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Previous reports have shown that B-cell-mediated gene
therapy can induce tolerance in several animal models for
autoimmune diseases and inhibitory antibody formation
in hemophilia A mice. We know from our previous work
that the induction of tolerance following B-cell therapy
is dependent upon CD25* regulatory T cells (Tregs). To
extend these studies and identify the effects of this gene
therapy protocol on the target CD4 T cells, we have
adapted in vitro suppression assays using Tregs isolated
from treated and control mice. Using carboxyfluores-
cein succinimidyl ester (CFSE) dilution as a measure of
T-cell responsiveness to FVIII, we show that CD25% Tregs
from treated mice are more suppressive than those from
control animals. To monitor the induction of antigen-
specific Tregs, we repeated these studies in ovalbumin
(OVA)-peptide-specific DO11.10 T-cell receptor (TCR)
transgenic mice. Tregs from DO11.10 mice treated with
a tolerogenic OVA-Ig construct are better than poly-
clonal Tregs at suppressing the proliferation of responder
cells stimulated with OVA peptide 323-339 (pOVA). Fur-
thermore, we show that following B-cell therapy, there is
an increase in antigen-specific FoxP3* Tregs, and there
is also a distinct decrease in antigen-specific CD4* effec-
tor T cells. These changes in the lymphocyte population
shift the balance away from effector function toward a
tolerogenic phenotype.
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INTRODUCTION

Induction of antigen-specific immune tolerance is a major goal
to control adverse immune responses in autoimmune diseases,
transplantation, gene therapy, as well as inhibitory responses to
therapeutic proteins." As an important step to achieve tolerance
induction, we developed a gene therapy protocol using a unique
antigen-Ig construct that is delivered to syngeneic B cells via retro-
viral transduction.>® This strategy was based on the observations
that B cells are tolerogenic antigen-presenting cells (APCs) and

IgG is a known tolerogenic carrier.*” Adoptive transfer of these
transduced B cells has been shown to induce tolerance in a num-
ber of animal models for diseases including type 1 diabetes,®*°
multiple sclerosis,*"' rheumatoid arthritis,'? posterior uveitis****
and inhibitor formation in hemophilia A."®

Hemophilia is not an autoimmune disease per se, but shares the
characteristics of a predictable and debilitating immune response
to a known antigen and it represents an important clinical burden.
Hemophilia A affects one in 5,000 males and up to one-third of
those being treated will eventually produce blocking antibodies
known as inhibitors, to therapeutic FVIIL!*"'® Patients who form
inhibitors will suffer from increased morbidity and premature
mortality if they do not respond to the available tolerance induc-
tion techniques.”*' In animal models for this disease, it has been
reported that treatment will be effective when tolerance is induced
to the immunodominant A2 and C2 domains of FVIIL.**** Even
though active FVIII has five domains total (A1, A2, A3, C1, C2),
tolerance induction to these two sites was sufficient to reduce or
completely abrogate B- and T-cell responses to FVIII in naive
and even in primed mice.”® Additionally, an anti-CD25 antibody
(PC61), which has been shown to deplete and/or inhibit the
function of regulatory T cells® (Tregs), was able to prevent toler-
ance initiation.”” These data are in agreement with recent results
from several laboratories invoking a role for Tregs in tolerance to
FVIIL.?*-% Therefore, these observations led to the hypothesis that
when tolerogenic B cells are introduced to a host, they drive an
increased concentration of antigen-specific (Ag-specific) FoxP3*
Tregs to actively diminish the response to immunization and sub-
sequent challenge with FVIIL

Recent advances in our understanding of Tregs in the mouse
have allowed for study of this T-cell subset during tolerance
induction based on their expression of the FoxP3 transcription
factor.*! In particular, the creation of mice expressing a FoxP3-
GFP fusion-protein reporter facilitates the study of cells express-
ing this important transcription factor.”® Although FoxP3™ cells
represent a fraction of total T cells, the GFP reporter allows for
characterization and sorting of viable cells using flow cytometry.
Herein, we demonstrate that following the introduction of toler-
ance, Ag-specific Tregs are induced and are more suppressive than

Correspondence: David W Scott, Center for Vascular and Inflammatory Diseases, BioPark 1, 800 West Baltimore Street, University of Maryland School of
Medicine, Baltimore, Maryland 21201, USA. E-mail: davscott@som.umaryland.edu

Molecular Therapy vol. 18 no. 8, 15271535 aug. 2010

1527


http://www.nature.com/doifinder/10.1038/mt.2010.95
mailto:davscott@som.umaryland.edu

B-cell Gene Therapy Induces T Regulatory Cells

nTregs (natural Tregs). Moreover, we show that this treatment also
leads to a loss of Ag-specific effector T cells.

