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Generation of transgene-specific immune responses can 
constitute a major complication following gene therapy 
treatment. An in vivo approach to inducing selective 
expansion of Regulatory T (Treg) cells by injecting inter-
leukin-2 (IL-2) mixed with a specific IL-2 monoclonal 
antibody (JES6-1) was adopted to modulate anti-factor 
VIII (anti-FVIII) immune responses. Three consecutive 
IL-2 complexes treatments combined with FVIII plasmid 
injection prevented anti-FVIII formation and achieved 
persistent, therapeutic-level of FVIII expression in hemo-
philia A (HemA) mice. The IL-2 complexes treatment 
expanded CD4+CD25+Foxp3+ Treg cells five- to seven-
fold on peak day, and they gradually returned to normal 
levels within 7–14 days without changing other lympho-
cyte populations. The transiently expanded Treg cells are 
highly activated and display suppressive function in vitro. 
Adoptive transfer of the expanded Treg cells protected 
recipient mice from generation of high-titer antibod-
ies following FVIII plasmid challenge. Repeated plasmid 
transfer is applicable in tolerized mice without eliciting 
immune responses. Mice treated with IL-2 complexes 
mounted immune responses against both T-dependent 
and T-independent neoantigens, indicating that IL-2 
complexes did not hamper the immune system for long. 
These results demonstrate the important role of Treg 
cells in suppressing anti-FVIII immune responses and the 
potential of developing Treg cell expansion therapies 
that induce long-term tolerance to FVIII.

Received 23 December 2010; accepted 5 March 2011; published online 
5 April 2011. doi:10.1038/mt.2011.61

Introduction
Hemophilia A (HemA) is a congenital bleeding disorder caused 
by a deficiency of the blood clotting protein Factor VIII (FVIII);1 
in its severe form, hemophilia is a life-threatening, crippling hem-
orrhagic disease. Currently, hemophilia patients are treated with 
protein-replacement therapy. However, a major ongoing problem 

is a very high frequency in the formation of inhibitory antibodies 
against FVIII following treatment.2 Recent studies in animal models 
suggest that continuous expression of FVIII following gene therapy 
would provide significant therapeutic benefits. Nevertheless, both 
viral and nonviral gene transfer of FVIII3–6 often result in transient 
gene expression in the absence of immunosuppression. Only in a 
few cases, sustained gene expression of FVIII was achieved in ani-
mals treated with gene therapy.7,8 It has been indicated in recent 
reviews9–11 that immune responses against transgenic products or 
vectors can become major obstacles to successful application of 
gene therapy. Therefore, it is essential to develop safe and effective 
methods to modulate immune responses against FVIII to ensure 
the success of hemophilia treatment.

Regulatory T (Treg) cells comprise a crucial T-cell compart-
ment that maintains peripheral tolerance by suppressing autore-
active T-cell responses12 and orchestrating a balanced immune 
response to foreign antigens.13–15 It has an important role in the 
prevention of autoimmune12,16 and inflammatory17 diseases, regu
lation of immunity to viral and parasite infections,18,19 mainte-
nance of maternal tolerance to fetus20 and inhibition of antitumor 
immunity.21 These findings have engendered enthusiasm for devel-
oping strategies utilizing Treg cells to regulate immune responses 
in clinically important settings including transplantation, autoim-
munity, allergy, and cancer. Furthermore, many successful pro-
tocols for modulating FVIII-specific immune responses involve 
increases in either or both of the percentages and total number of 
CD4+Foxp3+ Treg cells in gene therapy settings.22 Recently, it was 
demonstrated that adoptively transferred Treg cells isolated from 
transgenic HemA/Foxp3 mice significantly reduced anti-FVIII 
inhibitory antibody titers following FVIII plasmid-mediated gene 
transfer into HemA mice23, indicating that Treg cells are impor-
tant regulators for anti-FVIII immune responses.

Interleukin-2 (IL-2) is an important growth factor that drives 
T cells to proliferate and differentiate into functional effector cells. 
IL-2 is also essential in the development of Treg cells; in the absence 
of IL-2, Treg cells cannot survive or expand in the thymus or in 
the periphery.24,25 Recent studies demonstrated that IL-2 bound 
to a particular anti-IL-2 monoclonal antibody (mAb; JES6-1A12) 
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can selectively and significantly expand CD4+CD25+ Treg cells.26 
Treatment with these particular IL-2/anti-IL-2 mAb complexes 
can protect mice against experimental autoimmune encephalo-
myelitis and pancreatic islet allografts,27 and the Ab-mediated dis-
ease, experimental autoimmune myasthenia gravis.28

In this study, we investigated whether treatment with immune 
complexes consisting of IL-2 and anti-IL-2 mAb (JES6-1A12) 
(referred to as IL-2 complexes hereafter) to expand Treg cells can 
modulate anti-FVIII immune responses following gene therapy. 
Consistent with earlier reports in other model systems,27,29–31 
we found that treatment with IL-2 complexes induced a five- to 
sevenfold expansion of Treg cells in the peripheral blood, lymph 
nodes (LNs) and spleen of the treated mice. Most significantly, 
this expansion of Treg cells prevented the formation of inhibitory 
antibodies against FVIII following plasmid-mediated gene ther-
apy in HemA mice.

