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Abstract 

 

The two SH2-containing inositol 5'-phosphatases , SHIP1 (INPP5D) and SHIP2 

(INPPL1), play an essential role in modulation of cellular signaling by transforming 

the PI3K product PI(3,4,5)P3 into PI(3,4)P2. PI3K signaling triggers activation of 

downstream signaling cascades that drive survival, effector functions, 

differentiation, and proliferation. SHIP1 can also mask the cytoplasmic tails of key 

receptors or their adaptor proteins such as DAP12, thus preventing PI3K 

recruitment to Trem2, a critical receptor for microglial function. Several GWAS 

studies correlated single nucleotide polymorphisms (SNPs) in INPP5D with 

Alzheimer’s Disease (AD). However, it remains unclear whether these SNPs are 

deleterious or protective in AD and how they alter SHIP1 protein expression. 

SHIP2 overexpression has also been correlated with AD, suggesting that both 

SHIP1 and SHIP2 might be therapeutic targets. 

To study how SHIP1 and SHIP2 modulate microglial functions we used 

small molecule inhibitors and agonists of these enzymes. In our initial study we 

found that both SHIP paralogs are expressed in murine microglia and that Pan-

SHIP1/2 inhibition increases lysosomal size and enhances microglial phagocytosis 

of Ab1-42 fibrils and dead neurons using both flow cytometry and confocal 

microscopy. Our lead Pan-SHIP1/2 inhibitor, K161, showed Blood Brain Barrier 

penetration as detected in the cerebral cortex of treated mice with mass 

spectrometry. K161 treatment of WT mice showed no difference in microglial 

frequency or lysosomal content in vivo; however, we observed a significant 
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increase in Ab1-42 and dead neurons phagocytosis ex vivo in microglia in K161-

treated mice versus controls.  

Subsequently, we discovered a novel and highly potent SHIP1 selective 

agonist (K306) via artificial intelligence guided computational screening. We found 

that K306 can reduce the release of inflammatory cytokines in macrophages and 

microglial cells stimulated with LPS or Ab1-42. Interestingly, K306 didn’t alter 

microglial phagocytic uptake of cargo, but did promote degradation of 

phagocytosed lipid-laden cargo - defining a novel role of SHIP1 in degradation of 

lipid cargo in microglia.  

These results highlight the importance of SHIP1 and SHIP2 in microglial 

biology and their modulation as therapeutics in different stages of 

neurodegenerative disease where microglia play a major role, such as AD. 
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Chapter 1. Introduction1 

 

Summary 

The central nervous system (CNS) comprises brain and spinal cord and is formed 

by neurons and glial cells. The CNS integrates information from the periphery and 

processes them coordinating activity of all body parts. Neurons are the cells that 

permit information processing while glial cells as oligodendrocytes, astrocytes and 

microglia are supporting cells to permit neuron maintenance and facilitate synaptic 

signaling. The role of the immune system in maintenance of homeostatic functions 

and shaping disease patterns in the CNS has long been underestimated. Recent 

Omics studies suggested the innate immune system might play a key role in 

Alzheimer’s Disease (AD) progression and that microglia, is an important player in 

brain homeostasis and pathology. Microglia are brain resident innate immune cells 

known to modulate synaptic plasticity and orchestrate immune response of other 

glial cells. For their role as immune gate keeper of the brain our work aimed to 

study how modulating microglial functions targeting two inositol phosphatases 

(SHIP1 and SHIP2) with small molecules might be beneficial in neurodegenerative 

diseases such as AD. 

  

 
1 Figures Adapted from Pedicone C. et al., Cancers, 2021, 13(4), 890; 
Doi.org/10.3390/cancers13040890, as specified In the figure legend, with permission from the 
authors. C.P. wrote this Chapter 
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Origin of microglia 

 

The central nervous system (CNS) is enriched by a multiplicity of immune cells that 

permit neural stem cells (NSCs) to thrive, prune and protect neurons as well as 

control external infiltrations of the CNS via phagocytosis and release of cytokines 

[1]. In the CNS, macrophage-like resident cells called microglia are considered the 

gatekeepers acting as “friends or foes” in health and disease [2]. Microglia 

originate from an erythro-myeloid progenitor cell deriving from the yolk sack 

(YS)[3]. Microglia were first reported by Rio-Hortega in 1932 as phagocytic cells in 

the CNS and were initially believed to colonize the brain migrating from the 

meninges [4, 5]. Although it has been speculated that microglia originate from bone 

marrow (BM) precursors like tissue macrophages in the Mononuclear Phagocyte 

System (MPS) classification [6], it is now generally accepted that microglial have 

a YS origin[7, 8]. More recently, fate mapping approaches proved that microglia 

are dependent on CSF-1 and IL34, secreted by neurons to engage CSFR1 and 

promote their proliferation and survival [9]. From the embryonic mesoderm 

primitive progenitor cells colonize the neuroepithelium during early development 

at embryonic day 8 (E8) before formation of Blood Brain Barrier (BBB) (E13.5). YS 

hematopoietic progenitor cells (HPC) deriving from a mesodermal blood pool, 

proliferate and completely colonize the developing brain (E9.5) [10]. This results in 

the establishment of a pool of microglia in the adult brain that are long-lived, self-

renewing cells [8, 11] that are not replenished by hematopoietic progenitors from 
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the BM, except in cases of severe depletion where some replenishment from adult 

BM can occur [12]. 

 

Microglia colonize homogeneously all regions of the brain and constitute 

about 2.5-5% of the cells in healthy adult brain[13]. However, they exhibit diversity 

in their transcriptome and immunophenotype in different brain regions in young 

and aged mice, suggesting that different types of microglia in different regions may 

have immunoregulatory or immunosurveillance roles, and particularly in the 

hippocampus vs. the cerebellum [14]. Gender is a further variable that can modify 

microglial behavior in health and disease, based on the observation that estradiol 

affects microglia reducing their inflammatory capacity [15]. Microglial frequency 

and function are also altered in aging, with higher numbers of microglia in the CNS 

[16], increased expression of M2-like markers[17] and decreasing ramification and 

surveillance and responses to external insults [18] occurring with aging. Microglia 

play a pivotal role in acute and chronic pathologic processes of the CNS and could 

be therapeutic targets in neurogenerative diseases[19-21], stroke[22], and brain 

tumor growth[23]. Microglia are not the only macrophage (MP) populating the 

brain. Macrophages present in the meninges and perivascular space share with 

microglia the origin from primitive progenitors [24]. On the contrary, MP of the 

choroid plexus can have a dual origin and rapid turnover [25].  

 

Microglial sensome and synaptic modulation 
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Neurovascular unit and neuronal sensing in awake/sleep cycle 

 

Microglia functions are essential for brain homeostasis, and they satisfy their 

homeostatic and surveillance role in concert with other brain cells, and particularly 

other glial cells like astrocytes. The CNS had long been considered an immune-

privileged organ, but recently the role of vasculature, lymphatic system and glia 

came in focus with the definition of the neuro-vascular unit (NVU)[26]. In the NVU 

an interaction between endothelial cells, basement membrane, neurons, 

perivascular astrocytes, pericytes and microglia give rise to the blood brain barrier 

(BBB) and the glymphatic system permitting Cerebral Spinal Fluid (CSF) to come 

in contact with the interstitial fluid of the brain (ISF) to facilitate clearance of waste 

products in the CNS, with this lymphatic system draining toward cervical lymph 

nodes and meningeal vessels[27].  

 

As part of the glymphatic system, microglia are fundamental for clearance 

of cellular debris, while astrocyte end feet and pericytes facilitate glymphatic 

drainage [28]. The role of microglia in removal of b-amyloid appears to compliment 

the glymphatic drainage and be particularly important in the early phases of 

Alzheimer’s Disease (AD) [29]. The glymphatic drainage is active during sleep, 

when the locus coeruleus is inactive and thus the adrenergic tone in the brain is 

reduced [30]. The catecholamine neurotransmitter Norepinephrine (NE), released 

during the awake state, binds to adrenergic receptors expressed by microglia 

signaling through protein G (PG) [31]. Here, the b receptor 2 (B2R)-PGs activation 
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in microglia triggers increase of cellular cAMP leading to a less ramified state with 

decreased surveillance and motility [32]. In line with this finding, absence of NE 

during sleep impairs B2R stimulation promoting microglial phagocytosis of debris 

and excess synapses, increasing their ramification and surveillance territory [33]. 

Interestingly, sedatives such as ketamine, xylazine and isoflurane, lead to a similar 

phenotype as that seen during sleep with decreased NE release and microglial 

polarization [34]. 

 

Microglia can sense and respond to cues present in the microenvironment 

to regulate neuronal activity [35]. Neuronal hyperexcitability leads to release of 

ATP from neurons by different mechanisms that include: (1) opening of volume 

activated anion channels (VACCs) for axonal swelling [36], (2) release from 

synaptic vesicles as a co-transmitter [37] or in response to glutamate, and (3) 

activation of NMDAR on postsynaptic neurons in the presence of glutamate [38]. 

ATP is hydrolyzed to ADP and AMP and all three of these can be sensed by 

microglia’s purinergic receptors (P1 and P2 family) [39]. P2 receptor family is 

subdivided into ligand gated (P2X) or metabotropic (P2Y) receptors [40]. Neuronal 

ATP binding to P2Y12 on microglia leads to activation of protein Gi and reduction 

of cAMP, process extension, motility [32] and coverage of hyperexcited neurons 

triggering negative feedback on neuronal excitability. Microglial enzymes CD39 

and CD73 hydrolyze extracellular ATP into adenosine that binds to neuronal 

receptor A1 reducing neurotransmitters release [41]. The role of ATP on P2Y12Rs 

has been found to counterbalance the effect of NE on microglia, inhibiting 
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microglial motility during wake phases of the day in animals [34, 42]. The other two 

notable purinergic receptors expressed by microglia are P2Y6 and P2X7. P2Y6, 

coupled to PGq, is an important regulator of microglial calcium-signaling through 

Phospholipase C (PLC) activation [43]. This same receptor has been involved in 

regulation of live-neuron phagocytosis by microglia in vivo [44]. P2X7 is an 

ionotropic receptor, whose activation induces calcium signaling and increases 

release of TNFa and IL-1b [45]. Furthermore, calcium signaling in microglia 

appears to have an important role for microglia associated with b-amyloid plaques 

in AD and is decreased in disease [46].  

 

Microglia and astrocytes also express nicotinic acetylcholine receptors 

(nAChR) that has an important role in regulation of oxidative state with 

neuroprotective effect. Furthermore, Activation of the nAChR-a7 by Acetylcholine 

(ACh) promotes microglial phagocytosis of b-amyloid and decreases inflammation 

suppressing the NFkB signaling [47]. Moreover, activation of this receptor also has 

anti-oxidant effects as it induces expression of heme oxidase-1 (HO-1) [48] 

downstream of the erythroid 2-related factor 2 (Nrf2) resolving microglial oxidative 

state [47]. Thus, the cholinergic system plays an essential role in AD and other 

neurodegenerative disease with neuro-protective, anti-inflammatory functions in 

microglia and stimulating directly cortical neurons involved in memory and 

attention[49]. For this reason, acetylcholinesterase (AChE) inhibitors have been 

used as palliative cure in the later phases of AD [50]. 
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Microglial role in synaptic plasticity  

 

Microglia functions can mediate synaptic plasticity through potentiation and 

depression of synaptic strength, synaptic pruning and neuronal phagocytosis that 

shape the formation of neuronal networks and memory engrams [51]. Long-term 

potentiation (LTP) and long-term depression (LTD) are two mechanisms essential 

for synaptic plasticity, respectively potentiating or weakening synaptic strength. 

Glutamate is an excitatory neurotransmitter in the brain, essential in the neocortex 

and hippocampus, where the glutamatergic system is responsible for information 

processing and engram formation [52]. If released in excess, glutamate can cause 

neuronal excitotoxicity [53]. This is reduced by glial cells that can take it up with 

glutamate transporter [54] or system Xc- [55] and convert it to glutamine via the 

enzyme glutamine synthetase [56]. Glutamate can also activate microglia, 

increasing TNF-a production when signaling through mGluR2 [57] or NMDA 

receptors [58], but has an opposite effect when bound to the microglial AMPA 

receptor [59]. This complex response is regulated by a feedback loop on receptor 

expression and has a more complex interaction pathway with sensing of other 

neurotransmitters [60].  

 

In hippocampal neurons, a post-synaptic stimulation sufficient to trigger 

NMDAR channel opening and calcium signaling drives insertion of AMPAR to the 

post-synaptic membrane, generating the early LTP phase [61]. To induce long 

lasting changes in LTP, a subsequent post-synaptic stimulation triggers 
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downstream signaling trough PKA-CREB to induce protein expression and growth 

of synaptic spines further strengthening the LTP [62, 63]. On the counter side, LTD 

is driven by endocytosis of AMPAR for lack of sufficient receptor stimulation, 

driving synaptic weakening [64]. Conversely, NMDAR activation in microglia leads 

to increase in NADPH oxidase, reactive oxygen species (ROS) release inducing 

protein phosphatase 2A (PP2) in neurons leading to AMPAR endocytosis [58]. This 

same NADPH-ROS-PP2A axis Is found in response to complement receptor 3 

(CR3) activation and induces neuronal LTD[65].  

 

Microglia can also mediate LTP with a different mechanism than for LTD. 

The Brain Derived Neurotrophic Factor (BDNF) produced by microglia was found 

to induce synaptic plasticity activating TrkB signaling cascade of the neighboring 

neurons [66]. BDNF triggers actin cytoskeleton modification through a TrkB-PI3K-

IRS1 signaling pathway that promotes budding of new synaptic spines that are 

essential for late phase LTP [67]. BDNF also promotes NSC maintenance and 

differentiation during both adult neurogenesis and early development [68, 69], 

showed to improve cognition in a murine AD model [70]. BDNF can act in an 

autocrine fashion on microglia reversing their age-related activation [71]. LTP can 

also be impaired by inflammatory cytokines [72, 73]. A clear example is found in 

IL1b-mediated disruption of BDNF-induced LTP [74] that suppresses IRS1 

signaling and increases MAPK activity downstream of TrkB in BDNF-stimulated 

neurons [75]. However, IL1b and other inflammatory cytokines can directly impair 

synaptic plasticity acting on neighboring glial cells to prime microglial inflammatory 
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response [76]. For these reason inflammatory cytokines can act on different brain 

cells and ultimately worsen neurodegenerative disease pathology [77]. 

 

Microglial phagocytic function 

Mechanism underlying microglial phagocytosis  

 

Microglia are the specialized phagocytes found in the brain that have multiple 

essential roles in the CNS that include synaptic pruning, clearance of 

dead/apoptotic neurons (efferocytosis) [78], cellular debris, bacteria and viruses 

[79], myelin [80] and misfolded proteins – for example b amyloid 1-42 fibrils [81, 

82] and a-synuclein [83]. Phagocytosis is a multi-step process based on 

recognition of the target, engulfment of the cargo and its degradation [84] listed in 

Table 1. In the “find me” phase, microglial motility and ramification are essential 

for their sensing damage in their surroundings. Apoptotic neurons release 

nucleotides (ATP, UTP), CX3C motif chemokine ligand1 (CX3CL1), 

lysophosphatidylcholine (LPC) and sphingosine-1-phosphate (S1P) act as 

attractants for microglia seeking them [85].  

 

Once microglia are engaged, they need to recognize the cargo to eliminate 

it that requires some specific receptor-cargo interaction [86]. An example of this 

finely tuned process is the Sialylation of neurons – a “don’t eat me” signal found 

on healthy neurons [87] and exposure of Phosphatidyl Serine (PS) - an “eat me” 

signal found on stressed neurons [88]. PS is normally confined to the inner leaflet 
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of the plasma membrane but flips to the outer leaflet following cellular stress or 

during apoptosis. Thus, apoptotic cells have a surface highly enriched with PS that 

is easily recognized by microglia through scavenger receptors [89-91]. Contrary to 

apoptotic or dead neurons, stressed neurons have transient exposure of PS on 

their surface when they enter in contact with stressors such as oxidants. The live 

phagocytosis of stressed neurons is called Neurophagy, when microglia engulf 

living cells that die by mean of the phagocytic process. [92, 93].  

 

After the initial phase of cargo recognition and receptor clustering there is 

formation of the early phagocytic cup to permit engulfment [94]. Formation of the 

phagosome is non-clathrin mediated and regulated by dynamin [95], unlike 

receptor phagocytosis that is clathrin mediated [96]. Once engulfment is completed 

with phagosome sealing, the cargo is held in the early-Rab5+ phagosome that then 

matures into a Rab7+ phagosome and ultimately fuses with the lysosome 

containing LAMP1 where the mature machinery of the late-phagosome/lysosome 

fully degrades the engulfed cargo [95]. Maturation of the phagosome can proceed 

by two different mechanisms: LC3 (microtubule-associated protein 1A/1B-light 

chain 3)-independent or LC3-dependent (LAP)[97]. Currently, LC3 independent or 

autophagy independent maturation has not been described in microglia, but is a 

known mechanism of phagocytic degradation in tissue macrophages [98]. 

 

 The LAP-dependent “digest me” phase of phagocytosis starts with 

lipidation of LC3 for formation of LC3II and its embedding in the phagosome that 
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is mediated by ATGs, but downregulated following mTORC1 activation. LC3II 

permits early phagosome association with Beclin-1 [99] that along with Rubicon 

and PI3K III, permits PI3P enrichment for phagosomal maturation and fusion with 

the lysosome leading to formation of late phagolysosome [100]. The ensuing 

phase of LAP promotes full degradation of cargo due to V-ATPase activation that 

increases the acidity of the phagolysosomal lumen [101] and activation of 

lysosomal proteases, such as Cathepsin B and D [102]. Interestingly V-ATPase 

activity is correlated to mTORC1 activity with a feed-forward mechanism to 

promote lysosomal biogenesis[101, 103]. Lastly, activation of NADPH class 2 

(NOX2), for production of ROS, leads to alkalinization of the phagosomal lumen 

and thus its regulation is important to allow correct antigen cross-presentation 

[104].  

 

Recent studies described a new lysosomal compartment called the 

gastrosome. This late-phagosomal machinery embodies characteristics of late 

phagosomes and lysosomes staining for Rab7, LBPA, LAMP1, but also contains 

the glucose 6 phosphate transporter Scl37A2 and lacks Cathepsin D. Its lumen is 

electron-lucent, enriched in lipids and membranous structures, and has 

housekeeping functions for membranous cargo [105]. During the later phases of 

phagolysosome resolution a specific lysosomal machinery is required for 

shrinkage of phagolysosomal vesicles and their fusion with the gastrosome [106]. 

Lack of Slc37a2 impairs gastrosomal shrinkage leading to bloated (blb) microglia 

with a round shape that could mistakenly identify them as activated microglia.  
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The effect of phagocytosis does not end with cargo degradation. Microglia 

can carry long term effects and epigenetic changes that are driven by phagocytosis 

of specific cargo [107]. An example can be found in phagocytosis of apoptotic 

neurons with suppression of inflammatory cytokines by Trem2 [108] versus 

phagocytosis of myelin that triggers production of inflammatory cytokines [109] - 

as a form of trained innate immunity (“remember me”). Therefore, autophagy, and 

its impairment, has a central role in phagocytosis of apoptotic neurons and b 

amyloid while its dysfunction of autophagy can ultimately lead neurodegenerative 

disease [110]. 

 

Table 1. Phases of LAP phagocytosis 

Phase Key players Function Ref. 

Find me ATP, 

CX3CL1,S1P 

Recognition of target [85] 

Eat me Neuronal 

exposure of PS 

Promotes trogocytosis and 

Neurophagy 

[88] 

Don’t eat me Neuronal 

Sialylation 

Impairs phagocytosis [87] 

Digest me Dynamin/Clathrin  Formation and sealing of 

phagocytic cup 

[94] 

LC3 lipidation Phagosomal maturation [100] 

V ATPase Acidification [101] 
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NOX2 Basification, ROS formation [104] 

SIC37a2 Gastrosomal shrinkage [111] 

Remember me Type of ligand 

and receptor 

engaged  

Epigenetic changes, pro, or anti-

inflammatory response 

[108, 

109] 

 

Microglial role in synaptic pruning and phagocytosis of apoptotic cells 

 

A more profound way to change synaptic strength is through synaptic pruning or 

phagocytosis of apoptotic or stressed neurons by microglia [88, 112]. Synaptic 

pruning is a fundamental microglial process during development to remove excess 

and weakened synapses and permit correct neuronal wiring for brain maturation 

[113, 114]. Synaptic pruning was initially discovered in early development as 

number of brain synapses peak 2 years after birth and drop to 50% in adulthood 

[115]. This process shapes the brain and is sustained all throughout adulthood and 

aging. Nonetheless, abnormal synaptic pruning in early life is thought to potentially 

lead to long term effects in the adult brain leading to alteration in behavior such as 

autism for under pruning and schizophrenia for over pruning [116-118]. Using the 

excitatory markers PSD95 and SNAP25 to track synaptic fate, Paolicelli et al [113] 

found that microglia involvement in synapse clearance is essential for formation of 

mature brain circuitry and that the microglial chemokine receptor CX3Cr1 has an 

essential role in this process. Furthermore, the CX3Cr1 KO mouse has reduced 

microglial number, impaired ability to sense and pruning of synapses leading to 

immature connectivity and brain electrophysiology with enhanced LTD [113]. 
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Notably, phagocytic functions can also be epigenetically regulated by DNA/RNA 

binding proteins such as TDP-43 [119]. TDP-43 KO models have shown to 

regulate lysosomal biogenesis increasing and TDP43 KO showed increased 

lysosomal content, thus promoting phagocytosis of b amyloid and synaptosomes 

by microglia [120]. 

 

The complement system also has an essential role in microglial synaptic 

pruning [121] and a Genome Wide Association Studies (GWAS) study linked 

complement complex 4 (C4) to increased risk of Schizophrenia [122]. The 

complement system is a group of plasma proteins that interact to opsonize, kill 

pathogens, and trigger innate immunity though classical, alternative, mannose-

binding lectin or lytic pathways [123]. The complement cascade permits clearance 

of pathogens in the body [124], but if hyperactivated in the CNS can have 

detrimental effects on neurons [125]. Complement cascade has been associated 

with neurological diseases like AD, where complement complex 1q (C1q), complex 

3b (C3b) are found associated with AD plaques [126]. C1q in the brain is made by 

microglia [127] and genetic models for C1q Knock-out (KO) found that it 

contributes to b amyloid fibril deposition [128]. C1q activated via the classical 

complement cascade, through C4-C3-C5, leads to C5 cleavage into C5a that 

promotes inflammation [129] with C5b causing neuronal lysis via deposition of the 

lytic membrane attack complex (MAC)[130]. In line with this, C1q has been found 

to have a detrimental role in a mouse model of AD that impairs cognition and 

increases neuronal death in the hippocampus [131],while also facilitating synaptic 
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pruning along with C3b [132]. C3b in the brain is produced by astrocytes, can bind 

to fibrillary amyloid and can activate both the classical and alternative complement 

cascades [133]. C3 deficiency was found to protect from AD pathology [134], and 

consistent with this processed C3 is increased in the CSF of AD patients [135].  

 

Microglia also express receptors for complement: CR1 (CD35) binding to 

C3b and CR3 (CD11b/CD18) binding to C1q or iC3b – the product of C3b 

interaction with CR1 [136]. These receptors on microglia permit phagocytosis of 

opsonized amyloid and synaptosomes permitting synaptic pruning [137], but also 

lead to detrimental downstream cascades that increase ROS production [65]. 

Complement complexes with antibody can be recognized by FCgR on microglia 

[138]. Synaptic modeling can be modulated by more complex microglial 

interactions with neuronal synapses that permit prolonged contact, nibbling and 

release of neurotrophins as happens during trogocytosis [139]. Trogocytosis (in 

Greek Trogo = to nibble) consists in uptake of small particles (<1µm) and was 

found to be important in microglial engulfment of presynaptic material 

independently of CR3 [140] or axonal pruning regulated by the complement system 

[141]. The redundancy of the complement pathway permits a fine tuning of healthy 

microglial response, but can lead to detrimental effects in a disease setting 

Although phagocytosis of apoptotic neurons and cellular debris is an important 

homeostatic function for microglia in the CNS, excessive phagocytosis of stressed 

neurons and neuronal progenitor cells [142] can lead to neuronal loss as found in 

frontotemporal dementia and Parkinson Disease (PD) [143]. For this reason, a 
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correct balance in microglial functions is necessary to prevent onset of disease or 

mitigate pathology in neurodegeneration [144, 145].  

 

Microglial polarization and cytokine production 

 

Microglial activation state depends greatly on the microenvironment and the 

presence of triggers that can lead to a pro- or anti-inflammatory response. 

Macrophages are classified as classically activated “M1”/IFN-g 

stimulated/proinflammatory or alternatively activated “M2”/IL-4 stimulated/anti-

inflammatory as based on the Th1/Th2 paradigm [146]. The M1/M2 classification 

has been widely used to define microglial states [147], however this is now 

considered an oversimplified classification for microglia that exhibit a broad variety 

of responses to different stimuli, have different origins and diverse transcriptomes 

as compared to tissue macrophages.  

 

A descriptive classification correlates microglial shape with their activity. 

Ramified microglia are more actively sampling the surrounding environment, to 

fulfill their surveillance function and are thus considered homeostatic or “resting”. 

On the contrary ameboid shaped microglia are highly mobile and have been found 

to release inflammatory cytokines and be more phagocytic and are considered 

inflammatory or “activated” [18, 88]. Furthermore, changes in morphology could 

also be correlated to cytoplasm fragmentation in senescent microglia called 

cytorrhexis [148, 149] or other dysfunctional phenotypes as the blb microglia for 
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gastrosomal dysfunction [111], bipolar [150] or giant cells [151].Thus, more 

complex paradigms to describe microglia types are currently used [152]. Microglial 

activation status is vitally important for release of cytokines and signaling 

molecules in the microenvironment, to act directly on neurons or indirectly on other 

glial cells to polarize the overall inflammatory/neuroprotective response and thus 

influence brain health/pathology [153-155]. 

 

Pro-inflammatory cytokines and their pleiotropy in neuroinflammation 

 

Production of pro-inflammatory mediators, such as IL-6, TNF-a, IL-1b, Nitric Oxide 

(NO), IL-12, and IFN-g, can be deleterious, either directly killing neurons or 

worsening brain inflammation, edema and recruitment of blood-derived immune 

cells leading to leakage of the BBB [156] (Table 2). Inflammatory IL-6 can bind to 

the membrane bound (mIL-6R- a, CD126) or soluble receptor (sIL-6R- a) 

triggering its dimerization with gp130 (CD130) subunit and signaling through 

classical or a trans-cellular pathway, respectively [157]. IL-6 trans-cellular signals 

in neurons through JAK2 and STAT3 lead to transcription of a pro-survival and 

pro-inflammatory cascade that culminates in cell death [158], leukocyte 

recruitment at the inflammatory site [159] and microglial priming[160]. Small 

molecule mimicking the gp130 subunit were found to reduce inflammatory 

signaling driven by this pathway [161]. IL-6 is increased in post mortem AD brains 

[162] while IL-6 KO mouse model showed reduced astrocytic scarring and 

neuroinflammation after brain injury [163]. However, IL-6 stimulation can also 
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promote anti-inflammatory pathways [164] and promote leptin signaling in the 

ventromedial nucleus of the hypothalamus (VMN) increasing metabolism [165] and 

neurogenesis [166]. 

 

TNF-a is present as a soluble from (sTNF-a) or membrane-bound form 

(mTNF-a) and can have neuroprotective [167, 168] or neurotoxic roles[169] 

depending on its concentration and whether it signals through TNFR1 or TNFR2 

[170]. TNF-a has been reported to reduce LTP [72] increasing microglial 

Neurophagy [171] or acting directly on neuronal TNFR1 to induce cell death[172]. 

TNFR1 is expressed by every cell and is activated by both sTNF-a and mTNF-a. 

TNFR1 has both an intracellular dead domain (TRADD)[173] that triggers cell 

extrinsic apoptosis with FADD and caspase 8 recruitment [174]. TNFR1 also 

triggers canonical NFkB activation, through phosphorylation and degradation of 

inhibitor kappa B-a (ikB-a), and release of NFkB dimers. The NFkB complex 

p50/RelA translocases into the nucleus and triggers transcription of pro-survival 

and pro-inflammatory target genes in macrophages [175]. TNFR2 expression is 

restricted to immune cells and fibroblasts and is fully activated only by mTNF-a, 

but if cleaved from the surface by ADAM17 TNFR2 can act as buffering system for 

sTNF-a [176]. TNFR2 lacks the dead domain and signals through a non-canonical 

NFkB pathway where p52 associates with RelB and leads to transcription of anti-

inflammatory factors [177] triggering a neuro-protective microglial phenotype [178]. 

Unstimulated microglia don’t release TNF- a, but they do so under several types 

of stimulation that include b-amyloid, LPS and effector T cell stimulation [179, 180].  
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In addition to inflammatory cytokines, microglia can also produce reactive 

oxygen and nitrogen species (RONS) like nitric oxide (NO). NO can have a double 

function depending on its abundance and presence of other oxidants in the cellular 

milieu. Low concentrations of NO produced by eNOS in microglia can permit 

vasodilation and counteract free radicals in the brain with neuroprotective effects 

with activation of neuronal cGMP [181, 182]. But “the dose makes the poison” such 

that activation of the inducible Nitric Oxide Synthase 2 (iNOS2) in stimulated 

microglia or astrocytes leads to formation of excessive NO from arginine. High 

levels of NO can inhibit neuronal mitochondrial respiration, causing neurotoxicity 

via neuronal depolarization [183] especially during ischemic conditions, when NO 

competes with the oxygen for binding to Cytochrome C Oxidase (CcO). 

