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Adeno-associated virus (AAV) vector gene therapy is a prom-
ising treatment for a variety of genetic diseases, including he-
mophilia. Systemic administration of AAV vectors is associated
with a cytotoxic immune response triggered against AAV
capsid proteins, which if untreated can result in loss of trans-
gene expression. Immunosuppression (IS) with corticosteroids
has limited transgene loss in some AAV gene therapy clinical
trials, but was insufficient to prevent loss in other studies.
We used a nonhuman primate model to evaluate intensive
T cell-directed IS combined with AAV-mediated transfer of
the human factor IX (FIX) gene. Early administration of rabbit
anti-thymocyte globulin (ATG) concomitant with AAV admin-
istration resulted in the development of anti-FIX antibodies,
whereas delayed ATG by 5 weeks administration did not. The
anti-FIX immune response was associated with increases in in-
flammatory cytokines, as well as a skewed Th17/regulatory
T cell (Treg) ratio. We conclude that the timing of T cell-
directed IS is critical in determining transgene-product immu-
nogenicity or tolerance. These data have implications for
systemically administered AAV gene therapy being evaluated
for hemophilia A and B, as well as other genetic diseases.

INTRODUCTION
Adeno-associated virus (AAV) vector gene therapy has emerged as a
promising treatment for a variety of genetic diseases.1,2 The recent
success of newly approved AAV-based drugs was built on several de-
cades of preclinical and clinical gene therapy studies, many focused
on hemophilia B (HB).1,2 HB is an X-linked bleeding disorder due
to a deficiency in coagulation factor IX (FIX).3 It affects about 1 in
30,000 male births worldwide, and without treatment is characterized
by frequent spontaneous hemorrhages that can be life-threatening.3

The severity of the HB bleeding phenotype is dependent on the resid-
ual FIX activity such that modest increases in FIX activity have an
important clinical impact,3 which makes HB highly amenable to
gene therapy. Both the first parenterally administered in-human
AAV-based gene therapy4,5 and the first in-human liver-directed
AAV gene therapy were conducted in HB subjects.6

Early HB clinical liver-directed gene therapy studies helped defined
key immunological complications for reliable efficacious delivery of
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AAV-vector mediated gene transfer.6 Successful AAV-based gene
therapy must overcome at least three potential immunological obsta-
cles: (1) impediment of vector transduction by pre-existing anti-AAV
neutralizing antibodies (NAbs), (2) eradication of transduced cells by
anti-AAV-capsid T cells (cellular immune response), and (3) the
development of an immune response against the transgene-prod-
uct.7–10 The immune mechanisms responsible for each of these obsta-
cles, and the complex relationship between them, are only partly
understood. Previous preclinical studies have suggested that immu-
nosuppression (IS) designed to address one of these obstacles may
worsen others.11

The anti-AAV-capsid cellular immune response against transduced
cells has remained a major limitation for liver-directed AAV-based
gene therapy since its initial recognition during an AAV serotype-2
(AAV2)-based gene therapy trial for HB.6,8,12 The loss of transduced
cells by this cellular immune response results in a decline in transgene
expression levels, which results in diminished therapeutic efficacy.
Although several vector parameters may impact the risk and intensity
of the anti-AAV-capsid cellular immune response, the frequency of
the anti-AAV-capsid cellular immune response increases with
increasing vector dose.7–10 Subsequent clinical studies demonstrated
that the rapid initiation of IS with oral steroids could limit the loss
of transgene expression.13–15 However, IS with oral and intravenous
steroids has been insufficient to prevent the loss of transgene expres-
sion in several AAV gene therapy trials for hemophilia.7–9,16–19 The
incomplete efficacy of steroid IS to prevent transgene elimination
has motivated studies of alternative IS regimens in preclinical models.
This effort has been hampered by the lack of clinically informative
in vivo models of the anti-AAV capsid cellular immune
response.20–24 Nonhuman primate (NHP) models are advantageous
given the similarity to the human immune system, which allows for
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Table 1. Summary of Anti-hFIX Immune Response in NHPs after Liver-Directed GT

References Vector Vector Dose (vg/kg) IS Anti-hFIX (n) Totala (n) Anti-hFIX (%)

