Received: 24 June 2022 Revised: 6 February 2023 Accepted: 22 February 2023

DOI: 10.1111/cns.14160

REVIEW CNSS Neuroscience & Therapeutics Wl LEY

Insulin-like growth factor-2 is a promising candidate for the
treatment and prevention of Alzheimer's disease
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Alzheimer's disease (AD) is the most common form of dementia. Current AD treat-
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processes, which are thought to be essential for functional recovery. Bolstering neu-
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rotrophic processes may also be a viable strategy for preventative treatment, since

identifying presymptomatic patients who might benefit from preventative treatment
means that any such treatment must meet a high standard of safety and tolerability.
The neurotrophic peptide insulin-like growth factor-2 (IGF2) is a promising candidate
for both treating and preventing AD-induced cognitive decline. Brain IGF2 expression
declines in AD patients. In rodent models of AD, exogenous IGF2 modulates multi-
ple aspects of AD pathology, resulting in (1) improved cognitive function; (2) stimula-
tion of neurogenesis and synaptogenesis; and, (3) neuroprotection against cholinergic
dysfunction and beta amyloid-induced neurotoxicity. Preclinical evidence suggests
that IGF2 is likely to be safe and tolerable at therapeutic doses. In the preventative
treatment context, the intranasal route of administration is likely to be the preferred
method for achieving the therapeutic effect without risking adverse side effects. For
patients already experiencing AD dementia, routes of administration that deliver IGF2
directly access the CNS may be necessary. Finally, we discuss several strategies for
improving the translational validity of animal models used to study the therapeutic
potential of IGF2.
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1 | INTRODUCTION leading cause of death globally.! There are currently 20 million AD

patients, most of whom are over the age of 65. As demographics
Alzheimer's disease (AD) is a progressive neurodegenerative disorder shift toward a more aged population, the global prevalence of AD is
that accounts for 60-80% of all dementia cases, and is the seventh expected to reach nearly 50 million by 2050.2 At present, there are
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no truly effective treatments for AD. Existing drugs alleviate cogni-
tive symptoms, but fail to significantly alter disease progression. The
underwhelming performance of the most recent FDA-approved AD
drug, aducanumab, has highlighted the need for fresh approaches.3

An attractive alternative to the existing approaches is preven-
tative treatment. While treating those patients who have already
manifested AD symptoms is an important objective, it is believed
that initiating treatment during the long presymptomatic phase of
AD pathogenesis may be a more viable therapeutic strategy. Two
of the key challenges to implementing preventative treatment are
(1) the relative dearth of empirical research into the pathological
mechanisms that occur during the presymptomatic phase and (2) the
difficulty of identifying patients at risk of AD. In recent years, pro-
spective studies tracking the changes in neuroimaging biomarkers in
patients, as they progress from normal cognition to AD-associated
cognitive impairment, have begun to illuminate the neural changes
associated with this transition.*> Drugs that oppose these early
pathological mechanisms may be capable of preventing AD by ar-
resting disease progression and preserving cognitive function. A
preventative treatment would likely be a great boon to global health
and wellbeing.

There are five compounds currently approved to treat AD. These
include three cholinesterase inhibitors (ChEls)—donepezil, galantam-
ine, and rivastigmine—which potentiate the action of acetylcholine
by inhibiting its enzymatic degradation. Because hippocampal ace-
tylcholine is integral to cognitive performance, it is thought that the
ChEls improve cognitive function by rectifying the AD-associated
decline in temporal lobe acetylcholine neurotransmission.®” Next,
there is the partial N-methyl-D-aspartate (NMDA) receptor antago-
nist memantine, which is thought to attenuate cognitive decline by
modulating the excitability of neural circuits, suppressing excitotoxic
cell death. Memantine is commonly prescribed in conjunction with a
ChEl. Finally, aducanumab is a monoclonal antibody that binds beta
amyloid (Ap), leading to clearance of some Ap from the brain.? Since
amyloid pathology is a major disease process in AD, enhanced dis-
posal of AB is presumed to mitigate cognitive impairment by slowing
AB-induced neurodegeneration.

None of the current drugs meaningfully halt or reverse cogni-
tive impairment. Instead, these drugs are considered effective based
on their ability to slow the rate of cognitive decline.”'° This minimal
criterion of effectiveness reflects the widespread assumption that
progressive cognitive decline in AD is inevitable, with or without
treatment.!? Furthermore, it is worth noting that the attenuation of
cognitive decline provided by current drugs is not necessarily clin-
ically meaningful: with the large sample sizes (>1000 participants
per group) marshaled for clinical trials, an effect that is statistically
significant may be so small in magnitude as to be clinically unimport-
ant.}? Indeed, many of the studies that report statistically significant
benefits of these AD drugs fail to reach the conventional threshold
for a “minimal clinically relevant improvement”.*?

Another criterion on which AD treatments can be evaluated is
reduced mortality. ChEls have been shown to modestly extend lifes-

13-15

pan in AD patients, while neither memantine nor aducanumab

is associated with reduced mortality.lo'16 However, extended lifes-
pan in the absence of functional recovery is unlikely to be viewed as
meaningful by patients and caregivers. In economic terms, prema-
ture mortality accounts for only 2% of the total cost of dementia in
the United States,” with the remaining costs being attributable to
the consequences of cognitive deterioration, such as reduced career
productivity and the expenses associated with residential care.r’
Thus, lifespan extension cannot supplant cognitive improvement as
the most important benchmark of effectiveness for AD treatments.

In this narrative review, we discuss the therapeutic potential of
the neurotrophic peptide insulin-like growth factor-2 (IGF2) in AD
treatment. In a healthy brain, IGF2 plays a key role in memory for-
mation, neuronal growth, and neuroprotection. Since IGF2 declines
in the brains of AD patients, recent studies have explored the pos-
sibility that supplemental IGF2 could ameliorate AD pathophysiol-
ogy. In animal models of AD, exogenous IGF2 has been found to
enhance cognition, stimulate neurotrophic processes, and attenuate
AD pathophysiology. Such favorable preclinical findings, along with
favorable safety and tolerability, make IGF2 an attractive target for
AD treatment. Furthermore, the therapeutic utility of IGF2 may also
extend to the prevention of AD in patients who have yet to manifest

cognitive impairment.