Furthermore, NO in association with activation of membrane NADPH oxidase 

(PHOX that produces ROS which in combination with NO leads to peroxynitrite 

(ONOO-) formation is absolutely toxic for neurons and worsens brain inflammation 

leading to a downward RONS-mediated spiral of neuronal death and worsening of 

cognitive impairment [88]. To make matters worse. ONOO- also drives nitration of 

b amyloid oligomers, triggering seeding of plaques and their deposition [184]. 

Furthermore iNOS induction inhibits arginase1, an anti-inflammatory marker, that 

competes with iNOS for its substrate to produce L-ornithine [185].  

 

Anti-inflammatory cytokines and brain homeostasis  
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Anti-inflammatory cytokines IL-10, IL-4, TGF-b, and neurotrophins IGF-1, G-CSF 

and BDNF polarize microglia to an anti-inflammatory/homeostatic phenotype that 

can be protective in the later phases of neurodegenerative diseases when 

neuroinflammation is present [154, 186] (Table 2). TGF-b signaling is important to 

maintain the homeostatic signature of microglia and suppressing TGF-b receptor 

expression in adult microglia has been found to alter homeostatic functions with 

alteration of shape, phosphorylation of TAK1 and increased inflammatory cytokine 

production (CCL2 and CXCl10)[187]. IL-10 triggers an anti-inflammatory “M2 like” 

phenotype suppressing the release of pro-inflammatory cytokines [188]. Genetic 

models of global IL-10 KO were found to bias microglia toward an “M1 like” 

phenotype with increased pro-inflammatory mediators [189]. Unstimulated 

microglia have shown negligible production of IL-10, that is triggered by stimulation 

following interaction with effector T cells [180]. On the other hand, IL-4 promotes 

phagocytosis and the homeostatic function of microglia [190], including 

suppressing NF-kB activation downstream of Toll like receptors (TLRs) [191], but 

also induction of MHC class II and proliferation [192]. However, IL-4 can trigger 

neuronal death if PHOX is activated [193], showing how the effect of cytokines on 

microglial functions is dependent on their activation state.  

 

The myelopoietic and neurotrophic factor, G-CSF, is expressed by 

macrophages, monocytes, endothelial cells and mesenchymal stromal cells [194], 

but the main source in the CNS is microglia [195]. Interestingly, SHIP1 KO mice or 

SHIPi treated mice show significant induction of G-CSF in vivo [196, 197]. G-CSF 
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is a polyvalent factor that also promotes neutrophil differentiation from HSC [198]. 

The G-CSF receptor is expressed by neurons where it triggers anti-apoptotic 

signaling promoting neuroprotective effects [199]. Subcutaneous (SC) 

administration of G-CSF promotes expansion of CD34+ stem/progenitor stem cells 

within the peripheral blood stem/progenitor cells (PBS/PC), decreases oxidative 

stress markers in the hippocampus, reduces plaque load and improved memory in 

5XFAD mice. G-CSF-dependent cognition improvement was also found for the 

Tg2576 AD model [200], in a senescent-accelerated mouse model [201] and to 

promotes microglial anti-inflammatory functions [202].  

 

Table 2. Pro- and anti-inflammatory stimuli in the CNS  

Effects Factor Target Effector 

cells 

Effect Ref. 

Pro 

inflamm

atory 

TNF-a TNFR1 Microglia Pro-inflammatory response [175]. 

IL1b TrkB Neurons BDNF dependent reduction of 

LTP 

[74] 

IL1b TrkB Microglia Priming to inflammatory 

microglia 

[76] 

IL-6 sIL6R/g

p130 

Microglia Priming to inflammatory 

microglia 

[160] 

NO/ON

OO- 

CcO and 

cellular 

compon

ents 

Neurons Inhibition mitochondrial 

oxidation/ cellular oxidation 

damage 

[88, 

184] 



 24 

IFN-g IFN g R Microglia Priming to pro-inflammatory 

phenotype 

[203] 

Anti-

inflamm

atory 

TNF-a TNFR2 Microglia Anti-inflammatory [178] 

IL-6 IL6R/gp

130 

Neurons Neurogenesis [166] 

NO sGC Neurons cGMP Increase and 

neuroprotection 

[182] 

IL-10 IL-10R Microglia Anti-inflammatory [188] 

TGF-b TGF b R Microglia   

IL-4 IL4R Microglia Increases phagocytosis, 

proliferation and suppresses 

NF-kB 

[190, 

191] 

G-CSF GCSFR Neurons/

Microglia 

Neuroprotection/decrease 

oxidative stress 

[199, 

202] 

BDNF TrkB Microglia/

Neurons 

Reverse microglial activation in 

aging/increases spinal budding 

[67, 

71] 

IL-33 ST2 Microglia Increased phagocytosis and 

metabolic adaptation 

[204, 

205] 

 

Microglial markers and activation status 

Microglial have a multiplicity of activation states 

 

Microglial priming has a central role in regulation of inflammation and orchestration 

of immunological response in the CNS exhibiting a tolerant (anti-inflammatory) or 
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trained phenotype (pro-inflammatory)[206]. A likely example of microglial priming 

is exposure to IFN-g and TNF-a, released in response to a stimulus, triggering 

downregulation of homeostatic cell surface markers like CD206 and CX3CR1 and 

impaired release of BDNF and IGF-1 [154]. Microglia stimulated with 

Lipopolysaccharides (LPS), and IFN-g have been found to release Cathepsin D, a 

protease that triggers neurotoxicity [203]. However, microglial-released cytokines 

don’t act only in an autocrine fashion, but they can affect functions of other glial 

cells such as astrocytes and vice versa. An example is the anti-inflammatory effect 

of IL-33 produced by astrocytes on microglial polarization and priming to increase 

phagocytosis [205] and metabolic adaptation in development[204]. In addition, 

production of C1q, TNF-a and IL1-b by microglia can polarize astrocytes to an A1 

neurotoxic phenotype [207]. In order to define which microglial phenotype might 

promote neurodegeneration several studies tried to classify dysfunctional 

microglia with use of markers, functional analysis and single cell RNA sequencing 

(RNA seq) [40]. The first phenotype identified was Disease associated microglia 

(DAM) with a pro-inflammatory phenotype triggered by epigenetic changes 

following prolonged exposure to inflammatory stimuli. DAM have been reported to 

have either ameliorative or worsening effects on disease [208, 209]. Interestingly, 

these DAM have a similar genetic signature to Proliferative Associated Microglia 

(PAM) found in development with expression of lipid metabolic genes, high 

phagocytic ability and ameboid shape, however PAM are not found to be 

dependent on Trem-2 function [210]. A newly discovered phenotype, ”dark 

microglia”, were found to be present in the steady state, but enriched in AD, under 
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chronic stress and aging. [211]. Their name derives from their electron-dense 

cytoplasm observed by electron microscopy (EM). This phenotype can be 

explained as an indication of oxidative stress and is accompanied by increased 

microglial ramification, surveillance activity and strong expression of CD11b and 

Trem2 [212].  

 

Senescent microglia have also been found associated with AD plaques, 

adding to the controversy surrounding whether dysfunctional microglia and not 

DAM promote disease [213]. Characterization of senescent microglia lead to the 

identification of a b-galactosidase positive cells in cell cycle arrest with increased 

oxidative stress, accumulation of lipofuscin and intracellular iron [214]. These 

microglia have reduced phagocytic functions and a senescent-associated 

secretory phenotype (SASP) enriched for expression of inflammatory cytokines 

and metalloproteases (ADAM17) [215]. In a mouse model for tau tangles, 

increased senescent microglia and astrocytes were associated with disease and 

their clearance abrogated pathology with a reduction of phosphorylated tau and 

reduced short-term memory loss [216]. 

  

Recent studies based on single cell RNA seq found that microglia 

differentiate into four clusters after b amyloid stimulation (termed DAM, IFN-R, 

MHCII and Cyc-M) and their differential response to Trem2 activating antibody 

[217]. Similar clusters have been identified by a second group in mouse microglia 

(ARM,HM,TRM,IRM,CPM) [218, 219]. Further studies have compared single cell 
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RNA sequencing from mice and human samples to study similarities and 

differences in their signature in health and disease [220]. There is no clear answer 

for which microglial phenotype ultimately drives pathology, but common features 

of dysfunctional microglia are found with increased or decreased phagocytosis, 

metabolism, and inflammation.  

 

Microglial receptors: classes and functions 

 

Microglial cells express a broad range of receptors, and this permits their 

response to multiple cues present in the environment. These receptors are part of 

different classes such as: Pattern recognition receptors (PPRs), immune 

receptors, scavenger receptors, chemokine receptors, integrins and cytokine 

receptors [51] (Table 3). PPRs, such as TLRs and the NLRP3 inflammasome, 

permit microglia to sense and respond to pathogen associated molecular patterns 

(PAMPs) and tissue damage associated molecular patterns (DAMPs) [221]. Within 

the PAMPs, Gram negative Lipopolysaccharides (LPS) directly binds TLR4 and 

evokes an “M1-like” pro-inflammatory state [154] phenocopying macrophages M1 

polarization. TLR4 activation leads to activation of the STAT1-NFkB signaling 

driving transcription of pro-inflammatory signaling molecules and cytokines such 

as iNOS, TNF-a and IL-6 [22]. Activation of the NLRP3 inflammasome in presence 

of bacterial/viral mRNA or ATP triggers pyroptosis and release of IL1- b [222, 223].  
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Microglia also express immune receptors to regulate innate and adaptive 

immunity in the brain. They express PD1 that binds to PDL-1 on astrocytes to 

suppress neuroinflammation in AD [224]. Microglia express MHC class II and the 

costimulatory molecule B7-1(CD80)/B7-2(CD86)[225]. The presence of both these 

receptors is necessary for effective T cell activation. MHC class II is a 

transmembrane receptor that permits presentation of antigen peptides for T cell 

Receptor (TCR) (Signal1) recognition, but in absence of the costimulatory 

molecule CD80/CD86 binding to CD28 (Signal 2) T cells become anergic [226]. 

Interactions between T cells and microglia have been shown to have an important 

role in microglial maturation from fetal to adult transition [227] and in 

neuroinflammation [228]. Notably, CD80/CD86 has been reported to be 

upregulated during inflammation and use of CTLA-4-Ig mimicking T cells-CTLA4 

binding drives microglia toward an anti-inflammatory phenotype with increased 

BDNF, and Arginase 1 expression promoting axonal outgrowth [229]. One more 

marker used profusely to identify microglia is Allograft inflammatory factor 1 (AIF-

1) also called ionized calcium-binding adapter molecule 1 (IBA1). IBA1 is an 

intracellular component of MHC class III and is upregulated by microglia and 

macrophages in nerve injury, contributing to their inflammatory response with 

oxidative stress and release of inflammatory cytokines in various diseases 

including AD [230]. 

 

Scavenger receptors are essential for sensing of apoptotic cells, protein 

aggregates, lipoproteins and triggering a phagocytic/intracellular response alone 
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or as PPRs co-receptors. CD36 is a known receptor for lipid and b-amyloid 

sensing, and the binding of the latter leads to TLR4/TLR6 association and NF-kB 

downstream signaling [231]. The CD33/Siglec-3 (Sialic acid-binding 

immunoglobulin-type lectin-3) receptor is essential in microglial proliferation and 

phagocytosis of both b amyloid deposits and apoptotic neurons [232, 233] and has 

been importantly correlated to AD as a risk factor [234, 235]. CD33 is conserved 

in humans and mice, although a recent study showed that its role in phagocytosis 

is different in the two species raising uncertainty as to the translatability of murine 

CD33 findings [236]. Other important scavenger tyrosine kinase receptors 

essential in microglial sensing of PS on apoptotic cells and lipid are Tyro3, Axl and 

MerTK (grouped as TAM) [90]. PS forms complexes with soluble opsonins such 

as Gas6 or Protein S to facilitate recognition and phagocytosis by AXL [90] or 

MerTK [91], respectively. Last but not least, Trem2 can bind b-amyloid, various 

lipids, ApoE [89, 237], apoptotic neurons [238] and C1q [239] that can promote 

intracellular signaling and enable a microglia response to these various phagocytic 

cargos.  

 

Role of Trem2 in microglia and AD 

 

Trem2 has shown high relevance in microglial polarization and association with 

neurodegenerative diseases and aging [2, 21, 240]. Trem2 is a multidomain 

transmembrane protein with a receptor binding domain and an intracellular tail that 

associates with DAP12 and DAP10 triggering a downstream signaling cascade 
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with activation of SYK-PLC- g and calcium efflux or PI3K-ERK activation [240].The 

inositol phosphatase SHIP1 inhibits Trem2 functions masking DAP12 on the 

receptor tail [241]. Several mutations in Trem2 have been correlated with AD and 

other neurodegenerative diseases with omics and functional validation [242-244]. 

For example, a single nucleotide polymorphism (SNP) causing a coding change 

R47H in Trem2 was correlated with worse disease and earlier onset in Late Onset 

AD (LOAD)[244]. R47H in the ectodomain causes formation of a basic patch in the 

binding site leading to impairment in ligand binding. A Trem2 Y38C mutation on 

the other hand impairs stability of the ectodomain altering folding and stability 

[245]. Trem2 is also susceptible to cleavage by metalloproteases [246]. Its 

ectodomain can be cleaved and released as soluble Trem2 (sTREM2) by ADAM10 

and ADAM17 [247], that is released in the brain parenchyma and is currently used 

as a disease marker for slower cognitive decline when detected in the CSF [248]. 

In normal Trem2-ligand binding, phagocytosis does not trigger pro-inflammatory 

signaling while Trem2 KD shows impaired phagocytosis of dead neurons with 

increased TNF-a and iNOS transcription [108]. Interestingly g-secretase, can 

cleave the transmembrane domain of Trem2, impairing its interaction with DAP12, 

intracellular shedding of the cytoplasmic tail (ICD) and extracellular release of p3-

like peptide with effects that are still unknown [249]. Besides, agonistic antibodies 

that activateTrem2 abrogate disease in the presence of the Trem2 R47H variant 

[250] as well as antibodies directed to the stalk region - the latter protecting from 

proteolysis and ectodomain shedding [251]. Increased ligand binding by Trem2 

has also been found to worsen pathology in AD defining a dual role for Trem2 in 
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disease [252]. Trem2 pleiotropy has been correlated with different disease stages, 

suggesting its role as a potential therapeutic target. In post-mortem AD brains, the 

R47H mutation showed a reduction in TREM2 protein levels and correlated with 

increased expression of the inflammatory mediators RANTES and IFN-g [253].  

 

To better understand the role of Trem2 in AD murine models for the human 

Trem2 R47H mutant and TREM2 KO mice were developed [254] along with a 

murine transgenic model of familiar AD, 5XFAD [250]. R47H Trem2 mutant doesn’t 

show differences in b amyloid plaques deposition in early stages of the disease (4 

months) on a 5XFAD background, but microglia are less densely associated 

around the plaques containing higher neuritic damage, suggesting protective 

function of the WT Trem2 that allows microglia to become activated and enclose 

the b amyloid plaques [255]. This effects phenocopies what was seen in AD 

patients with Trem2 R47H haploinsufficiency, with decreased amyloid compaction 

and axonal dystrophy [256]. However, separate studies in TREM2 mouse KO 

model found that TREM2 deficiency was protective from AD pathology in early 

stages (4 months), reducing plaque accumulation and eliminating Trem2+ 

inflammatory invading macrophages [257]. Furthermore, this KO model showed 

less microglia associated with the plaques, reduced inflammatory gene-transcript 

and astrocytosis in late phases of the disease (8 months) suggesting Trem2’s role 

in disease progression [209]. In conclusion, microglial polarization toward a 

protective-plaque associated-DAM phenotype (DAM2) in later phases of the 
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disease is Trem2 dependent but requires previous priming toward a pro-

inflammatory phenotype (DAM1) in a Trem2 independent fashion [208]. 

 

Further studies showed a role for Trem2 in microglial metabolic fitness that 

also included the innate immune receptor Dectin1. Here, Trem2 KO microglia 

displayed increased autophagy, impaired mTOR activation, while serum starvation 

restored the microglial WT phenotype[258]. Trem2 signaling has also been linked 

to its ligand ApoE which is induced in TGF-b inhibited microglia [259]. ApoE is a 

soluble protein that binds to cholesterol, released by microglia and astrocytes. 

There are 4 isoforms, of these APOE2 and 3 are associated with lower sporadic 

risk of AD or late onset, while APOE4 is associated with higher risk [260, 261]. 

ApoE is a facilitator of phagocytosis [262] as a ligand for Trem2 on microglia [237] 

and can also bind neuronal APOER regulating survival signaling[263]. Compared 

to the other three APOE isoforms, APOE4 increases phagocytosis of apoptotic 

neurons but decreases phagocytosis of b amyloid [264]. APOE4 also disrupts 

intracellular lipid homeostasis [265] and binds to neuronal APOE receptor 

increasing b-amyloid production with higher affinity compared to the other variants 

[260]. Trem2 signaling interacts and cross-talks with signaling at other microglial 

receptors such as CD33. A recent study showed Trem2 to be downstream of CD33 

and thus Trem2 KO microglia have impaired CD33 function [266]. Taken all 

together, Trem2’s role in disease is mediated by a multiplicity of other upstream 

and downstream factors that should be further explored, including SHIP1 [17].  
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Scavenger receptors and microglial lipid metabolism  

 

Lipids are abundant in AD plaques [267] and their association with insoluble 

fibrils of b amyloid have a central role in the disease, transforming inert b amyloid 

into neurotoxic fibrils that trigger learning and memory impairment [268]. The lipid 

composition of plaques has been recently studied via combined MALDI-ToF-SIMS 

imaging and laser microdissection with LC-ESI-MS to reconstruct the composition 

and spatial distribution of the components in different mouse models of AD. The 

most enriched lipids in the vicinity of the plaques were sterol lipids, sphingolipids, 

glycerophospholipids and fatty acids [269]. Likewise, lipid composition and their 

relative abundance is currently under consideration as a potential biomarker in 

CSF [270]. In the last few years particular attention is being focused on the role of 

microglial lipid metabolism in AD [19]. 

  

Microglia maintain a balance of intracellular cholesterol through its 

synthesis in the peroxisome and its degradation in the lysosome. When lipid-

bearing cargo are phagocytosed by microglia, the lysosome/gastrosome permits 

processing and efflux of cholesterol in the engulfed membranes avoiding its 

accumulation in lipid droplets (LD) with cellular bloating [105]. Lipid droplet 

containing microglia (LDAM) have recently been shown to accumulate following 

LPS stimulation in aging and in an AD model [271] demonstrating how alteration 

of cholesterol homeostasis in microglia is relevant in disease. If cholesterol is in 

excess, Acyl-CoA: cholesterol acyltransferase 1 (ACAT1) in the endoplasmic 
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reticulum (ER), transforms cholesterol into cholesteryl ester (CE) that accumulates 

in LD [272]. Trem-2 KO microglia are impaired in increasing lysosome cathepsin 

genes under stimulation, and this leads to inability to metabolize properly 

cholesterol that is stored in LD [273]. Moreover, inhibition of ACAT1 showed 

increased lysosomal function and b amyloid clearance [274] rescuing the 

phenotype seen in the Trem2 KO microglia [273]. Contrarily to these finding, in a 

chimeric mouse model with iPSC derived human microglia Trem2 loss of function 

(LOF) mutation R47H showed reduced content of lipid droplets compared to the 

WT control suggesting possible differences between human AD and mouse AD 

models [275].  

 

Table 3. Microglial Receptors 

Class Receptor Ligand Effect Ref. 

Adrenergic BR2 NE PGs-Increase 

cAMP and 

decreased 

surveillance 

[32] 

Cholinergic AChR-a7 Ach Promotes Ab 

phagocytosis, 

Anti-inflammatory, 

Anti-oxidant 

[47, 48] 
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Purinergic P2Y12 ATP,ADP,AMP PGi-decrease 

cAMP and 

increased 

surveillance 

[41] 

P2Y6 ATP,ADP,AMP PGq-Increase PLC 

and calcium flux 

[43] 

P2X7 ATP,ADP,AMP Ionotropic, 

Increased calcium 

influx and 

inflammatory 

cytokines 

production 

[45] 

Complement CR1 (CD35) C3b Phagocytosis and 

ROS production 

[134] 

CR3 

(CD11b/CD18) 

C1q Phagocytosis and 

ROS production 

[131] 

Scavenger FCgR Complement 

complexes 

with antibodies 

Phagocytosis  [138] 

Trem2 PS, b amyloid, 

APOE 

Phagocytosis 

without 

inflammation, 

microglial fitness 

[89, 108] 

Dectin-1 PS, b glucan Phagocytosis and 

Metabolic fitness 

[276, 277] 
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CX3CR1 

(Fractalkine) 

CX3CL1 Synaptic pruning [113] 

CD36 Lipid and b 

amyloid 

Pro-inflammatory 

cascade 

[231]. 

CD33 b amyloid and 

apoptotic 

neurons 

Inhibition of 

phagocytosis 

[278] 

AXL Gas6 

opsonized PS 

Phagocytosis [90] 

MerTK Protein S 

opsonized PS 

Phagocytosis [91] 

Glutamatergic AMPA GLU Decrease TNF- a 

production 

[59] 

NMDA GLU Increase TNF- a 

production and 

ROS 

[58] 

mGLUT2 GLU Increase TNF- a 

production 

[57] 

PPR TLR4 LPS Pro-inflammatory 

response 

[154] 

Immune 

receptors 

PD1 PDL1 Inflammatory 

suppression 

[224] 
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MHCII &B7 TCR&CD28 Microglial 

maturation to adult 

phenotype 

[227] 

B7 CTLA4 Anti-inflammatory 

activation 

[229] 

 

Alzheimer’s Disease 

 

Age-associated senile dementias is an overarching classification for a broad range 

of pathologies having as a common link cognitive decline [279]. In AD and PD-

associated Lewy Body Dementia onset of disease could be triggered by external 

factors (sporadic) or have a genetic origin (familial) [20]. Common threads in these 

two dementias, are: accumulation of an insoluble protein, b amyloid or a-synuclein, 

respectively; impairment in neurogenesis; increased neuronal death; formation of 

tau-tangles and microglia polarization to an activated phenotype leading to 

neuroinflammation [123, 280-282]. Although important progress has been made in 

the last decade for diagnosis of AD and PD - via PET brain scans and biomarkers 

[270, 283-286], there is still no established treatment for either disease [287]. AD 

cases in the US are rising and anticipated to reach 13.8 million adults by 2060 

[288]. This foreshadows a huge socio-economic burden for eldercare [289] and for 

treatment of disease-related illnesses such as stroke and secondary infections.  
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Genetics underlying Familial AD 

 

AD can be classified in two main classes: genetic (familial/early onset) or sporadic 

(late onset). Familial AD (FAD) is linked to genetic causes underlying AD pathology 

related to altered production, processing, or elimination of b amyloid. These 

genetic risk factors are carried by either neurons or glial cells in the brain. 

Hallmarks in AD pathology are neuritic plaques containing aggregated b amyloid 

protein associated with lipids and tau tangles [290]. b amyloid present in the 

plaques derives from aberrant processing of the Amyloid progenitor protein (APP). 

This neuronal transmembrane protein can be processed by a, b and g secretase 

and is released as extracellular fragments of different sizes. If APP is cleaved by 

b and g secretase a fragment of 42 amino acids (Ab1-42) is released, exposing a 

stretch of 2 lipophilic amino acids at the C terminal end of the fragment (Isoleucine 

and Alanine). This lipophilic patch leads to faster and wider protein aggregation, 

alone and in presence of Ab 1-40. Ab 1-40 peptide is obtained by the same APP 

processing lacking the last two amino acids, with slower aggregation and forming 

smaller protofibrils if alone [291].  

 

Amyloidogenic cleavage of APP leads to extracellular release of Ab1-42 

and intracellular aggregation of the C99 C-terminal fragment of APP that was 

shown to dysregulate the endosomal/lysosomal system in neurons[292]. Several 

mutations in the APP gene are found to be important in increasing Ab1-42 levels, 

altering protein levels, cleavage or aggregation speed, ultimately leading to AD 
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such as K670N/M671L (Swedish), I716V (Florida) and V717I(London) [293]. Gene 

dosage of the APP protein is also an important genetic risk for AD. Duplication of 

Chromosome 21 carrying APP gene (in Trisomy 21) causes increase APP gene 

dosage and ultimately increased APP protein expression levels [294]. Recent 

studies showed Down Syndrome (DS) patients to develop AD with earlier onset 

[295], and targeting APP levels restores endosomal dysfunction in a mouse model 

[296]. Moreover, mutations altering Presenilin 1 (PS1) function, the core protein in 

the g-secretase complex, showed an effect on b amyloid 1-42/1-40 ratio and were 

associated with early onset FAD [297]. However, the role of PS1 mutation in AD 

should not only be ascribed to the g-secretase functions. PS1 has been recently 

been connected to lysosomal acidification as its deficiency impairs autophagy in 

neuronal stem cells [298]. Nonetheless, a FAD mutation in PS1 was shown to 

inhibit PS1 complex formation with the p58 subunit of PI3K,and impaired 

PI3K/AKT/GSK signaling that promotes formation of tau tangles and neuronal 

death [299]. 

 

B amyloid plaques are not the only phenotype associated with AD. Patients 

can exhibit extensive b amyloid plaques detected with PET scan without having 

cognitive impairment [300]. Formation of neurofibrillary tau tangles (NFT) shows 

an onset correlated with dementia in AD [301]. Tau is a microtubular associated 

protein that stabilizes neuronal dendrites. When hyperphosphorylated, acetylated 

or truncated they detach from microtubules causing their unfolding and formation 

of intracellular tangles [302]. There are two isoforms of Tau equally expressed in 
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adult brain: containing 4 microtubule binding site repeats (4R) or 3R. The 4R 

isoform is more likely to be truncated and its overexpression due to intronal splicing 

of exon 10 is associated with dementia [303]. Tau accumulation is triggered by an 

unfolding process and caspase-3 cleavage leading to formation of the NFT core 

protein MN423+ [304]. However, Tau hyperphosphorylation at several sites results 

from an imbalance of kinases/phosphatase function that can also trigger NFT 

[305]. Tau and phosphorylated Tau levels in CSF are currently used as clinical 

biomarkers along with the Ab42/Ab40 ratio [285]. The initial trigger of AD is still 

unknown but in clinical pathology b amyloid plaques precede tau tangles. Thus, b 

amyloid buildup is considered upstream of tau tangles formation and perhaps 

contributing to their formation calling the events following amyloid seeding the 

“amyloid cascade”[306].  

 

Physiological role of amyloid in the brain  

 

APP and Ab1-42 have important physiological roles in the body that should not be 

underestimated. APP is a multidomain protein that has important functions in cell 

adhesion, synaptic plasticity and cell signaling [307]. APP on the cells surface is 

subjected by non-amyloidogenic cleavage by a-secretase producing 

APPsa, soluble form with neuroprotective functions. APPsa protects against the 

amyloidogenic pathway [308], stimulates adult neurogenesis in the subventricular 

zone (SVZ) [309], rescuing memory in aged rats [310]. Further proofs on the 

physiological importance of APP is observed in an APP-KO mouse model with 
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lower body and brain weight, susceptibility to seizures, impaired memory and 

locomotion [311, 312].  

 

The amyloidogenic cleavage that drives formation of Ab has long been 

classified as detrimental. However, this peptide has important physiological roles. 

Ab 1-40 and 1-42 are present in the CSF of cognitively normal individuals at 2–3 

ng/mL and 0.75 ng/mL respectively [313, 314]. Picomolar concentration of Ab 

stimulates LTP involving the AChR-a7 [315]. Important in brain maintenance [316], 

Ab1-42 has anti-microbic effects against bacteria, fungi and viruses, directly killing 

the pathogen [317] and promoting neutrophils uptake of viruses and bacteria [318]. 

Ab has also important roles in repair of capillary leaks forming a vascular “scab” 

on the endothelial walls [319], preventing bleeding and immune infiltration. BBB 

permeability normally increases with age but in AD is more pronounced [320]. Here 

Ab aggregation is speculated to protect against these leaks and micro-

hemorrhages [321]. Removal of Ab might lead to increased BBB permeability and 

subsequent brain edema and “Amyloid-Related Imaging Abnormalities” (ARIA) 

observed in AD patients treated with passive immunotherapies as 

Aducanumab[322]. 

 

Risk factors for Sporadic AD and phases of disease 

 

Mutations in genes not directly linked to b amyloid expression and processing can 

have a profound impact that contributes to onset and progression in 



 42 

neurodegenerative diseases and sporadic AD. Polymorphisms in genes 

associated with altered microglial biology such as Trem-2, CD33 and APOE4 

demonstrate a crucial role for microglia in AD and have led the way to discovery 

of new risk factors such as PU.1, MS4As, INPP5D (SHIP1) that are currently being 

interrogated [323, 324]. Environmental risks that trigger sporadic forms of AD 

should not be underestimated in genetically determined diseases as these could 

contribute greatly to age of onset and disease progression (nature vs. nurture). 