44 AAV2-hFIX 4 � 1012 none 1 5 20

45
AAV5-CAGG-hFIX 4 � 1012 none 1 4 25

AAV8-HCR-hAAT-hFIX 4 � 1012 none 0 1 0

55 scAAV8-LSP-hFIX 0.4–1 � 1012 noneb 1 4 25

11 AAV2-LSP-hFIX 4 � 1012

none 0 3 0

MMF/sirolimus 0 3 0

MMF/sirolimus + anti-CD25 3 3 100

46 scAAV8-LSP-hFIX 1 � 1012 none 1 7 14

43 scAAV8-LSP-hFIX 0.02–2 � 1012 none 1 10 10

47 AAV8-hAAT-hFIX 2 � 1013 noneb 2 2 100

56 LV-FIX-Padua 7.5 � 1013c none 3 6 50

57
AAV5-hFIX-WT 5 � 1012 none 1 3 33

AAV5-hFIX-Padua 0.5–9 � 1012 none 5 12 42

Total 19 63 30

aTotal number of NHPs in study with detectable hFIX expression and followed for R12 weeks after vector administration.
bAnimals received rituximab and cyclosporine after inhibitor formation.
cLentivirus dosed as transduction units per kilogram.
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the evaluation of IS with biologics, as well as comparable transgene
expression levels, after liver-directed gene therapy.

Rhesus macaque FIX is 97% identical with human FIX (hFIX),
differing only at 11 of 461 amino acid positions.25 Despite this simi-
larity, about 20%–30% of NHPs that express hFIX after gene therapy
develop anti-hFIX antibodies (Table 1). Anti-hFIX antibodies can
also occur in NHP after administration of hFIX protein.26 About
3% of HB patients also develop neutralizing anti-hFIX antibodies,
termed inhibitors, which substantially increase the morbidity of the
disease.27 Thus, NHPs serve as a provocative model for assessing
the immunogenicity of hFIX transgene expression.

To fulfill the promises of gene therapy for genetic disease, better ap-
proaches are required to reliably avoid or prevent anti-AAV-capsid
cellular immune responses that limit transgene expression. Translatable
IS approaches must promote immune tolerance induction of the trans-
gene-product after vector administration. Herein, we evaluated the
impact of the timing of intensive T cell-directed IS with rabbit anti-
thymocyte globulin (ATG) in NHPs receiving therapeutically relevant
dosesofAAV-hFIXvectors.Animals received either earlyATGconcom-
itant with vector or delayed ATG�5 weeks after vector administration,
which is the earliest reported onset of an anti-AAV capsid cellular im-
mune response.10,14 Our hypothesis was that delaying intensive IS until
the onset of the cellular immune responsemay spare early immune pro-
cesses including regulatory T cells (Tregs) expansion, which would pro-
mote immune tolerance induction to transgene-expressed hFIX.

Although both ATG regimens were efficacious in producing lympho-
penia, we observe that animals that received early ATG were substan-
tially more likely to develop anti-hFIX antibodies (two out of three),
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whereas none of the animals that received delayed ATG developed
anti-hFIX antibodies. These data for the first time indicate that the
timing of IS to address immunological obstacles for gene therapy is
critical for its success.

RESULTS
Study Design

The primary study endpoints were the determination of levels of hFIX
expression and the rates of immune responses to the transgene-product.
As illustrated in Figure 1, six adultmale rhesusmacaques with low anti-
AAV2 capsid NAbs (NAb titers%1:3) were divided into two groups to
test the safety of rabbit ATG as an immune-suppressive agent either
around the time of vector administration (group 1: early IS therapy)
or around day 35 post-vector administration (group 2: delayed IS ther-
apy). Day 35 post-vector administration is the approximate time of the
onset of T cell cytotoxicity and progressive loss of transgene expression
observed in the AAV liver-directed clinical trials.6 Likewise, the eligi-
bility of the most current HB gene therapy trials requires a NAb titer
<1:5. Although currentHBgene therapy trials have shifted to alternative
serotypes, the cellular immune response against AAV2 capsids remains
the most extensively investigated.6,8,12 The AAV-capsid immune
response is also serotype and route of administration independent.

