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Isolated methylmalonic acidemia (MMA), a group of autosomal recessive inborn errors of metabolism, is
most commonly caused by complete (mut®) or partial (mut™) deficiency of the enzyme methylmalonyl-CoA
mutase (MUT). The severe metabolic instability and increased mortality experienced by many affected
individuals, especially those with mut® MMA, has led centers to use elective liver transplantation as a
treatment for these patients. We have previously demonstrated the efficacy of systemic adeno-associated
viral (AAV) gene delivery as a treatment for MMA in a murine model and therefore sought to survey AAV
antibody titers against serotypes 2, 8, and 9 in a group of well-characterized MMA patients, accrued via a
dedicated natural history study (clinicaltrials.gov ID: NCT00078078). Plasma samples provided by 42
patients (8 mut~ and 34 mut’; 10 had received organ transplantation), who ranged in age between 2 and 31
years, were analyzed to examine AAV2 (n=35), AAV8 (n=41), and AAV9 (n =42) antibody titers. In total,
the seroprevalence of antibodies against AAV2, AAVS, or AAV9 was 20%, 22%, and 24%, respectively. We
observed a lower-than-expected seropositivity rate (titers >1:20) in the pediatric MMA patients (2—-18
years) for both AAV2 (p<0.05) and AAV8 (p<0.01) neutralizing antibodies (NAbs) compared with his-
torical controls. Those with positive NAb titers were typically older than 18 years (p <0.05 all serotypes)
or had received solid organ transplantation (p <0.01 AAVS, AAV9). The mut® patients who had not been
transplanted (n=24)—that is, the subset with the greatest need for improved treatments—represented
the seronegative majority, with 21 out of 24 patients lacking Abs against all AAV capsids tested. The
unexpected lack of NAbs against AAV in this patient population has encouraging implications for systemic
gene delivery as a treatment for mut MMA.

INTRODUCTION

METHYLMALONIC ACIDEMIA (MMA) is a severe
autosomal recessive inborn error of metabolism
characterized by lethal metabolic instability and
multiorgan pathology. The disorder exhibits ge-
netic heterogeneity and is most commonly caused
by complete (mut®) or partial (mut¢") deficiency of
the enzyme methylmalonyl-CoA mutase (MUT),
which isomerizes methylmalonyl-CoA into succinyl-
CoA for entry into the Krebs cycle! (Supplementary
Fig. S1; Supplementary Data are available online
at www.liebertpub.com/hum). Affected patients
are medically fragile and suffer from numerous

complications such as recurrent metabolic crises,
“metabolic stroke” or infarction of the basal gan-
glia, pancreatitis, chronic renal failure, impaired
growth, osteoporosis, optic nerve atrophy, and in-
tellectual impairment.?

Patients with MMA experience significant mor-
bidity and mortality, and the prognosis for long-
term survival is poor. This has been established
since the first studies were published in the early
1980s, and three decades later the outcomes are
still dismal. The mortality of mut MMA was 60—
88% in the first reports in the 1980s and 1990s*
and has improved somewhat to ~40% by the first
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decade in the 2000s.%® This has led centers to
pursue elective liver and combined liver—kidney
transplantation as a treatment for the metabolic
instability that eventually causes death.”'! When
successful, solid organ transplantation can elimi-
nate the frequent episodes of metabolic acidosis,
but has numerous practical limitations that in-
clude procedural availability, surgical mortality
and morbidity, expense, a finite donor pool, and the
need for life-long immune suppression. Alternative
approaches to restore enzyme activity to the liver
and other tissues in patients with MMA are clearly
needed.

