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Individuals with Prader-Willi syndrome (PWS) exhibit several
metabolic and behavioral abnormalities associated with exces-
sive food-seeking activity. PWS is thought to be driven in part
by dysfunctional hypothalamic circuitry and blunted responses
to peripheral signals of satiety. Previous work described a hypo-
thalamic transcriptomic signature of individuals with PWS.
Notably, PWS patients exhibited downregulation of genes
involved in neuronal development and an upregulation of neu-
roinflammatory genes. Deficiencies of brain-derived neurotro-
phic factor (BDNF) and its receptor were identified as potential
drivers of PWS phenotypes. Our group recently applied an ad-
eno-associated viral (AAV)-BDNF gene therapy within a pre-
clinical PWS model, Magel2-null mice, to improve metabolic
and behavioral function. While this proof-of-concept project
was promising, it remained unclear howAAV-BDNFwas influ-
encing the hypothalamic microenvironment and how its thera-
peutic effect was mediated. To investigate, we hypothalamically
injected AAV-BDNF to wild type and Magel2-null mice and
performed mRNA sequencing on hypothalamic tissue. Here,
we report that (1)Magel2 deficiency is associated with neuroin-
flammation in the hypothalamus and (2) AAV-BDNF gene
therapy reverses this neuroinflammation. These data newly
revealMagel2-null mice as a valid model of PWS-related neuro-
inflammation and furthermore suggest that AAV-BDNF may
modulate obesity-related neuroinflammatory phenotypes
through direct or indirect means.

INTRODUCTION
Prader-Willi syndrome (PWS) is a contiguous gene syndrome that oc-
curs in approximately 1 in 15,000 individuals.1 At its core, PWS is both
a metabolic and behavioral disease. Individuals with PWS are contin-
ually occupied by food and the search for the next meal. As such, the
syndrome manifests in excessive appetite, obesity, and metabolic syn-
drome in a characteristic progression.2 The patient population also ex-
hibits developmental delays, cognitive impairment, and behavioral
problems (e.g., verbal perseveration, temper tantrums, non-compli-
ance, and psychosis) that intensify with worsened hyperphagia.2–6

PWS is driven by the loss of expression of several paternally ex-
pressed, imprinted genes located on chromosome 15q11-q13. Previ-
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ous work used postmortem human hypothalamic samples to describe
a transcriptomic signature of PWS.7 In short, Bochukova et al.7

observed that PWS was associated with a downregulation of genes
involved in neuronal function and an upregulation of microglial
genes and inflammatory markers.

The PWS transcriptomic signature was thought to be mediated in
part by reduced expression of brain-derived neurotrophic factor
(BDNF) and its receptor, tropomyosin receptor kinase B (TrkB).7

Within the brain, BDNF regulates synaptic plasticity, neuronal
growth, survival, and differentiation.8 Genome-wide association
studies have found that BDNF is 1 of 18 genetic loci associated
with body mass index.9 Haploinsufficiency for BDNF or TrkB is asso-
ciated with obesity and hyperphagia.10,11 Furthermore, BDNF poly-
morphisms and reductions in central/peripheral BDNF are linked
to sedentary, anxiety-like, depression-like, and obsessive compul-
sive-like behaviors.12–16 Together, these data suggest modulation of
BDNF or associated signaling may be of therapeutic benefit in the
PWS patient population.

MAGE Family Member L2 (MAGEL2), is located within the PWS ge-
netic region and its loss is thought to contribute to irregularities in en-
ergy homeostasis.17–20Magel2-null mice mirror some aspects of PWS
pathophysiology, including increased adiposity,20,21 impaired glyce-
mic control,19,21 and alterations in neuroendocrine responses.17–19

Previous work by our lab applied an adeno-associated virus (AAV)
based BDNF gene therapy to Magel2-null mice via hypothalamic
injection to determine whether the vector could rescue metabolic
function via the stimulation of various BDNF-related pathways.21

Hypothalamic BDNF gene transfer prevented weight gain, improved
body composition, and increased relative energy expenditure in fe-
male Magel2-null mice. Moreover, BDNF gene therapy improved
several measures of systemic metabolic function, including glucose
metabolism, insulin sensitivity, and circulating adipokine levels. We
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Figure 1. AAV-BDNF gene therapy improves body

composition in female Magel2-null mice

(A) Vector schematics. (B) Body weight. (C) Percent

change in body weight. (D) Baseline relative fat mass. (E)

Baseline relative lean mass. (F) Relative fat mass at

6 weeks post AAV injection. (G) Relative lean mass at

6 weeks post AAV injection. Data are means ± SEM.

Sample size: n = 6 per group. * or #p < 0.05, ** or

##p < 0.01, ***p < 0.001, ****p < 0.0001. For time course

measurements, # symbols denote WT YFP vs. Magel2-

null YFP and * symbols denote Magel2-null YFP vs.

Magel2-null BDNF.
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observed no adverse behavioral effects, indicating high levels of effi-
cacy and safety. Male Magel2-null mice also benefited from BDNF
gene therapy, displaying improved body composition, insulin sensi-
tivity, and glucose metabolism.21

While the previous work represented an important proof of concept,
the molecular signature underlying the Magel2-null model and the
ability of AAV-BDNF to treat metabolic dysfunction remained un-
clear. Here, we performed mRNA sequencing (mRNA-seq) to assess
genotype- and gene-therapy driven alterations in hypothalamic gene
expression. Importantly, this work represents the first transcriptomic
analysis of the Magel2-null mouse model and describes a baseline
level of inflammation mirroring that is observed in human individ-
uals with PWS.7 Our data suggest that Magel2 loss of function is
associated with heightened inflammation within the hypothalamus.
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Interestingly, AAV-BDNF induced a reversal
of (1) the Magel2-null neuroinflammatory
signature and (2) several genes involved in mi-
croglial activation/function. Altogether, our
work suggests that AAV-BDNF may influence
obesity-related neuroinflammatory phenotypes
through direct or indirect means.

