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signature and may improve AAV gene therapy in cynomolgus
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Adeno-associated virus (AAV) vector gene therapy is a promising approach to treat rare genetic diseases; however, an ongoing
challenge is how to best modulate host immunity to improve transduction efficiency and therapeutic outcomes. This report
presents two studies characterizing multiple prophylactic immunosuppression regimens in male cynomolgus macaques receiving
an AAVrh10 gene therapy vector expressing human coagulation factor VIII (hFVIII). In study 1, no immunosuppression was
compared with prednisolone, rapamycin (or sirolimus), rapamycin and cyclosporin A in combination, and cyclosporin A and
azathioprine in combination. Prednisolone alone demonstrated higher mean peripheral blood hFVIIlI expression; however, this was
not sustained upon taper. Anti-capsid and anti-hFVIIl antibody responses were robust, and vector genomes and transgene mRNA
levels were similar to no immunosuppression at necropsy. Study 2 compared no immunosuppression with prednisolone alone or in
combination with rapamycin or methotrexate. The prednisolone/rapamycin group demonstrated an increase in mean hFVIII
expression and a mean delay in anti-capsid IgG development until after rapamycin taper. Additionally, a significant reduction in the
plasma cell gene signature was observed with prednisolone/rapamycin, suggesting that rapamycin’s tolerogenic effects may
include plasma cell differentiation blockade. Immunosuppression with prednisolone and rapamycin in combination could improve

therapeutic outcomes in AAV vector gene therapy.

Gene Therapy (2024) 31:128-143; https://doi.org/10.1038/s41434-023-00423-z

INTRODUCTION

Adeno-associated virus (AAV) vectors are one of the most
promising gene therapy tools for the treatment of rare diseases.
Diseases for which AAV vector-mediated therapies are in clinical
development include retinal dystrophies, hemophilia A and B,
muscular dystrophies, and metabolic diseases [1-14]. The
beneficial properties of AAV vectors include broad tissue tropism,
ability to transduce nondividing cells, and long-term gene
expression [15]. A culmination of clinical successes in AAV gene
therapy is the approval in recent years of AAV-based therapeutics
by the FDA and EMA [16-19].

Despite the achievements of AAV gene therapy thus far, a major
obstacle that remains is activation of de novo and preexisting
immunity toward the capsid and encoded transgene antigens,
which alter therapeutic efficacy and can lead to toxicity [20, 21].
Preexisting neutralizing antibodies (NAbs) against AAV are
commonly found in humans after exposure to wild-type AAV
early in life, resulting in broad cross-reactivity across AAV
serotypes of different origins [22-28]. NAbs can neutralize vectors
at relatively low titers and abrogate transduction, largely
constituting an efficacy issue rather than a safety issue [29-33].

T-cell responses directed to AAV capsids have also been
demonstrated, hypothetically leading to destruction of transduced
host cells and a decline in transgene expression [4, 31, 34-37].
Expression of the therapeutic protein can induce T-cell responses
[38-40], a potential issue in patients with a nonfunctional gene or
who are gene deficient, where central tolerance to the transgene
is absent [41, 42]. Additionally, innate immunity plays an
important role in promoting anti-capsid and anti-transgene
immune responses after AAV vector administration, including
type | interferons (IFNs), TLR9, TLR2, and mitochondrial antiviral-
signaling protein [43-48].

A number of strategies have been explored to circumvent the
different components of AAV gene therapy immunity to improve
therapeutic outcomes. In nonhuman primates (NHPs), depletion
of anti-AAV antibodies can be achieved by treatment with the
IgG-degrading enzyme of Streptococcus pyogenes (IdeS) or by
multiple rounds of plasmapheresis [49-51]. In addition, CpG-
depleted vector genomes have been used to avoid chronic
activation of innate immunity [52-55]. Glucocorticoids have
been broadly applied in clinical trials both reactively and
prophylactically to control anti-vector immune responses and

"Ultragenyx Pharmaceutical Inc,, Novato, CA, USA. Gene Therapy Program, Department of Medicine, Perelman School of Medicine, University of Pennsylvania, Philadelphia, PA,
USA. 3Ultragenyx Gene Therapy, Ultragenyx Pharmaceutical Inc., Cambridge, MA, USA. *Charles River Laboratories Inc.,, Reno, NV, USA. *Labcorp Drug Development, Madison, WI,
USA. ®Present address: Affinia Therapeutics, Waltham, MA, USA. ®email: bsullivan@ultragenyx.com

Received: 2 March 2023 Revised: 7 September 2023 Accepted: 28 September 2023

Published online: 13 October 2023

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-023-00423-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-023-00423-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-023-00423-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41434-023-00423-z&domain=pdf
http://orcid.org/0000-0001-9347-3939
http://orcid.org/0000-0001-9347-3939
http://orcid.org/0000-0001-9347-3939
http://orcid.org/0000-0001-9347-3939
http://orcid.org/0000-0001-9347-3939
http://orcid.org/0000-0001-9491-7749
http://orcid.org/0000-0001-9491-7749
http://orcid.org/0000-0001-9491-7749
http://orcid.org/0000-0001-9491-7749
http://orcid.org/0000-0001-9491-7749
http://orcid.org/0000-0002-2378-4595
http://orcid.org/0000-0002-2378-4595
http://orcid.org/0000-0002-2378-4595
http://orcid.org/0000-0002-2378-4595
http://orcid.org/0000-0002-2378-4595
http://orcid.org/0000-0002-9630-3131
http://orcid.org/0000-0002-9630-3131
http://orcid.org/0000-0002-9630-3131
http://orcid.org/0000-0002-9630-3131
http://orcid.org/0000-0002-9630-3131
http://orcid.org/0000-0003-0969-6131
http://orcid.org/0000-0003-0969-6131
http://orcid.org/0000-0003-0969-6131
http://orcid.org/0000-0003-0969-6131
http://orcid.org/0000-0003-0969-6131
https://doi.org/10.1038/s41434-023-00423-z
mailto:bsullivan@ultragenyx.com
www.nature.com/gt

A. Kistner et al.

n=3 males | Noimmunosuppression
T

Vector: AAVrh10.EnTTR.TTR.hFVllico-SQ.PA75

Dose: 1 x 10'® genome copies/kg

n =4 males

4 s initiated at day —14
Vector dosing at day 1

. Necropsy at day 169

L] ) 1 1

n =4 males :
Cyclosporin A 100 mg/kg BID
1 1 1 1
n=3males [EICGHINIIHN el ke]s}
() 2 () 2 »
L
Study day: —14 1 15 29 43 85 113 141 169

* o .
A A A A A A A A A

hFVIII, anti-hFVIII, NAb:

Liver vector genomes,
mRNA: A
Fig. 1 Study 1 design. Male cynomolgus macaques were administered intravenously with 1x10'> genome copies/kg of

AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75 with no IS or the following IS regimens: rapamycin alone (1 mg/kg QD), azathioprine (5 mg/kg QOD)/
cyclosporin A (100 mg/kg BID), rapamycin (1 mg/kg QD)/cyclosporin A or prednisolone (1 mg/kg QD) alone. IS regimens were initiated 14 days
before vector administration and tapered 25% per week between days 85 and 113. hFVIIl plasma expression, anti-hFVIIl IgG titers, anti-
AAVrh10 NAD titers, and liver hFVIIl genome copies and transcript RNA levels were evaluated in individual macaques at the indicated time
points. AAV adeno-associated virus, BID twice a day, hFVIIl human coagulation factor VIII, IS immunosuppression, NAb neutralizing antibody,

QD once a day, QOD every other day.

improve transgene expression [8, 10, 11, 56]. However, in one
trial, glucocorticoid treatment did not stabilize transgene
expression [57], and in another trial, some patients required
transition from glucocorticoids to glucocorticoid-sparing
immune-modulating agents to enable maintenance of transgene
expression and eventual weaning from all immune-modulating
agents [58]. Targeting multiple aspects of the immune system is
therefore likely to be important in managing AAV vector
immunogenicity, and as such, combinations of immunosuppres-
sive drugs targeting both T cells and B cells, such as rapamycin
and rituximab, are being explored in preclinical models and in
the clinic [59-65].

