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Clinical trials for Duchennemuscular dystrophy (DMD) are as-
sessing the therapeutic efficacy of systemically delivered adeno-
associated virus (AAV) carrying a modified DMD transgene.
High vector doses (>1E14 vg/kg) are needed to globally trans-
duce skeletal muscles; however, such doses trigger immune-
related adverse events. Mitigating these immune responses is
crucial for widespread application of AAV-based therapies.
We used single-cell RNA sequencing and T cell receptor
(TCR) sequencing on peripheral blood mononuclear cells
from five participants prior to, and after, dosing. One subject
in the high-dose cohort experienced thrombotic microangiop-
athy (TMA). Few changes in cell frequencies occurred after
treatment; however, differential gene expression demonstrated
induction of interferon response genes in most T cell types.
T cell clonotype and clumping analysis showed the expansion
or appearance of groups of related TCR sequences in the
post-treatment samples. Three of these expanded clumps could
be assigned to prior human herpesvirus infections, two of
which were present in the participant that exhibited TMA.
These data provide insight on the mechanistic basis of human
immune-AAV interactions and lay a foundation for improved
understanding of why TMA arises in some patients and not
others.

INTRODUCTION
Individuals with Duchenne muscular dystrophy (DMD) carry
mutations in theDMD gene and experience progressive muscle degen-
eration and cardiomyopathy. DMD encodes for a 14-kDa mRNA,
making the transgene impossible to fully package within a single
adeno-associated virus (AAV) particle. Therefore, DMD transgenes
intended for gene replacement therapy have been systematically modi-
fied into “micro- and mini-dystrophins” that carry themost important
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functional domains of dystrophin, and these vectors have demon-
strated preclinical efficacy in small and large animal models.1

Innate and adaptive immune responses can arise to the capsid, cargo,
or protein product of the transgene, leading to compromised safety
and efficacy of AAV-based gene delivery. First-in-human trials
showed that AAV delivery of a Factor IX transgene (under the control
of a liver-specific promoter) produced elevation of liver enzymes and
concomitant loss of circulating transgene product in some patients,
attributed to T cell recognition of capsid peptides in hepatocytes.2

When higher doses of AAV (R1E14 vg/kg) were used to target tissues
like muscle and nerve, additional serious adverse events (SAE) arose,
namely thrombotic microangiopathy (TMA) characterized by throm-
bocytopenia, acute kidney injury, and schistocytosis triggered by
excessive activation of the complement pathway.3 TMA has arisen
shortly after AAV treatment for several diseases including DMD,4,5

spinal muscular atrophy,6 Fabry disease,4,5 methylmalonic acide-
mia,4,5 and Danon disease4,5 and typically onsets within 3–6 days
post-dosing. Investigations of clinical samples support involvement
of the classical complement pathway in response to AAV dosing,
which requires the presence of antibodies to the AAV capsid.3

Complement is a component of innate immunity that can be acti-
vated in three different manners: the classical pathway (mediated
ical Development Vol. 32 December 2024 ª 2024 The Author(s).
r Inc. on behalf of The American Society of Gene and Cell Therapy.
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by C1q binding to anti-AAV on the capsid) the alternative pathway
(which exists in homeostatic balance between activation and inhibi-
tion), and the lectin pathway. All three pathways generate C3
convertase that could exist as either [C3b + Bb] in complex or
[C4b + C2a] in complex. In either case, C3 convertase cleaves C3,
generating C3a and C3b split products, which in turn promote
further immune reactions. In vitro studies demonstrated that hu-
man complement C3b can bind to AAV capsids and be converted
to iC3b by Factor I7 C5 convertase is formed when complement
split products combine in different combinations, and cleave C5,
leading to the appearance of C5a or C5b. Like C3a and C3b, these
split products have a variety of pro-inflammatory and immune reg-
ulatory activities. For example, complement split products can pro-
mote humoral immunity by lowering the threshold for B cell activa-
tion,8,9 and facilitate B cell class switching or somatic hypermutation
in secondary lymphoid organs (SLOs).10,11 Complement split prod-
ucts can also participate in T cell priming,12 by promoting activation
of antigen-presenting cells.13,14 Eculizumab is a monoclonal anti-
body that recognizes complement C5, which has been used to
reduce symptoms of TMA; however, eculizumab, is only partly to
minimally effective in this setting. Thus, there is strong rationale
for fully exploring how innate immune responses amplify down-
stream immunity to AAV.

Single-cell RNA sequencing analysis (scRNA-seq) provides a
unique opportunity to obtain an unbiased and comprehensive pro-
file of immune cell phenotypes and the relative frequencies of in-
dividual cell types. We conducted a within-subject analysis of pe-
ripheral blood mononuclear cells (PBMCs) and T cell receptor
(TCR) clonal expansions from DMD patients who received
AAV-mini-dystrophin in a phase 1b clinical trial. scRNA-seq of
PBMCs revealed a dominant interferon response across most cell
types, but few changes in cell frequencies. Paired-chain TCR clo-
notype analysis revealed an increased abundance of human
herpesvirus (HHV)-specific CD8+ T cells in the post-dose samples
of two donors, one of whom exhibited TMA. These findings will
provide foundational knowledge about immune effectors involved
in host-AAV-immune responses and demonstrates the utility of
TCR sequencing in interrogating T cell responses after AAV
delivery.