RESULTS
Hypothalamic AAV-BDNF gene therapy

improves body composition and circulating

metabolic markers in Magel2-null mice

Previous work by our group showed that hypo-
thalamic BDNF gene therapy improves meta-
bolic and behavioral health in the Magel2-null
mouse model.21 To pursue genetic signatures
underlying these outcomes, we performed a
similar short-term experiment and isolated hy-
pothalamic tissue for downstream transcrip-
tomic analyses. Female mice were injected
with either AAV-YFP or AAV-BDNF vectors
(Figure 1A) to the arcuate/ventromedial nuclei
of the hypothalamus (ARC/VMH)—known
sites of BDNF and pro-opiomelanocortin
(POMC)/agouti-related peptide (AGRP) ac-
tion.22,23 Body weight was monitored on a
weekly basis. As soon as 2 weeks after AAV injection, Magel2-null
mice injected with AAV-BDNF showed reduced body weight over
AAV-YFP injected counterparts. At sacrifice, we observed AAV-
BDNF reduced body weight and moderated weight gain in both
wild type andMagel2-null mice as compared with AAV-YFP control
counterparts (Figures 1B and 1C).

To confirm vector efficacy without the need for invasive profiling that
might influence gene expression, body composition scans were per-
formed. Consistent with previous reports,20,21 at baseline, we
observed a genotype-driven increase in relative fat mass and decrease
in relative lean mass withinMagel2-null mice as compared with wild-
type counterparts (Figures 1D and 1E). At 6 weeks post AAV injec-
tion, we observed AAV-BDNF treated Magel2-null mice exhibited a
reduction in relative fat mass (Figure 1F) and an increase in relative



Figure 2. AAV-BDNF gene therapy influences

adipose depot size and circulating metabolic

markers in female Magel2-null mice

(A) Representative image of mice at 6 weeks post AAV

injection. (B) Absolute tissue weight at 6 weeks post

AAV injection. (C) Relative tissue weight at 6 weeks post

AAV injection. (D) Serum leptin. (E) Serum insulin. (F)

Serum glucose. (G) HOMA-IR index. Data are means ±

SEM. Sample size: n = 5–6 per group. *p < 0.05,

**p < 0.01, ***p < 0.001. BAT, brown adipose tissue;

gWAT, gonadal white adipose tissue.
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lean mass (Figure 1G) as compared with genotype-matched AAV-
YFP counterparts. Notably, these mice exhibited similar body compo-
sition to wild-type controls.

At 6 weeks after AAV injection, mice were humanely euthanized, and
tissues were collected. Mice appeared physically distinct at time of
euthanasia (Figure 2A). In three adipose depots—the brown adipose tis-
sue, inguinal white adipose tissue (iWAT), and gonadal white adipose
tissue—we observed a genotype-driven increase in absolute and relative
tissue weight (Figures 2B and 2C), consistent with body composition
observations. Magel2-null mice treated with AAV-BDNF showed a
reduction in the adipose depot size as compared with genotype-
matched AAV-YFP counterparts. We additionally observed AAV-
BDNF treatment reduced absolute liver mass in Magel2-null mice as
Molecular Therapy: Methods & C
compared with AAV-YFP counterparts (Fig-
ure 2B). Interestingly, we observed an AAV-
BDNF-driven decrease in absolute and relative
pancreas mass in both wild-type and Magel2-
null mice (Figures 2B and 2C), the functional sig-
nificance of which is unknown.

Serumwas profiled to assess changes in systemic
metabolism after AAV-BDNF gene therapy.
Leptin serves as a central-peripheral messenger
to maintain energy homeostasis and its produc-
tion is positively correlated with adipose tissue
mass.24 Similar to the previous experiment,21

Magel2-null mice exhibited hyperleptinemia as
compared with wild-type controls. AAV-
BDNF treatment completely reversed the hyper-
leptinemia in Magel2-null mice (Figure 2D).
Similarly, Magel2-null mice displayed signifi-
cantly higher fasting serum insulin level as
compared with wild-type counterparts, which
was completely rescued by AAV-BDNF treat-
ment (Figure 2E). Contrary to the previous
report, AAV-YFP treatedMagel2-null mice dis-
played minor decreases in circulating glucose
levels when compared with wild-type mice
treated with AAV-YFP (Figure 2F). The Ho-
meostatic Model Assessment for Insulin Resis-
tance (HOMA-IR) index was calculated from circulating insulin
and glucose levels as a proxy for insulin sensitivity (Figure 2G). Inter-
estingly, AAV-BDNF-treatedMagel2-null mice exhibited a reduction
in HOMA-IR score as compared with AAV-YFP genotype-matched
counterparts, consistent with improved insulin sensitivity.

AAV-BDNF gene therapy alters the hypothalamic transcriptome

in Magel2-null mice

Hypothalamic samples were subjected to mRNA-seq and differentially
expressed genes (DEGs) were identified. We performed a principal
component analysis (PCA) and identified four distinct clusters
consistent with experimental group (Figure 3A). Two data subsets
were compared to consider genotype (AAV-YFP Magel2-null vs.
AAV-YFPwild type mice) and gene therapy (AAV-BDNFMagel2-null
linical Development Vol. 31 December 2023 3
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Figure 3. AAV-BDNF gene therapy alters the hypothalamic transcriptome in female Magel2-null mice

(A) PCA plot. (B) Volcano plot depicting DEGs of theMagel2-null YFP vs. WT YFP comparison (genotype effect). (C) Volcano plot depicting DEGs of theMagel2-null BDNF vs.

Magel2-null YFP comparison (gene therapy effect). (D) IPA; selected canonical pathways related to inflammatory processes. DEGs were identified using the following

thresholds: log2[fold change] <�0.585 or >0.585 (corresponding with a fold change of 1.5), Q-value (or a false discovery rate p value) < 0.05. Sample size: WT YFP n = 6, WT

BDNF n = 4, Magel2-null YFP n = 6, Magel2-null BDNF n = 6.
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vs. AAV-YFP Magel2-null mice) driven influences on the
transcriptome.