Both groups of animals were administered mycophenolate mofetil
(MMF) starting on week �1 until week 8 at doses of 25 mg/kg.
Both groups of animals also received rapamycin (4 mg/kg) from
days 0 to 6 as loading dose to ensure therapeutic levels, followed by
2 mg/kg from day 7 until week 8 as a maintenance regimen. IS was
discontinued at week 8, and the animals were followed for an addi-
tional 20 weeks. AAV2 vector expressing hFIX under control of the
liver-specific promoter (AAV-hFIX) was injected at dose of 7.5 �
2020



Figure 1. Experimental Scheme Evaluating the Safety

of ATG for Immunosuppression after AAV Gene

Therapy

AAV2-hAAT-hFIX at a dose of 7.5 � 1012 vg/kg was

administered on day 0. Group 1 animals (early IS) received

three doses of ATG around vector administration, whereas

group 2 animals (delayed IS) received three doses of ATG

around day 35 after vector administration, the approximate

time of the onset of T cell cytotoxicity observed in the AAV2

liver-directed clinical trials.6 Both groups received MMF

starting 1week before vector administration and rapamycin

starting the day of vector administration. IS was dis-

continued after 8 weeks from vector administration, and the

animals were observed until 28 weeks after vector. Non-

linear timescale is employed for clarity.
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1012 vg/kg on day 0 via the hepatic artery under general anesthesia.
Administration into the hepatic artery is standard for AAV2 vectors
in both preclinical and clinical studies.6,11

ATG Is Effective in Inducing Lymphopenia and a Transient

Increase in the Frequency of T Regulatory Cells

Animals from group 1 (n = 3) were administered with ATG (5 mg/kg/
dose) around the time of vector administration starting at day�1 fol-
lowed by additional doses on days +1 and +3. Group 2 animals (n = 3)
received three doses of ATG on days +35, +37, and +39 post-AAV de-
livery. Peripheral total lymphocytes were monitored weekly, and we
observed a marked decrease in lymphocyte numbers in each group
of animals following ATG administration (Figures 2A and 2B).
This rapid and efficient depletion of T cells demonstrated that the
ATG regimen used was effective in these animals. We also observed
a transient increase in the frequency of CD4+CD25+FoxP3+ cells in
all animals shortly after ATG administration (Figures 2C and 2D);
however, the magnitude of this increase was variable across animals.
ATG showed no depleting effects in red cell and platelet counts, as ex-
pected (Figure S1). Plasma levels of rapamycin and MMF were moni-
tored throughout the study. Drug levels were within the therapeutic
range with the exception of one time point for monkey 1001 for rapa-
mycin below the detection limit at week 2 and one time point for
monkey 2003 for supratherapeutic MMF at week 8 (Figure S2).

Early ATG at the Time of AAV Administration Is Associated with

Formation of Antibodies against the hFIX Transgene-Product

Animals from group 1, early ATG, showed variable hFIX expression
levels. For 1001, hFIX levels peaked at 410 ng/mL at week 2 and subse-
quently stabilized at 96 ng/mL (Figure 3A); notably, this animal had the
highest frequency of CD4+CD25+FoxP3+ cells in the early ATG group
(Figure 2C). The other two animals in the early ATG group developed
antibodies to hFIX (Figure 3C; Table 2). Monkey 1002 showed unde-
tectable hFIX expression due to low-titer neutralizing anti-FIX anti-
bodies (�5,000ng/mL) and 0.5 BethesdaUnit (BU) atweek 20.Monkey
1003 expressed hFIX at �100 ng/mL until week 10, whereas the hFIX
Molecula
levels dropped to undetectable levels by week 14 (Figure 3A). This
drop in hFIX levels coincided with the onset of a robust anti-hFIX hu-
moral immune response (IgG levels of�70,000 ng/mL) and 5.5 BU at
week 20 (Figure 3C). T cell responses against hFIX were analyzed by
interferon (IFN)-g enzyme-linked immunosorbent spot (ELISpot)
analysis and were negative at all time points tested (Figure S3).