RESULTS
Clinical characteristics of DMDparticipants at baseline and after

AAV9 mini-dystrophin gene therapy

This ongoing, non-randomized, open-label, ascending dose, phase
1b study (NCT03362502) was initiated in January 2018 at three
Figure 1. DMD scRNA-seq and scTCR-seq experimental study design and sub

(A) Schematic outline of the study design. Five DMD patients were dosed with either

3� 1014 vg/kg and 1� 1014 vg/kg, as calculated by ITR qPCR and adjusted here by co

2E14 vg/kg experienced an adverse event of thrombotic microangiopathy. PBMCs w

administration. PBMCs were stimulated with AAV9 peptides for 16 h and then processed

mini-dystrophin anti-drug antibodies (ADAs) measured at baseline and time points po

dystrophin. Peptides spanning the coding sequence of AAV9 and mini-dystrophin wer
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sites in the United States. All subjects had a confirmed genetic
diagnosis of DMD. See Figure 1 and Table 1 for information on
subjects.

Following screening and baseline assessment (day �16), participants
received a single intravenous infusion of low-dose or high-dose
fordadistrogene movaparvovec (day 1). Subjects received either
0.67 � 1014 vg/kg (low-dose group) or 2.0 � 1014 vg/kg (high-dose
group) AAV9 mini-dystrophin (PF-06939926, fordadistrogene
movaparvovec).

Over the first 1 year of follow-up, visits occurred in the clinic (weeks 2,
4, 8, 12, 26, and 52) or remotely (weeks 3, 6, 10, 15, 19, 22, 32, and 39).
Each participant was administered a pre-specified glucocorticoid
regimen over the first 3 months of the study: a single intravenous
dose of methylprednisolone (1–2 mg/kg) 1–4 h prior to receiving for-
dadistrogene movaparvovec infusion and daily oral prednisone or
prednisolone post-treatment (1–2 mg/kg for the first 2–4 weeks,
tapering to 1.0 mg/kg through the end of the first month,
0.75 mg/kg for the second month, and the higher of 0.50 mg/kg or
the pre-study dose for the third month). After 3 months, participants
resumed their baseline glucocorticoid regimen and remained on this
regimen throughout the first year of follow-up except for adjustments
due to side effects or changes in body weight. During the 6-week
period of intensified immunosuppression, lymphocyte levels re-
mained above 1,000/mL, apart from subject 3 with 870/mL lympho-
cytes on D14, and subject 5, with 870/mL lymphocytes at week 4.
See Table 2 for select lab values for subjects at baseline and post-
dosing.

One of the participants (subject 5) described in this article developed
TMA, initially manifesting as severe acute kidney injury. On day 11
post-infusion, renal dysfunction was recognized by elevated creati-
nine levels to 7.5 mg/dL from a baseline of 0.2 mg/dL (normal range
0.3–0.7 mg/dL). The participant also had thrombocytopenia of
65 � 103/mL (normal range of 130–394 � 103/mL), with evidence of
hemodialysis by the presence of schistocytes, reduced haptoglobin,
and of complement activation seen as reduced C3 levels. The partic-
ipant was hospitalized and received intermittent hemodialysis treat-
ment from day 15 to day 16. He also received intermittent renal dial-
ysis treatments on days 17, 20, and 22. The participant received two
doses (900 mg) of eculizumab, 1 week apart, with the first dose
15 days post-fordadistrogene movaparvovec infusion. The acute kid-
ney injury markedly improved by 15 days after identification, at
which point urine output was >800 mL per day. Both hematuria
and proteinuria resolved after 38 days. The patient underwent genetic
ject characteristics

2E14 vg/kg or 0.67 vg/kg of AAV9 mini-dystrophin. (*) Doses initially provided as

rrection factor using an updated transgene PCR titer method. Subject 5, dosed with

ere collected from the five DMD subjects at baseline and 12–19 weeks post-AAV

through 10x Genomics scRNA-seq and scTCR-seq. (B and C) Anti-AAV9 and anti-

st-AAV administration. (D and E) IFNg ELISpot responses against AAV9 and mini-

e used to stimulate PBMCs. The horizontal line indicates the threshold cutoff.
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Table 1. Subject characteristics and dosing

Subject Age Dose vg/kg DMD MUTATION % dystrophin baseline % dystrophin 60 d post NSAA baseline NSAA day 90

1 6 2E14 Del DMD exons 49-52 0.2 86.1 28 31

2 7 2E14 Dup DMD c1259dupT 0.9 21.2 24 30

3 7 0.67E14 Point mut DMD exon 33 c4538del 4.1 9.8 24 26

4 9 0.67E14 Del DMD exons 46-47 0.2 12.5 30 29

5 12 2E14 Dup DMD exons 8-9 0.2 13 17 18

Age, mutations, dystrophin levels, and NSAA scores of the five Duchenne muscular dystrophy subjects dosed with AAV9-mini-dystrophin.