To understand how the transcriptome of Magel2-null mice differs
from wild-type controls, we compared AAV-YFP treated Magel2-
null and AAV-YFP-treated wild-type mice. We identified 472 upre-
gulated and 95 downregulated DEGs (Figure 3B). As expected,
Magel2 was among the listed DEGs (log2[fold change] = �1.54,
Q < 0.001). Consistent with previous reports detailing altered circa-
dian activity in Magel2-null mice,25 we observed a genotype-driven
downregulation ofHcrt (encoding hypocretin or orexin). Crh (encod-
ing corticotropin-releasing hormone) and Mc4r (encoding melano-
cortin 4 receptor) were downregulated, consistent with alterations
in energy homeostasis circuitry.26 Socs3 (encoding suppressor of cyto-
kine signaling 3), a negative regulator of insulin signaling,27 was up-
regulated in Magel2-null mice as compared with wild-type controls,
consistent with the observed worsening of insulin sensitivity in the
previous experiment.21 Interestingly, many inflammatory-related
genes were among identified DEGs, including Cx3cr1 (encoding
CX3C motif chemokine receptor 1), Cxcl10 (encoding C-X-C motif
chemokine ligand 10), Nfkbia (encoding nuclear factor-kappa-B-in-
hibitor alpha), Pycard (encoding apoptosis-associated speck-like pro-
tein containing a CARD), Irf1 (encoding interferon regulatory factor
1), Tlr2 (encoding toll-like receptor 2), and Aif1 (encoding allograft
inflammatory factor 1). Notably, Cx3cr1 is specifically expressed by
microglia in the CNS,28,29 and Aif1 is expressed by microglia and pe-
ripheral macrophages.30 A full list of DEGs can be found in Table S1.

To understand how BDNF gene therapy influences the transcriptome
in Magel2-null mice, we compared AAV-BDNF- and AAV-YFP-
treated Magel2-null mice. We identified 114 upregulated and 266
downregulated DEGs (Figure 3C). Consistent with BDNF overexpres-
sion or administration of BDNF protein,31–34 we observed upregula-
tion of Vgf (encoding VGF nerve growth factor inducible), the orexi-
genic peptides Npy (encoding neuropeptide Y) and Agrp (encoding
AGRP), Vip (encoding vasoactive intestinal peptide), and Crh.
BDNF gene therapy induced upregulation of Hctr1 (encoding hypo-
cretin [orexin] receptor 1), which is interesting given the downregula-
tion ofHcrt in naiveMagel2-null mice.25 Notably, BDNF gene therapy
induced a downregulation of several inflammatory-related markers in
Magel2-null mice, including Ccl2 (chemokine [C-C motif] ligand 2),
Il2ra (encoding IL-2 receptor alpha), Il12rb1 (encoding IL-12 receptor
beta 1), Nlrp1b (encoding NLR family, pyrin domain containing 1B),
Cxcr3 (encoding C-X-C motif chemokine receptor 3), Il1a (encoding
IL-alpha), Il15 (encoding IL-15), Tlr2, Irf1, and Aif1. Consistent with
observations of improved insulin sensitivity (Figure 2G), Socs3 was
downregulated. Bdnf was flagged as a downregulated DEG, but this
was unsurprising; endogenous mouse Bdnf was expected to be down-
regulated as a consequence of overexpression of the human form of
BDNF via AAV vector. A full list of DEGs can be found in Table S2.

Ingenuity pathway analysis (IPA) was performed for the above two
subsets (Magel2-null YFP vs. wild-type YFP mice and Magel2-null
BDNF vs. Magel2-null YFP mice). Outputs were subjected to a com-
Molecular T
parison analysis to identify canonical pathways that are (1) influenced
by genotype at baseline and (2) how the same pathways are altered
after BDNF gene therapy in Magel2-null mice. Consistent with
many of inflammatory-related DEGs, we observed activation of
several inflammatory-related pathways (Figure 3D), including the
phagosome formation, dendritic cell maturation, neuroinflammation,
role of NFAT in regulation of the immune response, T cell receptor,
macrophage classical activation, TREM1, pyroptosis, production of
nitric oxide and reactive oxygen species in macrophages, and nuclear
factor kappa B (NF-kB) signaling pathways. A full list of pathways can
be found in Tables S3 and S4. Interestingly, we observed a marked
reversal in the activation states of these signaling pathways in
AAV-BDNF treated Magel2-null mice.

AAV-BDNF gene therapy induces a reversal of inflammatory-

related upstream regulators in Magel2-null mice

Next, we investigated upstream regulators thatmight explain broad al-
terations in the transcriptomic profiles. We did this by considering
activation Z scores, which provide the directionality (e.g., activation
or inhibition) and magnitude that a regulator may have on the
observed downstream gene expression pattern. Activation Z scores
are calculated algorithmically in the following manner: the network
expression of multiple genes under the control of a putative regulator
is considered and then compared to a random pattern of expression.
The Z score determines likely regulators based upon the statistical sig-
nificance of the patternmatch.35 IPA identified 18 upstream regulators
that (1) had positive activation Z scores as a consequence of genotype
and (2) had negative activation Z scores when considering the effect of
BDNF gene therapy inMagel2-null mice (Figure 4A). Several of these
upstream regulators play roles in inflammation, including Infg (en-
coding interferon gamma), Tnf (encoding tumor necrosis factor),
Myd88 (encoding myeloid differentiation primary response 88),
Ccr2 (encoding C-C chemokine receptor type 2), Cxcr3, Il6 (encoding
IL-6), and Trem2 (encoding triggering receptor expressed on myeloid
cells 2). Notably, BDNF gene therapy inMagel2-null mice reversed the
activation Z score of several of these inflammatory related markers,
mirroring that which was observed in the canonical pathway analysis.

In contrast, IPA identified 10 upstream regulators that (1) had nega-
tive activation Z scores as a consequence of genotype and (2) had pos-
itive activation Z scores when considering the effect of BDNF gene
therapy in Magel2-null mice (Figure 4B). Several of these upstream
regulators play roles in inflammatory processes, including Irgm1 (en-
coding immunity-related GTPase family M protein 1), Irf9 (encoding
interferon regulatory factor 9), Ikbkb (encoding inhibitor of nuclear
factor kappa-B kinase subunit beta), Il10 (encoding IL-10), and
Il1r1 (encoding IL-1 receptor, type I). Taken together, these data indi-
cate that AAV-BDNF gene therapy induces a reversal in inflamma-
tory-related upstream regulators in Magel2-null mice.

