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Immune responses to adeno-associated virus (AAV) capsids
limit the therapeutic potential of AAV gene therapy. Herein,
we model clinical immune responses by generating AAV
capsid-specific chimeric antigen receptor (AAV-CAR) T cells.
We then modulate immune responses to AAV capsid with
AAV-CAR regulatory T cells (Tregs). AAV-CAR Tregs
in vitro display phenotypical Treg surface marker expression,
and functional suppression of effector T cell proliferation
and cytotoxicity. In mouse models, AAV-CAR Tregs mediated
continued transgene expression from an immunogenic capsid,
despite antibody responses, produced immunosuppressive cy-
tokines, and decreased tissue inflammation. AAV-CAR Tregs
are also able to bystander suppress immune responses to
immunogenic transgenes similarly mediating continued trans-
gene expression, producing immunosuppressive cytokines, and
reducing tissue infiltration. Taken together, AAV-CAR T cells
and AAV-CAR Tregs are directed and powerful immunosup-
pressive tools to model and modulate immune responses to
AAV capsids and transgenes in the local environment.
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INTRODUCTION
Recombinant adeno-associated virus (AAV) vectors are effective,
powerful, and a leading platform for gene delivery. However, signifi-
cant obstacles to the therapeutic use of AAVs remain, from practical
manufacturing limitations to immunological barriers. Capsid-specific
T cell responses to AAV-based therapies were not predicted from
proof-of-concept studies in animal models but were identified in hu-
man studies.1–3 An early clinical trial for the treatment of hemophilia,
via i.v. delivery of recombinant AAV (rAAV), resulted in robust CD8
T cell responses and the loss of transgene expression, which was later
shown to be mediated by capsid-specific T cell responses.1–5 This led
to the requirement for immunosuppression to maintain transgene
expression in patients treated with AAVs, further complicating the
therapeutic impact.6 Despite the observation of immune responses af-
ter intravenous (i.v.) administration of AAV, concurrent clinical trials
using intramuscular (i.m.) delivery of AAV revealed long-term trans-
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gene expression without immune suppression, regardless of signifi-
cant immune cell infiltration.7–10 This long-term expression was
attributed to the induction of regulatory T cells (Tregs) in the muscles
of AAV-injected patients. This infiltration and induction of Tregs
suggested an immune mechanism at work in i.m. trials that were
not observed in i.v. trials.11,12

Tregs are a subset of immune T cells that express CD4, CD25, and the
master transcription factor, forkhead box P3 (FOXP3), although
further subsets have been discovered with different properties, such
as CD8+ Tregs,13 or type 1 Tregs (Tr1).14 FOXP3 expression was
found to be crucial for Treg suppressive activity,15 and studies have
shown that transfection of T cells with FoxP3 induces regulatory ac-
tivity.16,17 Tregs can be classified as natural Tregs, which develop in
the thymus, or induced Tregs, which are generated in the periphery.18

Tregs suppress immune responses through secretion of immunosup-
pressive cytokines, metabolic disruption, modulation of co-stimula-
tion, and direct interaction with effector T cells and other immune
cells.19,20 Additionally, they can broadly suppress local environments
through bystander suppression as well as induce other suppressive
cells by infectious tolerance.21–23 Thus, Tregs are powerful immuno-
suppressive cells, and understanding the potential role of infiltrating
T cells in liver-directed or muscle-directed AAV gene therapy may be
critical for future therapeutic development.

Chimeric antigen receptor (CAR) T therapy has revolutionized
immunotherapy with demonstrated clinical efficacy achieved in
B cell malignancies.24,25 CAR T cells utilize an extracellular antigen
recognition domain from a single chain variable fragment (scFv) of
an antibody combined with an intracellular signaling domain.
Combining the external scFv with the internal co-stimulatory
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Figure 1. Generation of AAV-CAR Tregs

(A) Schematic representation of transgene construct for AAV-CAR T cell. The AAV-

specific scFv is fused to a human IgG1 CH2-CH3 hinge, followed by intracellular

CD28 (human) and CD137 (4-1BB) (human) co-stimulatory domains, and CD3z

(human), under the control of the EF1-alpha promoter. Truncated CD19 (external

domain only) were added following the E2A self-cleavage peptide sequences. (B)

Schematic representation of the AAV-CAR Treg construct. Murine FoxP3 cDNA,

and truncated CD19 (external domain only) were added following the E2A self-

cleavage peptide sequences. (C) Schematic diagram of T cell isolation and lentiviral

transduction. Pan T cells are isolated from human blood or mouse spleen and

activated for 2 days followed by lentiviral-CAR transduction; mixed population of

transduced and non-transduced T cells are used in all experiments.
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domains from T cells allows the construct to activate a T cell response
in a non-MHC-restricted manner.26 Beyond therapies for cancer,
CAR T cells have been designed to target human immunodeficiency
virus (HIV), Epstein-Barr virus (EBV), and other viruses.27–29 Here
we generate a CAR against AAV capsid (AAV-CAR T cell) to mimic
capsid-specific T cell responses observed in clinical trials.

As the CAR field has grown, it has evolved from mimicking effector
T cell responses to creating immunosuppressive CART cells by the cre-
ation of CAR Tregs. To direct Tregs to a specific antigen, preclinical
Molecular The
studies have examined the utility of CAR Tregs for colitis,30–32 graft-
versus-host disease,33,34 hemophilia, and multiple sclerosis.17,35,36 To
create these CAR Tregs, most have focused on isolated primary Tregs
and transducing them with the CAR construct, except for two
studies.17,37However, the lowpopulationof primaryTregs in peripheral
blood38 and loss of FOXP3 expression in endogenous Tregs makes this
approach intractable.15 Antigen-specific CAR Tregs have great clinical
promise for creating specific, directed, and local immunosuppression.

Herein, we generated AAV-CAR Tregs by addition of FoxP3 cDNA
downstream of the CAR construct. We show AAV-CAR Tregs sup-
press capsid-specific immune responses despite anti-capsid antibody
responses in vivo. Moreover, AAV-CAR Tregs mitigate immune re-
sponses to vector-expressed transgenes by bystander suppression.
Altogether, these data suggest that AAV-CAR T cells and AAV-
CAR Tregs can be used not only to study anti-vector immune
responses but also as therapeutics for localized modulation of the im-
mune responses to AAV capsids and vector-expressed transgenes to
enhance the safety and efficacy of clinical applications.

RESULTS
Generation of AAV-CAR T cells and AAV-CAR Tregs

The AAV-CAR construct was developed by cloning an AAV-specific
scFv into a third-generation CAR construct (Figure 1A). The AAV-
specific monoclonal antibody, D3, has been previously described by
the Kleinschmidt group and demonstrated to bind a broad spectrum
of AAV capsid variants, including AAV1, AAV2, AAV3, AAV4,
AAV5, AAV6, AAV8, and AAV9 and recognizes non-assembled
capsid protein as well.39,40 Additionally, they showed that the D3 anti-
body has no neutralizing ability and recognizes conformational
epitopes, including amino acids SRNWLPGPCY, which are highly
exposed on the surface of VP3. Recently the Chapman group have
studied the structure of the D3 binding site showing the overlap be-
tween the D3 antibody epitope and the AAVR binding site.41

To generate the AAV-CAR Treg construct, Foxp3 cDNA was cloned
downstream of the CAR coding sequence followed by an E2A motif
providing stable expression of -FOXP3, which is essential for Treg
function (Figure 1B). To create AAV-CAR T cells and AAV-CAR
Tregs, we transduced CD3+ T cells with lentiviral-CAR vectors or
lentiviral-CAR-Foxp3 vectors (Figures 1A–1C). In the latter, we con-
verted CD3+ T cells to the Treg phenotype rather than transducing
Tregs with a CAR construct. We utilized CD3+ T cells to maximize
cellular input to include CD8+ Tregs as they are a naturally occurring,
but rare population that have been shown to be quite immunosup-
pressive.42 For detection, both CAR constructs included the expres-
sion cassette for CD19 truncated protein, containing the extracellular
portion but lacking internal signaling domains.