Extensive research over a number of years has led to important
advances regarding AAV vector immunogenicity; however, it
remains unclear which strategy or combination of strategies is
best able to circumvent the host immune response and facilitate
optimal gene therapy effectiveness. In the current report, novel
combinations of prophylactic immunosuppression (IS) regimens
were tested in two male cynomolgus macaque studies using an
AAVrh10 vector expressing human coagulation factor VIII (hFVIII).
Study 1 compared no IS with rapamycin, azathioprine, and
cyclosporin A in combination; rapamycin and cyclosporin A in
combination; and prednisolone. The azathioprine and cyclosporin
A IS regimen previously demonstrated tolerance induction in a
canine model of mucopolysaccharidosis | using enzyme replace-
ment therapy [66]; antibody production and class switching was
prevented and maintained for up to 6 months, which allowed for
administration of enzyme replacement therapy in the absence of
antigen-specific antibodies and without long-term immunosup-
pressive treatment. Study 2 further investigated the ability of
prednisolone to suppress AAV vector immunity; no IS was
compared with prednisolone, prednisolone and rapamycin in
combination, and prednisolone and methotrexate in combination.
The goal of the current report was to identify which of these IS
treatment combinations leads to the greatest gene therapy
effectiveness and, as a result, enhances AAV-mediated hFVIIl gene
therapy.

Gene Therapy (2024) 31:128-143

MATERIALS AND METHODS

NHPs and study designs

Male cynomolgus macaques were acquired from Envigo Global Services
Inc. (Alice, TX, USA) and housed at Labcorp Drug Development (Madison,
WI, USA) during the studies. All studies were performed according to a
study protocol approved by the Labcorp study director and Ultragenyx
sponsor representative, and all procedures in the protocols were approved
by the Labcorp Institutional Animal Care and Use Committee. Animals
were 30-56 months of age, were selected based on available results from
pretest examinations (eg, body weights, food consumption, clinical
observations, and clinical pathology), and were manually assigned to
dose groups from the selected population based on predose social
pairings. Researchers were not blinded to the treatment allocation.
Standard health screening was carried out (negative for tuberculosis,
simian immunodeficiency virus, simian retrovirus, simian T-lymphotropic
virus type-1, B virus, external parasites, Seneca Valley virus, and malaria;
vaccination or positive titer for hepatitis A and measles). In study 2,
additional screening was conducted for gastrointestinal (Gl) parasites and
bacteria (salmonella, Shigella, Yersinia, and Chagas) within 14 days of
scheduled shipment to the testing facility. Additionally, before IS treatment
in study 2, animals were prophylactically treated with fenbendazole
(50 mg/kg orally) once daily for 3 days to eliminate traces of Gl parasites
that may have been below the threshold of detection of the health
screening assays.

All animals had initial NADb titers of <1:5 to AAVrh10 capsid, determined
as previously described [23, 67]. Thirty-four male cynomolgus macaques
were administered a single intravenous dose of 1 x 10" genome copies/kg
of AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75.

In study 1, three animals received oral sterile water for irrigation (no IS
group), four animals received oral rapamycin, four animals received oral
azathioprine and cyclosporin A (azathioprine/cyclosporin A), four animals
received oral rapamycin and cyclosporin A (rapamycin/cyclosporin A), and
three animals received oral prednisolone (Fig. 1). Blood samples were
taken at day —14 and then at days 1, 15, 29, 43, 85, 113, 141, and 169. Two
animals from the rapamycin group were euthanized at days 68 and 75,
and all four animals from the rapamycin/cyclosporin A group were
euthanized at days 38, 45, 57, and 57 (Supplementary Fig. S1). All other
animals from study 1 were euthanized and necropsied at day 169 per the
study protocol.

In study 2, four animals received oral sterile water for injection (no IS
group), four animals received oral prednisolone, four animals received oral
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prednisolone and oral rapamycin (prednisolone/rapamycin), and four
animals received oral prednisolone and subcutaneous methotrexate
(prednisolone/methotrexate) (Fig. 2). Blood samples were taken at day 1
and then at days 6, 15, 29, 43, 71, 99, 127, 155, 183, and 217. The animals
were removed from the study and were repurposed for a follow-up gene
therapy study and euthanized thereafter on day 364 or 427.
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IS protocols

For study 1, IS regimens consisted of oral rapamycin (RAPAMUNE; Pfizer,
New York, NY, USA; 1 mg/kg daily), azathioprine (Alfa Aesar, Tewksbury,
MA, USA; suspended in Ora-Blend; 5 mg/kg every other day), cyclosporin A
(CycloSPORINE; Teva Pharmaceuticals USA, Inc, North Wales, PA, USA;
50 mg/kg twice a day), and prednisolone (Pharmaceutical Associates Inc.,
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Fig. 2 Prophylactic prednisolone increases peripheral blood transgene expression, but effects are lost upon taper. Plasma hFVIIl levels
and serum anti-hFVIIl 1gG titers were evaluated in male cynomolgus macaques by ELISA. A-C hFVIII levels and E-G anti-hFVIIl IgG titers are
shown for each individual cynomolgus macaque at all time points analyzed. D hFVIIl levels and H anti-hFVIII IgG titers at days 29 and 85. Data
are represented as mean value per group +SEM. I Time to first detectable anti-hFVIIl IgG titers (=10?). Horizontal dashed lines in A-D at hFVIII
(% of normal) = 0 indicate assay limit. Horizontal dashed lines in E-H at anti-hFVIIl IgG titer (1/dilution) = 10? indicate assay limit of detection;
samples below limit of detection are plotted as half the assay limit. Vertical dashed lines in A-C, E-G, and | at days -14 and 1 indicate start of IS
regimen and AAV administration, respectively. Vertical dashed lines in A-C, E-G, and | at days 85 and 113 indicate IS taper. Statistical analysis
in D was performed using Kruskal-Wallis test with Dunn’s multiple comparisons test for day 29 and ordinary one-way ANOVA with Tukey’s
multiple comparisons test for day 85; and in H was performed using Kruskal-Wallis with Dunn’s multiple comparisons test for day 85.
**p < 0.01. See also Supplementary Fig. S3. AAV adeno-associated virus, hFVIIl human coagulation factor VI, IS immunosuppression.

Greenville, SC, USA; 1 mg/kg daily). In the rapamycin/cyclosporin A group,
rapamycin was administered 4 h after the first cyclosporin A treatment to
mitigate interactions between the two drugs [68]. IS regimens began 14
days before vector administration and were tapered from day 85 at 25%
per week for 28 days.

For study 2, IS regimens consisted of oral prednisolone (Pharmaceutical
Associates Inc,; 1 mg/kg daily), rapamycin (RAPAMUNE; Pfizer; 1 mg/kg
daily), and subcutaneous methotrexate (Fresenius Kabi USA LLC, Lake
Zurich, IL, USA; 0.4 mg/kg weekly). Rapamycin was dose reduced to
maintain a trough level in the blood of ~4-8ng/mL before vector
administration on day 15. Rapamycin levels were measured by liquid
chromatography/tandem mass spectrometry in EDTA-treated whole blood
at Labcorp Drug Development. IS regimens began 14 days before vector
administration. Prednisolone was tapered between days 43 and 71 at 25%
per week. Rapamycin and methotrexate were tapered between days 99
and 127 at 25% per week.

Measurement of fibrinogen in NHP plasma

Blood was collected and processed to plasma per Labcorp Drug
Development standard operating procedures. Plasma samples were
analyzed on an Instrumentation Laboratory ACL™ TOP 500 CTS (Werfen,
Bedford, MA, USA) using the HemosIL® Fibrinogen-C XL assay using the
Clauss reference method [69].

