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Under certain instances, factor VIII (FVIII)
stimulates an immune response, and the
resulting neutralizing antibodies present
a significant clinical challenge. Immuno-
therapies to re-establish or induce long-
term tolerance would be beneficial, and
an in-depth knowledge of mechanisms
involved in tolerance induction is essen-
tial to develop immune-modulating strate-
gies. We have developed a murine model
system for studying mechanisms in-
volved in induction of immunologic toler-
ance to FVIII in hemophilia A mice. We

used lentiviral vectors to deliver the ca-
nine FVIIl transgene to neonatal hemo-
philic mice and demonstrated that induc-
tion of long-term FVIII tolerance could be
achieved. Hemophilia A mice are capable
of mounting a robust immune response
to FVIII after neonatal gene transfer, and
tolerance induction is dependent on the
route of delivery and type of promoter
used. High-level expression of FVIIl was
not required for tolerance induction and,
indeed, tolerance developed in some ani-
mals without evidence of detectable

plasma FVIIl. Tolerance to FVIII could be
adoptively transferred to naive hemo-
philia recipient mice, and FVIll-stimulated
splenocytes isolated from tolerized mice
expressed increased levels of interleukin-10
and decreased levels of interleukin-6 and
interferon-y. Finally, induction of FVIII tol-
erance mediated by this protocol is asso-
ciated with a FVIll-expandable population
of CD4+CD25*Foxp3* regulatory T cells.
(Blood. 2009;114:677-685)

Introduction

Factor VIII (FVIII) can provoke a host immune response that is
associated with the development of antibodies that inhibit FVIII’s
activity. FVIII-specific CD4" T cells drive the synthesis of these
antibodies, which are often referred to as inhibitors.!? FVIII
inhibitors develop in approximately 25% of congenital hemophilia
A patients, but the reason that the majority of patients remain
inhibitor free is still unclear. The hemophilic genotype contributes
to this risk, because patients with null mutations have the highest
incidence of inhibitor development.> However, other immunoge-
netic characteristics also contribute to this outcome.*?

Most of the anti-FVIII antibodies that have been described to
date target functional epitopes, and inhibit FVIII activity by steric
hindrance.® Other antibodies target nonfunctional epitopes to form
immune complexes that accelerate FVIII clearance,’ or catalyze the
hydrolysis of FVIIL® The development of FVIII inhibitors poses
significant challenges to clinical management, and therefore,
immunomodulatory therapies that induce or re-establish immuno-
logic tolerance to FVIII are an important therapeutic goal.

Immune tolerance induction to FVIII is successful in eradicat-
ing anti-FVIII antibodies in approximately 75% of treated pa-
tients.>!9 Most often, immune tolerance induction involves fre-
quent intravenous infusions of high doses of FVIII administered
more than many months. High doses of FVIII may inhibit the
differentiation of FVIII-specific memory B cells into antibody-
secreting plasma cells, and more than time, this results in the

eradication of the anti-FVIII antibodies.!! There are, however,
significant limitations to this approach, including the high cost of
FVIII products, the requirement of frequent venous access, and the
lack of affordable access to FVIII to induce tolerance in patients in
developing countries.

Despite considerable clinical experience, our basic understand-
ing of the pathogenesis of FVIII inhibitor development and the
mechanisms involved in the induction of tolerance to FVIII
remains fragmentary at best. A comprehensive understanding of
these mechanisms is essential to develop effective strategies for
immunomodulatory intervention. To this end, we have developed a
relevant animal model for inducing and establishing long-term
immune tolerance to FVIII. We chose to use the BALB/c!? as
opposed to C57BL/6'3 hemophilia A mice because BALB/c mice
have a biased T helper (Th)2 immune response, and reliably mount
a robust anti-FVIII response. This would be a good model for
inhibitor development in large hemophilic animals.'>!#The neona-
tal period provides a unique window of time to establish central
tolerance to neoantigens, and we have used this opportunity and a
lentiviral delivery system to introduce the canine FVIII (cFVIII)
transgene into hemophilia A neonates. In this study, we demon-
strate that long-term immunologic tolerance to FVIII is established
in this model, and illustrate how the model can be used to evaluate
mechanisms underlying tolerogenic responses to FVIII in hemo-
philia A mice.
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Methods

Construction of lentiviral vectors

The vector backbone plasmid, plenti-cytomegalovirus (CMV)-cFVIII,
contains a B-domain—deleted ¢cFVIII ¢cDNA'"S and has previously been
described.'® The chimeric apolipoprotein E locus control region/human
al-antitrypsin promoter (HCR/hAATp) element'” was polymerase chain
reaction (PCR) amplified and subcloned into the vector backbone plasmid.
cFVIlI-expressing lentiviral vectors under the control of the CMV promoter
or HCR/hAAT promoters are denoted as Lenti-CMV-cFVIII and Lenti-HCR/
hAAT-cFVIII, respectively.

Lentiviral vector production

The vesicular stomatitis virus-G—pseudotyped lentiviral vectors were
produced in 293T cells, and functional titers of the lentiviral vectors were
determined, as previously outlined.'® Average lentivector titers of
2.88 = 1.61 X 108 IU/mL were reproducibly achieved.

Endotoxin assay

All viral preparations and recombinant cFVIII were assayed for levels of
endotoxin contamination using the QCL-1000 test kit (BioWhittaker),
according to the manufacturer’s recommendations. Previous modifica-
tions'® to our viral production methods resulted in an average 3-fold
reduction in the assayed levels of endotoxin, as well as a significant
reduction in contaminating proteins seen with earlier vector produc-
tion protocols.

Animal procedures

Animals used in this study were derived from C57BL/6 FVIII exon
16-disrupted hemophilic mice!® that were crossed with normal BALB/c
mice (Charles River Laboratories) for more than 10 generations.'>!4
Unanesthetized mice, between 0 and 1 day of age, were administrated
lentiviral vector intravenously through the temporal vein, intraperitoneally
or subcutaneously. Peripheral vein blood samples were collected from the
saphenous vein. All animal procedures were reviewed and approved by the
Queen’s University Animal Care Committee.

Assays for vector-mediated toxicity

For assessment of hepatotoxicity, alanine aminotransferase levels were
assayed on plasma samples that were submitted to the Clinical Chemistry
Laboratory at Kingston General Hospital.