RESULTS

Effects of Tregs in hemophilic mice carrying the
FoxP3-GFP fusion following tolerance induction

Based on the requirement for CD25% Tregs in both the induction
and maintenance of tolerance induced by B-cell gene therapy'®!>*
we proposed that our tolerance protocol would yield a significant
increase in Treg levels. To facilitate analysis of Tregs in the toler-
ance system, we first crossed the mouse that was transgenic for
the FoxP3-GFP insertion® against the hemophilic mouse with a
targeted deletion in exon 16 (ref. 33) of the FVIII gene to obtain
the appropriate crossover in the X chromosome (see Methods and
Supplementary Figure S1). These mice were then backcrossed
to the E16 hemophilia A mouse line for 10 generations and
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Figure 1 Effect of tolerogenic B-cell gene therapy on responsiveness
to FVIII and FoxP3 T-cell levels. Hemophilic mice (n = 8/group) were
treated with 107 B cells that were transduced with C2-Ig and A2-Ig (tolero-
genic) or with pOVA-Ig (control). After 10 days, mice received the first of 5
weekly injections of 1ug FVIIl intraperitoneally. Ten days after the last injec-
tion, mice were bled, euthanized, and their spleens harvested. (a) Serum
samples were tested vig a standard anti-FVIll enzyme-linked immuno-
sorbent assay. As indicated, this treatment yields a significantly lower
immune response in A2-lg and C2-lg B-cell-treated mice (***P value =
0.001). (b) Utilizing the GFP marker for T regulatory cells (Tregs), we were
also able to track and quantify regulatory T cells in the spleen. The group
that received the tolerogenic treatment had an increased percentage of
Tregs on day 10, but this result was not significant. This is not surprising
as the numbers of FVIll-specific T cells in a polyclonal population is quite
small and without the necessary clonotypic tetramers, significant changes
in their levels were not identified. pOVA, ovalbumin peptide.
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maintained by sib-mating. In these mice, FoxP3 is still functionally
active although it carries a GFP fusion.*

Using the newly derived mouse line, it was necessary to repro-
duce the established tolerance induction protocol. Following
tolerogenic B-cell gene therapy with FVIII domains, reduced
antibody (Figure 1a) and T-cell responses (data not shown) to
FVIII were noted in syngeneic FoxP3-GFP/FVIII ™/~ mice con-
sistent with previous reports in FVIIT™/~ mice.’ Spleen cells from
treated and control mice were analyzed at numerous time points
between 3 and 30 days after gene therapy. However, there was no
significant increase in the percentage of Tregs in the specific treat-
ment group compared to recipients of an unrelated antigen-Ig
fusion-transduced B cells at any time point (Figure 1b). This is
not surprising as the numbers of antigen-specific (in this case
FVIII-domain specific) T cells in a polyclonal population is quite
small and, at present, no known clonotypic anti-TCR antibody or
tetramers are available to isolate and track these cells.

However, one can analyze the suppressive potential of Tregs
through in vitro assays. Figure 2 shows data from a modified sup-
pression assay demonstrating the ability of Tregs to suppress effec-
tor T-cell responses. In this assay, carboxyfluorescein succinimidyl
ester (CFSE)-labeled effector cells from an FVIII-immunized
animal were mixed with putative (CD4tCD25%) purified Tregs at
different ratios, an optimal amount of FVIII (1 pg/ml) and APCs
were also added. After 72 hours in culture, the cells were analyzed
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Figure 2 Suppression of FVIll-induced T-cell proliferation by CD25%
Tregs from FVlll-tolerized mice compared to control. Hemophilic
mice (n = 8/group) received FVIII tolerogenic treatment, C2-Ig- and
A2-lg-transduced B cells, or control treatment, pOVA-Ig. Following tol-
erance induction, splenocytes from each group were pooled and Tregs
were isolated. These cells were added at increasing ratios to effector
cells stimulated with an optimal dose of FVIIl in a standard suppression
assay. To prepare FVIII responsive T cells (Teff), mice were immunized
with FVIII/CFA. At 10-14 days following immunization, lymphocytes
were harvested and stained with carboxyfluorescein succinimidyl ester
(CFSE) (1 pmol/l). Cells were activated with a previously determined
optimal dose of FVIII, 0.1 ug/ml, and their divisions were estimated by
fluorescence-activated cell sorting analysis of CFSE dilution. A maximum
of nearly 6% of T cells were FVIll-responsive and entered cycle when
stimulated. As more Tregs were added, the Teff divided less frequently.
In this assay, Tregs from mice treated with tolerogenic B cells were more
suppressive than Tregs from control-treated mice at each ratio tested.
For example, at the ratio with four times the number of effector T cells
as Tregs, only 1.04% of the Teff divided at least once when mice had
received tolerogenic treatment. In the control, 2.37% of the Teff divided
at least once. Overall, this trend was significant with a P value of 0.05.
As splenocytes were pooled for this assay, error bars are not shown.
pOVA, ovalbumin peptide; Teff, T effector cells; Treg, T regulatory cells.
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Figure 3 Effect of tolerance induction to pOVA on FoxP3 levels and T-cell proliferation in DO11.10 mice. DO11.10 mice (n = 6/group) were
treated with 107 pOVA-Ig-transduced tolerogenic B cells or 107 A2-Ig-transduced B cells as control. After B-cell treatment, mice were assayed at (a,b)
7 days, (c,d) 12 days (e,f) and 20 days. In this system, the effects of B-cell treatment can be monitored by the percent of cells that express FoxP3
and by in vitro T-cell responses to pOVA at numerous concentrations. In these mice, ~80% of CD4™ cells express the antigen-specific T-cell receptor
and the remainder express endogenously recombined TCRs. On day 7, there was a significant change in the percent of total CD4™ cells that express
FoxP3. (a,c) By comparing the antigen-specific cells to those with endogenous TCRs, it was clear that the expansion is limited to the endogenous
population. (b,d) Furthermore, T-cell proliferative responses were blunted in response to treatment. This effect was also seen on day 12, but by the
20th day following treatment, the effect was lost. (*P < 0.05, **P < 0.01, ***P < 0.001). pOVA, ovalbumin peptide.

