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Loss of function of the neurofibromatosis type 2 (NF2) tumor
suppressor gene leads to the formation of schwannomas, me-
ningiomas, and ependymomas, comprising �50% of all spo-
radic cases of primary nervous system tumors. NF2 syndrome
is an autosomal dominant condition, with bi-allelic inactiva-
tion of germline and somatic alleles resulting in loss of function
of the encoded protein merlin and activation of mammalian
target of rapamycin (mTOR) pathway signaling in NF2-defi-
cient cells. Here we describe a gene replacement approach
through direct intratumoral injection of an adeno-associated
virus vector expressing merlin in a novel human schwannoma
model in nude mice. In culture, the introduction of an AAV1
vector encoding merlin into CRISPR-modified human NF2-
null arachnoidal cells (ACs) or Schwann cells (SCs) was associ-
ated with decreased size and mTORC1 pathway activation
consistent with restored merlin activity. In vivo, a single injec-
tion of AAV1-merlin directly into human NF2-null SC-derived
tumors growing in the sciatic nerve of nude mice led to regres-
sion of tumors over a 10-week period, associated with a
decrease in dividing cells and an increase in apoptosis, in com-
parison with vehicle. These studies establish that merlin re-
expression via gene replacement in NF2-null schwannomas is
sufficient to cause tumor regression, thereby potentially
providing an effective treatment for NF2.

INTRODUCTION
Loss of function of theNF2 gene, encoding the tumor suppressor pro-
tein merlin, is associated with the development of multiple types of
hereditary and sporadic nervous system tumors, including schwanno-
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mas, meningiomas, and ependymomas therapy.1,2 Most of these tu-
mors are benign, but some (in particular meningiomas) may have
aggressive biological behavior (atypical, malignant), which may be
sporadic or secondary to radiation therapy. Germline loss of one
NF2 allele, followed by somatic mutation of the second NF2 allele,
leads to the neurofibromatosis type 2 (NF2) syndrome, a dominantly
inherited disorder the hallmarks of which are bilateral vestibular
schwannomas (causing deafness, tinnitus, and disequilibrium) with
frequent occurrence of meningiomas, and ependymomas. Vestibular
schwannomas, in particular, could potentially be treated by intratu-
moral injection of a gene replacement vector.

The NF2-encoded protein, merlin, links plasma membrane receptors
to the actin cytoskeleton and modulates signaling pathways related to
cell morphology, proliferation, and survival.3 Its interactions with
different signaling pathways are multiple and complex, involving
mTORC1/mTORC2,4–7 receptor tyrosine kinases,8 Rac/p21-activated
al Development Vol. 26 September 2022 ª 2022 The Author(s). 169
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kinase,9,10 Hippo signaling,11,12 and a nuclear function regulating the
E3 ubiquitin ligase, CRL4DCAF1.13 Merlin interacts with at least 38
other proteins in different contexts.14–18 Arachnoidal cell (AC), me-
ningioma, Schwann cell (SC), and schwannoma cells lacking merlin
show activated mTORC1 signaling, as well as increased prolifera-
tion/migration.4,6,7,19,20 Merlin overexpression in mouse schwan-
noma cells leads to increased anchorage-independent growth in
culture and reduced growth of subcutaneous schwannomas in
mice,21 as well as growth factor-induced micropinocytosis and recep-
tor recycling in merlin-deficient cells in culture.22

Current therapy for NF2 schwannomas involving surgery and radio-
therapy can be effective for individual tumors but can also result in
serious neurologic complications, including loss of nerve function,
e.g., post-surgery deafness or facial paralysis in the case of vestibular
schwannomas. In addition, while the anti-vascular endothelial growth
factor (VEGF) antibody, bevacizumab, displays efficacy for pro-
gressive vestibular schwannomas in improving hearing and reducing
tumor volume in about 40% of patients,23 it has limited long-term ef-
fects.24 Thus, the lack of safe, effective, and lasting treatment for NF2-
deficient tumors presents an unmet medical need.

Gene replacement therapy for hereditary diseases has shown promise
for monogenic immunodeficiency diseases,25 hemophilia,26 spinal
muscular atrophy,27 and Leber congenital amaurosis,28 and is in clin-
ical trials for a number of neurologic disorders (for review see Men-
dell et al.29). Moreover, in the nervous system, adeno-associated virus
(AAV) vectors can provide efficient gene delivery in vivo and long-
term (years) expression in non-dividing cells with a high degree of
safety. Previously we reported that AAV-mediated delivery of
procaspase-1 under a SC-specific promoter led to schwannoma
regression in a mouse model.30,31 Recent studies also support regres-
sion of schwannomas using proteins that induce cell death under a
Schwann cell-specific promoter.32–34 The current study demonstrates
that AAV-based delivery of functional merlin produces inhibition of
mTORC1 activation in human NF2-null ACs and SCs in culture.
Further, we describe a new sciatic nerve xenograft model in nude
mice for schwannomas using human NF2-null immortalized SCs
for which a single intratumoral injection of the AAV-merlin vector
leads to regression of tumors. These studies serve as proof of principle
that restored merlin expression in NF2-deficient tumor cells has the
potential to provide therapeutic efficacy.

RESULTS
Merlin encoded in AAV1 vectors re-introduced into cultured

merlin-negative ACs and SCs demonstrates functional effects

Before testing the effect of AAV-mediated merlin expression in NF2-
null cells, we tested the transduction efficiency of an AAV1 vector en-
coding GFP (AAV1-GFP) in human ACs and mouse schwannoma
cells in culture (Figure S1). We found human NF2-null CRISPR-
modified arachnoid cells (AC-CRISPR) and mouse Nf2-null SC4
SCs were relatively resistant to AAV1-mediated gene delivery.
However, we were able to successfully transduce them with AAV1
packaged in association with extracellular vesicles (EVs): exosome-
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associated AAV (exo-AAV)-GFP.35 These data paved the way for
us to evaluate gene delivery and the function of merlin delivered by
exo-AAV vectors to merlin-negative cells in culture.