AAV-BDNF gene therapy induces a reversal in microglial

activation markers in Magel2-null mice

Given several indications of altered inflammatory processes, we began
to consider cell-specific contributions. We used a set of previously
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 4. AAV-BDNF gene therapy induces a

reversal of inflammatory-related upstream

regulators in female Magel2-null mice

(A) IPA upstream regulators with positive activation Z

scores as a consequence of genotype and negative

activation Z scores as a consequence of gene therapy. (B)

IPA upstream regulators with negative activation Z scores

as a consequence of genotype and positive activation Z

scores as a consequence of gene therapy. Sample size:

WT YFP n = 6, WT BDNF n = 4, Magel2-null YFP n = 6,

Magel2-null BDNF n = 6.
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identified putative genes for microglia, neurons, astrocytes, endothe-
lial cells, and oligodendrocytes.36 We considered the overlap of the
top 100 putative genes by cell type with our list of DEGs; 29 microglial
markers were among both lists (Figure 5A). Furthermore, we
observed a pattern of increased expression of these microglial markers
when we compared Magel2-null mice treated with AAV-YFP with
wild-type counterparts, indicating genotype-driven activation of mi-
croglial-related processes. Interestingly, AAV-BDNF gene therapy
reversed the expression of microglial-related markers when applied
in Magel2-null mice (Figure 5A). We performed this analysis for
four additional cell types. For neuron (Figure S1A) and astrocyte (Fig-
ure S1B) putative markers, eight DEGs were flagged apiece; no clear
expression shifts were observed between groups. Similar results
were observed for endothelial cell (six DEGs; Figure S1C) and oligo-
dendrocyte putative markers (one DEG; data not shown). Together,
these data highlight microglia as a cellular population of interest in
the hypothalamus for genotype- and gene therapy-related outcomes.

To confirmmicroglial observations, we considered the IPA activation
of microglia canonical pathway (Figure 5B). Several DEGs play roles
in the pathway, including Cxcl10, Cybb, Ccl5, Tlr2, C3, Cd274, Ccr2,
Ccl2, Cxc3r1, Trem2, and Nr4a1. We observed a genotype-related up-
regulation of these microglial activation markers that was reversed
upon application of AAV-BDNF gene therapy.

AAV-BDNF gene therapy alters hypothalamic and adipose gene

expression

Next, we probed hypothalamic gene expression using qRT-PCR as a
secondary confirmation of DEGs identified through mRNA-seq anal-
ysis (Figure 6A). As expected, we observed an increase in Bdnf expres-
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sion in AAV-BDNF treated wild-type and
Magel2-null mice. As previously mentioned,
Bdnf was identified as a downregulated DEG
(AAV-BDNF vs. AAV-YFP wild-type mice)
and counters qPCR observations. Notably, the
primers used target the coding region of both
the human and mouse form of the gene, suggest-
ing AAV-BDNF increases the total amount of
Bdnf transcript—whether endogenous or exoge-
nous. Crh expression was downregulated as a
consequence of genotype and was upregulated
as a consequence of BDNF gene therapy, consistent with previous ob-
servations. Mc4r was downregulated and Socs3 was upregulated in
AAV-YFP-treatedMagel2-nullmice as compared with wild-type coun-
terparts. Various inflammatory markers, including Cx3cr1, Nfkbia,
Aim2, Cxcl10, and Trem2, were upregulated in AAV-YFP treated
Magel2-null mice when compared with wild-type counterparts.

We additionally profiled the iWAT, a subcutaneous adipose depot, as
a secondary confirmation of metabolic remodeling (Figure 6B).
Consistent with adiposity and serum observations, AAV-YFP-treated
Magel2-null mice exhibited increased Lep expression as compared
with wild-type counterparts. AAV-BDNF reduced Lep expression
in both Magel2-null and wild-type mice. We profiled various genes
involved in adipose remodeling and maintenance. Ppargc1a (encod-
ing peroxisome proliferator-activated receptor gamma coactivator
1-alpha), a transcriptional coactivator involved in mitochondrial
biogenesis, was downregulated in AAV-YFP treated Magel2-null
mice as compared with wild-type counterparts. Similar observations
were made for Pparg (encoding peroxisome proliferator-activated re-
ceptor gamma) and Acacb (encoding acetyl-CoA carboxylase 2)—
both of which are involved in fatty acid storage processes—and
Adrb3 (encoding beta-3 adrenergic receptor), which regulates ther-
mogenesis and lipolysis. No changes were observed inAdipoq (encod-
ing adiponectin), Ucp1 (encoding uncoupling protein 1), Hsl (encod-
ing hormone-sensitive lipase), orGlut4 (encoding glucose transporter
type 4) gene expression. We observed increased Vegfa (encoding
vascular endothelial growth factor A), which regulates adipose angio-
genesis and browning,37 and Pten (encoding phosphatase and tensin
homolog), which regulates adipocyte size and lipolysis,38 gene expres-
sion in AAV-BDNF treated Magel2-null mice when compared with



Figure 5. AAV-BDNF gene therapy induces a reversal in microglial activation markers in female Magel2-null mice

(A) Gene expression of putative microglia markers; all listed genes were identified as DEGs. (B) IPA activation of microglia canonical pathway. DEGs were identified using the

following thresholds: log2[fold change] <�0.585 or >0.585 (corresponding with a fold change of 1.5), Q-value (or a false discovery rate p value) < 0.05. Sample size: WT YFP

n = 6, WT BDNF n = 4, Magel2-null YFP n = 6, Magel2-null BDNF n = 6.
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AAV-YFP counterparts. No changes in Ccl2 expression were
observed.

Long-term AAV-BDNF gene therapy modulates hypothalamic

gene expression and signaling pathways in male Magel2-null

mice

To further validate the hypothalamic gene expression signature re-
vealed by the microarray in femaleMagel2-null mice, we newly exam-
ined the hypothalamic samples collected from the male cohorts in the
previous long-term AAV-BDNF gene therapy study.21 Similar to ob-
servations in female mice, AAV-BDNF treatment rescued metabolic
dysfunctions in male Magel2-null mice, as shown in a previous pub-
lication.21 qRT-PCR analysis of the male cohort revealed a hypotha-
lamic gene expression signature (Figure 7A) similar to that identified
in the female cohort of the current study (Figure 6A), characterized as
a reversal of genotype-driven inflammatory/microglial markers by
AAV-BDNF treatment.

