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Animal and human studies of enzyme replacement ther-
apy (ERT) for Pompe disease (PD) have indicated that 
antibodies (Abs) generated against infused recombi-
nant human α-glucosidase (rhGAA) can have a negative 
impact on the therapeutic outcome and cause hyper-
sensitivity reactions. We showed that parenteral admin-
istration of anti-CD3 Abs into mice can reduce the titer 
of anti-human GAA Abs in wild-type mice administered 
the enzyme. Mice that had been treated with anti-CD3 
Abs and then subjected to a secondary challenge with 
rhGAA showed a lower increase in Ab titers than con-
trol mice. Moreover, the administration of anti-CD3 Abs 
also reduced the levels of pre-existing Abs. Treatment 
with anti-CD3 Abs also prevented a lethal hypersensitiv-
ity reaction and reduced the Ab titers in a mouse model 
of PD. Mice treated with anti-CD3 Abs showed reduced 
numbers of CD4+ and CD8+ cells, and an increased ratio 
of CD4+CD25+/CD4+ and CD4+CD25+FoxP3+/CD4+ cells. 
When the CD4+CD25+ cells were depleted using anti-
CD25 Abs, the observed reduction in Abs against the 
enzyme by anti-CD3 Abs was abrogated. This suggests 
that CD4+CD25+ cells are important for the immune 
suppressive activity of anti-CD3 Abs. In summary, anti- 
CD3 Abs are useful for inducing immune tolerance to 
ERT for PD.
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IntroductIon
Pompe disease (PD) (also known as glycogen storage disease II 
[MIN 232300]) is a lysosomal storage disease (LSD) characterized 
by a deficiency of acid α-glucosidase (GAA) activity. Because of 
this deficiency, glycogen accumulates progressively in the heart 
and skeletal muscles with the resultant presentation of cardiomyo-
pathy and muscle weakness. PD can be divided into two clinical 
entities: infantile- and late-onset PD. Patients with infantile-onset 
PD present with hypertrophic cardiomyopathy, hypotonia, mus-
cle weakness, respiratory failure, feeding problems, and failure to 

thrive within the first few months of life. The disease progresses 
rapidly, resulting in premature death typically in the first year of 
life if left untreated. Late-onset PD (child and adult type) has a 
variable clinical presentation. The onset of clinical signs can occur 
as early as the first year of life and as late as the seventh decade 
of life. Patients with late-onset PD present with muscle weakness 
and respiratory failure, but not cardiac symptoms. Until 2006, 
there were no therapies to target the underlying basis of PD. The 
only available treatment was supportive therapy for heart and 
respiratory failure. In 2006, enzyme replacement therapy (ERT) 
with recombinant human GAA (rhGAA) (aglucosidase alfa) 
(Myozyme; Genzyme) was approved for treating this disease in 
many countries. Lumizyme (aglucosidase alfa; Genzyme) was 
also approved for late-onset PD in the United States in 2010. Both 
enzymes harbor the same protein sequence, but have a slightly 
different carbohydrate composition. In a clinical trial involv-
ing infants, patients who were not undergoing ventilation were 
treated with biweekly infusions of rhGAA at either 20 or 40 mg/
kg.1 A nontreated historical cohort was used as the control group.2 
The treated patients lived longer and the proportion of ventila-
tion-free patients was larger compared with the historical cohort. 
These observations clearly indicated that rhGAA was effective in 
treating infantile-onset PD. On the basis of these results, rhGAA 
was approved; however, until recently, there has been no research 
that clearly shows the effectiveness of rhGAA for late-onset PD. 
Recently, a randomized control trial was carried out in late-onset 
PD patients, and ERT was associated with an improved walk-
ing distance and stabilization of pulmonary function over an 
18-month period.3 From these findings, ERT for PD would appear 
to be effective for both infantile- and late-onset types. Although 
ERT has been shown to be effective in treating PD patients, 
some challenges remain. One of these challenges is the immune 
response to the infused enzyme. Animal and human studies of 
ERT for PD have indicated that the formation of antibodies (Abs) 
against rhGAA can reduce the efficacy of treatment.1,4–9 Kishnani 
et al. retrospectively studied infantile-onset PD in patients with 
an onset at <6 months of age who received ERT.7 They divided 
the patients into two groups: cross-reactive immune material 
(CRIM) negative and CRIM positive. The baseline demographics 
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and disease-related characteristic were comparable between the 
two groups. Immunoglobulin G (IgG) Abs to rhGAA developed 
earlier and titers were higher and more sustained in the CRIM-
negative group. The CRIM-negative patients also exhibited poorer 
clinical outcomes. They concluded that the effect of CRIM sta-
tus on outcome appears to be mediated by Ab responses to the 
infused rhGAA. More recently, some CRIM-positive infantile-
onset PD patients also developed high titers of Abs against rhGAA 
and had poorer clinical outcomes, similar to the CRIM-negative 
infantile-onset PD patients.9 From these observations, we argue 
that the induction of tolerance against rhGAA would be highly 
desirable to improve therapeutic outcome and prevent hypersen-
sitivity reactions.