The most important environmental risks are: diabetes, obesity, hypertension, 

smoking, depression, and cognitive inactivity [325, 326]. It is still unclear if there is 

a common trigger for AD onset and it is speculated to there is “viral trigger” 

upstream of the “amyloid cascade” that consists of HHV-6 or HHV-1 infection as 

trigger of the disease. HHV-6 was found to be a risk factor in AD [327] showing to 

inhibit mirna155 in NK cells [328]. However, these findings were not replicated in 

a large cohort study on AD patients brains [329], thus its role is pathology onset is 

still highly controversial [330] and might trigger beta amyloid nucleation but be 

cleared by phagocytosis and thus become undetectable later in disease. 

Nonetheless, HHV-1 can trigger b-amyloid seeding upon reactivation from latency 

[331].  

 

Mitochondrial dysfunction has an important role in neurodegeneration [332]. 

Initial studies previously ascribed this defect to an intrinsic neuronal phenotype 

[333], but mitochondrial function has an essential role in modulating glial functions 

as well [19]. In microglia, oxidative phosphorylation is essential for microglial 
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responses and to maintain balanced ROS levels [334]. Bursts of microglial 

oxidative stress along with inflammation cause formation of peroxynitrite that are 

quite effective at promoting neuronal death and b-amyloid plaque seeding [184]. 

Importantly, late disease stages of AD exhibit increased mitochondrial TSPO 

markers for activated microglia by PET and are a precursor for cognitive decline 

[284, 335]. 

 

Figure 1. Biochemical, cellular, and clinical phases of AD  

Three phases of AD progression: in the Biochemical phase APP Amyloidogenic 

processing causes formation of oligomers that further aggregate into plaques. Tau 
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phosphorylation triggers NFT formation that in association with Ab and cholesterol 

and lipids (HDL) form neuritic plaques. In the cellular phase, Microglia respond to 

plaque sensing as “friends or foes”. Pro-inflammatory microglia release 

inflammatory cytokines priming reactive astrocytes for neuronal killing. Activated 

microglia could phagocytose living neurons (Neurophagy) worsening disease. 

Prolonged inflammatory stimuli and impaired cargo degradation drives Lipid 

droplets formation and LDAM. Progression of the disease leads to cognitive 

impairment observed in the clinical phase, with brain atrophy and altered BBB 

permeability. In this phase, neuroinflammation drives immune infiltration through 

the damaged neurovascular unit (NVU). Created with BioRender.com 

 

AD could be divided in different disease phases: initially defined as early 

and late stages, are now being further sub-classified as knowledge of the disease 

improves [276] (Figure 1). In the Pre-symptomatic phase, a trigger causes 

formation of early Ab(1-42) protofibrils or aggregation-amyloid seeds. This 

“amyloid cascade” triggers association of insoluble fibrils associated with lipids and 

the rise of plaques, possibly triggering MAPT phosphorylation and NFT 

formation[336]. Diverging from the amyloid centric hypothesis, in this pre-

symptomatic phase impairment of neuronal autophagy might contribute to 

production of unfolded proteins and mitochondrial stress that promote neuronal 

stress [337].  

 

Following the initial “biochemical phase”, aggregated b amyloid/lipid 

deposits are sensed by microglia that then become activated and prime the 
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transition from early stages of the disease. This “cellular phase” sees microglia and 

astrocytes polarizing toward a pro- or anti- inflammatory response leading to 

protection or increased neuronal death. Alteration of microglial autophagy, lipid 

metabolism and phagocytic functions might promote neuronal death and 

inflammation processes that then culminate in onset of cognitive impairment [336]. 

Hence, microglial activation has been described as bimodal, with decreased 

functions in the initial phase of the disease leading to Mild Cognitive Impairment 

(MCI) while increased microglial activation in late stages of AD driving severe 

cognitive impairment [338].  

 

In this latter, “clinical phase” of the disease there is a transition to chronic 

neuroinflammation promoting a downward spiral of neuronal death, breaching of 

the BBB and brain colonization by blood immune cells, microgliosis and formation 

of astrocytic scars [156, 339, 340]. Onset of this phase is clinically evaluable with 

MRI changes, hippocampal shrinkage, and alteration of CSF composition. 

Moreover, loss of basal forebrain cholinergic neurons (BFCNs) is responsible for 

the reduction in acetylcholine levels seen in AD patients triggering further 

aggravation of cognitive decline with impairment in bodily functions regulated by 

the autonomic system [341]. Cortex, hippocampus and amygdala are mainly 

innervated by different nuclei of BFCNs [342, 343], playing a critical role in 

information processing, attention memory and language [344, 345].The increasing 

severity of cognitive decline climaxes with loss of spatial memory, alteration of 

language and ultimately dementia leading to death by physical dysfunctions 
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correlated to neurological impairment or by secondary causes such as stroke, 

heart attack or secondary infections [336].  

 

Advancements in therapeutics  

 

There is still no all-encompassing therapy for AD as numerous clinical trials have 

failed to improve cognitive function in patients [346]. Considerable pharmaceutical 

effort nonetheless led to approval of Aducanumab as a therapy for AD with an 

ongoing controversy concerning its validity[347]. This monoclonal antibody against 

b-amyloid permits clearance of plaques [348]. Although a first analysis of the 

clinical trial showed no improvement in cognitive functions, a subsequent 

reanalysis identified a subpopulation (20%) of the patients initially identified with 

AD to be carriers of a different neurodegenerative disease: Limbic-predominant 

age-related TDP-43 encephalopathy (LATE) [349]. Unfortunately, the second 

clinical trial for Aducanumab found a side effect, brain bleeding, which was 

increased in APOE4 mutation carriers that have a worse disease prognosis. This 

led to the APOE4 carriers being dropped from the analysis leading to a biased 

“survival benefit” on the improvement in cognitive functions found in the 

randomized clinical trial [322]. Other pitfalls in Aducanumab use are access to 

treatment only for patients with MCI, thus limiting the target population and 

requiring profuse testing to identify eligibility with CSF markers and PET scans, 

only to receive a long term and expensive treatment that might only delay and not 

cure AD. Two other drugs, using the same strategy are pending and will likely be 
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approved based on the success of aducanumab[350]: Eli Lilly’s Donanemab [351] 

and EISAI’s BAN2401[352, 353].  

 

Several approved drugs, with a different clinical use, showed lowered risk 

of AD in a post-hoc study. Between these, the diuretic Butanamide promoted adult 

neurogenesis that was protective from cognitive decline [354]. Statins, inhibitors of 

3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase for cholesterol 

synthesis, showed opposite results in different clinical trials: decrease risk of AD 

mild cognitive impairment [355, 356] while causing temporary cognitive impairment 

at higher doses. These effects have two proposed mechanisms: protective 

reduction of 24-hydroxicholesterol or a deleterious depletion of cholesterol 

necessary for normal brain functions [357]. Metformin, an inhibitor of hepatic 

gluconeogenesis used in diabetes, also showed controversial effects. It was 

initially associated with reduced risk of dementia in AD patients [358] with a similar 

effect in the familial mouse model of AD, the 5XFAD mouse [359]. However, 

metformin was found to worsen disease in APOE4 mutant mice [360] as well as in 

a clinical trial when normalizing for multifactorial variables [361]. Several 

epidemiological studies evaluated the use of Non-Steroidal anti-inflammatory 

drugs (NSAID) as treatment for neuroinflammation present in the latter phase of 

the disease [362]. NSAID use showed beneficial reduction of cognitive impairment 

in AD patients and preventive effect in APOE4 carriers [363]. Furthermore, an 

inhibitor of soluble TNF-a showed improvement in AD, obesity and metabolic 
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syndrome in mouse models [364]; however TNF-a inhibition showed important 

side effects such as infections [365]. 

 

Mouse models used in AD and their pitfalls 

 

A further reason for failed clinical trials in dementia could be the use of mouse KO 

or transgenic models that don’t fully recapitulate AD [287]. One of the mouse 

models used in AD research is 5XFAD that overexpress a transgene carrying five 

familiar Alzheimer’s disease mutations in the APP and PS1 genes under the Thy-

1 promoter [366]. This mouse model showed significant impairment in lysosomal 

biogenesis in neurons [367]. Induction of lysosomal biogenesis through the 

PPARa-TFEB pathway can reduce Ab plaque formation [368]. The main pitfall of 

the transgenic models currently used are that they mimic only high-risk factors via 

overexpression of transgenes carrying several familial mutations that increase b-

amyloid burden with less neurofibrillary tau pathology in inbred murine genetic 

backgrounds with low genetic diversity and a propensity for neuroinflammatory 

responses [369].  

 

Mice and humans share great similarities in microglial origin, and factors 

regulating their maturation (PU.1 (sfd1), KIR7 and CSFR-1 (CD115)) and 

microglial function. However, important differences should be highlighted [11], 

such as the role of CD33 in repressing phagocytosis in human but not in mouse 

microglia [236]. These similarities and differences might reveal differences in the 
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microglial sensome [370] and transcriptome [371] between the two species that 

require a better model to study AD in vivo. Toward this goal, a chimeric mouse to 

allow human microglia to proliferate with human knock-in (KI) alleles for human M-

CSF and GM-CSF combined with a mutation that impairs murine immunity - such 

as mutations for RAG2 and IL2R gC subunit [372]. These humanized chimeric 

mouse models have been used to study microglial fate and functions in AD either 

with xenotransplantation of induced Pluripotent Stem Cells (iPSC) derived-human 

HPCs[372, 373] or in vitro differentiated human Microglia-Like Cells (hMLC)[374, 

375]. In addition, the use of brain organoid containing iPSC derived neurons, 

astrocytes, and microglia to mimic the human brain in a dish [376, 377] also shows 

potential utility. Although this model will likely never fully recapitulate the 

complexity of the brain as the contribution of the immune system is minimal and 

lacks any lymphoid cell, known to be important in microglial maturation to an adult 

phenotype [227].  

 

Phosphoinositol lipid signaling: SHIP1 and SHIP2 in cellular 

biology 

 

Phosphatidyl Inositol kinases and phosphatases 
 

Phosphatidyl inositols (PtdIns) are second messengers in the cell and their 

abundance is tightly regulated by inositol kinases and phosphatases. PtdIns are 

assembled by Cytidine diphosphatase diacylglycerol (CDP-DAG) and L-myo-
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inositol, with the lipophilic CDP-DAG tail embedded in the cell membrane and the 

inositol ring exposed on the inner leaflet, phosphorylated on positions 3, 4 and 5 

with a variety of combinations having different functions in cellular pathways [378]. 

Disruption of PtdIns balance triggers downstream signaling events that culminate 

in cell proliferation, phagocytosis, and autophagy. Disruptions in this PtdIns 

species due to germline or somatic mutations contributes to disease such as 

cancer, obesity, and dementia [379, 380]. 

 

Inositol kinases PI3K, PI4K and PIKfive add a phosphate on the inositol ring 

respectively on inositol ring position 3, 4 or 5. Each kinase can be subdivided in 

different classes based on their PtdIns substrate specificity [381] and subcellular 

localization. PI3K-class I kinases[382] are primarily recruited to the plasma 

membrane downstream of Receptor Tyrosine Kinases (RTK) or G-Protein 

Receptor C (GPRC) to convert PI(4,5)P2 in PI(3,4,5)P3, triggering the canonical 

PI3K/AKT signaling cascade. PI3K-II [383] is recruited at the endo-lysosomal 

compartment and converts PI(4)P or PI in PI(3,4)P2 and PI(3)P, respectively. PI3K 

class III (VSP34) [384] converts PtdIns (PI) to PI(3)P and is recruited to the late 

lysosomal compartments. PI3K class I is further subdivided into isoforms a, b, g or 

d [385]. PI3K-class I a (PI3KCA) is constituted of two subunits p85 (regulatory) and 

p110-a (catalytic). p85 is present at the plasma membrane where it can engage 

with phosphorylated RTK tails, while p110a contains the kinase domain, and is 

recruited and phosphorylates the PtdIns ring on the 3’ position. PI3KCA and b are 

ubiquitously present but overexpressed or hyperactive in cancer, [386, 387] while 
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the g and d isoforms are found in cells of hematopoietic lineage [388, 389]. 

Specifically, PI3Kg is preferentially found in myeloid cells while the d isoform is 

found in lymphoid cells and has important roles in their functions in hematopoietic 

cancers and the anti-tumor immune response [390]. 

 

 PI3K-class II has a fundamental role in intracellular trafficking, cellular 

metabolism, and pinocytosis. Both its isoforms, a and b, are essential for clathrin-

mediated pinocytosis, but isoform b is necessary for formation of pinosome-active 

patches at the coated pit to permit endocytosis [391]. PI3K II isoform b is also 

important in mTOR signaling repression while its delta isoform controls AKT2 

activation at the early endosome through generation of PI(3,4)P2. Thus, 

dysregulation or mutations in the PI3K family of enzymes can trigger alterations in 

metabolism, cellular trafficking, and endocytic functions that lead to disease [392, 

393]. PI3K class III or VSP34 is localized in late endosomal vesicles and promotes 

anterograde transport through PI(3)P production and mTORC1 activation [394]. 

Maintaining a balance of different PtdIns species is thus essential in cellular 

dynamics, especially in cancer cells where the balance between PI(3,4)P2 and 

PI(3,4,5)P3 is pivotal for full AKT activation as proposed by the “Two PIP 

Hypothesis”[395] in which full AKT activation promoted by the presence of both 

PI(3,4,5)P3 and PI(3,4)P2 leads to downstream pro-survival (mTORC1, RAF 

activation) signals and anti-apoptotic signals (inhibition of GSK-3, FOXO) that are 

critical to cancer cell survival and proliferation [390].  
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Several classes of inositol phosphatase oppose the above PI3K by 

removing the phosphate in positions 3, 4 or 5 of the inositol ring as shown in Figure 

2. The 3’ inositol phosphatase PTEN converts the PI3K-I product PI(3,4,5)P3 to 

PI(4,5)P2, thus acting as negative regulator of PI3K functions. PTEN LOF 

mutations are in fact highly correlated with cancer by unleashing PI3K mediated 

anti-apoptotic signals in the cell, defining PTEN as a tumor suppressor[396, 397]. 

Furthermore, the PTEN product PI(4,5)P2 is substrate for PLC-g and thus induces 

calcium efflux from the ER or at the mitochondrial associated membrane (MAMs) 

with important functions of calcium-dependent apoptosis and downstream 

signaling [398]. Interestingly, localization of PTEN at the endosomal compartments 

promotes endocytic trafficking dephosphorylating Rab7 [399] and leads to 

depletion of PI(4,5)P2 regulating PLC-g activity at the endosomal membrane[400].  

 

Figure 2. PtdIns Modification Mediated by PI3K, PTEN, SHIP, INPP4 and the 

PI3K signaling pathway in cancer:  
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The phosphorylated state of inositol lipids inserted in the cell membrane is 

controlled by inositol kinase and phosphatase enzymes. As proposed in “The Two 

PIP Hypothesis”, the presence of both PI(3,4,5)P3 and PI(3,4)P2 at the plasma 

membrane triggers downstream signaling events that more effectively promote 

cancer cell survival. Downstream targets of AKT are both pro-survival (activation 

of mTORC1, RAF) and anti-apoptotic (inhibition of GSK-3, FOXO) permitting 

increased cancer cell survival and proliferation. Adapted from Pedicone C. et al., Cancers, 

2021, 13(4), 890, Doi.org/10.3390/cancers13040890 Created with BioRender.com 

 

SH2 domain-containing inositol 5’ phosphatases (SHIP1 and SHIP2) 

structural features 

 

The SH2 containing inositol 5’phosphatase (SHIP) converts the PI3K-I 

product PI(3,4,5)P3 to PI(3,4)P2 to limit AKT phosphorylation on Threonine 308 by 

PDK1 [401, 402]. However, PI(3,4)P2 triggers AKT phosphorylation on Serine 473 

by mTORC2 permitting differential activation of AKT [403, 404]. Thus, SHIP 

permits maintenance of an equilibrium between PI(3,4,5)P3 and PI(3,4)P2, 

essential for full AKT activation with phosphorylation on both S473 and T308 

positions that are essential for cancer cell survival [405, 406] as stated in the “Two 

PIP Hypothesis”[395]. However, a positive feedback loop on AKT by mTORC2 

showed that AKT phosphorylation on T308 can phosphorylate the mTORC2 

component SIN1 triggering AKT phosphorylation on S473 by mTORC2 [407]. The 

SHIP product PI(3,4)P2 can be further converted to PI(4)P by INPP4A/B a 3’ 

inositol phosphatase [408]. INPP4A/B phosphatases are also considered tumor 
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suppressor as they deplete PI(3,4)P2 from the plasma membrane and terminate 

the PI3K signaling [409, 410]. 

 

There are two SHIP paralogs: SHIP1 and SHIP2. SHIP1 is expressed by 

hematopoietic derived cells [411], osteoblasts and mesenchymal stem cells 

(MSC)[411, 412] while SHIP2 is ubiquitously expressed [413]. SHIP1 and SHIP2 

are multi-domain proteins with a high degree of homology [414, 415]; however, 

specific features are present in both the phosphatase and modulatory domains of 

the two SHIP paralogs that enable their selective modulation with small molecules 

but also confers on them divergent functions in cell signaling [324]. Each protein 

subunit has important functions for each SHIP paralog as shown in Figure 3 and 

Table 4 [416]. 

 

SHIP1 and SHIP2 catalytic domains convert PI(3,4,5)P3 to PI(3,4)P2 that 

impacts feeding the PI3K/AKT signaling cascade as discussed above. Specifically, 

AKT activation can promote phosphorylation of the TSC complex, reducing 

hydrolysis of Rheb-linked GTP that binds to mTORC1 and RagA-GTP or RagC-

GDP if the cellular environment is rich in amino acids [417]. mTORC1 activation 

can in turn trigger S6 kinase/MAPK/ERK signaling that promotes cell survival, 

proliferation and differentiation, but also altering autophagic flux [418]. 

Controversial results have shown the importance of mTORC1 signaling in 

lysosomal biogenesis through nuclear translocation of the Transcription Factor EB 

(TFEB). mTORC1 was found to trigger TFEB phosphorylation, leading to TFEB 
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nuclear translocation with hyper reactive TSC [103] or nuclear export for TFEB 

binding to masking proteins when phosphorylated [419]. Phosphatase function is 

not the only way SHIP1 and SHIP2 shape cellular signaling. Due to their protein-

protein interaction domains/motifs (e.g., SH2 domains, NPXY motifs, SAM domain, 

polyproline rich domains) SHIP1 and SHIP2 can be recruited to and impede or 

promote the function of other cell signaling proteins [420]. 

 

 

Figure 3. SHIP1 and SHIP2 protein structures: 

SHIP protein structure and active sites SHIP1 and SHIP2 are multidomain proteins 

constituted of: SH2 domain, PH-L domain, 50-phosphatase catalytic domain, C2 

domain and C-terminal domain containing PXXP and NPXY motifs. (A) SHIP1 has 

phosphorylation sites on Serine 440 (Ser440) and Tyrosine 1020 (Tyr1020) that 

regulate respectively its activation and ubiquitination. (B) SHIP2 has a ubiquitin 

interacting motif (UIM) and a sterile a motif (SAM) domain, not present in SHIP1. 

Adapted from Pedicone C. et al., Doi.org/10.3390/cancers13040890 Cancers, 2021, 13(4), 890, 

 
Table 4. SHIP1 and SHIP2 domains functions 
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Protein Domain Interaction 

domain 

Partners/product Effect 

SHIP1/2 SH2 pY Doks, Gabs, CD150, 

PECAM, Cas, c-Cbl  

Masking function 

ITIM FcgRIIB FcgRIIB) 

ITAM FcεRI, FcgRIIA, 

DAP12,TCR 

SHIP1/2 PH-L PIP3/IP4 - Binding  

SHIP1/2 5-PPase PIP3/IP4 PIP2/IP3 5’Phosphate 

phosphatase 

SHIP1/2 C2 PIP2 - Binding and increase 

phosphatase activity 

SHIP1/2 NPXY PTB Shc, Dok 1, Dok 2 Recruitment at 

plasma membrane,  SH2 p85α, SHIP2 

SHIP1/2 PXXP SH3 Grb2, Src, Abl, 

PLCγ1 and PIAS1/ 

filamin, intersectin 

Masking function/ 

recruitment on 

podosomes and 

clathrin coated pits. 

SHIP2 UIM - ubiquitin degradation 

SHIP2 SAM SAM SHIP2 Self- association 
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The role of SHIP1 in immune regulation 

 

The human SHIP1 gene (INPP5D) is located on chromosome 2 (q37.1, stretch 

233,059,967-233,207,903) and has 27 exons and 27 introns. Human INPP5D has 

high similarity with mouse SHIP1 in chromosome 1 (UniProtKB - Q92835, 

UniProtKB - Q92835). A full crystal structure for SHIP1 has still not been obtained 

due to its large size, however a crystal structure of its phosphatase domain and 

adjacent domains has been completed (10.2210/pdb6IBD/pdb). SHIP1 protein 

levels can be regulated by multiple post-transcriptional and post translational 

modifications[395]. Alternative splicing drives formation of different isoform (a, b 

and g) while an intronic promoter in INPP5D drives transcription of s-SHIP, a 

shorter isoform that lacks the SH2 domain found in embryonic stem (ES) cells. s-

SHIP due to the lack of the N-terminal SH2 domain can’t be recruited to the plasma 

membrane by ITAM or ITIM motifs in receptor tails, but is found constitutively 

bound to Grb2 at the plasma membrane in ES cells and thus constantly able to 

access its substrate PI(3,4,5)P2 in stem cells population that express it [421], 

including HSC[196] and cancer stem cells[422, 423]. Full length SHIP1 (a isoform) 

is a 145KDa protein, while Isoform b gives rise to the 135KDa protein with an in-

frame deletion of 183 AA lacking the poly-proline rich (PXXP) motif between the 

two NPXY motifs and thus impairing its binding to p85 subunit of PI3K[424]. The g 

isoform is a 110KDa protein due to an out of frame splice that omits one NPYX 

domain and C-terminal PXXP domain impairing its association with Shc [425]. 
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Furthermore, the C-terminal of SHIP1 is necessary to inhibit calcium signaling 

through PLC-g[426]. 

 

Post transcriptional modification of SHIP1 at the mRNA level can also be 

modulated by miRNA155, a microRNA that causes inhibition of SHIP1 translation 

by binding to the 3’ UTR of its mRNA [427]. SHIP1 protein levels and activity can 

be regulated by post-translational modifications. SHIP1 can be phosphorylated on 

Serine440 in the catalytic domain increasing its phosphatase activity[428], while 

phosphorylation on Tyrosine1020 drives its ubiquitination and proteasomal 

degradation [429]. SHIP1 has immunomodulatory functions in both the innate and 

adaptive immune systems [416] SHIP1 KO [196] or SHIP1 inhibitor treated mice 

[197] have increased plasma G-CSF levels that promote HSC mobilization and 

expansion in vivo. Furthermore, miRNA155 showed a similar increase in G-CSF 

and its function on HSC [430]. However, miRNA155 was also found to trigger 

microglial inflammatory response with production of NO and inflammatory 

cytokines [431]. Thus, the potential for SHIP inhibitors (SHIPi) to promote 

neurogenesis and NSC expansion and neuronal survival should be taken in 

consideration for its use as therapeutic along with its homeostatic effects in the 

CNS[432]. 

 

  In myeloid cells SHIP1 inhibits Trem2 signaling, masking its downstream 

effector DAP12 [241], by this mean SHIP genetic KO drives osteoclast activation 

in vitro [412]. SHIP1 can also inhibits MCSF-R signaling in monocytes, and 
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conversely SHIP1 inhibition drives MCSF-R/STAT1 signaling cascade promoting 

survival, differentiation, and chemotaxis [433]. SHIP1 modulates innate immunity 

regulating NK cells functions as well. Here,SHIP1 displaces SHP-1 recruitment to 

2B4 receptors, promoting PI3K recruitment and NK cell activation [434]. Lack of 

SHIP1 renders NK cells hypo-responsive [435] while inhibition of CD48 (2B4 

ligand) on MHC-I+Rae1+ restored NK cell cytolytic abilities in SHIP-deficient NK 

cells [436].  

  

SHIP1 has important effects on lymphoid cell signaling. In B cells, SHIP1 

removes PI(3,4,5)P3 at the cell membrane impairing its binding to BTK and 

downstream signaling. Impaired BTK activation causes reduction in calcium influx 

and leads to apoptosis [437, 438]. A similar function is found in T cells as SHIP1 

can also hydrolyze the soluble phosphoinositide I(1,3,4,5)P4 to regulate calcium 

signaling [439]. SHIP1 can also inhibit TCR signaling to reduce T cell activation, 

and SHIP1 inhibition unleashes it[440].However prolonged SHIP1 inhibition and T 

cell activation drives CD4+ T cells and NK cells into an anergic or disarmed state 

[441]. Furthermore, SHIP1 can be recruited to the death receptor Fas/CD95 to 

increase the threshold for extrinsic apoptosis after Fas binding to FasL/CD178 

[442]. SHIP1 inhibition has shown to oppose CD95 signaling and thus trigger cell 

extrinsic apoptotic cascade via caspase 8 activation in T cells in vitro and in 

vivo[442].  

 
SHIP1 regulation of inflammation  
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The increase in catalytic activity found in PI(3,4)P2 binding to the C2 domain 

permitted discovery of small perolol-based agonists of SHIP1[443]. The small 

molecule AQX-MN100 reduced AKT phosphorylation on Threo308 after LPS 

treatment and reduced TNF-a production in vitro and in vivo[443]. A follow-up of 

this work with a different pelorol, AQX-MN100, showed that SHIP1 can promote 

IL-10/STAT3 signaling to suppress TNF-a production after LPS challenge. This 

new pelorol analog AQX-MN100 also alleviated inflammation and rescues the 

colonic phenotypes in a colitis model[444]. Notably the agonist AQX-1125 that 

showed promising results in phase 1 and 2 [445-447] dramatically failed phase 3 

trial for treatment of bladder inflammation[448]. However, Chamberlain et al 

showed AQX-1125 failed to bind to SHIP1[444]. Hence, failure of the clinical trial 

could very likely have been due to selection of a very poor agonist rather than 

SHIP1 as target for agonism. 

 

SHIP1 has also important functions in training myeloid inflammatory 

responses during bacterial or fungal challenge. SHIP1 protein level has been 

reported to increase over 20 fold in response to LPS in macrophages and to be 

necessary for endotoxin tolerance [449]. However, fungal challenge in SHIP1 

inhibited or KO macrophages, preceded by b glucan stimulation, promoted innate 

immune training with increased inflammatory cytokines production, phagocytosis 

of C. albicans and improved survival to a C. albicans lethal challenge [450]. 

SHIP1 and SHIP2 roles in phagocytosis 
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 SHIP promotes phagocytosis through phosphatase and non-phosphatase 

dependent mechanisms. PI3K signaling increases PI(3,4,5)P3 around scavenger 

and pathogen receptor tails after their binding to substrate and clustering, to trigger 

the initial phases of phagosomal pit engulfment and closure [451]. PI(3,4,5)P3 

recruits MyosinX, necessary for pseudopod extension[452] and inactivates 

Rac/Cdc42 necessary for its closure [453]. Thus, PI(3,4,5)P3 along with “focal 

exocytosis” permits maximal pseudopod extension and facilitates phagosomal cup 

closure for uptake of larger (>6um) particles [454]. SHIP1 and SHIP2 can 

hydrolyze phagosomal PI(3,4,5)P3 impairing early formation of phagocytic cup, 

while SHIP KO enhances this phase [455, 456]. Interestingly, recruitment of SHIP1 

has been reported to impair, and SHIP1 KO to promote, CR3 and FcgR-dependent 

phagocytosis of antibody-complement complex in macrophages[457]. 

Furthermore, PI(3,4,5)P3 was also found to facilitate lamellipodia formation and 

exploration on the surface of macrophages [458]. Alternatively, SHIP1 and SHIP2 

can facilitate fast-endothelin mediated, non clathrin-mediated endocytosis by 

promoting production of PI(3,4)P2 [459].  

 

The role of SHIP2 in cell signaling 

 

The human SHIP2 gene (INPPL1) is present in Chromosome 11 q13.4 

stretch 72,223,701-72,239,147 with 29 exons and 2 isoforms and has high 

similarity with mouse INPPL1 on chromosome 7 (UniProtKB - O15357). A SHIP2 

full crystal structure is not available, but structures for the C2-phosphatase 
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(10.2210/pdb5OKM/pdb) and several mutants have been published[460]. These 

tools enabled the discovery of new SHIP2 agonists binding to the protein C2 

domain [460, 461] as possible therapeutics in cancer. Post translational 

modification of SHIP2 includes miRNA 205 that has been shown to reduce cancer 

metastasis [462]; however, the miRNA205 antagonist miRNA185 was found to 

restore SHIP2 levels in epithelium decreasing apoptosis and thus increasing 

squamous cell carcinoma metastasis [463]. SHIP2 has an important role in 

membrane ruffling and has been shown to interact with multiple actin binding 

proteins as filamin[464]. 

 

SHIP2 recruitment by actin binding proteins in the nascent podosomes and 

invadopodia contributes to their growth and maturation through the SHIP2 product 

PI(3,4)P2 [465, 466]. SHIP2 can also be found associated with intersectin at the 

clathrin coated pit and here inhibits their maturation [467]. Furthermore, SHIP2 has 

an important role in lysosomal functions where it increases PI(3,4)P2 after b-

amyloid stimulation triggering recruitment of ARAP3 and its degradation, causing 

RhoA hyperactivation potentially leading to neurodegeneration [468]. SHIP2, along 

with SHIP1, can limit M-CSFR [469]and FcgR signaling[470, 471] contributing to 

their functions in AD[472]. However, SHIP2 has an important role in Insulin-IGF 

signaling repression [473], thereafter affecting neuronal viability [381]. 