To verify the transgene expression, we performed western blotting on
the long-termmale hypothalamic microdissections. The AAV-BDNF
construct contains a hemagglutinin (HA) tag at the C-terminal of the
human BDNF coding sequence. The BDNF transcript (pre-
proBDNF) yields precursor (proBDNF) and mature (BDNF) form
via intracellular and extracellular proteases. Western blotting using
an HA antibody showed two bands corresponding with the precursor
(28 kDa) and mature forms (12–14 KDa) of BDNF (Figure 7B).
Molecular T
We previously published that overexpressing the BDNF receptor
TrkB full-length (TrkB.FL) in BTBR mice, a model of autism spec-
trum disorder and insulin resistance, improved metabolic outcomes.
Profiling of signaling pathways downstream of BDNF/TrkB found
that TrkB.FL overexpression increased phosphorylation of PLCg in
the hypothalamus.39 Here, we performed similar signaling pathway
profiling in Magel2-null mice treated with AAV-BDNF (Figure 7B).
Interestingly, Magel2-null mice treated with AAV-YFP displayed
significantly lower Ras level compared with wild-type mice treated
with AAV-YFP. The genotype-related reduction of Ras was normal-
ized by AAV-BDNF treatment. In contrast,Magel2-null mice showed
decreased phosphorylation of ERK, but AAV-BDNF treatment did
not rescue this genotype-driven change in ERK signaling.

DISCUSSION
Previous work by Bochukova et al. performed RNA sequencing on
human postmortem hypothalamic samples to describe a transcrip-
tomic signature of PWS. Interestingly, the group found that PWS up-
regulated genes overlapped with the transcriptome of orexigenic Agrp
neurons and that downregulated genes overlapped with the expres-
sion of anorexigenic Pomc neurons. These observations remain
consistent with the hyperphagic nature of PWS and the opposing,
regulatory nature of Agrp/Pomc neurons toward the maintenance
of feeding/fasting behavior. The group also described a downregula-
tion of genes involved in neuronal function and an upregulation of
microglial and inflammatory markers (including IRF1, BCL3, SGK1,
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 6. AAV-BDNF gene therapy alters hypothalamic and adipose gene

expression in female Magel2-null mice

(A) Relative gene expression in the hypothalamus. (B) Relative gene expression in

the iWAT. Data are means ± SEM. Sample size: WT YFP n = 6, WT BDNF n = 4,

Magel2-null YFP n = 6,Magel2-null BDNF n = 6. *p < 0.05, **p < 0.01, ***p < 0.001.
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and NFKBIA). Several inflammatory players, including TNF, TGFB1,
IL1B, IFNG, NFKB, IL6, and IKBKB, were among the predicted acti-
vated upstream regulators. Furthermore, the group was the first to
perform in situ hybridization of human PWS tissue, showing that in-
dividuals with PWS exhibited decreases in the number of cells ex-
pressing BDNF and NTRK2 (encoding TrkB) in the VMH. Ulti-
mately, the authors concluded that BDNF plays a key role in PWS
pathophysiology.7

Despite the value of this landmark study, the subsequent years failed
to produce studies that investigated whether PWS preclinical models
recapitulate the human transcriptomic profile and, in particular, the
inflammatory signature observed in the hypothalamus of PWS
patients. While our previous work highlighted the ability of AAV-
BDNF gene therapy to ameliorate metabolic dysfunction in Magel2-
null mice, data describing how BDNF overexpression altered the
transcriptome remained lacking. Here, we observed that (1) Magel2
deficiency is associated with neuroinflammation in the hypothalamus
and (2) AAV-BDNF gene therapy reverses this neuroinflammation.
To this end, Magel2-null mice can be considered a valid model for
probing PWS-related hypotheses relating to neuroinflammation pro-
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
cesses. This finding provides a new avenue for basic scientific discov-
eries to further our knowledge of PWS pathophysiology and thera-
peutic development. It is important to note that MAGEL2 is but
one gene within the PWS region; it remains possible that other genes
contribute to neuroinflammation in a similar manner.

A great body of work suggests hypothalamic inflammation and meta-
bolic syndrome are intertwined. Chronic overnutrition induces
inflammation-like changes and low-degree activation of NF-kB and
upstream regulator IKKb (inhibitor of NF-kB kinase subunit
beta).40 Both fatty acids and carbohydrates have been shown to in-
crease NF-kB activation, which is a driving force for the expression
of other inflammatory genes.40–42 Conversely, caloric restriction has
been shown to reduce hypothalamic inflammation.43 Furthermore,
inhibition of NF-kB/IKKb via genetic and pharmacological means
effectively reduces hypothalamic cytokine-driven microinflammation
and improves metabolic function.41,44,45 Interestingly, NF-kB and
IKKb inhibit gonadotropin-releasing hormone,46 which is implicated
in gonadal development and activity; PWS patients often exhibit hy-
pogonadism.47 Further evidence suggests brain-specific activation of
IKKb leads to increased food intake, body weight gain, and interrup-
tions of central insulin and leptin signaling.41 Likewise, NF-kB in-
duces expression of SOCS3, which then inhibits neuronal insulin
signaling.41 Interestingly, NF-kB is thought to be activated by leptin
and mediates leptin-stimulated POMC transcription.48,49

Bochukova et al.7 report TNF-a and NF-kB among the top upstream
regulators of the PWS transcriptomic signature. Interestingly, the
NF-kB signaling pathway was activated within Magel2-null mice
and we observed reduced activation of this pathway upon application
of BDNF gene therapy. Furthermore, several upstream regulators
known to influence NF-kB signaling, including Infg, Tnf, and
Myd88, were reversed upon BDNF gene therapy application. Alto-
gether, our observations of increased hypothalamic inflammation
remain consistent with metabolic dysfunction observed in the
Magel2-null model and individuals with PWS.