There are reports describing approaches to inducing immune 
tolerance to rhGAA. These include the administration of 
methotrexate,10 anti-CD20 Abs,11,12 anti-IgE Abs,13 adeno-associ-
ated vector-expressing GAA into the thymus,14 genetically modi-
fied GAA-expressing self bone marrow cells,15,16 oral rhGAA,17 and 
adeno-associated vector containing a liver-specific promoter at the 
beginning of therapy.18–20 In addition, Lipinski et al. reported that 
immune tolerance could also be induced by a gradual escalation of 
the administered dose of rhGAA.21 The ideal agents for the induc-
tion of tolerance should be antigen-specific, present with minimal 
side-effects, and have a long-lasting effect; however, methotrexate, 
anti-CD20 Abs, and anti-IgE Abs do not meet these requirements. 
Recently, Waters et al. reported that parenteral administration  
of anti-CD3 Abs could induce immune tolerance to coagulation 
factor supplementation treatment.22 This induction of tolerance 
was long-lasting and, once it was established, tolerance was main-
tained for a sustained period; moreover, they suggested that this 
tolerance was probably antigen-specific. From this observation, we 
decided to test whether parenteral administration of anti-CD3 Abs 
could also induce tolerance to rhGAA for PD. Here, we investigated 
whether parenteral administration of anti-CD3 Abs can reduce the 
host immune response to infused rhGAA in mice.

results
Immune response to rhGAA in wild-type  
(Balb/c and c57Bl/6) and Pd model  
(B6;129-Gaatm1Rabn/J) mice
In order to determine whether there was a difference in the 
immune reaction between wild-type (7–8-weeks-old Balb/c and 
C57BL/6) and PD model (23-27-weeks-old B6;129-Gaatm1Rabn/J) 
mice, rhGAA (10 mg/kg) was administered to three groups of 
mice once a week for a total of 4 doses. One week after the final 
administration of rhGAA, the anti-rhGAA Ab titers were ana-
lyzed. As shown in Supplementary Figure S1, Ab titers against 
rhGAA in PD mice were significantly higher than in the control 
groups (Balb/c and C57BL/6) (P ≤ 0.05, Kruskal–Wallis test fol-
lowed by post-hoc Dunn’s test), whereas the Ab titers in the Balb/c 
mice were not significantly different to those in the C57BL/6 mice. 
We started this experiment using seven Balb/c, six C57BL/6, and 
eight PD model mice. Following the repeated administration (four 
times) of rhGAA, three of the eight PD model mice died from 
anaphylactic shock, and the Ab titers of these mice could not be 
assayed; however, the Ab titers in these expired mice were prob-
ably very high. Thus, if we had been able to include the data of the 

Ab titers from these expired mice, the Ab titers of the PD model 
mice would probably be much higher than the presented data. In 
addition, significant levels of Abs against rhGAA also developed in 
both groups of wild-type mice following the repeated administra-
tion of rhGAA, but they rarely died from anaphylaxis. Therefore, 
to prevent loss of mice from anaphylaxis, we used wild-type mice 
in most of the following experiments, unless otherwise stated.