2 | THE RATIONALE FOR PREVENTATIVE
TREATMENT

The comparatively low effectiveness of current AD drugs in ar-
resting cognitive decline is due not only to the failure to target the
relevant pathophysiological mechanisms, but also to the relative
lateness of drug delivery in the course of AD progression. Current
clinical standards recommend drug prescription at the earliest sign
of detectable cognitive impairment.18 However, in the context of AD
pathogenesis, overt cognitive decline is a late event that is preceded
by years of neuropathological changes.?”° Thus, by the time cogni-
tive symptoms emerge, brain damage is likely extensive and as such
the potential for functional recovery may be significantly reduced.
Moreover, there are compelling reasons to suppose that func-
tional recovery is implausible once the disease has progressed to
the point of cognitive impairment. First, there are no documented
cases of recovery from AD dementia.?! Second, it is perhaps unlikely
that a disease that develops over decades could be reversed in the
4-8years that typically separate initial dementia diagnosis from
death.? Third, the endogenous mechanisms that could plausibly me-
diate functional recovery may be among the damaged mechanisms
that give rise to cognitive impairment. Indeed, the milieu created by
the neuropathological alterations has been shown to be hostile to
the very neurotrophic processes that would be required for regen-
eration.??2% AD prevention has therefore emerged as an attractive
alternative to the challenge of meaningfully treating late-stage AD.
In this review, preventative treatment is defined as any treatment that
halts the progression from normal cognitive performance into a clini-

cally detectable degree of cognitive impairment.t+2728
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2.1 | Identifying presymptomatic patients for
putative preventative treatments

At present, there are no validated models capable of predicting
whether a cognitively normal person will go on to develop AD.
However, many risk factors have been identified, such as ad-
vanced age, APOE genotype, family history of AD, female sex,
cardiovascular disease, peripheral insulin resistance, and history
of traumatic brain injury.zc”'30 One stratgy for delivering preven-
tative treatment would be administer it to patients at high risk.
This rationale has been used to justify the use of statins®! and
aspirin®%33 for preventing cardiovascular disease in patients with
significant risk factors and no contraindications. In the context of
AD, non-steroidal anti-inflammatory drugs (NSAIDs) have already
been tested in clinical trials for AD prevention, although no ben-

efit was observed.®*

2.2 | Currents drugs are unlikely to be effective
preventative treatments

It is unlikely that existing AD drugs would be effective as preven-
tative treatments. To our knowledge, there are no studies to have
assessed the ability of existing drugs to prevent the progression of
normal cognition to mild cognitive impairment (MCI) or dementia.
Currently, the AHEAD Study is recruiting for a clinical trial to test
the hypothesis that the anti-amyloid drug lecanemab can delay or
prevent the onset of cognitive impairment in cognitively normal
adults with evident brain amyloid accumulation (ClinicalTrials.gov,
Identifier: NCT04468659%). Notwithstanding this ongoing trial,
most studies that purport to use currently approved drugs to “pre-
vent” AD recruit MCI patients and define prevention as fewer pa-
tients progressing to clinical dementia. Furthermore, if current drugs
were effective in preventative treatment, one would predict that
MCI patients would benefit more from these drugs than dementia
patients since MCl represents an earlier point in disease progression.
However, it was found that MCl patients treated with ChEls showed
the same degree of symptom relief as patients with mild or moderate
dementia.®¢%”

Based on an analysis of their mechanisms of action, the cur-
rent AD drugs lack the requisite properties to prevent disease
progression. For the ChEls, inhibiting acetylcholinesterase poten-
tiates acetylcholine action at remaining synapses but has not been
shown to rectify the underlying degeneration of cholinergic neu-
rons and their synapses. Among the ChEls, galantamine is the pos-
sible exception, possessing a secondary mechanism of action that
may be relevant in preventative treatment. Acting as a positive
allosteric modulator of the a4/p2 and a7 nicotinic acetylcholine

receptors,38'39

galantamine has been shown to enhance neurogen-
esis in mice.®®4% Galantamine's action at the a7 nicotinic acetyl-
choline receptor may be neuroprotective against Ap,_,, binding

at the same receptor.*! Despite these additional mechanisms,

galantamine is not evidently superior to the other ChEls in slowing
cognitive decline.'®

Although NMDA receptor dysfunction is a major pathologi-
cal feature of AD,*? it is not clear how memantine would atten-
uate the various neuropathological mechanisms attributed to the
NMDA receptor in AD pathology.*®** Similarly, it is difficult to
predict whether aducanumab would be effective if administered
earlier in disease progression. Despite shrinking amyloid plagues,®
aducanumab has minimal (if any) effect on cognitive outcomes.®
However, some studies indicate that the most consequential am-
yloid pathology occurs early in AD progression, with an elevation
in neurotoxic Ap oligomers.*>*¢ Aducanumab reportedly binds
these soluble AB species,® suggesting possible efficacy at an ear-
lier stage of disease progression. It is also plausible that averting
early amyloid accumulation might prevent later tau pathology,
which is thought to be the proximate cause of neuronal death in
AD. However, as we will discuss in the next section, aducanumab
can likely be excluded from consideration as a preventative treat-

ment due to poor tolerability.

2.3 | Current AD drugs have poor tolerability
Another obstacle to repurposing the current AD drugs as preventa-
tive treatments is their low tolerability. The ChEls and memantine
are prone to adverse side effects, with gastrointestinal discomfort,
nausea, and dizziness being especially common; these side effects
often prompt patients to discontinue treatment.’>'¢ As a newer
drug, the tolerability of aducanumab has not been evaluated as ex-
tensively as prior AD drugs. However, aducanumab treatment has a
non-trivial risk of brain edema, requiring periodic “surveillance” MRI
scans to detect the neuroimaging biomarkers of this serious adverse
event.!® This particular risk is elevated in carriers of the APOEe4 al-
lele, who comprise 25% of the population and are at higher risk of
developing AD.Y It is worth noting that other anti-amyloid mono-
clonal antibodies, such as lecanemab, may have binding profiles
that improve amyloid clearance while also lowering risk of adverse
events.*® Treatment with such an antibody may have satisfactory
tolerability for use as a preventative treatment.