Both Bochukova et al. and we report an upregulation of microglial
markers in PWS patients and the PWS murine model, Magel2-null
mice. Importantly, microglia act as the resident immune cells of the
CNS and play a critical role in regulation of neuronal activity and syn-
aptic plasticity. Canonically, BDNF plays roles in synaptic plasticity,
neuronal survival, differentiation, and maturation.50–52 Several re-
ports53 raise the possibility that PWS-related genetic alterations result
in neurodegeneration and neuronal loss, perhaps mediated in part via
reduced expression of BDNF/NTRK2.7,54 It remains possible that mi-
croglia are activated in a protective manner tomaintain and repair the
remaining neural circuitry. Several microglial synaptic pruning
markers,55 including C1qa, C1qb, C1qc (encoding complement
component 1q subunits a/b/c), C3 (encoding complement compo-
nent 3), and Trem2 were either upregulated at baseline in Magel2-
null mice or were reduced following BDNF gene therapy (Tables S1
and S2). C1q and C3 are part of the complement cascade, which
serves as a tagging mechanism for microglial pruning.56–58 Similarly,
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Figure 7. Long-term AAV-BDNF gene therapy alters

hypothalamic gene expression and signaling

pathways in male Magel2-null mice

(A) Relative gene expression in the hypothalamus. Data

are means ± SEM. Sample size: n = 5 per group. (B)

Western blotting and quantification. Data are means ±

SEM. Sample size: WT YFP n = 4,Magel2-null YFP n = 5,

Magel2-null BDNF n = 5. *p < 0.05, **p < 0.01.
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TREM2 is involved in microglial-dependent synapse elimination59

and was identified as an upstream regulator (Figure 4A). It remains
feasible that overexpression of BDNF rescues normal synaptic pro-
cesses, reducing the need for microglial pruning, thus reducing asso-
ciated inflammation in Magel2-null mice. Alternative mechanisms
remain plausible. The effects of neuronal BDNF on hypothalamic mi-
croglia could be complex and mediated by any/all of the following
possibilities: (1) BDNF acts directly on microglia through microglial
TrkB, (2) BDNF induces microenvironment changes in the hypothal-
amus, and (3) BDNF-driven systemic metabolic and immune changes
drive feedback to the hypothalamus. Future work should specifically
investigate the morphology and activation state of microglia and
determine the role of hypothalamic microglia in mediating the meta-
bolic dysfunctions inMagel2-deficiency. In addition to PWS, Schaaf-
Yang syndrome is a genetic disorder caused by a disruption of
MAGEL2.60,61 Another rare genetic syndrome, Chitayat-Hall syn-
drome, arises from pathogenic variants in MAGEL2.62,63 As such,
mechanistic insights gained inMagel2-null model are highly relevant
to these rare genetic diseases. Moreover, identifying the mechanisms
of action underlying the hypothalamic BDNF gene therapy may pave
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ways to improve the efficacy and safety of gene
therapy for PWS and other genetic forms of
obesity.

Several questions remain following the current
study. Importantly, PWS is described as a pro-
gressive disease. Individuals with PWS exhibit
distinct nutritional phases, transitioning from
a hypotonic and/or a failure to thrive period to
subsequent periods where weight gain and hy-
perphagia occur progressively.47,64 Magel2-null
mice mirror some aspects of this progression,
having a period of impaired feeding and
growth20,65 that later makes way to progressive
failure of the hypothalamic leptin-POMC
pathway,17,18 which underlies systemic meta-
bolic dysfunction. Given the progressive nature
of the disease, it would be interesting to deter-
mine whether neuroinflammation in the
Magel2-null mice is present at a young age and
whether it drives the development of metabolic
syndrome. Future experiments must delineate
(1) whether hypothalamic inflammation is caus-
ally connected with metabolic dysfunction in
the Magel2-null model, (2) which cellular populations contribute to
such processes, (3) whether inflammation is a primary defect or is sec-
ondary to neurodegenerative processes, and (4) whether microglia are
a viable therapeutic target. Our laboratory will attempt to address
some of these questions in the coming years.

The current study has several limitations. Our hypothalamic dissec-
tion method includes various nuclei, including the VMH, PVH,
ARC, and dorsomedial hypothalamus. Block dissection does not
allow for analysis of discrete nuclei. Additional work could use laser
capture to isolate individual hypothalamic nuclei for transcriptomic
profiling. Alternatively, advanced technology can be applied to profile
RNAs and proteins with high spatial resolution. With current bulk
mRNA-seq data, we are unable to make discrete conclusions about
the genetic signatures of certain cellular subpopulations. Future
work using single-cell techniques will be necessary to increase biolog-
ical resolution and drive investigations into these subpopulations. On
a secondary note, we did not use male mice in the current mRNA-seq
experiment. Previous work by our group noted similar metabolic re-
sponses in Magel2-null male and female mice to AAV-BDNF gene
linical Development Vol. 31 December 2023 9
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therapy; since our characterization in females was more comprehen-
sive—and additionally included behavioral assessments—we chose
them for transcriptomic analysis here. Gene expression profiling of
selective inflammatory/microglial markers in the male cohort from
the previous long-term AAV-BDNF gene therapy experiment
(6 months) revealed a hypothalamic gene expression signature almost
identical to what was found in the female cohort of current short-term
AAV-BDNF gene therapy (6 weeks), suggesting the neuroinflamma-
tory gene signature associated withMagel2 deficiency and its reversal
by AAV-BDNF treatment likely to be independent of sex or duration
of the gene therapy. It is important to highlight that male and female
Magel2-null mice display some differences in neuroendocrine re-
sponses19 and future work will be needed to determine whether tran-
scriptomic signatures differ at baseline and in response to BDNF gene
therapy in males beyond the cluster of selected genes. As a final
critique, all mice in the current experiment were subjected to surgical
trauma and recovery. The current study cannot rule out the possibil-
ity that Magel2-null mice respond to injury differently—thus influ-
encing acute inflammatory responses—than wild-type counterparts.
As a counterpoints to these notions, (1) AAV-YFP treated Magel2-
null mice regained their presurgical weight before the experimental
endpoint and (2) the Bochukova et al. human PWS dataset remains
complementary to our findings, despite this limitation.

Although BDNF is thought to be involved in PWS pathogenesis, little
is known regarding the BDNF/TrkB signaling in the hypothalamus of
Magel2-null mice. The profiling of various BDNF downstream
signaling pathways, although preliminary, provides first evidence of
altered signaling pathways in Magel2-null mice (Figure 7B). It is re-
ported that TrkB receptor activation can activate three canonical
pathways—MAPK (Ras/Raf/ERK), PI3K/AKT, and PLCg.66

Magel2-null mice displayed reduced Ras and decreased phosphoryla-
tion of ERK in the hypothalamus, while the phosphorylation of AKT
and PLCg were not altered at baseline. Interestingly, AAV-BDNF
treatment restored Ras levels, but not the phosphorylation of ERK.
The implications of these genotype- and gene therapy-associated
signaling changes remain unclear. GTPase is a downstream effector
of BDNF-TrkB signaling in addition to PI3K/AKT, MAPK (Ras/
Raf/ERK), and PLCg. Ras binds GTPase and the complex becomes
activated, thereby promoting neuronal growth, differentiation, and
neuronal plasticity.67 The roles of Ras/GTPase complex in the pheno-
types of Magel2-null mice as well as in the mechanisms of action of
AAV-BDNF gene therapy warrant further investigation.

