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Mucopolysaccharidosis type I (MPS-I) is a severe genetic dis-
ease caused by a deficiency of the alpha-L-iduronidase
(IDUA) enzyme. Ex vivo hematopoietic stem cell (HSC) gene
therapy is a promising therapeutic approach for MPS-I, as
demonstrated by preclinical studies performed in naive
MPS-I mice. However, after enzyme replacement therapy
(ERT), several MPS-I patients develop anti-IDUA immunity
that may jeopardize ex vivo gene therapy efficacy. Here we treat
MPS-I mice with an artificial immunization protocol to mimic
the ERT effect in patients, and we demonstrate that IDUA-cor-
rected HSC engraftment is impaired in pre-immunized ani-
mals by IDUA-specific CD8+ T cells spared by pre-transplant
irradiation. Conversely, humoral anti-IDUA immunity does
not impact on IDUA-corrected HSC engraftment. The inclu-
sion of lympho-depleting agents in pre-transplant condition-
ing of pre-immunized hosts allowes rescue of IDUA-corrected
HSC engraftment, which is proportional to CD8+ T cell eradi-
cation. Overall, these data demonstrate the relevance of pre-
existing anti-transgene T cell immunity on ex vivo HSC gene
therapy, and they suggest the application of tailored im-
mune-depleting treatments, as well as a deeper immunological
characterization of patients, to safeguard the therapeutic ef-
fects of ex vivo HSC gene therapy in immunocompetent hosts.

INTRODUCTION
In the last decades, viral vector-based gene therapy (GT) experienced
a strong growth and turned into treatment of choice for rare inherited
diseases, often allowing complete correction of symptoms.1 Despite
their therapeutic potential, the use of viral vectors is associated with
immunological issues, which may impact on both the safety and effi-
cacy of GT.

Among different strategies for therapeutic gene delivery to target
cells, viral-derived particles are vectors of choice. However, being
M
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assembled with some structural proteins coming from parental
viruses, they could potentially be recognized by a pre-alerted im-
mune system, thus compromising the safety and efficacy of GT.2–6

In this respect, the use of lentiviral vectors (LVs) is considered
safe, since previous exposure of the patient to the parental virus is
quite uncommon and easy to be predicted.7 This, together with their
ability to mediate stable integration of DNA into the host genome
and to allow lifelong correction of the patient DNA,8 made LVs
powerful tools for GT applications. Thus far, LVs have been applied
in different clinical trials based on ex vivo correction of autologous
hematopoietic stem cells (HSCs), and they were demonstrated to be
immunologically safe and therapeutically efficient in symptom
correction.9–11 Immunological concerns associated with GT are
not restricted to anti-vector immunity. The transgene itself encodes
for a therapeutic protein, which can be perceived as a foreign anti-
gen by the immune system of null-mutation subjects. Anti-trans-
gene immunity is known to be induced de novo after in vivo GT
with LVs.12 This results from the simultaneous exposure of the
host to a novel antigen and to virally driven mediators of innate
immunity. Conversely, ex vivo transduction of therapeutic cells
avoids direct exposure of the patient to viral particles, limiting im-
mune activation.

Ex vivo HSC GT recently was demonstrated to be a powerful thera-
peutic strategy for the lysosomal storage disorder (LSD) metachro-
matic leukodystrophy (MLD), displaying a good safety profile and
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Figure 1. EnzymeReplacement Therapywith rhIDUA (Aldurazyme) Is Poorly

Immunogenic in MPS-I Mice

(A) MPS-I mice were either left untreated (naive, n = 5) or weekly i.v. injected with

rhIDUA (ERT, n = 22). At 4 weeks after treatment, the concentration of anti-IDUA

IgGs in serum was measured by ELISA. Each dot represents one mouse; error bars

indicate mean ± SEM. Mann-Whitney test. (B) The concentrations of anti-IDUA IgGs

in the sera of healthy donors (HD, n = 10) and MPS-IH patients, before (PRE, n = 3)

and after (POST, n = 4) ERT, were measured by ELISA. Each dot represents one

subject; error bars indicate mean ± SEM.
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arresting disease progression when applied in pre-symptomatic
patients.10,11 This provided a strong rationale for translating the
ex vivoHSCGT platform to other LSDs, including Mucopolysacchar-
idosis type I (MPS-I), which results from the lack or impaired activity
of the alpha-L-iduronidase (IDUA) enzyme. In the absence of IDUA
catabolic activity, enzyme substrates progressively accumulate in soft
and connective tissues, resulting in severe impairment of organ func-
tion and premature death.13 The severe form of the disease (Hurler
syndrome) is currently treated with allogeneic HSC transplantation
(HSCT), which, despite having improved the morbidity and quality
of life of patients, leaves them with a significant disease burden, espe-
cially in the CNS and bones.14

This provided the rationale for testing alternative transplantation
strategies, such as HSC GT approaches. It was proven that naive
MPS-I mice transplanted with autologous ex vivo IDUA-corrected
HSCs benefit from a therapeutic advantage significantly higher than
allogeneic HSCT.15 Accordingly, this platform is currently under clin-
ical evaluation in a phase I/II clinical trial opened at San Raffaele
Scientific Institute for MPS-I Hurler (MPS-IH) patients (Clinical-
Trials.gov: NCT03488394). However, enzyme replacement therapy
(ERT) is currently recommended after MPS-I diagnosis to slow
down disease burden, improve clinical outcome, and reduce the
morbidity of allogeneic HSCT.16,17 Similar to other pathological set-
tings resulting from null mutations, the immune system of MPS-IH
patients recognizes IDUA as a foreign antigen, resulting in anti-
IDUA immunoglobulin G (IgG) production in 91% of treated sub-
jects.18,19 The impact of pre-existing anti-enzyme immunity on
ex vivo HSC GT has been poorly studied so far; thus, we investigated
if therapeutic IDUA-transduced HSCs expressing supra-physiolog-
ical levels of the enzyme may be selectively targeted by ERT-induced
anti-IDUA immunity.
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In this study, we optimize an artificial immunization protocol to
induce in MPS-I mice a strong and homogeneous anti-IDUA
immune response, and we show that IDUA-corrected HSCs do not
engraft in pre-immunized MPS-I mice. While pre-existing anti-
IDUA IgGs do not impact on ex vivo HSC GT, IDUA-specific
CD8+ T cells mediate the clearance of IDUA-corrected HSCs. Effec-
tive depletion of the T cell compartment rescues the engraftment of
IDUA-corrected cells in pre-immunized MPS-I mice. Interestingly,
a simultaneous stimulation of the innate immune response, such as
concomitant tissue damage or administration of a Toll-like receptor
(TLR)3 agonist, dramatically increases the anti-IDUA immune
response in ERT-treated MPS-I mice.

This study highlights the safety and efficacy issues deriving from
pre-existing anti-transgene immunity in ex vivo HSC GT settings.
Accordingly, ERT-induced cellular immunity in immunocompetent
subjects who are candidates for GT should be deeply characterized
and carefully monitored before and after the transplantation of
gene-corrected HSCs.

RESULTS
Induction of Anti-IDUA Immune Response in MPS-I Mice

To mimic in the preclinical model of the disease the effects of ERT
in MPS-IH patients, recombinant human IDUA (rhIDUA) was
intravenously (i.v.) injected once a week (0.58 mg/g) in idua�/�

(MPS-I) mice (ERT, n = 22). After five injections, IDUA-specific
IgGs were detectable in 12 of 22 treated mice (ranging from 0.079
to 2.358 mg/mL) (Figure 1A), while T cells isolated from the spleen
of ERT-treated mice did not proliferate in response to rhIDUA
in vitro (data not shown). ERT-treated and control naive MPS-I
mice were lethally irradiated and transplanted with bone marrow
(BM)-derived autologous HSCs transduced in vitro with LV encod-
ing for human IDUA (LV.IDUA), as previously described.15 IDUA-
transduced HSCs engrafted with the same efficiency in ERT-treated
and naive MPS-I mice (data not shown), indicating that the pre-
existing anti-IDUA response induced by ERT in MPS-I mice
does not impair efficacy of ex vivo GT. However, in the sera of
MPS-IH patients receiving ERT, we measured a 1,000-fold higher
concentration of anti-IDUA IgGs (Figure 1B) compared to that
observed in ERT-treated MPS-I mice (Figure 1A): on average
213 mg/mL in patients versus 0.26 mg/mL in mice. These data sug-
gest that the ERT model we used may not be suitable to dissect the
impact of pre-existing anti-IDUA immunity on ex vivo HSC GT for
MPS-I.