The adverse side effects elicited by current drugs are often so
aversive that AD patients stop taking a drug for which there is no
alternative.®® For presymptomatic individuals, the tolerability of a
preventative treatment is likely to be an even more salient consid-
eration for presymptomatic individuals than for AD patients. For a
cognitively unimpaired patient receiving a preventative treatment,
any aversive side effects would likely provoke discontinuation, since
their experience of the drug would consist entirely of unpleasant
symptoms. Thus, a preventative treatment must be highly tolerable
to be considered a viable therapeutic.

Because the current AD drugs lack the requisite effective-
ness and tolerability for preventative treatment, we need novel

treatments that effectively, tolerably, and non-invasively target
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pathological processes in early AD, so that cognitive decline can be

delayed or prevented.

3 | NEUROTROPHIC DECLINE IS A MAJOR
FEATURE OF AD

As neurodegeneration progresses in AD, pathological mechanisms
directly interfere with the operation of existing neurons, culminat-
ing in widespread neuronal death.*’ In addition to this type of direct
neurotoxicity, there is a decline of neurotrophic processes such as
neurogenesis.’® The loss of neurotrophic signaling is implicated in
a vicious cycle that is thought to occur in AD progression, wherein
early neuropathological changes suppress neurotrophic signaling,
which precipitates further neuropathology by removing a source of
neuroprotection.® This pathological cascade is thought to contrib-
ute to the profound neurodegeneration seen in AD, where as much
as 60% of hippocampal neurons may be lost in advanced stages.52
Structural atrophy becomes extensive in AD, even before the onset
of dementia. Compared to cognitively unimpaired patients, MCI

53,54 35 well as more

subjects show ~10% lower hippocampal volume,
rapid atrophy in the hippocampus and cerebral cortex.>>

While the plasticity of neural tissue is remarkable, regeneration
of adult neural tissue at a scale commensurate with AD-induced
neurodegeneration has not been reported. Moreover, the mecha-
nism for regenerating lost neurons, neurogenesis, has been shown
to decline throughout AD.%%In light of the scale and intractability of
neurodegeneration in AD, an invasive approach like direct injection
of neural stem cells into the brain has been proposed as a therapeu-
tic strategy.56 However, even if competent neural precursors could
be delivered via a less invasive route of administration, it may still
be insufficient to rectify neurodegeneration: in transgenic AD mice,
implanted neural precursors often fail to become incorporated be-
cause pathological changes have rendered the neural milieu hostile
to neuronal maturation.’” Taken together, the early manifestation of
neurotrophic decline and the implausibility of large-scale regenera-
tion highlight the importance of preventative treatment strategies
in AD.

3.1 | Neurotrophic signaling is an
attractive therapeutic target in AD research

As part of the generalized neurotrophic decline in AD, there is a cor-
responding decline in neurotrophic signaling factors, the biomolecules
that mediate growth and reorganization of neurons and synapses.
Multiple neurotrophic factors have been implicated in AD pathology,
including brain-derived neurotrophic factor (BDNF)*®>? and nerve
growth factor (NGF).¢° Exogenous BDNF and NGF have been shown
to exert procognitive and anti-neurodegenerative effects in rodent
models,“’i'62 but these experiments used direct CNS administration
(intracranial, intracerebroventricular), which is regarded as too inva-

sive for most human therapies. An invasive route of administration

would be especially unsuitable for a preventative therapy, since po-
tential benefits would not outweigh the inherent risk of the proce-
dure. There are currently efforts to replicate the benefits of BDNF
and NGF signaling with bioengineered BDNF and NGF analogs that
have improved trans-blood-brain barrier (BBB) transport, as well as
BBB-permeable small molecules that agonize the receptor targets of
these neurotrophic factors.®® While promising, none of these novel
approaches to drug delivery has yet been shown to attenuate cogni-

tive decline or synaptic degeneration in preclinical models of AD.

3.2 | The neurotrophic factor IGF2is a
promising therapeutic agent

IGF2 is a neurotrophic factor that is decreased in AD patients."""66 In
recent years, IGF2 has been identified as a modulator of hippocam-
pal cognition that is dysregulated in multiple neurodegenerative
disorders, including AD.%”7° IGF2 may have the requisite features
of not only a conventional AD treatment, but also a preventative
therapy. In rodent models of AD, exogenous IGF2 can in some cases
ameliorate cognitive impairments, neuropathological t:hans‘ges,é“'66
and neurotrophic decline.”* In addition to its potential effectiveness,
it has, according to the current body of research, favorable safety
and tolerability. IGF2 does not require an invasive route of adminis-
tration. Compared to other neurotrophic factors such as BDNF and
NGF, IGF2 has greater BBB permeability, which is associated with
greater bioavailability to the brain. This is likely due to IGF2's role
as a circulating factor with an endogenous blood-to-brain transport
mechanism. Moreover, exogenous IGF2 has been shown to recapitu-

F’2 and to

late some of the neurotrophic effects attributed to BDN
increase hippocampal expression of several other neurotrophic fac-
tors, including BDNF and NGF.”* Taken together, the preclinical data
on IGF2 with regard to procognitive and anti-neurodegenerative ef-
fects, favorable safety, and good tolerability suggest that IGF2 may

be a promising candidate for the treatment and prevention of AD.

4 | OVERVIEW OF IGF2

IGF2 is a pleiotropic peptide that belongs to a network of interre-
lated signaling factors known as the insulin and insulin-like growth fac-
tor signaling (11S) axis. In placental mammals, this axis includes three
major ligands: insulin, insulin-like growth factor-1 (IGF1), and IGF2.
These ligands bind with varying affinity to three main receptors: in-
sulin receptor (IR), IGF1 receptor (IGF1R), and IGF2 receptor (IGF2R).
(There are also hybrid receptors that contain an IR and IGF1R subu-
nit). Additionally, IGF1 and IGF2 bind six high-affinity IGF-binding
proteins (IGFBPs), which regulate the action of IGFs by sequestering
them away from receptors. IGFBPs generally inhibit the action of
IGFs, but may in some cases enhance their biological action by pro-
tecting them from degradation.