Molecular Therapy: Methods & Clinical Development
testing using the Genetic Renal Panel from the University of Iowa
Molecular Otolaryngology and Renal Research Laboratories (Iowa
City, IA, USA) and no pathogenic or likely pathogenic variants
were reported.
Immune status at baseline and after AAV9-mini-dystrophin

Anti-drug antibody (ADA) titers against the AAV9 capsid and the
mini-dystrophin transgene were measured before and after dosing
(Figures 1B and 1C). Prior to dosing, none of the participants ex-
hibited detectable anti-AAV9 titers. However, following administra-
tion of AAV9, a robust humoral response against the AAV9 capsid
was observed in all five participants (Figure 1B). Only subject 2
developed anti-transgene antibodies, which became apparent at
week 26, waned at week 39, and then greatly increased at week 52
(Figure 1C).

Evaluation of T cell responses to AAV9 andmini-dystrophin peptides
were assessed by interferon (IFN)-g enzyme-linked immunospot
(ELISpot) at different time points before and after AAV9 administra-
tion (Figures 1D and 1E; Table S1). Four of five participants exhibited
a positive IFN-g ELISpot response to AAV9 capsid peptides for at
least one specific time point post-AAV9 administration (Figure 1D),
except for subject 2. Notably, participant 5, who experienced TMA,
was the only subject to show a mildly positive IFN-g ELISpot
response to capsid at baseline, prior to AAV9 administration (Fig-
ure 1D). Two subjects showed a positive ELISpot response to mini-
dystrophin peptides after dosing (subjects 4 and 5). While antibody
and T cell responses were observed in a few of the subjects, none
developed myositis, which has been observed in a small number of
Table 2. Laboratory values before and after dosing

Subject

Platelets (#mL) GGT (U/L)

Day 1 Day 90 Day 135 Day 1 Day 7 Day 14

1 377,000 511,000 297,000 9 9 9

2 267,000 300,000 300,000 6 8 8

3 500,000 460,000 351,000 8 9 8

4 311,000 274,000 272,000 10 11 13

5 311,000 345,000 268,000 11 14 10

Clinical laboratory values for platelets, liver GGT, and cardiac TNI at the indicated time po

4 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
DMD patients after AAV-mini-dystrophin or micro-dystrophin
treatment and has been attributed to a T cell-mediated transgene
response.15
Single-cell RNA sequencing of PBMCs

PBMCs were collected from all five DMD subjects before (“pre”) and
12–19 weeks after (“post”) systemic delivery of AAV9 mini-dystro-
phin. PBMCs were evaluated by scRNA-seq to assess transcriptional
changes on a single-cell basis and single-cell T cell receptor (TCR)
V(D)J sequencing, which permits the identification of clonal
T cells, indicative of prior activation and clonal expansion. Cryopre-
served PBMCs were thawed and then stimulated for 16 h with a pool
of 146 peptides spanning the AAV9 capsid, before single-cell capture
and sequencing (Figure 1A; Table S2). Single-cell data (across partic-
ipant samples and time points) were integrated using Seurat.16 To
assign cellular identities to the PBMCs, we utilized the Azimuth17

program, which employs reference-based mapping, and subsequently
identified 28 cell types (Figures 2A and 2B). No apparent cluster bias
was observed among the five participants or between pre and post
time points (Figure 2A).
Analysis of cell frequencies before and after AAV9-mini-

dystrophin administration

Changes in cell type proportions were examined before and after
AAV9-mini-dystrophin administration for all 28 cell subsets
(Figures 2A, 2B, and S1). The proportions of 27/28 cell subsets re-
mained relatively balanced between pre- and post-time points among
nearly all cell types, suggesting that T cell frequencies were not greatly
altered at the AAV9 treatment time point analyzed. Only the
Cardiac TNI (ng/mL)

Day 45 Day 1 Day 7 Day 14 Day 30 Day 45

10 N/A 0.03 0.03 0.03 0.03

7 N/A 0.03 0.03 0.03 0.03

8 0.03 0.03 0.03 0.03 0.03

19 0.07 0.06 0.03 0.03 0.05

18 0.03 0.03 0.25 0.11 0.03

ints.
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Figure 2. PBMC cell populations post- compared with pre-AAV-mini-dystrophin show a predominant interferon signature

(A) Azimuth annotation of cell types derived from five DMD subjects before (pre) and after (post)-AAV administration in a uniform manifold approximation and projection

(UMAP) plot. Each dot represents a single cell and was colored according to cell type. (B) UMAP of PBMCs from each subject at each time point (pre- vs. post-dosing). (C)

Volcano plot of differential gene expression in PBMCs post-PF06939926 comparedwith pre. Significantly up- and down-regulated genes contain Log2(Fold Change) > 0.5 or

Log2(Fold Change) < 0.5 and -Log10(p value) > 2.0. (D) Dot plot of significantly upregulated genes. Color is scaled by average expression and the dot size is proportional to the

percentage of cells expressing the respective gene.
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frequency of central memory CD4 T cells (CD4 TCM) was statistically
elevated post-AAV9 mini-dystrophin administration compared with
pre-treatment (Figure S1).