To promote a stronger pre-existing anti-IDUA immunity in MPS-I
mice, we developed an experimentally induced anti-IDUA immunity
model. Specifically, MPS-I mice were immunized (IDUA-IMM) with
rhIDUA in incomplete Freund’s adjuvant (IFA) and developed anti-
IDUA IgGs (23.3 ± 18.95 mg/mL, mean ± SEM; n = 21; Figure 2A).
Ex vivo analyses revealed the presence of B and plasma cells actively
secreting anti-IDUA IgGs in the spleen and BM of IDUA-IMM mice
(5.8 ± 6.4 and 2.5 ± 4 spot-forming units [SFU]/3.5 � 105 cells,
mean ± SEM; n = 6, respectively; Figure 2B). Moreover, significantly



Figure 2. IDUA-IMM Mice Develop an Anti-IDUA

Immune Response

(A) MPS-I mice were either left untreated (naive, n = 10) or

immunized with rhIDUA in Incomplete Freund’s Adjuvant

(IDUA-IMM, n = 21). At 35 days after immunization, mice

were sacrificed and the concentration of anti-IDUA IgGs in

serum was measured by ELISA. Each dot represents one

mouse; error bars indicate mean ± SEM. ****p % 0.00005,

Mann-Whitney test. (B) Numbers of B and plasma cells

actively secreting anti-IDUA IgGs were quantified by

ELISPOT assay as spot-forming units (SFU)/3.5 � 105 total

cells isolated from the spleen and BM of mice. Values for

mean ± SEM of naive (n = 4) and IDUA-IMM (n = 6) MPS-I

mice are shown. *p % 0.05, Mann-Whitney test. (C)

Number of IDUA-specific CD8+ T cells was measured by

ELISPOT assay as SFU/105 CD8+ T cells isolated from the

spleen of treated mice. Each dot represents one mouse;

error bars indicate mean ± SEM of naive (n = 4) and IDUA-

IMM (n = 6) MPS-I mice. **p % 0.005, Mann-Whitney

test. (D) Total splenocytes were stimulated with rhIDUA

(Aldurazyme, 10 mg/mL), and cytokine concentration was

measured in culture supernatants at day 4 by Bioplex

assay. Results are expressed as fold increase of cytokine

secretion in stimulated compared to not-stimulated

conditions. Values for mean ± SEM of naive (n = 4) and

IDUA-IMM (n = 6) MPS-I mice are shown. **p % 0.005,

Mann-Whitney test.
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high numbers of anti-IDUA CD8+ T cells secreting interferon (IFN)g
were detected in the spleen of IDUA-IMM mice (14 ± 5.81 SFU/105

cells, mean ± SEM) (Figure 2C), and splenocytes from IDUA-IMM
mice secreted IFN-g, granulocyte-macrophage colony-stimulating
factor (GM-CSF), interleukin (IL)-4, and IL-5 upon in vitro stimula-
tion with rhIDUA protein (Figure 2D).

In conclusion, immunization of MPS-I mice with rhIDUA in IFA
homogeneously induces a strong anti-IDUA humoral immunity,
which is associated with IDUA-specific T cell responses.

Pre-existing Anti-IDUA Immunity Prevents Engraftment of IDUA-

Transduced HSCs in Immunized MPS-I Mice in an Antigen-

Specific Manner

To evaluate the impact of pre-existing anti-IDUA immunity on ex vivo
HSC GT for MPS-I, we transplanted naive and IDUA-IMM MPS-I
mice with LV.IDUA-transduced HSCs (IDUA-GT) or LV.OVA-
transduced HSCs (OVA-GT), and we monitored their engraftment
(Figure 3A). IDUA-IMM IDUA-GT mice died in 3 weeks with the
same kinetic of mice irradiated and not transplanted (Irrad Ctrl,
n = 8) as a consequence of engraftment failure, as confirmed by vector
copy number (VCN) quantification in BM (Figures 3B and 3C).
Conversely, LV.IDUA-transduced HSCs efficiently engrafted in naive
MPS-I mice, as previously shown.15 Interestingly, LV.OVA-trans-
duced cells engrafted both in IDUA-IMM and naive MPS-I mice (Fig-
ures 3B and 3C), indicating that the clearance of LV.IDUA-transduced
HSCs in IDUA-IMM mice occurred in an antigen-specific fashion.
IDUA-specific IgGs were detected at a high concentration in the
sera of IDUA-IMM mice before and after IDUA-GT and OVA-GT
(Figure 3D). Moreover, 12 weeks post-transplantation, B cells actively
secreting anti-IDUA IgGs (Figure 3E) and IDUA-specific CD8+ T cells
(Figure 3F) were still detectable in the spleen of IDUA-IMM OVA-
GT mice.

To exclude that rejection of transduced cells occurred as a conse-
quence of IFA-mediated activation of innate immunity, MPS-I
mice immunized with IFA emulsified with PBS (IFA-PBS) were
lethally irradiated and transplanted with LV.IDUA-transduced
HSCs. Results showed that IDUA-transduced HSCs engrafted in
IFA-PBS mice, but not in IDUA-IMM mice (Figure S1A). Moreover,
anti-IDUA IgGs were absent in IFA-PBS, but not in IDUA-IMM,
MPS-I mice 2 weeks after transplantation (Figure S1B), and no
IDUA-specific CD8+ T cells were detected in the spleen of IFA-PBS
mice 12 weeks after transplantation (data not shown).

These results demonstrate a detrimental effect of pre-existing anti-
IDUA immunity on the engraftment of IDUA-transduced HSCs in
MPS-I mice, and they show the persistence of anti-IDUA humoral
and cellular responses in immunized MPS-I mice after irradiation
and HSC transplantation.

Pre-existing Anti-IDUA IgGs Do Not Prevent Engraftment of

IDUA-Transduced HSCs in Pre-immunized MPS-I Mice

To elucidate the role of anti-IDUA IgGs in the inhibition of IDUA-
transduced HSC engraftment in IDUA-IMMmice, total IgGs isolated
from the sera of MPS-I mice immunized with IDUA or OVA (IDUA-
IMM or OVA-IMM) were transferred into naive MPS-I mice. IgG-
treated and control naive MPS-I mice were then irradiated and
Molecular Therapy Vol. 27 No 7 July 2019 1217
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Figure 3. Pre-existing Anti-IDUA Immunity Prevents Engraftment of IDUA-Transduced HSCs in an Antigen-Specific Manner

(A) Naive and IDUA-IMM MPS-I mice were lethally irradiated and i.v. injected with LV.IDUA (IDUA-GT)- or LV-OVA (OVA-GT)-transduced autologous BM-derived

HSCs (106 cells/mouse). (B) Percentages of survival for naive MPS-I mice transplanted with LV.IDUA-transduced HSCs (naive IDUA-GT, n = 5), naive MPS-I mice

transplanted with LV.OVA-transduced HSCs (naive OVA-GT, n = 2), IDUA-IMM MPS-I mice transplanted with LV.IDUA-transduced HSCs (IDUA-IMM IDUA-GT,

n = 11), IDUA-IMM MPS-I mice transplanted with LV.OVA-transduced HSCs (IDUA-IMM OVA-GT, n = 4), and irradiated and not transplanted MPS-I mice (Irrad Ctrl,

n = 8). (C) At 12 weeks after transplantation, vector copy number was quantified by digital droplet PCR (ddPCR) in BM cells (VCN BM) of treated mice. Each dot

represents one mouse; error bars indicate mean ± SEM. **p % 0.005, Mann-Whitney test. (D) The concentration of anti-IDUA IgGs in serum was measured by ELISA

before and after transplantation. Results are shown as mean ± SEM. (E) At 12 weeks after transplantation, the number of anti-IDUA IgG-secreting cells was quantified

by ELISPOT assay as SFU/3.5 � 105 total splenocytes. Values for mean ± SEM of naive (n = 5) and IDUA-IMM OVA-GT (n = 4) MPS-I mice are shown. *p % 0.05,

Mann-Whitney test. (F) At 12 weeks after transplantation, the number of IDUA-specific CD8+ cells was measured by ELISPOT assay as SFU/105 CD8+ T cells isolated

from the spleen of treated mice. Each dot represents one mouse; error bars indicate mean ± SEM of naive (n = 5) and IDUA-IMM (n = 4) MPS-I mice. *p % 0.05,

Mann-Whitney test.
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transplanted with IDUA-transduced HSCs. All transplanted mice
survived (Figure 4A). LV-transduced HSCs engrafted in IgG-treated
MPS-I mice, and the VCN quantified in BM and peripheral blood
cells was comparable among the groups, regardless of the antigen
specificity of the injected IgGs (Figure 4B). Moreover, anti-IDUA
1218 Molecular Therapy Vol. 27 No 7 July 2019
and anti-OVA IgGs were detected in the sera of transplanted mice
before and after GT (Figure 4C).

These findings demonstrate that the presence of pre-existing IDUA-
specific IgGs neither impairs the engraftment of IDUA-transduced



Figure 4. Anti-IDUA IgGs Do Not Prevent Engraftment of IDUA-Transduced

HSCs in MPS-I Mice

Naive MPS-I mice were left untreated (naive, n = 2) or were i.v. injected with anti-

IDUA IgGs (n = 3) or anti-OVA IgGs (n = 3) on days �1, +1, and +3 from trans-

plantation of LV.IDUA-transduced autologous BM-derived HSCs (106 cells/mouse).

(A) Percentages of survival. (B) At 12 weeks after transplantation, vector copy

number was quantified by ddPCR in the peripheral blood (VCN PB) and BM (VCN

BM) cells of treated mice. Each dot represents one mouse; error bars indicate

mean ± SEM. (C) The concentrations of anti-IDUA and anti-OVA IgGs were

measured by ELISA in the sera of treated MPS-I mice before and after trans-

plantation. Results are shown as mean ± SEM.
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HSCs in BM nor mediates the selection of untransduced HSCs in the
periphery.