Delayed Administration of ATG after AAV Administration Is Not

Associated with Formation of Antibodies against the hFIX

Transgene-Product

Animals from group 2, delayed ATG, also demonstrated variable
hFIX expression levels. Monkey 2001 had very low expression, near
the limit of detection (�5 ng/mL), monkey 2102 peaked at 70 ng/
mL at week 2 and subsequently stabilized at 10 ng/mL, and monkey
2003 peaked at 900 ng/mL at week 2 and subsequently had plateau
levels of 200 ng/mL by week 28 (Figure 3B). Notably, in contrast
with the animal that received ATG around vector administration
(group 1), none of the animals that received delayed ATG had any
detectable immune response against hFIX, either humoral (Figure 3D)
or T cell mediated (IFN-g ELIspot; Figure S3).

Inhibitor Formation to hFIX Is Associated with a Th17 Cytokine

Signature and Increased Frequency of Th17 Cells

Plasma cytokine levels (interleukin-1b [IL-1b], IL-2, IL-4, IL-10, IL-17,
tumor necrosis factor alpha [TNF-a], and IFN-g) were assayed over
time in all animals (Figures 4A–4G). Interestingly, the two animals
that developed humoral responses against hFIX (1002 and 1003)
showed transient increases in IL-2, IL-4, IL-10, IL-17, TNF-a, IL-1b,
and IFN-g levels in circulation, peaking at week 8. Given the role of
TNF-a, IL-1b, and IL-17 in the production and maintenance of Th17
cells,28,29 we hypothesized that these pro-inflammatory cells might be
involved in inhibitor formation. Flow cytometry was performed on pe-
ripheral blood mononuclear cells (PBMCs) using CD4-fluorescein iso-
thiocyanate (FITC),CD196-phycoerythrin (PE)-Cy7, and IL-17a-PEaf-
ter PMA stimulation.We observed a transient early (week 7) significant
increase in the levels of Th17 (CD4+, CD196+, IL-17a+) cells from
r Therapy: Methods & Clinical Development Vol. 17 June 2020 1131
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Figure 2. Peripheral Lymphocytes and Subsets before and after IS

(A and B) Total peripheral lymphocyte count for animals that received early (A) or delayed (B) ATG. (C and D) Percent CD4+CD25+FoxP3+ of total lymphocytes for animals that

received early (C) or delayed (D) ATG. Each line represents an individual animal, each arrow represents an ATG dose, and the gray line indicates the timing of IS withdraw at

week 8.
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baseline (mean 230% ± 60% baseline) in the two animals (1002 and
1003) that developed inhibitors compared with the four animals
(1001, 2001, 2102, and 2003) that did not develop an anti-hFIX immune
response (mean 80% ± 30% baseline; p < 0.011) (Figure 5A). We note
that one animal that did not develop an inhibitor (2001) had a late in-
crease in Th17 levels at week 16 with no changes in hFIX expression
levels. This difference in the pro-inflammatory Th17 cell frequency in
the animals that developed inhibitors is even more pronounced when
normalized with their Treg cell frequency (Figure 5B).

Local and Systemic Toxicity of ATG Coupled with MMF and

Rapamycin

ATG administration was well tolerated with no effect on body weight
or increased risk for opportunist infections. In all but one animal
(2003, see below), liver enzyme parameters (aspartate transaminase
[AST] and alanine transaminase [ALT]) were within the normal
range (Figures 6A–6D). Coagulation tests (prothrombin time, acti-
vated partial thromboplastin time, and fibrinogen levels), kidney
1132 Molecular Therapy: Methods & Clinical Development Vol. 17 June
function, lipid profile, and a series of comprehensive chemical tests
were within the normal range throughout the study in both groups
of animals (data not shown). For 2003, we observed a transient
increase ALT levels at around week 8 (Figure 6D) associated with a
temporary decrease in hFIX levels (Figure 3B). No humoral immune
responses to the transgene product or T cell-increased secretion of
IFN-g to hFIX or AAV2 capsid proteins by ELISpot analysis were de-
tected (Figure S3B). Moreover, liver biopsy collected at week 10 was
unremarkable (Figure S4A). The animal remained asymptomatic
with no evidence of opportunistic infection. The only abnormality
was a spike in theMMF levels (3.5 mg/L) at week 8.MMFwas stopped
at this time point, as per protocol; thus, the previous high levels of the
drug could explain a transitory liver toxicity.