We have therefore studied viral gene therapy as
treatment for MMA, using preclinical cellular'®!3
and animal models,'* ! to gather efficacy and
safety data. After proof-of-concept experiments
using lentiviral'® and adenoviral delivery,'*!® we
have developed and tested adeno-associated viral
(AAV) vectors as gene therapy agents for MMA.416-18
AAV has emerged as an efficacious gene therapy
vector for the delivery of small transgenes to so-
matic tissues in vivo and further displays sub-
stantial tissue tropism(s) conferred by the
capsid.?® We have used AAVs of serotypes 2, 8, and
9 that express the mouse Mut or human MUT gene
under the control of the enhanced chicken beta-
actin promoter (CBA)'® 1821 or the liver-specific
thyroid-binding globulin promoter (TBG)'® and
administered them to Mu¢~’~ mice in the neonatal
period. The results of these studies are striking:
whereas the untreated Mut’~ mice uniformly
perish in early life, the treated Mut™’~ mice have
near-normal long-term survival and growth pa-
rameters, display an ameliorated metabolic phe-
notype, and demonstrate enzymatic activity
longer than one year after a single treatment with
an AAVS8 or AAV9 vector. Surprisingly, the sys-
temic delivery of an AAV9 vector also resulted
in modest transduction of the kidney and long-
term preservation of renal function in the treated
mutants.'® Although genotoxicity has been ob-
served in the mouse studies with some vectors, we
recently demonstrated that manipulating regu-
latory elements and AAV dosing could allow
for the potential clinical application of systemic
AAV gene delivery as a new treatment for mut
MMA .2

Given the well-recognized barrier to in vivo gene
transfer imposed by preexisting cellular and hu-
moral immunity to AAV capsids,?*2* we have
surveyed a large cohort of well-characterized MMA
patients for AAV neutralizing antibody (NAb) ti-
ters against serotypes 2, 8, and 9. We anticipate
that these data will inform the selection of an op-

timal serotype to use in a future gene therapy
clinical trial. Our results suggest that patients
with the most severe forms of isolated MMA dis-
play a low prevalence of seropositivity against
AAV2, AAVS, and AAV9 capsids during the first
two decades of life, and would be suitable can-
didates for a future AAV gene therapy clinical
trial. Whether the low seroprevalence reflects a
decreased incidence of exposure to AAV or a gen-
eralized impairment in humoral immunity as a
consequence of the underlying metabolic block is
unknown.

MATERIALS AND METHODS
Patients and samples

The patients were evaluated at the NIH Clinical
Center under the protocol “Clinical and Basic
Investigations of Methylmalonic Acidemia and
Related Disorders” (clinicaltrials.gov identifier:
NCT00078078). The study was approved by the
National Human Genome Research Institute
(NHGRI) Institutional Review Board, and the re-
search adhered to the tenets of the Declaration of
Helsinki. Informed consent from patients and/or
guardians was obtained. This protocol evaluates
clinical and genetic features of patients with MMA
and allows for research specimen collection. All
patients were clinically characterized, and the
subtype of MUT deficiency (mut’, mut™) was de-
termined by a combination of propionate incorpo-
ration, complementation studies (Dr. David
Rosenblatt, McGill University), and molecular ge-
netic analysis of MUT (GeneDx, Gaithersburg,
MD). Blood samples were drawn in Na heparin
tubes and centrifuged at 1000—2000 xg at 4°C for
10 min. Plasma was removed and aliquoted in 1 ml
volumes, and samples were stored at —-80°C (mean
4.3 years stored; range 0.5-9.7) until use for this
study. Plasma samples were thawed on wet ice.
From the thawed samples, one aliquot was re-
moved for AAV8 and 9 NAb analysis. In the subset
of patients with remaining serum in the aliquot
who were tested for AAV2 NAbs, another freeze—
thaw cycle was needed to obtain a third sample for
AAV2 NAb testing. NAbs were measured in 41
patients for both AAV8 and AAV9 NAbs, with an
additional sample tested only for AAV9 NAbs.
Thirty-five samples were also assayed for the
presence of AAV2 NAbs, including most of those
seropositive against AAV8 and AAV9, as well as an
additional subset of clinically severe or older muz°
patients, aged 2-28. We were unable to measure
AAV2 titers in all patients because of limited
amounts of plasma.