Detection of an interferon response signature in numerous cell

types after assessment of differentially expressed genes

Differential gene expression analysis was carried out on all PBMCs,
comparing gene expression signatures pre- vs. post-dosing (Fig-
ure 2). This analysis revealed significant upregulation of genes
known to be induced downstream of type I and II IFNs, including
IFI44L, IFI6, MX1, IFITM3, and MT2A (Figures 2C and 2D, and
Data S1). Gene set enrichment analysis (GSEA) was conducted, spe-
cifically probing gene ontology and biological processes (GO-BP), to
explore the functional significance of the differentially expressed
genes. Gene ontology terms associated with the defense response
to virus and the response to type I interferon were observed to be
the most significantly upregulated pathways (Figure S2). Down-
regulated genes were most highly associated with neutrophils and
granulocytes.

Differential gene expression analysis was also carried out for each
cell type, to compare gene signatures that arose after AAV9-mini-
dystrophin. We focused first on CD4 TCM cells because of the
significantly elevated cell frequencies observed post-dosing (Fig-
ure 3A). This analysis revealed a similar upregulation of tran-
scripts associated with type I and type II IFN responses, including
IFI44L, IFI6, ISG15, ISG20, MX1, IFIT1, IFIT3, and IRF7 (Fig-
ure 3A). However, when these genes were assessed in each condi-
tion in individual patients, the response appeared to be primarily
driven by subject 1, with minimal induction of interferon response
genes in subjects 2–5. Yet, when this same analysis was carried out
for other cell types, the IFN response signature was not as skewed
to subject 1 (Figures 3B, 3C, S3, and S4). Violin plots demonstrate
that the induction of IFN response genes was most pronounced in
subjects 1, 2, and 4. Notably, some interferon response genes were
observed repeatedly across multiple cell types including IFI6,
which showed significant upregulation in 16 cell types, while
ISG15 was upregulated in 10, IFI44L in nine, IFITM1 in eight,
ISG20 in seven, and IFITM3 and STAT1 were upregulated in six
cell types (Data S1).18–22

TCR clumping analysis categorizes T cells with known and

unknown reactivities to AAV9-mini-dystrophin treatment

The diversity of viable TCR sequences an individual could generate is
estimated to be up to approximately 1 � 1020. However, it has been
established that within a given human leukocyte antigen (HLA)
context, TCRs responding to the same epitope have definable and
similar receptor sequences and gene expression characteristics.23–25.
Figure 3. Differential gene expression profiling of PBMCs post-dose vs. baseli

(Left) Volcano plot of differential gene expression in individual cell types post-PF069399

expressed genes, shown by patient and time point in individual cell types. Volcano plots

(C). Significantly up- and down-regulated genes contain Log2(Fold Change) > 0.5 or Log

cell types are in Figures S3 and S4.
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To assess whether significantly similar TCR clonotypes were present
within the overall dataset we used the TCR clumping algorithm
within the CoNGA software tool. CoNGA generates two distance
graphs: a uniform manifold approximation and projection (UMAP)
of median gene expression for each TCR clonotype, and a TCR
UMAP that plots the relational distances to all other TCR clonotypes
within the dataset (Figure 4). Similarity matching against a literature
database revealed the presence of several T cells with identifiable reac-
tivity (Figure 5). Statistically enriched TCR clumps were then identi-
fied by quantifying similarities between TCR sequences both within
the dataset and to a background dataset of shuffled sequences. Com-
bined analysis of pre- and post-treatment timepoints identified
several TCR clumps present within and across donors (Figure 5).
As expected, TCR clumps mapped into gene expression space readily
identified invariant iNKT and MAIT cell populations (Figure 5D).
Further, several CD8+ T cell clumps were observed with elevated fre-
quencies in the post-treatment samples of donors 1, 3, and 5 (Figures 5
and 6). Two of the CD8+ TCRs (clumps 4 and 5) were observed across
multiple subjects (donors 1 and 3), and these were only seen in the
post-treatment samples (Figures 5 and 6; Table S3). Clumps 4 and
5 each had four clonotypes that arose post-AAV dosing (Figure 6A)
that were not detected in the pre-dose sample. Mapping of cells
from these identified clumps onto the original gene expression
UMAP showed colocalization primarily with the CD8 TEM and
TCM populations (Figure 6B), and differential gene expression anal-
ysis showed a gene signature indicative of terminal effector CD8+
T cells (Figure 6C). Despite the limited number of T cells from the da-
taset for which epitope reactivity could be called with statistical con-
fidence, database matching allowed identification of clumps 5, 6,
and 7. All three clumps comprised TCRs reactive to known HHV epi-
topes (Table 3). Clump 5 was found to be reactive to a C07:02 CMV
epitope from the UL29/28 protein (FRCPRRFCF) Clumps 6 and 7
were composed of TCRs reactive to known A02 restricted HHV reac-
tive epitopes: a CMV pp65 (NLVPMVATV) and EBV BLMF1
(GLCTLVAML), respectively (Figure 6D). This participant experi-
enced TMA, and the frequency of cells within both HHV reactive
clumps was expanded in the post-AAV-treatment sample, with
>0.65% of all T cells (approximately 1 in every 150 circulating
T cells) assayed from the post-AAV-treatment sample of donor 5
belonged to these clumps.