Percutaneous liver biopsies were performed in all animals at week 16,
and vector genome copy number (GCN) was analyzed by quantitative
real-time PCR. As seen in Table 2, all animals had detectable vector
GCN, confirming effective delivery of vector to the liver. We could
2020



Figure 3. hFIX Expression Levels and Anti-hFIX

Antibody Formation after AAV-hFIX Gene Therapy

(A and B) Plasma hFIX expression levels after AAV-hFIX

gene transfer for animals that received early (A) or delayed

(B) ATG. (C and D) Circulating anti-hFIX IgG levels for ani-

mals that received early (C) or delayed (D) ATG. The week

20 inhibitor titer in BU is indicated. Each line represents an

individual animal.
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not correlate GCNwith hFIX expression levels; however, this is not un-
expected because the GCN analysis was performed on a small sample of
liver and is likely not representative of the entire organ. Liver histology
did not demonstrate any evidence of cellular infiltrates that would indi-
cate an ongoing immune response or toxicity (Figure S4B).
Humoral Response to AAV2 Capsid Proteins Is Enhanced in

Early ATG-Treated Animals at the Time of Vector Injection

The IS regimens did not prevent humoral responses to the vector capsid
as observed by the titer of anti-AAV2 IgG antibodies (Figure 7). Early
ATG administration appeared to partially suppress the onset of the hu-
moral anti-capsid response, with antibody titers rapidly increasing after
Table 2. Summary of Results of Early versus Delayed ATG IS with AAV

Vector Administration

NAb Titer (Pre-
treatment)

Gene Copy
Number/Cella

hFIX Plateau
(ng/mL) Inhibitor

Group 1 (Early)

1001 <1:3 3 96 negative

1002 <1:3 0.48 0
positive (0.5
BU)

1003 <1:3 0.75
89 (pre-
inhibitor)

positive (5.5
BU)

Group 2 (Delayed)

2001 1:3 0.66 5 negative

2102 <1:3 0.25 25 negative

2003 1:3 0.19 215 negative

aWeek 16.
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IS withdrawal in all three animals (Figure 7A).
Intriguingly, only one of the three animals that
received delayed ATG administration developed
high anti-AAV antibody levels, with the onset
occurring just prior to IS withdrawal (Figure 7B).
There is a marked difference in the mean anti-
AAV IgG level between the early and late cohort,
although with only three animals per group, there
is not a statistically significant difference.

DISCUSSION
Immune-mediated obstacles continue to impede
widespread implementation of AAV-based ge-
netic treatments.7–10 Current studies generally exclude subjects with
high-titer NAbs or who are at high risk for development of anti-trans-
gene protein antibodies. However, effective strategies to consistently
mitigate the anti-capsid cellular immune response remain elusive,7–
10 in part because several preclinical models do not recapitulate the
clinical experience.20–24 Although IS with oral steroids has been suc-
cessful in several liver-directed AAV gene therapy trials in controlling
the anti-capsid cellular immune response to limit the loss of transgene
expression,13–15 results from other trials reported in abstracts suggest
steroids can be insufficient to prevent transgene loss.7–9,16–19

In this work, we evaluated the timing of an intensive T cell-directed IS
regimen as a possible strategy to better control this anti-capsid cellular
immune response. MMF and rapamycin are well established IS drugs
targeting T cells that are used in solid organ transplant, hematopoietic
stem cell transplant (HSCT), and autoimmune diseases. ATG targets
T cells, as well as a spectrum of other immune cells and molecules,
and is used in similar conditions.30,31 Consistent with previous results,
rabbit ATG is relatively Treg sparing compared with other lympho-
cytes.32 However, we observed that concomitant administration of
ATG and AAV-hFIX vector breaks the tolerance to hFIX, with two
out of three treated animals developing an anti-hFIX immune
response, including an animal with a high-titer (>5 BU) inhibitor.

In contrast, none of the animals that received ATG around 5 weeks
after AAV-hFIX delivery developed an anti-hFIX response. Because
the earliest described onset of the anti-capsid cellular immune
response is at �5 weeks after vector administration, our results sug-
gest that the IS regimen of delayed ATG with MMF and rapamycin
is a potential intensive therapy to treat the anti-capsid cellular im-
mune response after systemic AAV vector delivery, because it does
Clinical Development Vol. 17 June 2020 1133
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Figure 4. Plasma Cytokine Levels after Vector

Administration

(A–G) Plasma levels of IL-1b (A), IL-2 (B), IL-4 (C), IL-10 (D),

IL-17 (E), TNF-a (F), and IFN-g (G) were assayed over time

by multiplex analysis. Each line represents an individual

animal.
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not interfere with transgene-product tolerance. However, ATG timed
concomitantly with vector delivery should be avoided.