by flow cytometry for CFSE dilution. If functional Tregs were
induced, then effector cells incubated with Tregs should divide
less frequently than those incubated in the absence of Tregs. As
shown in Figure 2, although the overall frequency of responder
T cell is low, suppression of their proliferation was observed when
the ratio of Tregs to T effector cells was as low as 1:4 (0.25:1), and
suppression increased as the ratio increased. Notably, at all ratios,
Tregs from mice that received tolerance induction were signifi-
cantly more suppressive than Tregs from control mice.

Kinetics of FoxP3 induction following “tolerance”
induction in DO11.10 mice

To examine the effect of our gene therapy protocol further, we uti-
lized the DO11.10 T-cell receptor (TCR) transgenic mice. DO11.10
mice express a TCR specific for the ovalbumin (OVA) peptide
323-339 (pOVA) which could be labeled with the clonotypic, anti-
TCR antibody, KJ1.26. Using these mice, we were able to monitor
changes in Ag-specific populations of cells. Both DO11.10 and
DO11.10/ Rag2_/ ~ (which lack endogenously rearranged TCR)
mice were crossed to the FoxP3-GFP line that we backcrossed to a
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Balb/C (H-29) background. Supplementary Figure S2 illustrates
that DO11.10/FoxP3-GFP mice have 75-80% KJ1.26™ T cells, of
which about 5% are FoxP3*. Approximately 15% (2.4/16) of the
KJ1.26™ cells are FoxP3+, presumably representing the endoge-
nous nTreg pool; these values are similar to those of the Balb/C. In
contrast, virtually all of the T cells in the DOll.lO/RagZ_/ ~ line
were KJ1.26™ and none of those were FoxP3™.

DO11.10 mice were treated with pOVA-Ig-transduced B cells
(tolerogenic B cells) or with FVIIT A2-Ig (control)-transduced B
cells. On day 3, no changes in the numbers of FoxP3* cells were
detected between experimental and control groups (data not
shown). However, as shown in Figure 3a, by day 7 there was a
significant increase in the percent of CD4% cells that are FoxP3t.
At this time, the tolerogenic effect of OVA-Ig B-cell gene therapy
could also be detected by T-cell proliferation (Figure 3b). The lat-
ter effect is partial but nonetheless is noteworthy considering that
the frequency of antigen-specific T cells is 3-4 orders of magni-
tude greater than in a polyclonal T-cell population.

The effect of tolerogenic B cells in terms of increase in
FoxP3" cells and decreased T-cell proliferation was also be
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Figure 4 Effect of tolerance induction to OVA on FoxP3 and T-cell proliferation in DO11.10/RagZ_/_ mice. DO11.10/RagZ_/_ mice (n =5/
group) were treated with 107 pOVA-Ig-transduced tolerogenic B cells or 10”7 A2-Ig-transduced B cells as control. After B-cell treatment, mice were
followed for (a,b) 7 days and (c,d) 12 days. In this system, the effects of B-cell treatment can be monitored by the percent of cells that express FoxP3
and by in vitro T-cell responses to pOVA at numerous concentrations. In these mice, all of the CD4™ T cells express the T-cell receptor (TCR) transgene
and none of the cells form endogenously recombined TCRs. On day 7, there was a clear induction of FoxP3 in treated mice from below baseline to
>3%. Furthermore, T-cell recall responses were blunted in response to treatment. This effect is further amplified on day 12 with a completely dimin-
ished T-cell recall response to pOVA (*P < 0.05, ***P < 0.001). These data were reproducible in five experiments. pOVA, ovalbumin peptide.

detected at 12 days following treatment, but by day 20 the effect
was lost (Figure 3c—f). The time course of FoxP3 induction and
return toward baseline has been reproducible in >10 experi-
ments. Notably, in these experiments, the significant increase in
CD4%FoxP3™ cells was only found in the KJ1.26" Ag-specific
group. This provides an explanation for the exquisite specificity of
this mode of tolerance induction. Antigen-Ig-transduced B cells
only affect antigen-specific Tregs, which are responsible for the
Ag-specific tolerance induction. The difference in responses over
time also demonstrates the maximal tolerance induction would
occur 1-2 weeks following tolerance induction.