Prevention of Ab formation by anti-cd3 Abs in  
wild-type mice
After the intravenous administration of anti-CD3 Abs (10 μg per 
dose) for five consecutive days, rhGAA (10 mg/kg) was adminis-
tered to the mice once a week for a total of four doses. One week 
after the final administration of rhGAA, the anti-rhGAA Ab titers 
were analyzed. Anti-CD3 Abs significantly reduced the formation 
of Abs in BALB/c (P = 0.0034; Figure 1a) and C57BL/6 mice (P = 
0.0002; Figure 1b). Therefore, we performed the following experi-
ments using BALB/c mice, unless otherwise stated. To assess the 
duration of the effects of the anti-CD3 Abs, rhGAA (10 mg/dose 
once a week for a total of four doses) was readministered at 11 
weeks after the first rhGAA challenge. The anti-rhGAA Ab titers 
were analyzed at 1 week after the final infusion of rhGAA. As 
shown in Figure 1c, the Ab titers just before the second rhGAA 
challenge were reduced in both hamster IgG-treated groups. After 
the second challenge, the Ab titers in the anti-CD3 Ab-treated 
group were significantly lower than in the hamster IgG-treated 
control group (P = 0.0061; Figure 1c). This observation indi-
cated that the immune-suppressive effect of the anti-CD3 Abs was  
long-lasting.

Immune-suppressive effect of anti-cd3 Abs against 
pre-existing anti-rhGAA Abs in wild-type mice
We also tested the effect of anti-CD3 Abs against pre-existing anti-
rhGAA Abs. BALB/c mice were immunized once weekly for a total 
of four doses with rhGAA followed by the administration of anti-
CD3 Abs or hamster IgG as a control for five consecutive days. 
Three days after the final administration of the anti-CD3 Abs, 
the Ab titers against rhGAA were measured. The study design is 
shown in Figure 2a. The Abs against rhGAA were elevated to the 
same level in both groups following immunization with rhGAA 
(indicated as post-immune by rhGAA, P = 0.7132), but the Ab 
titers in the anti-CD3 Ab group were significantly lower than in 
the hamster IgG-treated group (indicated as post-hamster IgG or 
post-anti-CD3 Abs, respectively, P = 0.0373; Figure 2b).

Prevention of lethal hypersensitivity reactions and Ab 
titers in Pd model mice
PD mice repeatedly administered rhGAA frequently died because 
of hypersensitivity reactions. We tested whether the anti-CD3 Abs 
can prevent this lethal hypersensitivity reaction. As in the stud-
ies using the wild-type mice, anti-CD3 Abs or control hamster 
IgG were administered to PD mice. Then, rhGAA was adminis-
tered intravenously at 20 mg/kg once every other week for up to 
20 injections. The experimental schedule is shown in Figure 3a 
and the Kaplan-Meier survival curve is shown in Figure 3b. Only 
1 of 11 mice survived in the cohort treated with hamster IgG. 
By contrast, 10 of 12 mice survived in the anti-CD3 Ab-treated  
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group. The anti-CD3 Ab-treated mice survived for a significantly 
longer period than those injected with hamster IgG (P = 0.0002, 
log-rank test).

Anti-rhGAA IgG Ab levels were analyzed at various time 
points. As shown in Figure 4a, the Ab titers against rhGAA in 
most of the hamster IgG-treated group (n = 11) increased rapidly, 
and the animals typically died due to a hypersensitivity reaction. 
The Ab titers against rhGAA in 2 of the mice were only elevated 
slightly and these animals survived for a longer period. In one 
mouse (indicated by *), the Ab titer increased moderately during 
the early period, but this mouse died at 22 weeks after treatment 
(4 hours after the final rhGAA injection). Typically, the lethal 
hypersensitivity reactions occurred within 1 hour of the rhGAA 
injection, so it is likely that this mouse died from another cause. 
One mouse (indicated by **) survived for a longer period and its 
Ab titer declined. In contrast, in the anti-CD3 Ab-treated group (n 
= 12), the titers in most of the mice (10 of 12 mice) were elevated 
less than in the hamster IgG-treated group and these levels even-
tually declined (Figure 4b). It is interesting that four mice did not 
exhibit any increase in their Ab titer. After 8 weeks, only 2 mice 

were still alive in the hamster IgG-treated group, so we were unable 
to perform a statistical comparison of the Ab titers. Therefore, the 
Ab titers were compared at 2, 4, 6, and 8 weeks after ERT. The 
Ab titers were significantly lower in the anti-CD3 Ab group at all 
time points (Table 1). However, this immune-suppressive effect 
seemed to be less than in the wild-type mice.