In circulation, nearly all IGFs are bound to IGFBPs, with only
0.13% of total IGF2 being “free” to bind receptors.”® The half-life
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of free IGF2 in circulation is ~10 min, while the half-life is ~30min
for the IGF2-IGFBP binary complex, and ~12h for a ternary complex
that also contains the protein acid-labile subunit (ALS).74 However,
only the binary complexes are able to cross from capillaries into
tissue.”® Free IGFs can diffuse across capillary pores to act directly
within tissue, although the physiological significance of these free
IGFs is not known.” In addition to producing IGFs locally, tissues
can dynamically regulate the action of circulating IGFs by secreting
enzymes capable of degrading IGFBPs, thereby liberating the IGFs
within binary complexes.””-8°

The Igf2 gene has four known gene products: pro-IGF2 (1-156),
two variants of big-IGF2 (1-87 and 1-104), and fully cleaved (“ma-
ture”) IGF2 (1-67) (reviewed in ref. 81). In humans, the predominant
Igf2 product in both circulation and the CNS is fully cleaved IGF2.
This pattern is notably different in laboratory rodents, which show
CNS expression of fully cleaved IGF2 yet have virtually no fully
cleaved IGF2 in the blood.®? Rather than signifying the absence of
IGF2 bioactivity in the rodent periphery, it is likely that an analogous
signaling function is accomplished by the larger gene products, par-
ticularly pro-IGF2.8%-8

IGF2 binds all three receptors in the 1IS axis. In the CNS, the neu-
rotrophic effects of IGF2 have been attributed to all three IIS re-
ceptors (reviewed in ref. 68). A major physiological function of IGF2
is mitogenic signaling via IGF1R, which promotes growth, differen-
tiation, and survival in multiple tissues. The IR has two alternative
splice variants, IR-A and IR-B. Of these, IGF2 has nearly five times
greater binding affinity for IR-A.86

IR and IGF1R are receptor tyrosine kinases with similar struc-
tures and overlapping intracellular signaling pathways. In contrast,
IGF2R is a single-pass transmembrane receptor with no intrinsic
kinase domain. Also known as the cation-independent mannose-
6-phosphate receptor, IGF2R traffics mannose-6-phosphate-
tagged ligands to the endosomes for post-translational processing
or delivery to lysosomes. Consistent with its role in targeting
intracellular proteins for lysosomal degradation, the subset of
IGF2R that associates with the plasma membrane (PM) internal-
izes extracellular IGF2 and targets it for lysosomal degradation.
Consequently, it was believed that the major function of PM-
bound IGF2R was negative regulation of IGF2 signaling at IGF1R
or IR (reviewed in ref. 87). However, recent studies have identified
novel signaling properties of IGF2R. Unlike IR and IGF1R, which
have well-defined intracellular signaling pathways, the intracel-
lular mechanisms by which IGF2R transduces its downstream ef-
fects are less well characterized. At present, known mechanisms
include (1) ERK1/2 phosphorylation followed by recruitment of
inhibitory G-proteins®®; (2) activation of PKC via a pertussis toxin-
sensitive mechanism ’; and, (3) facilitation of cellular autophagy
via an unknown mechanism.”® While the neurotrophic effects of
IGF2 are primarily attributed to increased mitogenic signaling,
IGF2 may also modulate brain metabolism; since IGF2 binds IR-A
at a similar affinity to insulin, IGF2 may promote neuronal glucose

uptake in the same manner as insulin.”>%2 Indeed, IGF2 binding at

IR-A is the predominant regulator of glucose uptake during fetal
development.”3%4

4.1 | IGF2 distribution in the CNS in health and AD
IGF2 is expressed throughout the CNS, acting as a neurotrophic
signaling factor in both the parenchyma and cerebrospinal fluid
(CSF). Most of the IGF2 in the CNS is assumed to be synthesized
within the CNS. This is clear in mice and rats, which have neg-
ligible levels of circulating IGF2, although a role for peripherally
derived IGF2 in the human brain is a possibility. Among the major
cell types in the brain parenchyma, Igf2 expression is highest in

9396 although microglia also secrete IGF2 in some cir-

neurons,
cumstances.””?® IGF2 and its three receptor targets are highly ex-
pressed in the hippocampus, a major site of pathological changes
in AD.”?192 Consistent with its important role in synaptic plastic-
ity, IGF21%% and its receptors!® are highly expressed at synapses.
Learning drives synthesis of hippocampal IGF2, promoting mem-
ory formation.”%?>102105 There is conflicting evidence about age-
related changes in hippocampal IGF2 in rodent models. Whereas
15-month-old mice were reported to have ~20% as much hip-
pocampal IGF2 as 7-month-old mice,®* there was no difference in
total hippocampal IGF2 between 4-month-old and 26-month-old
rats.'°% In AD, there is dramatic decline in hippocampal IGF2 ex-
pression in both human AD patients and transgenic mouse models
of AD®* ¢ (See Table 1).

The IGF2 contained in CSF also exerts neurotrophic effects.
The major sources of IGF2 in CSF are the choroid plexus and
leptomeninges, which show the highest Igf2 expression in the
entire CNS.1981%7 |5 CSF, IGF2 regulates the proliferation of neu-
ral precursors on the lining of ventricles via IGF1R; these neural
precursors are a source of new neurons in the cerebral cortex.!10
Whereas the decline in IGF2 in the parenchyma (especially the hip-
pocampus) is both apparent and consequential in AD,%* CSF-IGF2
has yet to be conclusively implicated in AD pathology. CSF-IGF2
levels are poorly correlated with cognitive impairment or disease
progression in AD. In contrast to the reported decline in parenchy-
mal IGF2, several studies have reported a statistically significant
increase in CSF-IGF2 in AD patients.“l'114 However, the variation
in baseline CSF-IGF2 values across these studies, as well as the
magnitude of the reported elevation, makes interpreting these
studies challenging.

With respect to IGF2's neurotrophic effects, the parenchyma
and CSF are typically regarded as functionally distinct compart-
ments. While it might be presumed that CSF-derived IGF2 may be
recruited to parenchyma that is IGF2-deficient, evidence of IGF2 in-
terchange between the parenchyma and CSF is lacking. There is bulk
movement of substances from parenchyma to the CSF via perivas-
cular flow, which is associated with clearance of waste products.115
However, whether this mechanism represents a major route of elim-
ination for parenchymal IGF2 in health or disease is not known. After
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TABLE 1 Evidence of IGF2 decline in AD.