It is important to consider the challenges posed by a brain-directed
gene therapy for PWS. Direct injections of a gene therapy to the hy-
pothalamus—as in this manuscript—remain challenging because of
the hypothalamus’ deep location within the brain. Alternative
methods must be considered to facilitate translation to the clinic.
AAV9 remains the gold standard for CNS targeting when using sys-
temic delivery due in part to its characterized risk profile. Next-gen-
eration AAV serotypes (e.g., AAV.PHP.B, AAV-B1, and AAV-AS)
have the capacity to cross the blood-brain barrier for broad transduc-
tion of the brain,68–70 but special considerations must be made if we
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wish to target discrete hypothalamic nuclei. Certain portions of the
brain are accessible through endoscopic endonasal procedures,
including the hypothalamus71; this route may be more attractive
than invasive procedures using burr holes on the skull base. Optimi-
zation of such administration methods and serotype choice will be
essential in the targeting of PWS-specific hypothalamic nuclei.

In summary, we present data that suggest Magel2-null mice recapit-
ulate the neuroinflammatory genetic signature observed in the hypo-
thalamus of individuals with PWS. Furthermore, we observed the up-
regulation of various microglial-specific markers in the hypothalamus
of Magel2-null mice. Hypothalamic AAV-BDNF gene therapy
ameliorated the hypothalamic inflammatory genetic signature associ-
ated with Magel2 deficiency, indicating that it may provide a benefi-
cial reduction in inflammation concomitant with improvements in
systemic metabolic function.

MATERIALS AND METHODS
Animals

Magel2-null mice harbor a maternally inherited imprinted/silenced
wild type allele and a paternally inheritedMagel2-lacZ knock-in allele
that abolishes endogenousMagel2 gene function. Male mice contain-
ing the Magel2-lacZ allele (Jackson Laboratories #009062) were bred
with female C57BL/6 mice to produce both wild-type mice and
Magel2-null littermates. Mice were genotyped from ear notch
biopsies. Identification of mutant offspring was performed by poly-
merase chain reaction genotyping with Magel2 and LacZ oligonucle-
otide primers (common forward, 50-ATGGCTCCATCAGGAGAAC;
Magel2 reverse, 50-GATGGAAAGACCCTTGAGGT; and LacZ
reverse, RW4237, 50-GGGATAGGTCACGTTGGTGT).

Magel2-null mice develop metabolic deficiencies over time18,72; sys-
temic manifestation occurs by 16 weeks of age.20 Therefore, all
mice were older than 16 weeks of age at experiment start date
(mean age, 30 ± 6 weeks). Female mice were used in this experiment,
as previous experimentation by our group showed the ability of AAV-
BDNF to improve metabolic and behavioral function in female
Magel2-null mice.21

Mice were randomized by body weight and composition 1 week
before hypothalamic injection. All mice had ad libitium access to
food (normal chow diet, 11% fat, caloric density 3.4 kcal/g) (Teklad)
and water. Mice were housed in standard laboratory cages
(19.4 cm � 18.1 cm x 39.8 cm) within temperature (22�C–23�C)
and humidity (30%–70%) controlled rooms under a 12:12 light:dark
cycle. All animal experiments were in accordance with the regulations
of The Ohio State University’s Institutional Animal Care and Use
Committee.

Recombinant AAV design

The recombinant AAV (rAAV) vector (Figure 1A) was designed to be
self-regulating in nature to allow for sustainable, safe weight loss. HA-
tagged human BDNF (HA-BDNF, referred to as BDNF) or destabi-
lized yellow fluorescent protein control (dsYFP, referred to as YFP)
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was inserted in a multiple cloning site following a cytomegalovirus
enhancer and a chicken b-actin promoter. Woodchuck post-tran-
scriptional regulatory element (WPRE) and a bovine growth hor-
mone polyadenosine (BGH polyA) tail followed BDNF or YFP trans-
genes. In the BDNF vector, a second regulatory cassette included an
AGRP promoter driving a microRNA targeting BDNF (miR-Bdnf)
and WPRE/polyA elements. As body weight decreases and AGRP is
physiologically induced, microRNA expression is activated to inhibit
BDNF transgene expression; this leads to a sustainable plateau of
body weight after a substantial weight loss is achieved, thus limiting
the risk of excessive weight loss.32 All vectors were packaged into sero-
type 1 capsids and purified by iodixanol gradient centrifugation as
previously described.32 Comprehensive metabolic modeling vali-
dating the vector was completed in male and female Magel2-null
mice in a previous experiment.21
Hypothalamic injections of AAV

Mice received either AAV-BDNF-miR-Bdnf (denoted as AAV-BDNF
throughout the text) or AAV-YFP to the hypothalamus, 1� 1010 viral
genomes per site, bilaterally. Before surgery, mice were treated with
Ethiqua XR (3.25 mg/kg body weight), an extended-release buprenor-
phine solution, for pain management. Mice were anesthetized with a
single intraperitoneal dose of ketamine/xylazine (80 mg/kg and
5 mg/kg) and secured via ear and incisor bars on a stereotaxic frame
(Kopf). Anesthesia was further maintained with 2.5% isoflurane at 1
L/min during the injection procedure. A single midline incision was
made through the scalp to expose the skull, and two small holes
were made with a dental drill above the injection sites. rAAV vectors
were administered bilaterally (0.5 mL per site) by a 10-mL Hamilton
syringe and a Micro4 Micro Syringe Pump Controller (World Preci-
sion Instruments) at 200 nL/min to the ARC/VMH (anterior-poste-
rior [AP], �1.1 mm; medial-laterale [ML], ±0.50 mm; dorsal-ventral
[DV],�6.20 mm).When the infusion was finished, the syringe stayed
for 5 min. Afterward, the syringe was slowly retracted from the brain
and the scalp was sutured. Animals were returned to clean cages
resting atop a heating pad. Mice were provided with supplemental
care—HydroGel (ClearH2O) and mash—and were carefully moni-
tored post-surgery until fully recovered.
Body composition assessment