The cDNA for human NF2-isoform 1 (NCBI: NM_000268) was in-
serted into an AAV plasmid under the strong constitutive chicken
b-actin (CBA) promoter followed by an internal ribosome entry
site (IRES) and coding sequences for GFP (Figure S2). This vector,
AAV-merlin, was produced as exo-AAV1 and used to transduce hu-
man NF2-null AC-CRISPR cells with GFP at a dose of 6.0 � 104

genome copies (gc)/cell, or merlin at 3.3� 105 gc/cell, and expression
of merlin and reduction in phosphoS6 (S240/4) (pS6) was confirmed
by immunoblotting (Figure 1A). We also confirmed the expression of
merlin and downregulation of pS6 in Nf2-mutant mouse SC4 SCs
transduced with exo-AAV1-merlin (Figures S3A and S3B), with
merlin known to inhibit this phosphorylation via blockade of the
mTORC1 pathway.4,5 In addition, a FLAG-tagged version of merlin
was generated by cloning human NF2-isoform 1 into AAV-CBA-
FLAG-woodchuck hepatitis virus post-transcriptional regulatory
element (WPRE). Expression of AAV-FLAG-merlin was confirmed
in HEK293T cells by immunoblotting (Figures S4A and S4B).
Immortalized human SCs, which had been CRISPR modified to
disrupt both NF2 alleles (SC-null),20 were transfected with the
AAV-CBA-FLAG-merlin plasmid and expression was confirmed by
immunoblotting with consequent downregulation of pS6 (Figure 1B).
Re-introduction of merlin, either by infection of NF2-null AC-
CRISPR cells or by transfection of SC-null cells, was functionality vali-
dated by immunoblotting for downregulation of the mTORC1
signaling pathway readout pS6 relative to the parental cells using Im-
ageJ quantitation (Figures 1C and 1D). We also observed normaliza-
tion of the enlarged cell size, a hallmark of mTORC1 activation, after
merlin re-expression in NF2-null AC-CRISPR cells (Figure 2A),
consistent with the role of merlin in downregulating TORC1
signaling. When NF2-null ACs were transduced with the exo-
AAV1-merlin vector, their size was reduced to near normal levels
as quantitated by ImageJ using staining for F-actin, a structural
component distributed throughout the cells as a correlate for cell
area/size (Figure 2B).

Injection of AAV1-CBA-FLAG-merlin into human schwannoma

tumors in the sciatic nerve of nudemice inhibits their growth and

can lead to regression

Human immortalized SCs, both SC-wild type (WT) and SC-NF2-
null, were stably transduced with a lentivirus vector encoding firefly
luciferase (Fluc) and mCherry,30 hence termed SC-WT-FC and SC-
null-FC. Each cell type was injected into the sciatic nerve of nude
(nu/nu) mice, as described,36 with an experimental overview shown
in Figure 3A. Tumor growth was monitored by bioluminescence im-
aging (BLI) over a 14-week period. The SC-WT-FC cells were elimi-
nated by 8 weeks, as shown by loss of BLI over this period (Figure S5).
In contrast, the SC-null-FC cells formed BLI-positive tumors by
4 weeks after implantation (Figure 3B, left panels). Neuropathologic
analysis of the sciatic nerves at 14 weeks after implantation of SC-
null-FC cells revealed the proliferation of cells and formation of
mber 2022



Figure 1. AAV-mediated re-introduction of merlin into NF2-null cells leads to downregulation of mTORC1 signaling

(A) Immunoblot shows re-expression of NF2/merlin in human NF2-null(�) AC-CRISPR transduced with exo-AAV1-merlin. Re-introduction of merlin led to decreased

phosphorylation of ribosomal protein S6 (pS6 S240/4; mTORC1 pathway readout) compared with exo-AAV1-GFP control. Dosing of exo-AAV1-GFPwas 5� 104 gc/cell and

exo-AAV1-merlin was 3.3 � 105 gc/cell. (B) Immunoblot of human SC-null cells transiently transfected with pAAV-FLAG-merlin plasmid led to decreased pS6 (S240/4)

compared with pAAV-null plasmid. A representative image for transfections using 5 mg of each plasmid is shown. NF2-expressing SC-WT control cells and pAAV-GFP-

transfected cells are also shown. (C) Quantitation of immunoblotting using Fiji/ImageJ for pS6 (S240/244) relative to total S6 for NF2-null ACs transduced with exo-AAV1-

merlin is shown normalized to NF2+ ACs = 1 (n = 3; error bars, mean ± SD; p < 0.02). (D) Quantitation of immunoblotting for SC-null cells transfected with 4–10 mg pAAV-null

or pAAV-FLAG-merlin plasmid is shown normalized to pAAV-null empty vector (n = 3; error bar, mean ± SD; p < 0.01).
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tumors with disruption and expansion of the nerves (in contrast to
normal nerve histology in controls) (Figure 4). Tumors showed
increased proliferation (highlighted with Ki67 immunohistochem-
istry) and patchy expression of SC proteins, S100, and SOX10.

Once tumor growth of the SC-null-FC cells was observed (4 weeks af-
ter implantation of cells), as assessed by in vivo BLI, tumors were in-
jected with AAV1-CBA-FLAG-merlin (see Figure S4A for diagram of
vector construct) at a single dose of 4 � 108 gc in 2 mL of phosphate
buffered saline (PBS) or with 2 mL of PBS. The growth of tumors was
monitored over the following 10 weeks by in vivo BLI and the results
were averaged (Figure 3C). Out of nine tumors treated with AAV1-
FLAG-merlin, seven tumors totally regressed, one stayed the same
size as prior to vector injection, and one grew, while all grew in the
PBS-treated mice (Table 1 and 2). The overall health of all the animals
was good, with normal weight and motility.