AAV CAPSID ANTIBODIES IN METHYLMALONIC ACIDEMIA 347

Cell culture, AAV vectors, and neutralizing
antibody assay

The methods have been described previously.?®
In brief, the human hepatoma cell line Huh7 was
maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Cellgro) supplemented with 10% fetal
bovine serum (FBS; Hyclone). Cells were cultured
at 37°C in an atmosphere of 5% CO, in air. AAV
vectors in the single-strand configuration con-
tained the gene encoding f-galactosidase (LacZ),
which was driven by a cytomegalovirus (CMV)
promoter (AAV.CMV.LacZ). All AAV.CMV.LacZ
vectors used in this study were prepared by the
Vector Core of the University of Pennsylvania
(Philadelphia, PA) as previously described.?® Re-
combinant AAV genomes equipped with AAV2 in-
verted terminal repeats (ITRs) were packaged by
triple transfection of 293 cells with cis-plasmid,
adenovirus helper plasmid, and a chimeric pack-
aging construct in which the AAV2 rep gene was
fused with cap genes of different AAV2, AAVS, or
AAV9. All recombinant vectors were purified by
CsCl sedimentation. Genome copy titers of AAV
vectors were determined by TaqMan analysis
(Applied Biosystems), using probes and primers
targeting a bovine growth hormone polyadenyla-
tion signal. Plasma samples were heat inactivated
at 56°C for 35 min.

Recombinant AAV.CMV.LacZ (10° genomic
copies/well) was diluted in serum-free DMEM
and incubated with 2-fold serial dilutions (initial
dilution, 1:5) of heat-inactivated serum sam-
ples on DMEM for 1hr at 37°C. Subsequently,
the serum-vector mixture was added to 96-well
plates seeded with 1x10° Huh7 cells/well that
had been infected 2hr earlier with wild-type
HAdV5 (50 viral particles/cell). After 1hr, each
well was supplemented with an equal volume of
20% FBS DMEM and incubated for 18-22hr at
37°C and 5% COs. Then, cells were washed twice
in PBS and lysed, and the lysate was developed
with the mammalian f-galactosidase assay kit
for bioluminescence, in accordance with manu-
facturer’s protocol (Applied Biosystems), and
measured in a microplate luminometer (Clarity;
BioTek). The NAb titer was reported as the
highest serum dilution that inhibited AAV.CMV
.LacZ transduction (f-gal expression) by >50%,
compared with the mouse serum control (Sigma
S3509). Samples were determined to be positive
for antibodies against AAV capsids 2, 8, and 9
when a titer of 1:5 or higher dilution of serum
inhibited AAV transduction over 50%.2527 Ser-
opositivity for NAbs was defined as titers of >1:20
dilution.

Statistics

The sample storage age dependence of the sero-
positivity was assessed using an unpaired Student’s
t-test. Chi-square statistics were used to compare
observed vs. expected seropositivity rates for NAbs
against serotype 2 and 8 capsids in the pediatric
MMA patients. Fisher’s exact test was used to
compare number of null alleles, enzymatic subtype,
and transplant status.

RESULTS

The salient demographic features of the patient
cohort, which lists the age, enzymatic subtype, geno-
type, and AAV antibodies assayed, are presented
in Tables 1 and 2, and Supplementary Table S1.
Samples from 42 patients with mut MMA between age
2 and 31 years were studied to examine AAV2 (n=35),
AAVS8 (n=41), and/or AAV9 (n=42) AAV antibody ti-
ters. The cohort included 34 mut® and 8 mut™ patients;
10 mut® patients had previously received a kidney,
liver, or combined liver—kidney transplant.

Figure 1A shows the AAV antibody titer distribu-
tions among the patients. The seroprevalence in the
MMA cohort screened against AAV2, AAVS, or AAV9
was 7/35 (20%), 9/41 (22%), and 10/42 (24%), respec-
tively (Figure 1A and Table 2). Overall, 31/42 (74%) of
the collective cohort were seronegative for NAbs
against AAV2, AAVS, and AAV9. Furthermore, in
those patients who had AAV antibodies, the majority
(6/11) were only weakly seropositive (<1:20) for at
least one serotype®® (Fig. 1A). When only the non-
transplanted group of mut° MMA patients (n = 24) was
considered, the resulting seroprevalence rates were
lower and the humoral responses weaker (Fig. 1B).