Results
IL-2 complexes induced tolerance to FVIII  
after FVIII plasmid-mediated gene therapy
Selective enrichment of Treg cells by the injection of IL-2 com-
plexes (IL-2/ JES6-1mAb) has the potential to modulate transgene-
specific immune responses following FVIII plasmid-mediated 
gene therapy. We treated HemA mice with IL-2 complexes at two 
different schedules: three daily intraperitoneal injections of IL-2 

complexes at days −5, −4, and −3 in schedule 1 mice (n = 12/
group) and at days −1, 0, and 1 in schedule 2 mice (n = 9/group), 
along with hydrodynamic injection of 50 µg FVIII plasmid at day 
0. Plasma samples were collected from treated mice at scheduled 
time points and FVIII activities and inhibitory antibody titers were 
assessed. Groups of naive mice and mice treated with IL-2 com-
plexes only, and FVIII plasmid only were included as controls.

In a control experiment, injection of FVIII plasmid alone 
produced short-term (1–2 weeks) high levels of FVIII activity 
in HemA mice, followed by a gradual decrease to undetectable 
levels in 2–4 weeks due to the development of anti-FVIII inhibi-
tory antibodies (Figure  1). In contrast, immune-modulation 
with IL-2 complexes successfully prevented anti-FVIII immune 
responses. Eleven out of the 12 schedule 1 mice produced per-
sistent therapeutic levels of FVIII activities (10–100% of FVIII 
levels in normal human plasma) for 17 weeks (Figure  1a) and 
none of the treated mice developed anti-FVIII inhibitory anti-
bodies (Figure 1b). Of the nine mice treated with IL-2 complexes 
using schedule 2, three mice produced persistent therapeutic 
FVIII levels without the generation of anti-FVIII antibodies 
(Figure 1c). For the remaining six mice, FVIII activity persisted 
at therapeutic levels for 4 weeks before dropping to undetectable 
levels (Figure 1c). Among these, three mice did not develop anti-
FVIII inhibitory antibodies, whereas the other three developed 
antibodies starting at the 4th week post-treatment (Figure 1d). 
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Figure 1 L ong-term factor VIII (FVIII) expression in hemophilia A mice after FVIII plasmid-mediated gene therapy and immunomodulation 
with interleukin-2 (IL-2) complexes. Two groups of hemophilia A mice were treated separately with three daily intraperitoneal (i.p.) injections of IL-2 
complexes at days −5, −4, and −3 followed by intravenous (i.v.) injection of 50 µg of FVIII plasmid at day 0 (n = 12, schedule 1), or with three daily 
i.p. injections of IL-2 complexes at days −1, 0, and 1 concomitant by i.v. injection of 50 µg of FVIII plasmid at day 0 (n = 9, schedule 2). FVIII activities 
were assessed by a modified activated partial thromboplastin time assay and the anti-FVIII antibody titers by Bethesda assay over time. For schedule 
1 mice, (a) FVIII activity, (b) anti-FVIII antibody titers. For schedule 2 mice, (c) FVIII activity, (d) anti-FVIII antibody titers. Each symbol represents data 
obtained from an individual mouse treated with FVIII plasmid and IL-2 complexes using either schedule 1 or 2. Mice treated with IL-2 complexes only 
(n = 4) and FVIII plasmid only (n = 5) were used as controls.
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These data indicate that schedule 1 treatment is highly effective 
at preventing the formation of anti-FVIII antibodies, whereas 
schedule 2 treatment is only partially effective.

IL-2 complexes treatment selectively increased the 
percentages and activities of CD4+CD25+Foxp3+ 
Treg cells in peripheral blood, LNs and Spleen
Next, we investigated if changes in cell populations of the T-cell 
compartments of HemA mice especially Treg cells correlated with 
tolerance induction by IL-2 complexes treatment. We analyzed 
peripheral blood in selected mice treated with IL-2 complexes + 
FVIII plasmid (schedule 1 mice, n = 4). Groups of naive mice and 
mice treated with IL-2 complexes only and FVIII plasmid only were 
used as controls. A detailed flow cytometry analysis showed that the 
percentage of CD4+ T cells did not change over time (Figure 2a; 
P < 0.05); however, the percentage of CD4+CD25+Foxp3+ T cells 
within the CD4+ T cell compartment transiently and signifi-
cantly increased in the treated mice compared to the naive mice 
(Figure 2b). The expansion of Treg cells after three injections of 
IL-2 complexes was rapid but brief, reaching a peak on day 1 (peak 
day; Figure 2b, left panel), and then declining gradually to back-
ground levels by day 21 (Figure 2b, right panel). In addition, we 

found that the IL-2 complexes expanded Treg cells at 1 day after 
the FVIII plasmid injection showed considerable higher expression 
levels of molecules crucial for the suppressive function of Treg cells, 
including CD25, glucocorticoid-induced tumor necrosis factor 
receptor (GITR), and cytotoxic T-lymphocyte antigen 4 (CTLA-4) 
(Figure 2c); in contrast, injection of FVIII plasmid alone had little 
or no effect on Treg cell phenotype. This highly activated state of 
in vivo expanded Treg cells was brief, with the majority of these 
molecules returning to near-normal levels of expression by day 7. 
Similar results were obtained in schedule 2 mice treated with FVIII 
plasmid + IL-2 complexes including both tolerized and untoler-
ized mice (Supplementary Figure S1). On average, 25% (fivefold 
increase) of CD4+CD25+Foxp3+ T cells in the CD4+ T cell com-
partment was detected on peak day in schedule 1 mice treated 
with IL-2 complexes + FVIII plasmid (Figure 2b), whereas 20% 
(fourfold increase) was found in schedule 2 mice (Supplementary 
Figure S1b), compared to untreated mice.