Immunophenotyping of AAV-CAR Tregs

To further examine the induced Treg phenotype in CD3+ cells by
expression of FoxP3 from the CAR construct, we characterized trans-
duced cells for relevant Treg markers. Using flow cytometry, we
selected cells that expressed FOXP3 and were double positive for
rapy: Methods & Clinical Development Vol. 23 December 2021 491
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Figure 2. AAV-CAR Tregs express Treg phenotype

and suppress effector cell proliferation

(A) Flow cytometric analysis of AAV-CAR Tregs. AAV-CAR

Treg gating ancestry (Figure S1). AAV-CAR Tregs selected

for CD4+and/or CD8+, CD19+, FOXP3-positive cells.

Panels show representative fluorescence-activated cell

sorting (FACS) profiles from three independent experi-

ments generating AAV-CAR Tregs from three different

heathy human donors. (B, C, and D) T cell suppression

assay. AAV-CAR T cells were labeled with CellTrace Vio-

let, cocultured with or without AAV-CAR Tregs, and either

stimulated with anti-CD3/CD28/CD2 or AAV1-infected

HEK293 cells. Flow cytometry was run after 3 and 5 days.

(B) Representative FACS profiles. (C) Quantification of MFI

of labeled AAV-CAR T cells. (D) Percentage suppression

of AAV-CAR T cell proliferation by AAV-CAR Tregs. Data

are quantified from three independent experiments using

human samples from three healthy donors on the right.

Error bars are mean ± SEM; *p % 0.05 by paired

Student’s t test.

Molecular Therapy: Methods & Clinical Development
CD19, and the T cell markers CD4 or CD8 (Figure S1A). Similar to
endogenous Tregs, a majority of the AAV-CAR Tregs were found
to be positive for CD25 and cytotoxic T lymphocyte-associated anti-
gen 4 (CTLA4). CD25 signaling is known to regulate the function and
stability of Tregs.43 Additionally, Treg expression of CTLA4 is known
to disrupt T effector cell function.44 Also, a majority of AAV-CAR
Tregs were expressing latency-associated peptide (LAP), with few ex-
pressing LAP and glycoprotein A repetitions predominant (GARP),
suggesting AAV-CAR Tregs potentially produce immunosuppressive
cytokines, interleukin (IL)-10, and transforming growth factor
(TGF)-b1, rather than proinflammatory cytokines, such as interferon
(IFN)-g.45 AAV-CAR Tregs were positive for glucocorticoid-induced
tumor necrosis factor receptor related (GITR), which inhibits T
effector function.46 Consistent with induced Treg phenotype, AAV-
CAR Tregs were negative for neuropilin, which distinguishes natural
from induced Tregs in vivo.47 Therefore, AAV-CAR Tregs express
similar phenotypic markers to endogenous Tregs (Figure 2A).

AAV-CAR T cells and AAV-CAR Tregs functionality in vitro

A prominent mechanism of action of Tregs is suppression of effector
T cell proliferation. Therefore, we tested whether AAV-CAR Tregs
could suppress proliferation of AAV-CAR T cells after antigen-spe-
cific (AAV1-transduced HEK293 cells) or nonspecific (anti-CD3/
CD28/CD2 activator) stimulation. AAV-CAR T cells were labeled
with proliferation dye and cocultured with or without stimulated
AAV-CAR Tregs. AAV-CAR Tregs suppressed proliferation of
AAV-CAR T cells after 3 and 5 days, regardless of stimulation
(Figure 2B). Quantification of mean fluorescence intensity (MFI) of
492 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
labeled AAV-CAR T cells increased when cocul-
tured with AAV-CAR Tregs and nonspecific
stimulation, indicating a suppression of fluores-
cent dye dilution. Similarly, when T cells were
cocultured with AAV1-transduced HEK293
cells, the MFI of labeled AAV-CAR T cells increased when cocultured
with AAV-CAR Tregs. At both stimulation conditions, this increase
was significant at day 5 (p = 0.0318 and 0.0446 for anti-CD3/
CD28/CD2 T cell activator and AAV1-HEK293 cells at day 5 respec-
tively) (Figure 2C). Cell counts and viability are shown in Table S1.
Further, we quantified the percentage suppression of AAV-CAR
T cells by AAV-CAR Tregs. At day 3, AAV-CAR Tregs showed
�50% suppression of AAV-CAR cells with both AAV1-HEK and
anti-CD3/CD28 conditions. The percentage suppression increased
at day 5 to �80% for both groups (Figure 2D). Together, these data
indicate the suppressive activity of AAV-CAR Tregs in response to
AAV-transduced cells.

To test the AAV-CAR T cell cytotoxicity and AAV-CAR Treg suppres-
sive activity, aswell as broad specificity of capsid recognition,we utilized
the previously characterized luciferase-based killing assay (Figures 3A
and S2).48,49 Target cells expressing luciferase were transduced with
either AAV1, AAV2, AAV3b, AAV5, AAV6, AAV8, AAV9, or
rh32.33. Non-transduced cells acted as nonspecific cytotoxicity con-
trols.AAV-CARTcells were significantly cytotoxic againstAAV-trans-
duced target cells compared with non-transduced cells for AAV1,
AAV3b, AAV6, AAV8, AAV9, and rh32.33, and trended lower in
AAV2 and AAV5. Viability of target cells was reduced in all capsid var-
iants, from �17% to 50% depending on the variant, compared with
non-transduced cells (Figure 3B). Thus, AAV-CAR T cells can recog-
nize cells transduced with any one of many different AAV capsid vari-
ants distributed across several AAV clades. However, when AAV-CAR
Tregs were cocultured with the AAV-CAR T cells in the presence of



Figure 3. AAV-CAR Tregs suppress effector cells cytotoxicity against numerous AAV capsid variants

(A) Schematic of a luciferase cytotoxicity assay and suppression of cytotoxicity assay. Luciferase-expressing HEK293 cells (target cells) are either transduced with AAV or

non-transduced as a control. Target cells are either cultured with AAV-CAR T cells alone or cocultured with AAV-CAR Tregs. Viability of cells wasmeasured by luminescence.

(B) Cytotoxicity of AAV-CAR T cells (blue bars, left) and suppression of cytotoxicity by AAV-CAR Tregs (red bars, left) against AAV1, AAV2, AAV3b, AAV5, AAV6, AAV8, AAV9,

rh32.33, or untransduced luciferase-expressing HEK cells as read by cell viability (blue and red bars, right). Percentage viability is determined by luciferase expression

measured 24 h after coculture. Cells were cultured at a ratio of 1:10 target cell to AAV-CAR T cell or 1:10:10 of target cell to AAV-CAR T cell to AAV-CAR Treg. Data are the

average of three independent experiments using human samples from three healthy donors (within each experiment samples were run in triplicate). Error bars are mean ±

SEM; *p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001 by two-way ANOVA with Tukey’s multiple comparisons.
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AAV-transduced target cells, the viability of target cells was similar to
the cells not transduced with AAV. This indicates the ability of AAV-
CAR Tregs to block the cytotoxicity of AAV-CAR T cells. The viability
of target cells was significantly increased against allAAVcapsid variants
ranging from 25% to 40%, compared with culture without AAV-CAR
Tregs (Figure 3B), except for AAV2 (NS,�14%). There was no impact
on the viability of non-transduced target cells when culturedwithAAV-
CART cells or coculturedwith AAV-CARTregs. Taken together, these
results suggest the antigen specificity of the AAV-CAR T cells and
Molecular The
AAV-CAR Tregs, but also that the AAV-CAR Tregs can suppress
T cell-specific killing. Similar to AAV-CAR T cells, AAV-CAR Tregs
recognize numerousAAV capsid variants, suggesting the utility of these
immunosuppressive cells. Further, to determine if AAV-CARTreg sup-
pression is dose dependent, we transduced luciferase-expressing target
cells with AAV, followed by coculturing different ratios of AAV-CAR
Tregs to AAV-CAR T cells with the transduced target cells. Our data
show that AAV-CAR Tregs with 1:1 ratio to AAV-CAR T cells have
greater suppressive activity comparedwith 1:2 and 1:4 ratios, indicating
rapy: Methods & Clinical Development Vol. 23 December 2021 493
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Figure 4. Characterization of AAV-CAR Tregs

homing and AAV-CAR T cells clearance in vivo

(A) Representative images of full-body bioluminescence of

AAV1 expressing luciferase (left) and DiR fluorescence of

labeled AAV-CAR Tregs (right). (B) Bioluminescence

measurement of luciferase in right and left muscles. (C)

Fluorescence measurement of DiR in right and left mus-

cles. *p% 0.05. **p% 0.01, ***p% 0.001, ****p% 0.0001

by two-way ANOVA with Tukey’s multiple comparisons.