To assess whether the length of storage might
influence the lower-than-expected seroprevalance,
we analyzed the age of each sample in the antibody-
positive versus antibody-negative groups (Supple-
mentary Fig. S2) for each capsid. There was no
difference in the sample age between the groups for

Table 1. MMA patient demographics

AAV2 (h=35) AAVS h=41) AAVY h=42)

Mean age, years 11.91 (2.4, 28.5) 12.27 (2.3, 31.6) 12.09 (2.3, 31.6)

(min, max)
Sex, n (%)

Male 21 (60) 23 (56) 23 (56)

Female 14 (40) 18 (44) 19 (44)
Race, n (%)

White 18 (51) 22 (54) 22 (52)

Other 17 (49) 19 (46) 20 (48)
Type, n (%)

mut® 28 (80) 33 (80) 34 (81)

mut 7 (20) 8 (20) 8(19)

AAV, adeno-associated viral; MMA, methylmalonic acidemia.
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Table 2. Patient cohort, enzymology, molecular genetics, and anti-AAV antibody status

Age Transplant ~ AAVZ  AAV8  AAV9

Patient (years) Sex  Subtype Date of sample Allele 1 Allele 2 status  Ab titer Ab titer Ab titer
1 2.3 M mut 12/13/11 ¢.1846C>T p.R616C ¢.1846C>T p.R616C <15 <1b <15
2 24 F mut 2/28/06 ¢.91C>T p.R31X ¢.323G>A p.R108H <15 <15 <15
3 25 M mut” 12/5/11 ¢.277C>T p.RI3C ¢.1106G>A p.R369H <15 <15 <15
4 32 M muf 12/10/09 ¢.1207C>T p.R403X ¢.2150G>T p.G717V <15 <15 <15
5 33 M muf 5/12/10 ¢.1399C>T p.R467X €.693C>G p.Y231X ND <1:5 <15
6 35 F mut 8/19/05 ¢.281G>T p.Go4V ¢.2150G>T p.G717V <15 <15 <15
7 42 F muf° 8/10/10 €.682C>T p.R228X ¢.1106G>A p.R369H LT <15 1:40 1:40
8 44 M muf® 5/20/08 ¢.91C>T p.R31x ¢.1181dupT p.L394FfsX30 <15 <15 <15
9 44,23 F muf 5/9/07, 4/15/05 ¢.607G>A p.G203R ¢.682C>T p.R228X <15 <15 <15
10 45 F mut® 5/9/07 ¢.1207C>T p.R403X ¢.2008G>C p.G670R ND <15 <15
1 46 F muf 12/8/10 ¢.2080C>T p.R694W ¢.643G>T p.G215C <15 ND 1:20
12 56 M muf 6/14/11 ¢.322C>T p.R108C €.682C>T p.R228X <15 <15 <15
13 6.0 F muf 6/4/07 ¢.323G>A p.R108H ¢.1867G>C p.G623R ND <15 <15
14 6.1 M mub 2/23/06 ¢.1741C>T p.R581x .753+2T>A p.? <15 <15 <15
15 6.5 F muf’ 5/3/11 ¢.878A>C p.Q293P ¢.878A>C p.Q293P <15 <15 <15
16 6.6 M muf 8/4/09 ¢.2179C>T p.R727X ¢.2179C>T p.R727X <15 <15 <15
17 7.2 M muf 6/17/09 ¢.281G>T p.G94V ¢.1867G>C p.G623R <15 <15 <15
18 78 M muf 7/3/06 ¢.1106G>A p.R369H ¢.1778_1782delAAAGT LT <15 <15 <15

p.S594RfsX11
19 8.6 M mub 4/20/10 ¢.1022dupA p.N341KfsX17 ¢.671_678dup p.V227NfsX16 <15 <15 <15
20 9.4 M muf 8/26/08 ¢.1105C>T p.R369C ¢.1207C>T p.R403X <1:b <15 <15
21 97,82 M mut’ 4/17/12, 9/22/10 ¢.1038_1040delTCT ¢.349G>T p.E117X LKT at 8.7 <15 <15 <15
p.347dell