Pre-existing IDUA-Specific CD8+ T Cells Impair Engraftment of

IDUA-Transduced HSCs in Pre-immunized MPS-I Mice

To investigate the effects of anti-IDUA T cell responses on ex vivo
HSC GT, LV.IDUA-transduced (CD45.1) and untransduced
(CD45.2) HSCs were transplanted at a 1:1 ratio in IDUA-IMM or
OVA-IMM mice (Figure S2A). The engraftment of untransduced
HSCs allowed the survival of treated mice (Figure S2B) and the anal-
ysis of anti-IDUAT cell responses at endpoint in all groups. In IDUA-
IMM, but not in OVA-IMM, mice, IDUA-transduced cells were
selectively eliminated (Figure S2C). At 12 weeks post-transplantation
in the spleen of IDUA-IMM mice, we identified a high frequency of
anti-IDUA CD8+ T cells (127 ± 26 SFU/105 cells, mean ± SEM;
n = 7; Figure S2D), which was 10-fold higher than that detected in
IDUA-IMM mice not transplanted or transplanted with OVA-trans-
duced HSCs (Figures 2C and 3F, respectively). These data, together
with the observation that, in IDUA-IMMmice, a significant percent-
age of CD8+ T cells persists in the peripheral blood after lethal irradi-
ation (Figure S3), suggest that residual IDUA-specific CD8+ T cells
may be re-activated and expanded after exposure to IDUA-overex-
pressing HSCs, thus potentially affecting the engraftment of ex vivo
HSC GT in IDUA-IMM mice.

To confirm that IDUA-specific CD8+ T cells affect the engraftment of
IDUA-transduced HSCs, we treated IDUA-IMM IDUA-GT mice
with anti-CD8-depleting monoclonal antibody (mAb). Untreated
IDUA-IMM and naive MPS-I mice transplanted with LV.IDUA-
transduced HSCs served as positive and negative controls, respec-
tively (Figure 5A). At the time of transplantation, CD8+ T cells
were completely depleted from the peripheral blood of anti-CD8-
treated IDUA-IMM mice (Figure 5B), and, to ensure continuous
CD8+ T cell ablation, anti-CD8mAbwas weekly injected inmice after
transplantation. Depletion of CD8+ T cells allowed the survival of
IDUA-IMM IDUA-GT mice (Figure 5C) and the engraftment of
IDUA-transduced HSCs (Figure 5D). Anti-IDUA IgGs, regardless
of anti-CD8 treatment, were detected over time in the sera of
IDUA-IMM IDUA-GT mice (Figure 5E), confirming that the pres-
ence of anti-IDUA IgGs does not impair the engraftment of IDUA-
transduced HSCs.

These data show that pre-existing IDUA-specific CD8+ T cells pre-
vent the engraftment of IDUA-transduced HSCs in pre-immunized
MPS-I mice.

T Cell-Depleting Treatments Partially Rescue Engraftment of

IDUA-Transduced HSCs in Pre-immunized MPS-I Mice

To eradicate pre-existing anti-IDUA CD8+ T cells, we tested two
different T cell depleting agents: Fludarabine and anti-CD3 mAb.
We first treated MPS-I mice with 600, 800, or 1,000 mg/g Fludarabine
intraperitoneally to quantify the dose-dependent lympho-depletive
effect. The highest tolerated dose, providing 50% depletion of circu-
lating CD3 cells, was chosen for further investigations (Figure S4).
Molecular Therapy Vol. 27 No 7 July 2019 1219
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Figure 5. CD8+ T Cell Depletion Rescues Engraftment of IDUA-Transduced HSCs in Immunized MPS-I Mice

(A) Naive and IDUA-IMM MPS-I mice left untreated or treated with anti-CD8 depleting mAb were lethally irradiated and transplanted with LV.IDUA-transduced (106 cells/

mouse) autologous BM-derived HSCs. (B) At the time of transplantation, the absolute number of CD8+ T cells was quantified in the peripheral blood of treated mice by

fluorescence-activated cell sorting (FACS) staining. Each dot represents one mouse; error bars indicate mean ± SEM. *p % 0.05, Mann-Whitney test. (C) Percentages of

survival for naive mice transplanted with LV.IDUA-transduced cells (naive, n = 5), IDUA-IMM MPS-I mice transplanted with LV.IDUA-transduced cells untreated (IDUA-IMM

n = 3) or treated with anti-CD8 mAb (IDUA-IMM anti-CD8, n = 8), and irradiated and not-transplanted MPS-I mice (Irrad Ctrl, n = 3). (D) At 12 weeks after transplantation,

vector copy number was quantified by ddPCR in BM cells (VCN BM) of treated mice. Each dot represents absolute VCN of a single mouse normalized on the mean of VCN of

the naive group; error bars indicate mean ± SEM. *p% 0.05, Mann-Whitney test. (E) The concentration of anti-IDUA IgGswasmeasured by ELISA in the sera of treatedMPS-I

mice before and after transplantation. Results are shown as mean ± SEM.
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Figure 6. Pre-treatment with T Cell Depleting Agents Partially Rescues Engraftment of IDUA-Transduced HSCs in Immunized MPS-I Mice

(A) Naive and IDUA-IMMMPS-I mice left untreated or treated with Fludarabine or anti-CD3 depleting mAb were lethally irradiated and transplanted with LV-IDUA-transduced

BM-derived HSCs isolated from autologous mice (IDUA-GT, 106 cells/mouse). (B) At the time of transplantation, the absolute number of CD8+ T cells was quantified in

peripheral blood of treated mice by FACS staining. Each dot represents one mouse; error bars indicate mean ± SEM. *p% 0.05, Mann-Whitney test. (C) At 12 weeks after

transplantation, vector copy number was quantified by ddPCR in BM cells (VCN BM) of treated and control MPS-I mice. Each dot represents absolute VCN of a single mouse

normalized on the mean of VCN of the naive group; error bars indicate mean ± SEM. *p % 0.05, Mann-Whitney test. (D) At 12 weeks after transplantation, the number of

IDUA-specific CD8+ T cells was quantified by ELISPOT assay as SFU/105 CD8+ T cells isolated from the spleen of treated mice. The number of IDUA-specific CD8+ T cells

was correlated to the VCN of a single mouse normalized on the mean of VCN of the naive untreated group VCN data. Each dot represents one mouse.
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IDUA-IMM mice were left untreated or treated with Fludarabine
or anti-CD3 mAb and subsequently lethally irradiated and trans-
planted with IDUA-transduced HSCs. Naive MPS-I mice were irradi-
ated and transplanted in parallel as positive controls of engraftment
(Figure 6A). At the time of transplantation, a complete depletion of
CD8+ T cells from the peripheral blood of IDUA-IMM mice was
induced by anti-CD3mAb, while treatment with Fludarabine partially
depleted CD8+ T cells (Figure 6B). Accordingly, IDUA-transduced
HSCs engrafted more efficiently in IDUA-IMM mice treated with
anti-CD3 (6 of 7) than in Fludarabine-treated IDUA-IMM mice
(2 of 8) (Figure 6C). At 12 weeks after transplantation, analysis of
IDUA-specific CD8+ T cells in the spleen of treated mice demon-
strated their persistence and expansion in those mice in which
IDUA-transduced HSCs were completely eliminated (Figure 6D).

These observations confirm the critical role played by pre-existing
anti-IDUA CD8+ T cells in preventing the engraftment of IDUA-
transduced HSCs, and they demonstrate that, prior to ex vivo
HSCT GT, a profound CD8+ T cell depletion is required to favor effi-
cient engraftment of gene-corrected cells in IDUA-IMM mice.

Concomitant Activation of Innate Response Promotes IDUA-

Specific T Cells in MPS-I Mice Receiving ERT

ERT treatment is poorly immunogenic in MPS-I mice (Figure 1A),
however, it is known that simultaneous stimulation of the innate
immune system by danger signals is needed to promote adaptive
immunity against exogenous proteins. We therefore administered
ERT to MPS-I mice either intramuscularly (i.m.) to generate a tissue
damage or i.v. in combination with poly(I:C) to promote innate
immunity activation through TLR3 stimulation (ERT-poly(I:C))
and simulate an undergoing viral infection. IDUA-specific IgGs and
CD8+ T cells were induced in both i.m. and ERT-poly(I:C) mice,
but not, as expected, in the ERT control group (Figures S5A and
S5B). Since MPS-I patients under ERT may undergo viral infections,
Molecular Therapy Vol. 27 No 7 July 2019 1221
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Figure 7. Viral Infection Simulation during ERT Induces

Anti-IDUA CD8+ T Cells Able to Eliminate LV.IDUA-

Transduced HSCs

MPS-I mice received 5 weekly i.v. injections of rhIDUA alone

(ERT, n = 5) or in combination with poly(I:C) on weeks 2 and 3

(ERT-poly(I:C), n = 6). Mice were then lethally irradiated and

transplanted with LV.IDUA-transduced autologous BM-

derived HSCs (106 cells/mouse). (A) At 12 weeks after

transplantation, vector copy number was quantified by

ddPCR in BM cells (VCN BM) of treated mice. Each dot

represents the absolute VCN of a single mouse normalized

on the mean of VCN of the ERT group; error bars indicate

mean ± SEM. *p % 0.05, Mann-Whitney test. (B) At

12 weeks after transplantation, the number of IDUA-specific CD8+ T cells was quantified by ELISPOT assay as SFU/105 CD8+ T cells isolated from the spleen of treatedmice.