 

Role of SHIP1 and SHIP2 in health and disease 
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Germline KO mice for both SHIP1[474] and SHIP2 [475] have been previously 

described. SHIP1 KO mice are born with expected Mendelian frequency but they 

die before 12 weeks with pulmonary consolidation due to alveolar macrophage 

build-up and an eosinophilic crystalline pneumonia [476, 477] but also severe ileitis 

[478]. Two studies on IBD patients showed 15% of the patient to be SHIP-1 

deficient. These patients had less than 10% of normal SHIP1 protein expression 

in PBMC vs. healthy controls (HC) [479] and were more likely to developing severe 

disease requiring surgical bowel resection(s) or use of biologics for treatment 

compared to SHIP1-sufficient IBD patients [480]. This phenotype is also present 

in the SHIP1 KO mouse model, where pathology is driven by T cell loss in gut and 

lung along with hyper responsive macrophagic and neutrophils infiltration that 

causes gut and lung pathology leading to death. Bone marrow transplantation 

[477, 481] or splenic adoptive transfer [442] from SHIP sufficient controls rescues 

germline SHIP1 KO mice from lethal disease. Furthermore, small molecule SHIP 

agonists were shown to be an efficient treatment in a DSS-induced colitis model 

[444]. Severe osteoporosis is also found in SHIP KO mice due to impairment in 

osteoblast differentiation for a hyperactive b-catenin/Id2 transcriptional circuit 

[482]. Pulmonary consolidation and ileitis, however, are not found upon selective 

SHIP1 inhibition with 3AC in vivo, however, a reduction in bone mass and density 

was observed with 3AC treatment [482].  

 

Despite the important roles of SHIP2 in cellular biology, INPPL1 KO mice 

show no disease phenotypes in development, but adult mice have high resistance 
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to weight gain on high fat diet [483]. Mutations in INPPL1 in humans have been 

linked with Opsismodysplasia, a skeletal disorder due to altered of chondrocyte 

differentiation [484]. Furthermore, polymorphisms in SHIP2 have also been 

correlated with type II diabetes and metabolic syndrome [485, 486]. Furthermore, 

a SNP in SHIP2 that leads to a coding change, L632I, reduces enzymatic activity 

and is strongly correlated with protection for insulin resistance [487]. This SNP 

further suggests the importance of SHIP2 in regulation of insulin signaling [488, 

489] and possible use of SHIP1 inhibitors as a treatment for diabetes. Consistent 

with this the small molecule SHIP2 inhibitor AS1949490 showed anti-diabetic 

properties without toxicity [490] and post-hoc studies on metformin clinically used 

to treat diabetes showed SHIP2 inhibitory properties strengthening the role of 

SHIP2 inhibitors in obesity and leading to testing of new Crizotinib derivatives for 

therapeutic use [491, 492].  

 

Pan-SHIP1/2 inhibitors didn’t show any of the disease phenotypes listed 

above for SHIP1 [493]. However, Pan-SHIP1/2 inhibitors have been shown to 

reverse diet-induced obesity and metabolic syndrome [494]. 
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New frontier: SHIP1 and SHIP2 as potential targets for AD  

 

SHIP1 as a risk or protective factor in AD  

 

In a search for new potential targets and a deeper understanding of AD there has 

been several large GWAS. These studies pointed out several genes expressed by 

myeloid cells starting a revolution in the field and highlighting the importance of 

microglial functions in the disease. [495]. Furthermore, omics Meta-analysis of 

diagnosed AD led to identification of risk loci correlated with immunity and lipid 

metabolism [496]. A SNP that causes the R47H coding change in Trem2 impairs 

its functions and is correlated with worse disease and earlier onset in LOAD [244, 

245]. However, not all the genetic associations found in GWAS gave a clear 

answer as to whether the Single Nucleotide Variant (SNV) was decreasing or 

increasing functions of the protein targeted and thus if the involved gene might be 

considered a risk or protective factor in disease. An example of this is found in the 

several intronic SNPs found in INPP5D (SHIP1) [496-501]. Three SNPs were 

found to correlate with AD: rs10933431 on ch2:233117202 variant C/G with odd 

ratio (OR) of 0.9, rs35349669 on ch2:233159830 variant C/T OR 1.08 and 

rs61068452 ch2:233105789 variant A/G with a minor allele frequency of 17%. All 

these SNPs are intronic, thus it is unclear how they impact SHIP1 protein levels or 

function and whether they affect onset or severity (Table 5). This controversy 

poses SHIP1 as a molecular target for therapy, although leads to opposing views 

on whether we need to increase or decrease SHIP1 function in AD patients to 
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achieve a therapeutic effect. However, the intronic SNV reported in these GWAS 

could alter 3D chromosomal structure or DNA binding proteins sites rather than 

SHIP expression. 

 

Several studies support the hypothesis of SHIP1 as a risk factor and its 

inhibition as potential therapy. SHIP1 mRNA is increased in AD patient’s brain 

[502], and this increase was ascribed to microglial cells in the brain via RNA seq 

analysis. This same study showed SHIP1 protein expression to increase with age 

in 5XFAD mice, but not in WT mice and SHIP1 positive microglia associated with 

plaques [503]. Although this correlation doesn’t prove causation of AD with an 

increase in microglial SHIP1 expression.  

 

In support of the counter hypothesis, single-cell analysis on microglial 

subsets in the brain showed INPP5D to be upregulated in the bulk population of 

the microglia but was downregulated in Activated Response Microglia (ARM) and 

DAM as compared to Homeostatic microglia (HM) in an AD disease murine model, 

but not in tau pathology model. Moreover, ARM but not HM are found to contribute 

to microgliosis in an AD model [219]. ARM - “non homeostatic” microglia - have a 

lower level of INPP5D mRNA and overexpress tissue repair genes as well as MHC 

class II. This downregulation is not present in interferon response microglia (IRM) 

nor Cycling and Proliferating Microglia (CPM) or Transiting Response Microglia 

(TRM) [218]. Furthermore, miRNA155 upregulation decreases Ab 1-42 transition 

to more acidic organelles while its downregulation increases it [504]. miRNA155 
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was found to be increased in extracellular fluid (ECF) and CSF of AD patients [505] 

as well as in AD mouse models [506, 507] and miRNA inhibition showed 

decreased cognitive impairment and neuroinflammation in an a rat model for AD 

[508]. Taken together these findings prove an important correlation between 

miRNA155 and neuroinflammation suggesting it is a possible player in SHIP1 

downregulation in AD [509]. Further proof of SHIP1 variation in different AD 

disease stages was that mRNA increased in early stage AD and decreased in later 

stages while methylation rates of the SHIP1 promoter was not affected in AD [510]. 

These findings identify a complex role for SHIP1, probably dependent on different 

phases of the disease leading the way for a therapy targeting SHIP1 with inhibitor 

or agonists depending on the disease stage - one size doesn’t fit all in AD. 

 

SHIP2 as a risk factor in AD 

 

INPPL1 (SHIP2) was identified as a member of the “m109 multi-gene 

module” strongly associated with AD [280] inducing SHIP2 upregulation and 

neuronal death. A recent study showed how stress causes epigenetic and open 

chromatin changes triggering increased of pro-inflammatory signals and 

phagocytosis along with increased INPPL1 mRNA [511]. Furthermore, SHIP2 KD 

by RNAi reduced Ab42 production in vitro [280] while SHIP2 overexpression in 

neurons is associated with an impaired neuroprotective effect of IGF-1 and insulin 

signaling [473]. Moreover, use of small molecule inhibitor of SHIP2 in db/db mice 

(AS1949490) increased memory and increasing BDNF mRNA stabilization in 
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neurons [512]. Taken together these 'omics' studies and in vivo validation in mouse 

models suggest a potential beneficial effect of SHIP2 inhibition in glial and 

neuronal cells in AD. 

 

In conclusion, both SHIP paralogs are potential targets for age-related 

cognitive decline possibly acting on microglial functions (Table 5). Modulation of 

SHIP1 and SHIP2 with the use of small SHIP inhibitors and activators might be a 

way to modulate phagocytic functions, lipid metabolism, production of neurotrophic 

factors and regulation of neuroinflammation altered in different phases of the 

disease permitting translational potential for future drug development and 

precision medicine. 

 

Table 5. SHIP1 SNPs and AD risk  

SNP, 

nucleotide 

change  

minor 

allele 

frequency 

Risk odd 

ratio or Z 

P value 

or 95% 

C.I. 

Population Enriched 

in 

Type of 

risk 

Ref. 

rs10933431, 

233117202 

C>G 

% 22.3 

OR 0.91  3.4E−9 UK LOAD  Protective [513] 

C>G 

% 23.5 

Z -6.13 8.92E-10 European 

ancestry 

LOAD 

and 

Familiar 

Protective [501] 

C>G 

- 

- - UK LOAD  Protective, 

no 

[514] 
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differences 

in protein 

expression 

rs61068452, 

233105789  

A>G 

17% 

-  0.014  

 

Caucasian LOAD Lower t-

tau/Ab42 

in CSF, 

Protective 

[515] 

 

rs35349669, 

233159830 

 

C->T 

- 

1.3 

dementia 

1.08 AD 

0.009 

dementia 

– 95% CI 

1.05-

1.11 AD 

US LOAD Risk  [516] 

C->T  

% 48 

OR 1.07  3.6 E-11 UK Familiar Risk [500] 

C->T  

% 48.8 

OR 1.08 

 

3.2 E−8 Caucasian LOAD Risk [498] 

C->T  

% 48.8 

OR 1.08 2.59E− 9 Spanish LOAD Risk [497] 

 

SNV C-

>T  

%  

OR 0.77  >0.05 Chinese LOAD None [517] 

SNV C-

>G 

-  0.028  

 

Caucasian LOAD Higher t-

tau/Ab42 

in CSF 

[515] 
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Aim of the study  

 
The diverse receptors the express, their embryonic origin and the unique 

environment where microglia reside all determine the different activation states 

and functions of microglia in both health and disease. GWAS and omics studies 

link the SHIP1/INPP5D and SHIP2/INPPL1 loci with AD. However, it is still unclear 

if SHIP1 has protective or detrimental role in AD. We speculate that SHIP1 activity 

might have different contributions to early and/or late phases of the disease, thus 

it might be targeted with different types of small molecules modulators depending 

upon disease context or stage. We have shown that small molecule modulators of 

SHIP1 and SHIP2 can influence important microglial functions such as 

phagocytosis, cargo degradation, inflammatory cytokine production. In Chapter 2 

we assess whether inhibition of SHIP1 and SHIP2 could promote microglial 

phagocytic functions for clearance of dead neuronal cells or beta amyloid 1-42. In 

this chapter we also address the potential druggable potential of a small molecule 

pan-SHIP1/2 inhibitor (K161) for BBB penetration and in vivo effects on microglia 

function in a normal mouse. In Chapter 3 we assess whether SHIP1 agonism might 

regulate production of inflammatory cytokines and degradation of lipid and 

proteinacious cargo. Use of artificial intelligence and in silico screening enabled 

the discovery of new small molecule SHIP1-selective agonist and the use of one 

of these to modulate microglial function. In Chapter 4 I discuss the findings in in 

Chapters 2 and 3 placing them in context of microglial function and their possible 

application in AD and neurodegenerative diseases that were described in Chapter 

1. Taken together this work highlights the potential for small molecule modulation 
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of SHIP1 and SHIP2 to influence microglial biology and the specific applications of 

either agonists and inhibitors to modulate these functions to impact disease. 
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Chapter 2. Pan-SHIP1/2 inhibitors promote microglia 

effector functions essential for CNS homeostasis2 

 

Graphical Abstract 

 
Created with BioRender.com 
 

Abstract 

 

We show here that both SHIP1 (Inpp5d) and its paralog SHIP2 (Inppl1) are 

expressed at protein level in microglia. To examine whether targeting of SHIP 

paralogs might influence microglial physiology and function, we tested the capacity 

of SHIP1-selective, SHIP2-selective and pan SHIP1/2 inhibitors for their ability to 

 
2 Text and figures Adapted from Pedicone C, et al. J Cell Sci. 2020;133(5). Doi:10.1242/jcs.238030 
with permission from the authors. Contribution to the paper as follows: C.P for lead role in study 
design, data collection, analysis and interpretation of results, draft manuscript preparation. S.F. 
study design, data collection and analysis. D.V., A.A.A, L.B.C, E.P.D for data collection and 
analysis, J.D.C and W.G.K for study conception and manuscript preparation. 
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impact on microglia proliferation, lysosomal compartment size and phagocytic 

function. We find that highly potent pan-SHIP1/2 inhibitors can significantly 

increase lysosomal compartment size, and phagocytosis of dead neurons and 

amyloid b (Aβ)1−42 by microglia in vitro. We show that one of the more-potent and 

water-soluble pan-SHIP1/2 inhibitors, K161, can penetrate the blood-brain barrier. 

Consistent with this, K161 increases the capacity of CNS-resident microglia to 

phagocytose Aβ and apoptotic neurons following systemic administration. These 

findings provide the first demonstration that small molecule modulation of microglia 

function in vivo is feasible, and suggest that dual inhibition of the SHIP1 and 2 

paralogs can provide a novel means to enhance basal microglial homeostatic 

functions for therapeutic purposes in Alzheimer’s disease and, possibly, other 

types of dementia where increased microglial function could be beneficial. 

 

Material and methods 

 

Mice 

 

3-month-old C57BL6/J mice were purchased from Jackson Laboratories (Bar 

Harbor, ME) for in vivo studies of SHIP inhibitors described herein. Prior to and 

during in vivo studies, mice were housed at the SUNY Upstate Medical University 

vivarium under conventional, nonspecific-pathogen-free conditions. Animal 

experiments were approved by the Institutional Animal Care and Use Committee 

(IACUC) at SUNY Upstate Medical University. 
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Cells 

 

The BV-2 and SIMA-9 microglial cell lines were purchased from the American Type 

Culture Collection (ATCC) and cultured following ATCC instructions. For flow 

cytometry assays cells were seeded at a density of 5×105/ml. 

 

Proliferation assay 

 

Cells were seeded at 2×105/ml. After 48h of inhibitor treatment, cells were 

incubated for 1h (BV-2) or 3h (primary microglia) with the Cell Counting Kit-8 

reagent CCK-8 (Dojindo Molecular Technologies); absorbance values were 

measured at 450nm. 

 

Western blots 

 

All antibodies used for western blots were purchased from Santa Cruz: Actin (C-

4), HSP90α/β (F-8), SHIP1 (P1C1), SHIP2 (E-2). The secondary anti-mouse IgGk-

binding protein-HRP (Santa Cruz) was used to reveal the blotting. Conditions for 

western blot detection of SHIP1, SHIP2 and housekeeping controls have been 

described previously [406, 518, 519]. All antibodies were used at concentration 

specified by the supplier. 
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Primary murine microglia preparation 

 

Primary microglia cells were prepared from 2–8-day-old neonatal cerebrum and 

cultured up to 8 weeks following a waiting period of 1 week for the establishment 

of the cell culture as described by Bonaparte et al., 2006[185]. To obtain cells 

enriched to ∼95% for microglia from these mixed cell microglial–glial cultures, 

culture flasks were shaken at 150 rpm at 37°C for 30 min and supernatants filtered 

through 10-µm strainers (BD) prior to seeding. When analyzed by flow cytometry, 

cells were gated on CD11b+CD45+ singlets that were DAPI−. This analysis 

routinely demonstrated that the viable cell suspension typically consisted of 95% 

CD45+CD11b+ microglia. 

 

Intracellular staining for flow cytometric analysis 

 

To perform intracellular staining of SHIP1 and SHIP2, cells were incubated with 

the viability stain of the Zombie Aqua Fixable Viability Kit (BioLegend), fixed 20 

min with IC Fixation Buffer (cat. number 00-8222-49, eBioscience), washed with 

permeabilization buffer (cat. number: 00-8333-56; eBioscience) and stained for 

SHIP1 (P1C1-A5 PE, dilution 1:100; BioLegend), SHIP2 (E-2 FITC, dilution: 1:100; 

Santa Cruz Biotechnology) in a final volume of 100 μL. The same procedure was 

applied for intracellular staining of phosphorylated AKT at serine 472 (p-AKT 

AF488, clone M89-61, dilution: 1:20; Becton Dickinson). All surface and 

intracellular stains were performed in presence of species-specific Fc receptor 
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blocking solution (TruStain-FcX cat.number 101320 BioLegend; Fc Receptor 

Binding Inhibitor, cat.number 14-9161-73 eBioscience.). 

 

Analysis of lysosomal content 

 

Cells were incubated with 50 nM LysoTracker Red DND-99 (Thermo Fisher) for 30 

min. After a wash in PBS they were analyzed by flow cytometry or fixed for confocal 

microscopy. For confocal microscopy cells were seeded at 2×105/ml in an eight-

well Chamber Slide System (Thermo Fisher). After treatment, cells were stained, 

washed, fixed with 4% PFA for 20 min and mounted on glass coverslips in ProLong 

antifade mounting solution with DAPI (Thermo Fisher). 

 

Differentiation of iPSC-derived hematopoietic progenitors to microglia 

 

Hematopoietic stem/progenitor cells derived from the iPSC line (gift from Matthew 

Blurton-Jones, University of California, CA) were differentiated to microglia and 

other myeloid cell types using medium supplemented with M-CSF (25 ng/ml), IL34 

(100 ng/ml) and TGF-β1 (50 ng/ml) (Peprotech) for 2 weeks and adding CX3CL1 

(100 ng/ml; Peprotech), CD200 (100 ng/ml; Novoprotein) for the third week [520]. 

The cells were then harvested and analyzed by FACS for the presence of microglia 

based on expression of human CD45. Uptake of apoptotic neurons was measured 

in this population of cells by flow cytometry. The iPS cell line UCI ADRC-5 and 

HPCs differentiated from them were provided by the University of California 



 77 

Alzheimer's Disease Research Center (UCI-ADRC) and the Institute for Memory 

Impairments and Neurological Disorders [376, 520]. 

 

Generation of dead neurons and analysis of dead neuron phagocytosis 

 

Primary neurons were prepared from day 1–3 neonatal brains as described by 

Zhao et al. (2016)[521]. To induce apoptosis and to kill the neurons they were 

given 3200 Rads at 300 R/min for 640 s (32 Gy) from an X-ray source. Stocks of 

dead neurons stained with propidium iodide (PI) were prepared, diluted to 

5×104/ml and incubated for 2 h on microglial cells. After a wash in PBS, microglial 

cells were stained and analyzed by flow cytometry gating on a live, CD11b+ 

population. For confocal microscopy analysis, fixed cells were incubated for 30 min 

with blocking solution (PBS 3% FBS HI) and stained for 1 h with CD11b-AF488. 

Slides were then washed three times and mounted as previously described. Stocks 

of dead neurons were stored in the dark at 4°C for up to 4 weeks until used. 

 

Analysis of Aβ1-42 phagocytosis 

 

Aβ1-42-FITC (rPeptide) was incubated with microglial cells at 0.5 µg/ml for 1h and, 

after a wash with PBS, the sample was collected for flow cytometric analysis or 

confocal imaging. 

Confocal imaging and quantification 
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All confocal images are representative of three z-stacks. For quantification 

proposes the central plane of the z-stacks was selected and mean fluorescence 

intensity of each cell was analyzed with Fiji software for 40–150 cells. Data were 

converted from bit to gray scale and reported in a dot plot graph for statistical 

analysis after elimination of outliers using Tukey's test. 

 

Preparation of SHIP inhibitors 

 

The known SHIP inhibitors used in this study are K149 [522], 3AC [518] and K118 

[197], which were prepared as previously described in the associated references. 

The protocols for preparation of novel SHIP1/2 inhibitors (K116, K161 and K185) 

used here are available upon request. In addition, Table 6 lists the structures of all 

compounds used in this study and the IC50 for both SHIP1 and SHIP2. 

 

In vivo treatment of mice with K161 

 

C57BL/6 mice (3 months old) were treated twice a week for 3 weeks by intra-

peritoneal (i.p.) injection of either 10 mg/ml K161 in H2O or vehicle control (H2O). 

The exact dosage regimen used was similar to that used for K118 in an obesity 

model [494] and consisted of a single i.p. injection of K161 (10 mg/kg) administered 

on days 1, 4, 8, 11, 15 and 18. Mice were then killed on day 19 and their brains 

analyzed as described. The brains were collected after killing and perfusing the 
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mice with cold PBS supplemented with 0.5% BSA. Brain dissociation was 

performed using the Miltenyi Neural Tissue Dissociation Kit (P) followed by 

removal of myelin. For the latter Miltenyi anti-myelin beads and AutoMACS 

separation was used. The cell suspension was than incubated with Aβ1-42-FITC, 

dead neurons were labeled with PI or LysoTracker Red with the same procedure 

used for the cell lines described above. The cell suspension was then stained with 

surface stain for CD11b (BioLegend), CD45 (Biolegend), ACSA2 (Miltenyi), and 

DAPI or PI (for live or dead discrimination, respectively), and analyzed by flow 

cytometry. For intracellular staining of SHIP1 in CNS cell populations the same 

procedure as for cell lines was used. 

 

LC-MS quantification of K161 in the CNS and serum 

 

Serum proteins were precipitated by adding 120 µL of acetonitrile (ACN) to 20 µL 

of sample. Following centrifugation, the supernatant was recovered and dried 

under vacuum. The pellets were re-dissolved in 20 µL of 20% methanol (MeOH), 

0.1% formic acid in water. External calibration curves were generated by pooling 

serum from non-treated animals, dividing it over six 20-µL aliquots, and by spiking 

each aliquot with 2.2 µL K161 to produce final concentrations of 30–10,000 nM. 

The standards were further processed as described above for treated serum 

samples. Weighed cerebrum samples were placed in tubes pre-filled with 

homogenizer beads (Omni International, 19-627). To each sample, approximately 

one volume of Tris-buffered saline (pH 7.6) containing 10% ACN was added. The 
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samples were homogenized in a Bead Ruptor Elite (Omni International, 19-040E) 

at 4 m/s for three cycles of 15 s with a 30 s dwell between cycles. The homogenate 

we recovered into a new centrifuge tube, to which 1.0 mL of ACN was added. After 

5 min, the samples were centrifuged, the supernatant collected and dried under 

vacuum. The pellets were re-dissolved in 200 µL of 20% MeOH, 0.1% formic acid 

in water. External calibration curves were generated by pooling brains from non-

dosed animals, dividing this across six 50-µl aliquots, and spiking the aliquots with 

5.5 µL of K161 to produce final concentrations of 30–10,000 nM. The standards 

were further processed as described above for treated brain samples. Of each 

sample or standard, 5 µL were injected onto a C18 column (2.1×30 mm, Interchim, 

UP3ODB-030/021). A Vanquish UHPLC (Thermo Scientific) delivered a linear 

gradient from 20–95% B at 200 µL/min over 2.5 min, followed by a 4 min wash and 

re-equilibration. Solvents A and B were H2O and methanol, respectively, both 

containing 0.1% formic acid. The LC was coupled to a Quantis Triple Quadrupole 

mass spectrometer (Thermo Scientific) operating in MRM mode with positive 

electrospray ionization (ESI) at 4000 V. The following transitions were monitored: 

m/z 291.4 to 274.2, 135.1, 147.1 and 161.1 with collision energies of 21–31 V and 

75 ms dwell time per transition. Quantification was performed by using Thermo 

Xcalibur Quan Browser software. 
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Results 

 

Microglia express both SHIP paralogs 

 

Both SHIP1 and SHIP2 are expressed in terminally differentiated macrophages. 

There, they have the capacity to regulate signaling at several different receptors 

that dictate macrophage effector functions, chemotaxis or survival [455, 456, 469-

471, 523-525]. However, to our knowledge there has been no description of 

whether one or both SHIP paralogs are expressed at protein level in microglia 

derived from an embryonic myelo-erythroid progenitor, rather than an adult 

hematopoietic stem cell (HSC), such as macrophages [9]. Thus, we examined 

whether SHIP1, SHIP2 or both proteins are expressed in primary microglia by 

using intracellular flow cytometry (icFlow) and monoclonal antibodies specifically 

recognizing SHIP1 or SHIP2 (Fig. 4A). We confirmed the validity of the icFlow 

assays for SHIP1 and SHIP2, by also performing western blot analysis of primary 

microglia ex vivo. This showed the expected SHIP1 and SHIP2 isoforms of the 

expected apparent molecular weight (Fig. 4B). In addition, the presence of both 

SHIP paralogs was confirmed by western blot analysis (Fig. 4B) of cell lysates 

prepared from two different clonal murine microglial cell lines – BV-2 cells derived 

by oncogenic transduction of microglia [526] and spontaneously immortalized SIM-

A9 cells [527] (Fig. 4B). Using the icFlow assay for SHIP1, we also confirmed that 

SHIP1 is expressed in microglia of the adult CNS, as well as in peripheral 

leukocytes and monocytes that have entered the CNS; we did not detect SHIP1 
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protein expression in neuro-epithelial-derived astrocytes with this assay (Fig. 4C). 

SHIP1 and SHIP2 are then coexpressed in microglia; thus, each is potentially 

available for recruitment to receptors that regulate microglial homeostasis, 

phagocytosis and other effector functions. 

 

 

Figure 4. Microglia express both SHIP paralogs. 

(A) Flow cytometry analysis of SHIP1 and SHIP2 expression in primary microglia 

compared to fluorescence minus one (FMO) on the same cells. (B) Western blot 

detection of SHIP1 and SHIP2 in primary microglia, BV-2 and SIM-A9. The two 

ubiquitously expressed proteins HSP90 and β-actin were used as internal control. 

(C) SHIP1 detection in the indicated brain cell population of adult mouse brain as 

identified by multi-parameter flow cytometry for CD11b, CD45 and ACSA2 (see 

example of multi-parameter flow cytometry in Fig. 11). 
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Pan-SHIP1/2 inhibitors can promote proliferation of microglial cells in vitro 

 

Both CSF1 (hereafter referred to as M-CSF) and IL34 are thought to renew and 

sustain the microglial compartment in the CNS via their common receptor M-CSF-

R [3, 9, 528, 529]. SHIP1 and SHIP2 have been implied to regulate PI3K-mediated 

signaling via M-CSF-R in macrophages or osteoclasts, thereby promoting their 

growth and survival [469, 524, 525, 530]. We, therefore, sought to examine 

whether SHIP inhibitors promote proliferation of microglia in vitro. To test this, we 

compared the ability of SHIP1-selective inhibitor 3AC, SHIP2-selective inhibitor 

AS1949490, and three pan-SHIP1/2 inhibitors K118, K149 and K161 to increase 

growth of BV-2 microglial cells in vitro (see Table 6 for structures, and the IC50 

values of SHIP1 and SHIP2 activity in response to all inhibitors). At low micromolar 

concentrations (1.25–5µM) only the pan-SHIP1/2 inhibitors K118, K161 and K149 

significantly increased growth of BV-2 cells when compared with BV-2 cells treated 

with their respective diluent controls (Fig. 5A). Across three independent 

experiments we found that, within the 2.5–5µM range, the pan-SHIP inhibitor K161 

had the most potent and consistent impact on BV-2 microglial growth compared 

with SHIP1- and SHIP2-selective inhibitors. We further tested the effect of the 

different classes of SHIP inhibitors on cell growth in primary microglia. We found 

that the pan-SHIP1/2 inhibitor K161 also significantly improved primary microglia 

proliferation, whereas SHIP1-selective or SHIP2-selective inhibition (3AC and 

AS194940, respectively) did not (Fig. 5B). These findings indicate that pan-
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SHIP1/2 inhibitors have the potential to increase growth of microglia. Thus, this 

class of SHIP inhibitors merits further analysis regarding their impact on microglial 

homeostasis in both normal physiology and during pathogenesis. 

 

Table 6. Relative IC50 and structures of inhibitory compounds for SHIP1 

and/or SHIP2 

enzyme activity based on a fluorescence polarization assay. ND, not detected 
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Figure 5. Pan-SHIP1/2 inhibition increase proliferation of microglia in vitro.  

(A,B) ACCK-8 Dojindo assay was performed for analysis of cell growth of BV-2 

cells (A) and primary microglia (B) treated with the SHIP inhibitors as indicated 

compared with that of their respective vehicle control (100%) at 48 h. Each point 

represents the mean of four replicates for each treatment. The experiment is 

representative of three independent experiments and was analyzed with two-way 

ANOVA. P-values are reported above each concentration of inhibitor when 

difference in cell growth was found to be significantly different than the diluent 

control. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars indicate the 

s.e.m. 

 

Pan-SHIP1/2 inhibition promotes increases in lysosomal compartment size in 

microglia cell lines and primary microglia 

 

The ability to phagocytose cell debris, dead or dying neurons and Aβ deposits 

within the CNS is an essential facet of microglial homeostatic function and is 

dependent upon their lysosomal capacity or compartment size [51]. The lysosomal 

compartment has previously been thought to be a static subcellular organelle. 
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However, it is now acknowledged to be a dynamic compartment that can respond 

to stress via PI3K-Akt-mTOR signaling that can be regulated by both SHIP1 and 

SHIP2 [417, 531, 532]. To determine whether lysosomal compartment size is 

subject to dynamic control through SHIP enzymes, we analyzed the ability of 

different SHIP inhibitors to alter the size of the lysosomal compartment in microglia. 