Measurement of IGF2

Species Brain region expression
Human Hippocampus mRNA
Frontal cortex mRNA
Hypothalamus mRNA
Cerebellar cortex  mRNA
Human Frontal cortex mRNA
Human Prefrontal cortex =~ mRNA
APP/PS1 transgenic Hippocampus mRNA
mouse Protein
Cynomolgus monkey Hippocampus mRNA
Human hippocampus Protein
Tg2576 transgenic Hippocampus Protein
mouse
Tg2576 transgenic Hippocampus mRNA
HIOSSE Hippocampus Protein

Mean change in IGF2 expression (relative to
comparison group)

~60% decrease in AD subjects vs. control
No change in AD subjects vs. control
~60% decrease in AD subjects vs. control
No change in AD subjects vs. control

Decrease in expression in higher Braak Stages

No change in AD subjects vs. control
No change in transgenic mice vs. wild-type
No change in transgenic mice vs. wild-type

No change in an ICV-streptozotocin-injected
monkey model of AD vs. sham

~60% decrease in AD subjects vs. control

~80% decrease in tranenic mice vs. wild-type

~50% decrease in transgenic mice vs. wild-type

~50% decrease in transgenic mice vs. wild-type

Reference

Steen et al.
(2005)%

Rivera et al.
(2005)1%¢

Agbemenyah et al.
(2014)*7

Lee et al. (2014)1°!

Pascual-Lucas
et al. (2014)%*

Xia et al. (2019)%¢

focal brain lesions, CSF-derived IGFs are targeted to the damaged
parenchyma, presumably to support recovery.}'® But even if paren-
chymal uptake of CSF-derived IGF2 occurs in AD, it is apparently not
sufficient to compensate for reductions in hippocampal IGF2 seen in
AD patients.""l'66

Many gaps remain in our mechanistic understanding of IGF2 in
the brain. A salient obstacle is the complexity of brain IIS signaling,
which involves multiple ligands acting on multiple receptors in a
cell type-specific manner. Fortunately, a precise understanding of
the relative contribution of each receptor and cell type to the bio-
logical action of IGF2 is probably not necessary for evaluating the
clinical utility of IGF2. However, since the procognitive and anti-
neurodegenerative effects of IGF2 have been attributed to all three
11S receptors, recognizing receptor-specific effects may be useful in
tailoring IGF2 for use as an AD therapeutic.

4.2 | Therole of circulating IGF2 in
neurocognitive function

Thebloodis another potential source of IGF2 for the CNS. Exogenous
IGF2 enters both the parenchyma and CSF.1*”!'8 However, it is un-
clear whether free IGFs are physiologically relevant, given that (as
noted) only ~0.13% of IGF2 in circulation is present as free IGF2.73
Additionally, at 7.5 kDa, free IGF2 is too large to diffuse across the
BBB!Y and would therefore require a facilitated transport mecha-
nism. Interestingly, the only known mechanism for blood-to-brain
transport of IGFs involves an IGF being bound to an IGFBP,%° per-
haps indicating that exogenous IGF2 must complex with an IGFBP
before being transported into the brain.

The physiological significance of blood-to-brain and blood-
to-CSF transport of IGF2 is not well understood. As with the

IGF2 in CSF, it is plausible that circulating IGF2 could be re-
cruited to the parenchyma in some circumstances. Since such
compensatory transport apparently does not occur in AD, it
indicates that the mechanism governing blood-to-parenchyma
IGF2 transport is not activated by low IGF2 signaling in the pa-
renchyma. Instead, blood-to-parenchyma IGF2 transport may be
driven by local neuronal activity, which stimulates low-density
lipoprotein receptor-related protein 1 (LRP1)-mediated trans-
cytosis of circulating IGF-IGFBP3 complexes across the BBB,
followed by the liberation of bound IGFs via matrix metallopro-
teinase 9 (MMP9)-mediated cleavage of IGFBP3.8%120 While this
mechanism was originally described for blood-to-brain transport
of IGF1, the same mechanism likely transports IGF2, since IGF2
also forms complexes with IGFBP3 (private correspondence with
Dr. Torres-Aleman).

A recent study from Zolov et al.®

reports the first example of
blood-to-CNS transport of Igf2 gene products. They show that cir-
culating Igf2 gene products stimulate insulin receptors in the rat ret-
ina.8> The retina is part of the CNS, and the blood-retina barrier is
structurally and functionally similar to the BBB in how it regulates
the movement of proteins across the barrier.*?! Further research
is necessary to determine whether circulating IGF2 is transported
across the BBB to supplement endogenous IGF2 signaling in the
brain.

The contribution of circulating IGF2 to neural function, includ-
ing cognition, is poorly understood. There is substantial variation
in circulating IGF2 among healthy adults (300-1100ng/mL*?2), but
this natural variation does not appear to correlate with AD status
or degree of cognitive impairment.123 The IGF2 concentration in
CSF is apparently regulated independently of circulating IGF2 lev-
els: in patients with endocrine disorders that result in either con-
stitutively high- or low-serum IGFs, CSF levels of both IGFs remain
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normal.*?#12> However, blood-to-CSF transport of IGF2 is report-
edly reduced in aged sheep.t'”

In summary, the peripheral and CNS concentrations of IGF2 are
thought to be distinct pools. Similarly, within the CNS, the paren-
chyma and CSF are also thought to regulate IGF2 independently. In
contrast to the serum and CSF levels, the parenchymal IGF2 levels
appear to be the most affected in AD. Despite the fact that circu-
lating IGF2 concentration is not strongly associated with AD risk,
understanding the blood-to-brain transport mechanisms may be im-
portant for developing IGF2 therapeutics that reliably deliver the
peptide into the brain.