At the end of the experiment (week 14) tumors were harvested and
analyzed by neuropathology using hematoxylin and eosin (H&E)
Molecular The
staining, and immunohistochemistry for Ki67, SOX10, and S100.
The schwannomas injected with PBS and stained forH&E (Figure 5A)
showed an expansion of the sciatic nerve as the tumor infiltrated and
diffused into the nerve bundles, forming clusters. Intraneural inflam-
mation and hypercellularity were also noticeable with an atypical
mixture of cells present throughout the nerve. Ki67 immunostaining
of the PBS-treated tumor similarly showed proliferation of cells intra-
neurally as well as perineurally (Figure 5C), with rate-positive SOX10
and S100 cells scattered throughout (Figures 5E and 5G) the
massively expanding nerve with the infiltrating tumor cells displacing
axons peripherally.

Following the treatment of the schwannoma tumor with AAV1-
FLAG-merlin vector, H&E staining shown that the tumor was
regressed, with some atypical cells and some mild hypercellularity
still present (Figure 5B). Ki67 immunostaining confirmed the res-
olution of cell proliferation with some lymphocytes seen (Fig-
ure 5D). This was validated by the significant decrease in the per-
centage of Ki67-positive cells in merlin vector-treated tumors,
rapy: Methods & Clinical Development Vol. 26 September 2022 171
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Figure 2. Reintroducing merlin into NF2-null human ACs decreases enlarged cell size

(A) Representative bright field images (top) and fluorescent staining images (bottom) for total actin (red) and nuclear DAPI (blue) to mark each cell show NF2 positive ACs

transduced with exo-AAV1-GFP (+GFP) (left) along with enlarged NF2-null ACs (+GFP) (center). Re-introduction of merlin into the NF2-null ACs with exo-AAV1-merlin re-

vealed a decrease in cell size (right). (B) Quantitation using Fiji/ImageJ of relative change in cell size was determined by actin staining/cell. Data are plotted as average of total

actin-positive staining/cell in three fields (median of �100–150 cells/field) for each condition, normalized to NF2-positive ACs (+GFP). Error bars, mean ± SD; *p < 0.01; ns,

not significant.
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compared with PBS-treated tumor (Figure S6). With SOX10 and
S100 staining, the merlin vector-treated nerve appeared nearly
normal with intact architecture and tightly packed myelinated
axons running longitudinally (Figure 5F and 5H). A small perineu-
ral area of hypercellularity and some intraneural nodules
displacing axons (the latter only seen with S100 staining) might
potentially constitute some remnants of the tumor. Tumors re-
gressed at least in part through apoptosis with an average of about
18% of the cells TUNEL positive in AAV-merlin-injected tumors
and less than 5% in AAV-null-injected tumors after 8 days, which
was a significant difference, with essentially no TUNEL-positive
cells in naive nerve (Figure S7).
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Following injection of AAV1-FLAG-merlin vector into a schwan-
noma in the sciatic nerve, the presence of vector DNA in genomic
DNA was confirmed (Figure S8) and the expression of RNA encoded
in the vector was detected 8 days following injection into the sciatic
nerve (Figure S9) and into tumor in sciatic nerve (Figure S10). In a
small sample size, tumors in the sciatic nerve injected with AAV1-
null vector did not regress (Figure S11).

DISCUSSION
Our studies support suppression, and even regression, of human
schwannoma growth in vivo by NF2 gene replacement in a preclinical
xenograft mouse model. Promising aspects of this approach are that it
mber 2022



Figure 3. Growth of human NF2-null schwannoma tumors with and without vector injection

(A) Schematic representation of the generation of themousemodel bearing humanNF2-null schwannomas. (B) Bioluminescence imaging (BLI) of themicewith tumor signals.

Four weeks after implantation of SC-null-FC cells (30,000) in the sciatic nerve (left, before vector injection) and 14 weeks after implantation (right, after vector injection at week

4–5); M, AAV-merlin injected; P, PBS injected. (C) Human schwannoma cells (SC-null-FC; 30,000) were implanted into the sciatic nerves of nudemice (n = 18) and the growth

of tumors wasmeasured by BLI. At 4–5weeks post implantation, micewere either injected intratumorally with 4� 108 gc AAV1-FLAG-merlin vector (n = 9; blue line) or PBS as

control (n = 9; orange line). See Tables 1 and 2 for BLI values.
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is effective over an extended period of at least months after a single
intratumoral injection, and that AAV vectors are proving beneficial
without adverse effects in clinical trials for a number of other human
diseases. The cessation of tumor growth appears to occur by merlin-
dependent inhibition of proliferation and apoptosis of schwannoma
cells. Studies by Ahmad et al.37 have shown that merlin expression fa-
cilitates apoptosis mediated by the low-affinity neurotrophin recep-
tor, p75-NTR in SCs as a result of nerve damage. Neuropathologic
and health evaluation indicated no toxic effects to the animals by in-
tratumoral merlin vector treatment. Given the limitations of surgery
and radiotherapy to control these tumors in patients, the need for
continuous treatment, and the side effects of drugs used to control
schwannoma growth, gene therapy is a promising new therapeutic
avenue.

The effectiveness of a single intratumoral injection of AAV1-merlin
into this human schwannoma model in inhibiting the overall growth
of the tumors in immunocompromised mice seems unexpected given
that typically AAV vectors only transduce a subset of cells at the in-
jection site. We hypothesized that overexpression of merlin in these
null cells would lead to cell shrinkage, apoptosis, and/or inhibition
of proliferation, but still many tumor cells would not receive the
transgene and should continue to divide. If, however, merlin expres-
sion in NF2-deficient cells inhibits their proliferation shortly after
Molecular The
transduction, they should continue to express merlin for a prolonged
period of time, possibly at abnormally high levels under the CBA pro-
moter. The overall apparent cessation of growth of tumors after
merlin transduction of a subset of cells suggests that this merlin-
dependent inhibition of cell proliferation may have a “bystander ef-
fect,” with transduced schwannoma cells able to suppress the growth
of non-transduced cells within the tumor. This could happen if merlin
was incorporated into the EVs secreted by transduced cells overex-
pressing merlin, with these EVs being taken up by surrounding cells.
Previous studies have shown that overexpressed proteins are typically
released from cells within EVs and are taken up and can be function-
ally active in recipient cells (e.g., Hall et al.31 and Mizrak et al.38).