FVIIl and neutralizing anti-FVIIl antibody assays

Measurement of plasma cFVIII functional activity was carried out by
chromogenic bioassay (DiaPharma), as directed by the manufacturer for the
microplate acid stop method. Normal human reference plasma (Precision
Biologicals) was used to establish the FVIII standard curve. The sensitivity
of FVIII detection with this assay, in our experience, is at least 10 mU/mL.
Anti-cFVIII inhibitory antibodies were measured by the Bethesda assay.'$
Various dilutions of sample plasma were mixed in a 1:1 ratio with normal
canine-pooled plasma and incubated at 37°C for 2 hours, and residual FVIII
activity was determined by a functional one-stage FVIII assay, using a
canine-pooled plasma as standard. Total anti-cFVIII antibodies were
measured, as previously described,'® except that the 96-well plates were
coated with 0.1 pwg of cFVIII and the secondary antibody was a goat
anti-mouse immunoglobulin G-F(ab’) conjugated to horseradish peroxidase.

Quantitative reverse transcription—-PCR analysis

In vivo expression from the cFVIII transgene was quantified by reverse
transcription (RT)-PCR analysis. The cFVIII probe, 5'FAM-CATCCGCAG-
CACTCTTCGCATGG, and forward and reverse primers TTTGCAC-
CCAACCCATTACA and ACTGTTGAAGTCACAGCCCAAGA, respec-
tively, were designed from cFVIII mRNA sequence using the Primer
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Express software program. RNA was extracted from mouse organs using
TRIzol (Invitrogen) and treated with RNase-free DNase. After inactivation
of the enzyme with EGTA (ethyleneglycoltetraacetic acid), 0.5 pg of RNA
was mixed with the probe, primers, RNase inhibitor, and TagMan One-Step
RT-PCR Mix, and loaded into the sequence detection system. The RNA
copy number was determined using the vector plasmid pLenti-CMV-cFVIII
as the DNA standard and B-actin as the endogenous control. The integrated
vector copy number in transduced mouse tissue was also determined by
quantitative RT-PCR, as described above, on DNA extracted from various
tissues.?

Challenge of treated mice with recombinant cFVIll and isolation
of splenocytes for in vitro and in vivo analysis

Before the termination of each experiment, mice were challenged with
4 intravenous infusions of recombinant His-tagged cFVIII protein?! (80 TU/
kg) at weekly intervals. All preparations were assessed for endotoxin, and
levels were undetectable. After each cFVIII challenge, anti-cFVIII-
neutralizing antibodies were measured by the Bethesda assay.'® Within
48 hours of the last cFVIII challenge, mice were euthanized and spleno-
cytes were isolated, teased into single-cell suspensions, and washed with
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid)-buffered
saline solution. Red blood cells were lysed with Tris-buffered ammonium
chloride. Isolated splenocytes were divided for 3 groups of studies, as
follows: (1) cytokine release analysis and T-cell proliferation, (2) adoptive
transfer, and (3) T regulatory cell analysis. Inhibitor-positive control mice
received either temporal vein injection of the Lenti-CMV-cFVIII or
subcutaneous injection of Lenti-HCR/hAAT-cFVIII as neonates. Naive
control mice did not receive gene transfer as neonates and were not
challenged with recombinant cFVIIIL.

Analysis of antigen-specific cytokine release and T-cell
proliferation

Isolated splenocytes were cultured in triplicate in 96-well plates for
72 hours in 200 pL of X-vivo medium (Cambrex) in the absence or
presence of recombinant cFVIII (0.1 IU, 1 IU, and 10 IU). For the cytokine
release assays, 10 cells/well were used and 5 X 10* cells/well were used
for the T-cell proliferation assays. Levels of interleukin (IL)-6, IL-10, and
interferon (IFN)—y in culture supernatants were assayed by enzyme-linked
immunosorbent assay (ELISA; eBioscience). Results are expressed as
pg/mL and represent the mean of triplicate values. T-cell proliferation was
assessed using the CellTiter 96 Aqueous Non-Radioactive Cell Proliferation
Assay kit (Promega), and results are expressed as raw data as a corrected
absorbance at 490 nm.

Adoptive transfer of T cells

CD4*, CD4*CD25", and CD4*CD25~ Tcells were separated from
splenocytes using magnetic beads (MACS Cell Separation; Miltenyi
Biotec). T cells (10°) were injected intravenously via the tail vein into naive
syngeneic sex-matched recipient BALB/c hemophilia A mice. Recipient
mice were challenged within 48 hours with intravenous administration of
recombinant cFVIII (80 IU/Kg) for 3 consecutive days and evaluated for
anti-cFVIII inhibitors.

Analysis of regulatory T cells in immune-tolerized mice

Total splenocytes isolated from mice were analyzed directly for Foxp3.
CD4" T cells were separated using the magnetic beads, as described in
“Adoptive transfer of T cells.” and surface stained with phycoerythrin cy5
anti-mouse CD25. A portion of the cells was stained intracellularly with
phycoerythrin anti-mouse Foxp3 using a regulatory T cell staining kit
(eBioscience). Flow cytometric analysis was performed on a FACScan. The
remainder of the cells was cultured for 72 hours in the presence of FVIII,
and then analyzed by flow cytometry for FoxP3, as described above.
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Figure 1. FVIll expression and inhibitor development after intrave- A B C
nous temporal vein infusion of Lenti-CMV-cFVIIl and Lenti-HCR/ CMV TV FVIII:C CMV TV Inhibitors CMV TV Inhibitors
hAAT-cFVIIl into BALB/c neonatal mice. (A-B) An initial cohort of g m m _
5 BALB/c hemophilia A neonates was treated via temporal vein 3 ;g N=5 §180 N=5 5200 N=10
infusion with 100 pL of 2 x 107 IU of Lenti-CMV-cFVIII. (D-E) BALB/c E 50 5 140 //\ ‘,6’150
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activity were determined by a chromogenic assay. (B,E) Anti-cFVIII 2 20 = 20 ﬁ 50
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were used as controls for positive inhibitor development. The inhibitor
titers for these mice are shown in panel C.
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Statistical analysis

All data are presented as the mean plus or minus SEM. Statistical
comparisons of experimental groups were evaluated with a Student ¢ test.
A P value of less than .01 was considered statistically significant.

Results

cFVIIl expression and inhibitor development after
administration of lentiviral vectors to neonates

An initial cohort of 5 BALB/c hemophilia A neonates was injected
intravenously via the temporal vein with 2 X 10 TU/Kg Lenti-
CMV-cFVIIIL. Sampling before 4 weeks is not feasible in neonates
and, therefore, hepatotoxicity associated with lentiviral vector
infusion cannot be evaluated. However, after infusion of the virus
into adult mice, alanine aminotransferase levels were within the
normal range (23.0 = 9.3 IU/L),? and no mice died as a result of
injection of the lentiviral vector. Baseline FVIII activity in BALB/c
hemophilia A mice is less than 10 mU/mL, and cFVIII inhibitor
titers are less than 0.5 Bethesda Units (BU). Apart from one small
spike of cFVIII activity at 5 weeks in one mouse, no detectible
cFVIII was observed in any of these mice (Figure 1A), and at
termination of the experiment at 12 weeks postgene transfer, 4 of
the 5 mice had cFVIII inhibitor titers ranging from 0.7 to
137.0 BUs (Figure 1B). An additional 10 neonatal mice were
infused in a similar manner, and because no plasma FVIII was
detected (data not shown) and all developed cFVIII inhibitors
with titers ranging from 1.2 to 193 BUs (Figure 1C), these
treated mice were used as a positive control for an anti-cFVIII
immune response.