AAYV vector production

The AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75 used in these studies is an
AAVrh10 vector containing a codon-optimized version of the hFVIII-SQ
expressed from a TTR enhancer and promoter, which has been previously
described [70]. In hFVIII-SQ, the B domain of hFVIIl is deleted and replaced
by a short 14 amino acid linker, which has been previously described [71].
AAV vectors were produced by triple transfection in HEK293 cells by the
Penn Vector Core at the University of Pennsylvania (Philadelphia, PA, USA),
following standard procedures and as previously described [72, 73]. For the
vector used in Study 1, endotoxin was <1.0 EU/ml, purity was >96%,
bioburden was negative, and vector %full was 71.3. For the vector used in
Study 2, endotoxin was <1.0 EU/ml, purity was >96%, and vector %full was
66.3 (bioburden was not assessed).

Determination of hFVIII expression in NHP plasma

hFVIII expression was measured by an ELISA as previously described [62],
where all reagents were from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated. ELISA plates were coated with anti-hFVIll IgG (Green
Mountain Antibodies, Inc., Burlington, VT, USA) at a 1:500 dilution in 0.1 M
of carbonate buffer (pH 9.6) and incubated overnight at 4 °C. Wells were
washed four times with 0.1% Tween 20 in PBS and blocked with 5% nonfat
milk (Bio-Rad Laboratories, Hercules, CA, USA) in PBS for 1h at room
temperature. After removal of the blocking buffer, plasma samples diluted
in 5% nonfat milk were added to the plates in duplicate and incubated for
1h at room temperature. A standard curve was generated for each NHP
run on a plate by performing two-fold serial dilutions of hFVIIl recombinant
protein (Xyntha; Pfizer) in 5% nonfat milk with 4% naive plasma from the
NHP being tested. Plates were then washed four times, and sheep anti-
hFVIII IgG (Thermo Fisher Scientific, Waltham, MA, USA) was added at a
1:1000 dilution in nonfat milk. After incubation for 1h at room
temperature, plates were washed four times, and HRP-conjugated anti-
sheep IgG was added at a 1:1000 dilution in nonfat milk. After incubation
at room temperature for 90 min, plates were washed five times and
3,3/,5,5'-tetramethylbenzidine (TMB; Seracare Life Sciences, Milford, MA,
USA) was added for detection. The reaction was stopped after 5 min at
room temperature using 2 N sulfuric acid, and plates were read at 450 nm

Gene Therapy (2024) 31:128-143

using a BioTek pQuant plate reader (Winooski, VT, USA). hFVIIl (% of
normal) expression was normalized to the value at the day of vector
dosing (day 1 for study 1 and day 15 for study 2). Each sample was
measured by at least two independent assays and mean value was
reported.

Vector biodistribution

Study 1 liver samples were snap frozen at the time of necropsy, and DNA
was extracted from the left lateral lobe and right medial lobe of each
animal using the QlAamp DNA Mini Kit (Qiagen, Valencia, CA, USA).
Detection and quantification of vector genome copies in extracted DNA
were performed by quantitative PCR (gPCR) in duplicate wells, as
previously described [62, 74]. Briefly, genomic DNA was isolated, and
vector genome copies per pug of DNA were quantified using primers and
probe designed against the hFVIII transgene sequence of the vector.

RNA isolation and RT-qPCR

DNase-treated total RNA was isolated from 100 mg of tissue from the left
lateral lobe and right medial lobe of each animal from Study 1, as
previously described [62]. Following reverse transcription, gPCR was then
performed on ¢DNA in duplicate wells with primers binding to the hFVIII
transgene with TagMan Gene Expression Master Mix for detection. RNA
was measured as transcript copies/100 ng.

Detection of anti-hFVIIl IgG in NHP serum

IgG antibodies against hFVIIl in NHP serum were measured by ELISA, as
previously described [62]. ELISA plates were coated with 1 ug/mL of BDD
hFVIII-SQ (Xyntha; Wyeth Pharmaceuticals Inc., Dallas, TX, USA) in 0.1 M of
carbonate buffer (pH 9.6) and incubated overnight at 4°C. Wells were
washed five times with 0.05% Tween 20 in PBS (PBST) and blocked with 5%
blotting-grade blocker (Bio-Rad Laboratories) in PBS for 1h at room
temperature. After removal of the blocking buffer, serum samples starting
at a 1:100 dilution in blocking buffer were added to the plates in duplicate
and incubated for 1h at room temperature. Naive NHP baseline serum
samples were used as negative controls. Plates were then washed five
times with PBST, and HRP-conjugated anti-NHP IgG (Abcam, Cambridge,
MA, USA) was added at a 1:2000 dilution in blocking buffer. After
incubation at room temperature for 90 min, plates were washed eight
times with PBST, and then TMB (Seracare Life Sciences) was added for
detection. The reaction was stopped after 5 min, and the plates were read
at 450 and 550 nm using a SpectraMax M2 plate reader (Molecular Devices,
San Jose, CA, USA). Values five-fold over background levels of baseline
samples were considered positive, and data are reported as the endpoint
titer. Samples that did not meet the positive response criteria at a 1:100
dilution were considered negative and assigned a titer of <100. Samples
that were still positive at the highest dilution tested in the assay were
tested again at a higher starting dilution. This process repeated until an
endpoint titer for each sample was obtained. Highly positive samples were
tested up to three times before an endpoint titer could be determined.

Anti-AAVrh10 capsid antibody measurement

NADb responses against AAVrh10 were measured in serum using an in vitro
HEK293 cell-based assay and lacZ-expressing vector (Vector Core
Laboratory, University of Pennsylvania), as previously described [67]. The
NAb titer values are reported as the reciprocal of the highest serum
dilution at which AAV transduction is reduced 50% compared with the
negative control. The limit of detection of the assay was a 1:5 serum
dilution. Variance of this assay is tone two-fold serum dilution due to
sensitivity issues inherent to the assay [67, 75, 76].
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IgG and IgM antibodies against AAVrh10 capsid in NHP serum were
measured by ELISA. Ninety-six-well ELISA plates were coated with 2 x 10°
genome copies/well in 0.1 M of carbonate buffer (pH 9.6) and incubated
overnight at 4 °C. Wells were washed three times with PBST and blocked
with 5% blotting-grade blocker (Bio-Rad Laboratories) in PBS for 1h at
room temperature. After removal of the blocking buffer, serum samples
diluted starting at a 1:50 dilution in blocking buffer were added to the
plates in duplicate and incubated for 1 h at room temperature. Plates were
then washed, and HRP-conjugated anti-NHP IgG (Abcam) or anti-NHP IgM
(Alpha Diagnostic International, San Antonio, TX, USA) was added at a
1:10,000 and 1:4000 dilution, respectively, in blocking buffer. After
incubation at room temperature for 1 h, plates were washed four times,
and then TMB (Seracare Life Sciences) was added for detection. The
reaction was stopped after 2 min at room temperature, and plates were
read at 450 nm using a SpectraMax M2 plate reader (Molecular Devices).
Values three-fold over background levels (baseline samples) were
considered positive, and data are reported as endpoint titer. Samples that
did not meet the positive response criteria at a 1:50 dilution were
considered negative and assigned a titer of <1:50. Samples that were still
positive at the highest dilution tested in the assay were tested again at a
higher starting dilution. This process repeated until an endpoint titer for
each sample was obtained. Highly positive samples were tested up to two
times before an endpoint titer could be determined.

Whole-blood IFN gene signature and plasma cell (PC) gene
signature

A branched DNA (bDNA) assay was created to measure IFN type | and PC
gene expression signatures. A panel of 21 IFN-a-inducible genes were
selected based on a report in which whole blood from patients with
systemic lupus erythematosus was used to identify an IFN-o-inducible
signature to be used as a pharmacodynamic and diagnostic biomarker
[77]. The PC gene signature consisted of five genes (IGJ, TNFRSF17, IGKC,
IGKV-4, and IGHA) identified as being expressed predominantly by PCs
sorted from whole blood [78]. Three housekeeping genes (PPIB, HPRT, and
POL2A) were used for normalization and NHP pooled RNA was used as a
positive control for the assay.