We first analyzed lysosomal compartment size after treatment of BV-2 cells with 

the SHIP1-selective inhibitor 3AC, SHIP2-selective inhibitor AS1949490 or pan-

SHIP1/2 inhibitor K118 by using a diluent control (ethanol, ETOH). We found that 

both AS194940 and K118 promoted a significant expansion of lysosomal 

compartment size in BV-2 cells; however, K118 was demonstrably more potent in 

this effect than either diluent or AS1949490 (Fig. 6A). As 3AC promoted no 

significant increase in lysosomal compartment size, we then focused on comparing 

AS194940 vs a panel of different pan-SHIP1/2 inhibitors and found that all pan-

SHIP1/2 inhibitors tested promoted a robust increase in the lysosomal 

compartment size of BV-2 cells relative to either AS194940 or the diluent used 

(dimethyl sulfoxide, DMSO) (Fig. 6B). We also analyzed lysosomal compartment 

size in primary microglia after selective inhibition of SHIP1, SHIP2 or pan-SHIP1/2 

(by, respectively, using 3AC, AS194940 or K161) and found a significant increase 

in lysosomal content only in the pan-SHIP inhibitor-treated cells [compared with 

vehicle-control (ETOH) cells; Fig. 6C]. To confirm that the increase in lysosomal 

compartment size promoted by pan-SHIP1/2 inhibition, observed by flow 

cytometry, corresponds, indeed, to an increase in the subcellular compartment, we 

also performed confocal microscopy of LysoTracker Red-stained BV-2 cells, and 
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quantified intracellular staining by confocal image analysis. When compared to 

control vehicle- treated cells (DMSO), a significant increase in the size of 

lysosomal vesicular compartments was observed in BV-2 cells treated with pan-

SHIP1/2 inhibitor K118 (Fig. 6D,E). These findings suggest that pan-SHIP1/2 

inhibitors are the best choice of SHIP inhibitors in order to promote an increase in 

lysosomal capacity in microglia. 

 

 

 

Figure 6. Pan-SHIP1/2 inhibition increases microglial lysosomal 

compartment size.  

(A) Flow cytometry assay of LysoTracker Red staining on BV-2 cells treated for 16 

h with the selective SHIP1 inhibitor (3AC), selective SHIP2 inhibitor (AS1949490) 

or the pan-SHIP1/2 inhibitor K118. (B) Flow cytometry assay of LysoTracker Red 

staining on BV-2 cells treated for 16 h with a panel of different pan SHIP1/2 
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inhibitors (K118, K149, K116 and K161) at a concentration of 3.75 μM. (C) 

LysoTracker Red-staining of primary murine microglia treated with 3AC, 

AS1949490 or K118 for 16 h. (D) Confocal image of fixed BV-2 cells after staining 

with LysoTracker Red (red channel) and DAPI (white channel) that show an 

increase in the lysosomal compartment of K118-treated versus diluent control. (E) 

Scatter plot showing the mean fluorescence intensity (MFI) of Lysotracker Red as 

determined by confocal microscopy image-analysis software. Each dot represents 

the fluorescent signal of an individual cell for its central z stack plane. Each 

experiment is representative of three independent experiments. Statistic tests: 

Brown-Forsythe and Welch ANOVA (A,B,C), two-tailed t-test with Welch’s 

correction (E). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars indicate 

min to max (A,B,C); s.e.m. (E). 

 

Pan-SHIP1/2 inhibition increases microglial phagocytosis of dead neurons 

 

One of the essential homeostatic functions of microglia is to phagocytose dead 

and dying neurons in the CNS [51]. The SHIP1 and SHIP2 substrate 

phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P3] promotes initial events in 

the phagocytic process [451, 458] and SHIP1 has been shown to limit 

phagocytosis by macrophages [455, 456]. To our knowledge macrophage 

phagocytic function has not been analyzed in SHIP2 knockout mice. Thus, we 

examined the different classes of SHIP inhibitors for their ability to enhance 

phagocytosis of dead neurons, whose nuclei were stained with propidium iodide 

(PI) to allow flow cytometric and confocal detection, and quantification of their 
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phagocytosis. To examine this, microglia were incubated for 16 h with a SHIP 

inhibitor or diluent control and then for 2h with dead neurons (5×104/ml) before 

measuring uptake of dead neurons by flow cytometry. These experiments were 

initially performed in BV-2 cells, using the paralog selective inhibitors 3AC or 

AS194940, the pan-SHIP1/2 inhibitor K118, or a diluent (ethanol) as a control (Fig. 

7A). Interestingly, only the pan-SHIP1/2 inhibitor K118 promoted a significant 

increase in the uptake of dead neurons compared with the diluent control. Thus, 

we repeated this analysis on BV-2 cells but, instead, used an expanded panel of 

pan-SHIP1/2 inhibitors, including some new ones with increased potency, and in 

some cases improved water solubility (see Table 6). All pan-SHIP1/2 inhibitors 

tested significantly increased phagocytosis of dead neurons, with K161 performing 

considerably better than other inhibitors (Fig. 7B). We repeated this experimental 

layout in SIM-A9 microglial cells and also found that all pan-SHIP1/2 inhibitors 

performed better than the diluent control, and with K161 also being the best pan-

SHIP1/2 inhibitor of all five (Fig. 7C). We then confirmed that K161 enhances 

uptake of dead neurons by primary murine microglia (Fig. 7D) and human induced 

pluripotent stem cell (iPSC)-derived microglia (Fig. 7E). Furthermore, we 

confirmed by confocal microscopy image quantification that the increase in the 

uptake of dead neurons observed by flow cytometry was due to increased 

engulfment of dead neurons by K161-treated BV-2 microglia (Fig. 7F) and primary 

murine microglia (Fig. 7G). These findings establish that pan-SHIP1/2 inhibitors 

are best to enhance an essential microglial function, i.e. phagocytosis of dead 

neurons. 
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Figure 7. Pan-SHIP1/2 inhibition increases the microglial phagocytosis of 

dead neurons 

(A−E) Flow cytometric detection of dead neuron uptake by BV-2 cells (A,B), SIM-

A9 cells (C), primary murine microglia (D) or human iPSC-derived microglia (E) 

treated for 16 h with the selective SHIP1 (3AC) or SHIP2 inhibitor (AS1949490), 

or a panel of pan-SHIP1/2 inhibitors (K118, K149, K116, K161 and K185) at a 

concentration of 3.75 μM (BV-2 and SIMA-9) or 1.25 μM (primary murine and 

human microglia) or their vehicle controls followed by incubation with apoptotic 

neurons for 2h at 5 104/ml. (F,G) Confocal images of dead neuron phagocytosis 

(red) by BV-2 cells (F) and primary murine microglia (G) followed by fixation and 

CD11b surface staining (green) and DAPI (white) to reveal microglial nuclei. To 

the right of each confocal image scatter plots of quantification for confocal 

microscopy images used for statistical analysis are shown. Each dot represents 

the fluorescence signal of an individual cell for its central z-stack plane. Statistical 

tests: Brown-Forsythe and Welch’s ANOVA (A–C) or two-tailed t-test with Welch’s 
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correction (D–G).*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Error bars indicate 

min to max (A-E); s.e.m. (F,G). 

 

Pan-SHIP1/2 inhibition increase microglial phagocytosis of Aβ fragment 1-42 

 

In addition to SHIP1 and SHIP2 playing a role in phagocytic and receptor-mediated 

endocytotic processes, SHIP1 can also be recruited to TREM2 [241]. Thus, SHIP1, 

and possibly SHIP2, could be uniquely positioned to reduce PI(3,4,5)P3 levels 

when microglial cells initially engage and begin to interact with Aβ deposits for 

phagocytosis via TREM2 to reduce the efficiency of Aβ uptake. We hypothesized 

then that SHIP inhibitors also promote phagocytosis of the Aβ fragment 1-42 (Aβ 

1-42). To test this, we analyzed the ability of pan-SHIP1/2 inhibitors that performed 

well in the dead neuron phagocytosis assay above (i.e. K116, K118, K149 and 

K161) to influence the rate of phagocytosis. With the exception of K116, all pan-

SHIP1/2 inhibitors tested significantly increased phagocytosis of Aβ1-42 by BV-2 

microglia (Fig. 8A). As with phagocytosis of dead neurons by microglia, K161 

appeared to enable optimal phagocytosis of Aβ1-42 in BV-2 cells. Thus, we 

confirmed that K161 also promotes increased Aβ1-42 phagocytosis vs diluent 

control (H2O) in primary microglia (Fig. 8B). The increased uptake of Aβ1-42-FITC 

promoted by K161 in BV-2 cells observed in our flow cytometry assay was thought 

to be due to intracellular uptake, which was confirmed by confocal microscopy 

(Fig. 8C). By using K118, we also measured Aβ1-42 phagocytosis at different 

times after exposure of BV-2 cells to Aβ1-42-FITC. K118 promoted a significant 

increase in Aβ1-42 uptake vs diluent controls as early as 30 min after exposure, 
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with uptake plateauing between 1 h and 3 h after exposure to Aβ1-42 (Fig. 8E). In 

addition, K118 increased the overall capacity of BV-2 cells to phagocytose Aβ1-42 

because at all three time-points of plateaued Aβ1-42 uptake, total uptake was 

significantly higher than in the diluent controls (Fig. 8E).  

 

Figure 8. Pan-SHIP1/2 inhibition increases the phagocytosis of Aβ1-42 

peptide.  

(A,B) Flow cytometric measurement of Aβ1-42-FITC uptake by (A) BV-2 cells or 

(B) primary murine microglia after treatment for 16 h with the indicated pan-

SHIP1/2 inhibitors at a concentration of 3.75 μM (BV-2) or 1.25 μM (primary 

microglia), or their respective vehicle controls (DMSO, BV-2; H2O, primary 

microglia) followed by incubation for 1 h with 0.5 μg/ml of Aβ1-42-FITC. (C) 

Representative confocal microscopy images of fixed BV-2 with Aβ1-42-FITC 

(green channel) and DAPI (white channel) show an increase of intracellular Aβ1-

42-FITC uptake in the K161-treated cells versus the diluent control. (D) Scatter 

plots showing quantification of confocal microscopy images used for statistical 

analysis. Each dot represents the fluorescent signal of an individual cell for its 
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central z-stack plane. (E) Kinetic analysis of Aβ1-42-FITC uptake by flow cytometry 

on BV-2 cells, and representative contour plots of BV-2 cells after incubation for 3 

h with Aβ1-42-FITC shows a subpopulation of microglia have taken up a greater 

quantity of Aβ1-42-FITC relative to the diluent control. Statistic tests: Brown-

Forsythe and Welch’s ANOVA (A,E) or two-tailed t-test with Welch’s correction 

(B,D). *P<0.05, **P<0.01, ****P<0.0001. Error bars indicate min to max (A,B,E); 

s.e.m. (D). 

 

Thus, pan-SHIP1/2 inhibition not only increased the capacity of microglia to take 

up Aβ1-42 but also the efficiency of its uptake, which is consistent with SHIP 

enzymes reducing PI3K-generated PI(3,4,5)P3 to reduce the efficiency of 

phagocytosis [455, 456, 458]. We routinely observed that primary microglia were 

more sensitive to the effects of pan-SHIP1/2 inhibitors, like K161, such that 

improved proliferation, phagocytosis and increased lysosomal content are 

achieved with concentrations approximately two- to three-fold less than those 

required to achieve similar effects in transformed microglia lines. To verify that pan-

SHIP1/2 inhibitor K161 is opposing PI3K signaling, we evaluated phosphorylation 

of AKT at serine 473, a key hallmark of PI3K signaling, in BV-2, SIMA9 and primary 

microglia treated with K161 or diluent, and found that a consistent and significant 

increase in Akt activation was promoted by K161 in microglia from all three cells 

(Fig. 9). 



 94 

 

Figure 9. Pan-SHIP1/2 Inhibition induces AKT phosphorylation on serine 473. 

Box & whisker plots of p-AKT on (A)BV-2, SIMA-9 and (B) primary microglia with 

representative histogram for primary microglia K161 treated versus diluent control. 

Each plot is representative of three independent experiments and was analyzed 

with two-tailed T-test with Welch’s correction (**p<0.01, ***p<0.001, **** 

p<0.0001). 

 

In vivo treatment with the pan-SHIP1/2 inhibitor K161 does not alter the frequency 

of the major cell populations in the CNS 

 

Our in vitro comparisons of different pan-SHIP1/2 inhibitors indicated that K161 is 

optimal for promoting phagocytic effector functions of microglia in vitro. We next 

sought to determine whether K161 is useful for improving these same effector 

functions of microglia after in vivo administration. Because microglia are a CNS-

resident cell population that self-renews in the brain, it is unlikely that a compound 

incapable of penetrating the blood-brain barrier will impact microglial homeostasis 

and function. To assess the possibility of bioavailability of K161 in the CNS, mice 

were given a single dose of K161 either by oral gavage or intraperitoneal (i.p.) 
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injection. We then harvested either serum (1, 4, 8, 12, 24 and 48 h post treatment) 

or the cerebral cortex (48 h post treatment) and processed both tissue samples for 

mass spectrometry detection of K161. We found that, with both routes of K161 

administration, the inhibitor was present in the plasma within 1h, declining 

significantly after 12h regardless of the route of administration (Fig. 10A). 

Importantly, 48h after dosing with K161 and independent of the route of 

administration, the inhibitor was readily detectable in the CNS at a concentration 

of ∼20–60 ng (Fig. 10B), indicating the bioavailability of K161 in the CNS.  

 

 

Figure 10. Pharmacokinetics data of K161 levels in blood and brain from BL6 

mice.  

(A,B) Mass spectrometry quantification of K161 levels in either the blood plasma 

(A; [ng/ml]) or the cerebral cortex (B [ng/cortex]) calculated as ng of K161 in the 

total cortex, after i.p. injection or oral gavage of the inhibitor. Blood was harvested 

and the concentration of K161 measured at times after treatment with K161 as 

indicated in A (n=6/group) or 48h after treatment with K161 for cerebral cortex 

samples in B (n=3/group). Error bars indicate the s.e.m. (A), min to max (B). 
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We then treated mice with K161 at 10 mg/kg (i.p.) twice a week for 3 weeks, 

harvested the cerebrum after perfusion and dissociated it. We then performed 

FACS analysis on the single-cell suspensions for CD11b, CD45 and ACSA2 which 

allowed detection of CD11b+CD45+ peripheral mo-Mɸ and CD11b+CD45low 

microglia as well as CD45+CD11b− leukocytes, CD11b−CD45− neuroglial cells 

and CD11b−CD45−ACSA2+ astrocytes (Fig. 11A). Comparison of the frequency 

of these cell populations in the cerebrum of mice treated with K161 or vehicle 

showed that treatment of young WT mice with K161 did not significantly alter the 

frequency of any of these major cell populations or total CNS-infiltrating CD45+ 

cells (Fig. 11B). Increased surface expression of both CD11b and TREM2 has 

been linked to altered microglial activity, consistent with inflammatory behavior that 

may contribute to pathogenesis and disease progression in Alzheimer's disease – 

referred to as ‘dark microglia’ [212]. We also examined the mean surface density 

of both of these receptors and found that treatment with K161 did not significantly 

increase the density of either CD11b or TREM2 on the surface of microglia 

compared with vehicle (H2O)-treated control mice (Fig. 11C). Taken together 

these findings indicate K161 is able to access the CNS and, at least in young 

normal mice, does neither alter the homeostasis of major cell populations nor 

promote conversion of microglia to ‘dark microglia’. 
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Figure 11. Pan-SHIP1/2 inhibition in vivo does not alter the frequency of 

major cell populations in the cerebral cortex 

(A,B) Single-cell suspensions of cerebral hemispheres were prepared from 

mice treated for 3 weeks (twice/week) with K161 (10 mg/kg) or vehicle and 

analyzed by flow cytometry (n=10/group). (A) Representative contour plots of live 

gated single-cell populations 1–5, based on staining for CD11b, CD45 and/or 

ACSA2. (B) Box and whisker plots of frequency of the indicated cell population 

based on the gated populations 1–5 as defined in A, and total CNS-infiltrating 

CD45+ cells. (C) Scatter plots showing the mean fluorescence intensity (MFI) for 

CD11b and TREM-2 on CD11b+CD45low microglia in K161-treated or vehicle-

treated mice. The mean fluorescence intensity values and standard deviation of 

the mean for both CD11b and TREM2 in each group are provided below. Statistics: 

two-tailed t-test with Welch’s correction. Error bars indicate min to max. 
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The capacity of CNS-resident microglia to phagocytose Aβ1-42 and dead neurons 

is increased by pan-SHIP1/2 inhibition in vivo 

 

Our in vitro studies described above showed that K161 is able to promote 

increased lysosomal content and improved phagocytosis of both dead neurons 

and Aβ1-42 by microglia in vitro. Thus, in the same experiment described in Fig. 

8, we also analyzed lysosomal content and phagocytic capacity of the cell 

populations present in the CNS of K161-treated mice and vehicle controls. We 

found that microglia in K161-treated mice have a higher capacity to phagocytose 

both Aβ1-42 and dead neurons (Fig. 12A,B); however, their lysosomal content 

remains unchanged compared with vehicle controls (Fig. 12C). Please note that 

the scale of the mean fluorescence intensity (MFI) values shown for each gated 

CNS cell population vary from one cell type to another. However, microglia have 

an inherently larger lysosomal compartment, and capacity to phagocytose dead 

neurons and Aβ1-42 relative to other cell populations in the CNS, including 

astrocytes – as would be expected for this professional phagocytic cell population 

in the CNS. Thus, the pan-SHIP1/2 inhibitor K161, consistent with its ability to 

enhance microglial phagocytic function in vitro and its ability to access the CNS, 

enhances microglial phagocytic functions in vivo that are crucial for CNS 

homeostasis. 
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Figure 12. Pan-SHIP1/2 inhibition in vivo increases the phagocytic capacity 

of microglia for both Aβ1-42 and dead neurons.  

(A–C) Single-cell suspensions of cerebral cortexes as described in Fig. 11 were 

used to measure uptake of Aβ1-42-FITC, dead PI-labeled neurons or staining of 

LysoTracker Red by using the assay conditions established forBV-2 cells and 

primary microglia. Box and whisker plots indicate the mean uptake of Aβ1 42-

FITC(A), dead PI-labeled neurons (B) or staining with LysoTracker Red (C) for the 

indicated cerebral cortical cell population in either K161-treated or H2O-treated 

mice after gating on live single cells, and surface markers CD11,ncnb, CD45 

and/or ACSA2 as indicated. Statistical tests: Brown-Forsythe and Welch’s ANOVA 

or two-tailed t-test with Welch’s correction. *P<0.05, ****P<0.0001. Error bars 

indicate min to max. 
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Chapter 3. Discovery of a Novel SHIP1 Agonist That 
Promotes Degradation of Lipid-Laden Phagocytic Cargo 
by Microglia3 
 
Graphical Abstract 
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Abstract 

Here we describe the use of artificial intelligence to identify novel agonists of the 

SH2-containing 5’ inositol phosphatase 1 (SHIP1). One of the compounds, K306, 

represents the most potent agonist identified to date. We find that K306 exhibits 

selectivity for SHIP1 vs. the paralog enzyme SHIP2, and this activation does not 

require the C2 domain of SHIP1 which other known SHIP1 agonists require. Thus, 

K306 represents a new class of SHIP1 agonists with a novel mode of agonism. 

Importantly, we find that K306 can suppress induction of inflammatory cytokines 

and iNOS in macrophages or microglia, but not by their SHIP1-deficient 

counterparts. K306 also reduces TNF-α production in vivo in an LPS-induced 

endotoxemia assay. Finally, we show that K306 enhances phagolysosomal 

degradation of synaptosomes and dead neurons by microglia revealing a novel 

function for SHIP1 that might be exploited therapeutically in dementia. 

 

Material and methods 

 

Computational method.  

 

VHTS screen: At the onset of the virtual high throughput screen for SHIP1 

modulators, no experimentally determined structure of the protein was available 

and hence homology models were built using known SHIP2 structures (PDBID: 

4A9C & 5OKM). Virtual screening was performed using the AtomNetÒ AI 

technology, for structure-based drug design trained to predict protein-ligand 
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binding affinity. The screening site was centered around the SHIP1 residues N520, 

K521, H541, S544, Y644, R645 and N667, determined as the potential binding site 

for inositol phosphate, based on alignment to the INPP5B complex (PDBID: 

3MTC). The Mcule library of approximately 4M commercially available organic 

small molecule compounds was prepared and screened, as described 

previously,[533] using an ensemble of protein-ligand conformations. Each of the 

4M molecules was scored and ranked by the AtomNetÒ technology, following 

which a top set of chemically diverse compounds was further inspected for 

undesirable substructures and molecular properties before 76 compounds were 

purchased for experimental testing. Following initial testing and identification, K306 

was synthetized in house with the scheme described in the Appendix. 

 

Cloning and expression of SHIP1-Enz, SHIP1DC2 and SHIP2-Enz.  

 

Cloning and expression of tSHIP1 from human whole blood mRNA have been 

previously described[197]. Truncated human SHIP1 protein containing 

phosphatase and C2 domain (SHIP1-Enz, residues 397-864) and the truncated 

SHIP1 protein without the C2 domain (SHIP1DC2 residues 397-730) were 

amplified from pET24TEV-tSHIP1 [197]. Truncated human SHIP2 protein 

containing phosphatase and C2 domain (SHIP2-Enz, residues 414-872) was 

amplified from pET24TEV-tSHIP2 [534]. All primers used for cloning are listed in 

Appendix Table 2. These three constructs were then individually cloned into 

pS97splitRBP[535] between NotI and BamHI sites, in E.Coli DH5a (New England 
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Biolabs). Plasmids were extracted with Midi Prep (Qiagen) and sequences were 

verified by sequencing of the entire expression regions. The plasmids were then 

transformed into E. coli BL21 (New England Biolabs). Fresh colonies were 

amplified in 1L Luria Broth (LB) at 37˚C, shaking at 250rpm until OD600nm 

reached 0.6. Protein expression was induced with 200mM IPTG and incubation 

was continued at 16˚C, shaking at 250rpm for 16h. Following centrifugation, 

bacteria pellets were stored overnight at -20˚C. Protein was extracted form 

bacterial cell pellet using BugBuster HT (Millipore), according to manufacturer’s 

recommendations. His-tagged proteins were purified by FPLC using HisTrapHP 

5ml column (Cytiva Life Sciences) at a 5ml/min flow rate and 10mM-1M imidazole 

gradient in Buffer A (20mM Tris pH 8.0, 300mM NaCl, 10mM imidazole, 5mM β-

Mercaptoethanol). Fractions containing active protein by Malachite Green 

Phosphatase Release Assay (Echelon, see below) were pooled, concentrated and 

buffer exchanged to reduce imidazole concentration by centrifugation using Pierce 

Protein Concentrators 30KMWCO PES, (ThermoFisher Scientific). Protein was 

aliquoted and stored at -80˚C in Buffer A without β-ME and containing 50% 

glycerol.  

 

Malachite Green Phosphatase Release Assays.  

 

Malachite Green Phosphatase Release Assays (Echelon Biosciences) were 

performed with recombinant human truncated SHIP1 (tSHIP1) [197] and SHIP2 

(Echelon Biosciences). Briefly, serial dilutions of the compounds dissolved in 
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appropriate solvent (DMSO for newly discovered agonists or ETOH for AQX-

MN100) were added to the recombinant enzymes diluted in reaction buffer Rx 

(50mM Hepes pH 7.4, 150mM NaCl, 1mM MgCl2, 0.25mM EDTA) in triplicate 

reactions in 96-well plates. Reactions were incubated for 2 min at room 

temperature. 2.5 mL of 1mM Phosphatidylinositol 3,4,5-trisphosphate diC8 

(PI(3,4,5)P3diC8) (Echelon Biosciences) was added to each reaction to a final 

concentration of 100µM in a final volume of 25 mL /well. Following 20 min 

incubation at 37˚C, 100µL of Malachite Green Solution (Echelon Biosciences) was 

added to each well and plates were incubated at room temperature in the dark for 

15 min. Plates were then read at 620nm on a plate reader (Synergy 2, BioTek). 

 

5’PtdIns(3,4,5)P3 Phosphatase Activity Fluorescence Polarization (FP) Assay. 

 

 FP Assay for detection of PI(3,4)P2 (Echelon Biosciences) was performed using 

tSHIP1 [197], SHIP1-Enz or SHIP2-Enz with serial dilutions of K306 (in DMSO) or 

AQX-MN100 (in ETOH) according to manufacturer’s recommendation as 

previously described [406]. Briefly, serial dilution of the compounds and a control 

with 2.5%solvent only (0µM) is added to the enzyme in a volume of 40µL of 

enzyme specific reaction buffer (Rx) (S1 Reaction buffer for tSHIP1 and SHIP1-

Enz: 20mM Tris pH7.5, 150mM NaCl, 0.05% Tween 20, 10mM MgCl2), (S2 

reaction buffer for tSHIP2 or SHIP2-Enz: 50mM Hepes pH 7.4, 150mM NaCl, 1mM 

MgCl2, 0.25mM EDTA). 40µL of 4µM PIP3 (PI(3,4,5)P3 diC8) in Rx buffer is added 

to each reaction and incubated at 37˚C for 20min, followed by heat inactivation for 
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3min at 95˚C. Reactions were spun down briefly and 10µL of each reaction was 

added in 6 replicate wells to a black 384-well plate provided with the FP kit. 10µL 

of 1X reconstituted Detector in PBS is then added to each well, followed by 5µL of 

1X freshly diluted Probe (in PBS) protected from light. Assay plates are gently 

tapped to mix, the plate is sealed and spun down briefly and reaction in allowed to 

equilibrate for 60min at room temperature protected from light. Control wells are 

included with each assay (No Enzyme control (NE):5µL Rx buffer with 2.5% 

solvent+ 5µL PIP3 (4µM), 10µL Detector, 5 µL Probe, Probe Alone (PA) control 

(10µL enzyme buffer, 10µL PBS, 5 µL Probe). Fluorescence polarization is then 

read on a Bio-Tek Synergy 2 (Bio-Tek) plate reader and is expressed in milli 

Polarization (mP) units. 

 

Cell culture.  

 

For synaptosomes uptake and degradation studies and the b amyloid clearance 

assay BV2 cells were cultured in low glucose DMEM (ThermoFisher Scientific) 

supplemented with 10% fetal bovine serum and 1% Penicillin Streptomycin, at 

37°C and 5% CO2 in a humidified incubator. Cells were split with Trypsin-EDTA 

0.05% (ThermoFisher Scientific) and seeded in Poly-D-Lysine (0.1 mg/mL, Sigma 

Merck) coated 96-well plates (VWR) or µ-Slide 18 Well Glass Bottom (Vitaris) 

according to the experiment performed. For inflammatory cytokines production 

studies, iNOS detection studies, b amyloid and dead neuron uptake and 

degradation studies, BV2 were cultured in DMEM/F12 (Corning) 10% HI FBS at 
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37°C and 5% CO2 in a humidified incubator and split 1:6 every 3 days with 

Cellstripper™ (Corning). BMDM were prepared as described previously [450] from 

LysMCre+ SHIP1 Flox/Flox mice, LysMCre negative SHIP1 Flox/Flox mice and 

C57BL6/JL WT mice with L929 supernatant. For amyloid production in the 

Clearance Assay, HeLa cells expressing the APP Swedish mutation (HeLa 

swAPP) were cultured in DMEM (Invitrogen), supplemented with 10% FCS and 

100 U mL-1 penicillin/streptomycin, 0.1% G418 antibiotic (Carl Roth), and 0.1% 

Zeocin (Invitrogen). Cells were kept at 37°C and 5% CO2 in a humidified incubator. 

 

Generation of Inpp5d single clones through CRISPR/Cas9 genome editing.  

 

24 h after seeding (2000 cells/well) in coated 96-well plates, Inpp5d genetic editing 

was performed using 0.3 μL/100μL Lipofectamine™ CRISPRMAX™ Cas9 

Transfection Reagent (ThermoFisher Scientific, CMAX00008), 15nM Inpp5d 

Mouse TrueGuide Synthetic gRNA (ThermoFisher Scientific, A35533), and 250 ng 

Truecut™ Cas9 Protein v2 (ThermoFisher Scientific, A36499). After 72 h, cells 

were split, and single cells were seeded by means of serial dilution. SHIP1 

reduction in single clones was assessed by means of Western Blot (WB), 

Intracellular Flow Cytometry (ICFC) and Immuno-Fluorescence (IF) as reported 

Figure 17  

 

Immunofluorescence for SHIP1 on BV2 Clones.  
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Cells were fixed with 4% PFA for 20 minutes at RT. After 15 minutes of 

permeabilization (PBS, Triton 0.25%), samples were incubated with Blocking 

Buffer (BF = PBS, Triton 0.25%, BSA 2%) for 1h at RT. Cells were incubated with 

primary antibody ON at 4°C (SHIP1 P1C1, 1:200 in BF, Santa Cruz Biotechnology; 

PI(3,4)P2 Purified Anti-PtdIns(3,4)P2 IgG, Echelons Biosciences, #Cat Z-P034, 

final concentration 5 μg/mL). After three washes with PBS, Alexa Fluor Plus 555 

Goat anti-Mouse IgG (H+L) (1:1000 in BF, Thermofisher Scientific) was added on 

the samples for 1h at RT. Other three washes with PBS were performed, followed 

by DAPI incubation (1µg/ml in PBS, Thermo Fisher Scientific) for 10 minutes at 

RT. Cells were rinsed once with PBS and coverslips were mounted on glass slide 

with Mowiol. Images were acquired with a fluorescence microscope (Thunder 

Imaging System, Leica Microsystems) or with a Leica Stellaris 5 Confocal 

microscope (Leica Microsystems), with APO 63x/1.40 oil objective. Two biological 

replicates per condition were acquired and analyzed. Image analysis was 

performed using ImageJ software. Fixed thresholds for signal intensity were 

applied across experiments, and area covered was measured per field of view, 

then rationalized for the number of cells, given by DAPI counting. 