22 10.4 F muf® 11/13/14 ¢.2179C>T p.R727X ¢.2179C>T p.R727X <15 <15 <15
23 10.6 M muf 4/17/07 ¢.670G>T p.E224X .682C>T p.R228X LKT <15 <15 <15
24 109 M muf 9/8/05 ¢.322C>T p.R108C ¢.322C>T p.R108C 15 <15 <15b
25 1.3 M muf 6/1/08 €.682C>T p.R228X €.682C>T p.R228X LKT <15 1:10 1:10
26 11.8, 4.6 F mut’ 7/27/10, 6/8/04 ¢.1942G>C p.G642R ¢.1942G>C p.G642R <15 <15 <15
27 11.9, 8.0 F muf 6/18/12, 8/25/08 ¢.927G>A p.W309X ¢.983T>C p.L328P <15 <15 <15
28 139,119 M muf 6/11/09, 6/27/07 ¢.1106G>A p.R369H ¢.1106G>A p.R369H LT <15 <15 <15
29 132, 8 F muf 8/10/11, 7/11/06 €.2053dupCTC p.685insL ~ ¢.91C>T p.R31X ND <1:5 <15
30 17,105,126 F muf  10/19/11, 7/17/07, 6/20/05 ¢.1658delT p.V553GfsX17  c.29dupT p.L11TsX38 ND <15 <15
31 18.5, 16.4 M mub 4/3/07, 3/21/05 ¢.572C>A p.A191E ¢.655A>T p.N219Y <15 <15 <15
32 25 M muf 8/4/05 ¢.322C>T p.R108C ¢.1106G>A p.R369H KT ND (140 180
33 227, 24 M muf 9/12/07, 6/28/06 ¢.572C>A p.A191E ¢.682C>T p.R228X 15 15 15
34 24.7 M muf 1/27/09 ¢.655A>T p.N219Y ¢.1048C>T p.H350Y <15 <15 <15
35 268,199 F muf° 8/22/11, 8/25/04 ¢.1106G>A p.R369H ¢.1106G>A p.R369H LKT 1:160 1:40 1:40
36 254,254  F muf’ 5/9/06, 5/8/06 ¢.935G>T p.G312V ¢.1909G>A p.G637R <15 <15 <15
37 26.1, 242 M muf 10/1/11, 10/7/09 ¢.1741C>T p.R581X ¢.1741C>T p.R581X KT 1:160 1:80 1:320
38 265, 25.9 M muf 9/13/10, 12/3/09 ¢.1760A>C p.Y587S ¢.2150G>T p.G717V 1:80 110 110
39 275, 20.6 F muf’ 7/27)11, 8/17/04 €.2053dupCTC p.685insL  ¢.2053dupCTC p.685insL <15 <15 <1:5
40 285 F mut” 8/22/11 ¢.2150G>T p.G717V ¢.2150G>T p.G717V 1:80 15 1:20
41 28.7 F mut 5/23/07 ¢.2150G>T p.G717V unknown ND <1:5 <15
42 316,275 F  muf 10,29/08, 9/17/04 c.826G>T p.E276x ¢.1106G>A p.R369H LKT 140 110 180

Shaded boxes indicate AAV Ab-positive samples. In seropositive patients (33, 35, 37, 38, and 42), the first age listed represents the date of assay for AAV8

and 9 Abs, whereas the later date indicates the age tested for AAV2 Abs.

Ab, antibody; KT, kidney transplant; LKT, combined liver—kidney transplant; LT, liver transplant; ND, not determined because of lack of material.

any serotype (p=0.77 AAV2 NAbs and p=0.83
AAVS8/9 NAbs). This is consistent with the obser-
vations from other studies that have documented
the stability of antibodies to varied pathogens, such
as malaria and adenovirus,?® as well as a wider
range of anti-immunotherapeutic antibodies.?’
We next compared the seropositivity rate, defined
as a titer of >1:20, of NAbs AAV2 and 8 in a subset of
our MMA cohort, aged 18 and under, to historical
data from a reference pediatric population.?’” A