Each dot represents one mouse; error bars indicate mean ± SEM. (C) Sera from ERT-poly(I:C)-treated mice were collected before (PRE) and 12 weeks after gene therapy

(POST), and IDUA enzymatic activity was quantified fluorometrically. Dashed line indicates the threshold of positivity obtained asmean + 2SD of IDUA enzymatic activity in the

sera of n = 17 untreated MPS-I mice (2.41 pmol/1 h/1 mL). IDUA enzymatic activity of each single mouse is shown.
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we performed ex vivoHSCGT in ERT-poly(I:C) mice. Results showed
that engraftment of IDUA-transduced HSCs was impaired in 4 of 6
ERT-poly(I:C)-treated mice (Figure 7A), and a high number of
anti-IDUA CD8+ T cells was detected in the spleen of those 4 ERT-
poly(I:C)-treated mice in which IDUA-transduced HSCs were
completely eliminated (Figure 7B). On the other hand, detectable
levels of IDUA enzymatic activity were quantified in sera of the 2
mice from the ERT-poly(I:C) group in which transduced HSCs en-
grafted (Figure 7C).

These findings demonstrate that anti-IDUA T cell responses could be
triggered in MPS-I mice under ERT treatment in the presence of a
pro-inflammatory stimulus.

DISCUSSION
Here we demonstrate the effect of pre-existing anti-transgene T cells
on ex vivo HSC GT in the murine model of MPS-I. Specifically, we
show that subcutaneous injection of IDUA in adjuvant promotes a
pre-existing anti-IDUA immune response in MPS-I mice, which
prevents the engraftment of LV.IDUA-transduced HSCs. While the
presence of anti-IDUA IgGs does not impact on ex vivo HSC GT,
IDUA-specific CD8+ T cells actively eliminate transplanted IDUA-
overexpressing HSCs. Variable levels of transduced HSC engraftment
can be achieved by treating pre-immunized MPS-I mice with T cell-
depleting agents, i.e., anti-CD3 mAb or Fludarabine. Finally, we show
that, in MPS-I mice, the activation of an innate response in concom-
itance with ERT can induce anti-IDUA CD8+ T cells, which affect the
outcome of ex vivo HSC GT.

Pathological settings resulting from enzyme deficiencies can benefit
from ERT. However, the development of unwanted immune responses
against recombinant proteins represents a common issue.20,21 The
presence or absence of cross-reactive immunological material
(CRIM) influences the severity of ERT-induced immunity, being
more severe in CRIM-negative subjects harboring null mutations.22,23

Accordingly, more than 90% of patients affected by the most severe
form of MPS-I, the Hurler disease, develop anti-IDUA antibodies as
a consequence of ERT.18 The immunogenicity of IDUA, confirmed
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by the detection of anti-IDUA IgGs in the sera of MPS-IH patients,
was not reproduced in MPS-I mice. Although MPS-I mice are IDUA
knockout and, thus, CRIM negative, i.v. injection of rhIDUA, applied
at the same dose and schedule used in patients, promoted anti-IDUA
IgGs only in half of the treated animals. Moreover, IDUA-specific
IgG concentration in sera was 1,000-fold lower compared to that
observed in human samples. The poor and inconsistent anti-IDUA
humoral response described in MPS-I mice was previously demon-
strated, and it was independent of the amount of injected enzyme:
high doses of enzyme also failed in promoting a homogeneous immu-
nity in treated mice.24 Moreover, the percentage of Ab-positive mice
was shown to be higher when ERT was applied in adult compared to
newborn MPS-I mice.25 However, the ex vivo HSC GT required the
treatment of mice at 4 weeks of age, thus limiting the use of ERT as
a model for dissecting the role of pre-existing anti-IDUA immunity
on GT.

To maximize the pre-existing anti-IDUA immunity, rhIDUA was
subcutaneously injected with IFA into MPS-I mice. This procedure
is known to favor antigen uptake by antigen-presenting cells
(APCs), to mediate both presentation in the context of major his-
tocompatibility complex (MHC) class II and cross-presentation in
the context of MHC class I, and to promote efficient Ab produc-
tion.26 Anti-IDUA IgGs were homogenously induced at high levels,
thus resembling the anti-IDUA humoral response observed in ERT-
treated MPS-IH patients, and their presence did not impact on the
efficacy of transduced HSC engraftment. The negligible impact of
anti-transgene antibodies on ex vivo GT has been already demon-
strated in GT for hemophilia A in FVIII-deficient mice, in which
pre-existing anti-FVIII antibodies did not impair the efficacy of
the treatment.27 Conversely, we showed that IDUA-transduced
HSCs are rejected in IFA-IDUA pre-immunized MPS-I mice as a
result of a CD8+ T cell response that is specific to the transgene
product. This mechanism recapitulates, to some extent, previous
observations in the in vivo GT field, where cytotoxic CD8+

T cells specific for the transgene are de novo induced as a conse-
quence of viral vector injection and severely hinder the efficacy of
the treatment.28–30
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In contrast to these data, we demonstrated that IDUA-overexpressing
cells become the target of pre-existing transgene-specific CD8+

T cells spared by irradiation. This result is in line with previous obser-
vations demonstrating that memory T cells are radio-resistant and
maintain immunological memory.31,32 Therefore, it can be speculated
that residual IDUA-specific CD8+ T cells in pre-immunized MPS-I
hosts are re-activated and expanded upon exposure to IDUA-trans-
duced cells and mediate the rejection of gene-corrected HSCs. As
discussed above, in our model, IDUA-specific CD8+ T cells might
be generated via rhIDUA cross-presentation by APCs. However, we
cannot exclude that the formation of immune complexes mediates
the internalization of exogenous IDUA and favors its cross-presenta-
tion to CD8+ T cells and the consequent priming.33

Thus far, only an anti-IDUA IgG response has been detected and
characterized in MPS-I patients after ERT. It is known that anti-
IDUA IgGs can alter the uptake and bio-distribution of the drug,
but they have no clear effect on clinical efficacy.24,34 Although the
presence of IDUA-specific T cells in ERT-treated MPS-I patients
has not been demonstrated yet, the interaction of B cells with anti-
gen-specific T cells is typically required to drive Ab switching to an
IgG isotype.35,36 Moreover, both CD4+ and CD8+ T cells specific
for acid alpha-glucosidase, a defective enzyme in Pompe disease,
have been detected in patients after ERT.37 Given these evidences,
we cannot exclude the induction of anti-IDUA T cells in MPS-IH pa-
tients receiving ERT. Therefore, a deeper investigation of the ERT-
induced T cell immunity in patients is warranted in order to better
define its impact on protein or gene replacement therapies.

Autologous HSCT typically does not require the strong immunosup-
pressive protocols applied in allogeneic settings to avoid immune-
mediated complications.38 The myeloablative compound Busulfan
was sufficient as conditioning regimen for MLD patients to eliminate
the host’s HSCs and favor engraftment of gene-corrected HSCs in
previous ex vivo GT trials.10,11 Nonetheless, the critical effect of
pre-existing transgene-specific T cells that we demonstrated entails
a reassessment of the conditioning regimen to include a lympho-abla-
tive drug in other settings, such as in ex vivoHSCGT in immunocom-
petent subjects previously exposed to the transgene-encoded protein.
In allogeneic transplantation settings, non-mitogenic anti-CD3 mAb
can be employed to modulate T cells and to improve allogeneic trans-
plantation outcome.39–41 Moreover, anti-CD3-depleting Ab was pre-
viously demonstrated to prevent and modulate ERT-induced anti-
acid-alpha-glucosidase immunity in the murine model of Pompe
disease.42

In our hands, the use of anti-CD3 depleting Ab induced a profound
T cell depletion in pre-immunized MPS-I mice, and it allowed
engraftment of transduced HSCs. As an alternative, Fludarabine
can be employed to modulate T cells: we showed that the association
of lethal irradiation with Fludarabine improves the engraftment effi-
ciency of gene-corrected HSCs in pre-immunizedMPS-I mice, even if
the lympho-depletion provided was suboptimal. This could be
explained by the Fludarabine pharmacokinetic, which is different
between mice and humans, making the maximum tolerated dose of
Fludarabine 10 to 30 times lower in humans than in mice.43,44 Fludar-
abine is currently applied in allogeneic HSCT for MPS-IH, and it is
preferred over cyclophosphamide because of its reduced toxicity in
association with Busulfan.45,46 Accordingly, it has been chosen as a
lympho-depleting agent in the preparative regimen of the phase I/II
ex vivo GT clinical trial enrolling MPS-IH patients at San Raffaele
Scientific Institute (ClinicalTrials.gov: NCT03488394).