To evaluate whether the use of a liver-restricted promoter could
prevent an anti-FVIII immune response, 6 BALB/c hemophilia
A neonates were infused via the temporal vein with 2 X 107 IU of
Lenti-HCR/hAAT-cFVIIL cFVIII activity was observed in 5 of the
6 mice, and in 3 of these mice, cFVIII activity was detected for
more than 11 weeks after vector administration (Figure 1D). The
maximum cFVIII activity was 1033.8 mU/mL. One mouse devel-
oped a persistent inhibitor, with a maximum titer of 1.8 BUs
(Figure 1E). This mouse never expressed detectable levels of
cFVIIL. A second mouse developed a transient inhibitor at 5 weeks.

N=6 /\7_\
b
2 4 6 8 10 12 14

EVIIl Inhibitor (BUs) ITl
N
O )

NG}//\\//F\g//
2 4 6 8 10 12 14

Weeks

1
0
Weeks

Quantification of vector copy number in mouse organs after
temporal vein injection

The number of integrated transgene copies in livers in mice
treated with Lenti-CMV-cFVIII or Lenti-HCR/hAAT-cFVIII was
0.21 (£ 0.07) and 0.40 (= 0.17) vector copies per cell, respec-
tively, whereas spleen DNA contained 0.12 (* 0.05) and
0.17 (£ 0.08) vector copies per cell, respectively (Figure 2A). To
evaluate the tropism of vesicular stomatitis virus-G—pseudotyped
Lenti-HCR/hAAT-cFVIII administered to neonates via the tempo-
ral vein, major organs were collected from a mouse that still
expressed plasma cFVIII:C (1033 mU/mL) at 13 weeks (Figure
2B). DNA was also isolated from the 5 mice that received
Lenti-HCR/hAAT-cFVIII, but that no longer expressed cFVIII, and
no differences in integrated copy numbers were observed in any of
the organs between the mouse that expressed cFVIII at 13 weeks
and those that no longer expressed cFVIII at 30 to 32 weeks.
Although lentiviral DNA sequences were detected in all of the
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Figure 2. Quantitation of viral copy number in mouse organs after lentivector
transduction. Mice were killed at various time points, and the number of integrated
viral copies was determined by quantitative PCR analysis. Integrated transgene copy
number is represented as copies per cell using the copy number of the murine B-actin
sequence as an endogenous reference. (A) The mean viral copy numbers in livers
and spleens from the mice 12 to 13 weeks posttemporal vein infusion with Lenti-CMV-
cFVIIl (n = 5) or Lenti-HCR/hAAT-cFVIII (n = 6). Error bars represent the SEM.
(B) Mice treated intravenously with Lenti-HCR/hAAT-cFVIII were killed at 13 (n = 1)
or between 30 and 32 (n = 4) weeks after treatment. Organ distribution of the vector
was studied in liver, spleen, heart, lung, kidney, and small intestine isolated from
5 mice, as well as testis and white blood cells (WBCs) isolated from a single mouse.
Plasma cFVIII:C expression in the mouse that was killed at 13 weeks was 1033 mU/
mL, whereas no plasma cFVIII:C could be detected in the mice killed at 30 to
32 weeks (n = 4).
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Figure 3. FVIII activity and inhibitor titers after intraperitoneal or
subcutaneous administration of lentiviral vectors to neonatal hemo-
philia A mice. Neonatal BALB/c hemophilia A mice were treated with
2 X 107 IU of Lenti-HCR/hAAT-cFVIIl intraperitoneally (A-B) or subcutane-
ously (C-D). (A,C) Plasma levels of FVIII in mice treated via these delivery
routes and (B,D) levels of neutralizing anti-cFVIIl antibodies as measured
by a Bethesda assay (note the different inhibitor axes). Five of the mice
that were injected subcutaneously with Lenti-HCR/hAAT-cFVIII and which
developed neutralizing anti-cFVIIl antibodies that ranged between 23 and
95 BU were used as positive controls for inhibitor development.

A B
HAAT IP FVIIl:C 600 HAAT IP Inhibitors
3 1.00 -
£ N=7 3
=] o
e 0.75 e
: 3
k3] £
< 0.25 =
S S
L 0.00 + T o o = = L 2 .
0 2 4 6 8 10 4 6 8 10
Weeks Weeks
C D -
~ 1.00 HAAT SC FVIII:C 750 Haat SC Inhibitor
- —_
E . z
2 0T N = 500
2 050 2
2 =
E 0.25 é 250
£ s
> 0.00 -

0 10 20 30 40 50
Weeks

organs analyzed, liver and spleen had the highest vector copy
number per cell. A comparison of the levels of plasma cFVIII
activity and the integrated vector copy number in liver samples
isolated from 6 mice treated intravenously with Lenti-HCR/hAAT-
cFVIII indicated that the level of cFVIII transgene integration does
not correlate with the levels of plasma cFVIII activity (data not
shown). When neonatal mice are treated with an integrating viral
vector, there is clonal expansion of transduced hepatocytes with
growth and development. Presumably, the site of vector integration
and the efficiency of the neonatal temporal vein injection procedure
influence levels of transgene expression.