The substantial increase in Treg cells following injection of 
IL-2 complexes was widespread; it occurred not only in blood, but 
also appeared as a fourfold increase in LNs (Figure 3b, left panel), 
fivefold in spleen (Figure 3e, left panel), and threefold in thymus 
(data not shown) on day 1 post plasmid injection (peak  day), 
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Figure 2 E ffect of interleukin-2 (IL-2) complexes treatment on CD4+ T cells and CD4+CD25+Foxp3+ regulatory T (Treg) cells in periphery blood 
using schedule 1 treatment. Blood cells were isolated from untreated mice and mice treated with IL-2 complexes only, factor VIII (FVIII) plasmid only 
and FVIII plasmid + IL-2 complexes (n = 4/group, schedule 1) at serial time points. Cells were stained and analyzed for CD4+ and CD4+CD25+Foxp3+ 
T cells by flow cytometry. For CD4+ T cells, (a) left panel, representative dot plot from naive and mice treated with FVIII plasmid + IL-2 complexes; 
right panel, summary plot over time. For CD4+CD25+Foxp3+ T cells gated on CD4+ T cells, (b) left panel, representative dot plot from mice treated 
with FVIII plasmid + IL-2 complexes; right panel, summary plot over time, and (c) the expression levels of their activation markers (shown by median 
fluorescence intensity (MFI) values): CD25, CD62L, glucocorticoid-induced tumor necrosis factor receptor (GITR) and cytotoxic T-lymphocyte antigen 
4 (CTLA-4) at days 1, 3, 7, and 28 after FVIII plasmid transfer. Data shown are MFI value of the four activation markers of each group.
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respectively; these levels declined rapidly to normal by day14 
(Figure 3b,e, right panels). In contrast, no significant change in 
the CD4+ T-cell population was observed in both LNs (Figure 3a) 
and spleen (Figure  3d). The expression levels of the activation 
markers of the Treg cells including CD25, GITR and CTLA-4 after 
IL-2 complexes treatment also reached their highest levels on the 
peak day in both LNs (Figure 3c) and spleen (Figure 3f), whereas 
neither Treg cell numbers nor expression of activation markers 
increased in mice treated only with FVIII plasmid. Similarly to 
what was observed in peripheral blood, the highly expanded and 
activated Treg cells were only transiently present; the majority of 
the activation markers returned to near-normal levels of expres-
sion in both LNs (Figure 3c) and spleen (Figur 3f) by day 7 follow-
ing FVIII plasmid injection. In addition, treatment with isotype 
control antibodies + FVIII plasmid produced the same results as 
the plasmid only treatment in mice (data not shown).

Furthermore, we tested if the specific IL-2 complexes induced 
only selective expansion of Treg cells without affecting the other 
cell populations in our HemA inhibitor mouse model. The per-
centage and total cell numbers were examined for several cell 
populations. As shown in Figure  4, there were no significant 
changes in the B cells (B220+ cells) (Figure 4a,d; P < 0.05), myel-
oid cells (CD11b+ cells) (Figure 4b,e; P < 0.05) and CD8+ T cells 
(Figure  4c,f) in both LNs (Figure  4a–c; P < 0.05) and spleen 
(Figure  4d–f; P  <  0.05) over 35 days following IL-2 complexes 
treatment.

Since transforming growth factor-β1 (TGF-β1) is critical 
for Treg development, we also investigated the TGF-β1 levels in 
the plasma of naive mice and mice treated with FVIII plasmid + 
IL-2 complexes. Three FVIII plasmid + IL-2 complexes tolerized 
mice (n = 3/group, Table 1) had increased TGF-β1 levels at day 
1, 3, and 7 after the FVIII plasmid injection, compared to those 
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Figure 3 E ffect of interleukin-2 (IL-2) complexes treatment on CD4+ T cells and CD4+CD25+Foxp3+ regulatory T (Treg) cells in lymph nodes 
(LNs) and spleen of mice using schedule 1 treatment. LNs and spleen cells were isolated from naive mice and mice treated with IL-2 complexes 
only, factor VIII (FVIII) plasmid only and IL-2 complexes + FVIII plasmid (n = 2/group, each time point) at serial time points. Cells were stained and 
analyzed for CD4+ and CD4+CD25+Foxp3+ T cells by flow cytometry. For (a–c) LNs and (d–f) spleen cells: (a,d) Summary plot for CD4+ T cells 
over time. (b,e) left panel, representative dot plot from naive and mice treated with FVIII plasmid + IL-2 complexes; right panel, summary plot for 
CD4+CD25+Foxp3+ T cells (gated on CD4+ T cells) over time, and (c,f) the expression levels of activation markers of CD4+CD25+Foxp3+ T cells 
(shown by median fluorescence intensity (MFI) values): CD25, CD62L, glucocorticoid-induced tumor necrosis factor receptor (GITR) and cytotoxic 
T-lymphocyte antigen 4 (CTLA-4) at day 1, 3, 7, and 28 after FVIII plasmid transfer.
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of naive mice (n = 3/group, Table 1). These data are consistent 
with the results reported by Liu et al., which showed that IL-2 
complexes treatment induced a significant increase in TGF-β1 
levels in an experimental mouse model for autoimmune myas-
thenia gravis.28