Kinetics of FoxP3 induction following “tolerance”
induction in DO11 .10/Ra92_/‘ mice

In the DO11.10 mouse, it was clear that the ratio of antigen-specific
FoxP3* to FoxP3~ was increasing in response to transduced B-cell
treatment. However, it was not possible to determine whether this
was from an expansion of nTregs, or from the induction of FoxP3
in responder (effector) T cells. To answer this question, FoxP3-
GFP/DOll.lO/RagZ_/ ~ mice, which have no nTregs, were gener-
ated and treated with B cells transduced with OVA-Ig or control
A2-Tg. As shown in Figure 4, 7 days following treatment, there was
a significant increase in the frequency of FoxP37KJ1.26™ T cells,
and this increase was correlated with decreased T-cell proliferative
responses. The peak response was seen on day 12 at which time
nearly 13% of all CD4 T cells expressed FoxP3 and tolerance in
terms of the T-cell proliferative response was almost complete.
This represents an entirely induced (adaptive), clonotypic Treg
population.
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Function of different Tregs following tolerogenic
B-cell treatment

From the above experiments, it was clear that tolerogenic,
antigen-Ig-transduced B cells can induce FoxP3 in antigen-
specific Tregs. Also, the T-cell responses in these TCR trans-
genic mice were suppressed. To further demonstrate the role of
Ag-specific Tregs, a series of suppression assays were performed.
Initially, we asked whether nTregs from polyclonal populations of
naive BALB/c mice or from naive DO11.10 mice (with primarily
OVA-specific Tregs) had comparable activity. Responder (effector)
CD41FoxP3~ cells were isolated from DOll.lO/RagZ_/ ~ mice
and were stimulated with pOVA antigen (0.02 pg/ml). In this
experiment, 77% of responders have gone into cycle in the absence
of Tregs (Figure 5a, left). When Tregs have been added at a 1:1
ratio, 52% of the cells divided in the presence of polyclonal Balb/C
Tregs (middle) and 42% of responders divided in the presence of
TCR transgenic OVA-specific Tregs (right). Thus, both subsets
of Tregs are suppressive, but the antigen-specific Tregs exert a
more suppressive effect than polyclonal Tregs (Figure 5b). This
is graphically represented by a curve shift to the right. This assay
was repeated using T-cell activating anti-CD3/anti-CD28 beads.
In this system, the specificity of Tregs should be irrelevant because
the beads give the proper stimulatory signals regardless of antigen
specificity. Indeed, under these conditions, nTregs from BALB/c
or DO11.10 mice suppress equally (data not shown).

Finally, to examine the properties of the Tregs isolated from
recipients of tolerogenic or control B cells, CD25% cells from
pOVA-Ig treatment and A2-Ig control mice were next used
in a suppression assay. Tregs from the pOVA-Ig B-cell-treated
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Figure 5 Suppression of DO11.10 proliferation to OVA by nTregs.
To determine the role of Treg antigen specificity, polyclonal BALB/c
Tregs were compared to OVA-specific DO11.10 Tregs. (a) pOVA antigen
(0.02 u/g/ml) was used to stimulate division in CFSE-labeled DO11.10/
Rag2™/~ responder cells. In the absence of Tregs, 77% of the responder
cells will divide two or more times in 72 hours. Polyclonal nTregs were
purified from three wild-type BALB/c mice and added at a 1:1 ratio to
the CFSE-labeled responder cells. The cells are suppressive and only 52%
of the responder cells divide two or more times in 72 hours. OVA-specific
DO11.10 Tregs were purified from three DO11.10 mice and added at
a 1:1 ratio to the CFSE-labeled responder cells. These cells are more
suppressive than the BALB/c Tregs and only 42% of the CFSE-labeled
responder cells divide two or more times in 72 hours. (b) An overlay of
the three conditions described demonstrates that the addition of Tregs
to the incubation reduces the number of responder cells that respond to
antigen, and antigen-specific Tregs shift the division curve further to the
right. That is, antigen-specific Tregs are more suppressive than nonspe-
cific Tregs. CFSE, carboxyfluorescein succinimidyl ester; pOVA, ovalbu-
min peptide; Tregs, T regulatory cells.

DOll.lO/RagZ_/ ~ mice represent an entirely induced, antigen-
specific population, whereas Tregs from A2-Ig control-treated
DO11.10 mice represent a noninduced Treg population with an
approximate ratio of 3:2 Ag-specific to endogenous cells. Tregs
from pOVA-Ig-treated DO11.10 mice (80% KJ1.26%) should fall
in between those two extremes.