Given the broad activity of merlin in various cell signaling path-
ways, the many proteins with which it interacts, and its expression
in many cell types, it is difficult to predict what effects elevated
expression of merlin would have on normal cell types. Although
direct injection of a vector into the tumor in the sciatic nerve would
restrict infection primarily to the schwannoma cells, a small fraction
of vector will undoubtedly infect surrounding SCs, and endothelial
cells, as well as neurons in the dorsal root ganglia by retrograde
transport. An even smaller portion of the vector would enter the
vasculature and could infect other cell types throughout the body.
Uptake into cells that are susceptible to tumor formation in NF2
rapy: Methods & Clinical Development Vol. 26 September 2022 173
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Figure 4. Neuropathology of normal nerve and SC-null-FC schwannoma

Establishment of schwannoma tumor model via implantation of immortalized SC-null-FC cells directly into the sciatic nerve of immunodeficient mice with neuropathologic

evaluation. (A) H&E staining of longitudinal sections of naive nerve, and (B) nerve post implantation (14 weeks) of SC-null-FC schwannoma cells. (C) In naive nerve, we de-

tected no KI67-positive cells, (D) while many Ki67-positive SC-null-FC cells were detected in the schwannoma. (B and F) As compared with the naive nerve, the tumor-

bearing nerve also exhibited disrupted architecture caused by proliferating tumor cells growing and displacing the few remainingmyelinated axons (S100 positive). (E) Expres-

sion of Schwann cell marker SOX10 was detected in the normal nerve and (H) in the implanted SC-null-FC schwannoma cells.
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patients, such as SCs (forming schwannomas), ACs (meningiomas),
and ependymal cells (ependymomas) might actually prevent future
instigation of tumor formation in the event they underwent a sub-
sequent somatic mutation in the normal NF2 allele of NF2 mutant
gene carriers. It is currently not possible to titrate the level of
expression of the transgene and we have selected high level expres-
sion to inhibit tumor growth, thus it remains an issue as to whether
the vector could have toxic effects on some normal cells. In these
studies, we observed no detrimental effects on the health of mice in-
jected intratumorally with the AAV1-merlin vector. Still, more
detailed biodistribution and toxicity studies would be required in
follow-up preclinical toxicology studies before consideration of clin-
ical trials. If toxicity to other cell types is found, merlin could be ex-
pressed under a SC-specific promoter, such as for P030,34 or
periostin.39

NF2 is a single-gene disorder and gene replacement has the potential
to treat the “driver” mutation, which cannot be targeted in any other
way (e.g., current pharmacology is good at inhibiting overactive path-
ways, but not replacing tumor suppressor genes). This approach can
treat the tumors (as shown in our data), but may also be able to inhibit
future tumor formation by transducing NF2+/� heterozygous cells
(i.e., be used as a preventative prophylactic gene therapy). This
approach represents a fundamentally new treatment for NF2, not
just trying to treat aspects of tumor biology, such as treatment with
bevacizumab, everolimus, and so forth do.
174 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
In addition, this AAV-merlin strategy can be tested in other benign
schwannoma models, such as the Nf2-floxed mouse crossed to trans-
genic mice expressing Cre under control of the periostin promoter
active in SC progenitors, which forms vestibular schwannomas.39

Other mouse orthotopic allograft schwannoma models are also avail-
able.40,41 It will be important to evaluate whether overexpression of
merlin using an AAV vector can inhibit growth of schwannomas
without mutations in NF2, and other types of meningiomas42 and
ependymomas43 in mouse models. There may also be ways to expand
the effectiveness of this therapeutic paradigm by promoting the trans-
fer of merlin via EVs or by injecting the vector into biofluids with
broader access to tumors throughout the body, including intravenous
and intrathecal injections. Even in cases where surgical removal of a
tumor is needed, e.g., a vestibular schwannoma causing hearing loss,
carrying this out in combination with injection of AAV-merlin could
limit the extent, time, and risks of surgery, which include deafness and
facial paralysis associated with resection of vestibular schwannomas
and the subsequent regrowth of the tumor, thus providing benefit to
patients. This study provides a new modality in the therapeutic arma-
mentarium to reduce size of NF2-related tumors in the nervous sys-
tem, an approach that can be combined with other current treatments.

MATERIALS AND METHODS
Cell lines

HumanNF2-WT and NF2-null ACs, isogenic clones from an immor-
talized human AC line modified by CRISPR-Cas9 genome editing
mber 2022



Table 1. BLI values for individual mice bearing human schwannoma injected with AAV1-FLAG-merlin

Post injected 1 2 3 4 5 6 7 8 9

1 week 1.14E+04 7.71E+04 1.42E+04 1.40E+05 2.06E+05 9.56E+04 4.26E+05 1.74E+05 2.11E+04

2 weeks 1.19E+04 5.46E+04 2.43E+04 1.64E+05 4.91E+04 1.87E+04 6.37E+04 8.65E+04 1.11E+04

3 weeks 0.00E+00 0.00E+00 6.22E+04 2.76E+05 4.25E+04 4.22E+04 1.39E+04 2.39E+04 1.65E+04

4 weeks 3.81E+04 4.48E+04 6.85E+04 2.50E+05 1.72E+05 5.93E+04 1.04E+05 4.04E+04 1.97E+04

5 weeks 7.71E+04 8.76E+04 6.80E+04 2.46E+05 1.19E+04 5.64E+04 1.03E+05 3.90E+04 1.50E+04