(D) AAT ELISA of animal serum. (E) Anti-capsid ELISA of

animal serum. Animals treated with PBS (blue). Animals

treated with AAV-CAR T cells (red). Two-way ANOVA

repeated measure with Tukey’s multiple comparisons

was used (n = 6). Error bars are mean ± SEM.
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that the suppressive activity of AAV-CAR Treg is dose dependent
(Figure S2).

Homing of labeled AAV-CAR Tregs to AAV-transduced tissue

in vivo

First, to determine whether the AAV-CAR Treg could recognize its
epitope in vivo, we stained AAV-transduced tissues with the D3 anti-
body, from which the CAR Treg was generated, to determine how
long the epitope is available for recognition by the antibody. Mice
were injected i.m. with AAV8, and muscles were harvested 3 months
later and stained with the D3 antibody. We confirmed that, even at
3 months post injection, the D3 elicited positive staining, suggesting
that epitopes are available for AAV-CAR Treg recognition at
3 months post injection (Figure S3).

To determine whether AAV-CAR Tregs could traffic to AAV-trans-
duced tissue in vivo, we injected NU/J mice in the right muscle with
AAV1 expressing luciferase. One week post AAV1 injection, we i.v.
delivered labeled AAV-CAR Tregs or phosphate-buffered saline
(PBS). Luminescent imaging revealed localized expression of luciferase
in the injected muscles (Figure 4A, left). The luciferase signal was only
localized to the injected muscle and was not observed elsewhere or in
494 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
control animals that did not receive AAV-lucif-
erase vector (Figure 4B). Moreover, labeled
AAV-CAR Tregs were observed in the injected
muscles of the animals that received AAV1
luciferase (Figure 4A, right). The DiR signal was
also significantly higher in the injected muscle
compared with the contralateral uninjected mus-
cle or the animals that did not receive AAV1
luciferase (Figure 4C). These data confirm that
AAV-CAR Tregs can home to the tissues where
antigen is present, specifically to the AAV-
injected muscle.

AAV-CAR T cells mimic capsid-specific

T cell clearance of transduced cells in vivo

Subsequently, we wanted to test the function-
ality of the AAV-CAR T cells to clear trans-
gene expression in vivo. To mimic capsid-specific T cell responses
observed in clinical trials, we injected C57BL/6 mice via i.m. injec-
tion with AAV1 expressing human alpha-1- antitrypsin (hAAT),
and, 3 weeks later, we i.v. delivered either AAV-CAR T cells or
PBS. Transgene expression was measured in serum over time using
a hAAT enzyme-linked immunosorbent assay (ELISA), with both
groups having similar alpha-1-antitrypsin (AAT) expression at
3 weeks prior to AAV-CAR T cell delivery. Stable transgene expres-
sion was observed in animals treated with PBS, 6 weeks after AAV
injection. However, in animals treated with AAV-CAR T cells,
transgene expression steadily dropped over 6 weeks (Figure 4D).
Anti-AAV1 antibodies increased over time in both groups, indi-
cating anti-capsid antibodies are not responsible for the loss of
transgene expression in the AAV-CAR T cell-treated group (Fig-
ure 4E). In both groups, anti-AAT levels were below the lower limit
of detection as measured by ELISA. At 6 weeks post injection, mus-
cles were collected and immunostained for AAT protein expression.
Robust AAT staining was observed in the injected muscle of animals
treated with PBS, whereas, in the animals treated with AAV-CAR
T cells, reduced staining for AAT was observed, further indicating
the ability of AAV-CAR T cells to clear AAT expression (Figure S4).
These data suggest that AAV-CAR T cells can clear transduced cells



Figure 5. AAV-CAR Tregs suppress capsid-specific

immune response in vivo

(A) Expression of hAAT protein in the serum of animals

injected i.m. with rh32.33-AAT followed by AAV-CAR

Tregs (red), polyclonal Tregs (orange), or PBS (blue) as

measured by ELISA (n = 6 for AAV-CAR Treg and PBS-

treated groups, n = 5 for polyclonal Treg-treated group).

(B) Anti-rh32.33 antibodies in the serum measured by

ELISA. Anti-capsid antibodies increased in all groups over

time (n = 6 for AAV-CAR Treg group, n = 7 for PBS group,

n = 5 for polyclonal Treg-treated group). (C) Serum level of

free active TGF-b1 measured by CBA assay over time. A

significant increase in free active TGF-b1 was observed in

AAV-CAR Treg group (red) at week 11 post injection

compared with the PBS control group (blue). (D) Serum

levels of IL-10 measured by CBA assay over time. Two-

way ANOVA repeated measure with Tukey’s multiple

comparisons was used (n = 6 for AAV-CAR Treg and

PBS-treated groups, n = 5 for polyclonal Treg treated

group for C and D). (E) Quantification of number nuclei in

right limb muscles of animals 2 weeks after AAV injection.

Each dot represents one animal, which is the average of

10 images per animal (HPF, high-power field). One-way

ANOVA, n = 3. Error bars are mean ± SEM; *p % 0.05,

**p % 0.01. (F) Representative images of rh32.33-AAT

muscles 2 weeks post injection stained for H&E for cellular

infiltration. (Upper) scale bar, 527 mm; (lower) scale bar,

131 mm. (G) Representative images of rh32.22-AAT-in-

jected muscles stained by immunohistochemistry for AAT

protein (brown), 26 weeks after AAV injection. (Upper)

scale bar, 527 mm; (lower) scale bar, 131 mm. *AAV-CAR

Tregs compared with PBS; #AAV-CAR Tregs compared

with polyclonal Tregs; ^polyclonal Tregs compared

with PBS.
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and reduce transgene expression, similar to T cell responses
observed in clinical trials.

AAV-CAR Tregs suppress immune responses against AAV

capsid in vivo

To test if AAV-CAR Tregs can suppress capsid-specific T cell re-
sponses to AAV gene therapy in vivo, we utilized rh32.33 capsid,
which has been shown to be highly immunogenic. Although most
AAV capsids do not elicit a T cell response in mice, CD8 T cell
responses have been observed against the rh32.33 capsid.50 Only in
female animals and with i.m. injection did we observe effective clear-
ance of transgene expression (Figures S5A and S5B), hence female
C57BL/6 mice were injected with rh32.33-AAT i.m. to induce an im-
Molecular Therapy: Methods & Clin
mune response against AAV capsid. One week
later, we systemically delivered AAV-CAR
Tregs or PBS. We added an additional group
of polyclonal Tregs, which were isolated and
expanded mouse CD4+CD25+ Tregs. In animals
treated with PBS control, AAT is initially ex-
pressed but then dropped to below the limit
of detection after week 7, remaining low for
26 weeks. In both polyclonal Treg and AAV-
CAR Treg groups, there was significant and sustained therapeutic
transgene expression up to 26 weeks post AAV injection, with greater
expression in the AAV-CAR Treg group between weeks 3 and 9 post
AAV injection (Figure 5A). Anti-AAT levels were measured by
ELISA but in all groups were under the level of detection. Interest-
ingly, anti-capsid antibodies were produced in all three groups. The
levels of anti-rh32.33 antibodies were 125 times greater than a less
immunogenic capsid AAV1, suggesting greater immunogenicity of
rh32.33 over other AAV capsid variants (Figures 5B and 4E). How-
ever, despite high levels of anti-rh32.33 antibodies in all groups,
loss of transgene expression is only observed in the PBS group, further
illuminating the important role of capsid-specific T cell responses in
the clearance of transgene expression.
ical Development Vol. 23 December 2021 495
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Figure 6. AAV-CAR Tregs suppress effector cells

cytotoxicity regardless of effector cell antigen

specificity in vitro

(A) Cytotoxicity of AAV-CAR T cells and suppression of

cytotoxicity of CD20-CAR Tregs against CD20+ Raji cells

transduced with AAV6 or non-transduced as a control. (B)

Cytotoxicity of CD20-CAR T cells and suppression of

cytotoxicity by AAV-CAR Tregs against CD20+ Raji cells.

