
Original Article
B cell focused transient immune
suppression protocol for efficient
AAV readministration to the liver
Jyoti Rana,1 Roland W. Herzog,1 Maite Muñoz-Melero,1 Kentaro Yamada,1 Sandeep R.P. Kumar,1 Anh K. Lam,1

David M. Markusic,1 Dongsheng Duan,2 Cox Terhorst,3 Barry J. Byrne,4 Manuela Corti,4 and Moanaro Biswas1

1Herman B Wells Center for Pediatric Research, Indiana University, Indianapolis, IN 46202, USA; 2Department of Molecular Microbiology and Immunology, School of

Medicine, University of Missouri, Columbia, MO 65212, USA; 3Division of Immunology, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, MA

02215, USA; 4Department of Pediatrics, University of Florida College of Medicine, Gainesville, FL 32607, USA
Adeno-associated virus (AAV) vectors are used for correcting
multiple genetic disorders. Although the goal is to achieve life-
long correction with a single vector administration, the ability
to redose would enable the extension of therapy in cases in
which initial gene transfer is insufficient to achieve a lasting
cure, episomal vector forms are lost in growing organs of pedi-
atric patients, or transgene expression is diminished over time.
However, AAV typically induces potent and long-lasting
neutralizing antibodies (NAbs) against capsid that prevents
re-administration. To prevent NAb formation in hepatic
AAV8 gene transfer, we developed a transient B cell-targeting
protocol using a combination of monoclonal Ab therapy
against CD20 (for B cell depletion) and BAFF (to slow B cell re-
population). Initiation of immunosuppression before (rather
than at the time of) vector administration and prolonged
anti-BAFF treatment prevented immune responses against
the transgene product and abrogated prolonged IgM forma-
tion. As a result, vector re-administration after immune recon-
stitution was highly effective. Interestingly, re-administration
before the immune system had fully recovered achieved further
elevated levels of transgene expression. Finally, this immuno-
suppression protocol reduced Ig-mediated AAV uptake by im-
mune cell types with implications to reduce the risk of immu-
notoxicities in human gene therapy with AAV.
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INTRODUCTION
Adeno associated virus (AAV) vectors are widely used in clinical gene
therapy because of their versatility in transferring therapeutic genes
in vivo to various organs and cell types, in part owing to the large
number of viral capsids with varying tropism that have been isolated,
generated through capsid library screens, or otherwise engineered.1,2

AAV-based gene therapy products have received regulatory approval
for the treatment of Leber congenital amaurosis, spinal muscular at-
rophy, hemophilia A and B, Duchenne muscular dystrophy (DMD),
and aromatic L-amino acid decarboxylase deficiency.3–7 However,
there have also been several hurdles to success in AAV gene therapy,
including loss of transgene expression and immune responses to both
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the encoded protein and vector capsid, which need to be addressed to
further improve outcomes.

In some cases, gradual loss of transgene expression may be due to
persistence of the AAV genome, mostly as episomes in transduced
cells, affecting the stability of gene transfer if the transduced target
cells are dividing. This limits the ability to achieve long-term therapy
by gene transfer to pediatric patients, depending on the target cell
type. For instance, it is known from preclinical studies that hepatic
AAV gene transfer is not stable upon transduction of young ani-
mals.8–10 Although turnover of muscle fibers is normally rare even
in a growing individual, these cells regenerate in patients with
DMD. To prevent this, a minimum threshold level of modified dys-
trophin expression in muscles is required for disease prevention.
The degeneration-regeneration process may not be entirely halted if
dystrophin replacement therapy, using microdystrophin transgenes,
is not robust enough, which will lead to the gradual elimination of
episomal transgene and hence expression. Following hepatic gene
therapy in adult patients with hemophilia A, a gradual loss of factor
VIII expression was observed, likely reflecting properties of this
particular transgene product that may lead to translational and/or
transcriptional silencing.11–13 These considerations and outcomes
support the development of protocols for re-administration of AAV
vectors to achieve lifelong therapy.

The most critical challenge in vector re-administration is managing
the host immune responses. The initial vector administration results
in the formation of high-titer neutralizing antibodies (NAbs) against
the viral capsid that persist for many years, thereby preventing gene
transfer upon vector re-administration.14–16 Moreover, cross-reac-
tivity of these Abs among AAV serotypes/capsids complicates the
use of alternative capsids for redosing, which would also require the
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development of two gene therapy products. Hence, a transient im-
mune suppression (IS) protocol that effectively prevents NAb forma-
tion during initial vector administration is desirable.

Previously, we have successfully achieved AAV8 vector re-adminis-
tration to the livers of hemophilia A mice that were treated with
the mammalian target of rapamycin (mTOR) inhibitor rapamycin
for 8 weeks, starting at the time of initial vector delivery.11 However,
rapamycin has been found to be less effective in nonhuman primates
(NHPs), prompting efforts to improve its ability to block antibody
(Ab) formation against AAV.17,18 The coadministration of synthetic
vaccine particles encapsulating rapamycin (SVP[Rapa]) with initial
vector dose in both mice and NHPs reduced both B and T cell re-
sponses and enabled re-administration.19 Alternatively, rapamycin
can be combined with other drugs such as B cell-depleting mono-
clonal Ab (mAb) against CD20.20,21 Here, we report a novel IS proto-
col, based on combined depletion of B cells and their survival factor
BAFF (B cell activating factor). Our strategy shows high efficacy for
liver-directed re-administration of AAV vector in a murine model
with several superior characteristics to overcome the limitations of
other drug combinations.

RESULTS
Concurrent initiation of IS fails to achieve re-administration and

exacerbates transgene-specific immune responses

To enable AAV8 redosing for liver gene therapy, we used single-drug or
combination IS regimens using a-CD20, rapamycin, or a-BAFF, as
described in Figure 1A. ISwas initiated at the time of vector administra-
tion. We gauged the efficacy of these treatments in preventing immune
responses to the transgene product and AAV8 capsid. AAV8-OVA
(ovalbumin)was used for primary dosing andAAV8-hFIX (human fac-
tor IX) was used for re-administration after an interval of 8 weeks.
Circulating levels of transgene products, OVA and hFIX, were used as
indicators of successful gene delivery following each AAV8 dosing.