A previous NHP study evaluating intensive anti-T cell IS regimens to
prevent the anti-AAV-capsid cellular immune response observed that
the addition of the anti-CD25 antibody daclizumab at the time of vector
delivery to MMF and rapamycin consistently resulted in the formation
of inhibitory anti-hFIX antibodies, whereas dual therapy of MMF and
rapamycin alone did not.11 Treatment with daclizumab was associated
with a decrease in Tregs, suggesting that Tregs are critical for immune
tolerance induction of the transgene-product after liver-directed gene
therapy.11 Our results herein suggest that there is a critical time period
surrounding vector administration when T cell- and likely Treg-depen-
dent processes occur that initiate peripheral immune tolerance; early
intensive T cell IS may disrupt these processes and result in a failure
to develop immune tolerance. Indeed, the only animal in group 1 that
did not develop an inhibitor (1001) had the highest frequency of Tregs
of the early ATG treatment group. Supporting thismodel of early Treg-
1134 Molecular Therapy: Methods & Clinical Development Vol. 17 June 2020
dependent processes initiating transgene-product
immune tolerance is our previous observation
that AAV-based gene therapy in HA and HB
dogs with pre-existing inhibitors (against FVIII
or FIX, respectively) results in an increase in Tregs
within a few weeks of AAV vector administration
and eradication of the inhibitors and induction
of long-term immune tolerance.33–35

In the two animals in this study that developed in-
hibitors, we also observed a pro-inflammatory
cytokine profile of increased levels of TNF-a, IL-
1b, and IL-17, as well as an increase in pro-inflam-
matory Th17 cells several weeks before the devel-
opment of anti-hFIX inhibitors. IL-1b has recently
been implicated in the innate immune response to
AAV.36 Th17 cells have been implicated in the
initial development of anti-FVIII inhibitors in
HA patients37 and after hFVIII exposure in HA
mice.38 Th17 cells, and especially a skewed Th17/
Treg balance, are involved in numerous autoim-
mune and inflammatory conditions.39–41 Consis-
tent with this immunological mechanism, the
two animals that developed inhibitors had sub-
stantial increase in their Th17/Treg ratios from
baseline. This suggests that tolerance to the trans-
gene-protein after AAV gene therapy requires suf-
ficient Treg activity to offset the pro-inflammatory
Th17 activity. Early intensive anti-T cell therapy can disrupt this bal-
ance, leading to an anti-transgene-product immune response.

Although the evaluated IS regimens were not designed to prevent
anti-AAV antibody formation, it is intriguing that two out of the three
NHPs that received delayed ATG did not mount an anti-AAV anti-
body response. The development of anti-AAV antibody in NHPs af-
ter systemic AAV vector administration is consistently observed
without IS,11,42–46 as well as with IS regimens that have included:
(1) rituximab and cyclosporine;47 (2) MMF, rapamycin, and daclizu-
mab around vector administration;11 and (3) tacrolimus, MMF, ritux-
imab, as well as methylprednisolone and ATG, around vector admin-
istration.48 In contrast, MMF monotherapy delayed anti-AAV
antibody formation in rats,49 dual therapy with MMF and rapamycin
limited anti-AAV antibody formation in NHPs,11 and the IS regimen
of rituximab, rapamycin, and methylprednisolone prevented anti-
AAV antibodies in a single human subject.50 More recently, concom-
itant administration of AAV vectors with rapamycin-containing