Functional examination of effector T cells and 
CD4+CD25+Foxp3+ Treg cells in tolerance induction 
by IL-2 complexes treatment in vitro and in vivo
To assess the FVIII-specific proliferative activity of effector T cells 
post IL-2 complexes treatment, we isolated CD4+ T  cells from 
the spleens of four groups of mice including naive mice, and mice 
treated with IL-2 complexes only, FVIII plasmid only and IL-2 
complexes + FVIII plasmid 14 and 35 days after FVIII plasmid 
injection. These responder cells were cocultured with irradiated 
splenic CD4− cells serving as antigen presenting cells. When 
stimulated with 10 U/ml of FVIII protein which was the optimal 

dose response from our previous experiment,32 CD4+ T cells iso-
lated from mice treated with plasmid only (with high-titer anti-
FVIII inhibitory antibodies) proliferated robustly on both day 14 
(Figure 5a) and day 35 (Figure 5b) after FVIII plasmid injection. 
The cells isolated at day 35 had higher FVIII-specific proliferative 
activity than the cells isolated at day 14. This is as expected, since 
the mice had higher inhibitory antibody titers at day 35 than at 
day 14. In contrast, CD4+ T cells isolated from mice treated with 
IL-2 complexes + FVIII plasmid on day 14 (Figure 5a) and day 
35 (Figure  5b) after FVIII plasmid injection showed no FVIII-
specific proliferation; comparable levels of nonspecific prolif-
eration were observed from these cells with and without FVIII 
stimulation. In addition, no increase in proliferative responses to 
FVIII was observed from CD4+ T cells isolated from control naive 
and IL-2 complexes only treated mice.

Next, we tested the suppressive function of Treg cells in toler-
ized mice treated with FVIII plasmid + IL-2 complexes. The sup-
pressive activity of CD4+CD25+ Treg cells isolated from tolerized 
mice at 3 weeks following FVIII plasmid injection were evaluated 
in a FVIII-specific suppression assay using CD4+ T  cells from 
mice treated with FVIII plasmid only as responder T  cells. As 
anticipated, we observed significant FVIII-specific suppression 
by CD4+CD25+ Treg cells isolated from FVIII plasmid + IL-2 
complexes tolerized mice (Figure  5c). Additional experiments 
of evaluating the suppressive functions of expanded Treg cells 
by treatment with IL-2 complexes combined with either FVIII or 
nonspecific antigens will be performed to confirm the induction 
of antigen-specific tolerance to FVIII.

In addition, the in vivo function of expanded Treg cells were 
examined by adoptive transfer experiments. Treg cells were iso-
lated from either schedule 1 or 2 mice 5 days after FVIII plas-
mid injection and adoptively transferred (1 × 106 cells/mouse) 
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Figure 4  Influence of interleukin-2 (IL-2) complexes on total B cells, myeloid cells and CD8+ T cells in lymph nodes (LNs) and spleen of mice 
using schedule 1 treatment. (a–c) LNs and (d–f) spleens cells were collected and isolated at serial time points from naive mice and mice treated 
with IL-2 complexes only, factor VIII (FVIII) plasmid only and IL-2 complexes + FVIII plasmid (n = 2/group, each time point). Cells were stained and 
analyzed for total (a,d) B cells (B220+ cells), (b,e) myeloid cells (CD11b+ cells) and (c,f) CD8+ T cells (CD8a+ cells).

Table 1  IL-2 complexes treatment increases systemic TGF-β1

 Systemic TGF-β1 (ng/ml)

Naive mice 0.42 ± 0.16

Mice treated with FVIII plasmid + IL-2 complexes

  Day 1 6.15 ± 4.24

  Day 3 8.71 ± 5.33

  Day 7 11.71 ± 6.28

  Day 14 0.48 ± 0.03

Abbreviations: FVIII, factor VIII; IL-2, interleukin-2; TGF-β1, transforming growth 
factor-β1.
Systemic TGF-β1 in the plasma of mice (n = 3/group) was quantified by enzyme-
linked immunosorbent assay with duplicates. Day 1, 3, 7, and 14 indicate days after 
the FVIII plasmid injection. Data of mean ± SD of each mice group are shown.
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into naive HemA mice. The two groups of recipient mice (n = 4) 
and a group of control untreated HemA mice (n = 4) were chal-
lenged with 50 μg of FVIII plasmid 1 day after the cell transfer. 
On day 21 post plasmid challenge, control mice produced anti-
hFVIII antibodies, whereas both groups receiving Treg cells from 
schedule 1 and schedule 2 mice generated no inhibitory antibodies 
(Figure 5d; left panel). Importantly, mice receiving Treg cells from 
schedule 1 mice were better protected from inhibitory antibodies 
formation than mice receiving Treg cells from schedule 2 and the 
control untreated mice on day 42 (Figure 5d; right panel).

Together, these data indicate that FVIII-specific Treg cells 
from tolerized mice treated with IL-2 complexes are functionally 
suppressive to anti-FVIII immune responses both in vitro and 
in vivo.