AAV8-OVA has previously been shown to have a dose-dependent ef-
fect on the induction of transgene-specific CD8+ T cell responses.22

Vector doses ofR1010 vector genome (vg)/mouse resulted in expres-
sion levels sufficient to induce immune tolerance to the transgene
product, whereas lower doses trigger CD8+ T cell responses.22,23

For this IS treatment regimen, a mildly immunogenic AAV8-OVA
dose of 2 � 109 vg/mouse was administered to C57BL/6 mice. Fre-
quencies of OVA-specific CD8+ T cells (Tet+, tetramer positive)
among peripheral blood mononuclear cells were determined at
4 weeks postadministration. Surprisingly, IS treatments involving B
cell depletion with a-CD20 and/or a-BAFF increased the incidences
of Tet+ responses from 12% in the control group (no IS) to 37% in
a-CD20, 75% in a-BAFF, 25% in a-CD20+Rapa and 50% in
a-CD20+a-BAFF groups (Figure 1B). Detectable levels of circulating
OVA in plasma samples correlated with the absence of Tet+ cells
(Tet�) (Figure 1C). Furthermore, immunohistochemistry confirmed
the loss of OVA expression in the livers of Tet+ animals, and Tet� an-
imals showed hepatic OVA expression (Figure 1D). To confirm these
findings, we compared 3 different AAV8-OVA doses: 1 � 109,
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2 � 109, and 5 � 109 vg/mouse. At the mildly immunogenic doses
of 2 � 109 and 5 � 109 vg/mouse, we again observed that treatment
with a-CD20 and a-BAFF increased the incidences of Tet+ responses
from 12% to 20% in the no-IS group to 50% and 70%, respectively, in
the treated groups (Figure S1A). There was no difference in Tet+ re-
sponses at the immunogenic dose of 1 � 109 vg/mouse (75 vs. 87%).
We also tested OVA-specific Abs in plasma at 4 weeks. Only the
a-BAFF group had elevated levels of a-OVA immunoglobulin G1
(IgG1) and IgG2c (Figures S1C and S1D).

Next,we quantifiedAAV8 capsid-specific IgMand IgG2cAb responses.
A singlea-CD20 treatment depleted >99%of circulatingB cells by day 2
(Figure S1B). In the absence of IS, AAV8-OVA administration resulted
in development of both IgM and IgG2c Abs to the AAV8 capsid
(Figures 1E and 1F). Except fora-BAFF, IS treatment failed to attenuate
IgM responses, and a-CD20 (1.36 ± 0.32 mg/mL), Rapa (1.150 ±

0.11mg/mL) anda-CD20+Rapa (1.36± 0.19mg/mL) groups had signif-
icantly higher IgM levels compared to the no-IS control group (0.53 ±
0.10 mg/mL) at 4 weeks (Figure 1E). However, IgG2c Abs against
AAV8 were detected only in Rapa (0.39 ± 0.22 mg/mL) and a-BAFF
(0.56 ± 0.28 mg/mL) IS groups and were comparable with the no-IS
group (0.58 ± 0.28 mg/mL) (Figure 1F). For vector re-administration,
all of the animals, as well as naive C57BL/6 mice, were injected with
1 � 1011 vg/mouse of AAV8-hFIX. The analysis of AAV8-specific
Abs post-re-administration showed comparable IgMs among all of
the experimental groups, irrespective of the initial IS treatment (Fig-
ure 1E). Circulating hFIX expression was observed only in previously
naive animals. All of the animals that had received initial AAV8-
OVA gene transfer failed to express hFIX or had comparatively low
levels (Figures 1G and S1E). In the a-CD20+a-BAFF group, re-admin-
istration of AAV8 in half of the animals resulted in a 5-fold lower hFIX
expression (1.01 ± 0.17 mg/mL) compared to previously naive control
animals (5.12 ± 0.46 mg/mL).

Overall, these results demonstrated that concurrent IS treatment
exacerbated transgene-specific T cell responses (except for the Rapa
group), and largely failed to mitigate Ab responses against AAV8
capsid, resulting in failed re-administration.

Enhanced plasma BAFF levels following IS treatment correlates

with increased IgM formation against capsid

Even though concurrent IS treatments were able to prevent IgG for-
mation against the AAV8 capsid, most treatments were not efficient
in preventing IgM responses. The resulting low to undetectable levels
of hFIX suggest that IgM Abs were neutralizing, hence preventing re-
administration of AAV8.

To confirm the neutralizing property of IgMs, we performed in vitro
NAb assays using serum samples from the 4-week time point and
AAV8-expressing renilla luciferase (RLuc). Serum samples from un-
injected C57BL/6 mice served as the negative control. Serum samples
from control animals (no IS), served as positive controls for NAbs
(half-maximal inhibitory concentration [IC50] = 67.59). We exam-
ined only those serum samples that had detectable levels of IgM but
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Figure 1. Effect of concurrent IS treatment on transgene and AAV8-specific immune responses

(A) Schematic outline of IS treatments and AAV8 dosing. (B) CD8+ T cell responses to the OVA transgene quantified using MHC-I H2-Kb-SIINFEKL tetramer for various IS

treatments (n = 5–8/group). Red dots indicate (Tet+) animals and blue dots indicate (Tet�) animals. Frequency of Tet+ animals in each group is indicated above each bar. (C)

Circulating plasma levels of OVA at 4 weeks post-AAV8-OVA administration. (D) Representative images of OVA staining in liver tissue from mice with or without CD8+ T cell

response to OVA (20�magnification). (E) Longitudinal analysis of AAV8 capsid-specific IgM Ab levels in plasma samples post primary and -secondary AAV8 administrations.

The dotted line represents baseline IgM levels averaged from 8 pre-bled animals. (F) AAV8 capsid-specific IgG2c Ab levels in plasma samples. The dotted line represents

baseline IgG2c levels averaged from 8 pre-bled animals. (G) Circulating human FIX levels at 4 weeks post-AAV8-hFIX administration. Statistical significance was calculated by

one-way ANOVA (Dunnett’s multiple comparisons) for (B), (C), and (G), and two-way ANOVA for (E) and (F). *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001.
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lacked IgG2c against AAV8 capsid (IC50 = 5.23 for a-CD20, 16.76
for Rapa, 12.23 for a-CD20+Rapa, and 4.05 for a-CD20+a-BAFF
group). Our results confirmed that serum IgM to capsid can
neutralize AAV8 (Figures 2A and 2B).