A limitation of this study is the artificial immunization protocol used
to overcome the poor immunizing effect exerted by ERT in MPS-I
mice. Although this artificial immunization does not completely reca-
pitulate the physiological immune response induced by ERT inMPS-I
patients, it was required to dissect the role of humoral and cellular re-
sponses on ex vivo GT in MPS-I mice. The modest ERT immunoge-
nicity in MPS-I mice can be explained by the absence of concomitant
danger signals, such as tissue-damage mediators or activation via TLR
agonists, during ERT administration in MPS-I mice, which is
required to trigger innate immunity and license the priming of the
adaptive immune system toward exogenous antigens.47–51 The i.v.
infusion of soluble antigens is indeed known to be poorly immuno-
genic in mice, since it provides little or no tissue damage, and antigens
are rapidly cleared from the circulation, thus hindering the effective
uptake from APCs.52,53 Conversely, i.m. injection of soluble rhIDUA
induced strong IDUA-specific humoral and cellular responses,
possibly because of the danger signal provided after the disruption
of the muscle tissue.

Innate immunity activation can also result from the concomitant
exposure to pathogens and external stimuli.50 We showed that
mimicking a concomitant viral infection by providing the TLR3
agonist poly(I:C)54 during ERT promotes a homogeneous anti-
IDUA IgG response and induces anti-IDUA CD8+ T cells in MPS-I
mice, which in turn prevented IDUA-transduced HSC engraftment.
Thus, both i.m. injection of IDUA and treatment with poly(I:C)
can improve ERT immunogenicity, but the intensities of humoral
and cellular responses induced varies and do not correlate. Different
immunization protocols can indeed promote different responses,
either skewed toward the anti-IDUA T cell or Ab response. It cannot
be excluded that the strong anti-IDUA humoral response we and
others55–58 observed in MPS-IH patients after ERT may be due to
the adjuvant effect exerted by concomitant exposure to environ-
mental stimuli. Therefore, we believe that the use of a stronger immu-
nization protocol to investigate the effects of pre-existing anti-IDUA
immunity on ex vivoHSC GT was justified by the immunological dis-
crepancies observed between mice and humans.

Overall, our findings demonstrate the importance of monitoring
and controlling pre-existing immunity against protein replacement
therapy in MPS-IH patients before and after ex vivo HSC GT. The
rejection mechanism here described can take place in other patho-
logical settings where similar immunological premises are occurring,
and it indicates that the same caution should be applied in GT
protocols involving immunocompetent patients pre-exposed to
Molecular Therapy Vol. 27 No 7 July 2019 1223
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and immunized against the transgene-encoded proteins. Accord-
ingly, the inclusion of the lympho-depleting drug Fludarabine
as preparative conditioning protocol before ex vivo GT in the
context of the phase I/II clinical trial for MPS-IH (ClinicalTrials.gov:
NCT03488394) ensures the modulation of possible pre-existing anti-
IDUA immunity to favor the engraftment and the therapeutic effi-
cacy of IDUA-corrected HSCs.

MATERIALS AND METHODS
Mice

The idua�/�mice (C57BL/6 background)59 were imported in our an-
imal facility as a kind gift of professor J.M. Heard and crossed with
C57BL/6 mice from Charles River. Progeny was intercrossed to
obtain an inbred strain. Mice were genotyped to identify idua�/�

mice (MPS-I), and idua+/� and idua+/+ siblings were used as BM do-
nors. C57BL/6-Ly5.1 mice were purchased from Charles River.
Experimental mice were randomized according to the gender.

Anti-IDUA IgG Concentration in Human Samples

Peripheral blood was obtained from MPS-IH patients and healthy
subjects in accordance with local committee approval (TIGET05
and TIGET09) and with the Declaration of Helsinki. Plasma was
collected after centrifugation of EDTA blood samples, and anti-
IDUA IgG concentration was determined by ELISA. Briefly, 0.2 mg
rhIDUA (Aldurazyme, Genzyme) was coated onto the wells of a
96-well microtiter plate (Thermo Fisher Scientific). After 12–16 h
of incubation at 4�C, the plate was blocked for 2 h at room temper-
ature (RT) with PBS-5% BSA (Roche), and diluted plasma samples
were plated. After an additional 2 h at RT, biotinylated anti-human
immunoglobulin (Thermo Fisher Scientific) was added to the plate
for 2 h at RT, followed by 45-min incubation with Streptavidin horse-
radish peroxidase (HRP) conjugate. A substrate solution containing
o-Phenylenediamine dihydrochloride (OPD) was prepared accord-
ing to the manufacturer’s instructions (Sigma-Aldrich, P4664), and
the colorimetric reaction was stopped after 6–10 min by the addition
of sulfuric acid (stop solution, R&D Systems). Absorbance was read
at 492-nm wavelength using SkaltRE for Multiskan go version 3.2
(Thermo Scientific). IgG concentration was determined by compar-
ison to a serial dilution of a known-concentration solution of human
IgGs (Sigma-Aldrich), run in parallel.

ERT and Immunization Protocols

rhIDUA (Aldurazyme, Genzyme) was diluted in PBS and weekly
injected i.v. in 4-week-old MPS-I mice. Mice received 5 injections.
Doses were adjusted according to body weight (0.58 mg/g).

PBS, rhIDUA, or OVA protein was emulsified with IFA (Sigma-
Aldrich) and subcutaneously injected nearby the inguinal lymph
nodes of 4-week-old MPS-I mice. 50 mL emulsion was administered
to each side (total 29 mg protein/mouse).

To mimic viral infection, 4-week-old MPS-I mice received ERT as
described above. Second and third doses were administered together
with 50 mg/mouse poly(I:C) (tlrl-pic, InvivoGen).
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Anti-IDUA or Anti-OVA IgG Quantification and Isolation

IDUA or OVA-specific IgGs were quantified in the sera of mice by
ELISA. rhIDUA or OVA (Sigma-Aldrich) was used to coat micro-
titer plates (0.2 mg/well in 0.1 M carbonate buffer [pH 9.6]). After
12–16 h of incubation at 4�C, the plate was blocked for 2 h at RT
with PBS-1% BSA (Roche). Diluted sera were added, and, after an
additional 2 h at RT, anti-IDUA or anti-OVA antibodies were
detected with peroxidase-conjugated rabbit anti-mouse immuno-
globulin (Sigma-Aldrich). Plates were reacted with H2O2 and
OPD and read at 492-nm wavelength using SkaltRE for Multiskan
go version 3.2 (Thermo Scientific). IgG concentration was deter-
mined by comparison to a serial dilution of a known-concentra-
tion solution of murine IgGs (554721, BD Biosciences), run in
parallel.

Sera from IDUA-IMM and OVA-IMM MPS-I mice were collected
and used for IgG purification. Pre-packed spin columns from GE
Healthcare (Ab Spin Trap, 28-4083-47) were used according to the
manufacturer’s instructions. Purified IgGs were quantified by ELISA
as described above and i.v. injected into naive mice.

Cytokine Production

Spleens from experimental mice were collected and processed into a
single cell suspension. 0.7 � 106 splenocytes were plated in triplicate
in 96-well plates in the presence of 10 mg/mL rhIDUA in complete
RPMI 1640 (Lonza, Switzerland) with 10% fetal bovine serum
(FBS) (Euroclone, ECS0180L), 100 U/ml penicillin/streptomycin
(Lonza, 17-602E), 2 mM L-glutamine (Lonza, 17-605E), Minimum
Essential Medium Non-Essential Amino Acids (MEM NEAA)
(Gibco, 11140-035), 1 mM Sodium Pyruvate (Gibco, 11360-039),
50 nM 2-Mercaptoethanol (Gibco, 31350-010). After 96 h of culture,
supernatants were collected and tested for cytokine production with
Bio-Plex Pro Mouse Cytokine Th1/Th2 assay (Bio-Rad), according
to the manufacturer’s instructions.

ELISPOT Assays

CD8+ T cells were magnetically isolated from the spleen of experi-
mental mice (Miltenyi Biotec, 130-104-075). 105 CD8+ T cells were
plated in triplicate in ELISPOT plates (Millipore, Bedford, MA)
pre-coated with anti-IFN-g capture mAb (2.5 mg/mL; BD Pharmin-
gen, R46A2) in the presence of IL-2 (50 U/mL; BD Pharmingen)
and 105 irradiated (6,000 rad) untransduced or LV.IDUA-transduced
autologous EL-4 cells. After 42 h of incubation at 37�C and 5% CO2,
plates were washed and IFN-g-producing cells were detected by
biotin-conjugated anti-IFN-g mAb (0.5 mg/mL; BD Pharmingen,
XMG 1.2). Streptavidin-HRP conjugate (Roche) was added. Total
splenocytes or total BM (0.35� 106 cells/well) was plated in complete
RPMI in triplicate in ELISPOT plates pre-coated with rhIDUA (2 mg/
well). After 24 h of incubation at 37�C and 5% CO2, plates were
washed and anti-IDUA IgG-secreting cells were detected with perox-
idase-conjugated rabbit anti-mouse immunoglobulin (Sigma A2554).
All plates were reacted with H2O2 and 3-Amino-9-ethylcarbazole
(Sigma, A6926). Spots were counted by ImmunoSpot reader (Cellular
Technology).
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Ex Vivo HSC GT