Whole blood was collected into PAXgene RNA tubes (BD Biosciences,
San Jose, CA, USA) and frozen according to manufacturer's instructions
before shipment to Charles River Laboratories (Reno, NV, USA) for analysis.
Negative and positive control samples were prepared from two male
cynomolgus macaques, M1 and M2, from whole blood samples stimulated
in vitro with PBS or Universal IFNa Hybrid Type 1, transferred to PAXgene
RNA tubes (BD Biosciences), and frozen and shipped to Charles River
Laboratories. PAXgene whole-blood RNA samples were assessed using the
bDNA 30-plex assay, following the analytical method specific for this assay
(development work included characterization of assay volumes and
reagent dilutions). PAXgene RNA samples from the two animals were
run in technical triplicate. Data from all genes were normalized to the
mean of three housekeeper genes (PPIB, HPRT, and POL2A). The gene
signature is the median of expression of these 21 genes.

PAXgene blood samples from study 2 were processed to blood lysate
using the QuantiGene sample processing kit (product no. QS0111;
Affymetrix, Santa Clara, CA, USA), following manufacturer’s instructions
with the following augmentation. PAXgene blood and lysis mixture were
incubated at 64 °C for 120 min and shaken at 350 RPM. Resulting blood
lysate was diluted 1:1 with lysis mixture before freezing until bDNA
analysis.

The 1:1 diluted blood lysate was analyzed using the bDNA kit (product
no. QP1014; Affymetrix) and custom 30-plex panel, following the
manufacturer’s instructions for blood lysate. The final plate was read on
a Luminex 200 (Luminex, Austin, TX, USA) machine with the following
settings (sample size = 100 pL; doublet discrimination gate = 5000-25,000;
timeout =105s; bead region = 50). Bio-Plex Manager (Bio-Rad Labora-
tories) software was used to export the data into an Excel (Microsoft
Corporation, Redmond, WA, USA) format to be processed for final gene
signature results.

The limit of detection (LOD) for each gene was determined for each
plate of bDNA analysis by taking the average raw signal of six blank wells
and adding three times the SD.

LOD = Average of 6 blank wells + (3 x SD 6 blank wells)

Any sample below the LOD was assigned a value of LOD/2 so each
sample had a numerical value. Each gene’s signal was then normalized to
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the geometric mean of the three housekeeping genes (PPIB, HPRT1, and
POLR2A).

Raw signal
GeoMean(raw signal PPIB, HPRT1, POLR2A)

Reported gene value =

Each individual replicate of the well was required to have a minimum
bead count of 30. A bead count <30 led to a repeat analysis of that sample.
Universal NHP RNA control (product no. R4534565; BioChain, Newark, CA,
USA) was also plated on each plate at three concentrations (1 pg, 0.5 ug,
and 0.1 pg) as an additional plate control to show a change in raw signal in
correlation with decreasing concentration.

In vitro human B-cell differentiation and IgM/IgG analysis
Peripheral blood mononuclear cells (PBMCs) from three healthy human
donors (two females aged 28 and 41 years and one male aged 52 years)
were obtained from STEMCELL Technologies (Vancouver, BC, Canada). Cells
were plated and stimulated for 6 days with 1 pg/mL CpG oligodeoxynu-
cleotide 2006 (InvivoGen, San Diego, CA, USA) and 100 U/mL IL-2 (R&D
Systems, Minneapolis, MN, USA) and treated with 2-100 ng/mL rapamycin
(STEMCELL Technologies) and/or 10-1000 ng/mL prednisolone (Sigma-
Aldrich), as described by Tuijnenburg et al [79]. After 6 days, human PBMCs
were resuspended in FBS staining buffer (BD Biosciences) and treated with
human BD Fc Block (BD Biosciences). Cells were stained with the following
fluorescently conjugated antibodies (clones) per manufacturer’s instruc-
tions: CD38 (HIT2), CD27 (MT271), IgD (1A6-2), and CD19 (HIB19) from BD
Biosciences, or BCMA (REA315) from Miltenyi Biotec (Bergisch Gladbach,
Germany). Intracellular staining was performed using the BD Cytofix/
Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences) and the follow-
ing fluorescently conjugated antibodies (clones) per manufacturer’s
instructions: XBP1s (Q3-695) and its corresponding isotype were obtained
from BD Biosciences. S6 pS240 (REA420) and its corresponding isotype
were obtained from Miltenyi Biotec. To assess lymphocyte viability,
7-aminoactinomycin D (Thermo Fisher Scientific) was used alone or in
combination with cell morphology (forward scatter low, side scatter high).
To assess proliferation, PBMCs were stained with 0.5uM CFSE (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Analysis was
performed using a Attune NXT flow cytometer (Thermo Fisher Scientific)
and data analyzed using FlowJo software version 10.7.1 (Ashland, OR, USA)
and GraphPad Prism version 9.0.1 (San Diego, CA, USA). Human IgM and
IgG concentration in supernatants was detected with human IgG and
human IgM ELISA kits from Bethyl Laboratories, Inc. (Montgomery, TX, USA)
according to manufacturer’s instructions.

In situ hybridization and quantitation

hFVIIl was detected and quantified by in situ hybridization (ISH) on
formalin-fixed paraffin-embedded liver samples from Study 1. Liver
samples for ISH were collected from the edge and hilus regions of the
right medial lobe from each animal. The liver samples were preserved in
10% neutral-buffered formalin for approximately 24 h before being
transferred to 70% ethyl alcohol for 3 days prior to paraffin embedding.
ISH was performed using the ViewRNA™ ISH Cell Assay system (Thermo-
Fisher) according to the manufacturer’s protocol. Probes were made by
ThermoFisher targeting unintegrated vector DNA and the codon-
optimized hFVIIl sequence of the transgene, and were designed so they
would not cross-hybridize to any endogenous sequences in monkey tissue.
Liver samples from each animal were processed for ISH, counterstained
with 4/,6-diamidino-2-phenylindole (DAPI) to show nuclei and analyzed
with a fluorescence microscope for the presence of Fast Red signal
indicating bound probes. From each liver sample a representative image
with a 20x objective was taken. Images were analyzed by HALO software
(Indica Labs, v.3.6.4134.166) using the FISH-IF module (v2.2.5). The average
number of hFVIIl puncta per DAPI+ cell was quantified per image. Scoring
criteria were also created to classify DAPI+ cells as containing zero (Score
0), 1-9 (Score 1), 10-49 (Score 2), 50-99 (Score 3), or =100 (Score 4) puncta
of hFVIIl and the average percent of DAPI+ cells falling into each of those
scores was quantified.

Statistical analysis

GraphPad Prism v.9.1.0 was used for statistical analyses. All values are
expressed as mean+SEM. The reported gene values described for
the whole-blood IFN gene signature and PC gene signature were
imported into MORPHEUS to generate heatmaps (https://
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software.broadinstitute.org/morpheus; Broad Institute, Cambridge, MA,
USA). Hierarchical clustering was performed on columns, forcing groups by
time, using the one minus Pearson correlation metric and the average
linkage method.

RESULTS

Study 1: AAVrh10.hFVIIl gene therapy with prophylactic IS:
rapamycin alone, prednisolone alone, or cyclosporin A in
combination with azathioprine or rapamycin

Study design and general health outcomes. To test combination
prophylactic IS regimens in AAV gene therapy, an initial study
(study 1) was conducted, in which a single dose of AAVr-
h10.EnTTR.TTR.hFVIllco-SQ.PA75 was administered intravenously
to male cynomolgus macaques at 1x10'> genome copies/kg
(Fig. 1). At screening, which was 47 days before vector
administration at day 1, anti-AAVrh10 NAb titers for all animals
were <1:5 per study inclusion criteria. Animals received the vector
with no IS (n=3) or one of the following four IS regimens:
rapamycin (n = 4), azathioprine/cyclosporin A (n =4), rapamycin/
cyclosporin A (n=4), or prednisolone (n=3). To decrease
potential drug-drug interactions in the rapamycin/cyclosporin
A-treated animals, rapamycin was administered 4 h after cyclos-
porin A dosing, as previously described [68]. The IS regimens were
initiated 14 days before (day -14) vector administration at day 1
and were continued until day 85 before being tapered.