lower-than-expected seropositivity rate was ob-
served in the pediatric MMA patients for both AAV2
(p=0.0066) and AAVS (p=0.0408) NAbs (Fig. 2A
and Supplementary Table S2). Within the MMA co-
hort, a significant difference in the seroprevalance
of all three NAbs was documented between chil-
dren and adults (AAV2 p=0.0004; AAV8 p=0.0399;
AAV9 p=0.0054) (Fig. 2B). In the group of those
aged 18 years and less, only 2 patients were sero-
positive for any AAV serotype, and every patient
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Figure 1. (A) AAV antibody seroprevalance within the entire MMA cohort
(n=42) thatincludes both nontransplanted and transplanted (liver, kidney, and/
or combined liver—kidney; n=10) patients. The overall seroprevalance, defined
as >1:5, is depicted (20-24%) along with the titer distribution of antibodies
against AAV2 (n=35), AAV8 (n=41), and AAV9 (n=42) capsids. The sero-
prevalence is subdivided into titer dilution levels from weak (1:5) NAb titers to
strong (1:320). (B) AAV antibody seropositivity in the subgroup of patients with
muf MMA who were not transplanted (n=24), which shows low NAb preva-
lence (4-10%) for the cohort of severe, nontransplanted patients who would be
ideal candidates for gene therapy. AAV, adeno-associated viral; Ab, antibody;
MMA, methylmalonic acidemia; NAb, neutralizing antibody.

was seronegative for at least one of the capsids
tested (Table 2).

To investigate the clinical characteristics shared
by the seropositive group, the cohort was subdivided
on the basis of molecular genetics, cellular enzy-
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mology, and transplant status (Fig. 3). First, we
compared the prevalence of null alleles (nonsense,
frameshift, splice mutations) between the AAV
NAb-positive and NAb-negative groups and found
no statistically significant difference between them
(6/16 alleles [38%] vs. 29/68 alleles [42%]; p=
0.7837). A similar incidence of seropositive titers
was noted between enzymatic subtypes, mut® and
mut  (AAV2 p=0.1952; AAV8 p=1.0; AAV9 p=1.0)
(Fig. 3A). However, when the cohort was stratified
based on transplant status, there was a statisti-
cally significant difference between the trans-
planted and nontransplanted groups for NAbs
against AAV8 (p=0.0008) and AAV9 (p=0.0016)
but not AAV2 (p=0.3007) (Fig. 3B). The 24 non-
transplanted mut® patients were almost entirely
seronegative, with only 1 patient (patient 11) sero-
positive at a 1:20 dilution against AAV9 (Table 2).
We also examined co-seroprevalance of AAV
antibodies (titer >1:5), because AAV antibody cross-
reactivity can cause neutralization across a range
of AAV serotypes.®® As expected, co-prevalence of
antibodies to AAV capsids within individuals was
also noted in our cohort. Out of the 11 patients who
had AAV antibodies, 9 were tested for all three
serotypes and 6 had AAV antibodies against all
three capsids (Table 3 and Supplementary Fig. S3).
As shown, 100% of individuals who had antibodies
against AAVS8 capsid (n=9) also had antibodies
against AAV9 (n=9). Three individuals who had
antibodies against AAVS8 or 9 capsids lacked anti-
bodies against AAV2, and only one individual
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Figure 2. (A) Seropositivity, as defined as >1:20, in the pediatric MMA cohort compared with historical controls. There was a lower-than-expected AAV2
(p=0.0066) and AAV8 ( p=0.0408) NAb seroprevalance in MMA individuals <18 years. (B) Neutralizing antibody prevalence to AAV serotypes 2, 8, and 9 by
age. The seroprevalance of AAV2, AAV8, and AAV9 NAbs between children and adults was significantly different for all serotypes with a higher incidence of

seropositivity in adults (7/11). *p<0.05, **p<0.01, ***p<0.001.
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Figure 3. Subgrouping of the MMA cohort by enzymatic subtype (A)
and transplant status (B). (A) The seroprevalance was similar in muft™ and
muf groups (AAV2 p=0.1952; AAV8 p=1.0; AAV9 p=1.0). (B) The sero-
prevalence was significantly different in the transplanted and non-
transplanted groups for AAV8 ( p=0.0008) and AAV9 (p=0.0016) but not
AAV2 ( p=0.3007) with 6/10 of the transplanted patients seropositive against
AAV2, 8, and/or 9. **p<0.01, ***p<0.001.

showed low titer (1:5) for AAV2 and was negative
for AAV8 and AAV9 antibodies (Table 2).