Quantitation of in vivo cFVIll-transgene expression

RNA was extracted from the livers and spleens from the single
mouse that expressed 1033 mU/mL FVIII and from the 5 mice that
no longer expressed FVIIL. Levels of cFVIII mRNA in these tissues
were evaluated by quantitative RT-PCR. The lowest limit of mRNA
detection was approximately 100 copies/jg, and B-actin mRNA
copy number was used as a control. In the treated mouse that still
expressed cFVIII, 1.56 X 10* copies/pg cFVIII mRNA transcripts
were detected in the liver and no cFVIII mRNA was detected in the
spleen. This finding indicates that cFVIII expression mediated by
the HCR/hAAT promoter appears to be liver specific. cFVIIL
mRNA was not detected in any of the livers or spleens from the
5 treated mice that no longer had detectable levels of plasma cFVIIL

Evaluation of route of transgene delivery and inhibitor
development

In adult mice, the route of vector delivery is a factor that
contributes to triggering host immune responses,?® but the neonatal
immune system is relatively immature.”* Because temporal vein
infusions in neonatal mice are technically challenging, we wanted
to evaluate alternate delivery routes. Seven and 14 hemophilia
A BALB/c neonates (0-1 day old) were injected with 2 X 107 TU of
Lenti-HCR/hAAT-cFVIII intraperitoneally or subcutaneously, and
sampling was started after 3 weeks. No FVIII activity was detected
in any of the mice (Figure 3A,C), and all mice developed
neutralizing antibodies against cFVIII (Figure 3B,D). Long-term
inhibitor titers were not available for mice injected intraperitone-
ally; however, high titer inhibitors persisted throughout the observa-

tion period in mice treated subcutaneously. Combined, these data
demonstrate that, similar to adult mice, neonates are capable of
mounting a robust anti-FVIII immune response after viral vector-
mediated gene delivery, and the route of vector delivery and the
type of promoter that regulates transgene expression influence the
development of the anti-FVIII immune response.

Analysis of long-term induction of immune tolerance to cFVIIl

Subsequent to these initial studies, an additional 18 neonates were
injected with Lenti-HCR/hAAT-cFVIII via the temporal vein. Five
of these mice continued to express cFVIII beyond 13 weeks, with a
peak cFVIII activity of 1587 mU/mL (Figure 4A). Similar to the
initial cohort, levels of plasma FVIII did not persist and slowly
began to drop in all mice. Loss of cFVIII expression began at
different time points in the various treated mice, but in all mice
cFVIII was undetectable by 20 weeks posttreatment. The loss of
cFVIII expression was not associated with the development of
anti-cFVIII inhibitors, although 3 mice did develop a low-level
transient inhibitor (Figure 4B). In inbred mice, the Bethesda assay
is indicative of an anti-FVIII immune response and was used
because it provides a clinically relevant marker of this response.
However, it does not measure total anti-FVIII antibodies. To ensure
that no anti-FVII antibodies were present in the treated mice that no
longer expressed cFVIII, plasma samples were isolated from
5 treated mice at 14 and 28 weeks postgene transfer, and total
anti-cFVIII antibodies were measured by ELISA. No anti-
cFVIII antibodies were detected (< 0.01 mg/mL) in any of these
5 mice. This is in contrast to inhibitor-positive (5.4-95.4 BU)
controls (injected subcutaneously as neonates with Lenti-HCR/
hAAT-cFVIII) that had total anti-cFVIII antibody levels of
0.3 t0 2.2 mg/mL.

When hemophilia A mice are challenged with repeated intrave-
nous infusions of recombinant cFVIII, they invariably mount a
robust anti-FVIII immune response. To determine whether the
mice that received temporal vein (TV) infusion of Lenti-HCR/hAAT-
cFVIII as neonates had established long-term immunologic toler-
ance to cFVIII, 14 mice were challenged with 4 intravenous
infusions of recombinant cFVIII (80 IU/kg) at weekly intervals.
Although none of these mice had detectable levels of plasma
cFVIIIL:C, they did not develop inhibitors, which is in stark contrast
to naive control hemophilia A mice (Figure 4C). Furthermore,
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Figure 4. Evaluation of induction of tolerance to cFVIil in
mice treated with Lenti-HCR/hAAT-cFVIIl. (A) BALB/c neo-
natal mice (n = 18) were infused with 2 X 107 IU of Lenti-HCR/
hAAT-cFVIII via the temporal vein, and levels of plasma cFVIII
activity were assayed over the 58-week duration of the
experiment. (B) Levels of anti-FVIII inhibitory antibodies were
assayed. (C) Hemophilia A mice infused as neonates with
Lenti-HCR/hAAT-cFVIII via temporal vein injection were chal-
lenged with 4 weekly intravenous infusions of recombinant
cFVIIl. These mice no longer expressed cFVIIl at the time of
challenge. Levels of anti-FVIII inhibitory antibodies were
assayed. Hemophilia mice that received gene transfer as
neonates are referred to as HAAT TV/Tolerized, and mice that
did not receive gene transfer, but were challenged in a similar

1550
1050
550
400
300
200

100

cFVIIl Activity (mU/mL) >

manner, are labeled naive. Hemophilia A mice treated via (C ~ HAAT TV/Tolerized

temporal vein injection with Lenti-CMV-cFVIII as neonates

n
were challenged with the same intravenous cFVIIl protocol 2 504 N=14
T - o
and are labeled inhibitor. Inhibitor levels were measured at = 40
0, 1, 3, 5, and 7 weeks after the first cFVIII injection. ]
5 30
€20
E 10
0

0 2 4 6 8
Weeks After Challenge

5 inhibitor-positive mice were also challenged with cFVIIL, and in
all mice levels of cFVIII inhibitors increased (Figure 4C). These
results demonstrate that when hemophilia A neonates are infused
intravenously with a lentiviral vector that encodes for liver-
restricted expression of cFVIII, they develop long-term immuno-
logic tolerance to cFVIIIL.

Shift in cytokine secretion profile when splenocytes from
cFVlll-tolerized hemophilia A mice are stimulated in vitro
with cFVIII

To gain insights into the mechanisms that facilitate the observed
long-term tolerance to cFVIII, splenocytes were harvested within
48 hours after the last FVIII challenge from cFVIII-tolerized and
inhibitor-positive hemophilia A mice. Naive control hemophilia
A mice did not receive FVIII gene transfer as neonates and were not
challenged with intravenous infusions of recombinant cFVIII. The
splenocytes were cultured in the presence or absence of cFVIII, and
cytokine production was assayed after 72 hours (Figure 5A).
Increases in IFN-y and IL-6 are associated with Thl and Th2
T cell-mediated responses, respectively, whereas increases in IL-10
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are associated with Th2 responses and are also characteristic of
regulatory T-cell-mediated immune suppression. The results show
that relative to the untreated naive control and inhibitor-positive
mice, cFVIII-stimulated splenocytes isolated from cFVIII-
tolerized mice secrete decreased amounts of IL-6 and IFN-y and
increased amounts of IL-10.

Neonatal temporal vein injection with Lenti-HCR/hAAT-cFVIIl
decreases the proliferative response of cFVIll-stimulated
splenocytes

The isolated splenocytes were also assessed for in vitro proliferation
upon cFVIII stimulation. Relative to naive mice, splenocytes obtained
from the cFVIII-tolerized mice stimulated in vitro with cFVIII displayed
decreased proliferation rates, and this is in contrast to splenocytes from
inhibitor-positive mice that displayed increased proliferation rates when
stimulated with cFVIII (Figure 5B). Concanavalin A was used as a
positive control for splenocyte proliferation. Taken together, these
results indicate that the induction of long-term cFVIII-specific tolerance
by neonatal cFVIII gene transfer involves active peripheral suppression
of an anti-cFVIII immune response.