Long-term tolerance to FVIII by second  
challenge of FVIII plasmid
To further investigate whether immunomodulation by IL-2 
complexes induced short-term unresponsiveness or long-term 
tolerance to FVIII, we challenged the FVIII plasmid + IL-2 
complexes tolerized mice with FVIIII plasmid a second time at 

18  weeks after the 1st FVIII plasmid injection. In this experi-
ment, we chose 4 schedule 1 mice which did not produce anti-
body responses. The 2nd challenge with FVIII plasmid induced 
a short burst of high-level FVIII activities in all four mice 
(Figure  6a). Three mice with persistent FVIII expression after 
the 1st FVIII plasmid challenge continued to generate therapeu-
tic levels of FVIII expression after the 2nd challenge (Figure 6a). 
Most significantly, none of the mice treated with IL-2 complexes 
developed detectable inhibitory antibodies against FVIII after 
the 2nd challenge (Figure 6b), indicating the establishment of 
long-term tolerance to FVIII.

Unrelated T-dependent and T-independent  
antigen challenge
Since IL-2 complexes treatment transiently increased a large 
number of Treg cells, the long-term effect on the immune system 
was investigated. Two FVIII plasmid + IL-2 complexes tolerized 
mice were inoculated with the T-dependent antigen, TNP-
KLH, and another two tolerized mice with the T-independent 
antigen, TNP-Ficoll 18 weeks after plasmid delivery. Untreated 
naive HemA mice (n = 2/group) were used as controls in both 
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Figure 5  Functional examination of CD4+ T cells and CD4+CD25+Foxp3+ regulatory T (Treg) cells from mice treated with interleukin-2 (IL-2) 
complexes in vitro and in vivo. (a,b) Proliferation assay. CD4+ T cells were isolated by magnetic activated cells sorting from spleens of naive mice 
and mice treated with IL-2 complexes only, factor VIII (FVIII) plasmid only and IL-2 complexes + FVIII plasmid (n = 2/group, each time point) (a) 14 
and (b) 35 days after plasmid injection. 1.0 × 105 CD4+ T cells were cocultured with irradiated 1.0 × 105 CD4− cells (antigen presenting cell) with or 
without the presence of FVIII at 10 U/ml for 72 hours, followed by adding 1 µCi[3H] thymidine for 18 hours. (c) FVIII suppressive assay. T-responder 
cells were isolated from the spleen of an inhibitor mouse treated with FVIII plasmid only. CD4+CD25+ T cells from pooled splenic cells of naive mice 
or mice at day 21 following FVIII plasmid + IL-2 complexes treatment were used as suppressive cells. The final coculture system consisted of 0.8 × 105 
CD4+ Tresp cells, 1.5 × 105 irradiated CD4+ cells, and CD4+CD25+ Treg cells at the indicated Treg:Tresp ratio. Data shown are mean ± SD of counts 
per minute (c.p.m.) of [3H] thymidine incorporation in triplicate wells. (d) Adoptive transfer experiments. CD4+CD25+ Treg cells were isolated from 
spleen of hemophilia A (HemA) mice using schedule 1 and 2 treatments 5 days post FVIII plasmid injection, and adoptively transferred into naive 
HemA mice. Schedule 1 recipient mice (n = 4) and schedule 2 recipient mice (n = 4) as well as a control group of naive untreated HemA mice (n = 
4) were subsequently challenged with FVIII plasmid injection one day following adoptive transfer. Anti-FVIII antibody titers on day 21 (left panel) and 
day 42 (right panel) were evaluated. Each symbol represents an individual mouse.
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experiments. Peak antibody titers were observed at 2 weeks post 
primary immunization and 1 week post secondary TNP-KLH 
and TNP-Ficoll immunization. The levels of specific immu-
noglobulin (Ig) M (Figure  7a) and total IgG (Figure  7b) were 
equivalent between tolerized and untreated naive mice follow-
ing challenges with TNP-KLH. Similarly, no significant differ-
ences in serum levels of anti-TNP IgM (Figure  7c), and IgG3 
(Figure  7d) were found between tolerized and untreated naive 
mice following challenges with TNP-Ficoll. Together, these data 
indicated that transient immunomodulation with IL-2 complexes 

did not adversely affect immune responses to T-dependent or 
T-independent neoantigens in the long term.

Discussion
Immune response against FVIII is a major obstacle for success-
ful gene therapy for HemA. Many approaches developed toward 
induction of tolerance to FVIII22 and other antigens33 involve 
suppressive function of Treg cells. Our lab has recently demon-
strated that adoptive transfer of transgenic CD4+Foxp3+ Treg 
cells protected recipient mice from high-titer anti-FVIII inhibi-
tory immune responses for prolonged periods of time following 
plasmid-mediated gene therapy.23 However, some potential chal-
lenges and risks may be involved in adoptive Treg cell therapy, 
including inefficient isolation and expansion of Treg cells with or 
without defined allospecificities and the possibility of expanded 
Treg cells reverting to proinflammatory effector cells. Here, we 
report a promising strategy to induce selective expansion of func-
tional Treg cells in vivo by injection of a particular IL-2 complex 
to modulate anti-FVIII responses in HemA mice.