6 weeks 8.63E+04 0.00E+00 5.64E+04 2.28E+05 0.00E+00 5.50E+04 1.03E+05 2.89E+04 0.00E+00

7 weeks 5.59E+04 0.00E+00 4.04E+04 2.28E+05 0.00E+00 5.03E+04 1.02E+05 2.34E+04 0.00E+00

8 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.81E+04 1.02E+05 2.21E+04 0.00E+00

9 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.75E+04 1.01E+05 2.19E+04 0.00E+00

10 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.54E+04 4.03E+04 8.55E+05 0.00E+00

11 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.48E+04 3.50E+04 1.16E+06 0.00E+00

12 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.37E+04 0.00E+00 1.20E+06 0.00E+00

13 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.88E+04 0.00E+00 2.98E+06 0.00E+00

14 weeks 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 2.34E+04 0.00E+00 5.28E+06 0.00E+00

Vector was injected at post 4 weeks.
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(AC-CRISPR lines), and NF2 expressing or NF2 null have been pre-
viously described.7 The immortalized human SC line (pn02.3)44

(hereafter referred to as SC-WT) underwent CRISPR-mediated
genome editing to disrupt both NF2 alleles creating the knockout
S3-null line (referred to here as SC-null).20 The parental SC-WT
and SC-null lines were stably transduced with a lentivirus encoding
Fluc and mCherry.45 The Nf2-mutant mouse SC line SC4 has been
previously described.46 HEK-293T human embryonic kidney cells
(from M. Calos, Stanford University, Stanford, CA), SC-WT, SC-
null, SC4, and AC-CRISPR lines were grown in Dulbecco’s modified
Eagle’s medium (DMEM). Growth media were supplemented with
either 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO)
for HEK-293T, SC-WT, SC-null, and mouse SC4 cells, or 15% FBS
for AC-CRISPR lines, and 1% penicillin-streptomycin (Cellgro,
Herndon, VA). Cells were maintained at 37�C in a controlled atmo-
sphere of 5% CO2 and 95% relative humidity.

Conventional AAV and exo-AAV production

For transgene expression studies with AAV vectors, the following con-
structswere employed: (1)AAVexpressionplasmid, pAAV-CBA-GFP
(a gift from Miguel Sena-Esteves, UMass Medical Center) containing
AAV inverted terminal repeats (ITRs) flanking the CBA expression
cassette which consists of a hybrid CMV-IE enhancer/CBA promoter,
GFP cDNA, WPRE, and bovine growth hormone and SV40 poly(A)
signal sequences (bGH poly(A)); (2) pAAV-CBA-merlin containing
the CBA promoter,NF2 cDNA, an IRES, upstream of GFP cDNA, fol-
lowed by bGH poly(A) signal sequence; and (3) AAV-CBA-FLAG-
merlin containing a FLAG epitope tag fused to the N terminus of
merlin followed by a WPRE and bGH poly(A) signal sequence.

AAV vectors and exo-AAV were produced in 293T cells, as previ-
ously described.47,48 Briefly, 293T cells were triple transfected (cal-
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cium phosphate method49) with (1) AAV rep/cap plasmid (pXR1)
encoding AAV2 rep proteins and AAV1 capsid proteins; (2) an
adenovirus helper plasmid, pAdDF6; and (3) the ITR flanked trans-
gene expression cassette in 15-cm dishes. Conventional AAV vec-
tors were isolated from cell lysates and purified by iodixanol density
gradient ultracentrifugation. Next, iodixanol was removed and vec-
tor concentrated using Amicon Ultra 100 kDa molecular weight
cutoff (MWCO) centrifugal devices (Millipore, Billerica, MA) in
PBS and finally filtered through a 0.22-mm Millex-GV Filter Unit
(Millipore).

For exo-AAV, medium was changed to DMEM with 2% EV-free FBS
(made by overnight 100,000 � g centrifugation of serum to deplete
bovine EVs). At 72 h post transfection, medium was harvested. Cell
debris and apoptotic bodies were removed by sequential 10 min
300 � g and 2,000 � g centrifugations. The supernatant containing
exo-AAV was then centrifuged at 20,000 � g for 1 h to deplete larger
microvesicles. Next, the remaining medium was centrifuged at
100,000 � g for 1 h using a Type 70 Ti rotor in an Optima L-90K ul-
tracentrifuge (both Beckman Coulter, Indianapolis, IN). The resulting
pelleted material was resuspended in serum-free DMEM. Both exo-
AAV and conventional AAV preparations were stored at �80�C.

To ensure accurate titration of exo-AAV, which contains protein and
lipids, we purified AAV genomes using High Pure Viral Nucleic Acid
Kit (Roche, Indianapolis, IN). This kit contains detergents and pro-
teinase K to degrade and lyse membrane viruses and is also certified
to remove PCR inhibitors. Before kit purification, plasmid DNA from
the transfection was removed bymixing 5 mL of the exo-AAV samples
with 1 mL of DNase I, 5 mL of 10� buffer, and 39 mL of water. Samples
were incubated for 1 h at 37�C and then DNase I was inactivated at
75�C for 15 min. Next, AAV and exo-AAV preparations were titered
rapy: Methods & Clinical Development Vol. 26 September 2022 175
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Table 2. BLI values for individual mice bearing human schwannoma injected with PBS

Post injected 1 2 3 4 5 6 7 8 9

1 week 1.08E+04 1.43E+04 3.37E+05 1.02E+05 0.00E+00 7.10E+05 7.70E+04 1.55E+05 3.16E+05

2 weeks 6.55E+04 2.44E+04 4.70E+04 6.90E+04 7.53E+04 1.79E+04 4.02E+04 1.43E+05 2.83E+04

3 weeks 7.24E+04 6.24E+04 4.05E+04 0.00E+00 6.15E+04 3.83E+04 2.70E+04 1.46E+05 5.19E+04

4 weeks 8.02E+04 6.86E+04 2.41E+04 0.00E+00 0.00E+00 6.08E+04 1.71E+05 8.04E+05 9.87E+04