Health screening and body weight analysis were carried out to
assess tolerability of the IS regimens. The no IS, azathioprine/
cyclosporin A, and prednisolone groups exhibited steady weight
gain throughout the study (Supplementary Fig. S1). The rapamy-
cin/cyclosporin A treatment group experienced recurrent Gl-
related issues and weight loss starting around day -4, before
vector administration on day 1, which resulted in euthanasia for all
animals in that group by day 56. The rapamycin group
experienced similar Gl-related issues and weight loss starting
around day -4, which eventually resulted in the euthanasia of two
out of four animals on day 73. Giardia lamblia was present in fecal
cultures; therefore, the Gl observations were likely due to
opportunistic infections from Gl parasites as a result of heavy
immune suppression (data not shown). In the rapamycin/
cyclosporin  A-treated and rapamycin-treated animals that
required early euthanasia, an increase in plasma fibrinogen was
observed and was above the reference range maximum at certain
time points (Supplementary Fig. S2). Due to the health issues
observed in the rapamycin/cyclosporin A and rapamycin groups,
data from these animals are not shown in relevant figures.

Levels of plasma hFVIIl, transduction efficiency, and evaluation of
anti-hFVIil antibodies. Plasma transgene expression, measured by
percentage of normal human hFVIIl levels, was detected in all
study groups (Fig. 2A-D). The prednisolone group demonstrated
the highest level of hFVIIl in the blood during the treatment
window, and at day 85, mean hFVIIl expression was significantly
increased in comparison with the no IS and azathioprine/
cyclosporin A groups (Fig. 2D); however, hFVIII levels decreased
after prednisolone taper. Plasma anti-hFVIIl IgG titers were not
detected in the no IS group (Fig. 2E, H, 1), an unexpected result
given that a previous study demonstrated 100% incidence of anti-
FVIII antibodies in cynomolgus macaques after administration of
an AAVrh10 vector [62]. In the prednisolone group, anti-hFVIIl IgG
titers were detected in two out of three animals (Fig. 2G-I), and a
reduction in detectable hFVIII protein levels in plasma correlated
with anti-hFVIll antibody development (Supplementary Fig. S3).
One animal in the azathioprine/cyclosporin A group showed
detectable anti-hFVIIl IgG at day 113 only (Fig. 2F, I). Vector DNA
(Supplementary Fig. S4A) and hFVIIl transcript RNA levels
(Supplementary Fig. S4B) were quantified in the liver at necropsy
and were found to be comparable between treatment groups.
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Analysis of anti-AAVrh10 antibodies. ~After vector administration,
anti-AAVrh10 NAbs were detected in 100% of animals across all
groups (Supplementary Fig. S5). Azathioprine/cyclosporin A and
prednisolone treatment showed a trend for reduced NAbs at day
85 compared with no IS; however, this was not significant
(Supplementary Fig. S5D). In two out of four azathioprine/
cyclosporin A-treated animals, an increase in anti-AAVrh10 NAb
titers was observed between screening and vector administration
(day 1), despite these animals having exhibited NAbD titers of <1:5
at screening (Supplementary Fig. S5B). These two animals
showed reduced hFVIIl expression, liver vector DNA levels, and
hFVIIl transcripts when compared with the azathioprine/cyclos-
porin A animal whose NAb titers remained <1:5 before vector
administration. Because this readout was a cell-based assay, we
investigated the possibility that the immunosuppressive drugs
could cause in vitro toxicity, as previously described [80, 81].
Results of this analysis determined that, although some toxicity
was observed in the assay at high concentrations of the
immunosuppressive drugs, the level of immunosuppressive
drugs in the NHP serum was not high enough to interfere in
the in vitro AAV NAb assay (data not shown). When AAVrh10 IgM
and IgG antibodies were analyzed, the azathioprine/cyclosporin A
group showed reduced switching from IgM to IgG compared with
the no IS control and prednisolone groups (Supplementary
Fig. S6).

Analysis of transgene expression by ISH. For analysis of transgene
expression, ISH was performed using a probe specific for hFVIII
that recognizes either vector genome or hFVIIl mRNA. Represen-
tative microscopic images from individual animals are shown in
Supplementary Fig. S7A; quantitative image analysis results are
shown in Supplementary Figs. S7B-F and Supplementary Table S1.
By quantitative image analysis, the mean levels of hFVII
hybridization signal in animals in the prednisolone group were
higher than in the no IS and azathioprine/cyclosporin A groups,
although this did not reach statistical significance (Supplementary
Fig. S7B). The proportion of DAPI+ cells containing at least one
hFVIIl puncta (mean+SEM) was 61+ 1.6%, 60+ 13.6%, and
81+ 1.3% in the no IS, azathioprine/cyclosporin A, and predniso-
lone groups, respectively; individual animal data are shown in
Supplementary Table S1. Animals in the prednisolone group also
demonstrated a higher proportion of cells with dense hFVIII
hybridization signal (as shown by a score of 3 or 4 (50-99 and
>100 puncta/cell, respectively) compared with animals in the no IS
and azathioprine/cyclosporin A groups (Supplementary Fig. S7C).
A positive visual relationship between the level of hFVIII
hybridization signal and vector DNA and with hFVIIl mRNA was
observed, with animals with higher hFVIII hybridization signal also
having higher vector DNA and hFVIIl mRNA, although neither of
these relationships reached statistical significance (Supplementary
Figs. S7D, E).

For most animals, there was a positive visual relationship
between the level of hFVIII hybridization signal on day 169 and %
hFVIIl in blood. The exceptions were animals P0401 and P0402.
While P0401 and P0402 had high DNA, RNA and hFVI
hybridization signal in liver, hFVIIl protein was undetectable in
the peripheral blood. P0401 and P0402 also exhibited high levels
of anti-hFVIIl antibodies, suggesting that anti-hFVIIl antibodies
may block the ability to measure hFVIIl in blood.

Study 2: AAVrh10.hFVIIl gene therapy with prophylactic
prednisolone alone or in combination with rapamycin or
methotrexate

Study design and general health outcomes. Because study
1 suggested prednisolone as a promising IS regimen for AAV
vector gene therapy, a second study (study 2) further investigated
the efficacy of prednisolone alone or in combination with
rapamycin or methotrexate using a double-taper design, where
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Fig. 3 Study 2 design. Male cynomolgus macaques were administered intravenously with 1x10'® genome copies/kg of

AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75 with no IS or the following IS regimens: prednisolone alone (1 mg/kg QD), prednisolone (1 mg/kg
QD)/rapamycin (1 mg/kg QD; targeting 4-8 ng/mL exposure), or prednisolone (1 mg/kg QD)/methotrexate (0.4 mg/kg QW). IS regimens were
initiated 14 days before vector administration and tapered 25% per week for 4 weeks; prednisolone taper began 4 weeks after vector dosing
(tapered between days 43 and 71) and the additional drugs began their taper 12 weeks after vector dosing (tapered between days 99 and
127). hFVIII plasma expression, anti-hFVIII IgG titers, anti-AAVrh10 NAb titers, gene signatures, and rapamycin levels were evaluated in
individual macaques at the indicated time points. *The day 15 gene signature had three collections: one pre vector dosing, one 6 h after
vector dosing, and one 24 h after vector dosing. **Rapamycin levels were measured in whole blood; levels were dose reduced to maintain a
trough level of ~4-8ng/mL before vector administration. AAV adeno-associated virus, hFVIIl human coagulation factor VI, IS

immunosuppression, NAb neutralizing antibody, QD once a day, QW once a week.

prednisolone was tapered after 1 month (day 43) and rapamycin
or methotrexate were tapered after 3 months (day 99) (Fig. 3).
Before study initiation, male cynomolgus macaques were
screened for parasites and treated prophylactically with fenben-
dazole to eliminate Gl parasites. Animals received 1x10'
genome copies/kg AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75 with no
IS (n = 4) or one of the following three IS regimens: prednisolone
(n=4), prednisolone/rapamycin (n =4), or prednisolone/metho-
trexate (n =4).