The results in Figure 6a demonstrate that although Tregs from
each treatment group were suppressive, Tregs from pOVA-Ig
B-cell-treated DOll.lO/RagZ_/ ~ mice (which have the highest
number of Ag-specific cells) were the most suppressive. Thus,
89% of CD4™ responder cells divided at least once, whereas this
was reduced to 76% in the presence of Tregs from A2-Ig-treated
DO11.10 control mice. Tregs from pOVA-Ig-treated DO11.10
mice reduce proliferation to 68% whereas Tregs from pOVA-Ig-
treated DOll.lO/RagZ_/ ~ mice further reduce proliferation to
49%. This is most clearly observed with the histograms overlaid
(Figure 6b). There was a progressively enhanced suppression as
a higher percentage of Tregs were antigen-specific. Again, this is
graphically represented as a shift to the right.

Mechanisms of Treg-dependent suppression

Using the Rag2_/ ~ mouse, we concluded that treatment with tole-
rogenic B cells leads to the induction of Ag-specific adaptive Tregs.
We further queried whether in addition to changes in Tregs, are
there measurable changes to effector cells in the spleen? There are

Molecular Therapy vol. 18 no. 8 aug. 2010
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Figure 6 Suppression of DO11.10 proliferation to OVA by antigen-
specificinduced and noninduced Tregs. To identify differences between
natural and induced antigen-specific cells, Tregs from treated and control
T-cell receptor (TCR) transgenic mice were compared. (a) pOVA antigen
(0.02 u/g/ml) was used to stimulate division in CFSE-labeled DO11.10/
Rag2™/~ responder cells. When present, Tregs from were added to CFSE-
labeled responder cells at a 1:1 ratio. In the absence of Tregs, 89% of
responder cells had divided at least once after 72 hours of incubation.
Using Tregs from DO11.10 mice treated with A2-Ig-transduced control
B cells (n = 5), 76% of responder cells had divided. When Tregs from
DO11.10 mice (n = 5) treated with tolerogenic pOVA-Ig-transduced B
cells were used, 68% had divided. When Tregs from tolerogenic pOVA-Ig
transduced B cells treated DO11.10 Rag2™/~ mice (n = 6) were used,
49% of cells had divided. (b) An overlay of the histograms clearly dem-
onstrates that the CFSE curve from the Rag2™/ ™~ Tregs is shifted more to
the right. The Tregs from these mice must be induced and are entirely
antigen specific. CFSE, carboxyfluorescein succinimidyl ester; pOVA, oval-
bumin peptide; Tregs, T regulatory cells.

three scenarios that could account for an increase in the percent
of Ag-specific Tregs with or without a change in the percentage of
CD4™ effector T cells. If the increase of Tregs is limited to induc-
tion of FoxP3 in antigen-specific responder cells without expansion,
then the total number of Ag-specific cells (FoxP3* and FoxP37) in
the spleen would not be changed. If, however, there is an induction
of FoxP3 and an expansion of either nTregs or induced Tregs, then
the percent of FoxP3 cells and the total number of Ag-specific cells
in the spleen will both increase. Finally, the induction of Tregs could
be seen in conjunction with a decrease in the total number of anti-
gen-specific FoxP3~ effector T cells. If this happened, the increase
in percent of antigen-specific Tregs would be further amplified.

In Figure 7a, we show that when the data from Figure 4
(pOVA-Ig- versus A2-Ig-transduced B cells transferred to
DO11.10/ RagZ_/ ~ mice) were reanalyzed in terms of the percent
of total splenocytes that were CD41KJ ™, it became clear that effec-
tor T cells were decreasing as a percent of total splenocytes by day
12. Importantly, this treatment not only leads to an increase of
these highly suppressive cells, but also leads to a decrease of OVA-
specific responder cells.