Percentage viability is determined by luciferase expression

measured 24 h after coculture. Cells were cultured at a

ratio of 1:10 target cell to CAR T cell or 1:10:10 of target

cell to CAR T cell to CAR Treg. Data are the average of

three independent experiments using human samples

from three healthy donors (within each experiment sam-

ples were run in triplicate). Error bars are mean ± SEM;

*p % 0.05, **p % 0.01, ***p % 0.001, ****p % 0.0001 by

two-way ANOVA with Tukey’s multiple comparisons.
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Next, we examined immunosuppressive cytokines in serum. We
observedan increase in free activeTGF-b1 in theAAV-CARTreg group
compared with the PBS group; this increase was significant at week 11
(Figure 5C). Further, we observed significantly higher IL-10 levels in the
AAV-CAR Treg group at weeks 2, 7, and 11 post AAV injection
compared with the PBS group (Figures 5D and S6). This suggests
AAV-CAR Tregs secrete IL-10 and TFG-b1, which are essential for
their suppressive function andagreeswith our earlier phenotyping anal-
ysis. Two weeks after AAV delivery, muscles were collected and stained
with hematoxylin and eosin (H&E). Significant infiltrationwas noted in
the PBS group. Quantification revealed less cellular infiltration, as indi-
cated by fewer nuclei, in the AAV-CAR Treg and polyclonal Treg-
treated animals compared with the PBS animals (Figures 5E and 5F).
These data suggest AAV-CAR Tregs can reduce cellular infiltration in
the injected muscle. Further, at 26 weeks post AAV injection, muscles
were immunostained for AAT protein expression. Robust staining of
AAT was observed in animals treated with AAV-CAR Tregs or poly-
clonal Tregs, but no AAT staining was observed in animals treated
with PBS (Figure 5G). Subsequently, to validate the loss of transduced
cells versus loss of transgene expression, we measured vector genome
copies at 26 weeks post injection by quantitative PCR. Greater genome
copieswere preserved inmuscles of the animals treatedwithAAV-CAR
Tregswith less vector genomes evident in the polyclonal Treg andnegli-
gible levels in the PBS-treated groups (Figure S7A). Taken together,
these data suggest AAV-CAR Tregs can inhibit immune responses to
rh32.33 capsid allowing long-termstable levels of expressionof the ther-
apeutic AAT transgene.

AAV-CAR Tregs mediated bystander suppression of immune

responses to transgene

Although Treg-mediated suppression is stimulated by antigen-specific
activation, Tregs can suppress the immune response in a nonspe-
496 Molecular Therapy: Methods & Clinical Development Vol. 23 December 2021
cific manner through bystander suppression.
Bystander suppression allows Tregs to create an
immunosuppressive microenvironment in addi-
tion to specific antigen suppression.21,23 More-
over, a bystander suppressive environment allows for infectious toler-
ance, mediated by TGF-b, to induce other immunosuppressive cell
populations. These induced immunosuppressive cells may be specific
for the same or different antigen specificities than the original Tregs.22

Since we observed secretion of IL-10 and TFG-b1 in vivo, we wanted to
determine if AAV-CAR Tregs can bystander suppress T cell responses
directed to different antigens. To test this, we utilized the in vitro lucif-
erase killing assay. In addition toAAV-CARs, we generatedCART cells
and CAR Tregs against CD20 and utilized Raji cells as targets due to
their natural expression of CD20. AAV-CAR T cells alone or as a
mixturewithCD20-CARTregs were incubatedwithCD20+ target cells,
either transduced with AAV6 or non-transduced to test if CD20-CAR
Tregs could suppress the cytotoxicity of AAV-CART cells. As expected,
AAV-CAR T cells reduced the viability of the AAV6-transduced target
cells. However, when CD20-CAR Tregs were cocultured, increased cell
viability ofCD20+ cellswas observed, suggesting they suppressed the ac-
tivity of AAV-CAR T cells. Importantly, no significant cytotoxicity was
observed when cells were not transduced with AAV6 by either the
AAV-CAR T cells or with the CD20-CAR Tregs (Figure 6A). Subse-
quently, we tested the ability of AAV-CAR Tregs to suppress the cyto-
toxicity of the CD20-CAR T cells. AAV-CAR Tregs were able to
increase viability of the target cells only when they were transduced
with AAV6. When the cells were not transduced with AAV6 or
AAV-CAR Tregs were not present, robust cytotoxicity was observed
(Figure 6B). These results indicated that theAAV-CARTregs can estab-
lish a local immunosuppressive environment and suppress T cells with
different antigen specificities but also further confirm the specificity of
AAV-CAR Tregs’ recognition of antigen as they only suppress, or
bystander suppress, when AAV-transduced cells are present.

Next, we examined whether AAV-CAR Tregs, directed toward
AAV capsid, can bystander suppress immune responses against



Figure 7. AAV-CAR Tregs bystander suppress

immune response to AAV-delivered transgene

(A) Expression of OVA protein from animals i.m. injected

with AAV1-OVA followed by i.v. AAV-CAR Tregs (red),

polyclonal Tregs (orange), or PBS (blue) as measured by

ELISA. Serum levels of OVA were significantly greater in

AAV-CAR Treg-treated animals compared with PBS. (B)

Anti-OVA antibodies detected in the serum by ELISA. (C)

Anti-AAV1 antibodies in the serum measured by ELISA.

(D) Serum levels of IL-10 measured by CBA assay. (E)

Serum level of free active TGF-b1 measured by CBA

assay over time. Two-way repeated-measure ANOVA

with Tukey’s multiple comparisons was used (n = 5 for

AAV-CAR Treg and polyclonal Treg-treated groups,

n = 3 for the PBS treated group for A, B, C, D, and E). (F)

Quantification of number of nuclei in i.m. injected mus-

cles. Each dot represents one animal, which is the

average of 10 images per animal. (G) Representative

images of H&E-stained limb muscles of mice 16 weeks

post i.m. injection with AAV1-OVA. Substantial cellular

infiltration (blue) was observed in animals treated with

PBS or polyclonal Tregs. (Upper) scale bar, 527 mm;

(lower) scale bar, 131 mm. one-way ANOVA, n = 2. Error

bars are mean ± SEM; *p % 0.05, **p % 0.01,

***p % 0.001. *AAV-CAR Tregs compared with

PBS.-CAR Tregs compared with PBS.
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vector-delivered transgenes. To test this, we utilized the well-char-
acterized immunogenic transgene, ovalbumin (OVA), expressed by
the less immunogenic capsid, AAV1 (Figure 4E). C57BL/6 mice
received i.m. delivery of AAV1-OVA followed by either AAV-
CAR Tregs, polyclonal Tregs, or PBS. In the PBS group, expression
of OVA was initially observed, but was significantly reduced
over time, averaging �2,100 ng/mL. However, the AAV-CAR
Treg group had increasingly high expression of �5,500 ng/mL
of OVA and the polyclonal Treg group had expression of
�4,500 ng/mL (Figure 7A). Interestingly, anti-transgene and
anti-capsid antibodies are produced by all groups and were not
significantly different across groups. Due to the timing of CAR de-
livery in these experiments, AAV-CAR Tregs are likely introduced
too late to block B cell and T helper cell interactions, so they are
Molecular Therapy: Methods & Clin
unable to suppress antibody production.
However, only in AAV-CAR Tregs and poly-
clonal Treg groups was sustained transgene
expression observed, suggesting Tregs sup-
press T cell-mediated clearance of transduced
cells (Figures 7B and 7C). We also found that
the IL-10 levels in the serum were greater in
the polyclonal Treg group than the PBS
group, but the IL-10 levels in the AAV-CAR
Treg groups were greater than both compari-
son groups and were significantly greater
compared with the PBS-treated group (Fig-
ures 7D and S8). Similar to the rh32.33 find-
ings, free active TGF-b1 was elevated in the
serum of mice treated with AAV-CAR Tregs compared with the
PBS group (Figure 7E).