Next, we sought to identify factors that could promote the development
of prolonged IgM formation. One candidate is BAFF, which was found
to be significantly increased upon a-CD20 (38.3 ± 7.93 ng/mL) and
a-CD20+Rapa (51.14 ± 2.65 ng/mL) treatments compared to the no-
IS group (7.48± 0.91 ng/mL) or naive animals (1.95± 0.21 ng/mL) (Fig-
Molecu
ure 2C). We recently reported sustained, elevated levels of BAFF in he-
mophilia A patients with Abs against coagulation factor VIII (FVIII)
that failed to achieve tolerance to FVIII following a-CD20 treatment.24

Hence, we assessed the correlation between plasma BAFF levels and
IgM development in representative samples from Figure 1E. IgM titers
against AAV8 were higher for those treatments (a-CD20 and
a-CD20+Rapa) that resulted in increased levels of circulating BAFF
(Figure 2C). BAFF levels were undetectable after a-CD20+a-BAFF
treatment (4-week time point). These results suggest that IS treatments
that elevate BAFF predispose to prolonged neutralizing IgM formation.
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Figure 2. AAV8 neutralizing IgM Ab titers and

correlation with plasma BAFF levels

(A) Comparison of IgM and IgG2c Ab titers and IC50 NAb

dilution factors for representative samples from control

(no-IS) and various IS treatment groups (n = 3–5/group) at

4 weeks. (B) Representative IC50 dose-response curves

showing percentage of transduction at various plasma

dilutions. (C) Two-axis combined bar graph correlating

circulating BAFF levels (left y axis) and IgM levels (right y

axis) for naive, no-IS, and various IS groups. Significantly

elevated BAFF levels are indicated. Statistical significance

was calculated by 1-way ANOVA (Dunnett’s multiple

comparisons) for (C). *p % 0.05; **p % 0.01; ***p %

0.001; ****p % 0.0001.
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Initiation of immune suppression before AAV administration

abrogates NAb development

Because the concurrent IS treatment regimen was unable to block both
T cell andAb responses, we assessed the effect of initiating IS treatments
before AAV8-OVA dosing as described in Figure 3A. Transgene-spe-
cific CD8+ T cell responses were reduced upon pre-a-CD20 (12%)
and pre-a-CD20+Rapa (12%) treatment compared to the no-IS control
group (50%) and completely absent in the pre-a-CD20+a-BAFF (0%)
treatment group (Figure 3B).Average plasma levels ofOVAwerehigher
in pre-a-CD20+Rapa (124.25 ± 97.420 ng/mL)- and pre-a-CD20+
a-BAFF (131.59 ± 34.84 ng/mL)-treated groups compared to the no-
IS control group (60.08 ± 73.35 ng/mL), with significant differences
in the pre-a-CD20 (164.30 ± 98.30 ng/mL) group (Figure 3C). Prior
IS treatments also prevented Ab responses to OVA protein, indicating
effective prevention of B cell responses against the transgene product
(Figures S2A and 2B).
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Next, we assessed the ability of IS pretreatments
to prevent Ab formation against AAV8. Serum
samples collected at 4 and 8 weeks post-AAV8-
OVA administration showed no detectable IgM
or IgG2c Abs against AAV8 in pre-a-CD20 and
pre-a-CD20+a-BAFF groups, whereas 25% of
the animals in the pre-a-CD20+Rapa group
developed low levels of IgM (0.5–1 mg/mL)
(Figures 3D, 3E, S2C, and S2D). To evaluate the
re-administration efficacy in these groups, all
of the experimental groups and naive control
animals received 1 � 1011 vg/mouse of AAV8-
hFIX. Analysis of plasma samples 4 weeks
post-re-administration (week 12) revealed that
pre-a-CD20+Rapa IS resulted in significantly
higher levels of IgM against capsid (1.96 ±

0.42 mg/mL) compared to the no-IS group
(1.23 ± 0.62 mg/mL), whereas the pre-a-CD20
and pre-a-CD20+a-BAFF groups had lower
levels (0.66 ± 0.25 mg/mL and 1.15 ± 0.09 mg/
mL, respectively) (Figure 3D). IgG2c was unde-
tectable in pre-a-CD20- and pre-a-CD20+
a-BAFF-treated groups, whereas 30% of animals
in pre-a-CD20+Rapa developed IgG2c (Figure 3E). The ability to re-
administer with AAV8 was assessed by evaluating the expression of
hFIX from the second vector, resulting in average levels of 5.09 ±

0.57 mg/mL in pre-a-CD20, 5.15 ± 1.08 mg/mL in pre-a-CD20+Rapa,
and 5.85 ± 1.01 mg/mL in pre-a-CD20+a-BAFF groups, which are
comparable to previously naive control animals that received only
AAV8-hFIX (4.59 ± 0.51 mg/mL; Figure 3F). In the pre-a-CD20+
Rapa group, two animals did not show any detectable hFIX in plasma
samples, which correlated with the formation of AAV8-specific IgM
(Figure S2C). hFIX immunostaining confirmed robust expression of
the re-administered vector in the pre-IS-treated groups (Figure 3G).
As expected, re-administration was unsuccessful in mice that initially
received AAV8-OVA without IS (Figures 3F and 3G).

These results demonstrated that initiating IS before, rather than at
the time of initial vector delivery, prevents both transgene and



Figure 3. IS before low-dose AAV administration abrogates NAb development

(A) Schematic representation of IS pretreatment regimens and AAV8 dosing. (B) CD8+ T cell response to the OVA transgene at 4 weeks post-AAV8-OVA administration (n =

7–8/group). (C) Circulating plasma levels of OVA at 4 weeks post-AAV8-OVA administration. (D) Longitudinal analysis of AAV8 capsid-specific IgM Ab levels in plasma

samples post primary and -secondary AAV8 administrations. (E) AAV8 capsid-specific IgG2c Ab levels in plasma samples. (F) Circulating hFIX levels at 4 weeks post-re-

administration. (G) Representative images of liver tissue for control (no-IS) and various IS treatment groups stained for hFIX (in red, 40�magnification) expression at 12 weeks

post-re-administration. Statistical significance was calculated by one-way ANOVA (Dunnett’s multiple comparisons) for (B), (C), and (F), and two-way ANOVA for (D) and (E).