To further examine this hypothesis, a large cohort of DO11.0
recombinase-sufficient mice were treated with either pOVA-Ig
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Figure 7 OVA-specific tolerance also results in a loss of effector
T cells. (a) DO11.1 O/Ra92‘/‘ mice (n = 6 per group) were treated with
107 pOVA-Ig-transduced B cells or 107 A2-Ig-transduced B cells as con-
trol. The percentage of total splenocytes that were CD41K]1.26™ were
plotted for each of the groups on day 7 and 12. On day 12, there was
a significant decrease in the percent of splenocytes that were antigen-
specific T cells in the treatment group. The values in the control group
were unchanged. (b) To confirm that OVA-specific tolerance also results
in the loss of antigen-specific T cells in addition to the induction of Tregs,
the experiment was repeated in a large group (n=17) of DO11.10 mice.
The data have been graphed to compare the percent of antigen-specific
T cells (CD41K)™ gated on live cells) to the percent of antigen-specific
Tregs (FoxP3™ gated on CD4™K|* live cells). In this graph, the values from
mice that received tolerogenic B cells have moved to the upper left of this
figure (the larger symbol represents the group average). This indicates
that two changes occur in the spleens of treated mice: (i) an increase in
the percent of CD41K]* cells that express FoxP3* (an increase on the y
axis) and (ii) a decrease in the percent of splenocytes that are CD41K]*
(a decrease on the x axis). (c) To statistically interpret this observation,
a Fisher’s exact test has been applied to the data. This table identifies
how many data points fell into the indicated categories for high and low
frequency K] cells and high and low frequency FoxP3* cells. For exam-
ple, all nine mice in the pOVA-Ig-treated group had a high frequency of
FoxP3™ cells and a low frequency of K|* cells. Seven of the eight mice
in the control group had a low frequency of FoxP3* cells and a high
frequency of K|t cells. The P value for this analysis is highly significant
(P =0.0004) indicating that these two variables are contingent on each
other in this system, and the means are indicated by the larger symbols.
pOVA, ovalbumin peptide; TCR, T-cell receptor; Tregs, T regulatory cells.

tolerogenic B cells or A2-Ig control B cells to allow for statistical
interpretation of the theoretical analysis described above. A plot
of the experimental data (Figure 7b) clearly demonstrates that in
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addition to induction of FoxP3 there is an overall decrease in the
percent of splenocytes that are CD4TKJ ™. In this graph, the A2-Ig
control group represents the baseline and is unchanged. The values
for the pOVA-Ig-treated group are shifted upward and to the left.
This change can be due to destruction of CD4TKJtFoxP3~ cells or
effective elimination if they are somehow excluded from second-
ary lymphoid tissues. To calculate the statistical significance of our
results, we applied a y? analysis (Fisher’s exact test). The data points
were placed into one of four categories depending on whether or
not the percent of FoxP3 cells is high or low and whether or not
the percent of CD4 T cells in the spleen was high or low. Figure 7c
illustrates how many data points fell into each quadrant (P value =
0.0004). This indicates that the two mechanisms are highly contin-
gent on each other. The loss of total Ag-specific effector T cells in
the context of an increase in Ag-specific Tregs provides an addi-
tional mechanism to our understanding of tolerance induction
using retrovirally transduced B cells.

DISCUSSION

Treatment with antigen-lg-transduced B cells induces
tolerance to the antigen by inducing Ag-specific
Tregs and depleting Ag-specific effector T cells

Gene therapy for the induction of tolerance and the treatment of
hemophilia A and B offers great promise.’>**-¢ B-cell-delivered
gene therapy has been shown to induce tolerance to FVIII in both
naive and primed mice for several months following treatment'
as has been observed in our previous work with autoimmune
models."* Herein, we have described two animal models that pro-
vide insight into tolerance induction by B-cell-delivered fusion Ig
gene therapy and the effect it has on both regulatory and effec-
tor T cells. Initially, we sought to reproduce the initial observa-
tion that tolerance to FVIII can be induced in hemophilic mice.
We treated hemophilic mice with tolerogenic B cells expressing
FVIII A2 and C2 domains fused to an IgG heavy-chain scaffold
and showed that treated mice have reduced antibody and T-cell
responses compared to controls. Using FoxP3-GFP knock-in
mice backcrossed against hemophilia A mice, we asked whether
an increase in FoxP3™ cells could be detected in tolerized mice.
Although there was no significant increase in FoxP3 Tregs in a
polyclonal T-cell population, we nonetheless could show Treg
function in CFSE dilution assays. Thus, the experiments in the
hemophilia model have shown that in a physiological system the
effect of tolerance can be monitored through Treg assays. These
data are consistent with observations made by Herzog group
showing that induced Tregs maintain tolerance following adeno-
associated virus-mediated hepatic gene transfer.””

Recently, others have demonstrated the importance of Tregs in
maintaining tolerance in mice with hemophilia. Miao et al. have
pioneered a transgenic model of hemophilic mice with a major-
ity of CD41 T cells expressing FoxP3. These mice do not form
inhibitory immune responses when treated with FVIII replace-
ment gene therapy as opposed to typical hemophilic mice. They
used this model to provide direct evidence that antigen-specific
Tregs play an important role in modulating immune responses
in vivo. They also identified the timeframe of 1-2 weeks as criti-
cal for adoptive transfer of antigen-specific Tregs for maintaining
long-term tolerance.” Two other reports have also been published
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recently to strengthen the hypothesis that antigen-specific Tregs
are fundamental to tolerance induction in hemophilia.?**

To overcome the low precursor frequency of antigen-specific
T cells in the hemophilia A mouse and lack of tetramers for anti-
FVIII T cells, we adopted the DO11.10 TCR transgenic mouse sys-
tem for our gene therapy protocol. We found that in the DO11.10
mouse, on day 7 following treatment, there was an increase in
Ag-specific Tregs and a significant decrease in T-cell responses.
Furthermore, in the DOll.lO/RagZ_/ ~ mouse, which contains
no nTregs, there were significant levels of induced Tregs found on
day 12 with the corresponding decrease in T-cell responsiveness.
With these mice, we clearly identified that FoxP3* Tregs could be
induced and we could identify a selective loss in antigen-specific
effector cells. We believe that this effect is long-term, though the
most significant changes in this subset of T-cell populations occur
within 2 weeks. Whether FoxP3 expression is unstable in this
population is not yet clear.