the effect of anti-cd3 Abs on the lymphocyte 
population
Anti-CD3 Abs (10 μg) or the same dose of hamster IgG were 
administered to BALB/c mice for five consecutive days. Three 
days after the last administration of anti-CD3 Abs or hamster IgG, 
spleen cells were harvested and analyzed using flow cytometry for 
CD4+, CD8+, CD4+CD25+, and CD4+CD25+FoxP3+ cells with fluo-
rescently labeled Abs against cell surface and intracellular mark-
ers. The administration of anti-CD3 Abs significantly reduced the 
numbers of CD4+ (P = 0.0079; Figure 5a) and CD8+ (P = 0.0079; 
Figure 5b) cells and increased the ratio of CD4+CD25+/CD4+  
(P = 0.0286; Figure 5c) and CD4+CD25+FoxP3+/CD4+ (P = 0.0286; 
Figure 5d) cells. We analyzed the levels of CD4+ and CD8+ cells 
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Figure 1 Prevention of antibody (Ab) formation by anti-cd3 Abs in wild-type mice. Anti-rhGAA Ab formation as a result of four doses of recom-
binant human α-glucosidase (rhGAA) was significantly reduced by anti-CD3 Abs in (a) wild-type BALB/c (P = 0.0034) and (b) C57BL/6 mice (P = 
0.0002). In BALB/c mice, Ab formation due to a second challenge of rhGAA was also significantly lower in the anti-CD3 Ab-administered group (P 
=0.0061). (c) “Pre” refers to the initial day of rhGAA administration. “Post” refers to 1 week after the final administration of rhGAA. The individual Ab 
values are shown as mean values and SEM.
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in peripheral blood up to 48 days after administration of Anti-
CD3 Abs or hamster IgG, and found that level of CD4+ cells did 
not recover to control levels for up to 36 days after the initiation 
of anti-CD3 Ab treatment (Figure 6a,b). Representative exam-
ples of flow cytometry plots for CD4+CD25+FoxP3+/CD4+ and 
CD4+CD25+/CD4+ cells are shown in Supplementary Figures S2 
and S3.

depletion of cd4+cd25+ cells
Because anti-CD3 Ab treatment increased the ratio of CD4+CD25+/
CD4+ and CD4+CD25+FoxP3+/CD4+T cells, we speculated that 
CD4+CD25+ cells may play an important role in the immune-sup-
pressive activity of the anti-CD3 Abs. We depleted CD4+CD25+ 
cells by administering anti-CD25 Abs to BALB/c mice and tested 
whether the suppressive effect of anti-CD3 Abs on the formation 
of Abs against rhGAA was abrogated. Depletion of CD4+CD25+ 
cells was confirmed by flow cytometry using anti-CD4-FITC and 
anti-CD25-PE clone 7D4 (data not shown). When CD4+CD25+ 
cells were depleted by anti-CD25 Abs, the Ab titers were increased 
after rhGAA challenge (group 1, Figure 7). When the isotype con-
trol of the anti-CD25 Ab was administered, the increase in Abs 
against rhGAA was prevented (group 2, Figure 7). If neither anti-
CD25 nor isotype control Abs were administered, anti-CD3 Abs 
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prevented the increase in Abs, but hamster IgG did not (groups 
3 and 4, respectively, Figure 7). This observation indicated that 
CD4+CD25+ cells play an important role in preventing the forma-
tion of Abs against rhGAA by anti-CD3 Abs during ERT for PD.