*p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001; ns, not significant.
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AAV-specific Ab responses, thereby enabling re-administration.
Importantly, this approach also prevented antitransgene immune
responses.
Initial high vector dose reduces re-administration efficacy

following IS pretreatment

Our results have shown the effectiveness of IS treatment before AAV
dosing. However, the initial dose used for these experiments was
comparatively lower than the typical clinical doses. To determine
whether these IS treatments are equally efficient when using a
higher dose, we administered an initial dose of 1 � 1011 vg/mouse
AAV8-OVA (�5 � 1012 vg/kg) to C57BL/6 animals with the dosing
regimen represented in Figure 4A. We again found a reduced
T cell response against OVA in IS-pretreated mice (Figure 4B).
Circulating OVA levels were significantly higher in pre-
a-BAFF (263.479 ± 30.527 ng/mL) and pre-a-CD20+Rapa groups
(217.151 ± 29.739 ng/mL) compared to the no-IS group (101.742 ±

28.570 ng/mL), whereas other treatment groups showed no signifi-
cant differences (Figure 4C). These results confirmed that prior IS
treatments were successful in preventing cellular responses against
the transgene product even at high vector doses. We also observed
the prevention of Ab formation against OVA protein in treated ani-
mals (Figures S3A and S3B).

Next, we tested the efficacy of these treatments in preventing Ab re-
sponses against the AAV8 capsid. The analysis of plasma samples
collected at 4 and 8 weeks post-high-dose AAV8-OVA administra-
tion showed IgM formation in 55% of animals in pre-a-CD20, 20%
in pre-a-CD20+Rapa and pre-a-CD20+a-BAFF, and 100% of the an-
imals in the pre-a-BAFF treatment group (Figures 4D and S3C).
AAV-specific IgG2c Abs were not detectable until 8 weeks post-
AAV8-OVA dosing in treated groups, except for pre-a-BAFF treat-
ment (here, 80% of animals developed low levels of IgG2c Abs;
Figures 4E and S3D). To test for the ability to re-administer, all of
the animals received 1� 1011 vg/mouse AAV8-hFIX at 8 weeks post-
initial dosing. Following secondary dosing, all of the mice developed
both IgM and IgG2c Abs to AAV (Figures 4F and 4G). This contrasts
with experiments described above with a lower initial vector dose, in
which only IgM but not IgG2c development was observed in pre-IS-
treated animals (compare to Figures 3D and 3E).

Circulating hFIX levels were significantly lower in pre-a-CD20
(5.00 ± 1.73 mg/mL)-treated groups compared to the control group
receiving AAV8-FIX only (9.72 ± 0.41 mg/mL) (Figure 4H) and
were undetectable in no-IS and pre-a-BAFF-treated groups. Circu-
lating hFIX levels were reduced by only �25% in pre-a-CD20+Rapa
(7.65 ± 1.09 mg/mL) and pre-a-CD20+a-BAFF (7.02 ± 1.61 mg/mL)
compared to only the AAV8-FIX control group (not statistically sig-
nificant; Figures 4H and S3E). These differences in the immune re-
sponses compared to results with a lower initial vector dose demon-
strate that not only the timing of IS treatments but also the initial
vector dose play an important role in determining the efficacy and
durability of these treatments.
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Extending the a-BAFF treatment prevents Ab responses and

enhances re-administration efficacy

We have found substantial increases in systemic BAFF levels following
a-CD20 treatment, which is favorable to Ab formation. Measurements
of BAFF levels at 4- and 8-week time points following different IS treat-
ments in the high-dose vector groups showed that pre-a-CD20 (32.42±
2.28 and 17.57± 3.83 ng/mL) and pre-a-CD20+Rapa (55.16± 1.60 and
43.24 ± 10.58 ng/mL) treatments resulted in significantly higher BAFF
levels compared to the no-IS group (4.120± 0.45 and5.57± 0.58ng/mL)
(Figure 5A). However, in the pre-a-CD20+a-BAFF group, BAFF levels
were very low at 4 weeks (0.33± 0.04 ng/mL) but significantly increased
at 8weeks (21.84± 2.49ng/mL) (Figure 5A). Becausewe observed a cor-
relation between increased plasma BAFF levels and Ab formation, we
hypothesized that prolonged depletion of BAFF may improve the effi-
cacy of a-CD20 and a-BAFF combination therapy. For this purpose,
animals received two more maintenance doses of a-BAFF postvector
dosing, as described in Figure 5B.

This modified regimen completely prevented IgM and IgG2c forma-
tion against AAV8 capsid (Figures 5C and 5D) and also reduced
CD8+ T cell responses against the transgene product, resulting in sus-
tained OVA expression (Figures S4A–S4C). The secondary dosing of
AAV8-hFIX at 8 weeks showed the development of a de novo IgM
response against AAV8 capsid, but no detectable levels of IgG2c
(Figures 5C and 5D). Interestingly, not only was re-administration
100% successful in the pre-a-CD20+Ext (extended) a-BAFF treat-
ment group but also the resulting hFIX expression levels were 2.5-
fold higher (25.80 ± 1.37 mg/mL) compared to AAV8 FIX controls
(10.00 ± 0.96 mg/mL) (Figure 5E). Furthermore, the treated animals
maintained the higher FIX expression levels 4 months post-AAV8-
hFIX administration compared to the control groups (Figure S4D).
On independently repeating this experiment, re-administration was
100% successful, and we again found significantly increased (albeit
more modest) expression of FIX in pre-a-CD20+Ext a-BAFF-treated
animals (1.4-fold higher levels; Figure S4E). However, this did not
correlate with increased liver transduction (Figure S4F). Overall, these
results demonstrated that maintaining lower BAFF levels along with
B cell depletion prevents immune responses during initial vector
dosing, therefore allowing for efficient re-administration.

Combination treatment with a-CD20 and extended a-BAFF

allows for efficient re-administration following immune cell

repopulation

In the experiments outlined above, re-administration was performed at
a time point when the immune compartments affected by the IS proto-
cols were not completely repopulated with immune cells. Therefore, we
decided to evaluate re-administration at a later time point, when the B
cell population was completely reconstituted (Figure S5A), as outlined
in Figure 6A. All of the experimental groups showed similar levels of
transgene expression from the first vector administration, 1 � 1011 vg
AAV8-OVA (Figure 6B). We again did not observe CD8+ T cell re-
sponses against OVAwith this dosing regimen (data not shown). Anal-
ysis of AAV8-specific Ab responses showed an increase in IgM re-
sponses over time in pre-a-CD20 and pre-a-CD20+Rapa groups,
024



Figure 4. Initial high vector dose reduces the re-administration efficacy of IS pretreatments

(A) Schematic outline of IS pretreatment regimens and AAV8 dosing. (B) CD8+ T cell response to the OVA transgene at 4 weeks post-AAV8-OVA administration (n = 5–10/

group). (C) Circulating plasma levels of OVA at 4 weeks post-AAV8-OVA administration. AAV8 capsid-specific IgM (D) and IgG2c (E) Ab levels in plasma samples collected at

different time points before re-administration. AAV8 capsid-specific IgM (F) and IgG2c (G) Ab levels in plasma samples collected post-re-administration. (H) Circulating human