Table 1 summarizes the different T-cell populations in the
DOI11.10 TCR transgenic mouse and their relative changes
following pOVA-Ig-transduced B-cell treatment. The significant
changes are only found in the antigen-specific cells, and not in
the cells with endogenously recombined TCRs. As mentioned,
there is a significant increase in Ag-specific Tregs and a signifi-
cant decrease in Ag-specific responders (i.e., Ag-specific FoxP3™
cells). Ultimately, the immune response is dictated by the ratio
of responder (effector) T cells to Tregs. These results suggest
that there are at least two mechanisms that likely drive tolerance,
both an increase in Ag-specific FoxP3™ Tregs and a selective loss
of antigen-specific responder cells. These changes in the regula-
tory cell pool work synergistically to shift the lymphocyte balance
toward a tolerogenic phenotype.

The exact nature of the relationship between the ability of
Tregs to suppress and signaling through its TCR is unclear. For
example, Tregs that receive TCR stimulation without exogenous
interleukin-2 are not suppressive.” However, many have shown
that if in vitro assays mimic a physiologic environment by making
necessary cytokines available, then suppression is dependent on
Treg activation through the TCR,®* although it has recently
been suggested that TCR signaling may not be necessary for Treg

Table T Summary of the changes in different T-cell populations in
tolerized DO11.10 mice 7 days following pOVA-lg-transduced B-cell
treatment

A2-lg pOVA-Ig
Cell population group (%) group (%) Significance
Total CD4 25+2.6 15+1.4 P <0.005
Total Treg (CD4*FoxP3*) 1.7£0.15 21016 P<0.05
Total responder (CD4"FoxP3"~) 23+2.5 13+1.3 P<0.001
Ag-specific T cell (CD4KJ*) 18+2.1 83+0.71 P<0.001
Ag-specific Treg (CD4'KJ"FoxP3*)  0.70£0.063 0.94+0.053 P <0.005
Ag-specific responder 17+2.0 74%0.69 P<0.001
(CD4*KJ*FoxP3")
Endogenous T cell (CD4°K]") 74+1.1 6.711.0 P=ns
Endogenous Treg (CD4*KJ FoxP3*) 1.0+0.11 12+0.17 P=ns
Endogenous T cell (CD4*K]J FoxP3") 6.4+0.99 5.5+0.87 P=ns

Abbreviation: pOVa, ovalbumin peptide.
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function.” Herein, we have presented data to suggest that both
views may be correct. Our data demonstrate that Tregs can be
suppressive if they are not Ag-specific, but they are more sup-
pressive when they are. For example, we found that Tregs isolated
from a BALB/c mouse with polyclonal repertoire can suppress
OVA-specific T cells responding to pOVA. However, Tregs iso-
lated from a DO11.10 mouse that are specific for pOVA, were
more suppressive. Notably, induced Ag-specific Tregs isolated
from DOll.lO/Ragz_/ ~ mice were the most suppressive T-cell
subset we studied.

What is the underlying mechanism behind tolerogenic B-cell
mediated suppression in this model? A recent review* summa-
rized four basic mechanisms that Tregs use and they include:
inhibitory cytokines, cytolysis, metabolic disruption, and target-
ing dendritic cells. We performed assays for these methods, but
we could not identify obvious differences when comparing Tregs
from mice treated with tolerogenic cells and control treatment.
That is, both natural and induced Tregs had the expected pheno-
typic markers that include: TGFp+, CD25%, CTLA-4%, IDOT,
CD44%, FR4*, Granzyme B™, interleukin-2t, CD127. Further
markers may need to be analyzed to determine the molecular
basis for the differences between nTregs and induced Tregs in this
system. Hopefully, the complete mechanism by which the tolero-
genic B cells confer antigen-specific tolerance will become clear in
the near future as we develop the molecular tools to fully charac-
terize this phenomenon.