BM from 6-week-old idua+/� and idua+/+ mice was harvested by
flushing femurs. HSCs were purified for lineage� selection using
the Lineage Cell Depletion Kit (Miltenyi Biotec, 130-090-858), ac-
cording to the manufacturer’s instructions, and they were transduced
at an MOI of 100 with IDUA- or OVA-encoding LV (LV.IDUA,
LV.OVA). All LVs were produced by transient four-plasmid transfec-
tion of HEK293T cells, as previously reported.60

MPS-I mice received total body irradiation (935 cGy split in two doses
performed at least 2 h apart) andwere i.v. injectedwith LV-transduced
cells (106 cells/mouse) on day 0. IDUA-IMMmice received irradiation
and transplantation 4 weeks after immunization. At weekly intervals,
mice were bled and the engraftment of donor cells was determined by
flow cytometry. In some experiments, IDUA-IMM MPS-I mice were
i.v. injected with depleting anti-CD8 Ab (clone YTS169.4, BioXcell,
250 mg/mouse) 1 day before transplantation of transduced cells. After
transplantation, mice were weekly i.v. injected with anti-CD8 Ab
(clone 53-6.7, BioXcell, 250 mg/mouse). In some experiments,
IDUA-IMM MPS-1 mice were i.v. injected with anti-CD3 depleting
Ab (clone 145-2C11, BioXcell, 100 mg/mouse) 4 days before transplan-
tation of transduced cells. After transplantation, mice were weekly i.v.
injected with anti-CD3 Ab (25 mg/mouse) for 7 weeks. In some exper-
iments IDUA-IMM MPS-I mice were intraperitoneally injected with
a total amount of 1,000 mg/g Fludarabine Phosphate (Accord); the
total amount of drug was divided into 3 administrations performed
on days �4, �3, and �2 before transplantation.

Engraftment Quantification

VCN was measured on BM and peripheral blood cells to quantify
engraftment of transduced HSCs. Genomic DNA was isolated with
QIAamp DNA Blood Mini Kit (QIAGEN, 51106), according to the
manufacturer’s instructions. Vector integrations were quantified by
QX200 Droplet Digital PCR System (Bio-Rad), according to the man-
ufacturer’s instructions. Primers and probes were designed on the
vector sequence and on control sequence used for normalization
(mouse Sema3a gene).

Flow Cytometry

Peripheral blood was harvested by temporal vein puncture and mixed
with NaCitrate (5:1 ratio). 30 mL blood was incubated with 25 mL of a
calibrated suspension of fluorescent beads (CountBright Absolute
Counting Beads, Thermo Fisher Scientific, C36950) and stained
with the following Abs: purified anti-CD16/CD32 (2.4G2), fluores-
cein isothiocyanate (FITC)-conjugated anti-CD3 (17A2), BD Hori-
zon Brilliant Violet 786 (BV786)-conjugated anti-CD4 (RM4-5),
Pacific Blue-conjugated anti-CD8 (53-6.7), R-phycoerythrin (PE)-
conjugated anti-CD11b (M1/70), allophycocyanin-conjugated anti-
CD19 (1D3), and allophycocyanin-Cy7-conjugated anti-B220
(RA3-62B) (all from BD Biosciences) for 30 min at 4�C. Red blood
cells lysis was performed with BD Phosflow (BD Biosciences,
558049), according to the manufacturer’s instructions. Labeled cells
were washed two times with PBS 1% FBS and acquired with a BD
LSRFortessa analyzer, and results were analyzed with FlowJo 10 soft-
ware. T cell populations were identified after exclusion of the CD11b+

CD19+ and B220+ cells. The absolute number of cells per microliter
was obtained as the ratio of beads events to cells events.

IDUA Enzymatic Activity

Enzyme activity was measured fluorometrically61 following the incu-
bation of 10 mL serum for 1 h at 37�C with 10 mL substrate (2 mM 4-
methylumbelliferyl a-L-iduronide, Glycosynth) in 0.1 M Na formate
buffer (pH 3.2). Fluorescence of the 4-methylumbelliferone released
was measured after the addition of 1 mL 0.5 M carbonate buffer
(pH 10.7). Fluorescence was read at 365 nm (excitation) and
448 nm (emission) on a PerkinElmer fluorometer.

Statistics

All statistical analysis was performed using non-parametric Mann-
Whitney U test (two-tailed); p values below 0.05 were considered
significant.

Study Approval

All the mice were maintained in specific-pathogen-free (SPF) condi-
tions, and the procedures involving animals were designed and per-
formed with the approval of the Animal Care and Use Committee of
the SanRaffaeleHospital (IACUC#830) andcommunicated to theMin-
istry of Health and local authorities according to Italian law. Peripheral
blood was obtained from MPS-IH patients and healthy subjects upon
informed consent signature in accordance with the Ethical Committee
of San Raffaele Scientific Institute (protocols TIGET05 and TIGET 09).

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2019.04.014.

AUTHOR CONTRIBUTIONS
G.S. designed and conducted the experiments, analyzed and inter-
preted data, and wrote the manuscript. L.P. conducted and analyzed
experiments with patient samples and revised themanuscript. F.F. pro-
vided reagents and protocols. C.L. and D.T. provided help in some ex-
periments. F.D., M.A.D., and S. Gasperini provided patient samples
and critically discussed the data. B.G. provided the LV.IDUA-encoding
vector and scientifically revised the manuscript. M.E.B., A. Aiuti, and
L.N. scientifically revised the manuscript. A. Annoni supervised exper-
imental design and data interpretation and helped in manuscript
writing. A.B. conceived the scientific idea, helped in data interpreta-
tion, and scientifically revised the manuscript. S. Gregori conceived
the scientific idea, supervised experimental design and data interpreta-
tion, and wrote the manuscript. All authors contributed to and
approved the manuscript.

CONFLICTS OF INTEREST
The authors declare no competing interests.

ACKNOWLEDGMENTS
This work was supported by the Telethon Foundation, Rome, Italy,
Telethon Core Grant TGTG01 TGTG02.
Molecular Therapy Vol. 27 No 7 July 2019 1225

https://doi.org/10.1016/j.ymthe.2019.04.014
https://doi.org/10.1016/j.ymthe.2019.04.014
http://www.moleculartherapy.org


Molecular Therapy
REFERENCES
1. Naldini, L. (2015). Gene therapy returns to centre stage. Nature 526, 351–360.

2. Nayak, S., and Herzog, R.W. (2010). Progress and prospects: immune responses to
viral vectors. Gene Ther. 17, 295–304.

3. Kuriyama, S., Tominaga, K., Kikukawa, M., Nakatani, T., Tsujinoue, H., Yamazaki,
M., Nagao, S., Toyokawa, Y., Mitoro, A., and Fukui, H. (1998). Inhibitory effects of
human sera on adenovirus-mediated gene transfer into rat liver. Anticancer Res.
18 (4A), 2345–2351.

4. Raper, S.E., Chirmule, N., Lee, F.S., Wivel, N.A., Bagg, A., Gao, G.P., Wilson, J.M., and
Batshaw, M.L. (2003). Fatal systemic inflammatory response syndrome in a ornithine
transcarbamylase deficient patient following adenoviral gene transfer. Mol. Genet.
Metab. 80, 148–158.

5. Zaiss, A.K., and Muruve, D.A. (2008). Immunity to adeno-associated virus vectors in
animals and humans: a continued challenge. Gene Ther. 15, 808–816.

6. Mingozzi, F., and High, K.A. (2013). Immune responses to AAV vectors: overcoming
barriers to successful gene therapy. Blood 122, 23–36.

7. Kay, M.A. (2011). State-of-the-art gene-based therapies: the road ahead. Nat. Rev.
Genet. 12, 316–328.

8. Kay, M.A., Glorioso, J.C., and Naldini, L. (2001). Viral vectors for gene therapy: the
art of turning infectious agents into vehicles of therapeutics. Nat. Med. 7, 33–40.

9. Aiuti, A., Biasco, L., Scaramuzza, S., Ferrua, F., Cicalese, M.P., Baricordi, C., Dionisio,
F., Calabria, A., Giannelli, S., Castiello, M.C., et al. (2013). Lentiviral hematopoietic
stem cell gene therapy in patients with Wiskott-Aldrich syndrome. Science 341,
1233151.

10. Biffi, A., Montini, E., Lorioli, L., Cesani, M., Fumagalli, F., Plati, T., Baldoli, C.,
Martino, S., Calabria, A., Canale, S., et al. (2013). Lentiviral hematopoietic stem
cell gene therapy benefits metachromatic leukodystrophy. Science 341, 1233158.

11. Sessa, M., Lorioli, L., Fumagalli, F., Acquati, S., Redaelli, D., Baldoli, C., Canale, S.,
Lopez, I.D., Morena, F., Calabria, A., et al. (2016). Lentiviral haemopoietic stem-
cell gene therapy in early-onset metachromatic leukodystrophy: an ad-hoc analysis
of a non-randomised, open-label, phase 1/2 trial. Lancet 388, 476–487.

12. Annoni, A., Goudy, K., Akbarpour, M., Naldini, L., and Roncarolo, M.G. (2013).
Immune responses in liver-directed lentiviral gene therapy. Transl. Res. 161, 230–240.

13. Scott, H.S., Bunge, S., Gal, A., Clarke, L.A., Morris, C.P., and Hopwood, J.J. (1995).
Molecular genetics of mucopolysaccharidosis type I: diagnostic, clinical, and biolog-
ical implications. Hum. Mutat. 6, 288–302.