5 | IGF2 IS IMPLICATED IN MULTIPLE
ASPECTS OF AD PATHOPHYSIOLOGY

5.1 | IGF2rescues cognitive impairments in mouse
models of AD

As previously discussed, cognitive deterioration is generally re-
garded as the most devastating aspect of AD. Therefore, it is cru-
cial that a candidate AD treatment suppresses AD-associated
cognitive decline.'?® IGF2 has been shown to improve hippocam-

pal memory function in transgenic mouse models of AD%*%° (

see
Table 2). Consistent with its role as a modulator of hippocampal
cognition,”® exogenous IGF2 has been reported to enhance memory

9095105129130 514 to ameliorate age-related cognitive de-

formation
cline.®® The procognitive effects of hippocampal IGF2 have been
attributed to both IGF2R7>105130.131 34 IGF1R.2? It is important
to note that the procognitive effects of IGF2 cannot be completely

dissociated from its broader neurotrophic role. For example, when

intrahippocampal IGF2 enhances the extinction of a contextual fear
memory, it does so at least in part by promoting the maturation of

17-19-day-old neurons undergoing neurogenesis.127

5.2 | IGF2 alleviates cholinergic dysfunction
Acetylcholine modulates hippocampal cognition, and the decline
in acetylcholine neurotransmission is an early pathological event
in AD.®**2 During a spatial memory task, extracellular acetylcho-
line levels in the hippocampus nearly double; moreover, the relative
increase in acetylcholine correlates with improved task perfor-
mance.'®® The underlying causes of reduced acetylcholine neuro-
transmission in AD are (1) degeneration of cholinergic neurons in the
basal forebrain and (2) reduced abundance and activity of choline
acetyltransferase (ChAT), the enzyme that synthesizes acetylcho-
line in the presynaptic terminal. While ChEls potentiate the action
of acetylcholine at remaining synapses, their mechanism fails to ad-
dress either of these underlying causes. In contrast, IGF2 is reported
to preserve cholinergic neurons and potentiate ChAT activity. These
properties may afford a therapeutic advantage in treating and pre-
venting cholinergic dysfunction in AD.

IGF2 acutely enhances acetylcholine neurotransmission, albeit
by a different mechanism than that of the ChEl drugs. In ex vivo rat
brain slices, IGF2 administration evokes acetylcholine release in the
hippocampus, striatum, and frontal cortex.'>* This release is medi-
ated by the IGF2R, which colocalizes with the vesicular acetylcho-
line transporter (VAchT) in the hippocampus and basal forebrain.*®®
Furthermore, IGF2 modulates the intrinsic responsiveness of basal
forebrain cholinergic neurons via an IGF2R-dependent mechanism;

however, it remains unclear how the electrophysiological properties

TABLE 2 Effects of IGF2 administration in rodent models of AD pathology.

Route of administration
(dose, acute vs. chronic

administration) Animal model

ICV (50ng/h, 7days, chronic) Mouse (APP.PS1/CHGFP) n/a

aged 6 months

Cognitive/Behavioral
outcomes

Physiological outcomes Reference
1 Hippocampal neurogenesis Mellott et al.
(2014)*

1 Cholinergic neurons in basal
forebrain

1 ChAT levels in hippocampus

1 Growth factor expression in
hippocampus (BDNF, NGF)

1 A plaques in hippocampus

Bilateral intrahippocampal
microinjection (250ng
IGF2, acute)

Bilateral intrahippocampal
microinjection with viral
vector to drive neuronal
IGF2 expression (AAV8-
IGF2 construct, acute)

Subcutaneous (20 pg/kg,
30days, daily injection)

Male C57BI/6 wild-type mice
(3 months old)

Male C57BL/6 mice
(18 months old; female
Tg2576 mice (4 months
old and 12months old)

Male Wistar rats (103 weeks
old)

Enhanced fear
extinction with IGF2
injection

Attenuated cognitive
impairment in mice
with AAV-driven
IGF2 overexpression

n/a

n/a

1 Ap40, | Ap42in prefrontal and
parietotemporal cortices

1 Dendritic spine density in
hippocampus

| Oxidative stress markers in the
hippocampus and cortex

Agis-Balboa et al.
(2011)*¥

Pascual-Lucas
etal. (2014)%

Castilla-Cortazar
etal.
(2011)*%8
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of basal forebrain cholinergic neurons affect acetylcholine neuro-
transmission in the hippocampus or cerebral cortex.**® Further stud-
ies are needed to ascertain whether exogenous IGF2 can stimulate
hippocampal acetylcholine release in vivo.

In contrast to ChEls, IGF2 may be able to address the degener-
ation of cholinergic neurons that occurs in AD pathogenesis. In the
transgenic APP/PS1 mouse model of AD, 1week of chronic intrace-
rebroventricular (ICV) IGF2 infusion enlarged basal forebrain cho-
linergic neurons while increasing hippocampal ChAT expression.71
This was likely mediated by upregulated bone morphogenic factor-9
(BMP9), a neurotrophic factor that was previously identified as a
positive regulator of cholinergic neuron health in the same trans-

1.13¢ Whether alone or in combination with

genic AD mouse mode
a ChEl, IGF2 may relieve cognitive symptoms of AD while also re-
storing some of the cholinergic signaling infrastructure that is often

damaged in AD.

5.3 | IGF2 ameliorates amyloid pathology

The accumulation of AB in the parenchyma is a pathological hall-
mark of AD, resulting in the formation of amyloid plaques and el-
evated levels of soluble AB. There is evidence to suggest that IGF2
may protect against Ap-induced neurotoxicity. In the Tg2576 mouse
strain, neuroprotection against elevated Ap secretion was shown to
be mediated by endogenous IGF2 secretion via an IGF1R-dependent
mechanism.*%”

IGF2 administration has been shown to reduce amyloid pathol-
ogy in mouse models of AD, albeit with routes of administration that
would be unsuitable for humans. In APP/PS1 mice, 7 days of chronic
ICV IGF2 administration reduced amyloid plaques in the hippocam-
pus.”! In the Tg2576 strain, adeno-associated virus (AAV)-mediated
overexpression of IGF2 in the hippocampus reduced soluble Ap lev-
elsin the prefrontal and parietotemporal cortices, but did not signifi-
cantly reduce plaque density in the hippocampus itself.¢* A single
intrahippocampal microinjection of IGF2 was sufficient to attenuate
hippocampal plaque density and soluble Ap concentrations 1week
later.®® Consistent with a role in ApB clearance, IGF2 has been shown
to reduce non-amyloid extracellular protein aggregates in a mouse
model of Huntington's disease.'*®

In an in vitro model, hippocampal neurons derived from wild-
type mice showed reduced IGF2 expression after being treated with
media from cultured neurons derived from the Tg2576 strain, pre-
sumably due to the elevated levels of Ap in the medium.®* In the
same study, viral vector-mediated overexpression of IGF2 in hippo-
campal neurons derived from Tg2576 mice showed near-total clear-
ance of Ap from the cell culture medium via an IGF2R-dependent
mechanism. The dual observations of IGF2 attenuating Ap-induced
damage and Ap suppressing IGF2 expression are consistent with the
hypothesis that AD involves a vicious cycle of escalating pathologi-
cal changes and neurotrophic decline.”!