MATERIALS AND METHODS

Mouse models. Factor VIII deficient mice® (FVHI*/ ~) were used as
the model for Hemophilia A. FVIIT/~ mice on a BALB/c background
were the generous gift of Dr Lillicrap (Queen’s University). The parental
strain of FoxP3-GFP* mice was obtained from Dr Rudensky (University
of Washington). These mice have a targeted insertion of GFP in the
first exon of the FoxP3 gene, on the X chromosome that does not alter
the function of the transcribed protein.® The strategy for identifying
FVIIT~/~/FoxP3-GFP mice is shown in Supplementary Figure S1 and
offspring that contained the desired crossover mutations (FVIII™/~ and
FoxP3-GFP). Additionally, TCR transgenic DO11.10 and DO11.10/
RagZ_/ ~ were established by crossing a FoxP3-GFP mouse against a stable
parental line and then backcrossing for a total of 10 generations. Presence
of the GFP mutation could be tested by genotyping PCR (using primers F:
AGCCTGCCTCTGACAAGAAC; R: CAAGTACCCCACCCTGCTTA) or
by flow cytometry. The presence of the TCR transgene product was identi-
fied using the clonotypic mAb, KJ1.26. All strains were backcrossed for 10
generations and then maintained by sibling mating. Animals were housed
and bred in pathogen-free microisolator cages at the animal facilities oper-
ated by the University of Maryland School of Medicine.

Retroviral-mediated gene transfer. Production of retrovirus producing
packaging cells has been previously described.” Briefly, complementary
DNAs encoding immunodominant domains of FVIII (C2 or A2) or the
pOVA were cloned in the BSSK-IgG construct and then the antigen-Ig
construct was subcloned into a bicistronic MSCV-IRES-GFP vector
(Dr Bunting, Case Western Reserve University). Packaging cell lines that
stably produce retrovirus were made by co-transfection of the MSCV-(C2
or A2 or pOVA)-IgG-IRES-GEFP, the helper plasmids pSRa-G, and pEQ-
PAM3e. The retroviral supernatants were then used to stably transduce the
GPE-86 packaging cell line. Mouse primary B cells were stimulated with
bacterial LPS at 10 ug/ml for 24 hours. Next, the activated cells were cocul-
tured with irradiated (1,500 rad) viral packaging cells in the presence of
6 ug/ml polybrene for an additional 24 hours. The virally infected B cells
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were washed and 107 cells were then delivered to each syngeneic recipient.
On the basis of GFP expression level in B cells, the percentages of produc-
tively transduced cells were estimated to be about 60% for C2-Ig, 30% for
A2-Ig, and 40% of pOVA-Ig.

Treg purification. CD4TCD257 cells were isolated using magnetic beads
and columns (Miltenyi, Bergisch Gladbach, Germany). Anti-CD25 (PC61)
antibody was produced and purified in house and conjugated with bio-
tin using a commercial kit (AnaSpec, Fremont, CA). Lymphocytes were
processed into a single-cell suspension, blocked with 24G.2 (anti-Fc),
and labeled with PC61-biotin for 10 minutes at 1ug/ml. The cells were
then washed twice, resuspended in labeling buffer and incubated with
streptavidin-coated magnetic beads and column purified following the
vendor’s protocol (Miltenyi). Typically, about 90% of purified CD4™ cells
are FoxP3™.

CFSE labeling. Cell proliferation was measured by examining CFSE
dilution in labeled cell populations. Vendor specifications were optimized
for proper labeling (Invitrogen, Carlsbad, CA). Briefly, cells were recon-
stituted at 10° cells/ml in 37°C phosphate-buffered saline+0.1%bovine
serum albumin and incubated with 1 umol/l CESE for 10 minutes at 37°C.
They were placed on ice for 5-10 minutes with RPMI 5% and washed three
times.

Treg suppression assays. Lymph nodes were collected from the FVIII/CFA
treated mice or DO11.10 TCR transgenic mice and stained with CFSE. In
preliminary experiments, it was observed that the optimal FVIII dose
for CFSE dilution of these primed lymph node cells was 0.1-1 ug/ml and
the optimal OVA dose for DO11.10 T cells was 0.01-0.1 pg/ml (data not
shown). Splenocytes from mice in each experimental group were pooled
and CD257 selection beads were used to purify Tregs. Purified Tregs were
mixed with effector cells in different ratios, and FVIII (or OVA) was used
to stimulate cells for 72 hours before flow cytometric analysis. Suppression
assays were established in round bottom 96-well plates in 300 ul/well in
triplicates. Typically, 2 x 10° CFSE-labeled effector (responder) cells were
added. Antigen was added at a standard concentration and dilutions of
Treg cells were added.

Statistical analysis. In all experiments, the data are expressed as the
mean + SEM. To compare antibody concentrations between experimental
groups an unpaired Student’s ¢-test was used. To compare trends in T-cell
proliferation analysis, a two-factor analysis of variance without replication
was used. To compare categorical data for objects that can be classified in
two different ways, a Fisher’s exact test was used.

SUPPLEMENTARY MATERIAL

Figure S$1. Derivation of FVIII_/‘/FoxPS-GFP mice.

Figure $2. Detection of FoxP3™ T cells in transgenic and non-
transgenic mice.
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