FIX levels at 4 weeks post-re-administration with AAV8-hFIX. Statistical significance was calculated by one-way ANOVA (Dunnett’s multiple comparisons) for (B), (C), and (H),

and two-way ANOVA for (D)–(G). *p % 0.05; **p % 0.01; ****p % 0.0001.
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Figure 5. Extending a-BAFF treatment improves the re-administration efficacy

(A) Longitudinal quantification of plasma BAFF levels for control (no-IS) and various IS treatment groups (n = 5–10/group). (B) Schematic representation for timing and dosing

of a-CD20 and extended a-BAFF treatments and AAV8. AAV8 capsid-specific IgM (C) and IgG2c (D) Ab levels in plasma samples collected at different time points post

primary and -secondary AAV8 administration. (E) Circulating hFIX levels at 4 weeks post-re-administration with AAV8-hFIX. Statistical significance was calculated by one-way

ANOVA (Dunnett’s multiple comparisons) for (E), and two-way ANOVA for (A), (C), and (D). *p % 0.05; **p % 0.01; ***p % 0.001; ****p % 0.0001.
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whereas IgG2c formation was not detected (Figures 6C and 6D).More-
over, pre-a-CD20+a-BAFF treatment prevented Ab responses to
AAV8 (Figures 6C and 6D). In the pre-a-CD20 treatment group, the
increase in IgM was observed up to 12 weeks (Figure 6C). However,
in the pre-a-CD20+Rapa group, IgM titers continued to increase over
the entire time course, with 60% of animals forming IgM against capsid.
Average titers were �8-fold higher than for the no-IS group, in which
only a single animal still had detectable IgM at the time point of vector
re-administration (Figure 6C).

Before re-administration, we analyzed immune cell populations (at 12
and 14 weeks postinitial dosing). We found that B cell frequencies ap-
proached normal by week 14 (Figures S5A and S5B). Similarly, T cell,
dendritic cell (DC), neutrophil, andmonocyte frequencieswere compa-
rable to non-ISmice by week 14 (Figures S5B–S5G). Based on these ob-
servations, we decided to re-administer 1� 1011 vg/mouseAAV8-hFIX
at the 15-week time point. Since no IS was used during re-administra-
tion, this second vector dosing triggered a de novo immune response
in the pre-a-CD20+Exta-BAFFgroup (Figures 6E and 6F).AAV8-spe-
cific Abs (IgM and IgG2c) initially showed no significant differences
among experimental groups following re-administration. However,
control animals without initial IS eventually developed IgG2c titers
8 Molecular Therapy: Methods & Clinical Development Vol. 32 March 2
that were significantly higher than for the other groups (Figures 6E
and 6F). Levels of transgene expression from the second vector admin-
istration (hFIX) were similar for pre-a-CD20+Ext a-BAFF group
(16.05 ± 0.47 mg/mL, with successful re-administration in 100% of an-
imals) compared to controlmice that received only theAAV-FIXvector
(19.36 ± 2.71 mg/mL) (Figure 6G). Subsequent expression of hFIX in
pre-a-CD20+Exta-BAFFwas stable over time (Figure S5I). In contrast,
re-administration was much less efficient in the other IS groups, which
achieved hFIX expression in only 38% of mice in pre-a-CD20 (average
2.56 ± 1.31 mg/mL) and 66% in pre-a-CD20+Rapa (average 5.30 ±

1.57 mg/mL) groups (Figure 6G), with substantially lower levels. This
correlated with IgM levels before to re-administration (Figure S5H).
In summary, these results demonstrate that combination treatment
with a-CD20 and a-BAFF allows for efficient re-administration of vec-
tor at a time point when the immune systemhas recovered from immu-
nodepleting treatments.

Presence of Abs against capsid alters AAV8 uptake by immune

cells

We hypothesized that preexisting Abs against capsid would alter the
uptake of viral particles by immune cells. To study this in detail, con-
trol mice (no-IS) or mice pretreated with a-CD20+Ext a-BAFF
024



Figure 6. Combination treatment with a-CD20 and extended a-BAFF allows re-administration following immune compartment repopulation

(A) Schematic outline of IS pretreatment regimens and AAV8 dosing. (B) Circulating plasma levels of OVA at 4 weeks post-AAV8-OVA administration (n = 5–10/group). AAV8

capsid-specific IgM (C) and IgG2c (D) Ab levels in plasma samples collected at different time points prior to AAV8-hFIX re-administration. AAV8 capsid-specific IgM (E) and

IgG2c (F) Ab levels in plasma samples collected at different time points post-AAV8-hFIX re-administration. (G) Circulating hFIX levels at 4 weeks post-AAV8-hFIX re-

administration. Statistical significance was calculated by one-way ANOVA (Dunnett’s multiple comparisons) for (B) and (G), and two-way ANOVA for (C)–(F). *p% 0.05; **p%

0.01; ***p % 0.001; ****p % 0.0001.
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protocol were injected initially with 1 � 1011 vg/mouse AAV8-OVA
followed by re-administration with Atto-590 labeled AAV8 (2� 1011

vg/mouse) 12 weeks later. Another control group was naive mice
receiving the second vector only. Spleens and liver tissue were har-
vested 2 h later to identify Atto-590+ immune cell types.

We first confirmed in vitro in 2V6.11 cells that Atto-590 labeling does
not affect cellular uptake (Figure S6). Next, among splenocytes, we
analyzed B cells and other immune cells for AAV8 uptake (Fig-
ure S7A). Frequencies of B cell subsets were similar between groups,
Molecu
indicating complete B cell repopulation (Figures S7B and S7C). We
did not find evidence for AAV8 uptake by B cells, with the exception
of transitional B cells, �5% of which were Atto-590+ in the no-IS
group (while IS treated and naive animals showed no uptake; Fig-
ure S7D). Importantly, we saw a complete absence of AAV-specific
plasma cells in the bone marrow and spleen by ELISpot even
following B cell repopulation (Figure S7E).