Three consecutive injections of the optimal 1:2 ratio of IL-2 
complexes delivered with specific schedule 1 together with one 
injection of plasmid DNA encoding the FVIII gene prevent the 
formation of inhibitory antibodies, resulting in long-term, stable 
FVIII expression in treated HemA mice. Among mice with spe-
cific schedule 2 treatment, only small portion of the mice devel-
oped the anti-FVIII inhibitory antibody starting on day 30. We 
tested two different injection schedules of IL-2 complexes in an 
effort to induce higher number of FVIII-specific Treg cells to 
modulate anti-FVIII immune responses. For treatment using 
schedule 1, IL-2 complexes were administered at days −5, −4, and 
−3, to first induce a robust expansion of Treg cells and FVIII plas-
mid was injected at the peak of Treg expansion (day 0), whereas 
for treatment using schedule 2, IL-2 complexes treatment was 
performed at days −1, 0, and 1, with FVIII plasmid injection at 
day 0 so that antigen was present during the initial phase of Treg 
expansion. As shown in the results, schedule 1 treatment appeared 
to be much more effective in modulating FVIII-specific responses 
than schedule 2 treatment, although both treatments induced 
significant expansion of Treg cells in mice including those mice 
that developed inhibitory antibodies. This evidence was also sup-
ported by the following adoptive transfer data: the mice receiving 
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Figure 7 C hallenge of tolerized mice with unrelated T-dependent 
and T-independent antigens. Tolerized mice (mice treated with inter-
leukin-2 (IL-2) complexes + factor VIII (FVIII) plasmid, n = 2/group) and 
naive mice (n = 2/group) were challenged with the T-dependent anti-
gen (TNP-KLH, 100 μg/mouse) and T-independent antigen (TNP-Ficoll, 
25 μg/mouse) starting at week 18 after plasmid injection, respectively. 
(a) Anti-TNP immunoglobulin (Ig) M and (b) anti-TNP IgG levels were 
assessed over time following primary (day 0) and secondary (day 21) 
TNP-KLH immunization. (c) Anti-TNP IgM and (d) anti-TNP IgG3 lev-
els were assessed over time following primary and secondary TNP-Ficoll 
immunization. No significant differences were found between the groups 
for anti-TNP IgM, anti-TNP IgG, and anti-TNP IgG3 levels.
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the FVIII-specific Treg cells from the mice treated by schedule 1 
showed more protection form inhibitory antibody formation than 
those receiving cells from the schedule 2 mice. The difference in 
the effectiveness of the two protocols may be due to a require-
ment that highly expanded Treg cell populations are present upon 
first antigen exposure. At the time of FVIII plasmid injection, Treg 
cell expansion is at its peak levels in the schedule 1 mice, whereas 
in schedule 2 mice, Treg expansion was just initiated with Treg 
cells at low levels. Thus, schedule 1 treatment can not only more 
effectively suppress the initial responses, but also induce antigen-
specific Treg cells upon antigen exposure at a later phase. In com-
parison, FVIII expression in mice treated with FVIII plasmid only 
declined to background levels in 2–4 weeks and FVIII inhibitors 
could be detected as early as 3–4 weeks.32,34 Splenic T cells isolated 
from mice treated with FVIII plasmid + IL-2 complexes showed 
no indication of recall proliferation to FVIII stimulation in vitro. 
Furthermore, following a 2nd plasmid challenge at week 18 when 
mice had long recovered from the immune suppression of IL-2 
complexes, the tolerized mice failed to elicit an immune response. 
Moreover, challenges with either T-dependent antigen (TNP-
KLH) under a stringent condition (emulsified in Freund’s complete 
adjuvant) or T-independent antigen (TNP-Ficoll) promoted simi-
lar levels of immune responses in FVIII plasmid + IL-2 complexes 
tolerized mice and untreated naive mice, indicating that IL-2 com-
plexes treatment did not affect the host’s ability to mount immune 
responses to other T-dependent and T-independent neoantigens. 
Taken together, these data indicate that immunomodulation with 
IL-2 complexes following FVIII plasmid-mediated gene therapy 
induced long-term protection against FVIII-specific immune 
responses in HemA mice.

In addition to treating autoimmune disease28 and graft rejec-
tion in transplantation27 with selective and efficient expansion 
of Treg cells, our study demonstrated a new novel application of 
IL-2 complexes, which was to modulate antigen-specific immune 
responses following gene therapy. In our study, we found that IL-2 
complexes treatment resulted in expansion of approximately five- 
to sevenfold Treg cells in periphery blood, LNs and spleen at day 5 
(peak day) after IL-2 complexes treatment, and these levels gradu-
ally returned to normal within the next 7–14 days. Similarly to 
naturally occurring Treg cells, the expanded Treg cells achieved 
stable Foxp3 expression. The increase of Treg cell numbers was 
also accompanied by a significant increase in the expression levels 
of the activation markers CD25, CTLA-4 and GITR on these cell 
populations. These short-lived expanded Treg cells are highly acti-
vated and display in vitro suppressive function. In addition, adop-
tive transfer of the expanded Treg cells protected recipient mice 
from generation of high-titer antibodies following FVIII plasmid 
challenge. However, very little changes were observed for other 
lymphocyte populations, including CD4+ T cells, CD8+ T cells, 
myeloid cells, and total B cells, confirming that IL-2 complexes 
induced selective expansion of functional Treg cells.