All'IS treatments in study 2 were well tolerated, as evidenced by
weight gain across all groups throughout the study duration.
Overall, the prednisolone/rapamycin group gained less weight
than the prednisolone/methotrexate and no IS groups (Supple-
mentary Fig. S8). In study 2, therapeutic monitoring of rapamycin
levels was carried out in whole blood of the prednisolone/
rapamycin group (Fig. 4). Animals were started at 1mg/kg
rapamycin and dose reduced to achieve ~4-8 ng/mL exposure
before receiving the vector on day 15. Levels ranged from 4.64 to
15.2ng/mL between the day of vector dosing (day 15) to the
beginning of rapamycin taper (day 99). Plasma fibrinogen was
increased, and at certain time points was above the reference
range maximum, in 3 of 4 rapamycin-treated animals and returned
to baseline levels following the prednisolone and rapamycin
tapers (Supplementary Fig. S9). Plasma fibrinogen was increased
in one animal in the prednisolone group on day 183 due to cage-
mate behavioral incompatibility.

Plasma hFVIIl expression and evaluation of anti-hFVIIl antibodies.
Analysis of hFVIIl levels in the blood showed an increase in
expression across all groups, with the prednisolone/rapamycin
group demonstrating increased expression in two (animals P0203
and P0204) out of four animals compared with no IS, prednisolone
alone, and prednisolone/methotrexate in combination (Fig. 5A-E).
Moreover, one animal in the prednisolone/rapamycin group
exhibited sustained hFVIIl throughout the study (animal P0203)
(Fig. 5C, E). Evaluation of anti-hFVIII IgG titers showed that two out
of four animals from the no IS group developed anti-hFVIII
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Fig. 4 Rapamycin exposure in prednisolone/rapamycin combina-
tion group. Blood rapamycin levels were evaluated in individual
male cynomolgus macaques of the prednisolone/rapamycin group
by liquid chromatography/tandem mass spectrometry at the
indicated time points. Horizontal dashed line at whole-blood
rapamycin levels (ng/mL)=0.5ng/mL indicates the assay LLOQ;
below quantification limit samples are plotted as half LLOQ. Vertical
dashed lines at days 1 and 15 indicate start of IS regimen and AAV
administration, respectively. Vertical dashed lines at days 43, 71, 99,
and 127 indicate tapering of IS regimen. AAV adeno-associated
virus, IS immunosuppression, LLOQ lower limit of quantification.

antibodies from day 55 (Fig. 5F-J). Development of anti-hFVIIl IgG
antibodies in IS-treated animals was evident after prednisolone
taper and at later time points when compared with the no IS
group (Fig. 5K). In the prednisolone/methotrexate group, there
was a trend for a reduced anti-hFVIIl antibody response at day 99
compared with all other groups, although this was not significant
(Fig. 5J).
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Analysis of anti-AAVrh10 antibodies. ~After vector administration,
anti-capsid AAVrh10 NAbs were detected in 100% of animals
across all four groups (Fig. 6A-E). In comparison with the no IS,
prednisolone alone, and prednisolone/methotrexate in combina-
tion groups, the prednisolone/rapamycin group showed a trend
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for reduced anti-capsid AAVrh10 NAb titers at days 43 and 99,
although the difference was not significant. Notably, and in
contrast to the other three groups, three out of four animals in the
prednisolone/rapamycin group showed reduced levels of anti-
AAVrh10 NAbs throughout the study, even after both
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Fig. 5 Prednisolone/rapamycin combination increases peripheral blood hFVIIl transgene expression. Plasma hFVIII levels and serum anti-
hFVIII 1gG titers were evaluated in male cynomolgus macaques by ELISA. A-D hFVIII levels and F-1 anti-hFVIIl IgG titers are shown for each
individual cynomolgus macaque at all time points analyzed. E hFVIII levels and J anti-hFVIIl IgG titers at days 43 and 99. Data are represented
as mean value per group + SEM. K Time to first detectable anti-hFVIIl IgG titers (=10?). Horizontal dashed lines in A-E at hFVIIl (% of normal) =
0 indicate assay limit. Horizontal dashed lines in F-J at anti-hFVIIl IgG titer (1/dilution) = 102 indicate assay limit of detection; samples below
limit of detection are plotted as half the assay limit. Vertical dashed lines in A-D, F-1, and K at days 1 and 15 indicate start of IS regimen and
AAV administration, respectively. Vertical dashed lines in A-D, F-1, and K at days 43, 71, 99, and 127 indicate tapering of IS regimens. Statistical
analysis in E was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons test for day 43 and Kruskal-Wallis with Dunn’s
multiple comparisons test for day 99; and in J was performed using Kruskal-Wallis with Dunn’s multiple comparisons test for day 99; all values
calculated were p > 0.05. AAV adeno-associated virus, hFVIIl human coagulation factor VI, IS immunosuppression, LLOQ lower limit of

quantification.

immunosuppressive drugs were tapered (Fig. 6C, E). To evaluate
whether this observed decrease in AAVrh10 NAb response also
impacted responses against additional AAV serotypes, NAb titers
were evaluated against AAV8 and AAV9 (Supplementary Fig. S10).
Overall, the magnitude of anti-AAV8 NAb titers in the predniso-
lone/rapamycin group was reduced compared with the no IS and
prednisolone groups, and animals treated with either predniso-
lone or prednisolone/rapamycin showed reduced AAV9 NAb
responses when compared with no IS.

To further characterize the reduced anti-AAVrh10 NAb response
observed in the prednisolone/rapamycin group, the Ig class of
anti-AAVrh10 antibodies was assessed at select time points (Fig. 7).
Animal P0201 exhibited transient anti-AAVrh10 IgM, with the
emergence of anti-AAVrh10 IgG after rapamycin taper (Fig. 7C, G).
There was no apparent anti-AAVrh10 IgG development in animals
P0202 and P0203; both animals exhibited transient anti-AAVrh10
IgM (Fig. 7C, G). In contrast, animal P0204 displayed an increased
anti-AAVrh10 IgG NAb titer at day 43, which was sustained
through to the end of the study (Fig. 7G, H). Total IgM
(Supplementary Fig. S11A) and IgG (Supplementary Fig. S11B)
were also evaluated as controls, and there was no apparent
change over time. Overall, these results suggest that prophylactic
prednisolone/rapamycin may inhibit the development of antigen-
specific anti-AAV capsid NAbs by reducing IgM to IgG isotype
switching.

IFN and PC gene signature characterization. A panel of 20 genes
was used to characterize the IFN response after AAV vector
administration in study 2 (Supplementary Fig. S12, Supplementary
Table S2) [77]. Analysis of this IFN signature showed an
approximately two- to five-fold increase in half of the study
animals 24 h after gene therapy, with greater longitudinal
fluctuation observed in the no IS group (Supplementary
Fig. S12A-D). No additional notable trends were associated with
a particular group. Furthermore, unbiased clustering of individual
gene expression levels revealed a lack of group association
(Supplementary Fig. S12E).

The PC gene signature was evaluated in each treatment group
using a panel of five genes (Fig. 8, Supplementary Fig. S13) [78].
Reduced expression of IGJ, TNFRSF17, IGKC, and IGKV4-1 was
observed for the prednisolone/rapamycin group before gene
therapy administration compared with the no IS group and other
IS regimens (Fig. 8A-D). Moreover, IGJ and TNFRSF17 expression
was significantly reduced in the prednisolone/rapamycin group
compared with no IS at both days 43 and 71 (IGJ: days 43 and 71,
p <0.01; TNFRSF17: day 43, p < 0.05; day 71, p < 0.01) (Fig. 8A, B). A
similar kinetic of reduction and return was observed for IGHA for
the one animal in this group with elevated levels at baseline (data
not shown). The reduced expression of IGJ, TNFRSF17, IGKC, and
IGKV4-1 in prednisolone/rapamycin-treated animals was apparent
following IS and prior to vector administration and remained low
until rapamycin was tapered. Because this reduced gene
expression was not observed in the prednisolone-only group, it
suggests a selective ability of rapamycin to reduce the PC gene
signature.
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Analysis of rapamycin and prednisolone on PC differentiation and
antibody production in vitro. To further explore the ability of
prednisolone and rapamycin to modulate PCs, healthy human
PBMCs were stimulated with CpG and IL-2 to differentiate PCs
from B cells in vitro (Supplementary Fig. S14). Compared with no
IS, rapamycin treatment alone significantly reduced the frequency
of CD19+ IgD— CD27+ CD38+ PCs and significantly increased the
proportion of FSC'°SSCM apoptotic PCs (Supplementary Fig. S14A,
B). Furthermore, a trend for a reduction in the proportion of
dividing CD19+ cells, as measured by CFSE dilution, was observed
after rapamycin treatment (Supplementary Fig. $S14C). Predniso-
lone alone or in combination with rapamycin did not further
influence these parameters. mTOR signaling was analyzed by
evaluation of pS6 (Ser240) and XBP-1S expression. In differentiat-
ing CD19+ cells after treatment with rapamycin, there was a trend
for reduced pS6, and XBP-1S was significantly reduced; there was
no additional effect observed with prednisolone alone or in
combination with rapamycin (Supplementary Fig. S14D, E).
Additionally, rapamycin treatment prevented the production of
IgM at 10 and 100 ng/mL and the production of IgG at 10 ng/mL,
as measured in the culture supernatant; prednisolone had no
observed effect on antibody production (Supplementary
Fig. S14F, G).