5 weeks 8.32E+04 6.92E+04 2.18E+05 1.32E+05 4.42E+05 6.22E+04 1.08E+05 8.18E+05 3.27E+05

6 weeks 9.91E+04 5.64E+05 1.51E+05 1.30E+05 9.35E+04 2.65E+05 2.01E+05 8.42E+05 4.28E+05

7 weeks 1.66E+05 1.04E+06 1.07E+05 1.87E+05 3.56E+05 3.47E+05 2.64E+05 4.04E+06 4.75E+05

8 weeks 1.79E+05 1.87E+05 1.09E+05 3.48E+05 4.32E+05 4.56E+05 3.20E+05 4.10E+06 5.27E+05

9 weeks 1.81E+05 3.48E+05 1.81E+05 3.98E+05 4.64E+05 4.74E+05 3.86E+05 4.87E+06 5.37E+05

10 weeks 1.98E+05 4.99E+05 1.98E+05 4.99E+05 7.69E+05 5.31E+05 3.90E+05 4.96E+06 1.23E+06

11 weeks 2.70E+05 5.19E+05 2.70E+05 5.19E+05 7.72E+05 6.81E+05 2.55E+06 dead 2.25E+06

12 weeks 4.70E+05 6.55E+05 4.70E+05 6.55E+05 3.47E+06 7.70E+05 3.87E+06 1.66E+07

13 weeks 5.72E+05 7.62E+05 5.72E+05 7.62E+05 8.33E+06 8.46E+05 3.24E+07 3.79E+07

14 weeks 6.62E+05 1.84E+06 6.62E+05 1.84E+06 1.54E+07 1.80E+06 3.77E+07 8.33

Vector was injected at post 4 weeks.
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using a quantitative TaqMan PCR that detects AAV genomes (bGH
poly(A) region of the transgene cassette).47

Transduction of cells in culture and evaluation of GFP andmerlin

expression

Human NF2-null AC-CRISPR and mouse SC4 cells were transduced
with exo-AAV1-GFP at a dose of 5.0–6.0� 104 gc/cell or exo-AAV1-
merlin at 3.3–5.0 � 105 gc/cell. Spin-infection was carried out using
1� 105 cells/well in 12-well plates at 820� g for 20 min at room tem-
perature, followed by incubation at 37�C overnight. The following
day, cells were seeded into six-well plates (for immunoblotting) or
into 12-well plates containing coverslips (for immunofluorescence
[IF] staining of AC-CRISPR cells). At 72 h post transduction, cells
were visualized microscopically for GFP fluorescence and lysed for
immunoblotting, or coverslips were fixed in 4% paraformaldehyde
(Electron Microscopy Sciences, Hatfield, PA) at room temperature
for 20 min.

Transfection AAV-FLAG-merlin in HEK-293T and SC-null cells in

culture

Transfection of HEK-293T cells was performed to test/optimize
expression of AAV-CBA-FLAG-merlin, compared with NF2/merlin
(isoform 1) cloned into the mammalian expression vector pcDNA3,
expressing a 50-FLAG tag, which we have previously reported.50

Transfection was carried out using Lipofectamine 2000 reagent (Invi-
trogen), according to manufacturer’s instructions. Briefly, 1 � 106

cells were seeded onto 6-cm culture dishes followed by transfection
with empty pcDNA3-50FLAG, merlin-pcDNA3-50FLAG, or AAV-
FLAG-merlin. At 48 h post transfection, cells were harvested for
immunoblotting. NF2-null CRISPR-modified SC (SC-null) cells
were transiently transfected with AAV-GFP, empty AAV (AAV-
null), or AAV-FLAG-merlin plasmid. Transfection was carried out
176 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
using Lipofectamine Stem reagent (STEM00003, Invitrogen)
according to manufacturer’s instructions. Briefly, 2.5 � 105 cells
were seeded in each well of a six-well plate. The day after seeding,
4 mg, 5 mg, or 10 mg of plasmid was used for transfection. At 24 h
post transfection, medium was changed for fresh growth medium
to remove complexes, and, at 48 h post transfection, cells were har-
vested for immunoblotting.

Morphological analysis

For evaluation of cell size by IF staining, cells were permeabilized with
0.2% Triton X-100/2%BSA/PBS for 20 min at room temperature fol-
lowed by actin staining with AlexaFluor594-conjugated phalloidin
(Life Technologies, Grand Island, NY), then mounted on coverslips
using Prolong Gold antifade reagent with DAPI (Invitrogen). Visual-
ization and imaging of actin staining as well as AAV1-GFP expression
in live cells was carried out on a Nikon (Tokyo, Japan) Eclipse
TE2000-U inverted microscope using the EXFO X-Cite 120 fluores-
cent illumination system. Images were acquired with a Nikon DS-
QiMc camera and NIS-Elements BR imaging software. Cell size
analysis of actin staining was carried out using ImageJ/Fiji open
source image processing and analysis software.51

Immunoblotting

For immunoblotting, cells were lysed in RIPA lysis buffer (50 mM
Tris, pH 8.0, 150 mM NaCl, 1% Igepal, 0.5% deoxycholate, 0.1%
SDS) containing 1� HALT phosphatase inhibitor cocktail (Thermo
Scientific, Waltham, MA) and a 1� complete protease inhibitor cock-
tail (Roche). Cell lysis, SDS-PAGE, and immunoblotting were carried
out as described.4 NF2/merlin polyclonal C26 antibody was diluted at
1:200 in 1%milk/TBS-T (TRIS-buffered saline with 2% Tween 20), as
described.18 Antibodies for phospho-S6 (S240/244) and S6 (Cell
Signaling Technology, Danvers, MA) were diluted at 1:1,000 in 5%
mber 2022