The findings from this study, including the differential gene
expression and TCR clonotype analysis, should be interpreted
cautiously due to the limited sample size (n = 5). Despite this small
sample size, these data highlight the potential of using TCR
sequencing as a tool to partially decode the reactivities of periph-
eral T cells in patients receiving systemic treatment with AAV.
Furthermore, the observations within the gene expression and
ne

26 compared with pre-dose by cell type. (Right) Violin plots of selected differentially

of differential gene expression shown for CD4 TCM (A), CD8 TEM (B), and NK cells

2(Fold Change) < 0.5 and -Log10(p value) > 2.0. Volcano and violin plots for additional
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Figure 4. TCR clonotype similarity analysis of AAV9-mini-dystrophin treated patients

(A) ConGA Clonotype gene expression (left) and TCR clonotype (right) UMAP projection of T cells with paired-chain TCR information from all patients pre- and post-AAV9-

mini-dystrophin. For GEX clusters, where a TCR clone abundance >1, the clonotype is reduced to, and plotted as, a single, median cell. (B) Plot of all T cell clonotypes with

literature database identified reactivities overlayed on ConGA gene expression (left) and TCR (right) clonotype UMAPs. (C) Plot of all T-cell clonotypes with literature database

identified reactivities overlayed on AonGA gene expression (left) and TCR (right) clonotype UMAPs.

Molecular Therapy: Methods & Clinical Development
TCR data provide a valuable reference for DMD patients receiving
AAV gene therapy.

DISCUSSION
Innate and adaptive immune responses pose a significant challenge
for safe and efficacious clinical application of AAV-based gene ther-
apies. While initial results have shown promise for DMD clinical
trials,26 setbacks have been encountered including the need to pause
trials to address complement activation-associated TMA.27 High
doses of immunosuppressive corticosteroids have been used sur-
rounding the time of AAV dosing, which may also make patients
susceptible to immune-related toxicities. TMA can be partly medi-
cally managed, but the downstream consequence of complement
split product generation may still be problematic. Furthermore,
8 Molecular Therapy: Methods & Clinical Development Vol. 32 Decemb
capsid-specific antibodies and T cells may also lead to additional
undesired immune responses to capsid or transgene, leading to liver
toxicity and myositis, respectively. The need to define the range of
immunological responses that arise in humans in response to
AAV-based gene therapies is central to improving efficacy and
safety.

Our analysis revealed that while cell frequencies did not signifi-
cantly change post-AAV dosing, there was a shift in cellular phe-
notypes whereby multiple cell types were observed to upregulate
transcripts related to type I and II interferons (IFNs). The pro-
nounced upregulation of interferon response genes suggests a
robust and coordinated immune response across various cell types,
activating the interferon signaling pathway, which is crucial for the
er 2024



Figure 5. ConGA plot showing TCR clumping analysis with integrated gene expression

(A) ConGA map showing the gene expression clusters, TCR clumping scores, and TCR clumping hits in gene expression space (A) and TCR space (B). Positioning of

identified statistically similar clonotypes and relative locations in gene expression and TCR space. (C) Expression heat maps for select T cell-related genes. (D) TCR clumping

group results. Clumping group results are annotated (from left to right) ‘Clonotypes’ = the number of different TCR sequences within a clumping group; GEX cluster = vertical

colored bar denoting the proportion of cells from a clumping group within a gene expression cluster in (A); colored semi-circle = the numerical identity of the TCR clumping

group in (B); cells = the total number of T cells within the clumping group; Colored vertical bars show the proportion of cells originating from each; donor, origin (sample), and

status (pre vs. post-AAV); amino acid sequence logo plots for (left) alpha and (right) beta chains of the TCR, showing V gene contribution, CDR3 amino acid sequence, and J

gene contribution; TCRseqfeatures = sequences associated with a T cell phenotype (red = positively associated, blue = negatively associated); Lit.DB match = statistical

similarity matching of sequences to previously identified epitope reactive TCRs; GEX logo = relative expression of select T cell-associated genes, and proportion of expressing

cells within the TCR clumping group.
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immune system’s defense against viral infections.28–33 This coordi-
nated response may be facilitated through multiple mechanisms.
For instance, antigen-presenting cells may activate T cells via viral
peptide presentation, leading to the release of type I and II inter-
ferons.34 These interferons can act in an autocrine fashion to
induce the expression of interferon response genes in the T cell
compartment.35–37 Moreover, peptide stimulation could amplify
immune responses in a paracrine fashion. Antigen-reactive CD4
and/or CD8 T cells secreting type I and II interferons and cyto-
kines could activate other cell types such as monocytes and NK
cells to induce the expression of interferon response genes, chemo-
kines or cytokines.36–38 While less is known about the immunolog-
ical landscape following AAV administration, our findings align
with studies investigating immune responses after adenoviral
vaccination, SARS-CoV-2 (COVID-19) and Influenza infec-
tion.39–45 These studies have demonstrated induction of
interferon-stimulated and response genes, further supporting the
relevance of our results.
Molecular T
The TCR sequence encodes the antigen-specificity information for an
individual T cell. Despite the vast potential diversity of possible se-
quences, recent advances in quantifying TCR similarity have assisted
in allowing identification of epitope restriction of T cells from
sequence information alone.24 While the landscape of validated
TCR-epitope-pMHC combinations is highly restricted, we were
able to use the sequence information from this dataset to identify
the HHV-restricted reactivity of two large clonotype TCR clumps
that were only elevated in the post-treatment sample of donor 5
(SAE) and a smaller population of CMV-specific cells found only in
the post-treatment sample of donor 3. The expansion of HHV-related
T cells in these individuals could represent evidence of latent herpes
virus reactivation, a phenomenon that has been observed in the
setting of TMA occurring after hematopoietic stem cell transplanta-
tion.46,47 Renal transplant-associated TMA has also been observed
in concordance with CMV infection.48 Therefore, individuals with
dormant or active CMV or EBV infections who receive AAV could
be predisposed to TMA, especially in the setting of high-dose steroids
herapy: Methods & Clinical Development Vol. 32 December 2024 9
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Figure 6. Expanded TCR clumps from subject 5 are associated with human herpes viruses