 

WB of SHIP1 edited clones and parental BV2. 

 

Cells were harvested from an 80% confluent P2 culture. After two washes with cold 

PBS, cells were spun down at 10,000xg for 1 min and lysed on ice for 20 minutes 

with Lysis buffer (20mM Tris, 150mM NaCl, 1mM EGDA, 1mM EGTA, 1%Triton X-
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100) containing 1x protease and phosphatases inhibitor Halt (ThermoFisher 

Scientific). The cell lysate was spun down for 20 min at 10,000xg to eliminate cell 

debris. Western blot was then performed as described previously [536]. Briefly, 

25mg of cleared lysate in loading buffer containing DTT was loaded on 4-15% 

Precast gels (Bio-Rad). The gel was run 30 minutes at 180V followed by transfer 

to a nitrocellulose membrane with Trans-Blot Turbo (Bio-Rad). The membrane was 

blocked in 5% Nonfat milk (Cell Signaling) in TBST (Tris-Buffer Saline, 0.1% 

Tween-20) O/N and incubated 2h with 1:500 SHIP1 P1C1 (Santa Cruz 

Biotechnology), 1:1000 b-actin C-4 (Santa Cruz Biotechnology), or 1:1000 HSP90 

a-b F-8 (Santa Cruz Biotechnology). After three-10-minutes washes in TBST the 

membrane was incubated with1:1000 m-IgGkBP-HRP (Santa Cruz Biotechnology) 

in 5% Nonfat milk for 45 min. To detect the chemiluminescence signal, we used a 

Bio-Rad Chemidoc with ECL Pico(ThermoFisher Scientific) for housekeeping 

proteins and ECL Femto (ThermoFisher Scientific) for SHIP1. 

 

ICFC of SHIP1 edited clones and parental BV2. 

 

Parental BV2 cells, Clone 1 and Clone2 were seeded at 5X105 cells/mL, 0.5 

mL/well in 24 wells plates. 16h after seeding cells were washed with PBS, 

harvested with PBS 1%EDTA, and spun down 5 min 350xg. Cells were then 

incubated with 0.25 µL of Zombie Aqua (Biolegend) in 100 µL of PBS for 20 min 

on ice. Cells were washed with FACS buffer (FB: PBS, 3%FBS HI,0.5%HEPES) 

and spun down 5min at 350xg. Cells were fixed with 200µL eBioscience IC Fixation 
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Buffer (ThermoFisher Scientific) for 20min on ice and washed/permeabilized with 

2mL 1X eBioscience Permeabilization Buffer (1XPB, ThermoFisher Scientific) and 

spun down 5min at 400xg. Cells were incubated with 1 mL of Fc Block (TruStain 

FcX, Biolegend) in 50 mL 1XPB followed by in 2 mL of SHIP1-PE P1C1 

(Biolegend) in 50 mL of 1XPB. Cells were incubated for 15 minutes on ice, washed 

with 2 mL of 1XPB, spun down 5min at 4000xg and acquired with LSRII (BD). A 

biological duplicate was performed, 20.000 live cells were acquired in each sample 

and analyze with FlowJo10.  

 

Flow cytometric assays for phagocytosis measurements.  

 

BV2 cells were seeded at 5X105 cells/mL, 0.5 mL/well in 24 wells plates. K306 or 

Vehicle control (0.5%DMSO) was added to each well and incubated for 1h before 

adding the phagocytic cargo. 0.5mg/mL of b amyloid 1-42 Hylite-488 labeled 

(Anaspec) or 5x105/mL Propidium Iodide (PI)-labeled dead neurons (DN) were 

then added to each well and incubated for 1h at 37ºC. After the incubation the cells 

were washed with 1 mL of cold PBS and incubated for 0,2 or 6h with fresh media 

at 37ºC containing K306 or solvent control. At the end of the incubation cells were 

washed with cold PBS, detached from the plate with PBS 1%EDTA, and incubated 

with antibody for surface staining in FB. 1 mL of Fc Block (TruStain FcX, Biolegend) 

in 50 mL FB was added to each tube followed 0.5 mL of CD45-APCCy7 

(Biolegend) in 50 mL in FB/tube incubated for 15 minutes on ice. Cells were 

washed twice and resuspended in 200 mL of cold FB containing 0.1mg/mL PI for 
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b amyloid assay or 0.1 mg/mL DAPI for DN assay as live/dead staining incubated 

on ice for 5 minutes, as previously described [536]. Samples were kept on ice, 

acquired with BD LSR II and analyzed with FlowJo10.  

 

Synaptosome isolation.  

 

Synaptosomes from adult mouse brains were isolated using Syn-PER™ Synaptic 

Protein Extraction Reagent (ThermoFisher Scientific, 87793). Briefly, brains from 

CamKIIcre/+; Rosa26-TdTomatoFlox/+ mice were collected and Dounce 

homogenization was performed on ice. The solution was centrifuged at 1200 × g 

for 10 minutes at 4°C. The pellet was discarded, and the supernatant was further 

centrifuged at 15,000 × g for 20 minutes at 4°C. The pellet containing 

synaptosomes was resuspended to obtain a final concentration of 6.4 μg/μL (5% 

v/v DMSO in Syn-PER™ reagent) and the suspension was aliquoted and stored 

at -80°C. 

 

Synaptosomal uptake and degradation assay.  

 

48hr after seeding (2000 cells/well) in coated µ-Slide 18 Well Glass Bottom, BV2 

cells were treated with DMSO (1:1000, 1 h) and K306 (10 mM, 1 h). At the end of 

the treatment, cells were incubated with TdTomato-synaptosomes at a final 

concentration of 65µg/ml. After three PBS washes, cells were fixed with 4% PFA 

to evaluate the amount of the cargo that was taken up (T0) or incubated with fresh 
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medium for 6 h (T6H), prior to fixation, to assess synaptosome degradation. Four 

independent biological replicates were performed. 

 

pHrodo-green synaptosome conjugation.  

 

TdTomato labelled-synaptosomes were diluted to a concentration of 1 mg/mL and 

mixed with 12 µg of Phrodo™ iFL Green STP Ester (amine-reactive) (Thermo 

Fisher Scientific, #Cat P36012) in 100 mM sodium bicarbonate pH 8.3, for 1h at 

RT rotating in the dark. After pelleting down, one wash with PBS was performed 

to remove unbound pHrodo. Synaptosomes were centrifuged at 15,000 × g for 20 

minutes at 4°C and then the pellet was resuspended in Syn-PER™ Synaptic 

Protein Extraction Reagent with 5% (v/v) DMSO and kept at -80 °C for long 

storage. 

 

Microscopy and Live imaging of Synaptosome uptake and degradation. 

 

 Images were acquired as z-stack with a fluorescence microscope (Thunder 

Imaging System, Leica Microsystems), with APO 40x/0.95 dry and APO 63x/1.40 

oil objectives. Two technical replicates per condition were acquired and analyzed 

within each biological replicate. Image analysis was performed on max-projections 

using ImageJ Software; fixed thresholds for signal intensity were applied across 

experiments, and mean intensity and area covered per cell were measured. 
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Live imaging degradation of Synaptosomes by BV2 was acquired by light sheet 

fluorescent microscopy (InVi-SPIM, Luxendo) and reported as Time-lapse 

micrographs, after initial 1hour uptake, at 0, 120, 345 minutes in Figure 20.  

Three-dimensional reconstruction of BV2 cells engulfing synaptosomes was 

produced using Imaris Software (Bitplane, Switzerland) from z-stack acquisition 

using a confocal microscope (Stellaris 5, Leica). Briefly, after 1 hour incubation 

with TdTomato-labelled synaptosomes, cells were fixed with 4% PFA for 20 

minutes at RT. After one wash with PBS, samples were incubated with 647 

conjugated-Phalloidin CruzFluor (Santa Cruz Biotechnology, 1:1000 in PBS) for 

30 minutes at RT. Cells were rinsed three times with PBS and coverslips were 

mounted on glass slide with Mowiol. 3D reconstruction was generated by applying 

surface rendering of confocal stacks for phalloidin-647 and TdTomato in their 

respective channels. 

 

Aβ Clearance assay. 

 

 BV2 microglia cells were incubated with HeLa swAPP-conditioned medium, and 

kept at 37°C, 5% CO2. Medium was collected after 6 h of incubation with cells and 

used for measurement of residual Aβ. Cell viability was subsequently analyzed 

with Resazurin assay (Sigma-Aldrich) using a fluorescent plate reader (Tecan) for 

cell viability normalization. 96-well MULTI-ARRAY Multiplex Kit (V-PLEX Aβ Peptide, 

Meso Scale Discovery) were used to measure the level of Aβ38, Aβ40, Aβ42 by 

electrochemiluminescence (ECL). Aβ species peptides were detected with a 
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monoclonal antibody and quantified by using a Meso QuickPlex SQ120 reader 

(Meso Scale Discovery). Values were normalized to DMSO control and to cell 

viability. 

 

Intracellular Flow for INOS detection. 

 

 BV2 cells were plated at 5x105 cells/mL, 0.5 mL/well in 24 well plates and allowed 

to adhere 2-4h at 37˚C, 5% CO2. Cells were treated with K306 (10mM) or Vehicle 

(Veh: 0.25%DMSO) for 1h. LPS (100ng/ml) or PBS were added to appropriate 

wells and incubation was continued for 1h. The second round of K306 (10µM) or 

Veh was added to each well such that the final concentration of DMSO was 0.5% 

in each well and the concentration of K306 was 10µM or 20µM as indicated. Cells 

were washed with PBS (1mL/well) and were harvested with PBS 1% EDTA. Cells 

were collected in FACS tubes (BD Biosciences) and washed with 2mL cold PBS 

and spun down 5min at 350xg. Cell pellets were stained with Zombie Aqua (0.4µL 

of stock diluted 1:100 in 50µL of PBS/test) for 20min on ice, washed with 2mL cold 

PBS and spun down 5min at 350xg. Pellets were resuspended in 15µL Fc Block 

(TruStain FcX, Biolegend), and stained with surface antibody cocktail (CD11b-

APC_Cyanine7 (Clone M1/70) and CD45-PerCP (Clone 30-F11) in 35µL 

FB/sample for 20min on ice. Cells were washed with 2mL cold PBS and spun down 

5min at 350xg. Cells were fixed with 200µL eBioscience IC Fixation Buffer 

(ThermoFisher Scientific) for 20min on ice and washed with 1XPB and spun down 

5min at 400xg. Pellets were resuspended in 25µL Fc Block in 1XPB and stained 
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with iNOS-PE_eFlour610 (CloneCxNFT). Cells were washed twice with 2mL 1XPB 

and spun down 5min at 400xg. FMO control was stained with the cocktail minus 

the iNOS antibody. Final pellets were resuspended in 150µL 1XPB and samples 

were acquired on the Cytek Aurora, after acquiring single-stained colors and 

unstained control cells. Samples were unmixed using SpectroFlo Version 2.2.0.2. 

FSC files were exported and further analyzed with FlowJo Version 10.8.1. An 

example of gating strategy is found in Figure 18.  

 

ELISA measurements. 

 

 Parental (scrambled guide control) BV2 cells or SHIP1 edited clones were seeded 

at 5x105/mL, 250 mL/well in 48 well plate. Cell were treated with 10mM K306 or 

vehicle control (0.5% DMSO) and incubated for 1h before addiction of stimuli. 

100ng/mL of b amyloid 1-42 (Abcam) or 10 ng/mL of LPS (E. coli O111:B4 sigma) 

were added to the cells and incubated for 2 h to detect TNF-a or 6 h to detect IL-6 

production. Supernatants were spun down at 400xg for 5 minutes to remove cell 

debris and froze at -20˚C for ELISAs. TNF-a and IL-6 levels were normalized to 

percentage of live cells as compared to control (vehicle) determined by the Cell 

Counting KIT-8 (CCK-8, Dojindo Molecular Technologies Inc), that was diluted 

1:10 in media, incubated with the cells for 2h and detected at 460nm with a plate 

reader (Synergy 2, BioTek). following manufacturer’s recommendations. Fully 

differentiated BMDM were seeded at 2x105/mL, 250 mL/well in 48 well plates and 

treated with the potential agonists and LPS stimuli as described for BV2. TNF-a 
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and IL-6 levels were quantified from cellular supernatants or serum with ELISA 

MAX™ Standard Set Mouse kit for TNF-a (Biolegend) and IL-6 (Biolegend), 

following manufacturer’s recommendations. We detected absorbance at 450nm 

and removed 570nm background absorbance, with a plate reader (Synergy 2, 

BioTek). All experiments were repeated three times and each value was reported 

as mean ±SEM from biological replicates in the same assay. 

 

Preparation of SHIP agonists for in vitro studies. 

 

All the agonists discovered in this study were resuspended from dry powder at a 

final concentration 20mM in DMSO (Sigma) for in vitro studies. AQXMN100 was 

resuspended in ethanol (ETOH) at 20mM. The agonists were diluted in solvent to 

200X of desired final concentration and diluted 1:10 in media. The 20X solution 

was prepared fresh before each use and added to the seeded cells for a final 

solvent concentration of 0.5%(v/v).  

 

Murine LPS-induced endotoxemia model. 

 

 C57BL6/J mice (8-10 weeks old) were purchased from Jackson Laboratories (Bar 

Harbor, ME). Prior to and during LPS-induced endotoxemia, mice were housed at 

the SUNY Upstate Medical University vivarium under conventional, nonspecific-

pathogen-free conditions. K306 was dissolved in water with 5% DMSO and 

administered to the mice with Intraperitoneal injection (IP). Two doses of K306 



 116 

(20mg/kg) or solvent control (5% DMSO) were administered: 30 minutes before 

and 30 minutes after LPS challenge. LPS (E. Coli O111:B4, Sigma) was delivered 

with IP injection at 2 mg/Kg in PBS. Mice were euthanized 1h after LPS challenge 

by CO2 inhalation and blood was immediately collected by cardiac puncture and 

placed in clotting activator coated tubes (Sarstedt). After 20 min at room 

temperature, serum was separated from the blood cellular fraction by 

centrifugation and stored in aliquots at -80ºC for ELISAs. The experiment was 

repeated with two independent cohort of mice with at least 5 mice in each group 

(N=5). TNF-α ELISA (Biolegend) was performed on duplicate wells/mouse under 

manufacturer’s recommendation as reported above. Animal experiments were 

approved by the Institutional Animal Care and Use Committee (IACUC) at SUNY 

Upstate Medical University. 

 

K306 Water Solubility 

 

Lipophilicity (CLogP) and Solubility (CLogS) were calculated for K306 and 

AQXMN100 using respectively XLOGP version 3.2.2 for CLogP [537] and 

topological method for CLogS [538]. Appendix table 1. 

 

Quantification and Statistical Analysis  

 

All statistical analysis were performed using GraphPad Prism (version 9.2). Two-

way ANOVA was used to analyze all data with two independent variables as time 
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and treatment or concentration and treatment. One-way ANOVA was used to 

analyze data with only one variable but comparing different treatments or 

concentrations. The Students T-test was used to analyze data comparing only two 

treatments. The statistical analysis used is reported in the figure legend for each 

assay, Data are reported as Mean +/- SEM.  

 

Results 

 

Identification of new SHIP1 agonists via an innovative computational screening 

strategy.  

 

Until recently there have been no X-ray structures of SHIP1 [539], although, 

several crystal structures of portions of the highly homologous paralog enzyme, 

SHIP2, have been disclosed [460, 540, 541]. To gain insight into the SHIP1 

structure, the sequence for SHIP1 was threaded into these SHIP2 structures, 

creating models of the SHIP1 phosphatase domain. A virtual screen against the 

phosphatase active site was then conducted using a scoring algorithm based on a 

convolutional neural network [542]. This yielded 76 structures that were predicted 

to be SHIP1 antagonists. Indeed, screening of these compounds identified several 

novel SHIP1 inhibitors (data not shown). However, several compounds (K284, 

K291, K314, K306) (Fig. 13A) were surprisingly found to agonize SHIP1 activity 

using the Malachite Green assay and the SHIP1/2 substrate PI(3,4,5)P3 (Fig. 

13B). All showed potent agonistic activity for SHIP1 (Fig.13B). Both K284 and 
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K314 failed to significantly agonize the other SHIP paralog, SHIP2, at any 

concentration tested, while K306 agonized SHIP2 activity, but only at the highest 

concentration tested (0.5mM) (Fig. 13C). Interestingly, K306 significantly inhibited 

SHIP2 at 125mM, but not at the other concentrations tested (Fig. 13C). K291 also 

showed significant agonism of SHIP2, but interestingly only at the lowest 

concentration tested (62.5mM) (Fig.13C). Taken together this in silico screen led 

to the identification of four novel chemical classes that can selectively agonize 

SHIP1 enzyme activity in vitro.  

 

 

Figure 13. Novel SHIP1 agonists and their relative activity on SHIP1 and 

SHIP2.  
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(A) Structures of novel SHIP1 agonists. Percentage increase of phosphatase 

activity for (B) SHIP1 and (C) SHIP2 enzyme in the Malachite Green assay. The 

assay was performed at the indicated mM concentration with the indicated agonist 

or its vehicle control (0) with 100µM PI(3,4,5)P3-diC8. (Data are representative of 

2 independent experiments. Bars indicate mean with ±SEM. The significance of 

agonism (or inhibition) for each compound vs. vehicle was assessed for all 

concentration tested via a two-way ANOVA. ****p<0.0001, ***p<0.001, *p<0.05). 

 

 To further discriminate which of these novel SHIP1 agonists might have useful 

biological activity, we examined their ability to suppress LPS-induced production 

of TNF-a and IL-6 by BV2 microglial cells. SHIP1 is known to limit production of 

these inflammatory cytokines in LPS-stimulated macrophages, and this can be 

partially repressed by pelorol SHIP1 agonists like AQX-MN100 [443]. Thus, we 

reasoned that, if these agonists can cross a cell membrane, they might also 

suppress inflammatory cytokine production by microglia. Testing of all 4 

compounds on LPS-stimulated BV2 cells revealed that only K306 had activity 

consistent with SHIP1 agonism as it reduced both TNF-a (Fig. 14B) and IL-6 

production (Fig. 14A). Intriguingly, K284 increased IL-6 (Fig. 14A), but not TNF-a 

production (Fig. 14B) by LPS-stimulated BV2 cells suggesting it might have some 

SHIP1 inhibitory activity in cells. Based on these cell-based assays, we then 

selected K306 for further enzymatic and biological testing - including comparison 

with the known and potent SHIP1 agonist, the pelorol AQX-MN100 [443].  
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Figure 14. K306 has biological activity consistent with SHIP1 agonistic 

activity and is more potent agonist than the pelorol AQX-MN100. 

(A) IL-6 and (B)TNF-a production by BV2 microglia cells stimulated with LPS for 

6hr or 2h respectively as measured from supernatants by ELISA. (Representative 

results of two independent comparisons of all potential agonists at 5µM. All cells 

were treated with agonists or vehicle control 1h before LPS challenge). Bars 

indicate mean ±SEM. Statistical analysis was performed with one-way ANOVA 

with Dunnett correction for multiple comparisons versus control (DMSO), **p<0.01, 

*p<0.05). 5’ Fluorescence Polarization Assay (FP) to measure PtdIns(3,4,5)P3 5’ 

Phosphatase Activity on (C) tSHIP1 with K306 and MN-100 and (D) SHIP1-

Enzyme (S1-Enz) and SHIP2-Enzyme (S2-Enz) with K306. EC50 of K306 and MN-

100 on tSHIP1 and the EC50 of K306 on S1-Enz and S2-Enz were calculated by 

incubating dilutions of K306 or MN-100 with either enzyme for 20min at 37˚C. 

PI(3,4)P2 generated by the SHIP enzymes is then measured using the FP assay 
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(Echelon Biosciences). Control reactions include Probe Alone (PA), where all the 

probe is free rotating and thus not polarized and no-enzyme (NE) control, where 

the probe is not displaced from the detector by enzymatically generated PI(3,4)P2 

and highly polarized. Shown is one of 2 independent experiments with 6 replicate 

wells/compound concentration. EC50 was calculated with Prizm version 9.3.1, 

using Nonlinear regression [Agonist] vs. response (three parameters), using 

Robust Fitting method, Medium Convergence Criteria, No Weighting and 

Considering every Y replicate as an individual point.  

 

To accomplish this, we utilized a more sensitive assay for SHIP1 agonism than the 

Malachite Green assay, a Fluorescent Polarization assay (FP) for SHIP1 activity 

that we have described previously [518]. The activity of K306 and AQX-MN100 on 

purified recombinant SHIP1 (tSHIP1) or on comparable recombinant forms of 

SHIP1 (S1-Enz) and SHIP2 (S2-Enz) (see Fig. 15A for SHIP gene constructs) 

were measured by incubating dilutions of K306 or AQX-MN100 with either enzyme 

for 20min at 37˚C followed by inactivation of the enzyme at 95˚C for 3 min. 

Enzymatically generated PI(3,4)P2 from PI(3,4,5)P3 was measured using the 5’ 

PtdIns(3,4,5)P3 Phosphatase Activity Fluorescence Polarization Assay (Echelon 

Biosciences), by adding PI(3,4)P2 detector and fluorescent PI(3,4)P2 probe to 

replicates of the enzymatic reactions. Polarization (mP) values decrease as probe 

binding to the PI(3,4)P2 detector is displaced by PI(3,4)P2 produced by SHIP 

enzymatic activity and thus the amount of unbound fluorescent probe in the mixture 

increases. The FP measurements confirmed that K306 is a potent SHIP1 agonist 

that has greater potency than AQX-MN100 with significant SHIP1 agonism 
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detected into the nanomolar range (EC50 of 0.2051mM for K306 vs. 0.5896mM for 

AQX-MN100) (Fig. 14C). Comparisons of K306 agonism on recombinant SHIP1 

and SHIP2 (S1-Enz and S2-Enz, respectively) showed it has approximately 10-

fold higher selectivity for SHIP1 agonism vs. SHIP2 (EC50 of 0.1192mM, SHIP1 vs. 

1.169mM, SHIP2) (Fig. 14D). Thus, K306 is a potent SHIP1-selective agonist that 

appears, to the best of our knowledge, to have the strongest agonistic activity of 

any small molecule SHIP agonist identified to date 

 

Figure 15. K306 agonism doesn’t require the C2 domain to agonize SHIP1 

(A) Structure of the tSHIP1, SHIP1-Enzyme (S1-Enz), SHIP1DC2 (S1DC2) and 

SHIP2-Enzyme (S2-Enz) constructs. (B) Malachite Green Phosphatase Release 

assay measurements of K306 or AQX-MN100 agonism on purified SHIP1DC2. 

Data in (B) is representative of three independent experiments. Bars indicate mean 

±SEM. The significance of agonism for each compound vs. vehicle was assessed 

for all concentration tested via a two-way ANOVA ****p<0.0001, ***p<0.001). 
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K306 has a novel mechanism of action relative to pelorol-based SHIP1 agonists. 

 

 Others have shown the C2 domain of SHIP1 to be important for agonistic function, 

in particular Ong et al. reported that the C2 domain was essential for SHIP1 

agonism by the pelorols AQX-MN100 and AQX-16A [443]. Thus, we examined the 

dependency of K306 agonistic activity on recombinant SHIP1 that lacks the C2 

domain, SHIP1DC2 (Fig. 15A). When we compared the ability of AQX-MN100 and 

K306 to agonize SHIP1DC2 enzyme activity (Fig.15B), the novel agonist K306 

retained significant agonistic activity for SHIP1DC2, while AQX-MN100 showed no 

agonistic activity on SHIP1DC2 (Fig.15B), consistent with previous findings [443]. 

Thus, K306 agonism of SHIP1 is not dependent on the C2 domain required for 

pelorol-based SHIP1 agonists (e.g., AQX-MN100), indicating K306 has a different 

molecular mechanism for agonizing SHIP1 vs. pelorol-based agonists. 

 

K306 acts specifically on SHIP1 to dampen inflammatory cytokine production by 

myeloid-lineage cells in vitro and in vivo.  

 

Previous studies of the pelorol-based agonists AQX-MN100 and AQX-16A used 

bone marrow derived macrophages (BMDM) prepared from SHIP1 knockout and 

WT mice to validate that these compounds specifically act on SHIP1 to suppress 

inflammatory cytokine production following an LPS challenge [443]. We adopted a 

similar approach to validate target specificity of K306 using BMDM derived from 

either LysMCreSHIP1flox/flox mice or SHIP1-sufficient SHIP1flox/flox control mice that 
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we have previously used to demonstrate that SHIP1 controls macrophage 

activation and training by PAMP ligands like LPS [450]. In Fig. 16A we show that 

K306 significantly reduced LPS-induced TNF-a production (vs. DMSO controls) 

after 6 hours (6h) stimulation of SHIP1-sufficient SHIP1flox/flox BMDM, but not with 

LPS-stimulated SHIP1-deficient LysMCreSHIP1flox/flox BMDM. The selective 

reduction of LPS-induced TNF-a production by SHIP1-sufficient BMDM indicates 

K306 is acting on SHIP1 to repress LPS stimulated TNF-a production. To assess 

the relative potency of K306 vs. the pelorol AQX-MN100 we compared their ability 

to repress TNF-a production by WT BMDM from WT C57BL6 mice stimulated with 

LPS for 1h. In this setting K306 significantly reduced TNF-a production at all 

concentrations tested in SHIP1-sufficient SHIP1flox/flox BMDM as compared to 

vehicle, while MN100 significantly decreased TNF-a production only at the highest 

dose (5mM) as compared to vehicle (Fig. 16B). Based on these findings with 

primary BMDM in vitro, we then evaluated whether K306 had sufficient potency to 

act on macrophages in vivo using an LPS-induced septicemia model that was used 

to validate in vivo efficacy of AQX-MN100 [443]. To accomplish this, we dosed 

mice twice with K306 (20mg/kg, i.p.), 30 minutes before and 30 minutes after LPS 

challenge (2mg/kg). We collected the blood via intracardiac puncture 1h after LPS 

stimulation and analyzed TNF-a levels in the serum via ELISA. We observed a 

significant reduction of TNF-a in the serum of K306 treated mice versus vehicle 

controls (Fig. 16C). Therefore, K306 has sufficient stability and potency to reduce 

LPS-induced inflammatory cytokine production in vivo suggesting a possible 

application of this compound in dampening cytokine storms driven by bacterial or 
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viral infections. Macrophages are not the only terminally differentiated myeloid 

cells that can respond to inflammatory stressors to produce inflammatory 

mediators. Brain-resident microglia also do this leading to neurotoxic effects in 

various dementias [2, 51, 88, 123, 211, 543]. In fact, microglia can respond to both 

LPS and Ab42 peptides to produce TNF-a [544]. We found that K306 reduces both 

TNF-a and IL-6 production by BV2 microglia cells stimulated with LPS (Fig. 

14A,B), and thus we sought to determine whether this might also be the case for 

Ab42 stimulation. Ab42 is a ligand for the PAMP receptor TREM2 [89] and SHIP1 

opposes TREM2 distal signaling [241].  

 

Figure 16. K306 reduces TNF-a production in vitro and in vivo 

ELISA quantitation of TNF-a production by (A) BMDM from LysMCre+SHIP1flox/flox 

or SHIP1flox/flox mice after 6h of LPS stimulation, reported as percentage of TNF-a 

production compared to DMSO treated BMDM of the same genotype (B) WT 

BMDM treated with K306 or MN100 for 1h and incubated with LPS for 1h. TNF-a 
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was quantified as pg/mL in the cellular supernatant and normalized to the number 

of the cells present after stimulation. (C) Mice were treated with K306 (20mg/kg) 

or vehicle at 30 minutes prior to and 30 minutes after LPS challenge (2mg/kg). 

Blood was collected 1h after LPS challenge and TNF-a levels were measured in 

the serum with ELISA. Data are representative of 2 independent experiments, 

N=5. (D) BV2 clones were stimulated with Ab42 (100ng/mL) for 3h or 10ng/mL 

LPS for 1 h, as indicated. On the y-axes is reported % of TNF-a induction relative 

to the vehicle control for each clone to enable a comparison of % suppression of 

TNF-a induction in these clones at the indicated K306 concentration. All cells were 

pretreated with the agonist or vehicle control for 1h prior to Ab42 or LPS 

stimulation. Data is representative of three independent experiments. Bars indicate 

Mean ±SEM; statistical tests: two-way ANOVA with Tukey correction for multiple 

comparisons (A, B,E) or unpaired Students T test (C) ****p<0.0001, **p<0.01, 

*p<0.05 (E) K306 reduces induction of iNOS in microglia. Mean fluorescence 

intensity (MFI) for iNOS staining of vehicle or K306 LPS-stimulated BV2 cells. BV2 

cells were plated and treated for 1h with Veh (0.25%DMSO) or K306 (10µM in 

Veh) prior to addition of LPS (100ng/mL). Unstimulated BV2 cells treated with Veh 

are shown as an additional control to assess LPS induction of iNOS (lane 1). After 

a 1h incubation with LPS, Veh (0.25% DMSO) or K306 (10µM in Veh) was again 

added to the indicated samples and incubation was continued for 16hr. (Final 

DMSO concentration in each well was 0.5% DMSO and 0µM (lane 1 and 2), 10µM 

(lane 3) or 20µM K306 (lane 4). Cells were harvested and expression of iNOS was 

analyzed by intracellular spectral flow cytometry. A one-way ANOVA with Tukey’s 

multiple comparison test was used to compare all-pairs of columns. Shown is one 
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representative experiment of 4 independent experiments with 4 replicate 

wells/condition.  