Figure 5. Neuropathology in treated and untreated tumors at 14 weeks

Pathologic analysis of schwannomas for H&E, Ki67, S100, and SOX10 in the sciatic nerve of immunodeficient mice after 10 weeks of treatment with AAV1-FLAG-merlin

vector and or PBS. (A) H&E staining of longitudinal sections of the PBS-treated tumors shows nerve expansion, intraneural inflammation, and hypercellularity, with tumor

infiltrating and diffusing into the nerve bundles and forming clusters. (B) H&E staining of longitudinal sections of the AAV-merlin-treated tumors shows resolution of the tumor

with some atypical cells remaining and a verymild hypercellularity still present. (C) Ki67 staining of longitudinal sections of PBS-treated tumors shows excessive proliferation of

cells intraneurally, as well as perineurally. (D) Ki67 staining of longitudinal sections of the AAV-merlin-treated tumors shows resolution of cell proliferation with some lympho-

cytes present. SOX10 and S100 staining of longitudinal sections of (E and G) the untreated tumors shows a massively expanding nerve and an intraneural tumor that is dis-

placing axons peripherally; rare scattered positive SOX10- and S100-stained cells are visible, but much of the tumor is dedifferentiated (negative staining). (F and H) SOX10

and S100 staining of longitudinal sections of the PBS-treated tumors shows extensive disruption of nerve fibers, while AAV-merlin-treated tumors show a normal-appearing

nerve with intact architecture and tightly packed myelinated axons running longitudinally in most parts of the nerve; a small perineural area of hypercellularity might potentially

constitute some remnants of the tumor; microscopic intraneural nodules of remnant tumor displacing axons are seen with S100, but not SOX10 staining.
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BSA/TBS-T. Anti-FLAG M2 antibody (Sigma) was diluted at 1:2,000
in 2% milk/TBS-T. Secondary antibodies included HRP-conjugated
anti-rabbit IgG (Cell Signaling Technology) and HRP-conjugated
anti-mouse IgG (VWR International, Radnor, PA). The quantitation
of immunoblotting was carried out using ImageJ/Fiji open source im-
age processing and analysis software.51

Animals

Experimental research protocols were approved by the Institutional
Animal Care and Use Committee (IACUC) for the Massachusetts
General Hospital (MGH) following the guidelines of the NIH’s Guide
for the Care and Use of Laboratory Animals. Experiments were per-
formed on nu/nu mice (Charles River Laboratories, Wilmington,
MA) kept on a 12:12 light-to-dark cycle with ad libitum access to
food and water. Male and female nude mice (nu/nu) 4–6 weeks old
(n = 18) were used for SC cells or vehicle injections into the sciatic
nerve unilaterally. Animals were checked daily to evaluate health
and sacrificed according to approved protocols if in distress.

Generation of vector injections, bioluminescence monitoring of

tumor size, and statistical analysis

Human SC-WT or SC-NF2-null cells were injected directly into the
sciatic nerve of isoflurane-anesthetized mice, as described.36 Specif-
ically, cells were implanted approximately 4 mm distal to the sciatic
Molecular The
notch at a pointmidway between the sciatic notch and the trifurcation
of the sciatic nerve into the common peroneal, tibial, and sural
branches. Cells were first trypsinized and rinsed, and 30,000 cells in
2 mL of culture medium were injected into the distal sciatic nerve of
athymic nudemice (nu/nu, 4–6weeks oldmales and females; National
Cancer Institute [NCI]) using a glass micropipette and a gas-powered
microinjector (IM-300; Narishige, Tokyo, Japan). Tumor growth was
monitored by in vivo BLI at weekly intervals, as described.45 Briefly,
mice were injected intraperitoneally with the Fluc substrate D-lucif-
erin and, 5 min later, signal was acquired with a high-efficiency IVIS
Spectrum (Caliper Life Sciences, Hopkinton, MA) under an XGI-8
gas anesthesia system (Caliper Life Sciences). After 4 weeks, tumors
that grew progressively were injected with AAV1-CBA-FLAG-merlin
(4 � 108 gc) in 2 mL of PBS. Volumetric changes in tumors were
tracked by in vivo BLI out to 10 weeks post vector injection.
Neuropathology of tumors and surrounding nerve fiber

Mice were perfused with 1� PBS, and sciatic nerves were harvested
and subjected to standard histological processing. Nerves were placed
in 10% formalin in PBS for 24 h before being dehydrated in graded
solutions of alcohol and xylene and embedded in paraffin. After
embedding, 6-mm sections were cut with a microtome (Leica
RM2155, Nussloch, Germany) and mounted on charged and pre-
cleaned Probe-On Plus microscope slides (Fisher Scientific,
rapy: Methods & Clinical Development Vol. 26 September 2022 177
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Pittsburgh, PA). H&E staining was performed on tissue sections by
standard protocol by the MGH Pathology Core. For immunostaining
of tissue sections, tissue was deparaffinized, hydrated, and stained.
Tissue sections (6 mm) were then permeabilized in sodium citrate,
pH 8.0 water bath at 35.0�C–36.1�C (95–97�F) for 30 min for antigen
retrieval, washed three times with PBS, and treated with blocking
buffer (3% BSA/PBS or 5% milk in 3% BSA/PBS) at room tempera-
ture) for 1 h. Staining for S100, Ki67, and SOX10 was performed
with a mouse monoclonal S100 antibody (Life Technologies, CA
MA1-26621), rabbit monoclonal Ki67 antibody (Ventana #790–
4286), or mouse monoclonal SOX10 antibody (Abcam, #ab216020).
Sections were stained with the primary antibody (diluted in 1%
BSA/PBS 1:10 for S100; 1:50 for Ki67, 1:25 for SOX10) and then
applied to tissue sections overnight at 4�C. After the primary antibody
incubation, tissue was washed three times with PBS. The secondary
antibody DAKOMouse/Rabbit HRP Kit with horseradish peroxidase
(HRP) was applied to the tissue for 30min at room temperature. After
incubation with secondary antibody, the tissue was rinsed three times
in PBS and developed in DAKORabbit/Mouse Kit with DAB (1mL of
buffer plus one drop of chromagen) for 2 min at room temperature,
terminated with water, counterstained with hematoxylin, and dehy-
drated through grades of alcohol and xylene before being mounted
with glass coverslips.