(A) Relative frequency of TCR clumps 4 (left) and 5 (right) within donors 1 and 3 pre- and post-AAV treatment. (B) Location of cells from clump 4 (red) and clump 5 (blue)

overlayed on the full PBMC gene expression UMAP. (C) Dot plot of gene expression profiles of clumping groups 4 and 5 combined as compared with all other T cells in

dataset. (D) Relative frequency of HHV reactive TCR clumps 6 (left) and 7 (right) within donor 5 pre- and post-AAV treatment.
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Table 3. Non-invariant TCR clumps with identifiable reactivity

Clump Virus:Protein Epitope HLA restriction Donor VDJdb matching

5 CMV:UL29/28 FRCPRRFCF C07:02 3 Beta chain match

6 CMV:pp65 NLVPMVATV A02:01 5 Paired chain match

7 EBV:BLMF1 GLCTLVAML A02:01 5 Paired chain match

www.moleculartherapy.org
or other immunosuppressive regimens. This hypothesis needs exten-
sive testing to be validated, but if true, could explain why some indi-
viduals develop TMA while others do not. It is possible that other
clumps exhibiting similar expansion kinetics (i.e., clumps 4, 8,
and 9) have similar viral protein specificities; however, their reactivity
was not definable. Indeed, it is possible that these undefinable clumps
are directly related to the AAV-infusion; however, validating their
specificity against treatment-related epitopes would be required
before they can be deemed treatment-associated.

Interestingly, despite the incubation with AAV9 peptides, there were
no identifiable post-treatment clonotypes that appeared to express
significantly elevated levels of TCR-activation induced genes. This
observation may be explained by the fact that all patients were on ste-
roids before and after their AAV doses, as it is usual to treat DMD pa-
tients with chronic glucocorticoids. It is also possible that the depth of
scRNA-seq was insufficient for this task. The ELISPOT results from
400,000 PBMCs showed detectable but low levels of post-treatment
AAV capsid and mini-dystrophin reactivity in some participants,
whereas current 10x genomics per-reaction capacity stands at
approximately 10,000 cells. Another interesting finding is that subject
5 who experienced TMA did not have an elevated interferon response
signature as was seen in other participants. Future work should be
conducted to ascertain if this is a recurrent phenomenon in individ-
uals experiencing post-AAV TMA.

A caveat of this study is that the sample collections are restricted to a
single pre- and post-infusion time point for each subject. The periph-
eral TCR repertoire is incredibly stable over time and although
changes in clonal abundance after vaccination or infection can be
readily identified, there may be only a short window of time in which
such clones will be expanded, and thus visible within a peripheral
sample examined at the single-cell resolution. Future studies using
these technologies should consider the collection of multiple post-
infusion timepoints where possible.

Our investigation benefits from a recent meta-analysis of over 250
AAV clinical trials, which aimed to identify risk factors influencing
AAV immunity and efficacy.4,5 The meta-analysis revealed consider-
able variability in the use of prophylactic or reactive immunosuppres-
sants, which complicates interpretation. Additionally, assays used to
determine anti-AAV neutralizing or binding antibody titers showed
a wide range of methodologies and eligibility thresholds. Treat-
ment-emergent serious adverse events (TESAEs) following AAV
administration were also variable and may depend on a variety of fac-
tors, including AAV serotype, dosage, route of administration, and
Molecular T
the disease indication and the recipients’ immunological history.
TMA was one of the most prominent TESAEs that was observed in
the meta-analysis.

Recently, a study of 38 subjects dosed with AAV revealed that AAV-
induced complement activation and TMA are dependent on the pres-
ence of anti-AAV capsid antibodies.3 In our study, TMA was
observed in one participant, subject 5; however, pre-dose screening
did not reveal the presence of positive anti-AAV9 titers in this subject
at baseline (Figure 1). On the other hand, subject 5 showed a rapid rise
of anti-AAV9 antibodies 13 days post-dosing, concomitant with the
TESAE (Table 1) suggesting that this subject may have indeed had
prior AAV exposure. Support for this notion comes from the fact
that subject 5 also showed a positive IFN-g ELISPOT response to
AAV9 at baseline, indicating the possibility of a pre-existing T cell
memory response against the AAV9 capsid.