The common γ-chain cytokine IL-2 predominantly activates 
cells expressing high-affinity receptors composed of three chains 
[IL-2Rα (CD25), IL-2Rβ (CD122), and γc (CD132)], such as acti-
vated CD4+ and CD8+ T cells.35–37 It also plays a critical role in 
regulating the homeostasis of CD4+Foxp3+ Treg cells.38–40 Studies 
in mice engineered to express a Foxp3 reporter demonstrated that 

Foxp3 expression is confined to a subset of αβ T-cells and corre-
lates with their suppressive activity.41,42 Biological function of most 
αβ T-cells is to respond to diverse foreign antigens presented as 
peptides on the major histocompatibility complex molecules of 
antigen presenting cell, and they make a major contribution to 
host defense. As described earlier, biological activity of IL-2 in vivo 
can be greatly enhanced by association with particular anti-IL-2 
mAbs. To induce expansion of Treg cells, we took advantage of 
IL-2/IL-2mAb immune complexes that were initially described by 
Boyman et al.26 and Kamimura et al.31 IL-2/JES6-1 complexes inter-
act almost exclusively with T cells expressing high levels of CD25, 
thus inducing selective expansion of CD4+CD25+ Treg cells. This 
is because JES6-1 mAb binds to an IL-2 site that is crucial for 
interaction with CD122 but less crucial for binding to CD25. The 
other anti-IL-2 mAbs, S4B6 (specific to murine IL-2) and MAB201 
(specific to human IL-2) formed IL-2/IL-2 mAb complexes pref-
erentially interact with CD122, leading to the expansion of CD8+ 
T cells and natural killer cells. The mechanism by which IL-2 com-
plexes exhibit superior capacity to treatment compared with IL-2 
or anti-IL-2 mAb alone in different applications remains elusive. It 
was suggested that immune complexes containing anti-IL-2 mAb 
may increase the half-life of IL-2 in vivo26,43 or their function may 
depend on the presence of neonatal FcR.44 The precise mechanisms 
remain to be investigated.

It has been shown that IL-2 mRNA expression was significantly 
induced by TGF-β1, which led to the induction of IL-2 secre-
tion. Furthermore, TGF-β1 supports the maintenance of Foxp3 
expression, regulatory function, and homeostasis in peripheral 
CD4+CD25+ regulatory T  cells,45 indicating the importance of 
TGF-β1 in maintaining tolerance. In our study, mice treated with 
IL-2 complexes exhibited increased TGF-β1 levels in blood at 
days 1, 3, and 7 post plasmid injection, which correlated with the 
expansion and activation of Treg cells. We hypothesize that FVIII 
plasmid + IL-2 complexes treatment induced TGF-β1 dependent 
maturation of CD4+CD25− cells into CD4+CD25+Foxp3+ Treg 
cells, which maintain long-term FVIII-specific tolerance.

It was demonstrated in our lab that several immunosuppres-
sive regimens including CTLA4-Ig/anti-CD40L combination32 and 
anti-ICOS34 targeting B- and T-cell costimulatory pathways, or 
anti-CD346 targeting T-helper cells successfully prevented induc-
tion of anti-FVIII immune responses in HemA mice treated with 
FVIII plasmid-mediated gene therapy. These regimens induced 
increases in either or both of the percentages and total numbers of 
CD4+Foxp3+ Treg cells, indicating the involvement of Treg cells in 
modulation of anti-FVIII immune responses. Furthermore, the cur-
rent study of selective in vivo expansion of Treg cells by IL-2 com-
plexes treatment provides direct evidence for the important role of 
Treg cells in suppressing anti-FVIII immune responses. Most impor-
tantly, short-term treatment that promotes transient expansion of 
Treg cells without depletion or alteration of other cell populations 
may be beneficial in clinical applications compared to other immu-
nomodulation therapies. This was demonstrated in the results that 
the host immune responses to other T-dependent or T-independent 
neoantigens were not perturbed in mice treated with IL-2 complexes 
several months after treatment. IL-2 complexes immunomodulation 
has the potential to be a safe and effective strategy for modulating 
FVIII-specific immune responses following gene therapy.
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Materials and Methods
Mice. All mice were kept according to the National Institutes of Health 
guidelines for animal care and the guidelines of Seattle Children’s Research 
Institute, and maintained at a specific pathogen-free facility. HemA mice 
in a 129/SV × C57BL/6 mixed genetic background were generated by tar-
geted disruption of exon 16 of FVIII gene47 and were used at the age of 
10–16 weeks.

Gene transfer of FVIII into HemA mice with immunomodulation by IL-2 
complexes injection. HemA mice were intravenously injected with 50 μg of 
FVIII plasmid (pBS-HCRHPI-FVIIIA48) in 2 ml phosphate-buffered saline 
via tail vein in 8–10 seconds. IL-2/anti-IL-2 mAb (JES6-1A12) complexes 
were prepared as previously described.27 One microgram recombinant 
mouse IL-2 (PeproTech, Rocky Hill, NJ) was mixed with 5 μg anti-IL-2 mAb 
(JES6-1A12) (eBioscience, San Diego, CA), incubated at 37 °C for 30 minutes, 
and injected intraperitoneally into mice according to schedules specified in 
Results. Groups of mice treated with IL-2 complexes only, FVIII plasmid only 
and naive mice were included as controls. Selected immunomodulated mice 
received a second plasmid challenge at 18 weeks after the first FVIII plasmid 
injection. Blood samples were taken from the retro-orbital plexus at serial 
time points and assessed for FVIII activity and anti-FVIII antibody levels.