600 4 Clow
./
J 011U Figure 5. Cytokine secretion profile and relative proliferation of
o %00 101U
£ 400 — splenocytes from cFVlli-tolerized mice after in vitro cFVIIl stimula-
\g 1001V tion, (A) Within 48 hours of the last cFVIII challenge, splenocytes were
300 1

isolated from mice that received temporal vein infusion of either Lenti-HCR/
hAAT-cFVIIl (n = 8) or Lenti-CMV-cFVIIl (n = 3) as neonates, and the
cells were cultured in vitro with or without cFVIII. Culture supernatants
were evaluated for the presence of IL-6, IL-10, and IFN-y by ELISA. The
bar graphs represent the levels of assayed cytokines. Hemophilia A mice
that received Lenti-HCR/hAAT-cFVIII are labeled cFVIlI-tolerized, and
those that did not receive gene transfer and were not challenged with
intravenous infusions of recombinant cFVIII are labeled naive. Mice that
were treated with Lenti-CMV-cFVIIl and developed inhibitors are labeled
inhibitor. Spleens isolated from 3 mice from each group were tested in
triplicate with 4 different amounts of cFVIII (0, 0.1, 1.0, and 10 IUs).
Results are the mean + SEM. Significant differences in levels of the
various cytokines relative to no FVIII stimulation are incidated: *P < .01.
(B) In vitro proliferation analysis of isolated splenocytes cultured in various
amounts of cFVIIl. Spleens isolated from 3 mice from each group were
tested in triplicate with 4 amounts of cFVIII (0, 0.1, 1, and 10 1Us). Results
are the mean = SEM. Significant differences in T-cell proliferation relative
to the control are indicated: *P < .01.
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CD4* T cells from cFVlll-tolerized mice are capable of
transferring tolerance to naive recipient animals

With a view to determine whether the cFVIII-specific tolerance
associated with neonatal intravenous delivery of the lentiviral
vector is mediated by regulatory T cells, adoptive transfer experi-
ments were carried out. CD4™ T cells were separated from the
splenocytes isolated from cFVIII-tolerized, inhibitor-positive, and
naive control hemophilia A mice and injected intravenously into
naive syngeneic, sex-matched recipient hemophilia A mice. These
recipient mice were subsequently challenged within 48 hours with
3 daily intravenous cFVIII injections (80 IU/kg per day) and
evaluated for anti-FVIII inhibitor development. As a control for
inhibitor development, 4 mice that did not receive CD4* T cells
were challenged with cFVIII in a similar manner. The results
presented in Figure 6A clearly show that CD4" cells isolated from
cFVIII-tolerized mice protect naive recipient mice against anti-
FVIII inhibitor development, whereas mice that did not receive
CD47 T cells, as well as mice that received CD4" T cells from
naive controls, all developed cFVIII inhibitors.

CD4* T regulatory cells consist of both CD25*" and CD25~
cells. To determine whether either or both of these regulatory
T cells participate in suppressing the anti-FVIII immune response
in the tolerized hemophilia A mice, we carried out similar adoptive
transfer experiments using CD4+*CD25~ and CD4*CD25* T cells
(Figure 6B-C, respectively). Naive hemophilia mice that received
either CD4*CD25% or CD47CD25" T cells from the inhibitor-
positive or naive control mice produced similar levels of neutraliz-
ing anti-cFVIII antibodies when challenged with cFVIIL. In
contrast, when challenged with cFVIIIL, the CD4*CD25* T cells
isolated from the cFVIII-tolerized mice completely suppressed the
anti-cFVIII immune response in the recipient hemophilia A mice.
Although the CD4*CD25 T cells from the FVIII-tolerized mice
did not completely suppress the anti-cFVIII immune response,
levels of neutralizing anti-cFVIII antibodies are lower and appear
later compared with recipient mice that got CD4*CD25~ cells
from either inhibitor-positive or naive control mice. The fact that
CD47CD25" T cells adoptively transferred from cFVIII-tolerized
mice prevent anti-FVIII inhibitor development suggests that active
peripheral suppression is playing a significant role in the mainte-
nance of cFVIII tolerance in this model.

Immune tolerance to cFVIll is regulated by CD4*CD25*Foxp3*
T cells

To determine whether the CD47CD25" regulatory T cells that
participate in the observed active suppression of the anti-FVIII
immune response are Foxp3*, splenocytes were isolated from
cFVIII-tolerized mice that were challenged with cFVIII. Naive
control mice did not receive cFVIII gene transfer and were not
challenged with recombinant cFVIII. Flow cytometric analysis was
performed on CD4" T cells before and after in vitro cFVIII
stimulation. The results presented in Figure 7 clearly show that in
both groups of mice there are CD4"CD25"Foxp3* T cells within
the total CD4" compartment, but it is only in the mice that received
neonatal cFVIII gene delivery that the CD4"CD25*Foxp3™* T cells
expand from 2.2% to 5.6% after stimulation with FVIII. Further-
more, the increase in Foxp3* T cells was specific for cFVIII
because in vitro stimulation with albumin did not result in an
increase in Foxp3™ Tcells (data not shown). These results,
combined with the data from both the in vitro cytokine assays and
the adoptive transfer study, indicate that the long-term FVIII-
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Figure 6. Splenocytes isolated from tolerized mice can adoptively transfer
protection against anti-cFVIIl inhibitor development to naive mice. (A) One mil-
lion CD4" splenocytes from tolerized mice that received Lenti-HCR/hAAT-cFVIII as
neonates (cFVlll-Tolerized, n = 9) or mice that did not receive gene transfer and
were not challenged with recombinant FVIII (Naive, n = 4) were injected intrave-
nously into naive syngeneic sex-matched recipient hemophilia A mice. Mice that did
not receive adoptive transfer of cells (No Cells, n = 4) were used as a control for
inhibitor development. All recipient mice were subsequently challenged within
48 hours after cell transfer with 3 consecutive daily intravenous cFVIII injections
(80 U/kg per day). Anti-FVIII inhibitor development was followed in the recipients for
5 weeks postadoptive transfer. (B-C) Splenocytes from hemophilia A mice that had
received Lenti-HCR/hAAT-cFVIII as neonates (cFVIII-Tolerized, n = 5), mice that did
not receive neonatal gene transfer or intravenous infusion of recombinant cFVIII
(Naive, n = 5), and mice that were inhibitor positive after receiving subcutaneous
infusion of Lenti-HCR/hAAT-cFVIII (Inhibitor, n = 5). One million CD4*CD25~ (B) or
CD4+CD25* (C) were infused into naive syngeneic sex-matched recipient hemo-
philia A mice via the tail vein. Mice that did not receive adoptive transfer of cells (No
Cells, n = 5) were used as a control for inhibitor development.

specific immune tolerance in these mice is mediated, at least in part,
through cFVIII-specific CD4*CD25Foxp3* T regulatory cells.