Attenuating dysregulated amyloid pathology is a potential mech-
anism by which IGF2 can counteract disease progression in early

AD. Indeed, interfering with amyloid pathology in the presymptom-
atic stage may be necessary for a preventative treatment to have
a meaningful therapeutic effect. In patients who already display
cognitive impairment, aducanumab produces minimal effects on
cognitive outcomes despite successfully shrinking amyloid plaques.®
Supporting the speculation that targeting Ap at an earlier stage of
disease progression would be more efficacious, Osborne et al.*®
reported that intrahippocampal administration of an antibody-like
antagonist to oligomeric Ap rescued cognitive performance in rats
fed a high-fat, high-sugar diet. Such a diet produces elevated hip-
pocampal Ap and cognitive dysfunction,** and may therefore be a
model that accurately recapitulates early changes that occur in the

human brain during AD pathogenesis.

5.4 | IGF2 and synaptic function

Synaptic degeneration is a major pathological process in AD, with re-
duced synaptic density in the hippocampus correlating with degree
of cognitive impairment.*°143 The density of neurons and synapses
in key brain areas has been suggested to be the physiological cor-
relate of cognitive reserve, the ability of some patients to resist cog-
nitive decline despite the presence of overt neuropathology.}*#4°
Thus, when evaluating novel therapeutics, the preservation of syn-
apses is likely to be an important benchmark of effectiveness in pre-
clinical research.

Previously, measurements of synaptic density could only be
done post-mortem.*! Recently, techniques are being developed to
measure synapses in vivo. Using PET, regional synaptic density can
be measured using a radiolabeled compound that binds to the ubig-

uitous synaptic protein synaptic vesicle glycoprotein 2A (SV2A).146

SV2A-PET imaging has been recently used in AD patients.}47148
Compared to cognitively normal participants, AD patients show re-

147148 \yith this biomarker

duced SV2A binding in the hippocampus,
correlating with impaired episodic memory.14®

Another avenue by which IGF2 may augment synapses in the
hippocampus is by facilitating synaptogenesis. Acting as a neuro-
peptide, presynaptic IGF2 is necessary for the stabilization of hip-
pocampal synapses formed following synaptic activity.149 IGF2 is a
downstream effector of the IKK/NF-xB pathway, which regulates
synapse formation and spine maturation in the hippocampus.t®! In
a transgenic mouse model of constitutively downregulated NF-«B,
IGF2 signaling via IGF2R was shown to be necessary and sufficient
to rescue synaptic deficits.** In wild-type mice, overexpression of
hippocampal IGF2 resulted in greater spine density on the apical
dendrites of CA1 pyramidal neurons.®*

The synaptic compartment is likely to be an early site of IGF2
dysregulation in AD. In a rat model of age-related cognitive decline,
reduced IGF2 expression in the synaptic compartment was associ-
ated with cognitive deficits even as overall IGF2 expression showed
no apparent decline.!®® Since total IGF2 expression eventually de-
clines, dysregulation of synaptic IGF2 may represent an early event
in the typical progression of AD.
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5.5 | Hippocampal neurogenesis

A striking manifestation of neurotrophic decline in AD is the re-
duction in hippocampal neurogenesis that occurs across disease
progression.50 In neurologically healthy subjects, hippocampal
neurogenesis declines with age, but this decline is more dramatic
in AD subjects.’®'*° Rodent studies have indicated a role of hip-
pocampal neurogenesis in many neurological processes that are im-

151,152

paired in related to AD, including memory consolidation and

neuroprotection.’>®

While the full significance of adult hippocampal neurogenesis in
humans is unclear, an important line of evidence comes from adult
patients receiving brainirradiation to treat intracranial tumors. A side
effect of this procedure is the death of non-cancerous cells undergo-
ing cell division, including the neural stem cell precursors that give
rise to new neurons. Around half of patients receiving this procedure
meet the clinical standard for radiation-induced cognitive impairment
(RICD), with symptoms ranging from mild to severe (reviewed in ref.
154). While all RICD studies have the caveat that cognitive decline
may be due to cancer progression rather than radiation treatment,
these studies suffice to indicate that loss of adult hippocampal neu-
rogenesis is not sufficient to induce profound cognitive impairment.
The example of RICD patients may indicate that declining neurogen-
esis is less consequential than other pathological processes (notably
synaptic degeneration) in AD-associated cognitive decline. This con-
clusion accords with recent studies that have challenged the claim
that adult hippocampal neurogenesis is physiologically significant in
humans. 155157

In the neurogenic zones of the hippocampus, IGF2 acts via IR-A
to maintain the population of neural stem cell precursors.t>81%?
These neural progenitors secrete IGF2 in an autocrine/paracrine
manner, although the proximity of these neurogenic zones to the
lateral ventricles may allow for IGF2 in the CSF to have an influ-
ence.’® Seven days of chronic ICV-IGF2 infusion increased markers
of hippocampal neurogenesis in a mouse model of AD,’! supporting
the idea that IGF2 in the CSF can stimulate neural precursors in the
neurogenic zones of the hippocampus. The proliferation of cortical
neuron precursors in the ventricular lining is stimulated by IGF2 in
CSF via an IGF1R-dependent mechanism.** In an analysis of gene
expression in this population of hippocampal neural stem cells, up-
regulation of Igf2 was associated with increased neurogenesis.'®
In the same study, siRNA-mediated knockdown of Igf2 in the hip-
pocampus blunted the proliferation of neural stem cell precursors,
while the proliferative action of IGF2 was inhibited by an IGF1R
antagonist.

Given the unclear significance of adult hippocampal neurogen-

esis in human cognition,1>%162

selecting a putative preventative
treatment on the basis of enhanced neurogenesis may not be the op-
timal approach to preserving cognitive capabilities. It is reasonable
to suppose that decline in hippocampal neurogenesis contributes
to hippocampal atrophy by subtracting a source of new neurons.
While the scale of neurodegeneration in AD is such that repopula-

tion of lost neurons through neurogenesis is implausible, enhancing

neurogenesis at an earlier stage of AD pathogenesis may help to mit-

igate less profound structural losses.