SAEs related to the mini/micro-dystrophin transgene have arisen in
three of four DMD clinical programs including those sponsored by
Pfizer, Sarepta-Roche, and Genethon.15 Notably, all clinical trials
for DMD deliver a mini-dystrophin transgene that contains exons
8–11, and the five participants who exhibited myositis all had
genomic mutations that excluded those exons, indicating their first
exposure to this region was from micro-dystrophin. This observation
suggests a lack of tolerization to those regions of the protein, but this
idea will need further experimental support. In our study, we did not
have genomic mutations residing in this region (Table 1) and did not
observe myositis, although subjects 4 and 5 exhibited a positive IFN-g
ELISPOT against the mini-dystrophin transgene post-dosing (Fig-
ure 1E). Subject 2 did not develop a positive ELISPOT despite having
antibodies against mini-dystrophin at weeks 26 and 39 (Figure 1C).
These anti-dystrophin responses do not appear to be consequential,
since clinical myositis did not occur in any of these participants after
exposure to the mini-dystrophin transgene. Prior studies demon-
strated that some DMD patients harbor circulating T cells against
dystrophin, in the absence of AAV dosing, and these T cells were
decreased with steroid treatment.49 The effect of these T cells on dis-
ease progression or whether their presence after AAV dosing predis-
poses to a myositis is not established.

Study limitations

Our study was limited by the small sample size and the specific com-
parisons involving small numbers of cells. This sample size under-
scores the need for further investigations with more AAV recipients
to validate and reinforce the observed trends. Additionally, the pres-
ence of adverse events in some participants further emphasizes the
herapy: Methods & Clinical Development Vol. 32 December 2024 11
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complexity of human immune responses to AAV and the need for
careful interpretation of the results. In conclusion, our study provides
preliminary evidence of immune activation, and changes to the pe-
ripheral TCR repertoire following AAV9 mini-dystrophin gene ther-
apy in DMD patients. However, further investigations into immune
responses in DMD patients post-AAV treatment are warranted to
make firm conclusions regarding the nature of T cell-clonal expan-
sions in response to AAV dosing and the relationship with TMA
and other SAEs. These findings contribute to the ongoing efforts to
optimize and improve gene therapy strategies for DMD and other
genetically inherited diseases.

MATERIALS AND METHODS
Human subjects

The five subjects described in this manuscript participated in a phase
1b clinical trial designed to test the safety of systemically delivered
AAV9-mini-dystrophin (PF-06939926 fordadistrogene movaparvo-
vec) in DMD patients. The trial was sponsored by Pfizer. The study
was conducted in compliance with ethical principles of the Declara-
tion of Helsinki and all International Conference on Harmonisation
Good Clinical Practice Guidelines. The protocol was approved by
the relevant institutional review board/independent ethics committee
at each study site. All participants (or parent/legal guardian) provided
written informed consent.

PBMC culture, stimulation, and processing for 10x genomics

Blood was collected into sodium heparin tubes, and PBMCs were iso-
lated using a Ficoll gradient, and cryopreserved in CTL-Cryo medium
(Cellular Technology Limited, Cleveland, OH). PBMC vials pre- and
post-AAV9 mini-dystrophin treatment were thawed in a 37�C water
bath for 2–3 min. Thawed PBMCs were transferred to RPMI-Cmedia
consisting of RPMI 1640 (Gibco) supplemented with 10% fetal bovine
serum (FBS, Thermo Fisher), 1% GlutaMAX (Thermo Fisher), 1%
penicillin/streptomycin (P/S, Thermo Fisher), 1% non-essential
amino acids (Thermo Fisher), and 1% 1M HEPES (Gibco). Cells
were then centrifuged to remove cryopreservation media and resus-
pended in RPMI-C. Resuspended PBMCs were then seeded at
1.0 � 107 cells/mL/well in a 24-well plate format and stimulated
with a pool of 146 peptides spanning the AAV serotype 9 capsid
(Mimotopes) at 1.0 mg/mL overnight (16 h). Following overnight
stimulation, PBMCs were harvested from the 24-well plate for immu-
nomagnetic depletion of dead cells via Annexin V (StemCell Technol-
ogies) according to themanufacturer’s instructions. Live PBMCs were
centrifuged and resuspended in DPBS (Thermo Fisher) supple-
mented with 0.04% BSA (Millipore Sigma) as recommended by 10x
Genomics for single-cell capture using Chromium (10x Genomics).
Among the five participants, 111,300 PBMCs were sequenced from
samples collected pre- and post-AAV9 mini-dystrophin dosing,
with an average of 43,155 reads per cell (Table S2).

AAV9 peptides for PBMC exposure prior to single-cell

sequencing

AAV9 peptides from Mimotopes were ordered to span the entire
capsid gene encoding AAV serotype 9. Peptides contained an overlap
12 Molecular Therapy: Methods & Clinical Development Vol. 32 Decem
of 10 amino acids and an offset of five amino acids were used to create
a pool of 146 peptides.