Discussion

The neonatal immune system is a unique developmental stage that
is characterized by lymphopenia, quantitative and qualitative
differences in antigen-presenting cells (APCs), and a notable bias
toward Th2 polarization of immune responses.?* It is in this early
stage of life that central tolerance to both self and exogenously
introduced antigens is established. We chose to capitalize on this to
develop a murine model for induction of long-term immunologic
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Figure 7. Immune tolerance to cFVIIl is associated with a cFVIll-expandable
population of CD4*CD25*Foxp3* T cells. (A) A representative flow cytometric
analysis obtained with CD4" T cells, derived from the spleens of hemophilia A mice
that received Lenti-HCR/hAAT-cFVIII as neonates (cFllI-Tolerized) or did not receive
gene transfer and were not challenged intravenously with cFVIII (Naive) and that
were challenged with FVIII. Isolated splenocytes were stained directly (Pre-cFVIII) for
CD4*CD25"Foxp3™ or after 72 hours in vitro stimulation with cFVIII (Post-cFVIII).
(B) Comparison of the mean percentage of CD4*CD25*Foxp3* T cells within the
CD4+ cell population from the tolerized and naive mice before and after in vitro cFVIII
stimulation. Error bars represent SEM, and * indicates a significant (P < .01)
increase in CD4*CD25"Foxp3* T cells.

Naive

tolerance to cFVIII with a view to better understand the mecha-
nisms associated with tolerance to cFVIIL In this study, we show
that lentiviral delivery of a cFVIII transgene to BALB/c hemo-
philia A neonates can induce long-term tolerance to FVIII. We have
further evaluated the mechanisms underlying this tolerance and
have shown that it is associated with 4 important phenomena.
Immunologic tolerance to cFVIII can be established and main-
tained in the absence of detectable plasma cFVIII. Secondly, there
is a deviation in cytokines secreted from FVIII-stimulated spleno-
cytes, with a reduction in proinflammatory IFN-vy and IL-6, and an
increase in the immunomodulatory IL-10 levels. Next, cFVIII
tolerance can be transferred to naive recipient hemophilic animals
with CD4*CD25" T cells from tolerized donors. Finally, there is a
population of CD47CD25"Foxp3™ cells that undergo expansion
upon cFVIII stimulation in vitro.

The results of our study clearly demonstrate that neonatal mice
can mount an adult-like anti-FVIII immune response. Lentivector
delivery via the subcutaneous and intraperitoneal routes and
transgene regulation from the CMV promoter were always associ-
ated with neutralizing anti-FVIII antibodies. In adult mice, switch-
ing from a ubiquitously expressing CMV promoter to a liver-
restricted construct limits immune responses.”> However, we
continued to see an anti-FVIII immune response even when we
used the liver-specific HCR-hAAT—directed transgene delivered
subcutaneously or intraperitoneally. This observation implies that
there must be some “off-target” cFVIII that is synthesized and
presented to the immune system. Lentiviral vectors are very
efficient at transducing hematopoietic cells and, in general, inte-
grate in the vicinity of promoters. Despite using tissue-specific
promoters, promoter trapping in transduced hematopoietic cells
results in transgene expression and presentation of the transgene
product by APCs.?¢ Viruses delivered subcutaneously or intraperi-
toneally traffic to draining lymph nodes, whereas viruses delivered
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intravenously traffic to the liver and spleen. There are marked
phenotypic differences between APCs present in the different
secondary lymphoid organs during the neonatal period.?* There-
fore, the route of vector administration ultimately determines
where the virus will traffic, and the phenotypic differences in APCs
within the different organs influence the balance between tolero-
genic and immunogenic presentation of cFVIIIL.

The tolerance to cFVIII achieved in these animals persisted for
the duration of the study; although when tolerance was assessed,
cFVIII expression was not detectable. This tolerance was mediated,
at least in part, through the generation of CD4*CD25"FoxP3*
cells, and these cells persisted even in the absence of detectable
levels of plasma FVIII. Furthermore and somewhat surprisingly,
cFVIII tolerance was established in several treated mice in which
plasma cFVIII was never detected. Notably, in 2 mice without
detectable cFVIII, this tolerance persisted for 50 weeks. This
appears to contradict studies that used oncoretroviral vectors to
deliver FVIII to neonates?’?8 and in which long-term tolerance was
associated with high levels of FVIII expression.?*30 Furthermore,
in adult mice, higher levels of factor IX transgene expression,
restricted to hepatocytes, favor tolerance induction.?! The tolerance
in this case is also mediated by CD4*CD25"Foxp3™ cells.?
However, none of these studies, including the one we present in this
work, investigates early events and mechanisms responsible for the
development of long-term tolerance. In general, central tolerance is
established by negative selection of antigen-specific thymocytes
and induction of Foxp3™ T regulatory cells*? that migrate into the
periphery to actively suppress antigen-specific immune re-
sponses.’* Peripheral dendritic cells that migrate into the thymus,
as well as resident intrathymic dendritic cells and thymic epithelial
cells, together or individually, mediate the development of antigen-
specific central tolerance. Additional studies are required to
determine what cells are transduced after neonatal gene delivery
and to understand the mechanisms involved in how these cells
participate in the induction of central tolerance to FVIIL.

Induction of immune tolerance to FVIII, in the absence of FVIII
expression, has been investigated in immunocompetent adult
hemophilia A mice. These strategies involve the use of cells that
have been exposed to FVIII for antigen presentation or have been
genetically modified to express to FVIIL3%3® One such early study
infused syngeneic bone marrow cells transduced with a retroviral
vector that contained a FVIII transgene into conditioned hemo-
philia A mice.¢ Plasma FVIII levels were undetectable, but when
challenged with FVIIL, 50% of the mice have a reduced immune
response to FVIIL In these mice, immune modulation cannot be
attributed to secreted FVIIL. Rather, the immune modulation may
result from MHC class [I-mediated antigen presentation of FVIII
by transduced APCs.* Infusion of dendritic cells that presented
FVIII in the context of MHC class II into adult hemophilia A mice
before FVIII challenge also significantly reduced the anti-FVIII
immune response.’® B cells transduced with a retroviral vector
encoding the A2 and C2 domains of FVIII fused to a mouse
immunoglobulin G were very effective at eliminating an anti-FVIII
immune response in adult hemophilia A mice.?” Interestingly,
similar to the results that we present in this study, this modulation
of the anti-FVIII immune response was also mediated by CD25%
T regulatory cells.