In contrast, substantial uptake of AAV particles was detected in
splenic neutrophils (23.61 ± 3.5%) and marginal zone macrophages
lar Therapy: Methods & Clinical Development Vol. 32 March 2024 9
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Figure 7. B cell-depleting IS therapy mitigates AAV8

uptake

Control mice (no-IS) or mice pretreated with a-CD20+

Ext a-BAFF initially received 1 � 1011 vg/mouse AAV8-

OVA, followed by re-administration with AAV8-Atto-590

12 weeks later. Naive mice received AAV8-Atto-590 only

(n = 4–6/group). (A) Proportion of neutrophils, monocytes,

MZMs, metallophilic macrophages (MMM) and DCs from

splenocytes that take up AAV8-Atto-590. (B) Proportion of

neutrophils, monocytes, Kupffer cells, and DCs from the

liver that take up AAV8-Atto-59. Statistical significance

was calculated by 1-way ANOVA (Dunnett’s multiple

comparisons). *p % 0.05; **p % 0.01; ***p % 0.001;

****p % 0.0001.
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(MZMs; 11.72 ± 2.4%) of mice in the no-IS group, which was much
reduced in IS-treated and naive mice (Figure 7A). A small proportion
of monocytes (1.75 ± 0.2%) and metallophilic macrophages (4.54 ±

1.4%) were also Atto-590+ in the no-IS group. These results illustrate
that the presence of Abs against capsid enhances uptake by myeloid
cells. Conventional DCs in all three experimental groups took up
AAV particles at low frequencies (0.5%–1% Atto-590+).

Next, we assessed AAV uptake by hepatic immune cells. Similar to
spleen, the majority of Atto-590+ cells in the no-IS group were neu-
trophils and Kupffer cells/resident macrophages (Figure 7B). As we
observed in the spleen, there was a reduction in the uptake of
AAV8 in these cells from animals lacking anti-capsid Abs. Therefore,
preexisting Abs enhance the uptake of AAV particles by splenic and
hepatic neutrophils andmacrophages, which is prevented by IS (com-
bination treatment with a-CD20 and a-BAFF) at the time of first
exposure to AAV capsid, creating an environment during re-admin-
istration that mimics vector administration in naive animals.

DISCUSSION
AAV re-administration to achieve desired therapeutic protein levels is
challenging due to the development of immune responses against
viral capsid and the encoded transgene product during the initial vec-
tor administration. In this study, we have used an IS regimen that
greatly targets the B cell compartment of the immune system to pre-
vent adaptive immune responses during initial vector administration.
This combination therapy uses a-CD20 to deplete the majority of the
B cells and a-BAFF to deplete plasma cells/plasmablasts by dissipa-
tion of their survival factor.24 We have systematically adapted our
combination drug regimen and schedule to completely inhibit im-
mune responses during initial vector dosing and allow for vector
re-administration without compromising therapeutic transgene
expression levels (Figure 8).
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Several IS drug treatments have been used in
clinical trials to preserve transgene expression
following initial dosing such as corticosteroids,
rapamycin, mycophenolate mofetil, rituximab,
calcineurin inhibitors, eculizumab.25 However,
achieving re-administration using combinations
of these immunosuppressants has shownmixed responses. In preclin-
ical studies, the use of tolerogenic nanoparticles encoding rapamycin
has shown success in redosing with the same AAV serotype and
improved transgene expression following both doses compared to
control groups.19,26,27 However, this formulation is not yet clinically
approved. A combination of rapamycin and ibrutinib has been re-
ported to block IgG formation against capsid.18 Use of abatacept
(CTLA4-Ig) with a low initial dose (5 � 1011 vg/kg) permitted re-
administration with a subsequent higher dose of 4 � 1012 vg/kg.28

However, re-administration was performed 21 days following the
initial low vector dose; hence, the efficacy of the treatment is not
known following clinically relevant vector dosing and at a later
time point.

A combination of anti-CD20 and rapamycin has shown promising re-
sults in preventing both capsid and transgene-specific immune re-
sponses in preclinical models and initial human experience (this
study was registered at Clinicaltrials.gov: NCT00976352).20,29,30

This combination is being tested for re-administration of AAV9 in
gene therapy for Pompe disease and has also shown some positive
outcomes for immune tolerance induction to FVIII protein in hemo-
philia A patients.31 Nonetheless, rapamycin has also been shown to
inhibit B cell class switching, producing a skewed Ab pattern of IgG
and IgM specificities.32 In our study, we observed a prolonged IgM
response following rapamycin treatment, with the ability to neutralize
AAV. Moreover, we find that a-CD20 treatment alone or in combi-
nation with rapamycin leads to an increase in circulating BAFF levels,
which increases the incidence of IgM development, thereby reducing
treatment efficacy. Several studies have shown increased BAFF levels
in autoimmune diseases such as systemic lupus erythematosus, rheu-
matoid arthritis, and progressive systemic sclerosis33–36—in some
cases correlating with autoantibody development.37 Some studies
suggested that increased BAFF levels following a-CD20 treatment



Figure 8. Proposed mechanism of AAV-specific immune responses in untreated and a-CD20 and a-BAFF-treated animals

AAV8 administration in naive animals without any IS (no-IS) results in AAV uptake, presentation, T cell help, and activation of adaptive immune responses, resulting in the

formation of high-titer, affinity-matured AAV capsid-specific Abs, which can prevent vector redosing. IS pretreatment with a-CD20+Ext a-BAFF during initial AAV admin-

istration prevents the selection of high-affinity B cell clones and further deprives B cells and plasma cells of the B cell survival cytokine BAFF, thereby enabling vector redosing.

The IS effect is transient, and the repopulated B cells initiate a de novo adaptive immune response to the re-administered AAV vector.
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may be responsible for relapses due to the development of delayed au-
toreactive B cells.38,39 Therefore, monitoring plasma BAFF levels and
targeting BAFF expression is a potential approach to improve out-
comes for a-CD20-mediated B cell depletion. Importantly, the com-
bination of a-CD20 and a-BAFF does not affect the survival of non-B
lineage cells, as our findings (Figure S5) and that of others show.40,41

Our study also demonstrated that the timing of IS affects the efficacy
of the treatment. Concurrent B cell targeting IS treatments unexpect-
edly enhanced the cellular immune response against the transgene
product. This is probably due to inflammation induced by natural
killer cell activation and Ab-dependent cellular cytotoxicity caused
by B cell depletion,42 although further studies are required to confirm
this. Concurrent rapamycin treatment blocked B cell class switching
and enhanced IgM production against AAV capsid. On the contrary,
IS before vector administration prevented skewing of the immune
response, resulting in reduced capsid and transgene-specific immune
responses. A previous study has similarly reported the effect of timing
of IS using a-thymocyte globulin (ATG) in a NHP model.43