DISCUSSION
Significant progress has been made in the treatment of rare
diseases with AAV vector gene therapy; however, host immune
responses remain an important limiting factor and compromise
therapeutic outcomes. The aim of the current report was to
address this issue by investigating novel combinations of
prophylactic IS regimens in two cynomolgus macaque studies.
The first study compared no IS with prednisolone, rapamycin,
rapamycin and cyclosporin A in combination, or cyclosporin A and
azathioprine in combination. Overall, delivery of AAVr-
h10.EnTTR.TTR.hFVIllco-SQ.75 resulted in detection of plasma
hFVIII expression in all groups irrespective of treatment, suggest-
ing that AAV vector transduction and expression occur regardless
of the IS regimen. The greatest magnitude of plasma hFVIII
expression was observed in the prednisolone group, and there-
fore, prophylactic prednisolone treatment may provide benefit to
vector gene expression. However, longitudinal measurements of
circulating hFVIll were confounded by anti-FVIIl antibodies;
therefore, in-life liver biopsies of vector DNA and mRNA may be
useful for future studies to assess durability with or without IS [37].
The incidence of anti-hFVIIl IgG was lower than expected in the
no IS group, based on a previous study in which all macaques
administered an AAVrh10.hFVIIl vector developed anti-hFViIll
antibodies [62]. In the current report, the vector dose was slightly
lower and may be responsible for the lower observed incidence of
anti-hFVIIl antibodies. Alternatively, heterogeneity in response to
AAV vector gene therapy in macaques may also play a role. Of
animals that developed anti-hFVIIl IgG in study 1 of the current
report, reductions in hFVIIl plasma levels correlated with anti-hFVIII
IgG development, suggesting that the production of anti-hFVIII
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IgG blocks transgene detection and/or reduces expression of the
transduced transgene. Gene therapy eligibility for hFVIIl and hFIX
currently requires long-term recombinant hFVIII/hFIX use without
the development of anti-factor antibodies, which may lead to
preselection of tolerant individuals. In the current report, there is a
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Fig. 6 Prednisolone/rapamycin combination leads to reduction in
mean anti-AAVrh10 NADb titers. Serum anti-AAVrh10 NAb titers
were evaluated in male cynomolgus macaques using a cell-based
neutralization assay. A-D Anti-AAVrh10 NAb titers are shown for
each individual cynomolgus macaque at all time points analyzed.
E Anti-AAVrh10 NAD titers at days 43 and 99. Data are represented
as mean titer per group + SEM. The NADb titer values are reported as
the reciprocal of the highest serum dilution at which AAV
transduction is reduced 50% compared with the negative control.
Horizontal dashed line at anti-AAVrh10 NAb titer (1/dilution) =5
indicates assay limit of detection; samples below limit of detection
are plotted as half the assay limit. Vertical dashed lines in A-D at
days 1 and 15 indicate start of IS regimen and AAV administration,
respectively. Vertical dashed lines in A-D at days 43, 71, 99, and 127
indicate tapering of IS regimens. Statistical analysis in E, days 43 and
99, was performed using Kruskal-Wallis test with Dunn’s multiple
comparisons test; all values calculated were p >0.05. AAV adeno-
associated virus, IS immunosuppression, NAb neutralizing antibody.

<
<

theoretical risk that increased transgene expression as a result of
IS could potentially lead to an increased risk for anti-factor
antibody development. However, it is important to note that anti-
hFVIIl IgG was observed in the no IS animals of study 2. The anti-
hFVIII 1gG results from study 1 should be interpreted with caution,
given that group sizes were small and NHP studies are inherently
heterogenous.

In the first study, all animals developed anti-AAVrh10 NAbs after
vector administration, regardless of treatment group. This finding
was expected given the high capsid content administered and is
consistent with previous studies [29, 30, 33, 82]. Unexpectedly,
three out of four of the azathioprine/cyclosporin A-treated
animals in study 1 demonstrated an increase in anti-AAVrh10
NAb titers before vector administration, although they exhibited
low titers at screening. Analysis of immunosuppressant dose levels
demonstrated toxicity in the in vitro NAb assay at the upper limits
only, and the assay drug tolerance is well above the expected IS
exposure in vivo. Therefore, it is unlikely that the observed
increase in anti-AAVrh10 NAD titers between screening and vector
dosing were in vitro artifacts. Rather, the IS regimens may have
altered antibody production before administration of the vector,
or the animals may have seroconverted due to unplanned natural
exposure. The three animals in the azathioprine/cyclosporin A
group that developed anti-AAVrh10 NAbs before vector admin-
istration showed reduced hFVIIl expression, liver vector DNA
levels, and hFVIIIl transcripts when compared with the one animal
in this group whose anti-AAVrh10 NAb titers remained below the
LOD. Therefore, evaluation of whether anti-AAV NAb development
before AAV gene therapy is a result of prophylactic IS or natural
seroconversion, and the potential impact on gene transfer, is
warranted in future studies. In study 1 of this report, NHPs treated
with azathioprine/cyclosporin A demonstrated a decrease in
switching from anti-AAVrh10 IgM to IgG after vector administra-
tion, suggesting that this regimen may reduce Ig class switching.
These data are compelling, given previous reports describing
decreased anti-capsid IgG development with IS agents after AAV
gene therapy administration, including rapamycin encapsulated in
synthetic vaccine particles, and mycophenolate mofetil and
rapamycin in combination [63, 83].

In Study 1, a visual relationship between liver vector DNA, liver
hFVIIl mRNA, blood hFVIIl and liver hFVIII ISH hybridization signal
suggest that AAVrh10.EnTTR.TTR.hFVIlico-SQ.PA75 is sustained in
the liver and effective through 169 days. The exception to this
finding is for animals P0401 and P0402, where anti-hFVIII
antibodies were observed in the peripheral blood. We hypothesize
that anti-hFVIIl antibodies interfered with the assay to detect
hFVIIL. It is interesting to speculate that these antibodies may also
interfere with hFVIIl activity, although this has not been directly
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Fig. 7 Prednisolone/rapamycin combination reduces mean anti-AAVrh10 IgG but has no impact on anti-AAVrh10 IgM. Serum anti-
AAVrh10 IgM and anti-AAVrh10 IgG titers were evaluated in male cynomolgus macaques by ELISA. A-C anti-AAVrh10 IgM and E-G anti-
AAVrh10 IgG titers are shown for each individual cynomolgus macaque at all time points analyzed. D anti-AAVrh10 IgM and H anti-AAVrh10
IgG titers at days 43 and 71. Data are represented as mean titer per group + SEM. Horizontal dashed lines at anti-AAVrh10 IgM/IgG titer (1/
dilution) = 50 indicate assay limit of detection; samples below limit of detection are plotted as half the assay limit. Vertical dashed lines in
A-C and E-G at days 1 and 15 indicate start of IS regimen and AAV administration, respectively. Vertical dashed lines in A-C and E-G at days
43,71, 99, and 127 indicate tapering of IS regimens. Statistical analysis in D and H, days 43 and 71, was performed using Kruskal-Wallis test
with Dunn’s multiple comparisons test; all values calculated were p > 0.05. AAV adeno-associated virus, IS immunosuppression.
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tested. However, if anti-hFVIIl antibodies limit the ability of hFVIII
to be detected and active, pharmacologic removal of these
antibodies with agents such as the B cell depleting combination of
rituximab (anti-CD20) and bortezomib (proteasome inhibitor) or
IdeS, may restore gene therapy-driven hFVIIL.