The mechanisms responsible for the gradual loss of cFVIII
expression in the tolerized mice that received intravenous delivery
of Lenti-HCR/hAAT-cFVIII require further investigation. We have
no evidence to suggest that either a cellular or humoral immune
response accounts for this loss of expression. In our experience,
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loss or absence of plasma FVIII after gene therapy in adult mice is
associated with inhibitory antibodies and a rapid loss of plasma
cFVIII that occurs by the third to fourth week posttreatment.!>14
The loss of cFVIII expression that we observed in this study occurs
much later and without detectable anti-cFVIII antibodies. Further-
more, in the mice that no longer expressed cFVIII, we have
evidence for the persistence of lentiviral DNA. It was therefore
surprising that no cFVIII mRNA could be detected. This was in
contrast to the mouse that had detectable levels of plasma cFVIII
and in which we could demonstrate significant levels of cFVIII
mRNA. Taken together, these results suggest that transcriptional
silencing of the cFVIII transgene may be responsible for the loss of
expression in the tolerized mice.

The other mechanistic issue raised by our results is the evidence
that IL-10 from antigen-stimulated splenocytes may play a role in
mediating FVIII tolerance. Current evidence indicates that al-
though CD4"CD25"Foxp3* regulatory T cells produce IL-10,
they do not mediate their suppressive effects on T-effector cells
through IL-10 secretion, but through direct cell-cell contact and
possibly through the elaboration of TGF-B.*° T regulatory
type 1 cells are CD47CD25 FoxP3~ cells that mediate their
suppressive effects through IL-10 secretion,*! and therefore, we
cannot rule out the possibility of their additional contribution to the
tolerogenic process. Studies will be required to determine whether
the CD4+*CD25 cells that suppress the anti-FVIII immune re-
sponse are indeed T regulatory type 1 cells and whether they
mediate their suppressive effect through secretion of IL-10.

In conclusion, we have developed a relevant animal model
system to study mechanisms involved in long-term immunologic
tolerance to FVIIIL. These studies have provided novel insights into
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the influence of the route of antigen administration and antigen
concentration on tolerance induction, and have provided evidence
of the involvement of IL-10 and Foxp3™ regulatory T cells in
maintaining prolonged tolerance to this antigen.

Acknowledgments

This study was funded by an operating grant from the Canadian
Institutes of Health Research (Ottawa, ON; MOP10912). D.L.
is the recipient of a Canada Research Chair in Molecular
Hemostasis and a Career Investigator Award from the Heart and
Stroke Foundation of Ontario (Toronto, ON). H.M. holds an
Industry-Partnered Fellowship with the Canadian Institutes of
Health Research.

Authorship

Contribution: H.M. and M.S. performed research, interpreted data,
and wrote the paper. B.B., A.L., C Hegadorn, and C.A. performed
research. M.C., T.V., and C.H.M. provided advice and important
reagents. C Hough and D.L. designed research, interpreted data,
and wrote the paper.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

Correspondence: David Lillicrap, Department of Pathology and
Molecular Medicine, Richardson Laboratory, 88 Stuart St, Queen’s
University, Kingston, ON, Canada K7L 3N6; e-mail:
lillicrap @cliff.path.queensu.ca.

References

1. Qian J, Collins M, Sharpe AH, Hoyer LW. Preven- 10. DiMichele DM, Kroner BL. The North American ings: a more uniform measurement of factor VIII
tion and treatment of factor VIII inhibitors in mu- Immune Tolerance Registry: practices, outcomes, inhibitors. Thromb Diath Haemorrh. 1975;34:612.
rine hemophilia A. Blood. 2000;95:1324-1329. outcome predictors. Thromb Haemostasis. 2002; 19. Waters B, Qadura M, Burnett E, et al. Anti-CD3

2. Reding MT, Lei S, Lei H, Green D, Gill J, Conti- 87:52-57. prevents factor VIl inhibitor development in he-
Fine BM. Distribution of Th1- and Th2-induced 11. Hausl C, Ahmad RU, Sasgary M, et al. High-dose mophilia A mice by a regulatory CD4*CD25*-
anti-factor VIII IgG subclasses in congenital and factor VIII inhibits factor VIlI-specific memory dependent mechanism and by shifting cytokine
acquired hemophilia patients. Thromb Haemosta- B cells in hemophilia A with factor VIl inhibitors. production to favor a Th1 response. Blood. 2009;
sis. 2002;88:568-575. Blood. 2005;106:3415-3422. 113:193-203.

3. Oldenburg J, Schroder J, Brackmann HH, Muller- 12. Brown BD, Shi CX, Rawle FE, et al. Factors 20. Laird PW, Zijderveld A, Linders K, Rudnicki MA,
Reible C, Schwaab R, Tuddenham E. Environ- influencing therapeutic efficacy and the host im- Jaenisch R, Berns A. Simplified mammalian DNA
mental and genetic factors influencing inhibitor mune response to helper-dependent adenoviral isolation procedure. Nucleic Acids Res. 1991;19:
development. Semin Hematol. 2004;41(suppl 1): gene therapy in hemophilia A mice. J Thromb 4293,

82-88. Haemost. 2004;2:111-118. 21. Shibata M, Rawle F, Labelle A, et al. Character-

4. Astermark J, Oldenburg J, Pavlova A, Berntorp E, 13. BiL, Lawler AM, Antonarakis SE, High KA, ization of canine factor VIIl and quantitative deter-
Lefvert AK. Polymorphisms in the ”710 butAnoF in Gearhart JD, Kazazian HH Jr. Targeted disruption mination in canine plasma. J Thromb Haemost.
thelIL-1 BandIL-4 genes are assgmated W'th. in- of the mouselelfactor VIil gene produces a model 2005:3(suppl 1). Abstract P0033.

g/t;(t::; c;%\gza%r;].e:;té;ga;t;eznts with hemophilia A. of haemoph|l|e.1 A. Nat Genet. 1995;10:119 121'. 22. Schnell MA, Hardy C, Hawley M, Propert KJ,
CeEE ) . 14. Rawle FE, Shi CX, Brown B, et al. Heterogeneity Wilson JM. Effect of blood collection technique in

5. Lee CA,_LlIIlcrap DI Astermark J. Inhibitor d_evel- of the immune response_to a_adenow_rus-medmted mice on clinical pathology parameters. Hum
opmentlln hemophiliacs: the rolgs of genetic ver- fagtgr VIl gene tr?erapy in different inbred hemo- Gene Ther. 2002:13:155-161.
sus environmental factors. Semin Thromb Hemo- philic mouse strains. J Gene Med. 2004;6:1358- . o
stasis. 2006;32(suppl 2):10-14. 1368. 23. Herzog RW, Dobrzynski E. Ilrpmune |mp|lcatlons