Figure 5. Frequency of Th17 T Cells after Vector

Administration

(A and B) Frequency of Th17 (CD4+, CD196+, IL-17a+) cells

(A) or ratio of Th17 cells to Tregs (CD4+CD25+FoxP3+) (B)

after AAV-hFIX gene therapy. The fraction CD4+ PBMCs

that were also CD196+, IL-17a+was analyzed relative to the

pre-IS and pre-gene therapy (week �1) level of each ani-

mal. Each line represents an individual animal. The mean

change in Th17 cell frequency and the ratio compared with

Tregs from baseline at week 7 (*), prior to the detection of

the anti-hFIX immune response, was significantly higher in

the two animals that developed inhibitors (1002 and 1003)

compared with the four animals that did not develop in-

hibitors (1001, 2001, 2102, and 2003): 230% ± 60% and

880% ± 470% baseline, respectively, compared with

80% ± 30% and 84% ± 140%, respectively, baseline; p <

0.03 determined with a two-sided t test.
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nanoparticles that home to antigen-presenting cells have prevented
anti-AAV antibody development in mice and NHPs, and allowed
for vector re-administration, likely because of an increased frequency
of Tregs.51 Our study suggests that the timing of anti-T cell IS may be
able to modulate the likelihood of developing anti-AAV antibodies,
and delaying ATG, as in our group 2, is likely preferred over admin-
istering ATG or other T cell-directed therapy around vector infusion,
as in group 1 or as previously reported.11,48

Our study used rabbit ATG, which is available worldwide. However,
horse ATG, which is available in the United States, is more efficacious
than rabbit ATG in IS therapy for severe aplastic anemia.32 Horse
ATG is less immunosuppressive than rabbit ATG, with total lympho-
Molecula
cytes and lymphocyte subsets normalizing within a few weeks of
administration. The use of horse ATG to prevent anti-AAV cellular
immune response warrants further attention.

Although pre-clinical studies are promising,51 there is no current reli-
able procedure to re-administer AAV vectors. As such, the loss of
transgene expression because of an uncontrolled anti-AAV-capsid
T cell immune response represents a failure of the received AAV prod-
uct, but also of the field, because individuals who have lost expression
are currently prevented from ever accruing the benefits of AAV-based
gene therapy. Approaches to address the anti-AAV-capsid cellular im-
mune response include increasing the vector potency to decrease the
therapeutic dose52,53 and steroid IS to prevent or treat the immune
Figure 6. Liver Enzymes after Vector Administration

(A–D) Plasma AST (A and B) or ALT (C and D) levels after

AAV-hFIX gene transfer for animals that received early ATG

(A or C, respectively) or delayed ATG (B or D, respectively).

Each line represents an individual animal.
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Figure 7. Anti-AAV Antibody Formation following

Vector Administration

(A and B) Anti-AAV antibody levels after AAV-hFIX gene

transfer for animals that received early (A) or delayed (B)

ATG. Each line represents an individual animal, and the

gray line indicates the timing of IS withdraw at week 8.
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response.13–15,54 However, neither strategy is consistently effective.
Intensive T cell-directed IS strategies are attractive given the lifelong
consequences of a failed AAV vector administration. Previous pre-clin-
ical studies investigating alternative IS regimens have highlighted the
potential of intensifying the NAbs and the anti-transgene-product im-
mune responses.11 Our data indicate that there is a critical time period
around vector administration during which intensive IS can shift the
immune system toward immunogenicity and away from immune
tolerance. This phenomenon should be considered when designing
IS regimens for AAV-based gene therapy.

MATERIALS AND METHODS
Production of AAV2 Vectors and AAV2 Empty Capsids

Recombinant AAV2 vectors expressing hFIX under control of the hu-
man a-1 antitrypsin and apolipoprotein E promoter/enhancer were
manufactured by standard triple transfection followed by double-ce-
sium gradient centrifugation as previously described.6 Silver stain of
the vector showed no evidenee of protein degradation, and bacterial
endotoxin levels were 0.15 endotoxin unit /mL.

Animal Procedures

Male rhesus macaques were housed at Charles River Laboratories,
Sierra Biomedical Division (Sparks, NV, USA). Study protocol was
approved by the Institutional Animal Care and Use Committee of
Charles River Laboratories and conducted in accordance with the
US Department of Agriculture guidelines for laboratory animals
and with Good Laboratory Practices. Six monkeys ranging from
2.7 to 5.9 years old (3.1–4.5 kg/body weight) were selected for
the study. Animals were randomly assigned into two groups
(n = 3/group). Both groups of animals were administered immune
suppression via nasogastric intubation of MMF every 12 h (Cell-
Cept; Roche) and rapamycin (Rapamune; Pfizer) once a day up
to week 8 post-AAV delivery (Figure 1). Rabbit ATG (Thymoglo-
bulin; Genzyme) was injected via peripheral vein once a day.
Serum chemistry and hematology parameters were assayed by
Charles River Laboratories. Plasma samples collected in EDTA
were monitored for the levels of MMF (by measuring mycophe-
nolic acid levels) and rapamycin by the Dr. William Pepper’s lab-
oratory of Clinical Medicine at the University of Pennsylvania
(UPenn).
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FIX Antigen and Antibody Assays