 

Hence, we used parental BV2 cells and two clones that have been gene edited by 

CRISPR/Cas9 to have reduced SHIP1. We confirmed by Western blot, flow 

cytometry and immunofluorescence that the two gene edited clones had lower or 

lacked expression of SHIP1 relative to parental BV2 cells (Fig. 17A-C). 

Specifically, Clone 1 has reduced SHIP1 expression as compared to parental BV2 

cells, while Clone 2 lacks SHIP1 expression (Fig. 17A-C). Next, we functionally 

validated the biological activity of K306 as a selective SHIP1 agonist, by measuring 

the level of the direct SHIP1 product PI(3,4)P2 in parental and Clone 2 BV2 cells. 

While, as expected, K306 treatment induced a significant increase in PI(3,4)P2 in 

parental cells, this was not the case in Clone 2, which lacks SHIP1 expression, 

further confirming that the agonist activity of K306 is exerted through SHIP1 

(Fig.17D-F). When testing cytokine production, we found that K306 was able to 

reduce Ab42 stimulated TNF-a production by parental (SHIP1 sufficient) BV2 cells, 

but not by either of the gene-edited BV2 clones that lack or have lower SHIP1 

expression, including clone 1 that still retains some SHIP1 expression (Fig. 16D). 

In LPS-stimulated BV2 cells we did find however that both parental BV2 cells and 

clone 1 cells which have reduced SHIP1 expression showed reduced TNF-a 

induction when treated with K306, while Clone 2 cells that lack SHIP1 expression 

were unresponsive to K306 implying different activating receptors (e.g., TREM2 

vs. TLR4) found on microglia have different sensitivities to SHIP1 agonism (Fig. 
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16D). We further tested the ability of K306 to reduce inflammatory gene expression 

in microglia by examining its ability to impact LPS induction of iNOS expression.  

 

Figure 17. Validation of BV2 gene edited clones and characterization. 

Validation of SHIP1 expression loss in gene-edited BV2 cell clones (Clone 1, Clone 

2) vs. a scrambled control guide RNA clone (BV2). (A) Western Blot (WB) for 

SHIP1 protein expression and blotted for b-actin and HSP90 as loading controls, 

showing two independent lysate samples for each clone. (B) Intracellular Flow 

Cytometry (IFC) for the clones and scrambled control BV2 cells and relative 

quantitation. (C) Immuno-Fluorescence (IF) confocal microscopy imaging for 

SHIP1 of the three BV2 clones described above and relative quantitation of SHIP1 

staining in each clone is shown at right. (D) Max-projection of 4.16 µm z-stack 

confocal acquisition of PI(3,4)P2 in parental BV2 cells and clone 2, treated with 

vehicle or K306 10 μM for 1h. Relative quantifications of PI(3,4)P2 mean intensity 

and area covered normalized to DAPI+ nuclei are shown in (E) and (F) 

respectively. Two-way ANOVA with Šidák correction, *p<0.05 in (E) and (F).  
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We found that K306 also reduces LPS-mediated induction of iNOS in BV2 cells 

stimulated with LPS, but this requires addition of K306 before and shortly after LPS 

stimulation (Fig. 16E and Fig. 18). Importantly, these findings are the first to 

demonstrate that SHIP1 agonism can significantly reduce production of 

inflammatory cytokines and an enzyme that produces NO in microglia. 

 

 

Figure 18. Gating strategy for BV2 cells treated with K306 or control and LPS.  

Singlets were gated by FSC-H vs FSC-A, debris were removed in SSC-A vs FSC-

A, dead cells were excluded in Zombie Aqua vs FSC-A with viable BV2 microglia 

cells identified as CD45-PerCP+CD11b-APC-Cyanine7+ cells. The right panel 

shows histograms for iNOS-PE_efluor610 staining and an FMO stain (gray line), 

BV2 treated with Veh+PBS+Veh (dotted line), Veh+LPS+Veh (dashed line) or 

K306+LPS+K306 (solid black line). Data were acquired on Cytek Aurora, unmixed 

on SpectroFlow and further analyzed in FlowJo version 10.8.1. 
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SHIP1 agonism via K306 selectively promotes degradation of membrane-bound 

phagocytic cargoes in microglia.  

 

Microglia, in addition to taking up proteinaceous debris for degradation, also phagocytose 

dead or dying neurons as well as synapses [545]. These are essential microglial 

homeostatic functions that are necessary for the development and maintenance of normal 

cognitive abilities [546-548]. We previously found that pan-SHIP1/2 inhibitory compounds 

selectively enhanced microglial phagocytic uptake, or engulfment, of Ab42 peptide, and 

also dead neurons [536]. We then considered that SHIP1 agonism might reduce microglial 

phagocytic functions. We therefore examined engulfment and degradation of different 

phagocytic cargoes by BV2 microglial cells treated with K306 (or vehicle) using three 

different physiologically relevant targets of microglia - namely synaptosomes, dead 

neurons and Ab42. We analyzed the initial engulfment of synaptosomes labelled with 

TdTomato by confocal microscopy and compared their intracellular levels at 0 and 6h after 

initial uptake to study cargo degradation (Fig. 19A, B).  
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Figure 19. K306 selectively increases microglial degradation of membrane-

containing phagolysosomal cargo. 

BV2 pretreated with 10mM K306 for 1h were incubated with the indicated cargo 

for 1h and degradation of the cargo was detected by either fluorescence 

microscopy (A) or flow cytometry (C, D). (A) Image of TdTomato-labeled 

synaptosomes phagocytosed by BV2 cells at time 0 (T0) for uptake and 6 h (T6H) 

after uptake for DMSO control or K306 treatment. (B) Quantification of Area 

covered by synaptosomes and mean intensity for synaptosome per cell. (C) Dead 

neuron uptake (T0) and degradation (T6H) evaluated by flow cytometry as mean 

fluorescence intensity of PI-labeled engulfed dead neurons for BV2 cells treated 

with DMSO or K306 (10mM). (D) Flow cytometry detection of Ab42-FITC uptake 

(T0) and degradation at 2h and 6h (T2H, T6H). (Data are representative of four 

independent experiments in (A, B) or three independent experiments in (C, D). 

Bars indicate mean ±SEM. The significance of engulfment or degradation for K306 

vs. vehicle was assessed by unpaired Student’s T-test (C) or via a two-way 

ANOVA (B, D) with Tukey correction for multiple comparisons. ****p<0.0001, 

***p<0.001, **p<0.01, *p<0.05). (E) Residual Ab38, Ab40, and Ab42 levels from 

HeLa swAPP-conditioned medium, after 6h incubation with BV2 cells treated with 

K306 or DMSO control, normalized to DMSO and to cell viability. Bars indicate 

mean ±SEM from three independent experiments. 

 

While K306 treatment did not reduce the initial uptake of synaptosomes, it did surprisingly 

increase the rate of degradation of the synaptosomal cargo. Efficient internalization and 

degradation in this assay were validated by using 3D reconstruction of cells and engulfed 

synaptosomes (Fig. 20A) and by time-lapse light sheet microscopy (Fig. 20F). 

Furthermore, synaptosomes were conjugated with the pH-sensitive dye pHrodo, to 
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confirm intracellular trafficking into acidic compartments (Fig. 20G-I). We then assessed 

whether this was also the case for another lipid-laden cargo. Indeed, K306 did not promote 

a significant increase in the initial engulfment of dead neurons but did increase their rate 

of degradation by BV2 microglia (Fig. 19C). Interestingly, this was not the case for the 

peptide cargo Ab42, as K306 neither enhanced nor decreased its initial uptake by 

microglia or its degradation when the latter was analyzed 2h and 6h after initial engulfment 

(Fig. 19D). To further investigate the effects of K306 on amyloid clearance by microglia, 

we used a previously established paradigm in which BV2 cells are exposed to conditioned 

medium from HeLa cells overexpressing the human Amyloid Precursor Protein carrying 

the Swedish mutation (swAPP) [547]. In this assay, the residual amyloid levels are 

measured by a multiplex immunoassay, which allows simultaneous detection of different 

Ab species (Ab38, Ab40 and Ab42). Consistent with Ab42-FITC experiments, K306 

treatment had no effect on microglial clearance of amyloid, regardless the Ab species (Fig. 

19E), indicating that K306 does not modulate uptake/degradation of amyloid peptides. The 

above analysis of K306 in microglial biology reveals a novel function for SHIP1 in 

promoting phagolysosomal degradation of large membrane-bound cargoes, such as 

synaptosomes and dead neurons. 
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Figure 20. Synaptosome uptake and degradation.  

(A) Representative Z-stack acquired by confocal microscopy and (B) relative three-

dimensional reconstruction of BV2 microglial cells labelled by Phalloidin-647, and 

TdTomato-labelled synaptosomes. (C) Volume rendering of microglial cells in 

transparency confirms internalization of synaptosomes; scale bar: 10µm. (D,E) 

inset of synaptosomal cargoes engulfed by BV2 cells; scalebar: 2µm. (F) Time-

lapse micrographs of BV2 microglia cells after 1 hour-incubation with TdTomato-

positive synaptosomes (T0) and after 120 mins (T8) and 345 mins (T23), acquired 

by light sheet fluorescent microscopy every 15 minutes, showing progressive 

degradation of the cargo inside the cell (white arrowhead). (G) Max-projection of 

5µm z-stack confocal acquisition of TdTomato-labelled synaptosomes, conjugated 

to pHrodo-Green pH-sensitive dye, 3 hours after incubation with BV2 cells. (H) 

Single focal plane of merged channels representing pHrodo-Green-positive 

synaptosomes internalized by microglial cells co-labelled with TdTomato; scale 

bar: 15µm. (I) Orthogonal view of the inset in B, pointing to co-localization across 

the 5µm Z-stack between TdTomato and pHrodo-Green signals; scale bar 5µm. 
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Chapter 4. Discussion4 

 

Discovery and optimization of small molecule SHIP inhibitors and 

agonists 

 

 The inositol phosphatases SHIP1 and SHIP2 have a central role in 

modulation of cellular signaling with phosphatase dependent and phosphatase 

independent mechanisms. They regulate the PI3K signaling pathway as they 

convert PI(3,4,5)P3 to PI(3,4)P2 for full AKT activation following recruitment to RTK 

and other plasma membrane receptors. Conversely, SHIP paralogs have masking 

functions on cellular receptors and adaptor proteins through SH2 and PXXP 

domains to inhibit some downstream signaling pathways [395]. Their role in 

microglial functions has come under intense scrutiny recently and is of interest in 

brain pathologies where microglia play a central role such as neurodegenerative 

diseases. Taken together our studies have the goal of describing how the use of 

small molecules targeting the SHIP paralogs might be used to modulate microglial 

function in vivo. The translational value of this knowledge might apply to future 

development of these SHIP modulators as therapeutics in dementia where 

microglial functions are altered and participate in pathology. 

 

 
4 C.P. wrote this Chapter  
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In our work, we found that microglia express both SHIP paralogs at the 

protein level in cell lines (BV2, SIMA9) and primary neonatal mouse microglia. We 

also found that microglia, lymphocytes and peripheral monocytes were the only 

cells expressing SHIP1 in the CNS of a healthy mouse model, while astrocytes 

and neurons do not express SHIP1. These findings reinforce the hypothesis 

reported by Castillo et al [502] of microglia being the main CNS resident population 

expressing SHIP1 in AD in human patients. Tsai et al. reported SHIP1 protein 

levels increase with age in AD but not in WT mice [503]. This finding might suggest 

microglial priming to a tolerant phenotype in AD, as is observed in LPS treated 

macrophages [449]. Hence, this increase in SHIP1 expression might not be 

causative, but rather due to microglial response to amyloid burden. However, in 

our work we did not study the abundance of the different SHIP1 isoforms (a,b,g) 

and their role in microglial biology.  

 

 In our effort to characterize SHIP1 and SHIP2 functions in microglial cells 

we used small molecule inhibitors of the two paralogs and a SHIP1-selective 

agonist of SHIP1. Inhibitors and agonists were discovered by two separate 

screenings. The 3AC ([518] and the pan-SHIP1/2 inhibitors have been previously 

described by our lab while the new analogs shown in this study (K161, K149, K185 

and K116) were designed to increase solubility and improve potency for SHIP1 

and SHIP2. The inhibitors used were compared at the same micromolar 

concentration in microglia. Within the aminosteroid studied, K118 had similar 

potency against SHIP1 as 3AC, but has also an equivalent IC50 against SHIP2, 
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thus differences between them at the same concentration are due to an additional 

effect on SHIP2. K116 and K161 have higher potency against both paralogs, 

however K161 was preferred for its water solubility. K149, is the only tryptamine 

inhibitor. Its similar effects on microglial functions to the aminosteroids studied 

(e.g., K118, K161) validate our results concerning pan-SHIP1/2 inhibitors and 

microglia.  

 

The novel SHIP1 selective agonists described here were discovered via 

artificial intelligence (AI) guided virtual screening. 76 molecules were identified with 

this computational approach, but only 8 were found to be effective in an enzyme-

based (Malachite Green) assay. Of these, we discovered four classes of agonists 

with selectivity for SHIP 1 versus its paralog SHIP2 - with some impacting SHIP2 

function at all: K284, K291, K314. We studied these SHIP1-selective agonists in 

an IL-6 and TNF-a production assay in BV2 cells after LPS stimulation, to find a 

molecule that would inhibit both. Surprisingly, K284 increased LPS-stimulated BV2 

production of IL-6 but had no effect on TNF-a production which would be 

unexpected for a SHIP1 agonist, as SHIP1 is known to limit both IL-6 and TNF-a 

production in macrophages. This effect suggests K284 may affect other cellular 

pathway and thus is not a preferred SHIP1 agonist for further anti-inflammatory 

studies but could potentially have other uses if its mechanism of action is better 

understood. The agonists K291 and K314 showed no effect on cytokine production 

in intact viable cells, possibly due to lack of membrane permeability, making it 

unable to affect SHIP1 present in the interior of a cell. However, to fully understand 
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K284, K291 and K314 failure to inhibit inflammatory cytokine inhibition, further 

studies of cellular compartmentalization and off-target effects are needed. 

 

 The only molecule showing reduction of IL-6 and TNF-a in our cell-based 

assays was K306 and this compound shows the highest agonist potency for SHIP1 

of any small molecule identified to date. Hence, discovery of new molecule 

agonists had a failure rate of 98% suggesting limitations of the computational 

screening and necessity of a layered enzyme and cellular based assay for drug 

screening to avoid spurious hits and to identify molecules that lack membrane 

permeability. Molecules with low membrane permeability will likely need a delivery 

system for their use or can be modified to increase their lipophilicity. An effort we 

are already exploring.  

 

In our work we engineered a SHIP1 protein lacking the C2 domain, and we 

interestingly found that K306 agonism is not affected or reduced by the absence 

of the C2 domain indicating it has a different mechanism of action than perolols 

like AQX-MN100, the latter activating SHIP1 in a feed-forward mechanism that 

mimics PI(3,4)P2 binding to the C2 domain [443]. To model K306 binding to SHIP1 

we foresee the use of a mutational studies on SHIP1 such as a 7 AA SHIP1 stretch 

in the active site loop, that might could be involved in SHIP1 vs. SHIP2 selectivity 

of both agonists and inhibitors. The K306 structure, could be used as lead 

molecule, changing singular functional groups to define the atoms that are critical 

for SHIP1 agonism. This dual modeling on the enzyme and the agonist could 
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permit discovery of a K306 binding site and permit discovery of an optimized 

analog with higher potency, increased solubility, and reduced oxidation by 

cytochrome p450, a possible limitation for increased degradation rate. 

Pharmacokinetic of K306 or its analogs might also be performed, to observe if it is 

detected in brain and serum to insure BBB penetration in WT and AD mice. X-ray 

crystallographic studies and H3 labeled NMR could also be used to achieve more 

information regarding K306 as well as K161 binding site to SHIP1. There are 

limitations in the methods we used to detect agonistic activity, as the Malachite 

Green assay uses high concentration of enzyme (nM range) and has the detection 

limit of a colorimetric assay skewing the EC50/IC50 toward the mM range. For 

these reasons we used Malachite Green assay as pre-screening method while an 

FP assay was used to more precisely define the EC50/IC50. Nonetheless, FP 

assay has a narrow functional range and high sensitivity, and there might be an 

optimal enzyme/ligand ratio for agonistic activity. Thus, concentration of agonist 

above this level might lead to suboptimal agonism, as observed in our model. 

Other methods that would be useful to further validate in silico K306 binding to 

SHIP1 to detect protein-ligand interactions are BioLayer Interferometry (BLI) and 

Isothermal Titration Calorimetry (ITC), to study binding affinity of the 

agonist/inhibitors to SHIP1 respectively with kinetic and thermodynamic methods. 

 

SHIP1 agonist to dampen pro-inflammatory cytokine release and 

promote lipid cargo degradation 
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SHIP1 agonism has previously shown important effects in vitro and in vivo 

reducing pro-inflammatory cytokine release [443]. In our work we found that our 

newly discovered SHIP1 selective agonist K306 significantly increased PI(3,4)P2 

levels on SHIP1 sufficient but not in SHIP1 deficient BV2 cells. Furthermore, K306 

also suppressed in vitro production of TNF-a and IL-6 in BMDM and BV2 cells on 

SHIP1 sufficient cells. In addition, K306 treated SHIP1 null BV2 or BMDM cells did 

not show a significant reduction in pro-inflammatory cytokine release. K306 was 

also found to be active in vivo in reducing TNF-a production in an LPS 

endotoxemia model. These findings show that K036 effects on inositol 

phosphatase signaling, and cytokine dampening are mediated by SHIP1 agonism. 

Chamberlain and colleagues found AQX-MN100 promotes SHIP1 association with 

STAT3 facilitating its nuclear localization following IL-10 stimulation[add 

reference]. However, we do not believe K306 acts with a similar mechanism, and 

if does not solely, as Chamberlain did not report differences in IL-6 production for 

their agonist, and the AQX-MN100 effect on TNF-a dampening was dependent 

upon IL-10 stimulation. If K306 acts on SHIP1 promoting protein stability, its 

agonism could act both increasing SHIP1 phosphatase activity as well as 

stabilizing SHIP1 masking functions, thus acting on different levels of cellular 

signaling as NF-kB, NFAT and STAT1. Particularly, we observe reduction of iNOS 

activation with K306 suggesting K306 might oppose a signaling cascade 

downstream of TLR4 that inhibits the classical NF-kB (p65-p50) and STAT1 

activation as both are necessary for iNOS induction.[549] Elsewhere, the 

dampening of iNOS expression might be due to a decrease of autocrine TNF-a 
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/TNFR1 signaling as we studied iNOS induction after 24 hours from LPS 

stimulation. Moreover, SHIP1 might also modulate NFAT and thus broadly 

suppress inflammatory signaling cascade in macrophages through a calmodulin-

calcium dependent signaling [550]. Thus, it should be further evaluated whether 

K306 is able to depress other pro-inflammatory cytokines such as IL12 p40, IFN-

g or IL1-b or NRLP3 inflammasome activation. NO production should also be 

evaluated along with ROS, to observe if K306 reduces production of the neurotoxic 

peroxynitrite.  

 

The reduction in TNF-a release with K306 treatment was significant with 

both LPS and b amyloid, suggesting redundant downstream signaling for the two, 

the first activating TLR4 while the second possibly associating with CD36-TLR4 

complex triggering production of inflammatory cytokines. Trem2 and CD33 [266], 

are important receptors known to sense b amyloid and dead neurons. However, if 

SHIP1 activation was inhibiting their signaling binding more tightly to DAP10, it 

would have inhibited b amyloid and dead neuron phagocytosis, found unchanged 

with K306 treatment. Whether K306 reduces inflammatory cytokine production 

following different stimulations (dead neurons, b-glucan, myelin) and in microglia 

with different receptor KOs (CD33, Trem2, TLR4) should also be explored to 

determine if SHIP1 regulates downstream signaling at these receptors and what 

role SHIP1 might play in macrophage/microglia polarization with ligands of 

different avidity.  
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A novel function for SHIP1 in lipid cargo degradation was discovered in our 

recent work, further tying SHIP1 to lipid metabolism and macrophage/microglia 

polarization. We found that K306 increased degradation of lipid laden cargos such 

as synaptosomes and dead neurons, while not affecting degradation of the 

proteinacious cargo Ab1-42. The initial uptake of either proteinacious or lipid-laden 

cargo was not altered by K306, suggesting SHIP1 agonism acts on the “digest me” 

phase and not the “eat me phase”. In our work we didn’t assess whether this effect 

might be due to increase in lysosomal flux and expansion in early or late 

phago/lysosomal machinery (Rab5, Rab7 or LAMP1) or its enzymatic content. 

Mechanistic studies on downstream signaling leading to this increased 

degradative effect are of great interest. A key player in PI3K/AKT signaling, 

mTORC1 regulates phagosomal formation/acidification and transport. mTORC1 

inhibition by PI(3,4)P2 promotes retrograde transport of the phagosome by dynein 

[394] also driving TFEB dephosphorylation and nuclear translocation. However, 

the specificity for the cargo observed might suggest SHIP1 agonism promotes 

function of a specific lysosomal compartment that promotes lipid degradation 

called the gastrosome [111]. 

 

Further analyses are now required to understand if lipid-associated b 

amyloid (simulating AD plaques composition) phagocytic cargo would also be 

more easily degraded by SHIP1 agonists. Lipid and cholesterol metabolism have 

great importance in AD [326] and microglial dysfunction. LDAM are enriched with 

aging and AD, triggered by DAMP stimulation, have impaired phagocytosis and 
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release pro-inflammatory cytokines and ROS [551]. Enrichment of CE containing 

LD is also observed in Trem-2 KO microglia, rescuing LD formation with inhibition 

of cholesterol synthesis or facilitating efflux [552]. Inflammation can also trigger 

dysfunctional lipid metabolism, as in foam cells, unable to recycle cholesterol and 

thus promoting ALS pathology [553, 554]. In this vicious cycle, lysosomal 

cholesterol also activates mTORC1 promoting cellular survival and transcription 

[555] driving pro-inflammatory cytokine production. This dysfunctional LDAM 

phenotype has similarities to blb microglia[111], dark microglia[212], senescent 

microglia [215], and foam cells [556] possibly suggesting a role for dysfunctional 

microglia in several diseases. Taken altogether, SHIP1 agonism could reduce 

production of inflammatory cytokines by microglia while increasing degradation of 

lipid-laden cargos potentially rebalancing cholesterol efflux and recycling and thus 

avoiding microglial polarization toward LDAM. Further studies are needed to 

assess whether K306 could reduce LD formation/accumulation in the presence of 

a pro inflammatory stimuli to promote lipid metabolism or if this feature is only 

limited to degradation/recycling of phagocytosed cargos. 

 

Activity of K306 in vivo in reducing TNF- a production in an LPS 

endotoxemia model suggests a potential for SHIP1 agonist as a therapeutic for 

diseases where inflammation and/or lipid-cargo metabolism has a role in 

pathology. K306 shows higher solubility and potency than the pelorol based SHIP1 

agonists [444]. Thus, K306 or an analog has potential as a therapeutic in IBD by 

dampening pro-inflammatory cytokine and RONS release in the gut, even in the 
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15% of the IBD patient population that have reduced SHIP1 protein expression. If 

some SHIP1 activity is retained, agonists can improve it as seen in the SHIP1 low 

BV2 clone cells, where K306 is able to dampen TNF-a production under LPS 

stimulation. Other diseases where both Inflammation and lipid metabolism are 

altered are MS or AD. Hence, SHIP1 agonism might be considered as targeted 

therapy in the clinical phases of disease, like NSAIDs However, SHIP1 agonism 

has the added benefit not only to reduce inflammation, but potentially also 

reprogram dysfunctional microglia toward a resolving phenotype, able to degrade 

accumulated lipid cargo, and potentially remove or reduce b-amyloid plaques 

already formed, or in formation, to cure disease.  

 

SHIP1/2 inhibitors promote phagocytosis in vitro and ex vivo 

 

 Our group showed how SHIP1, and SHIP1/2 inhibitors might shape 

macrophage polarization in cancer and obesity, but our recent work was the first 

attempt in their use in microglia and the CNS. K161, our lead pan-SHIP1/2 

inhibitor, highly potent and water soluble, induced AKT-S473 phosphorylation in 

microglial cell lines (BV2, SIMA9) and primary microglia without external triggers. 

Proliferation of BV2 and primary microglia was also increased in pan-SHIP1/2 

inhibited, but not SHIP1 or 2 inhibitor treated cells in an MTT assay. Thus, inhibition 

of both SHIP paralogs might increase signaling downstream of RTK such as M-

CSFR, essential for microglial survival and proliferation. It is known that both SHIP 

paralogs are recruited to M-CSFR to limit production of PI(3,4,5)P3 through 
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PI3K[524, 525, 537] and thus their inhibition could trigger a downstream AKT 

signaling cascade. Furthermore, this increase of basal PI(3,4,5)P3 at the plasma 

membrane could facilitate formation of exploratory lamellipodia [458], increased 

probing and formation of the early phagocytic cup, ultimately driving enhanced 

phagocytosis. Whether the pan-SHIP1/2 inhibitors trigger increased cell division or 

cell metabolism should be further studied. SHIP1 was reported to increase 

glycolysis of bone marrow derived macrophages (BMDM) [450], thus pan-SHIP1/2 

inhibition could promote an increase in glycolysis and/or mitochondrial function of 

microglial driving them toward a PAM phenotype. We did not explore downstream 

signaling nor PtdIns enrichment at the plasma membrane after Pan-SHIP1/2 

inhibition. However, it is possible that increased PI(3,4,5)P3 triggers AKT T308 

phosphorylation through PDK1 and drives an mTORC2/SIN1 dependent 

phosphorylation of AKT on S473 as observed by Yang et al [407]. 

 

Consistently with increased PI(3,4,5)P3 at the plasma membrane for pan-

SHIP1/2 inhibition, we found increased phagocytosis of b amyloid and dead 

neurons in K161 treated BV2 and primary microglia. This improvement in 

phagocytic function was not found with a SHIP1 or SHIP2 selective inhibitor, 

suggesting that both SHIP paralogs play a role in this process and that a 

compensative mechanism is engaged when one of the two is not functional. It is 

reported in the literature that in SHIP1-/- macrophages PI(3,4,5)P3:PI(3,4)P2 ratio 

is increased at the phagocytic cup [455]. However, the SHIP product PI(3,4)P2 was 

still present suggesting that inhibition of both SHIP paralogs might further push this 
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equilibrium toward PI(3,4,5)P3 formation, promoting clathrin mediated 

phagocytosis. In our work we did not study phagocytosis of immune complexes or 

antigen-complement complexes, however we suspect pan-SHIP1/2 inhibition 

might promote their engulfment as SHIP1 and SHIP2 are known to inhibit FCgR 

and SHIP1 to regulate CR1 receptor [472]. This latter role might be particularly 

important in synaptic pruning. Thus, we speculate pan-SHIP1/2 inhibitors might 

shape brain synaptic maturation by promoting pruning but could lead to over-

pruning with prolonged inhibition. Further investigations might also be considered 

to evaluate small or large cargo sizes phagocytosis and the composition of the 

cargo to determine if phagocytosis promoted by pan-SHIP1/2 is dependent on a 

specific pathway for clathrin-mediated phagocytosis downstream of a scavenger 

receptor (Dectin1, Trem2, FCgR), and if inhibits clathrin-independent Fast 

Endophilin-Mediated Endocytosis (FEME) for reduced production of 

PI(3,4)P2 [459].  

 

The increase in proliferation and phagocytic functions found in pan-SHIP1/2 

inhibition might simulate the effects of IL-33/ST2 signaling in microglia. IL-33 

stimulation polarizes microglia to promote glycolysis and oxidative phosphorylation 

[204] and disruption of this cascade also impairs microglial phagocytic functions 

and metabolic adaptation. IL-33 stimulation in microglia drives a PU.1-dependent 

homeostatic signature transcriptome in microglia, increasing phagocytic functions 

and MHC class II expression[557]. This phenotype was found to be protective in 

AD, and could potentially facilitate microglia cross presentation along with reduced 
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production of inflammatory cytokines. Similarly to this study, PU.1 KD was found 

to decrease phagocytic functions and release of pro-inflammatory mediators in 

BV2 while PU.1 KI does the opposite [558]. The driver of this effect is still unknown, 

however PU.1 KO mast cells were found to upregulate SHIP1 & SHIP2 mRNA 

decrease FCeR1 (MS4A2), SYK protein levels and TNF-a release [559]. However, 

PU.1 has a broad variety of target genes, hence PU.1 activation and pan-SHIP1/2 

inhibition might not have an overlapping effect.  

 

One more important effect of Pan-SHIP1/2 inhibitors in microglia is an 

increase of lysosomal content, observed with the basic dye Lysotracker Red. As 

with the other phenotypes this increase was observed only with pan-SHIP1/2 

inhibition and not SHIP paralog selective inhibitors. As the dye stains for all acidic 

vesicles, we were not able to dissect if the increase was in the early/late 

phagolysosomal content or if there was a higher rate or phagosomal maturation. 