6. Kopecky EM, Greinstetter S, Pabinger |, 15. Notley C, Killoran A, Cameron C, Wynd K, Hough C, ﬁegmegzt;h;fggéz_rsfgégﬂgglzhg - Semin Thromb
Buchacher A, Romisch J, Jungbauer A. Mapping Lillicrap D. The canine factor VIII 3'-untranslated R s )
of FVIIl inhibitor epitopes using cellulose-bound region and a concatemeric hepatocyte nuclear 24. Adkins B, Leclerc C, Marshall-Clarke S. Neonatal
synthetic peptide arrays. J Immunol Methods. factor 1 regulatory element enhance factor VI adaptive immunity comes of age. Nat Rev Immu-
2006;308:90-100. transgene expression in vivo. Hum Gene Ther. nol. 2004;4:553-564.

7. Dazzi F, Tison T, Vianello F, et al. High incidence 2002;13:1583-1593. 25. Follenzi A, Battaglia M, Lombardo A, Annoni A,
of anti-FVIIl antibodies against non-coagulant 16. Matsui H, Shibata M, Brown B, et al. Ex vivo gene Roncarolo MG, Naldini L. Targeting lentiviral vec-
epitopes in haemophilia A patients: a possible therapy for hemophilia A that enhances safe de- tor expression to hepatocytes limits transgene-
role for the half-life of transfused FVIII. BrJ livery and sustained in vivo factor VIl expression specific immune response and establishes long-
Haematol. 1996;93:688-693. from lentivirally engineered endothelial progeni- term expression of human anti-hemophilic factor

8. Lacroix-Desmazes S, Wootla B, Dasgupta S, et tors. Stem Cells. 2007;25:2660-2669. IXin mice. Blood. 2004;103:3700-3709.
al. Catalytic IgG from patients with hemophilia A 17. Miao CH, Ohashi K, Patijn GA, et al. Inclusion of 26. De Palma M, Montini E, Santoni de Sio FR, et al.
inactivate therapeutic factor VIII. J Immunol. the hepatic locus control region, an intron, and Promoter trapping reveals significant differences
2006;177:1355-1363. untranslated region increases and stabilizes he- in integration site selection between MLV and HIV

9. Mariani G, Kroner B. International Immune Toler- patic factor IX gene expression in vivo but not in vectors in primary hematopoietic cells. Blood.
ance Registry, 1997 update. Vox Sang. 1999;77: vitro. Mol Ther. 2000;1:522-532. 2005;105:2307-2315.

25-27. 18. Kasper CK, Aledort L, Aronson D, et al. Proceed- 27. VandenDriessche T, Vanslembrouck V, Goovaerts |,

%20z Ae 0z uo 3senb Aq ypd°/29000606208UZ/YE L LZEL/LLI/EIY L L/Pd-01o1e/POO|g/JoU SUOKEDIIgNdYSE//:d)Y WOl papeojumoq



BLOOD, 16 JULY 2009 - VOLUME 114, NUMBER 3

28.

29.

30.

31.

et al. Long-term expression of human coagulation
factor VIII and correction of hemophilia A after in
vivo retroviral gene transfer in factor Vlll-deficient
mice. Proc Natl Acad Sci U S A. 1999;96:10379-
10384.

Xu L, Nichols TC, Sarkar R, McCorquodale S,
Bellinger DA, Ponder KP. Absence of a desmo-
pressin response after therapeutic expression of
factor VIII in hemophilia A dogs with liver-directed
neonatal gene therapy. Proc Natl Acad Sci U S A.
2005;102:6080-6085.

Xu L, Mei M, Haskins ME, et al. Inmune re-
sponse after neonatal transfer of a human factor
IX-expressing retroviral vector in dogs, cats, and
mice. Thromb Res. 2007;120:269-280.

Xu L, Mei M, Ma X, Ponder KP. High expression
reduces an antibody response after neonatal
gene therapy with B domain-deleted human fac-
tor VIII in mice. J Thromb Haemost. 2007;5:1805-
1812.

Mingozzi F, Liu YL, Dobrzynski E, et al. Induction

32.

33.

34.

35.

36.

IMMUNE TOLERANCE INDUCTION IN HEMOPHILIA 685

of immune tolerance to coagulation factor IX anti-
gen by in vivo hepatic gene transfer. J Clin Invest.
2003;111:1347-1356.

Cao OW, Dobrzynski E, Wang L, et al. Induc-
tion and role of regulatory CD4*CD25" T cells
in tolerance to the transgene product following
hepatic in vivo gene transfer. Blood. 2007;110:
1132-1140.

Hori S, Nomura T, Sakaguchi S. Control of regu-
latory T cell development by the transcription fac-
tor Foxp3. Science. 2003;299:1057-1061.

Liu YJ. A unified theory of central tolerance in the
thymus. Trends Immunol. 2006;27:215-221.
Proietto Al, van Dommelen S, Wu L. The impact
of circulating dendritic cells on the development
and differentiation of thymocytes. Immunol Cell
Biol. 2009;87:39-45.

Evans GL, Morgan RA. Genetic induction of im-
mune tolerance to human clotting factor VIll in a
mouse model for hemophilia A. Proc Natl Acad
SciU S A. 1998;95:5734-5739.

37.

38.

39.

40.

41.

Lei TC, Scott DW. Induction of tolerance to fac-
tor VIIl inhibitors by gene therapy with immuno-
dominant A2 and C2 domains presented by

B cells as Ig fusion proteins. Blood. 2005;105:
4865-4870.

Qadura M, Othman M, Waters B, et al. Reduction
of the immune response to factor VIII mediated
through tolerogenic factor VIII presentation by
immature dendritic cells. J Thromb Haemost.
2008;6:2095-2104.

Crotzer VL, Blum JS. Autophagy and its role in
MHC-mediated antigen presentation. J Immunol.
2009;182:3335-3341.

von Boehmer H. Mechanisms of suppression by
suppressor T cells. Nat Immunol. 2005;6:338-
344,

Roncarolo MG, Gregori S, Battaglia M, Bacchetta
R, Fleischhauer K, Levings MK. Interleukin-10-
secreting type 1 regulatory T cells in rodents and
humans. Immunol Rev. 2006;212:28-50.

%20z Ae 0z uo 3senb Aq ypd°/29000606208UZ/YE L LZEL/LLI/EIY L L/Pd-01o1e/POO|g/JoU SUOKEDIIgNdYSE//:d)Y WOl papeojumoq