It is also interesting to note in Study 1, by ISH, that animals
P0401 and P0403 exhibited higher puncta per cell, with more cells
with an ISH score of 3 or 4 (between 50-99 and >100 puncta/cell,
respectively), as compared with the other study animals (Supple-
mentary Fig. S7C). Even within the same treatment group, animals
P0401 and P0403 had lower levels of vector DNA (Supplementary
Fig. S7D) and similar levels of hFVII mRNA (Supplementary
Fig. S7E), compared with animal P0402. Likewise, several animals
had numerous cells with an ISH score of 1 (1-9 puncta/cell) and
lower corresponding hFVIIl expression. Further study of the
molecular and cellular mechanisms leading to very low or very
high individual cell expression is warranted.

In the second study presented in the current report, we further
explored prednisolone IS treatment alone or in combination with
rapamycin or methotrexate, given that prophylactic prednisolone
resulted in the highest level of plasma hFVIIl expression in study 1.
In addition, considering the study 1 observation of Gl issues in
NHPs that received rapamycin alone or rapamycin/cyclosporin A
that resulted in early euthanasia, additional procedures were
added for study 2. Recrudescence of a low-level preexisting
infection may have been the cause for this loss; therefore, for the
second study, additional pathogen screening was performed,
animals were treated prophylactically with fenbendazole, and
rapamycin blood levels were monitored to achieve a target range
that was expected to be well tolerated. All three IS regimens were
well tolerated, and hFVIIl expression was observed in all four study
groups. The animals receiving prednisolone/rapamycin showed
the greatest increase in hFVIIl expression in the blood, and in fact,
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one animal exhibited sustained hFVIIl expression throughout the
study. This suggests that prednisolone/rapamycin may provide
benefit to sustained vector gene expression and may induce
immune tolerance to AAV gene therapy in a subset of animals.
Unexpectedly, hFVIIl expression observed for the prednisolone
group in study 2 was not as high as that in study 1, suggesting
animal heterogeneity of response, or lab-to-lab variations in vector
analytics.

In study 2, delayed anti-hFVIIl antibody development was
observed in a subset of animals from each IS treatment group
when compared with no IS, suggesting that prednisolone alone or
in combination with rapamycin or methotrexate may delay the
production of anti-FVIIl antibodies. Additionally, animals treated
with prednisolone/methotrexate showed a reduction in the
magnitude of the response, in agreement with several publica-
tions documenting reduced anti-a-glucosidase antibodies with
methotrexate in enzyme replacement therapy for Pompe disease
[84-87]. Across treatment arms, the lowest anti-AAVrh10 NAb
titers were observed with prednisolone/rapamycin, suggesting
that this IS combination may be useful for reducing AAVrh10 NAb
development and blocking switching from IgM to IgG. However,
one animal in the prednisolone/rapamycin group demonstrated a
rapid and high titer of anti-AAVrh10 NAbs and anti-AAVrh10 IgG
(P0204), suggestive of either preexisting cross-reactive immuno-
logical memory, insufficiently high rapamycin levels, or other
unknown factors. Although it is not feasible to test all possible
cross-reactive antigens, baseline anti-AAV8 (a capsid from the
same clade as AAVrh10 [88]) NAb levels in this animal were tested
and were below the detection limit of the assay. Overall, these
outcomes suggest that prednisolone/rapamycin may reduce the
development of anti-transgene IgG and anti-capsid NAbs.

Historically, prednisolone has been used broadly in the clinic for
AAV gene therapy to mitigate immune responses after vector
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administration [8, 10, 11, 56], but has been less well studied in
NHPs. In a study of rAAVrh74-delivered GALGT2 gene therapy to
skeletal muscle in rhesus macaques, prophylactic prednisolone or
prednisolone in combination with tacrolimus and mycophenolate
mofetil showed a trend for reduced anti-vector antibodies;
however, neither approach significantly affected GALGT2 expres-
sion [89]. A later study from the same group assessed the impact
of preexisting anti-vector antibodies on transduction. Here,
prophylactic prednisone significantly reduced CD8+ T-cell infil-
trates compared with no IS cohorts. A trend for reduced IFN-
y-positive T cells and serum anti-rAAVrh74 antibodies was also
observed but was not significant, possibly due to small group sizes
[90]. In a recent cynomolgus macaque study of DTX301
(avalotcagene ontaparvovec) gene therapy, prednisolone-treated
animals exhibited a trend toward greater vector genome and
transgene expression, and a significantly decreased hepatic IFN
gene signature compared with no IS; however, these observations
waned upon prednisolone withdrawal [37].

Rapamycin is well studied in preclinical models of AAV vector
gene therapy and can inhibit AAV vector immunity in part by
selectively favoring the expansion and conversion of regulatory
T cells over effector T cells [59, 91-94]. Coadministration of AAV
vectors with nanoparticles containing rapamycin in mice robustly
controlled capsid immunogenicity [63]. Importantly, the tolero-
genic rapamycin particles allowed successful readministration of
vector in both mice and NHPs. A single case study demonstrated
promising results for the clinical use of rapamycin in combination
with rituximab in AAV1-mediated gene therapy in a child with
Pompe disease [61]. This IS regimen is currently being applied
prophylactically in a clinical trial of AAV9 gene therapy in patients
with Pompe disease [60].

In study 2 of the current analysis, the prednisolone/rapamycin
combination significantly reduced the PC gene signature during
the rapamycin dosing window in comparison with the other
treatment arms. In agreement with this finding, a high-throughput
screen of compounds for ability to inhibit antibody production
reported that rapamycin inhibited B-cell activation and plasma-
blast formation [79]. In a mouse model of preexisting AAV9
antibodies, the combination of prednisolone and rapamycin was
the most effective at reducing serum anti-capsid antibodies, in
part by reducing the frequency of PCs [95]. The study investigated
reversal of preexisting anti-capsid responses in mice, representing
important differences from our study; however, the observed
effects of combined prednisolone and rapamycin on PCs is
interesting to note. Finally, we have shown in this report that
rapamycin treatment inhibited B-cell and PC function in vitro,
corroborating previous reports demonstrating the mechanistic
importance of mTOR in B-cell function [96-99]. Taken together,
these results support our findings that prednisolone/rapamycin
may provide therapeutic benefit for AAV-mediated gene therapy
by reducing the development and function of PCs.

The current report is the first demonstration in gene therapy of
the in vivo effect of rapamycin on PC gene signature with
concordant improvement of gene therapy outcomes in cynomol-
gus macaques. Limitations of the current analysis include the
small sample sizes and the rapamycin-related health issues in
study 1 that led to the therapeutic monitoring of exposure in
study 2. Analysis of the IS regimens explored here in additional
gene therapy models that include both males and females is also
warranted.

Together, the results of the two studies in this report present a
careful and thorough analysis of IS regimens in a preclinical model
of AAVrh10.hFVIIl gene therapy. The combination of prednisolone
and rapamycin was identified as a prophylactic IS regimen that
may improve therapeutic outcomes, including possible enhanced
transgene expression, reduction of anti-AAVrh10 NAb develop-
ment and IgG class switching, and decreased PC gene signature.

SPRINGER NATURE

Therefore, this regimen has the potential for translation to clinical
studies in humans. Future studies will benefit from an increased
number of animals and an investigation into timing and dose of
prednisolone/rapamycin with or without additional IS to prolong
observed therapeutic benefits to gene therapy.

DATA AVAILABILITY
The data that support the reported results are available from the corresponding
authors upon reasonable request.
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