14. Aldenhoven, M., Wynn, R.F., Orchard, P.J., O’Meara, A., Veys, P., Fischer, A.,
Valayannopoulos, V., Neven, B., Rovelli, A., Prasad, V.K., et al. (2015). Long-term
outcome of Hurler syndrome patients after hematopoietic cell transplantation: an
international multicenter study. Blood 125, 2164–2172.

15. Visigalli, I., Delai, S., Politi, L.S., Di Domenico, C., Cerri, F., Mrak, E., D’Isa, R.,
Ungaro, D., Stok, M., Sanvito, F., et al. (2010). Gene therapy augments the efficacy
of hematopoietic cell transplantation and fully corrects mucopolysaccharidosis type
I phenotype in the mouse model. Blood 116, 5130–5139.

16. Tolar, J., Grewal, S.S., Bjoraker, K.J., Whitley, C.B., Shapiro, E.G., Charnas, L., and
Orchard, P.J. (2008). Combination of enzyme replacement and hematopoietic stem
cell transplantation as therapy for Hurler syndrome. Bone Marrow Transplant. 41,
531–535.

17. Ghosh, A., Miller, W., Orchard, P.J., Jones, S.A., Mercer, J., Church, H.J., Tylee, K.,
Lund, T., Bigger, B.W., Tolar, J., andWynn, R.F. (2016). Enzyme replacement therapy
prior to haematopoietic stem cell transplantation in Mucopolysaccharidosis Type I:
10 year combined experience of 2 centres. Mol. Genet. Metab. 117, 373–377.

18. Kakavanos, R., Turner, C.T., Hopwood, J.J., Kakkis, E.D., and Brooks, D.A. (2003).
Immune tolerance after long-term enzyme-replacement therapy among patients
who have mucopolysaccharidosis I. Lancet 361, 1608–1613.

19. Brooks, D.A., Kakavanos, R., and Hopwood, J.J. (2003). Significance of immune
response to enzyme-replacement therapy for patients with a lysosomal storage disor-
der. Trends Mol. Med. 9, 450–453.

20. Solomon, M., and Muro, S. (2017). Lysosomal enzyme replacement therapies:
Historical development, clinical outcomes, and future perspectives. Adv. Drug
Deliv. Rev. 118, 109–134.
1226 Molecular Therapy Vol. 27 No 7 July 2019
21. Kishnani, P.S., Dickson, P.I., Muldowney, L., Lee, J.J., Rosenberg, A., Abichandani, R.,
Bluestone, J.A., Burton, B.K., Dewey,M., Freitas, A., et al. (2016). Immune response to
enzyme replacement therapies in lysosomal storage diseases and the role of immune
tolerance induction. Mol. Genet. Metab. 117, 66–83.

22. Banugaria, S.G., Prater, S.N., Patel, T.T., Dearmey, S.M., Milleson, C., Sheets, K.B.,
Bali, D.S., Rehder, C.W., Raiman, J.A., Wang, R.A., et al. (2013). Algorithm for the
early diagnosis and treatment of patients with cross reactive immunologic mate-
rial-negative classic infantile pompe disease: a step towards improving the efficacy
of ERT. PLoS ONE 8, e67052.

23. Kishnani, P.S., Goldenberg, P.C., DeArmey, S.L., Heller, J., Benjamin, D., Young, S.,
Bali, D., Smith, S.A., Li, J.S., Mandel, H., et al. (2010). Cross-reactive immunologic
material status affects treatment outcomes in Pompe disease infants. Mol. Genet.
Metab. 99, 26–33.

24. Le, S.Q., Kan, S.H., Clarke, D., Sanghez, V., Egeland, M., Vondrak, K.N., Doherty,
T.M., Vera, M.U., Iacovino, M., Cooper, J.D., et al. (2017). A Humoral Immune
Response Alters the Distribution of Enzyme Replacement Therapy in Murine
Mucopolysaccharidosis Type I. Mol. Ther. Methods Clin. Dev. 8, 42–51.

25. Baldo, G., Mayer, F.Q., Martinelli, B.Z., de Carvalho, T.G., Meyer, F.S., de Oliveira,
P.G., Meurer, L., Tavares, A., Matte, U., and Giugliani, R. (2013). Enzyme replace-
ment therapy started at birth improves outcome in difficult-to-treat organs in muco-
polysaccharidosis I mice. Mol. Genet. Metab. 109, 33–40.

26. Jensen, F.C., Savary, J.R., Diveley, J.P., and Chang, J.C. (1998). Adjuvant activity of
incomplete Freund’s adjuvant. Adv. Drug Deliv. Rev. 32, 173–186.

27. Kuether, E.L., Schroeder, J.A., Fahs, S.A., Cooley, B.C., Chen, Y., Montgomery, R.R.,
Wilcox, D.A., and Shi, Q. (2012). Lentivirus-mediated platelet gene therapy of murine
hemophilia A with pre-existing anti-factor VIII immunity. J. Thromb. Haemost. 10,
1570–1580.

28. Annoni, A., Battaglia, M., Follenzi, A., Lombardo, A., Sergi-Sergi, L., Naldini, L., and
Roncarolo, M.G. (2007). The immune response to lentiviral-delivered transgene is
modulated in vivo by transgene-expressing antigen-presenting cells but not by
CD4+CD25+ regulatory T cells. Blood 110, 1788–1796.

29. Ponder, K.P., Wang, B., Wang, P., Ma, X., Herati, R., Wang, B., Cullen, K., O’Donnell,
P., Ellinwood, N.M., Traas, A., et al. (2006). Mucopolysaccharidosis I cats mount a
cytotoxic T lymphocyte response after neonatal gene therapy that can be blocked
with CTLA4-Ig. Mol. Ther. 14, 5–13.

30. Ma, X., Liu, Y., Tittiger, M., Hennig, A., Kovacs, A., Popelka, S., Wang, B., Herati, R.,
Bigg, M., and Ponder, K.P. (2007). Improvements in mucopolysaccharidosis I mice
after adult retroviral vector-mediated gene therapy with immunomodulation. Mol.
Ther. 15, 889–902.

31. Grayson, J.M., Harrington, L.E., Lanier, J.G., Wherry, E.J., and Ahmed, R. (2002).
Differential sensitivity of naive and memory CD8+ T cells to apoptosis in vivo.
J. Immunol. 169, 3760–3770.

32. Yao, Z., Jones, J., Kohrt, H., and Strober, S. (2011). Selective resistance of CD44hi
T cells to p53-dependent cell death results in persistence of immunologic memory
after total body irradiation. J. Immunol. 187, 4100–4108.

33. Platzer, B., Stout, M., and Fiebiger, E. (2014). Antigen cross-presentation of immune
complexes. Front. Immunol. 5, 140.

34. Xue, Y., Richards, S.M., Mahmood, A., and Cox, G.F. (2016). Effect of anti-laronidase
antibodies on efficacy and safety of laronidase enzyme replacement therapy for MPS
I: A comprehensive meta-analysis of pooled data from multiple studies. Mol. Genet.
Metab. 117, 419–426.

35. Sauerborn, M., Brinks, V., Jiskoot, W., and Schellekens, H. (2010). Immunological
mechanism underlying the immune response to recombinant human protein thera-
peutics. Trends Pharmacol. Sci. 31, 53–59.

36. Jawa, V., Cousens, L.P., Awwad, M., Wakshull, E., Kropshofer, H., and De Groot, A.S.
(2013). T-cell dependent immunogenicity of protein therapeutics: Preclinical assess-
ment and mitigation. Clin. Immunol. 149, 534–555.

37. Banati, M., Hosszu, Z., Trauninger, A., Szereday, L., and Illes, Z. (2011). Enzyme
replacement therapy induces T-cell responses in late-onset Pompe disease. Muscle
Nerve 44, 720–726.

38. Copelan, E.A. (2006). Hematopoietic stem-cell transplantation. N. Engl. J. Med. 354,
1813–1826.

http://refhub.elsevier.com/S1525-0016(19)30180-7/sref1
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref2
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref2
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref3
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref4
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref5
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref6
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref7
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref7
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref8
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref8
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref9
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref10
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref11
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref12
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref12
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref13
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref13
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref13
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref14
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref15
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref16
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref17
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref18
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref19
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref20
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref21
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref22
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref23
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref24
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref25
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref26
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref26
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref27
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref28
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref29
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref30
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref31
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref32
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref33
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref34
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref35
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref36
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref37
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref38
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref38


www.moleculartherapy.org
39. Anasetti, C., Martin, P.J., Storb, R., Appelbaum, F.R., Beatty, P.G., Davis, J., Doney, K.,
Hill, H.F., Stewart, P., Sullivan, K.M., et al. (1992). Treatment of acute graft-versus-
host disease with a nonmitogenic anti-CD3 monoclonal antibody. Transplantation
54, 844–851.