TUNEL staining was performed on tissue sections with the ApopTag
Peroxidase In Situ Apoptosis Detection Kit (S7100; Millipore) by the
MGH Pathology Core. Briefly, sections (6 mm) were baked overnight
and deparaffinized in xylene. Then the samples were sequentially re-
hydrated in 100%, 90%, and 70% ethanol. Permeabilization was per-
formed with proteinase K (S3020; DAKO, Carpinteria, CA, USA) at a
dilution of 1:10. After permeabilization, terminal deoxynucleotidyl
transferase (TdT), diluted 1:16 in reaction buffer, was applied to
each slide and incubated for 1 h at 37�C. Thereafter, the slides were
submerged in stop/wash buffer for 10 min. Following washes, digox-
igenin HRP-conjugated antibody was applied for 30 min. Apoptotic
cells were detected after incubation in the 3,30-diaminobenzidine
chromogen (DAKO) for 3 min and slides were counterstained with
hematoxylin. The data were collected from images scanned at �40
resolution. TUNEL-positive cells were counted manually by using
ImageJ plugins (cell counter notice) for AAV1-merlin-injected sciatic
nerves (n = 3), AAV1-null-injected sciatic nerves (n = 3), and naive
nerves (n = 3) with five randomly selected fields per mouse. Data
are represented as the mean ± SEM. For more than two-group com-
parison, Kruskal-Wallis test was used, followed by Dunn’s multiple
comparison test.

Ki67 staining quantification

Quantification of tumor cell proliferation following Ki67 staining
(brown) was performed using ImageJ. The percentage of positive cells
was calculated as brown divided by the sum of brown and blue
(DAPI) cells. Data were plotted as the percentage of Ki67-positive
nuclei in five randomly selected fields in the tumor area of the sciatic
nerve from three different mice per group, scanned at�20 resolution.
The total number of cells counted per group was 568 for merlin vec-
178 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
tor-injected tumor, 1,560 for merlin vector-injected naive nerve,
4,126 for PBS-injected tumor, and 1,546 for PBS-injected naive nerve.
Statistical analysis was performed using one-way ANOVA. Error
bars, mean ± SD; ****p < 0.0001.

DNA and RNA extraction, cDNA synthesis, qPCR

The sciatic nerves were flash frozen to determine AAV genome bio-
distribution and expression of transgene mRNA. Qiagen DNeasy
Blood and Tissue Kit (catalog no. 69504) was used to isolate genomic
and AAV vector DNA according to the manufacturer’s instructions.
Total RNA was extracted using the Qiagen miRNeasy Micro Kit (cat-
alog no. 217084), and an additional on-column deoxyribonuclease
(DNase) digestion using the Qiagen RNase-free DNase set (catalog
no. 79254) was performed to ensure digestion of AAV-merlin ge-
nomes. Then, according to the manufacturer’s protocol, cDNA was
generated consistently with an initial RNA input of 400 ng for all sam-
ples, using the SuperScript VILO cDNA Synthesis Master Mix
(Thermo Fisher Scientific, catalog no. 11754-050). A cDNA clean-
up step was then performed using QIAquick PCR purification kit
(catalog no. 5720462). Using 50-ng genomic DNA as template,
TaqMan qPCR was performed using custom TaqMan probe and
primers specific for the bovine growth hormone polyadenylation
(BGH poly(A)) sequences in the transgene cassette and compared
with a standard curve (forward primer, 50-CCTCGACTGTGCCTTC
TAG-30; reverse primer, 50-TGCGATGCAATTTCCTCAT-30; and
probe, 50-FAM-TGCCAGCCATCTGTTGTTTGCC-MGB). To ens-
ure an equal genomic DNA input for each sample, a separate qPCR
was performed to detect GAPDH genomic DNA, using TaqMan
probe and primer sets (Thermo Fisher Scientific, assay IDMm
01180221_g1, gene symbol Gm12070). The AAV vector gc for each
sample were normalized by considering any differences in GAPDH
Ct (cycle threshold) values using the following formula: (AAV vector
gc)/(2DCt). TheDCt value was calculated as GAPDHCt value (sample
of interest) � average GAPDH Ct value (sample with highest Ct
value). Data were expressed as AAV gc per 50 ng of genomic DNA.

Digital-Droplet PCR

The TaqMan PCR reaction mixture consists of ddPCR (Droplet Dig-
ital PCR)Supermix for Probes (No dUTP) (Bio-Rad catalog
no.1863024), 20� primer, and probes and template (1 mL) in a final
volume of 20 mL. Custom TaqMan probe and primers were used spe-
cific for the FLAG tag and merlin 30 end of the transgene expression
cassette (forward primer, 50-GACTACAAGGACGATGACGA
TAAG-30; reverse primer, 50-TCTTGGGTTGCTTCCTCTTG-30;
probe, 50-FAM- ATCGCTTCCCGCATGAGCTTCA-30). Using the
Automated Droplet Generator QX200 AutoDG Droplet Digital Sys-
tem from Bio-Rad (Hercules, CA), each assembled ddPCR reaction
mixture was then loaded into the sample well of an eight-channel
disposable droplet DG32 Cartridges for QX200 (catalog no.
1864108). A volume of 20 mL of droplet generation oil (Bio-Rad cat-
alog no. 1864110) was loaded into the oil well for each channel. The
plate was heat sealed with a foil seal and then placed on a conventional
thermal cycler and amplified to the end point according to the man-
ufacturer’s cycling conditions. After PCR, the 96-well PCR plate was
mber 2022
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loaded on the droplet reader (Bio-Rad) and analysis of the ddPCR
data was performed with QuantaSoft analysis software (Bio-Rad).
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