An EchoMRI was used to measure fat and lean mass in live mice
without anesthesia. At baseline and 6 weeks post AAV injection,
body composition analysis was performed with a 3-in-1 Analyzer
(EchoMRI LLC) according to manufacturer instructions. Mice were
subjected to a 5-Gauss magnetic field and whole-body masses of
fat, lean, free water, and total water were determined during separate
cycles by manufacturer software comparison to a canola oil standard.
Tissue collection

At 6 weeks post AAV injection, mice were euthanized after a 4-h fast.
Mice were anesthetized with 2.5% isoflurane (1.0 L/min) and then
decapitated to collect trunk blood. Tissues to be used for mRNA an-
alyses were flash frozen on dry ice and stored at �80�C until further
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processing. Hypothalamus was collected under a dissection micro-
scope at sacrifice.
Serum harvest and analysis

Trunk blood was collected at euthanasia, clotted on ice, and centri-
fuged at 10,000 rpm for 10 min at 4�C. The serum component was
collected and stored at �20�C until further analysis. ELISA kits
were used to assay serum leptin (R&D Systems #DY498) and insulin
(ALPCO #80-INSMSU-E01). A Caymen Chemical colorimetric assay
was used to determine glucose levels (#10009582). HOMA-IR index
was calculated as [fasting serum glucose (mmol/L) � fasting serum
insulin (pmol/L)/22.5] as described elsewhere.73
Quantitative RT-PCR

Following tissue sonication, RNA was isolated using the RNeasy Mini
kit (QIAGEN #74804) with RNase-free DNase treatment. cDNA was
reverse transcribed using Taqman Reverse Transcription Reagents
(Applied Biosystems #N8080234). qRT-PCR was completed on the
StepOnePlus Real-Time PCR System using Power SYBR Green
(Applied Biosystems #A25742) PCR Master Mix. Primer sequences
are available in qRT-PCR data analysis. We calibrated data to endog-
enous controls—Hprt1 for hypothalamus and Actinb for iWAT—and
quantified the relative gene expression using the 2�DDCT method.74
mRNA sequencing

RNA was isolated from hypothalamic microdissection using the
RNeasy Mini kit (QIAGEN #74804) with RNase-free DNase treat-
ment. Aliquots of purified RNA samples of hypothalamic tissue
were shipped to a research services laboratory (Novogene Corpora-
tion Inc.) for mRNA-seq. Two samples from the WT AAV-BDNF
group were excluded before submission because RNA samples did
not meet quality/purity thresholds set by Novogene. Upon arrival,
samples were subjected to a quality control test followed by library
preparation, sequencing by synthesis, and bioinformatic analysis.
RNA-seq via Illumina NovaSeq platforms, which use a paired-end
150-bp sequencing strategy (short reads), was carried out by Novo-
gene Corporation Inc. The single-stranded mRNAs were selectively
captured or enriched and converted to cDNA for library preparation.
Novogene provided quantification data analysis service (mapping,
differential gene expression, etc.) for each sample. Further analysis
was performed in house.

DEGs were identified using the following thresholds: log2[fold
change] < �0.585 or >0.585 (corresponding with a fold change of
1.5), Q-value (or a false discovery rate p value) < 0.05. PCA was per-
formed using the prcomp R package. Volcano and PCA plots were
generated using the ggplot2 and ggrepel R packages. Cell-specific
heatmaps were generated using the heatmap.2 R package. Functional
and regulatory networks/pathways involving those DEGs were
analyzed using the IPA software (QIAGEN, Ingenuity Systems;
www.ingenuity.com). For downstream analyses, one sample from
the Magel2-null AAV-YFP group was excluded as an outlier.
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Cell type analysis

To investigate cell-type specific signatures, we used a previously
published dataset of putative cell type-specific markers derived
from purified neurons, astrocytes, microglia, oligodendrocytes, and
endothelial cells from the mouse cortex.36 The top 100 putative genes
were identified by ranking the fold enrichment in that cell types as
compared with all other cell types (fragments per kilobase of tran-
script per million mapped reads [FPKM ]divided by the mean of
FPKM values from all other cell types). This analysis mirrors that
which was performed in Bochukova et al. Putative markers that
were also considered DEGs were identified (Figures 4B and
S1A–S1C).
Immunoblotting

One lobe of hypothalamus per mouse was homogenized in ice-cold
Pierce RIPA buffer containing 1� Roche Phosstop and Calbiochem
protease inhibitor cocktail III, then was subjected to a brief sonication
on ice. Tissues lysates were spun at 13,000 rpm for 15 min at 4�C. The
supernatant was collected, and the protein concentration was deter-
mined with a BCA protein assay kit (Pierce). Protein from each
sample was loaded (15 mg) and separated by gradient gel (4%–20%,
Mini-PROTEAN TGX, Bio-Rad), then transferred to a nitrocellulose
membrane (Bio-Rad). Blots were incubated overnight at 4�C with the
following primary antibodies: Beta-actin (Cell Signaling #4970,
1:1,000), phospho-AKT-Ser473 (p-AKT, Cell Signaling #9271,
1:1,000), total AKT (t-AKT, Cell Signaling #9272, 1:1,000), Phos-
pho-p44/42 MAPK (T202/Y204) (p-ERK, Cell Signaling #9101,
1:1,000), total p44/42 MAPK (t-ERK, Cell Signaling #3965, 1:1,000),
Phospho-PLCg1 (Tyr783) (p-PLC g1 (Tyr783), Cell Signaling #
14008, 1:500), Total PLCg1 (t-PLCg1, Cell Signaling # 2822,
1:1,000), Ras (Cell Signaling # 3965, 1:1,000). HA tag (Cell Signaling
#3724T, 1:1,000). Chemiluminescence signal was detected and visual-
ized by LI-COROdyssey Fc imaging system (LI-COR Biotechnology).
Quantification analysis was carried out with Image Studio software
version 5.2 (LI-COR Biotechnology).
Statistical analysis

Data are expressed as means ± SEM. Microsoft Excel, IBM SPSS v.25,
GraphPad Prism 9, and R v.4.1.3. software were used to analyze data.
Two-way ANOVAs with Tukey’s post hoc test were used for compar-
isons between four groups. Normality was tested using the Shapiro-
Wilk method. Outliers were determined and removed using the
ROUT method. For Figure 7, a one-way ANOVA was used with a
Tukey’s post hoc test for gene and protein expression analysis.
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