dIscussIon
Clinical studies of ERT for LSDs have highlighted some chal-
lenges associated with this approach. One of these challenges is 
the immune response to the infused enzyme. There are several 
preclinical reports, including from our laboratory,23,24 indicating 
that such Abs can have a negative impact on therapeutic efficacy 
in patients and in mouse models of LSDs. However, it is very dif-
ficult to make this conclusion in the clinic as LSDs are very rare 
and clinically heterogeneous disorders. Moreover, in some LSDs, 
the clinical manifestations are slow to develop, making correla-
tions between Abs and clinical improvement due to ERT difficult. 
However, PD, especially the infantile-onset form, although rare 
and clinically heterogeneous, is a relatively rapidly progressing 

disease. Thus, among the various LSDs, it may be the most suit-
able to study the influence of Ab formation on clinical outcome 
following ERT. As mentioned above, several studies have dem-
onstrated that Abs against rhGAA might have a negative impact 
on the efficacy of ERT for PD. To overcome this obstacle, several 
methods have been tested for the induction of immune tolerance 
against rhGAA in mouse models and human PD patients. Among 
them, we chose the oral administration of rhGAA17 and anti-CD3 
Abs because these methods might induce an antigen-specific and 
long-lasting tolerance. In this study, we focused on the adminis-
tration of anti-CD3 Abs.

We showed that the parenteral administration of anti-CD3 
Abs before ERT effectively reduced Ab formation against the 
infused enzyme in mice. Moreover, anti-CD3 Abs reduced the 
titers of pre-existing Abs against rhGAA. This is a very important 
observation as most CRIM-negative PD patients usually develop 
high Ab titers against rhGAA;7,9 therefore, in the clinical setting, 
anti-CD3 Abs should be administered prior to the initiation of 
ERT. By contrast, it is very difficult to predict whether or not 
CRIM-positive patients will develop high Ab titers. It is not prac-
tical for all CRIM-positive PD patients to receive anti-CD3 Abs 
before ERT. Perhaps, once CRIM-positive patients develop high 
Ab titers, anti-CD3 Abs should be administered because they also 
reduce the levels of pre-existing Abs.

Anti-CD3 Abs appeared to be more effective in the wild-type 
mice than in the PD model mice. This may be due to the complete 
absence of GAA in this mouse model of PD, resulting in a robust 
immune reaction against rhGAA, compared with the wild-type 
mice. Therefore, the anti-CD3 Ab dose used for the wild-type mice 
may not be suitable for the PD mice, and dose adjustment of anti-
CD3 Abs might be necessary for the PD mice. However, even in 
the PD mice, anti-CD3 Abs prevented the lethal hypersensitivity 
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table 1 statistical comparison of the anti-rhGAA Ab titers following 
the repeated administration of rhGAA in Pd mice at 2, 4, 6, and 8 
weeks after rhGAA treatment

Weeks Hamster IgG n Anti-cd3 Ab n P value

0 0.048 ± 0.004 11 0.044 ± 0.001 12

2 0.123 ± 0.062 11 0.044 ± 0.001 12 0.0004

4 0.545 ± 0.182 11 0.095 ± 0.021 12 0.0006

6 1.042 ± 0.224 9 0.476 ± 0.212 12 0.0302

8 1.830 ± 0.389 7 0.695 ± 0.268 12 0.0312

Abbreviations: Ab, antibody; IgG, immunoglobulin G; PD, Pompe disease; rhGAA, 
recombinant human α-glucosidase
“0” refers to the initial day of rhGAA administration. The data are presented as 
mean values and SEM.
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reaction and reduced the Ab titers against rhGAA. Only 1 mouse 
out of 11 survived in the control hamster IgG-administered group. 
The Ab titer against rhGAA in the mouse that survived increased, 
but it then declined over time, even when ERT was continued 
without any immune-suppressive treatment (including anti-CD3 
Ab administration). Even if the decrease in the number of CD4+ 
and CD8+ cells and the increase in the ratio of CD4+CD25+ /CD4+ 
and CD4+CD25+ FoxP3+/CD4+ cells following the administration 
of anti-CD3 Abs are transient, once lethal hypersensitivity has 
been induced, which occurred rapidly following ERT and was 
prevented by the administration of anti-CD3 Abs, tolerance might 
be induced by repeated intravenous infusions of rhGAA.