After 16 weeks, injected muscles were harvested for histology. H&E re-
vealed significant cellular infiltration into themuscle of the PBS-treated
animals, with multiple regions containing both focal and diffuse
myositis and central nuclei (Figures 7G and S9). Reduced focal and
diffuse myositis was observed in animals treated with polyclonal Tregs;
however, significantly reduced inflammation was observed in the ani-
mals treated with AAV-CAR Tregs compared with both PBS and poly-
clonal Treg groups (Figures 7G and 7F). Further, the cell death marker
caspase-3 staining revealed muscle fibers with central nuclei and cas-
pase-3 staining in the PBS and expanded polyclonal Treg groups,
with less staining and central nuclei in the AAV-CAR Treg-treated
ical Development Vol. 23 December 2021 497
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Figure 8. Injection of AAV-CAR Tregs reduced IFN-g

and increased IL-10 production in muscular but not

splenic immune cells after ex vivo isolation and

restimulation

(A) Experimental schematic. (B) Levels of IFN-g in muscle

after ex vivo isolation and restimulation measured by CBA

assay. (C) Levels of IL-4 in muscle after ex vivo isolation

and restimulation measured by CBA assay. (D) Levels of

IL-10 in muscle after ex vivo isolation and restimulation

measured by CBA assay. (E) Levels of free active TGF-b1

in muscle after ex vivo isolation and restimulation

measured by CBA assay. Two-way ANOVA with Tukey’s

multiple comparisons was used. Error bars are mean ±

SEM; *p % 0.05, **p % 0.01, ***p % 0.001, ****p %

0.0001 (n = 3 for AAV-CAR Treg and polyclonal Treg-

treated groups, n = 2 for the PBS-treated group for B, C, D

and E).
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group (Figure S10). To determine the maintenance of transduced cells,
quantitativePCR for vector genomewasdone at 16weekspost injection.
Corresponding with the transgene expression data, the vector shows
greater vector genomes in the animals treated with AAV-CAR Tregs,
with less vector genomes evident in polyclonal Treg and PBS-treated
groups (Figure S7B). Taken together,AAV-CARTregswere able topro-
duce IL-10 and TGF-b1, significantly reduce cellular infiltration and
myositis, and allow for strong expression of immunogenic OVA trans-
gene in spite of robust anti-AAV1 and anti-OVA antibody responses,
suggestingAAV-CARTregs can suppress both capsid and vector-deliv-
ered transgene immune responses.

Injection of AAV-CAR Tregs reduced IFN-g and increased IL-10

production in muscle-derived but not splenic immune cells after

ex vivo isolation and restimulation

To further characterize in situ immune responses to AAV-OVA and
the induction of tolerance by AAV-CAR Tregs, we isolated immune
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cells from the injected muscle or spleen and
performed an antigen recall experiment. We
first injected female C57BL/6 mice with
AAV1-OVA. One week later, we injected i.v.
either AAV-CAR Tregs, polyclonal Tregs, or
PBS. Seven days later, animals were euthanized,
and immune cells were isolated from injected
muscle and spleen. The isolated immune cells
were stimulated with anti-CD3/CD28, AAV1
pool, or SIINFEKL peptide and ovalbumin, or
unstimulated (Figure 8A). In animals that
received AAV1-OVA i.m. injection but no poly-
clonal or AAV-CAR Tregs, a significant increase
of IFN-g and IL-4 was observed in the muscle-
isolated immune cells, suggesting a robust im-
mune response to OVA was observed after
i.m. AAV injection, but blocked by polyclonal
or AAV-CAR Tregs (Figures 8B, 8C, S11,
S12B, and S12K). IL-10 production was signifi-
cantly increased in muscle isolated cells treated with AAV1 pool,
and, interestingly, induction of IL-10 was significantly greater in an-
imals treated with AAV-CAR Tregs compared with polyclonal Tregs.
This suggests that Tregs were specifically induced by AAV capsid and
not by the OVA protein (Figures 8D and S12F). Significant increase in
free active TGF-b1 was also observed in the group that received AAV-
CAR Tregs compared with both polyclonal Treg and PBS groups
when cocultured with AAV1 pool, in both muscle- and spleen-iso-
lated immune cells (Figures 8E and S12M). Together, this suggests
that animals treated with AAV-CAR Tregs blocked IFN-g and IL-4
immune responses to OVA transgene-mounted robust immunosup-
pressive immune responses to AAV capsids locally in the injected
muscle. In contrast to muscle-isolated immune cells, immune cells
isolated from the spleen showed no significant differences in any of
the cytokines tested between stimulated treatment groups, except
TGF-b1. These data further indicate that AAV-CAR Tregs home to
injected muscle, where they recognize capsid-specific antigens and
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respond by creating local tolerance to both AAV capsid and delivered
transgene.

DISCUSSION
Herein we generated AAV-CAR T cells that mimic capsid-specific
immune responses observed in AAV clinical trials. Capsid-specific
T cell responses were first observed during human liver-directed
AAV gene therapy trials and led to loss of transgene expression.4

Such responses were not observed in prior preclinical data or animal
models, whereas muscle-directed AAV gene therapy clinical trials
have shown long-lived transgene expression and induction of
Tregs.7,8,11,51 In contrast, mouse studies have shown liver-directed
AAV gene therapy results in tolerogenic responses by the induction
of Tregs,52–59 and muscle-directed gene therapy is more immuno-
genic.60 Therefore, to mimic in mouse models, the immunogenic
immune responses observed in human clinical trials, we chose a mus-
cle-directed approach over a tolerogenic liver-directed approach.
Several studies have aimed to mimic the observed human immune
response in animals. However, studies in immunodeficient mice,61

canine,62 and non-human primate (NHP)63 models did not mimic
human AAV-specific T cell responses. Further studies in murine
models were not able to reproduce transgene clearance or specific
killing even when an immunodominant ovalbumin SIINFEKL
epitope was introduced into the AAV capsid.64 However, we were
able to establish an immunocompetent murine model that accurately
recapitulates T cell-directed clearance of transduced cells that is not
antibody mediated and does not modify the AAV capsid.

In addition, we created AAV-specific Tregs that inhibit immune re-
sponses to AAV capsid and vector-delivered transgenes. Steroids
are commonly used in AAV trials for broad immunosuppression;
however, they do not specifically target capsid-specific T cells,65 and
may also deplete Tregs.66 In contrast, AAV-CAR Tregs provide selec-
tive immune modulation activated specifically by AAV capsid,
creating a local immunosuppressive environment in the presence of
transduced cells. Further, a promising model of coadministration of
encapsulated rapamycin (ImmTOR) along with AAV vectors results
in decreased capsid-specific humoral response, T cell response, and
immune cell infiltration into the target organs, with stable transduc-
tion and transgene expression.67 The immunomodulatory effect of
ImmTOR was inhibited by the depletion of CD25+ T cells, suggesting
an important role for Tregs.68,69 Despite the promise of ImmTOR
technology, further investigations are necessary to confirm the clin-
ical efficacy and whether immunosuppression by rapamycin will
compromise the immune response against infections. Our data
show that AAV-CAR Tregs create a suppressive environment acti-
vated specifically by AAV capsid. This results in production of inhib-
itory cytokines and sustained levels of transgene expression regardless
of high levels of anti-capsid antibodies. In addition, while still being
activated specifically by AAV, AAV-CAR Tregs can suppress both
divergent capsid variants and vector-delivered transgenes, allowing
for extensive clinical application. The data presented here demon-
strate that both polyclonal Tregs and AAV-specific CAR Tregs exert
important immunemodulatory effects.While the ex vivo specificity of
Molecular The
the CAR Tregs is demonstrable, the clinical importance of differences
observed between the polyclonal Tregs and AAV-specific CAR Tregs
in vivo remains uncertain and requires further study. Future experi-
ments under conditions with improved transduction efficiency of
T cells with the CAR Treg lentiviral constructs could clarify this point.