Our results show that combining a-CD20 with a-BAFF prevents not
only IgG but also IgM formation against AAV capsid. Furthermore, ex-
Molecul
tending the duration of a-BAFF treatment prevented de novo Ab for-
mation. Importantly, both of these Abs are approved for clinical trials
and can also be evaluated in NHPs, facilitating the translation of the
approach. In high-dose systemic delivery of AAV for neuromuscular
disorders, complement activation has been observed in multiple pa-
tients, resulting in various immunotoxicities.44,45 Therefore, our proto-
col may be useful not only to enable vector re-administration but also
to prevent complement activation, which has been found to largely be
Abdependent in response to AAV.44,46–48 Similarly, Salabarria et al.
demonstrated in study participants receiving systemic high-dose
AAV9 gene therapy that a-CD20 and rapamycin IS therapy was able
to prevent Ab-mediated induction of the classical pathway and ampli-
fication via the alternative pathway of complement activation.30 The
a-CD20/a-BAFF protocol may also allow spreading the vector dose
over time to reduce potential toxicities such as liver toxicity associated
with a single high dose. It is intriguing that vector re-administration af-
ter a-CD20/a-BAFF treatment at a time point when the immune sys-
tem was not yet fully reconstituted modestly enhanced efficacy
compared to naive controls. Although the underlying mechanism re-
mains to be uncovered, this phenomenon could be exploited to achieve
therapy at reduced vector doses. However, the effectiveness of this pro-
tocol may still be limited by vector dose (>1014 vg/kg in current trials
ar Therapy: Methods & Clinical Development Vol. 32 March 2024 11
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for neuromuscular disorders, whereas the dose used here was
�4 � 1012 vg/kg). In the absence of NAb formation, AAV particles
capable of triggering B cell activationmay persist longer, so that adjust-
ments to the protocol may be needed for higher vector doses. At the
same time, more recently developed capsids may direct the efficacy
of systemic AAV delivery at much reduced vector doses.2,49

In conclusion, initiating B cell depletion combined with depletion of
the B cell survival factor BAFF before vector administration repre-
sents a promising approach to prevent NAb upon systemic AAV de-
livery, thereby enabling effective vector re-administration. A short
maintenance course of a-BAFF is required after B cell-depleting Ab
is discontinued to prevent not only IgG but also IgM formation.
Such an optimized B cell-targeted protocol also reduces the risk of im-
mune responses against the transgene product.
MATERIALS AND METHODS
Mice

Male 6- to 8-week-old C57BL/6 mice were purchased from The Jack-
son Laboratory (Bar Harbor, ME). Animals were housed at Indiana
University, Indianapolis, and treated under Institutional Animal
Care and Use Committee-approved protocol 21017.
AAV8 viral vectors

AAV-EF1a-OVA, AAV-ApoE/hAAT-hFIX, and scAAV-RLuc vec-
tors were used for this study. Vector genomes were packaged into
AAV8 capsids by triple transfection of HEK293 cells, and viral parti-
cles were purified by iodixanol gradient as previously described.50

Vector titers were determined by real-time qPCR.51

Cellular uptake studies were performed with Atto-590-labeled AAV8.
Briefly, AAV8 was column purified as previously described52 and re-
acted with Atto-590 NHS ester in PBS buffer pH 8, with a molar ratio
of 10,000 molecules/vg. The reaction was protected from light and
incubated overnight at 4�C with gentle shaking. The labeled virus
was filtered and purified by extensive buffer exchange (�10 rounds)
with 1� PBS buffer pH 7.2, using ultracentrifugal filter 100K molec-
ular weight cutoff (Sigma-Aldrich, St. Louis, MO). Chemically labeled
AAV8-Atto-590 was titrated using real-time qPCR.

All of the vectors were free of endotoxins and administered intrave-
nously (i.v.). The doses and timing of administration are described in
the results.
Reagents

a-mCD20 IgG2a subtype (clone 18B12) was purified from transfected
HEK293 cells (ATUM, Newark, CA). Rapamycin was purchased from
LC Laboratories (Woburn, MA). a-mBAFF IgG1 subtype (clone
Sandy-2) was purchased from AdipoGen Life Sciences (San Diego,
CA). Atto-590 (catalog no. 70425) was purchased from Sigma-
Aldrich. Ponasterone A, an analog of insect steroid hormone ecdy-
sone, was purchased from Invitrogen (Carlsbad, CA).
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IS treatments

For B cell depletion, mice were treated i.v. with 2 doses of 200 mg
(�8 mg/kg) a-CD20, spaced 3 weeks apart. For T cell suppression,
100 mg (�4 mg/kg) of rapamycin was administrated by oral gavage
3�/week for 5 weeks. To deplete mature B cells, 2 doses of 60 mg
(�2.4 mg/kg) a-BAFF were administered by intraperitoneal injection
at an interval of 10 days. For extended a-BAFF treatments, 2 mainte-
nance doses of 40 mg (�1.6mg/kg) were administered at an interval of
2 weeks. Schematics representing the timing of administration and
type of treatment are indicated in the figures.

Detection of transgene and AAV8-specific Abs

Antibody assays were performed using ELISA and in vitro neutraliza-
tion assays. a-AAV8-specific IgG1, IgG2c, and IgM levels were deer-
mined by ELISA. Briefly, microtiter plates were coated overnight with
5 � 1010 vg/mL AAV8. Plasma samples were used at 1:40 or 1:60 di-
lutions with serial dilutions of purified murine IgG1, IgG2c, or IgM as
standards. For detection, horseradish peroxidase (HRP)-conjugated
a-IgG1/IgG2c/IgM Abs (Southern Biotech, Birmingham, AL) were
used. For transgene specific Abs, microtiter plates were coated with
either 10 mg/mL OVA or 0.5 mg/mL hFIX and assayed for IgG1 and
IgG2c Abs as described above.

Todetermine the level ofNAbs toAAV8, plasma sampleswere added to
2V6.11 cells, as described earlier.53 The 2V6.11 cells indelibly express
human adenovirus E4 protein under control of the ecdysone pro-
moter.54 Cells were seeded (20,000/well) in optical polymer base
96-well tissue culture plates and incubated for 24 h at 37�C in
DMEM media containing 10% fetal bovine serum (FBS) and 1 mg/mL
ponasterone A. The next day, before the neutralization assay, plasma
sampleswereheat inactivated at 50�Cfor30min.Plasmaserial dilutions
were prepared in serum-free media ranging from 1:5 to 1:1,280, mixed
withAAV8-RLuc (5� 103MOI) and incubated for 1 h at 37�C.Culture
media was removed from the 2V6.11 cells and a mixture of plas-
ma:AAV8-RLuc was added to the cells. Cells were incubated at 37�C
for 2 h, followed by the addition of DMEM containing 5% FBS and
1 mg/mL ponasterone A. Cells were cultured for 24 h at 37�C before
the Luc assay. Renilla-Glo luciferase reagent (Promega, Madison, WI)
was mixed with the buffer and added to the cells. The plate was incu-
bated in the dark for 10min at room temperature for complete cell lysis,
and relative luminescence units (RLUs) were measured using Synergy
LX reader (Biotek, Winooski, VT). Each sample was assessed in tripli-
cate, and the results were normalized to a 100% control (preincubation
of vector without serum). A 0%control (cells not transducedwith virus)
was also included in each plate for the background analysis. Transduc-
tion efficiency was calculated according to the formula [mean RLU-
sample/mean RLU-100% reference value]� 100.