An important issue to consider is whether the generation of 
Abs against rhGAA inhibits the effects of ERT. To clarify this issue, 
we infused PD mice with 10 mg/kg rhGAA once a week (for a total 
of five infusions) and with or without anti-CD3 Ab administration 
before ERT. The day after the final administration of rhGAA in 
both groups, the mice were killed and GAA activity in the liver was 
analyzed (Supplementary Figure S4). We examined GAA activity 
in the liver of two nontolerant hamster IgG-administered group 
mice exhibiting the highest Ab titers and three tolerant anti-CD3 
Ab-administered group mice exhibiting no Abs. As a control, GAA 
activity in liver from untreated PD model mice was also examined 

(n = 3). GAA activity was not significantly different in the liver 
of the nontolerant hamster IgG-administered group mice exhib-
iting high Ab titer and the tolerant anti-CD3 Ab-administered 
group mice exhibiting no Ab. One reason for this observation is 
that the mice that exhibited very high Ab titers died after the third 
or fourth infusion of rhGAA. Consequently, we were unable to 
measure the GAA activity in these mice. We only assayed GAA 
activity in the mice that survived, and these animals had relatively 
low Ab titers. Therefore, in this study, we were not able to show the 
effect of anti-CD3 Abs on clinical outcome through the induction 
of immune tolerance. However, many reports have shown that the 
induction of tolerance improves the therapeutic effect of ERT in 
PD patients. So there is no doubt that the induction of tolerance is 
essential to maximize the effect of ERT in PD patients.

Here, we did not study the mechanism of tolerance induc-
tion by the anti-CD3 Abs in detail. The mechanism by which 
anti-CD3 Abs induce tolerance in protein-supplement therapy 
was previously studied extensively using mouse models of hemo-
philia.22 The authors concluded that the induction of immune 
tolerance occurred through the generation of distinct regulatory 
T cells (Tregs), including CD4+CD25+ cells, and by T cells polar-
ized toward a Th1 immune response. Regarding the induction of 
Tregs by anti-CD3 Abs, their results were consistent with ours. 
Although the mechanism of Treg induction by the anti-CD3 
Abs is not clear, it has recently become clear that anti-CD3 Abs 
increase the levels of CD25 by inducing its expression on periph-
eral effector CD4+CD25− cells, rather than by expanding thymi-
cally derived CD4+CD25+ Tregs.25,26 In addition to the expansion 
of CD4+CD25+ Tregs, the levels of CD4+ cells were low in anti-
CD3 Ab-administered mice for a long period, even though their 
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levels gradually increased. Taking this observation into account, 
both the expansion of Tregs and the reduction of CD4+ effector 
cells are probably necessary to induce tolerance in anti-CD3-ad-
ministered mice. In other words, the ratio of regulatory to effector 
cells is probably an important component of tolerance in this set-
ting. Recently, the immune responses following ERT for PD were 
reported to be caused by the activation of T cells.27 In this regard, 
it is logical to use anti-CD3 Abs to induce immune tolerance.

The clinical efficacy and safety of anti-CD3 Abs have been 
studied in various autoimmune diseases including autoimmune 
diabetes,28 ulcerative colitis,29 and Crohn’s disease.30 The results in 
some diseases are very encouraging, but not all. In general, the 
induction of immune tolerance was difficult in situations in which 
there is an existing immune response, such as autoimmune dis-
eases. In the case of ERT for PD, we can induce tolerance prior 
to the establishment of an immune reaction using anti-CD3 Abs. 
Thus, it is probably easier to induce tolerance in PD using anti-
CD3 Ab treatment than in autoimmune diseases in which the 
immune reaction is already established. As such, we believe that 
the administration of anti-CD3 Abs prior to ERT is a very promis-
ing strategy to maximize the efficacy of ERT for PD.