A limiting factor for many clinical applications of AAV gene therapies
is the immune response against the vector-delivered transgene. Im-
mune responses to protein replacement therapies and AAV-delivered
transgenes have been observed in several diseases, including Duchenne
muscular dystrophy (DMD),70,71 Pompe,72,73 and hemophilia B.74,75

To counteract the immune response against AAV-delivered trans-
genes, multiple approaches have been utilized with varying degrees
of efficacy, including even broader multi-agent immunosuppression
and more targeted approaches.76–78 Several studies have focused on
testing different promoters, or tissue-specific promoters to reduce im-
mune responses against delivered transgene.79,80 Others have focused
on the innate immune response by removing CpG DNA,81 adding an-
tagonists for Toll-like receptor 9 (TLR9)82 or by adding miR binding
sites to downregulate transcript expression in antigen-presenting
cells.83,84 For curbing immune responses to protein replacement ther-
apy, some studies have focused on the adaptive immune response. One
strategy used ex vivo expanded polyclonal Tregs to suppress immune
response against coagulation factors 8 and 9 in hemophilia protein
replacement therapy. Although transplanted Tregs became undetect-
able within 2 weeks, suppression persisted for more than 2 months.
Additional studies suggested that antigen-specific suppression emerged
due to induction of endogenous Tregs or infectious tolerance.76 How-
ever, studies show the number of cells needed for infusion of polyclonal
Tregs is quite large, and the risk of nonspecific immunosuppression
should be considered.85 Further, studies showed that Tregs may be un-
stable and can convert into T helper-like Treg cells in response to
certain immunological environment.15 Although this is a cause for
concern in polyclonal expanded Treg studies, or even CAR Tregs
studies where CAR Tregs are generated by transduction of CAR con-
structs into Tregs, our CAR Treg construct is more stable due to
FOXP3 expression driven from an exogenous promoter. After develop-
ment of CAR therapy, studies focused on developing transgene-specific
CAR Tregs.35 In one study, factor 8 (FVIII)-specific CAR Tregs were
designed to reduce antibody production against factor VIII replace-
ment therapy, but their success in suppression of immune responses
to protein replacement suggests potential for suppressing vector-deliv-
ered transgene immune response in AAV gene therapy.35 However, in
our study, we did not observe suppression of antibody responses to the
transgene. Yet, AAV-CAR Tregs can suppress vector-delivered trans-
gene immune responses in addition to capsid-specific immune re-
sponses, and, unlike expanded polyclonal cells, they are specifically
directed against AAV.

CAR Tregs are extremely powerful tools due to intrinsic properties of
Tregs such as bystander suppression and infectious tolerance. The un-
matched promise of AAV-CAR Tregs is that a single product can sup-
press not only many AAV capsid variants but also the vector-delivered
transgene without having to create a new CAR construct for every
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capsid or vector-delivered transgene for the desired therapeutic appli-
cation. In addition, we designed the AAV-CAR Tregs by driving FoxP3
expression from an exogenous promoter, increasingmanufacturing ca-
pacity by not requiring Treg selection. This provides a safeguard as all
cells expressing CAR should also express FoxP3 as both the CAR and
FoxP3 are driven by the same promoter. Therefore AAV-CAR Tregs
are not susceptible to conversion to other T cell subsets by downregu-
lation of FoxP3 expression, unlike polyclonal expanded Tregs. Further,
AAV-CAR Tregs produce suppressive cytokines, IL-10 and TGF-b1,
at greater levels compared with polyclonal Tregs and were able to
induce a suppressive environment modulating immune cell infiltration
and inflammation, resulting in sustained transgene expression.

Creation of a dual gene and cell therapy is an expensive approach; how-
ever, we have designed our system to significantly reduce production
and treatment costs, and we believe it has considerable benefits over
other approaches. The AAV-CAR recognition allows it to recognize
all major capsid variants, allowing for the same AAV-CAR construct
to be used in all AAV therapy applications, including different routes,
AAV capsid variants, and transgenes. In addition, although the AAV-
CAR Treg is specifically activated by AAV capsid, its effect is broad in
that it creates a local systemic environment suppressing both capsid
and transgene immune responses. This broad yet compartmentalized
immune suppression is specific to areas ofAAV-transduced cells, unlike
other strategies that are broad, nonspecific, and systemic in their sup-
pression. Also, we tried to optimize our product utilizing CD3+ cells
as our input cell source and converting them into broadly suppressive
Treg cells, allowing us to significantly reduce costs and start with a
considerably larger cell population than either CD4+ or low-population
Tregs. Further developmentof this platform technology for both further
therapeutic applications aswell as significant improvements in suppres-
sion, expansion, purification, and manufacturing are currently under-
way. Lastly, this study has demonstrated the potential therapeutic
impact of Tregs in control of immune responses to AAV gene therapy.

Utilizing observations gained from clinical trials, and combining
them with emergent CAR technology, we herein have established a
unique immunomodulatory therapy for AAV capsid and vector-
delivered transgene immune responses. The ability of AAV-CAR
Tregs to create tolerogenic environments where transduced cells are
sustained while suppressing both capsid and AAV-delivered trans-
gene responses allows their broad clinical application. This form of
local peripheral immune tolerance may ultimately be safer clinically
than systemic, broad-spectrum immune suppression. Further studies
are required to fully elucidate the clinical impact of AAV-CAR Tregs
in modulating an immune response to AAV gene therapy.

MATERIALS AND METHODS
AAV-specific CAR-FoxP3 and AAV-specific CAR plasmid design

and lentivirus and AAV production

The AAV-specific CAR constructs consist of a previously described
scFv of a broadly reactive antibody against the majority of AAV
capsid serotypes.39 All constructs were cloned into a third-generation
lentiviral plasmid with a CD19 truncated sequence in order to recog-
500 Molecular Therapy: Methods & Clinical Development Vol. 23 Decem
nize and isolate transduced cells (a kind gift from Dr. Brian Till, Fred
Hutchinson Cancer Research Center, Seattle, WA). The scFv is fused
to a human IgG1 CH2-CH3 hinge, intracellular CD28 (human), and
CD137 (4-1BB) (human) co-stimulatory domains, and CD3z (hu-
man), under the control of the EF1-alpha promoter (Figure 1A). To
create AAV-CAR Tregs, we designed a construct that includes mu-
rine FoxP3 cDNA, following the CAR construct expressed from the
same promoter using the E2A self-cleavage peptide sequence (Fig-
ure 1B). CD20-CAR was a kind gift from Dr. Till. The CD20-CAR
Treg construct was made by adding the murine Foxp3 after E2A
self-cleavage peptide sequence downstream of a CD20-CAR
construct. Third-generation lentiviruses were manufactured using
the following plasmids: pHCMV VSVG, pMDLg/pRRE, and pRSV-
Rev and AAVs by University of Massachusetts Chan Medical School
viral vector core as previously described (Worcester, MA).86–88

Primary cell culture and cell lines

Cell lines

HEK293 cells were a kind gift from Dr. Gao (University of Massachu-
setts ChanMedical School, Worcester, MA). Raji cells were purchased
from the American Type Culture Collection (ATCC) (Manassas,
VA). HEK293 and Raji cell lines were transduced with lentiviruses
that encode firefly luciferase (ffLuc) and blasticidin S (Thermo Fisher
Scientific, Waltham, MA) resistance. Cells were placed under blastici-
din S selection (10 mg/mL) for multiple generations to produce stable
cell lines. HEK293 and Raji cell lines were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) and Roswell ParkMemorial Insti-
tute (RPMI) 1640 (Gibco, Waltham, MA) respectively, supplemented
with 10% fetal bovine serum (FBS), 1% sodium pyruvate, 100 U/mL
penicillin, and 100 mg/mL streptomycin (Gibco).

Primary cells: human

Human T cells were cultured in ImmunoCult-XF T Cell Expansion
Medium (StemCell Technologies, Vancouver, Canada) supplemented
with 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), and
50 U/mL IL-2 (BioLegend, San Diego, CA); this formulation will be
referred to as human T cell medium. Human AAV-CAR Tregs were
cultured in human T cell medium supplemented with 200 U/mL
IL-2 and 2 ng/mL TGF-b1(BioLegend).

Primary cells: murine

Murine T cells were cultured in RPMI 1640medium (Gibco) with 10%
FBS (Sigma-Aldrich, Munich, Germany), 1% 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) (Sigma-Aldrich), 0.1 mM
minimal essential medium (MEM) non-essential amino acid solution
(Sigma-Aldrich), 0.055 mM 2-mercaptoethanol (Gibco), 1% sodium
pyruvate, and 200 U/mL IL-2 (BioLegend); this formulation will be
referred asmurine T cellmedium.MurineAAV-CARTregs, and poly-
clonal Tregs, were cultured in murine T cell medium with 2 ng/mL of
TGF-b1 (BioLegend) and 1,000 U/mL IL-2.

