and monomethoxypolyethylene glycol is
serologically and physicochemically related to the alpha
beta heterodimer of the T cell receptor. The Journal of
Immunology, 152, 3-11.

Barron, L., Knoechel, B., Lohr, J. and Abbas, A.K. (2008)
Cutting edge: Contributions of apoptosis and anergy to
systemic T cell tolerance. The Journal of Immunology,
180, 2762-2766.
http://www.jimmunol.org/content/180/5/2762.long

OPEN ACCESS


http://dx.doi.org/10.1089/jir.1996.16.611
http://dx.doi.org/10.1016/0092-8674(88)90558-2
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141040
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141107
http://dx.doi.org/10.1016/j.coi.2006.03.003
http://dx.doi.org/10.1016/0008-8749(92)90265-Q
http://www.jimmunol.org/content/180/5/2762.long