AAV9 and mini-dystrophin IFN-g ELISPOT

IFN-g ELISpot was performed using the human IFN-g ELISpot Plus
kit (Mabtech) according to the manufacturer’s instructions. In brief,
the ELISpot plate was washed four times with DPBS (Thermo Fisher).
The plate was then conditioned with 200 mL RPMI-C for 30 min at
room temperature. PBMCs were then seeded at 4.0 � 105 cells/well
incubated with 1 mg/mL of three different AAV9 or mini-dystrophin
peptide pools, with a final volume of 250 mL/well for overnight stim-
ulation (24 h). PBMCs were removed from the ELISpot plate and
wells were rinsed five times with DPBS. After washing, the detection
antibody was added (100 mL/well) and incubated for 1 h at room tem-
perature. The detection antibody was removed, and the plate was
washed an additional five times with DPBS, and ready-to-use TMB
substrate solution (100 mL/well) was added for the plate to develop
within 5 min. TMB development was stopped by washing the plate
extensively with sterile ddH2O (Thermo Fisher). After washing and
drying, the spots were counted using an ELISpot plate reader (CTL
ImmunoSpot). Results were reported as the mean spot count for three
replicate wells.

10x library preparation, sequencing, alignment, and single-cell

data analysis and clustering

Single-cell 50 mRNAandTCRA/B librarieswere generated usingChro-
mium Single Cell 50 v.2 (10x Genomics). scRNA and scTCR libraries
were sequenced using NovaSeq 6000 S4 (Illumina) 2 � 100 base pairs
(bp) paired-end reading strategy. The raw GEX and VDJ libraries were
mapped to the human reference genome GRCH38 2020-A and to
vdj_GRCh38_alts_ensembl-5.0.0 using cellranger count (version
6.1.2) from 10x Genomics. The filtered_feature_bc_matrix cellranger
outputs were analyzed using the R package Seurat (version 4.0).16

Cells with more than 20% mitochondrial expression and less than
200 or more than 5,200 unique features were removed. UMI counts
were log normalized using NormalizeData default parameters,
FindVariableFeatures to select the 2,000 highest variable genes and in-
tegrated using SelectIntegrationFeatures, FindIntegrationAnchors, and
IntegrateData functions. We then used ScaleData, FindNeighbors, and
RunUMAP, FindNeighbors, and FindClusters at 30 components for
uniform manifold approximation and projection (UMAP) visualiza-
tion. We used Azimuth17 to automatically assign cell type annotations
with the Human - PBMC dataset as reference.50 Next, we followed by
integrating the expansion data the Seurat dataset for downstream dif-
ferential expression analysis of cells and visualization. For subcluster
analysis, we used “predicted.celltype.l2” annotations. The scCustomize
package was used to generate some visualizations.51

Gene set enrichment analysis

GSEA was performed with the WEB-based Gene Set Analysis Tool
Kit (https://www.webgestalt.org/) using the gene ontology-biological
process (GO-BP) database to identify enriched pathways using differ-
entially expressed genes identified by comparing pre- and post-AAV
administration time points.52
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TCR clumping analysis

TCR clumping analysis was performed using the CoNGA package.23

Briefly, TCR clumping analysis identifies neighborhoods of
sequence convergence in TCR space at greater density than expected
by chance under a simple null model of VDJ rearrangement. For
each TCR in the dataset, we count how many TCRs are within a
set of fixed TCRdist radii of 24, 48, 72, and 96 units, and compare
that number to the expected number given the size of the dataset
using the Poisson model. Shuffling the paired TCR chains and
measuring the distances of these shuffled pairs is used to create
the background and estimate its distance distributions. The
Benjamini-Hochberg method for controlling the FDR is applied
on a per-TCR basis across all radii tested.

ADA titers against AAV9 and mini-dystrophin

Tomeasure antibodies against mini-dystrophin, samples were diluted
in diluent buffer (Blocker Casein in PBS, Thermo Fisher) and incu-
bated with biotin-labeled mini-dystrophin-FLAG and ruthenium-
labeled mini-dystrophin-FLAG for 3h at RT. The samples were
then added to streptavidin-coated MesoScaleDiscovery plates to cap-
ture complexes of antibodies bound to both the ruthenium and bio-
tinylated mini-dys-FLAG, and tripropylamine was added to produce
an electrochemiluminescent signal.

To measure antibodies directed against AAV9, 96-well ELISA plates
were coated with 1e10 vg/mL AAV9-mini-dystrophin. After block-
ing, plates were incubated with samples diluted in PBS with 0.05%
polysorbate-20 and 1% BSA. Plates were washed and incubated
with biotinylated AAV9-mini-dystrophin for 1 h at RT. Plates were
washed again and incubated with HRP-avidin D (Vector Labs) for
30 min at RT. After a final wash, reactions were developed with tetra-
methylbenzidine peroxidase, stopped with 0.18M sulfuric acid, and
read at 450 nm on a plate reader (Bio-Tek PowerWave HT).

DATA AND CODE AVAILABILITY
Data generated during this study will be included in this published article. scRNA-seq
sequences will be deposited in the NCBI Gene Expression Omnibus database. Processed
data generated during this study are available on Zenodo (https://zenodo.org/records/
13935259).
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