Human and murine T cell isolation and transduction

Human T cells were isolated from whole blood using RosetteSep
Human T Cell Enrichment Cocktail (StemCell Technologies) and
ber 2021
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stimulated with ImmunoCult Human CD3/CD28/CD2 T Cell Acti-
vator (StemCell Technologies) for 48 h. T cells were transduced in
RetroNectin (Takara, Kusatsu, S-higa, Japan)-coated plates.89 Briefly,
RetroNectin was diluted at a concentration of 30 mg/mL in PBS, and
500 mL of the RetroNectin solution were added to each well of non-
tissue-culture-treated 24-well plates (Genesee Scientific, San Diego,
CA). The plates were incubated for 2 h at room temperature. Then
the RetroNectin solution was aspirated and 500 mL of a blocking so-
lution consisting of Hanks’ balanced salt solution (HBSS) (Gibco)
plus 2% BSA (Millipore Sigma, St. Louis, MO) were added to each
well. The plates were incubated for 30 min at room temperature,
then blocking solution was aspirated, and the wells were rinsed
with a solution of HBSS containing 2.5% HEPES. Lentiviruses were
rapidly thawed and added to each RetroNectin-coated well with mul-
tiplicity of infection (MOI) 20 per well in human T cell medium (1mL
per well). The plates were centrifuged for 2 h at 2,000 � g and 32�C,
and 1 � 106 stimulated cells/well were plated in RetroNectin-coated
plates with 8 mg/well of polybrene (Millipore Sigma) and centrifuged
for 10 min at 1,000 � g and 32�C and then were incubated at 37�C
overnight. The transduction was repeated the following day. Then
the plates were incubated overnight (Figure 1B). Transduced cells
were cultured in human T cell medium.

Following euthanasia of naive female C57BL/6J mice, spleens were
excised, pooled, and diced in chilled 4�C RPMI 1640 medium con-
taining L-glutamine. Isolated spleens were mechanically dissociated
then filtered through a 70-mm cell strainer (Thermo Fisher Scientific).
T cells were isolated from splenocytes using an EasySep Mouse T Cell
Isolation Kit (StemCell Technologies) and stimulated with 1 mg/mL
soluble anti-CD3e NA/LE antibody, and 1 mg/mL anti-CD28 NA/
LE antibody (BD Biosciences, San Jose, CA) for 48 h. T cells were
transduced in RetroNectin (Takara, )-coated plates as previously
described with MOI 200. Murine polyclonal Tregs were isolated
with EasySep Mouse CD4+CD25 + Regulatory T Cell Isolation Kit
II (StemCell Technologies).

Flow cytometry

Single-cell suspensions were stained as described: intracellular
CTLA-4 and intranuclear transcription factor staining for murine
FOXP3 was carried out using the FOXP3 staining kit (BD Biosci-
ences) following the manufacturer’s recommendations. Dead cells
were excluded from all analyses using fixable LIVE/DEAD cell stain
(Thermo Fisher Scientific). Data were acquired on a BD LSRII and
analyzed using FlowJo software v10.7.1. Antibodies used for pheno-
typing are listed in Table S2. Experiment was repeated three times
with different donor cells for CAR transductions for each repeat.

Luciferase cytotoxicity assay and suppression of cytotoxicity

assay

FfLuc+ target cells, either transduced with AAV-GFP (AAV1, AAV2,
AAV3b, AAV6, AAV9, rh32.33 with MOI of 1 � 105; AAV5 and
AAV8 with MOI of 5 � 106) or not transduced with AAV-GFP,
were plated at a concentration of 5 � 103 cells/well in 96-well mi-
cro-plates. After 72 h, target cells were centrifuged and supernatant
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was removed prior to coculturing with either AAV-CAR T cells or
AAV-CAR T cells in combination with AAV-CAR Tregs with
effector cells at the following ratio: effector:target (E:T) ratio of 10:1
and incubated for 24 h with 5% CO2, at 37�C. D-luciferin (Gold
Biotechnology, St. Louis, MO) was added at a concentration of
15 mg/mL. The plate was incubated in the dark for 5–10 min at
37�C, and luminescence flux was measured with Synergy HTX
Multi-Mode Microplate Reader (Biotek, Winooski, VT). To achieve
minimum luciferase activity, target cells were cultured with 1% so-
dium dodecyl sulfate (SDS) (Gibco) and untreated target cells were
used for maximum luciferase activity. Percentage viability was calcu-
lated as previously described.48 The experiment was repeated three
times using different donor cells for CAR transductions in each repeat
(within each experiment, samples were run in triplicate).
T cell suppression assay

AAV-CAR T cells were stained with CellTrace Violet dye following
the manufacturer’s recommendations (Invitrogen, Carlsbad, CA)
and were cultured alone or cocultured with unstained AAV-CAR
Tregs in the presence of either AAV1-transduced HEK293 cells or
ImmunoCult Human CD3/CD28/CD2 T Cell Activator (StemCell
Technologies). T cells were plated at 5 � 104 cells/well in 96-well
plates with human T cell medium for 72–96 h with E:T ratio 10:1.
Proliferation of CellTrace Violet-stained cells was measured by flow
cytometry. The experiment was repeated three times with different
donor cells for CAR transductions for each repeat.
Animals and in vivo models

All procedures involving animals were carried out in accordance with
the guidelines of the University of Massachusetts Chan Medical
School Animal Care and Use Committee (IACUC). Female (6–12-
week-old) inbred C57BL/6J mice (Jackson laboratories, Bar Harbor,
ME) were used for modeling anti-AAV capsid immune response.
Mice (n = 6) were injected with 5 � 1010 genomic copies (GCs) of
AAV1-hAAT in the right muscles. Three weeks later, animals were
injected i.v. with either AAV-CAR T cells (5 � 106 cells) or PBS.
All groups received 45,000 IU of IL-2 intraperitoneally (i.p.)
(BioLegend) followed immediately with i.v. injection, and daily injec-
tion of IL-2 for 2 days. Animals were bled by facial vein and eutha-
nized at week 6, and muscle tissues were collected after perfusion.

For suppressing immune response, animals were injected with
5 � 1010 GCs of rh32.33-hAAT (n = 6 for AAV-CAR Treg and
PBS-treated groups, n = 5 for polyclonal Treg-treated group) or
AAV1-OVA (n = 5 for AAV-CAR Treg and polyclonal Treg-treated
groups, n = 3 for PBS-treated group) expressing in the right muscles.
Seven days later, the animals were injected i.v. with either AAV-CAR
Tregs (2 � 106 cells), polyclonal Tregs (2 � 106 cells), or PBS. All
groups received 45,000 IU of IL-2 (i.p.) (BioLegend) immediately
after i.v. injection and daily injection of IL-2 for the next 2 days
and were bled by facial vein. Animals that received AAT or OVA
were sacrificed at week 26 or 16, respectively, and muscle tissues
were collected after perfusion.
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Tracking AAV-CAR Tregs in vivo

Male NU/J mice (Jackson laboratories) were injected in the right mus-
cle with AAV1 expressing luciferase. Human AAV-CAR Tregs were
labeled with DiR (PerkinElmer, Waltham, MA) according to manu-
facturer’s recommendations. One week post AAV injection, animals
were injected i.v. with 5 � 106/mouse DiR-labeled AAV-CAR Tregs
or PBS. Animals were injected with 100 mg/kg D-luciferin (Gold
Biotechnology), anesthetized by isoflurane inhalation, and imaged af-
ter 10 min (peak of emission) using IVIS Spectrum CT (PerkinElmer)
24 h after cell injection. The ideal filter imaging conditions were set at
710 nm of excitation and 760 nm of emission for DiR and at 660 nm
of emission for luciferase. Signal quantification in specific regions of
interest (ROIs) was performed by using fixed-size and fixed-position
ROIs throughout the experiments.

ELISA

hAAT ELISA

AAT levels in murine serum samples were quantified by direct ELISA
as described.90 Animal serum was diluted 500-fold.