40. Carpenter, P.A., Lowder, J., Johnston, L., Frangoul, H., Khoury, H., Parker, P., Jerome,
K.R., McCune, J.S., Storer, B., Martin, P., et al. (2005). A phase II multicenter study of
visilizumab, humanized anti-CD3 antibody, to treat steroid-refractory acute graft-
versus-host disease. Biol. Blood Marrow Transplant. 11, 465–471.

41. Tse, J.C., and Moore, T.B. (1998). Monoclonal antibodies in the treatment of steroid-
resistant acute graft-versus-host disease. Pharmacotherapy 18, 988–1000.

42. Ohashi, T., Iizuka, S., Shimada, Y., Higuchi, T., Eto, Y., Ida, H., and Kobayashi, H.
(2012). Administration of Anti-CD3 Antibodies Modulates the Immune Response
to an Infusion of a-glucosidase in Mice. Mol. Ther. 20, 1924–1931.

43. Kuwatani, M., Ikarashi, Y., Mineishi, S., Asaka, M., andWakasugi, H. (2005). An irra-
diation-free nonmyeloablative bone marrow transplantation model: importance of
the balance between donor T-cell number and the intensity of conditioning.
Transplantation 80, 1145–1152.

44. He, X., Ye, Y., Xu, X., Wang, J., Huang, Y., Weng, G., Zhang, M., and Guo, K. (2016).
Conditioning with Fludarabine-Busulfan versus Busulfan-Cyclophosphamide Is
Associated with Lower aGVHD and Higher Survival but More Extensive and Long
Standing Bone Marrow Damage. BioMed Res. Int. 2016, 3071214.

45. Bartelink, I.H., van Reij, E.M.L., Gerhardt, C.E., van Maarseveen, E.M., de Wildt, A.,
Versluys, B., Lindemans, C.A., Bierings, M.B., and Boelens, J.J. (2014). Fludarabine
and exposure-targeted busulfan compares favorably with busulfan/cyclophospha-
mide-based regimens in pediatric hematopoietic cell transplantation: maintaining
efficacy with less toxicity. Biol. Blood Marrow Transplant. 20, 345–353.

46. Aldenhoven, M., Jones, S.A., Bonney, D., Borrill, R.E., Coussons, M., Mercer, J.,
Bierings, M.B., Versluys, B., van Hasselt, P.M., Wijburg, F.A., et al. (2015).
Hematopoietic cell transplantation for mucopolysaccharidosis patients is safe and
effective: results after implementation of international guidelines. Biol. Blood
Marrow Transplant. 21, 1106–1109.

47. Dresser, D.W. (1962). Specific inhibition of antibody production. I. Protein-over
loading paralysis. Immunology 5, 161–168.

48. Matzinger, P. (1994). Tolerance, danger, and the extended family. Annu. Rev.
Immunol. 12, 991–1045.

49. Basta, S., and Alatery, A. (2007). The cross-priming pathway: a portrait of an intricate
immune system. Scand. J. Immunol. 65, 311–319.

50. Datta, S.K., and Raz, E. (2005). Induction of antigen cross-presentation by Toll-like
receptors. Springer Semin. Immunopathol. 26, 247–255.
51. Rock, K.L., Hearn, A., Chen, C.J., and Shi, Y. (2005). Natural endogenous adjuvants.
Springer Semin. Immunopathol. 26, 231–246.

52. Zinkernagel, R.M., Ehl, S., Aichele, P., Oehen, S., Kündig, T., and Hengartner, H.
(1997). Antigen localisation regulates immune responses in a dose- and time-depen-
dent fashion: a geographical view of immune reactivity. Immunol. Rev. 156, 199–209.

53. Peng, A., Gaitonde, P., Kosloski, M.P., Miclea, R.D., Varma, P., and Balu-Iyer, S.V.
(2009). Effect of route of administration of human recombinant factor VIII on its
immunogenicity in Hemophilia A mice. J. Pharm. Sci. 98, 4480–4484.

54. Caskey, M., Lefebvre, F., Filali-Mouhim, A., Cameron, M.J., Goulet, J.-P., Haddad,
E.K., Breton, G., Trumpfheller, C., Pollak, S., Shimeliovich, I., et al. (2011).
Synthetic double-stranded RNA induces innate immune responses similar to a live
viral vaccine in humans. J. Exp. Med. 208, 2357–2366.

55. Clarke, L.A., Wraith, J.E., Beck, M., Kolodny, E.H., Pastores, G.M., Muenzer, J.,
Rapoport, D.M., Berger, K.I., Sidman, M., Kakkis, E.D., and Cox, G.F. (2009).
Long-term efficacy and safety of laronidase in the treatment of mucopolysaccharido-
sis I. Pediatrics 123, 229–240.

56. Sifuentes, M., Doroshow, R., Hoft, R., Mason, G., Walot, I., Diament, M., Okazaki, S.,
Huff, K., Cox, G.F., Swiedler, S.J., and Kakkis, E.D. (2007). A follow-up study ofMPS I
patients treated with laronidase enzyme replacement therapy for 6 years. Mol. Genet.
Metab. 90, 171–180.

57. Wraith, J.E., Clarke, L.A., Beck, M., Kolodny, E.H., Pastores, G.M., Muenzer, J.,
Rapoport, D.M., Berger, K.I., Swiedler, S.J., Kakkis, E.D., et al. (2004). Enzyme
replacement therapy for mucopolysaccharidosis I: a randomized, double-blinded,
placebo-controlled, multinational study of recombinant human alpha-L-iduronidase
(laronidase). J. Pediatr. 144, 581–588.

58. Giugliani, R., Rojas, V.M., Martins, A.M., Valadares, E.R., Clarke, J.T.R., Góes, J.E.C.,
Kakkis, E.D., Worden, M.A., Sidman, M., and Cox, G.F. (2009). A dose-optimization
trial of laronidase (Aldurazyme) in patients with mucopolysaccharidosis I. Mol.
Genet. Metab. 96, 13–19.

59. Ohmi, K., Greenberg, D.S., Rajavel, K.S., Ryazantsev, S., Li, H.H., and Neufeld, E.F.
(2003). Activated microglia in cortex of mouse models of mucopolysaccharidoses I
and IIIB. Proc. Natl. Acad. Sci. USA 100, 1902–1907.

60. Amendola, M., Venneri, M.A., Biffi, A., Vigna, E., and Naldini, L. (2005). Coordinate
dual-gene transgenesis by lentiviral vectors carrying synthetic bidirectional pro-
moters. Nat. Biotechnol. 23, 108–116.

61. Zheng, Y., Rozengurt, N., Ryazantsev, S., Kohn, D.B., Satake, N., and Neufeld, E.F.
(2003). Treatment of the mouse model of mucopolysaccharidosis I with retrovirally
transduced bone marrow. Mol. Genet. Metab. 79, 233–244.
Molecular Therapy Vol. 27 No 7 July 2019 1227

http://refhub.elsevier.com/S1525-0016(19)30180-7/sref39
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref39
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref39
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref39
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref40
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref40
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref40
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref40
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref41
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref41
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref42
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref42
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref42
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref43
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref43
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref43
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref43
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref44
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref44
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref44
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref44
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref45
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref45
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref45
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref45
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref45
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref46
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref46
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref46
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref46
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref46
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref47
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref47
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref48
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref48
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref49
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref49
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref50
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref50
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref51
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref51
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref52
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref52
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref52
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref53
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref53
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref53
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref54
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref54
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref54
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref54
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref55
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref55
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref55
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref55
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref56
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref56
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref56
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref56
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref57
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref57
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref57
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref57
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref57
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref58
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref58
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref58
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref58
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref59
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref59
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref59
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref60
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref60
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref60
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref61
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref61
http://refhub.elsevier.com/S1525-0016(19)30180-7/sref61
http://www.moleculartherapy.org

	Targeting a Pre-existing Anti-transgene T Cell Response for Effective Gene Therapy of MPS-I in the Mouse Model of the Disease
	Introduction
	Results
	Induction of Anti-IDUA Immune Response in MPS-I Mice
	Pre-existing Anti-IDUA Immunity Prevents Engraftment of IDUA-Transduced HSCs in Immunized MPS-I Mice in an Antigen-Specific ...
	Pre-existing Anti-IDUA IgGs Do Not Prevent Engraftment of IDUA-Transduced HSCs in Pre-immunized MPS-I Mice
	Pre-existing IDUA-Specific CD8+ T Cells Impair Engraftment of IDUA-Transduced HSCs in Pre-immunized MPS-I Mice
	T Cell-Depleting Treatments Partially Rescue Engraftment of IDUA-Transduced HSCs in Pre-immunized MPS-I Mice
	Concomitant Activation of Innate Response Promotes IDUA-Specific T Cells in MPS-I Mice Receiving ERT

	Discussion
	Materials and Methods
	Mice
	Anti-IDUA IgG Concentration in Human Samples
	ERT and Immunization Protocols
	Anti-IDUA or Anti-OVA IgG Quantification and Isolation
	Cytokine Production
	ELISPOT Assays
	Ex Vivo HSC GT
	Engraftment Quantification
	Flow Cytometry
	IDUA Enzymatic Activity
	Statistics
	Study Approval

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