Detection of transgene products

Plasma levels of OVA and FIX transgene products were measured by
ELISA. For OVA detection, microtiter plates were coated overnight
with affinity-purified rabbit OVA Ab (1:80,000 dilution; Sigma catalog
no. C-6534) and mouse plasma samples were applied at 1:40 or 1:60
dilution. For detection, HRP-conjugated rabbit OVA Ab (1:10,000
2024
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dilution; Rockland Immunochemicals, Pottstown, PA, catalog no. 200-
4333) was used. Serial dilutions of endotoxin-free OVA protein from
InvivoGen (San Diego, CA) were used to generate a standard curve.

For determining hFIX plasma concentrations, serial dilutions of con-
trol human plasma, Trinicheck level 1 (Diagnostica Stago, Parsip-
pany, NJ) was used to form standards. Briefly, microtiter plates
were coated with affinity-purified rabbit a-hFIX (1:850 dilution;
Sigma anti-hFIX clone HIX-1 catalog no. F2645) overnight and
blocked with 6% nonfat dry milk in 1� PBS/0.05% Tween 20. Plasma
samples were applied at a 1:60 dilution and incubated overnight. hFIX
level was detected with HRP-conjugated goat anti-hFIX (1:2,333 dilu-
tion, GAFIX-APHRP, Affinity Biologicals, Ancaster, ON, Canada).

Immunohistochemistry

Liver tissues were snap-frozen in liquid nitrogen in optimal cutting
temperature embedding media (Fisher Scientific, Waltham, MA).
Frozen liver tissues were sectioned (�10 mm), mounted on polyly-
sine-coated slides, and immunohistochemistry performed, as previ-
ously described.55

In brief, cryosections were fixed in acetone at room temperature,
blocked with 5% donkey serum (Sigma-Aldrich). Goat anti-hFIX
(1:400 dilution; Affinity Biologicals) or rabbit a-OVA (1:200 dilution;
Abcam, Boston, MA) in 2% donkey serum was added for 90 min. Af-
ter washing, tissue sections were incubated with secondary Ab Alexa
Fluor 568 donkey a-goat IgG for hFIX (1:100 dilution; Invitrogen) or
Alexa Fluor 647 donkey a-rabbit (1:200 dilution; Invitrogen). Sec-
tions were mounted with ProLong Diamond Antifade Mountant
(Life Technologies, Carlsbad, CA) containing DAPI. Fluorescence
microscopy was performed on a Zeiss Axio Observer microscope
(Carl Zeiss, White Plains, NY).

Flow cytometry analysis for AAV8-Atto-590 uptake

To understand the uptake of AAV8 vector by different immune cell
types, we used Atto-590-labeled AAV8. For this, three study groups
of C57BL/6 animals were analyzed: naive, preimmunized with AAV8-
OVA, and pre-a-CD20+Ext a-BAFF-treated preimmunized animals.
These groups were i.v. injected with 2 � 1011 vg/mouse of AAV8-
Atto-590, and 2 h later, spleen and liver tissue were harvested. Spleen
tissue was homogenized and passed through a 70-mm cell strainer
(BDFalcon, San Jose,CA) toobtain a single-cell suspension. Liver tissue
was homogenized and treatedwith 0.5mg/mL collagenase for 10min at
37�C. Following incubation, liver cell suspensions were washed with
PBS containing 4% FBS and 0.5 mM EDTA and centrifuged at 50� g
for 3 min to sediment hepatocytes. Nonparenchymal cells (NPCs)
were collected and washed again to remove any residual hepatocytes.

To assess AAV8-Atto590 uptake, splenocytes and NPCs were incu-
bated with mouse anti-CD16/32 (BioLegend, San Diego, CA) to block
Fc receptors and surface stained with fluorochrome-conjugatedmAbs
for 20min at 4�C, followed by PBSwashes. To identify themyeloid cell
population, cells were stainedwith PDCA-PERCP efluor710 (eBio927,
Invitrogen), CD11b-BV605 (M1/70, BioLegend), CD11c-BV421
Molecul
(N418, BioLegend), Ly6c-APC/Fire 750 (HK1.4, BioLegend), Ly6G-
AF647 (1A8, BioLegend), F4/80-BV786 (BM8, BioLegend), and
CD45-AF488 (30-F11, BioLegend) for liver or TIM4-AF488
(RMT4-54, Invitrogen) for spleen. For analysis of B cell compart-
ments, splenocytes were stained with CD19-APC efluor780 (eBio1D3,
Invitrogen), TACI-BV421 (8F10, BDBiosciences, Franklin Lakes, NJ),
CD138-BV711 (281-2, BioLegend), CD21-AF647 (7E9, BioLegend),
and CD23-PECy7 (B3B4, BioLegend). Flow cytometry data were
collected using BD LSR Fortessa and analyzed with FCS Express 7
(De Novo Software Solutions, Pasadena, CA).

ELISpot assay

The frequency of AAV8-specific Ab secreting cellswas quantified by a
B cell ELISpot assay, as described previously.56 Briefly, red blood cells
from spleen or bone marrow single-cell suspensions were lysed (eBio-
science, San Diego, CA) and double filtered through 70-mm cell
strainers. Cells (2 � 106) were seeded in duplicate in RPMI 1640
plus 10% FBS onto B cell ELISpot-specific plates (Millipore, Burling-
ton, MA) precoated with AAV8 (5� 1010 vg/mL). After overnight in-
cubation at 37�C in 5% CO2, cells were removed by washing in PBS
plus 0.5% Tween 20. Goat a-mIgG2c-HRP (Southern Biotech) was
used for detection, followed by the addition of AEC substrate (BD
Biosciences) for spot development. Plates were analyzed using the
ImmunoSpot system (Cellular Technology, Cleveland, OH).
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