OVA and anti-OVA ELISA

Serum levels of OVA and anti-OVA IgG were determined by ELISA.
Briefly, 96-well Immulon 4HBX (Thermo Scientific) were coated with
2 mg/mL of rabbit anti-OVA polyclonal antibodies (MilliporeSigma)
orOVAprotein (MilliporeSigma) in 100mLof coating buffer (Seracare
Life Science, Milford, MA) per well. Plates were incubated overnight
at 4�C and were washed with wash solution (Seracare Life Science)
and incubated with blocking buffer (Seracare Life Science) for 2 h
at room temperature. For OVA detection, samples were diluted
100-fold with ELISA diluent (Seracare Life Science), andOVA protein
standards (bioWORLD, Dublin, OH) were 2-fold serially diluted with
blocking buffer starting from 1,000 ng/mL. Then 100 mL of sample or
standard was added to plates and incubated for 1 h at room tempera-
ture. After washing two times, peroxidase-conjugated rabbit anti-
OVA polyclonal antibody (Rockland Immunochemicals, Limerick,
PA) (1:5,000 diluted)was added and incubated for 1 h at room temper-
ature. For anti-OVA IgG1 detection, samples were diluted 1:200, and
the mouse anti-OVA IgG1 (Santa Cruz Biotechnology, Dallas, TX)
was used as the standard. After a 1-h incubation inOVA-coated plates,
wells were washed, horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG1 (Santa Cruz Biotechnology) was added, and plates
were incubated for another hour at room temperature. Plates were
thenwashed two times and incubatedwith 100mL of 3,30,5,50-tetrame-
thylbenzidine (TMB) peroxidase substrate (Seracare Life Science).
Plates were incubated at room temperature in the dark for 30 min,
and 50 mL of stop solution (sulfuric acid 2N) was added to each
well. Optical density at 450 nm was measured using VersaMax plate
reader (Molecular Devices, Sunnyvale, CA). Standard curves for
OVA and IgG1 were generated by using the SoftMax Pro software
(Molecular Devices).

Anti-AAV ELISA

For anti-capsid mouse IgG1 detection using ELISA, sample wells were
coated with 5 � 109 GCs/well of AAV, diluted in coating buffer
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(Bethyl Laboratories, Montgomery, TX). The standard wells were
coated with 100 mL of goat anti-mouse IgG coating antibody (Bethyl
Laboratories) and were incubated overnight at 4�C. Next, plates were
washed with PBS with 0.1% Tween 20 (PBST) wash solution and
blocked with ELISA blocking buffer (Bethyl Laboratories), then incu-
bated for 1 h at 37�C. Samples and standards were added and incu-
bated for 2 h at 37�C. For standards, mouse reference serum (Bethyl
Laboratories, RS10-101-6) was used. TMB peroxidase substrate
(Seracare Life Science) was added, plates were incubated at room tem-
perature in the dark for 7–10 min, then 50 mL of stop solution (sulfu-
ric acid 2N) was added to each well. Optical density at 450 nm was
measured using a VersaMax plate reader (Molecular Devices). Stan-
dard curves for IgG1 were generated by using the SoftMax Pro soft-
ware (Molecular Devices).

Anti-hAAT ELISA

Animals’ serum was diluted 200-fold and serum levels of anti-hAAT
were determined by ELISA. Briefly, 96-well Immulon 4 HBX
(Thermo Scientific) were coated with 9 mg/mL of hAAT (Sigma-Al-
drich) in 100 mL of BupH carbonate-bicarbonate buffer (Thermo Sci-
entific) per well. Plates were incubated overnight at 4�C and were
washed with PBST wash solution and incubated with 100 mL of 3%
BSA in PBST blocking buffer for 1.5 h at 37�C. For anti-hAAT detec-
tion, samples were diluted with PBST, and mouse anti-hAAT protein
standards (Abcam, Cambridge, UK) were 2-fold serially diluted with
blocking buffer starting from 125 ng/mL. Then 100 mL of sample or
standard was added to plates and incubated for 1 h at 37�C. After in-
cubation wells were washed, HRP-conjugated goat anti-mouse IgG1
(Santa Cruz Biotechnology) was added, and plates were incubated
for another hour at 37�C. The plate was washed five times and
TMB peroxidase substrate (Seracare Life Science) was added, plates
were incubated at room temperature in the dark for 7–10 min, and
50 mL of stop solution was added to each well. Optical density at
490 nm was measured using a VersaMax plate reader (Molecular De-
vices). Standard curves for IgG1 were generated by using the SoftMax
Pro software (Molecular Devices). In all ELISA experiments, samples
were run in triplicate.

Cytokine detection

For the detection of the cytokines, cytometric bead array (CBA) assay
was performed using BioLegend LEGENDplex Mouse Th Cytokine
Panel (BioLegend, catalog no. 741044) following the manufacturer’s
recommendations. Serum samples from experimental animals were
diluted 1:4. BioLegend’s LEGENDplex Mouse/Rat Free Active/Total
TGF-b1 assay kit (catalog no. 740490) was used to measure total
TGF-b1 in mouse serum. Following the manufacturer’s recommen-
dations, samples were treated to release free TGF-b1 from complex
before continuing with the assay. Cell culture supernatants were
not diluted. Data were acquired on a BD LSRII and analyzed using
the LEGENDplex Data Analysis Software Suite.

Immunohistochemistry

Immunohistochemical staining to detect hAAT within myofibers as
well as H&E staining was performed after tissues were fixed in 10%
ber 2021
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neutral buffered formalin for 24 h at room temperature (Fisher
Scientific) and embedded in paraffin by University of Massachusetts
Chan Medical School Morphology Core (Worcester, MA). Anti-AAT
antibody (Fitzgerald, Acton, MA), anti-CD4 antibody (Abcam), and
anti-mouse FOXP3 antibody (Abcam) were used as primary anti-
body. Images were acquired on a Leica DM5500 B microscope (Leica
Microsystems, Wetzlar, Germany).

Quantification of nuclei

Images were acquired on a Leica DM5500 B microscope (Leica Mi-
crosystems). Ten images were acquired per slide using a �20 objec-
tive. Automated counting of nuclei from the harvested muscles was
performed by ImageJ software.

Isolation and stimulation of murine immune cells

Female (6–12-week-old) inbred C57BL/6J mice (Jackson labora-
tories) were injected with 5 � 1010 GCs of AAV1-OVA in the right
muscles. Seven days later, the animals were injected i.v. with either
AAV-CAR Tregs (2 � 106 cells), polyclonal Tregs (2 � 106 cells),
or PBS. All groups received 45,000 IU of IL-2 i.p. (BioLegend) fol-
lowed immediately with i.v. injection, and daily injection of IL-2 for
2 days. Animals were euthanized and spleens and injected muscles
were collected after PBS perfusion. Immune cells were isolated
from spleen as previously described. To isolate immune cells from
the injected muscles, tissues were collected in 5 mL of RPMI 1640 me-
dium. Muscles were excised, pooled, diced, and transferred to six-well
plate containing RPMI 1640 medium (2 mL/well) supplemented with
0.5 mg/mL DNAse I (Millipore Sigma) and 0.25 mg/mL Liberase TL
(Roche, Basel, Switzerland). After 2 h of incubation at 37�C, Liberase
was inactivated by adding 8 mL of RPMI 1640 containing 10% FBS.
Digested pieces were filtered through a 70-mm cell strainer (Thermo
Fisher Scientific). Then cells were washed using RPMI 1640 medium.

The isolated immune cells frommuscles and spleen (5� 104/well) were
cocultured in 24-well plate with no stimulation, AAV1 pool (2 mg/mL),
SIINFEKL peptide (Genscript, Piscataway,NJ), and ovalbumin (Sigma-
Aldrich) (2 mg/mL) or ImmunoCult Human CD3/CD28/CD2 T Cell
Activator (following the manufacturer’s recommendation) for 72 h.
Then the supernatants were collected and used for CBA assay analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad
Software Inc, La Jolla, CA) version 8. Results were reported as mean ±
SEM with statistically significant differences determined by tests as
indicated in figure legends.

Study approval

The present studies in mice were approved by the Institutional Ani-
mal Care and Use Committee at the University of Massachusetts
Chan Medical School.
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