The Abs used in this study were anti-murine CD3 antigens. 
We do not know whether anti-human CD3 Abs, which have been 
used in clinical trials, will be as effective as the anti-murine CD3 
Abs. In this regard, Kuhn et al. developed a good animal model 
that expresses human CD3 antigens and was used to demonstrate 
the efficacy of antihuman CD3 Abs against autoimmune insulin-
dependent diabetes.31 This animal model can be used as a pre-
clinical study tool to assess the use of anti-CD3 Abs for immune 
tolerance induction therapy in ERT for PD.

In conclusion, the administration of anti-CD3 Abs is a very 
promising strategy to induce immune tolerance to ERT for PD to 
maximize its efficacy and prevent hypersensitivity reactions.

MAterIAls And MetHods
Animals. Wild-type BALB/C and C57BL/6 mice and PD mice (B6;129-
Gaatm1Rabn/J) were used in this study. Both types of wild-type mice were 
purchased from Sankyo Labo Service (Tokyo, Japan). The PD mice were 
a generous gift from Dr N. Raben (NIH, Bethesda, MD). In this study, we 
generally used wild-type mice because most of the PD mice that received 
rhGAA repeatedly died due to a hypersensitivity reaction at an early stage 
if there was no immune-suppressive treatment. Therefore, it was difficult 
to compare the Ab titers in treated and untreated mice. All animal experi-
ments were reviewed and approved by the Animal Care Committee of The 
Jikei University School of Medicine.

Anti-CD3 Abs. Anti-CD3 Abs (clone 145-2C11) were obtained from 
Bioexpress (Lebanon, NH). We used whole IgG anti-CD3ε or non-FcR-
binding anti-CD3ε F(ab′)2 Abs. Both Abs reduced the Ab titers against 
rhGAA to the same extent in a preliminary experiment (data not shown). 
However, the latter Ab had fewer side-effects than the former. As a control, 
we used hamster whole IgG or F(ab′)2 (Bioexpress).

Assay for rhGAA-specific IgG. IgG Abs against rhGAA were assayed using 
an enzyme-linked immunosorbent assay (ELISA). Briefly, 96-well plates 
were coated with 1 μg of rhGAA in phosphate-buffered saline (PBS) over-
night at 4 °C. The plates were blocked by adding 100 μl PBS/1% bovine 
serum albumin and incubating for 5 h at room temperature. After this 
step, the wells were washed with PBS/0.05% Tween 20. The serum samples 
from mice were diluted 20,000-fold with PBS/1% bovine serum albumin, 

and 100 μl diluted serum was added to each well and incubated for 1 h at 
room temperature. The plate was then washed with the same buffer and 
reacted with 100 μl 5,000-fold diluted peroxidase-conjugated anti-mouse 
IgG Ab (Kirkegaard & Perry Labs., Gaithersburg, MA). After incuba-
tion for 30 minutes at room temperature, the plates were washed again 
and color was generated by the addition of 3,3′,5′,5′-tetramethylbenzidine 
substrate reagent (Promega, Madison, WI) for 10 minutes. The reaction 
was stopped by adding 100 μl 0.6 N H2SO4, and the optical density was 
measured at 450 nm using an ARVOMX/Light plate reader (PerkinElmer, 
Waltham, MA). The Ab titer was reported as the value of the optical den-
sity at 450 nm. To compare the Ab titers between the two groups, all of the 
samples were assayed in one 96-well plate to avoid variability among the 
experiments.

Flow cytometry. Abs specific for CD4-FITC (clone H129.19), CD8-FITC 
(53-6.7), CD25-PE (clone PC61), CD25-PE (clone 7D4), and FoxP3-Alexa 
Fluor 647 (MF23) were used (BD Biosciences, San Jose, CA). Single-cell 
suspensions were pooled from the spleens or peripheral blood of the mice. 
The cells were incubated with an Fc blocker (CD16/32); BD Biosciences) 
for 15 minutes and then stained for the expression of surface markers for 30 
minutes at 4 °C. To detect FoxP3 expression, the cells were permeabilized 
using a Cytofix/Cytoperm Kit (BD Biosciences), incubated with the Fc 
blocker and surface maker stain as described earlier, and stained with anti-
FoxP3-Alexa Fluor 647 for 30 minutes at room temperature. The data were 
acquired on a MACSQuant Analyzer (Miltenyi Biotec, Bergisch Gladbach, 
Germany) and analyzed using MACSQuantify Software (Miltenyi Biotec).