DISCUSSION

Because we envision systemic AAV gene therapy
as a potential treatment for MMA patients, we
surveyed the presence of AAV antibodies in a large
and diverse patient cohort, assembled over a 10-
year period at our center through a dedicated
natural history study. The current investigation
was focused on assessing the humoral immune
response to various AAV capsids by retrospectively
surveying antibody titers against serotypes that
we have previously studied in a preclinical MMA
model.'*16-18 All participants were characterized
by molecular genetic analysis and/or enzymology
and presented a spectrum of mutations in MUT"
there were 42 distinct alleles that included 22
missense, 11 nonsense, 6 frameshift, 1 splice, and 2
in-frame insertion/deletion variants. Although
cross-reacting material (CRM) status has not been
assessed in cell lines from these patients, it is likely
to be present in a significant proportion given that
67% of the patients harbored at least one missense
or in-frame insertion/deletion mutation (n=28).

Table 3. Coprevalence of antibodies against AAV types 2, 8, and
9 capsids

AAVZ* AAV8* AAVG*

AAVZH 88% AAV8+ (n=8/9) 90% AAVI+ (n=9/10)
AAV8" 66% AAV2+ (n=6/9) 100% AAV9+ (n=9/9)
AAVG" 70% AAVZ+ (n=7/10) 100% AAV8+ (n=9/9)

Five different alleles (¢.572C>A p.A191E, ¢.655A>T
p-N219Y, ¢.1106G>A p.R369H, ¢.2080C>T p.R694W,
and ¢.2150G>T p.G717V) were present in 16 dif-
ferent individuals and all are predicted to produce
residual enzyme based on a recent study.?! The
large number of missense mutations is promising
for future gene therapy efforts since these indi-
viduals would have a lower chance of developing
an immune response to MUT encoded by an AAV
vector. Although the participants were largely
from the United States, and may therefore harbor
an environmental and exposure profile distinct
from patients in other countries, this cohort reflects
a level of molecular and enzymatic heterogeneity
similar to what has been previously described.32-3°

Preexisting immunity against the AAV capsids
has emerged as a significant barrier to effective
systemic in vivo transduction in animal models and
human clinical trials.?6-3® More specifically, the
presence of low-titer NAbs has been proven to in-
terfere with hepatic transduction in macaques,*”3°
in which significant differences in factor IX (FIX)
expression level after AAV8-mediated systemic
hepatic gene delivery were noted between control
animals with NAb titers <1:5 and animals with
preinjection titers of 1:5, 1:10, and >1:10.3° In an
extension of these observations to humans, Nathwani
et al. described a blunted response to an AAVS8
vector administered to a hemophilia patient who
had low-level NAb titers.*® In this patient, FIX
activity was not restored after systemic AAV8 gene
delivery, presumably because hepatic transduction
was impeded by AAV8 NAbs.

Given the importance of preexisting NAbs as a
factor in determining the in vivo efficacy of systemic
gene therapy, several investigators have surveyed
human populations to define the epidemiology of
AAV capsid exposure and antibody responses. The
seroprevalence data have been largely derived from
adult blood donors in whom seropositivity has been
defined as NADb titers >1:20 dilution. Higher ser-
oprevalence rates were noted against AAV2, 1, and 6
(59%, 50.5%, and 37%) capsids, whereas serotypes
AAVS5, 8, and 9 were lower (3.2%, 19%, and 33.5%).%!
A study conducted in newborns, children, and ado-
lescents showed that NAb prevalence to AAV2 and
AAVS8 was moderate at birth, decreased from 7 to 11
months to almost undetectable levels, and then
progressively increased through childhood and ad-
olescence.?” Only a small number of studies have
examined NADb prevalence in patient cohorts. Long-
itudinal studies in the hemophilia population have
recognized that after an initial decline from mater-
nal NAbs in the first year of life,* the seropositivity
rate of NAbs against AAV2 increases over time;
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~16% of the tested group presented as seropositive
when entering the study, which increased to ~44%
by age >5 years.*? Additionally, it has been recog-
nized that reactivity of NAbs to other capsids, such
as 5 and 8, paralleled the trend for AAV2 serocon-
version. In fact, ~50% of the AAV2 seropositive pa-
tients also had NAbs against AAV5 and 8 in a related
study.*? Similarly, surveys of the cystic fibrosis (CF)
population have indicated that about 30% of adults
were seropositive against AAV2, whereas children
with CF had markedly lower rates (~4-15%),** and
in the case of MPS VI, 42% of children and young
adults were seropositive against AAV8.**