Analysis with a Lysosensor dye free or conjugated to dextran could be useful to 

understand if there is increase in lysosomal acidity/content or if fusion and 

phagolysosomal maturation are promoted. Lysosensor dye has a functional group 

that shifts emission spectrum depending on the acidity of the environment. Hence, 

confocal microscopy analysis for colocalization of free or dextran conjugated 

Lysosensor Dye with phagolysosomal markers (Rab5/7,LAMP1) would allow us to 

evaluate impact of the Pan-SHIP1/2 on acidity of empty or cargo-loaded vesicles 

respectively. Also, additional studies of the kinetics of cargo degradation should 

be performed to further validate a possible increase in degradation rate in 
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response to this increased lysosomal content, or whether pan SHIP1/2 inhibition 

drives microglia into a blb phenotype with enlarged but inefficient gastrosomal 

content. We are not aware of the mechanism leading to this increased lysosomal 

content. However, we believe that the increase in lysosomal content could be due 

to an increase in lumen acidity mediated by increased V-ATPase activity due to 

mTORC1 activation following its activation by AKT to promote V-ATPase functions. 

However, another study showed that mTORC1 hyperactivation can lead to TFEB 

nuclear translocation. Thus, it is possible we are both increasing the size and 

acidity of late lysosomal compartment with pan-SHIP1/2 inhibition. 

 

We performed a PK analysis to study K161 concentration in serum and 

brain after IP or gavage and found oral absorption and BBB penetration of the 

drug. The concentration detected In the CNS after 48h from the first dose was in 

the 600-800 nM range suggesting it is even higher at 24h after administration. We 

also speculate that it may accumulate in the CNS compartment as we find the 

concentration is even higher than in the blood at the same time point (20nM). 

Further studies on absorption and elimination rate could be performed to better 

evaluate the PK of K161 to optimize and define a stable therapeutic dose that we 

identify in vitro as 1.25µM. Importantly, PK studies should also be performed in a 

mouse model of the disease, in this case AD, as BBB penetration might be altered 

in AD models due to pathology.  
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K161 was also found to effectively increase phagocytosis of dead neurons 

and b amyloid in vivo. After three weeks of dosing with a twice-a-week strategy we 

isolated brains of the animals and found microglia to be more phagocytic in K161 

treated mice versus control with an ex vivo assay. However, no difference was 

observed for percentage of resident or infiltrating cells with treatment. Interestingly, 

K161 increased lysosomal content of infiltrating peripheral lymphocytes. An 

increase in T cell autophagy could potentially promote trogocytosis and modulate 

the microglial immune response. Furthermore, T cells are important in microglia 

maturation [207] and their interaction has also an important role in 

neuroinflammation [228] and in promoting microglial production of IL-10 [180].  

 

Surprisingly, microglial lysosomal content in vivo was not altered by K161, 

suggesting an underlying regulatory mechanism in adult microglia of healthy young 

mice to limit expansion of lysosomal content and maintain homeostasis, probably 

in communication with other brain cells. However, pan SHIP1/2 inhibitors could 

alter microglia and CNS infiltrating cells proliferation in the presence of CNS 

stressors as in a 5XFAD model or aging, where it might trigger a skewed 

myelopoietic response as seen in SHIP-1 deficiency [197]. We performed our 

studies with a twice-weekly dose, as this was effective in previous studies for 

protection and treatment of weight gain in HFD and promoted tumor immunity for 

the analog K118. In the tumor immunity study, 3AC daily dosing anergized T and 

NK cells, while twice a week treatment was found to promote T and NK cell function 

without causing anergy. As microglia were reported to “burn-out” following 
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prolonged activation[149], we decided to pursue a pulsatile dosing approach as an 

initial test of pan-SHIP1/2 inhibition in vivo. Our preferred dosing regimen was 

effective in promoting cargo phagocytosis but did not alter cell surface markers 

such as CD11b (MAC1) or Trem-2. Thus, increased phagocytosis of b amyloid or 

dead neurons is not due to an increase of cellular receptors. High CD11b and 

Trem2 expression are found in “dark microglia” while senescent cells have reduced 

phagocytic ability. Thus, we believe pan-SHIP1/2 inhibition promotes microglial 

homeostatic function in vivo without causing them to become dysfunctional. 

However, to fully appreciate their potential in disease, it is necessary to study our 

inhibitors in a disease model such as 5XFAD with fast progression or APP/PS1 

mice or ArcAbeta mice, with a milder onset similar to human sporadic AD [560, 

561]. 

 

Pan-SHIP1/2 inhibitors might also trigger calcium signaling and modulate 

MHC class II presentation in microglia. Here, PTEN could possibly compensate for 

excess PI(3,4,5)P3 by converting it to PI(4,5)P2. PLCg transforms PI(4,5)P2 to 

soluble IP3 and DAG that promote intracellular calcium release, important in 

cellular signaling and antigen presentation. Recently PLCgII was shown to promote 

MHCII presentation through calcium signaling and driving T cell activation and a 

milder phenotype in an AD mouse model [562]. The piece of the puzzle missing in 

our SHIP inhibitor studies in microglia are inflammatory cytokines. Pan SHIP1/2 

inhibitors bias macrophage polarization toward an M2 phenotype in adipose tissue 

under prolonged high fat diet-induced inflammation[493]. Thus, we suggest K161 
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will likely dampen pro-inflammatory cytokines promoting receptor-ligand 

internalization in endosomes for increased PI(3,4,5)P3 levels as reported for TLR4-

LPS in macrophages [563]. Production of ROS and NO are also important 

mediators in neuroinflammation that should also be studied in pan-SHIP1/2 

inhibited microglia.  

 

Do we need to increase or decrease SHIP activity for AD therapy? 

 

Several GWAS studies associate INPP5D with AD through intronic SNV 

(Table 5). However, it is still unknown how these variants affect SHIP1 protein 

expression and lead to increased protection or risk in LOAD or familial AD. The 

field is still divided on the role of SHIP in AD progression, and while it was shown 

that mRNA levels are increased in AD patients and associated with higher plaque 

load[503], other studies define dysfunctional microglia with lower SHIP1 mRNA 

levels [564]. The solution to this riddle might be that each phenotype may play a 

detrimental role in a different phase of neurodegeneration. To support this 

hypothesis, a recent study showed SHIP1 mRNA levels to be higher in early stages 

of the disease and decreased in later stages [510].  

 

 Contrary to SHIP1, SHIP2 overexpression seems to be clearly associated 

with diabetes and obesity through the insulin signaling with protective coding SNPs 

that reduce SHIP2 levels [489]. SNPs in SHIP2 associated with AD are yet to be 

discovered. However, reduction of INPPL1 activity triggers induction of BDNF and 
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has shown protective effects in an AD model and promotes LTP [512]. In our work 

we showed that SHIP1 and SHIP2 regulate several microglial functions, as pan-

SHIP1/2 inhibition promotes phagocytic functions while SHIP1 agonism reduces 

release of pro-inflammatory cytokines and promote lipid-laden cargo degradation. 

SHIP1 has phosphatase dependent and independent roles that could work in 

synergy with its paralog SHIP2. As example SHIP1 inhibitors may promote Trem2 

signaling by unmasking DAP12 required for Trem2 signaling[241], yet this is not 

sufficient to promote a significant increase of phagocytic function in microglia. 

However, pan-SHIP1/2 inhibition could promote phagocytic cup formation by 

increasing PI(3,4,5)P3 at the plasma membrane for a synergistic effect with Trem-

2/DAP12 unmasking of SHIP1. Importantly, SHIP1 or SHIP2 could act downstream 

of different receptors that are in communication with each other, such as CD33, 

that also signal through DAP12 [278]. Thus, if we inhibit SHIP1 both Trem2 and 

CD33 will be activated, and while the first promotes phagocytosis of dead neurons 

the second inhibits the phagocytosis of Sialylated neurons. However, as Trem2 

was recently described to signal downstream of CD33 [266], defects in Trem2 

stimuli might impair SHIPi promotion of CD33 signaling in microglia. In addition to 

CD33, proteins of the Ms4a family could also as promote Trem2 functions [565] 

and could possibly be regulated by SHIP1. A recent paper showed MS4a4a is 

necessary for Dectin 1 signaling, but not for TLR4 signaling [566] and promotes 

PLCg1 activation and calcium influx in mast cells [567].  

SHIP1 inhibition might also promote G-CSF production by microglia and 

other cells [194, 195] with potential benefits on neuronal survival and memory 
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improvement in the early phase of the disease[199-201, 568]. Importantly, G-CSF 

promotes neutrophil differentiation from HSC [198] and thus could skew their 

abundance in later phases of the disease, where BBB permeabilization is altered 

causing increased brain infiltration and worsening cognitive decline [569-571]. This 

potential double-effect could also contribute to a timely role of SHIP in disease 

progression. From this evidence we suggest the use of a tailored treatment 

strategy that best fits the different phases of AD by converting microglial from 

harmful to beneficial (late-stage disease) or boosting their basal phagocytic 

function (early-stage disease). [51, 123, 338].  

In the cellular phase, accumulation of b amyloid plaques could be prevented 

by enhancing the ability of microglia to phagocytose dead neurons and b amyloid 

- promoting a resolving phenotype. In this phase, DAM enclose the amyloid 

plaques to avoid their spreading and limiting their growth like granuloma formation 

in response to M. tuberculosis [572]. Their release of inflammatory cytokines as an 

acute response could be beneficial to plaque clearance. However, prolonged 

exposure to stressors leads microglia to become chronically activated and pro-

inflammatory with impaired homeostatic/healing characteristics [51, 123, 338]. 

Such pro-inflammatory plaque associated microglia could try to compensate this 

function by upregulating SHIP1 to tentatively shift to a tolerant phenotype[503, 

573]. Thus, bias toward trained or tolerant microglia is a central issue in AD and 

could provide important insights in the disease [206, 208]. Here, a pulsatile SHIP1 

inhibitor 3AC promoted a trained innate immune phenotype or boosted tumor 

immunity by T and NK cells [441] and resistance to Candida challenge [450]. 
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However, immunomodulatory functions through pan-SHIP1/2 inhibition were 

shown to promote a tolerant phenotype and reduced obesity-related inflammation 

[493] suggesting improved homeostatic and tissue healing [518] to protect from or 

abolish disease. In the clinical AD phase microglial priming has shaped their 

response toward a pro-inflammatory/trained phenotype, associated with plaques, 

but that unable to process these plaques. Driving these microglia to a different 

subset with different phagocytic capacity represents an attractive potential therapy 

[218, 219]. 

 

Different definitions for dysfunctional microglia can be found (Dark 

microglia, blb, senescent) presenting impaired functions in cargo degradation and 

release of pro-inflammatory cytokines. Furthermore, microglial impairment in lipid 

metabolism is found in AD (e.g., LDAM) and other neurodegenerative diseases 

(e.g., “foamy microglia” in MS) [556]. In these settings SHIP1 agonism could 

contribute to reduce and restore microglial functions at the plaque by enhancing 

microglial degradation of lipid-containing b amyloid plaques without causing their 

rupture and release of toxic lipid-associated b amyloid that causes vascular and 

neuronal distress. The dampening and not complete abolishment in TNF- a 

production in microglia with SHIP1 agonists might have a favorable role to reduce 

excess TNF- a, while preserving TNF- a neuroprotective functions and promotion 

of microglia phagocytosis. Here a SHIP1 agonist might act as protector of NVU 

unit integrity, reducing inflammation-triggered LTD through microglia and indirectly 

through astrocytes, avoiding deterioration of BBB and infiltration of blood derived 
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cells that further worsen disease. An example of this downward spiral is seen in 

patients with the R47H Trem2 variant, where microglia showed a reduced barrier 

function and driving reduced plaque integrity and causing faster disease 

progression[209, 256].  

 

 Limitations for the timely treatment with inhibitors or an agonist include the 

lack of a reliable prodromal marker in AD. However, detection of the early cellular 

phase of microglial activation is currently under development via PET imaging and 

CSF markers, such as identification of altered plasma lipid composition [270]. More 

accurate diagnosis, to identify true AD, from other senile dementias is also of 

pivotal importance. LATE diagnosis has for long been associated with AD, 

however imaging techniques for amyloid plaques permitted the two 

neurodegenerative diseases to be distinguished. LATE has as molecular basis, 

TDP43 misfolding and aggregation [119]. Removal of TDP43 leads to increase of 

lysosomal content and phagocytosis, causing overpruning [120]. TDP43 was also 

found to upregulate or downregulate miRNA functions. Interestingly, miRNA 155 

is upregulated in mouse models for AD[507] and ALS[574] while its downregulation 

showed a protecting role in reducing iNOS induction in microglia[575]. Whereas 

TDP43 and miRNA 155 were not found directly associated [576], miRNA155 

seems to enhance pathology in other neurodegenerative diseases by promoting 

inflammation, where SHIP1 agonism could have a beneficial role. However, 

miRNA155 may have different targets, thus it could act by other means than 

downregulating SHIP1 expression. Nonetheless, its importance in a wide range of 
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neurodegenerative diseases could be used as a potential marker or treatment 

strategy. 

 The only FDA approved drug for AD is Aducanumab but that showed 

deleterious side effects and was only used in MCI. Clearly there is room for 

improvement. As the function of the currently approved anti-amyloid antibody is to 

bind b amyloid and form antibody-antigen complexes, pairing of these with pan-

SHIP1/2 inhibitors could potentially boost microglial phagocytosis by enhancing 

signaling at FCgRs where SHIP1 and SHIP2 can also limit signaling - to better 

clear plaque formation in early phase disease. On the other hand, co-formulation 

of a SHIP1 agonist with these antibodies would restore microglial function and 

permit reduction of inflammation, with faster plaque dissolution and degradation 

possibly avoiding deleterious leaks of lipid-bound amyloid seen in participants with 

APOE4 mutation.  
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Figure 21. SHIP Rheostat for AD Therapy Created with BioRender.com 

Limitations of the study  

 
Limitations or drawbacks that might occur with the use of pan-SHIP1/2 inhibitor 

include the increased microglial phagocytic function(s) discovered in this work , but 

also the potential effects in other body compartments (where tissue macrophages 

are present) and other cell types that express SHIP1, SHIP2 or both, as described 

above. Excessive removal of Ab could lead to ARIA as observed for Aducanumab 

treatment [322] that would increase the risk for brain hemorrhage. Prolonged lack 

of Ab anti-microbic effect could also increase susceptibility to infections in the brain 

and/or gut and but also impair Ab-dependent-LTP. Lastly, increased microglial 

phagocytic function could lead to overpruning resulting in Neurophagy if microglial 

activation. Thus, fine tuning of dosage and timing of the pan-SHIP1/2 inhibitors 
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should be addressed to understand the therapeutic index (TI) to have benefits that 

outweigh the potential risks. Use of a SHIP1 agonist could promote degradation of 

synapses with a similar effect on overpruning without affecting Ab content. A 

deeper characterization of a SHIP1 agonist or pan-SHIP1/2 inhibitor’s effect of 

different cell types should be also evaluated. Other cells in and outside the CNS 

could likely be affected by treatment with these SHIP modulators, possibly leading 

to unexpected and undesired effects. Known effects on other cell types for the pan-

SHIP1/2 inhibitor should be addressed as SHIP2 is expressed in the CNS by 

neurons, astrocytes and endothelial cells and thus may potentially modulate these 

functions in a detrimental manner. It is known that SHIP2 inhibitors promote 

neuronal survival [577]; however, SHIP2 inhibition in astrocytes, oligodendrocytes 

has not been evaluated. SHIP1 is not broadly expressed in CNS cell types; 

however, its impact on the function of other immune cells that reside in the brain 

meninges should be assessed, as these cells can also impact CNS functions. In a 

cancer study, treatment with SHIP1 inhibitor, lead to T and NK cell anergy with 

prolonged treatment and lack of rejection in allograph bone marrow transplant. 

Mouse models for SHIP1 and SHIP2 KO, and previous SHIP inhibitor studies in 

mouse models, suggest the potential pitfalls in use of small molecules modulators. 

However, a germline SHIP2-KO mouse model didn’t show a major phenotype that 

impacted longevity and general health, but germline SHIP1 KO do not survive past 

10-12 weeks due to development of ileitis, lung consolidation, and osteoporosis. 

Importantly, these pathologies were not observed in pan-SHIP1/2 treated mice 

dosed twice weekly for two weeks suggesting daily and persistent dosing is 
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required to induce these effects. However, pulsatile administration of a pan-

SHIP1/2 inhibitor is sufficient to enhance microglial function suggesting dosing 

strategies with these compounds can be achieved to avoid major toxic 

consequences. Prolonged SHIP agonism might also be deleterious as this might 

hamper normal inflammatory and immune responses and this increase 

susceptibility to infection or possibly even occult malignancies controlled by the 

immune system. Thus, appropriate precaution and toxicity evaluation should be 

undertaken during the potential development of possible pan-SHIP1/2 inhibitors 

and SHIP1 agonist for AD and other dementias. This is, of course, the case for all 

novel therapeutics and as the recent approval of aducanumab for AD even FDA 

approval can be achieved for therapeutics that have quite significant, even lethal 

side effects. In this case, the severity of AD, the clinical benefits observes, and the 

lack of other therapeutic alternatives outweighed the concerns. This approval 

nonetheless remains controversial. Thus, we must not abandon the potential of 

small molecule that target the SHIP paralogs at such an early stage of investigation 

as there is too much at stake from the perspective of our aging population and the 

oncoming tsunami of AD and other age-related dementias where microglia 

targeted therapeutics could have an impact.  

 

Future development  

 

Use of small molecules modulator of the SHIP paralogs might have off-target 

effects on other key signaling molecules. Thus, development of these into drugs 
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would require rigorous screening and elimination of such off-target effects on 

microglia and other cells in the body through traditional medicinal chemistry and 

machine learning/AI approaches. An initial screening for off target effect with 

computational strategy might be useful for this aim [578] followed by in vitro assay 

to identify off target effects [579]. This study, along with ADME and toxicology 

studies would be useful to define the potential for K161 or K306 to transition from 

preclinical to clinical drug development. However, proof of principle for efficacy and 

toxicology study in the various mouse models of AD are obviously essential step 

in their preclinical drug development, to define efficacy and TI for the drug to avoid 

ileitis, lung immune infiltration, brain hemorrhage and osteoporosis: potential 

toxicities that might overshadow the beneficial effects of these potential 

therapeutics.   
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Appendix 

 

Appendix tables5 

Appendix Table 1. K306 and AQX-MN100 Water solubility. 

 
aCLogP was calculated using the XLOGP3 atomistic and knowledge-based 

method [537]. XLOGP version 3.2.2 was used. 

bCLogS was calculated using the topological method [538]. 

 

Appendix Table 2. Cloning Primers for SHIP1-Enzyme, SHIP2DC2 and 

SHIP2-Enzyme. 

 

  

 
5 Adapted from Pedicone C*, Fernandes S*., Matera A*. et al., iSCIENCE 2022, 25(4) 
Doi/org/10.1016/j.sci.2022.104170. Appendix Table 1 designed by J.D.C., Appendix Table 2 
designed by S.F. 
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Synthesis of K3066 

 

The synthesis of K306 proceeded by the synthetic route shown below. 

Chlorosulfonylation and nitration of 2-methylthiophene 1 gave the sulfonyl chloride 

3, which was then used to form the sulfonamide 4. Reduction of the nitro group 

and coupling of the resulting amine to Boc-glycine gace the amide 6. Removal of 

the Boc protecting group with trifluoroacetic acid (TFA) followed by formation of a 

second sulfonamide with 4-fluorobenzenesulfonyl chloride gave the K306 

structure. 

 

5-methylthiophene-2-sulfonyl chloride (2) 

Lit Ref: [580]  

Dry DMF (1.02 mL, 13.23 mmol) was added to a flame-dried round bottom flask 

under argon and cooled to 0˚C. Sulfuryl Chloride (1.07 mL, 13.23 mmol) was 

added dropwise to the solution and stirred for 40 min at 0˚C forming a white crystal 

 
6 Adapted from Pedicone C*, Fernandes S*., Matera A*. et al., iSCIENCE 2022, 25(4) 
Doi/org/10.1016/j.sci.2022.104170. Chemical Synthesis designed by S.T.M.  
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complex. 2-methylthiophene (1) (1.00 mL, 10.19 mmol) was then added dropwise 

to the complex and heated to 100˚C and stirred for 1 h. The mixture was poured 

into ice-water and extracted with CHCl3 (3x25 mL). The organics were washed with 

a 5% NaHCO3 solution followed by water, dried over Na2SO4, and concentrated 

yielding the pure black oil (1.24g, 63%). TLC Rf = 0.655 (hexane: ethyl acetate, 

80%:20%); 1H NMR (400 MHz, CDCl3) δ 7.70 (d, J = 4.0 Hz, 1H), 6.85 (dd, J = 3.9, 

0.8 Hz, 1H), 2.61 (s, 3H); 13C[433] NMR (100 MHz, CDCl3) δ 152.6, 140.7, 135.5, 

126.3, 12.9 

 

 

5-methyl-4-nitrothiophene-2-sulfonyl chloride (3) 

Lit Ref: [581]  

Cooled fuming nitric acid (1.53 mL, 42.58) was added dropwise to a round bottom 

flask of acetic anhydride (1.66 mL, 17.57 mmol) and stirred at 0˚C. A solution of 

sulfonyl Chloride 2 (0.58 g, 2.95 mmol) in acetic anhydride (1.66 mL, 17.57 mmol) 

was added dropwise over a 30 min period. The temperature of the mixture was 

raised to 15˚C and stirred for 3 hr. After stirring the mixture the was poured over 

crushed-ice, extracted with diethyl ether (3x15 mL), and washed with saturated 

NaHCO3 until a neutral pH was achieved. The organics were collected and dried 

over Na2SO4, filtered and concentrated yielding a pure orange powder ( 0.50 g, 

70.4%). mp = 77.8-83.1˚C; TLC Rf = 0.491 (30% EA/70% hexanes); IR (ATR) 

3657, 3103, 2980, 1543, 1369, 1316, 1160, 1008, 541 cm-1; 1H NMR (CDCl3, 400 

MHz) δ 8.19 (s, 1H), 2.86 (s, 3H); 13C[1H] NMR (CDCl3, 100 MHz) δ 152.3, 143.2, 

S
SO2Cl

O2N
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138.8, 130.8, 16.2. Anal. Calcd for C5H4ClNO4S2: C, 55.49; H, 6.81; N, 4.98. 

Found: C, 55.11; H, 6.44; N, 4.90. 

 

 

4-[(5-methyl-4-nitrothiophene-2-yl)sulfonyl]thiomorpholine (4) 

Thiomorpholine (0.46 mL, 4.55 mmol) and nitrothiophene 3 (0.50 g, 2.07 mmol) 

was dissolved in 2 mL of dry 1,4-dioxane and heated to 60˚C. The mixture was 

stirred for 1 h at 60˚C, after which the reaction was cooled to rt and 20 mL of water 

was added. The mixture was extracted with DCM (3x20 mL), and the organics 

were dried over MgSO4, filtered and concentrated. The crude mixture was purified 

via silica gel chromatography in 70% hexanes:30% ethyl acetate yielding a maroon 

solid (0.490g, 78%). mp = 142.7-147.0˚C; TLC Rf = 0.531 (30% EA/70% hexanes); 

IR (ATR) 3655, 3117, 2980, 2913, 1545, 1507, 1368, 1163, 1153, 569 cm-1; 1H 

NMR (CDCl3, 400 MHz) δ 7.94 (s, 1H), 3.43 (t, J = 4.8 Hz, 4H), 2.86 (s, 3H), 2.76 

(t, J = 4.8, 4H); 13C[1H] NMR (CDCl3, 100 MHz) δ 149.3, 143.7, 133.1, 127.9, 48.0, 

27.3, 16.0. Anal. Calcd for C9H12N2O4S3: C, 35.05; H, 3.92; N, 9.08. Found: C, 

35.13; H, 4.06; N, 8.91. 

 

 

2-methyl-5-thiomorpholine-4-sulfonyl)thiophen-3-amine (5) 

Nitrothiophene 4 (0.49 g, 1.59 mmol) was dissolved in acetic acid (5.3 mL, 92.67 

mmol) and iron powder (0.44 g, 7.95 mmol) was added. The mixture was heated 

SNS
O

OS

O2N

SNS
O

OS

H2N
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to 60˚C and stirred for 1 h, after which the acetic acid was removed via vacuo. The 

residue was dissolved in ethyl acetate and washed with saturated NaHCO3 until a 

pH of 8 was reached. The organics were washed with brine, dried over MgSO4, 

filtered and concentrated. The crude mixture was purified via silica gel 

chromatography in a gradient of 70% hexanes:30% ethyl acetate to 50% 

hexanes:50% ethyl acetate yielding a dark solid (0.230g, 52%). mp = 139.7-

146.7˚C; TLC Rf = 0.121 (30% EA/70% hexanes); IR (ATR) 3361, 2913, 2852, 

1565, 1348, 1327, 1144, 898, 699 cm-1; 1H NMR (CDCl3, 400 MHz) δ 7.54 (s, 1H), 

3.72 (br s, 2H), 3.64 (t, J = 4.6 Hz, 4H), 3.01 (t, J = 4.8, 4H), 2.54 (s, 3H); 13C[1H] 

NMR (CDCl3, 100 MHz) δ 140.0, 130.5, 125.6, 122.0, 48.0, 27.3, 11.8. Anal. Calcd 

for C9H14N2O2S3: C, 38.83; H, 5.09; N, 10.06. Found: C, 39.17; H, 4.73; N, 9.84. 

 

 

tert-butyl N-(([2-methyl-5-(thiomorpholine-4-sulfonyl)thiophen-3-

yl]carbamoyl)methyl) carbamate (6) 

Boc-glycine (0.159g , 0.905 mmol), amine 5 (0.210 g, 0.754 mmol), HATU ( 0.574 

g, 1.509 mmol) and DIPEA (0.262 mL, 1.509) were dissolved in 10.5 mL of dry 

DMF under argon. The mixture was stirred for 24 h at rt. The reaction was diluted 

with ethyl acetate, washed with NH4Cl (3x15 mL) and brine. The organics were 

dried over MgSO4, filtered and concentrated. The crude mixture was purified via 

silica gel chromatography using 50% hexanes:50% ethyl acetate yielding a yellow 

oil (0.250g, 76%). TLC Rf = 0.308 (50% EA/50% hexanes); IR (ATR) 3656, 3254, 

SNS
O

OS

NH

O
NHBoc
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2980, 2971, 1665, 1350, 1154, 1141 cm-1; 1H NMR (CDCl3, 400 MHz) δ 8.55 (br 

s, 1H), 7.78 (s, 1H), 5.60 (t, J = 5.7 Hz, 1H), 3.89 (d, J = 5.6 Hz, 2H), 3.32 (t, J = 

4.0 Hz, 4H), 2.68 (t, J = 5.2, 4H), 2.32 (s, 3H), 1.43 (s, 9H); 13C[1H] NMR (CDCl3, 

100 MHz) δ 168.0, 156.9, 132.8, 132.2, 130.9, 128.6, 80.9, 47.9, 45.1, 28.3, 27.2, 

12.4. 

 

 

2-aminotrifluoroacetate-N-[2-methyl-5-(thiomorpholine-4-

sulfonyl)thiophene-3-yl]acetamide (7). 

Boc protected amine 6 was dissolved in TFA and stirred at rt for 0.5 h. The 

solvent was removed under vacuo and a pure off-white solid was recovered 

(1.57g, 96.3%). mp = 190˚C dc; IR (ATR) 3255, 2980, 2915, 1665, 1350, 1329, 

1153 cm-1; 1H NMR (MeOD, 400 MHz) δ 7.79 (s, 1H), 3.93 (s, 2H), 3.37 (t, J = 

5.0 Hz, 4H), 2.74 (t, J = 5.2, 4H), 2.45 (s, 3H); 13C[1H] NMR (MeOD, 100 MHz) δ 

164.5, 138.9, 134.7, 131.7, 131.4, 128.9, 40.4, 26.7, 11.1. Anal. Calcd for 

C13H18F3N3O5S3: C, 34.74; H, 4.04; N, 9.35. Found: C, 34.97; H, 4.16; N, 8.96. 

 

 

K306 (8) 
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O
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Amine salt 7 (0.600g, 1.384 mmol) was dissolved in dry dichloromethane (2.15 

mL) and dry TEA (0.425 mL, 3.045 mmol) and stirred at rt. 4-

fluorobenzenesulfonyl chloride (0.296g, 1.523 mmol) was added and the mixture 

was stirred at rt for 24 h. The mixture was washed with water (3x 5 mL) followed 

by a 5% HCl solution. The organics were collected, dried over MgSO4, filtered 

and concentrated. The crude mixture was purified by precipitation from 

dichloromethane yielding a white powder (0.213g, 31.2%). mp = 177.2-180.3˚C; 

TLC Rf = 0.371 (1% MeOH/99% DCM); IR (ATR) 3301, 3259, 2959, 2915, 1665, 

1352, 1324, 1166, 1141 cm-1; 1H NMR (DMSO, 400 MHz) δ 7.82 (dd, J = 5.0, 8.5 

Hz, 2H), 7.60 (s, 1H), 7.36 (t, J = 8.7 Hz, 2H), 3.63 (s, 2H), 3.19 (t, J = 4.4, 4H), 

2.68 (t, J = 4.4 Hz, 4H), 2.31 (s, 3H); 13C[1H] NMR (DMSO, 100 MHz) δ.167.7, 

138.5, 133.4, 133.2, 130.1, 130.0, 129.9, 129.3, 116.5, 116.3, 48.3, 26.8, 12.8; 

Anal. Calcd for C17H20FN3O5S4: C, 41.37; H, 4.08; N, 8.51. Found: C, 41.66; H, 

3.80; N, 8.87. 
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