hFIX antigen levels weremeasured with an ELISA (Affinity Biologicals,
Canada) that does not recognize endogenous rhesus macaque FIX.
Pooled normal human plasma (TriniCHECK Level 1; bioMerieux)
was used as standard. Undetectable hFIX levels were arbitrarily as-
signed 1 ng/mL (0.001% normal) to allow for logarithmic-scale plot-
ting. Anti-hFIX and anti-AAV IgG levels were determined using an in-
direct ELISA as previously described.11 Inhibitory antibodies to hFIX
by Bethesda assay were determined using citrate plasma samples and
heat inactivation at 56�C for 1 h to inactivate rhesus macaque FIX clot-
ting activity.6,11

NAbs to AAV2 Capsid

NAb titers to AAV were determined as previously described with a
b-galactosidase colorimetric assay.4 Prior to inclusion, 20 animals
were pre-screened for neutralizing anti-AAV2 antibodies, and six an-
imals with a titer of %1:3 were included in the study.

ELISpot Analysis

PBMC samples were collected at 1 week before AAV delivery (week
�1) and at weeks 1, 12, and 16 after vector delivery. Frozen PBMCs
were thawed and used in an IFN-g ELISpot analysis as per manufac-
turer’s instructions (Mabtech, Cincinnati, OH, USA). In brief, 2 �
105 PBMCs/well in AIM-V + 5% fetal bovine serum (FBS) media
were incubated in filter plates (Millipore, Billerica, MA, USA) that
had been pre-coated with anti-human IFN-g antibody (cross-reacts
with rhesus macaque). Cells were stimulated with 10 mg/mL hFIX pro-
tein (Mononine; CSL-Behring, King of Prussia, PA, USA) or AAV2
empty capsid particles (10 mg/mL). Phorbol myristate (50 ng/mL)
and ionomycin (1 mg/mL) were used as a positive control. Cells were
stimulated overnight, and IFN-g-secreting cells were detected using a
streptavidin-conjugated anti-IFN-g antibody. Spots were counted on
an ELISpot reader (Cellular Technologies, Cleveland, OH, USA) and
analyzed with Immunospot software version 3 (Cellular Technologies).

Cytokine Analysis

TheRadioimmunoassay andBiomarkerCore at theUniversity of Penn-
sylvania performedcytokine analysis using a customMILLIPLEX-MAP
NHP cytokine panel (Millipore, Billerica, MA, USA) on duplicate
citrated plasma samples taken at indicated time points.
2020
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Treg and Th17 Staining

The frequency of Tregs was determined by staining fresh PBMC sam-
ples with CD4-FITC and CD25-allophycocyanin, and intracellularly
staining for FoxP3-PE using rhesus macaque-specific antibodies
(eBioscience, San Diego, CA, USA) according to the manufacturer’s
instructions. Th17 frequencies were determined by surface staining
previously frozen PBMCs with CD4-FITC and CD196-PE-Cy7, and
intracellular staining with IL-17a-PE after 5-h stimulation with
PMA/ionomycin + GolgiStop. Samples were run on a BD Canto
flow cytometer, and data were analyzed using FlowJo software
(Tree Star, Ashland, OR, USA).

AAV DNA Detection by Quantitative Real-Time PCR

Quantitative real-time PCR was performed on liver biopsy specimens
collected percutaneously via ultrasound guide at week 16 that had
been snap frozen in liquid nitrogen. DNA was extracted from liver sec-
tions using a commercial genomic DNA extraction kit (QIAGEN), and
quantitative real-time PCR was performed as previously described.11

Data Analysis and Statistics

Data and statistical analyses were performed with OriginPro Software
package. Histology images were prepared with Aperio ImageScope.
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