Flow cytometry and antibodies. Cell suspensions of peripheral blood, LNs 
(from superficial cervical) and spleens of each treated mouse group were 
prepared according to standard protocols. Cell suspensions were stained for 
fluorescence-activated cell sorting analysis using the following antibodies 
(obtained from eBioscience unless otherwise stated): PE-Cy5- anti-mouse 
CD25; FITC-anti-mouse CD62L (L-selectin); Alexa Fluor647- anti-mouse/
rat Foxp3; PE-anti-mouse CD152 (CTLA-4); Alexa Fluor 700- anti-mouse 
CD4 (BD Pharmingen, San Jose, CA), and PE-Cy7- anti-mouse GITR (BD 
Pharmingen). Cells were first stained for surface markers CD4, CD25, 
CD62L, and GITR, and subsequently stained intracellularly for Foxp3 and 
CTLA-4 following the company protocol (eBioscience). Samples were ana-
lyzed on an LSRII flow cytometer (Becton Dickinson, Palo Alto, CA) and 
data were analyzed using FlowJo software (Tree Star, Ashland, OR).

FVIII activities and inhibitor titer assays. Peripheral blood samples were 
taken from the experimental mice and collected in a 3.8% sodium citrate 
solution. FVIII activities were measured by a modified clotting assay using 
FVIII deficient plasma and reagents to measure activated partial thrombo-
plastin time and FVIII deficient plasma.5,48 FVIII activities were calculated 
from a standard curve generated by using serially diluted normal human 
pooled plasma. Anti-FVIII antibodies were measured by Bethesda assay as 
previously described.49

Proliferation and suppressive assay. CD4+ T  cells were isolated from 
spleens of mice by magnetic activated cells sorting (Miltenyi Biotec, 
Auburn, CA). The CD4+CD25−, CD4+CD25+ subsets were further 
purified from the CD4+ T cells using a CD25+ Treg MACS isolation kit 
(Miltenyi Biotec). For proliferation assay, 1.0 × 105 CD4+ T  cells were 
cocultured with 1.0 × 105 CD4− cells (irradiated, used as antigen present-
ing cells) per well in 96-well round-bottom plate with the presence of FVIII 
at 10 U/ml (1 U = 100 ng FVIII protein)32 for 72 hours, followed by add-
ing 1 µCi [3H]thymidine per well for the final 18 hours. [3H]thymidine 
incorporation was measured as counts per minute (c.p.m.) in a Betaplate 
scintillation counter (Perkin-Elmer, Shelton, CT). For suppressive assay, 
CD4+ T cells from spleens of mice treated with FVIII plasmid only were 
used as responders and CD4+CD25+ T cells from spleens of mice treated 
with FVIII plasmid + IL-2 complexes at different time points after plas-
mid injection or from spleens of age matched naive mice were added as 
suppressor cells. To the coculture of 0.8 × 105 CD4+ T cells and 1.5 × 105 
antigen presenting cells, we added CD4+CD25+ T cells at indicated ratios. 
The cultures were stimulated with 10 U/ml of FVIII for 72 hours, followed 
by adding 1 µCi [3H] thymidine per well for the final 18 hours incubation. 
All cultures were done in triplicates. Suppression was calculated as:50

% suppression = [1 – (c.p.m. (CD4+CD25− T cells + CD4+CD25+ 
T cells)/c.p.m. CD4+CD25− T cells alone)] × 100%

Adoptive transfer of hFVIII-specific Treg cells. Spleens were removed 
aseptically from schedule 1 or 2 or naïve untreated control HemA mice 
at 5 days post FVIII plasmid injection. CD4+CD25+ splenic T cells were 
isolated and injected into the tail vein of HemA recipients (1 × 106 cells/
mouse). Twenty-four hours post-transfer, recipient mice were challenged 
with hydrodynamic tail-vien injection of 50 μg of pBS-HCRHPI-hFVIIIA 
plasmid in 2 ml phosphate-buffered saline. Plasma samples collected at 
various time points were analyzed for FVIII content and anti-FVIII anti-
body titers by activated partial thromboplastin time and Bethesda assays, 
respectively.

Immunization with the T-independent antigen TNP-Ficoll and 
T-dependent antigen TNP-KLH. Groups of tolerized mice (n = 2) and naive 
mice (n = 2) were immunized with 25 µg TNP-Ficoll and 100 µg TNP-KLH 
emulsified in Freund’s complete adjuvant intraperitoneally each 24 weeks 
after plasmid injection. A second boost was administered intraperitoneally 
3 weeks later with the same amount of TNP-Ficoll and TNP-KLH. Mice 
were bled every 7 days and serum samples were analyzed for anti-TNP 
Ab by enzyme-linked immunosorbent assay in the plate coated with trini-
trophenyl-bovine serum albumin (TNP-BSA). The TNP-specific IgM, IgG, 
and/or IgG3 Abs were detected by incubating with biotinylated anti-mouse 
Ab, followed by the addition of horseradish peroxidase-labeled streptavi-
din, and finally the wells were developed with substrate.

Quantitation of TGF-β1 levels. CD4+ T  cells were prepared from the 
spleens of tolerized mice, mice treated with IL-2 complexes only, hFVIII 
plasmids only, or untreated control mice as described in “proliferation 
assays.” TGF-β1 concentrations were quantified in plasma pretreated with 
1 N HCL, then assayed using the ELISA kit (BD Biosciences, San Jose, CA) 
according to the manufacturer’s recommendation, and the data were inter-
polated against the linear range on the standard curves.

Statistical analysis. Results are presented as means ± SD The statistical sig-
nificance of the difference between means was determined using the two-
tailed Student’s t test. Differences were considered significant at P < 0.05.

SUPPLEMENTARY MATERIAL
Figure  S1.  Treg cells and activation markers in periphery blood using 
schedule 2 treatment.
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