In the patients studied here, we initially observed
an overall seroprevalance of 22—24% against AAVS8 or
9 capsids, with 100% co-seropositivity between those
who were tested for both AAV8 and AAV9 antibodies.
A single patient was seropositive for only AAV9 an-
tibodies, and specimen volume did not allow us to test
for AAVS. Although constrained by sample avail-
ability, we extended our observations by examining
AAV NAbs against serotype 2 in a smaller subset of
patients who had an overall seroprevalance of 20%.
In total, there were 11 individuals who had detect-
able AAV antibodies. In these 11 patients, 9 were
tested for both AAV2 and AAVS, 10 were tested for
AAV2 and AAVY9, and 9 were tested for both AAVS8
and AAV9. Six of 9 tested for all three were tri-
seropositive (Table 3). Although our numbers are
small, the co-seropositivity rates we observe approx-
imate estimates seen in other studies.?>*!*? It should
be noted that most of our patients displayed variable
titers when positive, even against AAV2 (Fig. 1).

However, when the patients were stratified based
on clinical features (age, molecular genetics, enzy-
matic subtype [mut’ vs. mut], and transplant sta-
tus), a striking trend was recognized. The large
majority of the seropositive patients were older than
18 years (Fig. 2B) or had received organ transplants
(Fig. 3B). Whether this pattern reflects the epide-
miology of AAV infection or an improvement in the
functional immune status of patients after trans-
plant remains unknown. The latter seems more
likely because after transplantation, MMA patients
have improved metabolism, lower circulating me-
tabolites, and increased protein tolerance. In con-
trast, the nontransplanted mut® group, which
represents the patients most likely to benefit from
gene therapy, had only 1 patient out of the total
group of 24 tested with a positive AAV NAbD titer
(>1:20), against only one capsid (Table 2, patient 11).

When compared with pediatric historical con-
trols,?” seropositivity rates in our cohort were
lower than expected (Fig. 2A and Supplementary
Table S2). Whether this is a reflection of an under-

lying immune disturbance is unknown, but unlikely
to be caused by a decreased incidence of exposure to
AAV, given the frequent hospitalizations experi-
enced by this group. MMA patients are prone to bone
marrow pan-suppression, including neutropenia
and thrombocytopenia during periods of stress and
infection.? In earlier studies, over 50% of mut® MMA
patients had hematologic abnormalities (leukope-
nia, thrombocytopenia, and anemia) despite normal
serum cobalamin values.® Furthermore, there are
several reports of MMA patients who experienced
atypical infections, including gram-negative or fun-
gal pathogens, and immunological studies have
documented complex T- and B-cell defects.*>*7 The
immune system dysfunction in MMA warrants fur-
ther investigation but it is possible that the under-
lying disorder may impact the ability to mount a
robust humoral immune response after exposure to
AAV capsids and potentially other antigens.

This report is the first to survey AAV anti-
body titers of any serotype in patients with MMA.
The patterns observed show that patients who
have not undergone liver or combined liver—kidney
transplantation are very unlikely to harbor NAbs
against the AAV capsids that have already been
proven to be effective in liver-directed gene therapy
in patients with hemophilia®**® as well as mice
with MMA,1415:16-18.21 Ty rthermore, the very low
frequency and titers of NAbs in the younger, se-
verely affected MMA patients, of whom 21 out of 24
tested were seronegative against all 3 capsids,
strongly support the application of systemic AAV
gene delivery in this population, especially because
the complications related to preexisting humoral
immunity, as well as the interference with trans-
duction it engenders, should be mitigated.
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