6 | IGF2 HAS FAVORABLE TOLERABILITY
AND SAFETY

Even if IGF2 is effective in enhancing neurotrophic processes and
ameliorating AD pathophysiology, its therapeutic utility will also de-
pend on safety and tolerability. As with existing AD drugs, IGF2 will
likely require weeks or months of continuous treatment to produce
a therapeutic effect. As such, IGF2 must be demonstrated safe and
tolerable for long-term use. The tolerability of IGF2 is especially rel-
evant with regard for its potential use as preventative treatment,
since any adverse side effects will seem highly salient as whatever
benefits may not be noticeable to the patient.

One of the major factors that influences a drug's tolerability is its
viable routes of administration. IGF2 has two convenient routes of
administration, subcutaneous and intranasal. In rodent models, IGF2
delivered by either of these routes has been reported to exert neural
benefits at concentrations likely to be safe for long-term use. These
routes of administration are suitable for either conventional or pre-
ventative AD treatment. Given that the extent of neurological dam-
age and dysfunction is likely greater for AD patients than cognitively
normal patients deemed at risk of AD, AD patients may require more
invasive routes for delivering IGF2 to the CNS in order to receive a
beneficial effect. We discuss several strategies for delivering IGF2
directly to the CNS, concluding with a discussion of gene therapy-
based approaches for driving neural Igf2 expression.

6.1 | Routes of administration

6.1.1 | Subcutaneous administration
While oral administration is generally considered the most con-
venient route of administration, the IGF2 peptide is not suitable
for oral use because it would be degraded in the gastric fluids.!%®
Subcutaneous injection is likely to be a safe and practical route for
systemic IGF2 administration in humans. Indeed, the related pep-
tides insulin and IGF1 are commonly administered subcutaneously
for the treatment of diabetes*®* and growth hormone deficiency, ¢’
respectively. Long-term, repeated subcutaneous administration has
already been safely employed in clinical trials of AD therapies.'¢¢
Several rodent studies have tested the effects of subcutaneously
administered IGF2. At 30 ug/kg, a single dose of subcutaneous IGF2
acutely enhances hippocampal memory performance in both mice'®’

130 without affecting metabolic or sensorimotor measures

and rats,
after 30min, 24 h, or 7days. There are also data from rats given sub-
cutaneous IGF2 on a chronic or repeated basis. In adult rats, 2 weeks
of chronic subcutaneous IGF2 administration, whether with daily in-
jections or constant infusion from an implanted osmotic mini-pump,

does not affect body composition or metabolic measures'®®1¢%;
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30days of subcutaneous IGF2 reduced markers of oxidative stress

128, oxidative stress is a

in the hippocampus and cortex of aged rats
common feature of AD pathology.170 However, the impact of chronic
IGF2 on cognitive measures is unknown.

There are no published data on the safety or tolerability of IGF2
administration in humans. Despite this lack, comparison to human
dosing of the related peptide IGF1 may be of use in predicting the
tolerability of IGF2. The primary clinical application for IGF1 is treat-
ing growth hormone-deficient children, to bring their constitutively
low IGF1 levels to parity with healthy children at the same develop-
mental stage. This treatment necessitates very high doses of IGF1,
so such studies are of limited value when trying to extrapolate the
likely side effects of chronic IGF2 administration in an elderly pop-
ulation receiving much lower doses. In a small clinical trial aimed at
investigating the potential of IGF1 to prevent bone loss in elderly
women, 1year of twice-daily subcutaneous injections of IGF1 did
not result in a higher rate of adverse side effects than the placebo
treatment.”* However, a comparable study design that employed a
higher dose of IGF1 did indeed cause a higher rate of adverse side
effects, including joint pain, edema, nausea, and headaches.'”?

A potential issue with the subcutaneous route of administration
is that AD patients may have impaired blood-to-brain IGF2 transport,
which would compromise effectiveness by limiting bioavailability to
the brain. The only characterized mechanism for blood-to-brain IGF
transport relies on neurovascular coupling,® a process known to be
dysregulated in AD.}”3 Therefore, the bioavailability of subcutane-
ously administered IGF2 to the brain may be enhanced by concom-
itant stimulation of neuronal activity. While the implications of this
inference have yet to be studied, some speculation is warranted. In
cognitively normal subjects, or those with moderate levels of cog-
nitive decline, IGF2 may be administered alongside a cognitively
stimulating activity such as crossword puzzle or video game. In AD
patients with more severe dementia, engagement with a cognitively
stimulating activity may be impossible; as such, concurrent use of a
non-invasive brain stimulation method such as transcranial magnetic
stimulation or direct current stimulation may be more efficacious.’*

6.1.2 | Intranasal administration
Intranasal administration is a non-invasive means of delivering com-
pounds to the brain that may circumvent some of the potential is-
sues with subcutaneous administration, particularly the concerns
about bioavailability to the brain. Intranasally administered sub-
stances bypass the BBB by diffusing across the olfactory epithelium
and cribriform plate to reach the brain parenchyma.}”® Once in the
brain, the substances are distributed deeper into the brain along the
olfactory and trigeminal tracts, and then outward into the paren-
chyma via perivascular spaces.!’¢

In the only published study of intranasal IGF2, Pardo et al.”? re-
ported that intranasal IGF2 rescued spatial memory deficits in mice
with siRNA-induced BDNF deficiency.72 Acute intranasal adminis-
tration of other neurotrophic factors has been explored in rodent

AD models. Intranasal BDNF administration rescued memory defi-
cits in AD11 mice, a transgenic AD model with NGF deficiency.’”
Intranasal NGF improved memory deficits in both AD11 and APP/
PS1 transgenic AD mice.”®? Intranasal administration of plasma
enriched in growth factors enhanced neurogenesis in the APP/PS1
transgenic mice.'®

To date, no human or animal studies have investigated long-term
intranasal administration to treat AD using any neurotrophic factor
other than insulin. Human studies of intranasal insulin can inform our
assessment of the feasibility of long-term intranasal IGF2 adminis-
tration. Intranas