Induction of tolerance by anti-CD3 Abs in wild-type mice. We admin-
istered 10 μg of anti-CD3 Abs intravenously for five consecutive days to 
each 10-week-old Balb/c or C57BL/6 mouse. As a control, the same dose 
of hamster IgG was administered. Three days after the final administration 
of the anti-CD3 Abs or hamster IgG, the mice received 10 mg/kg rhGAA 
intravenously once every week for a total of four doses. One week after the 
final administration of rhGAA, blood was collected from the retro-orbital 
plexus. Eleven weeks after the first administration of the anti-CD3 Abs, 
Balb/c mice were challenged with 10 mg/kg rhGAA intravenously once 
every week for a total of four doses. One week after the final administration 
of rhGAA, Abs against rhGAA were assayed using ELISA.

Effect of anti-CD3 Abs against pre-existing Abs in wild-type mice. To 
immunize 10-week-old BALB/c mice, 10 mg/kg rhGAA was administered 
intravenously once every week for a total of four doses. One week after the 
final administration of rhGAA, 10 μg anti-CD3 Abs were administered for 
five consecutive days. As a control, the same amount of hamster IgG was 
administered. Three days after the final administration of the anti-CD3 
Abs or hamster IgG, anti-rhGAA Abs were assayed using ELISA.

Prevention of the hypersensitivity reaction to ERT in PD mice. PD mice 
develop a lethal hypersensitivity against rhGAA when it was infused repeat-
edly; therefore, we tested whether anti-CD3 Abs inhibit this reaction. We 
administered 10 μg anti-CD3 Abs for 5 consecutive days to PD mice (9–18 
weeks old). As a control, the same dose of hamster IgG was administered. 
Three days after the final administration of the anti-CD3 Abs or hamster 
IgG, the mice received 20 mg/kg rhGAA intravenously once every other 
week for a total of 20 doses. We defined lethal hypersensitivity as death 
within 30 minutes after the intravenous administration of rhGAA. The 
occurrence of a lethal hypersensitivity reaction was monitored and Ab 
titers were also assayed at various time points.

Depletion of CD4+CD25+ cells. Wild-type BALB/c mice were injected 
intraperitoneally with 1 mg anti-CD25 Abs (clone PC61; Bioexpress) or iso-
type control Abs (rat IgG1; Bioexpress) on days 0 and 5; on days 3–7, they 
received 10 μg/day anti-CD3 Abs or control hamster IgG. Three days after 
the final injection of the anti-CD3 Abs, the mice were killed and splenocytes 
were analyzed for the expression of CD4 and CD25 using anti-CD4-FITC  
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and anti-CD25-PE clone 7D4. An identical treatment regimen was per-
formed, but at 3 days after the anti-CD3 or hamster IgG injections (day 10), 
the mice received the first of 4 weekly rhGAA immunizations (10 mg·kg–1-
·day–1). The subsequent immune response to rhGAA was determined at 1 
week after the final rhGAA immunization using ELISA.

Statistical analysis. The results are expressed as the mean ± SEM. 
Statistical differences between two groups were determined using the 
Mann–Whitney test, and differences between three groups were deter-
mined by analysis of variance with the Kruskal–Wallis and Dunn’s multiple 
comparison tests. In addition, we calculated the risk of lethal hypersen-
sitivity to rhGAA infusion using the Kaplan–Meier method, while the 
log-rank test was used to assess the differences between the study groups.  
P values <0.05 were considered to be significant.

suPPleMentArY MAterIAl
Figure S1. Immune response to rhGAA in wild-type (Balb/c and 
C57BL/6) and PD model mice.
Figure S2. Representative flow cytometry plot demonstrating that 
anti-CD3 Abs increased the ratio of CD4+CD25+/CD4+ cells.
Figure S3. Representative flow cytometry plot demonstrating that 
anti-CD3 Abs increased the ratio of CD4+CD25+FoxP3+/CD4+ cells.
Figure S4. GAA activity in the liver from nontolerant or tolerant PD 
mice.
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