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Discovery of a novel SHIP1 agonist that promotes
degradation of lipid-laden
phagocytic cargo by microglia

Chiara Pedicone,1,6 Sandra Fernandes,1,6 Alessandro Matera,2,6 Shea T. Meyer,3 Stewart Loh,4 Jeung-Hoi Ha,4

Denzil Bernard,5 John D. Chisholm,3 Rosa Chiara Paolicelli,2,7,* and William G. Kerr1,3,7,8,*

SUMMARY

Here, we describe the use of artificial intelligence to identify novel agonists of the
SH2-containing 50 inositol phosphatase 1 (SHIP1). One of the compounds, K306,
represents themost 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 counter-
parts. K306 also reduces TNF-a production in vivo in an LPS-induced endotoxemia
assay. Finally, we show that K306 enhances phagolysosomal degradation of syn-
aptosomes and dead neurons by microglia revealing a novel function for SHIP1
that might be exploited therapeutically in dementia.

INTRODUCTION

Over the last decade, SHIP1 has emerged as a therapeutic target due to its essential role in immune cells,

but also importantly for survival of certain cancers (Kerr, 2011). Indeed, a SHIP1-selective inhibitor has been

shown to be an effective promoter of immune responses to tumor cells, a chemotherapeutic for B lymphoid

cancers, hematopoietic stem cell (HSC) mobilization, and engraftment of autologous and allogeneic HSC

in murine models of disease or transplantation (Chen et al., 2015; Ecker et al., 2021; Fernandes et al., 2015;

Fuhler et al., 2012; Gumbleton et al., 2017). Pan-SHIP1/2 inhibitors have also been identified and these

compounds have shown in vivo efficacy in reversing diet-induced obesity and metabolic syndrome (Srivas-

tava et al., 2016). More recently, pan-SHIP1/2 inhibitors have emerged as a class of small molecules that can

increase phagocytic function of microglia in the CNS suggesting potential applications in dementias like

Alzheimer disease (Pedicone et al., 2019). The identification of the SHIP1 C2 domain that binds the

SHIP1 product, PI(3,4)P2, to increase its catalytic activity in a feed-forward manner, enabled the identifica-

tion of pelorol-based SHIP1 agonists. These first-in-class SHIP1 agonists (AQX-MN100, -16A) all based on

the pelorol scaffold were found to be effective at reducing proinflammatory functions of macrophages

in vitro and in vivo (Chamberlain et al., 2020; Ong et al., 2007). Unfortunately, pharmaceutical development

and testing of a novel SHIP1 agonist, AQX-1125, was halted after failing to demonstrate efficacy in a Phase

III trial for the treatment of inflammatory bladder disease (Nickel et al., 2019). However, a recent re-exam-

ination of AQX-1125 failed to show significant binding to recombinant SHIP1 in vitro (Chamberlain et al.,

2020) suggesting that failure in clinical testing was not necessarily that of SHIP1 agonism but rather the

poor potency of the compound that was chosen to be pursued clinically. Like SHIP1, SHIP2 has recently

been shown to be able to bind both its substrate PI(3,4,5)P3 and its product PI(3,4)P2 through the C2 domain

(Le Coq et al., 2017, 2021). Binding of either inositol phospholipid species increases SHIP2 enzymatic ac-

tivity with PRR domain binding enabling a 10- to 15-fold increase in activity (Le Coq et al., 2021). Thus, small

molecule SHIP2 agonists are very likely to be developed that could have a role in certain cancers where

SHIP2 is a tumor suppressor, but also potentially in diabetes, metabolic syndrome, and hypertension

due to SHIP2’s role in insulin signaling (Clement et al., 2001; Kagawa et al., 2005; Kaisaki et al., 2004; Slee-

man et al., 2005), as supported by associations of SNPs in the SHIP2 gene (INPPL1) in such diseases in both

European and Asian populations (Ghosh et al., 2000; Panhuysen et al., 2003; Xu et al., 1999). Interestingly,

one of the SNPs found in SHIP2 creates an amino acid change (L632I) in the catalytic domain that reduces its

enzymatic activity (Kagawa et al., 2005).
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The recent identification of single nucleotide polymorphisms (SNPs) in the INPP5D (SHIP1) gene linked to

Alzheimer disease (AD) risk, including the rs35349669 (rs669) SNP which is strongly associated with AD (Ruiz

et al., 2014; Zhang et al., 2016), has led to increased interest in targeting SHIP1 in Alzheimer disease.

Currently, there is a focus on SHIP1 inhibition approaches as a means to increase microglial functions pro-

moted by the SHIP1-regulated TREM2 receptor to decrease amyloid burden in the CNS (Kerr et al., 2020).

Indeed, our recent analysis showed that pan-SHIP1/2 inhibitory compounds promote the phagocytic func-

tion of microglia both in vitro and in vivo, including phagocytosis of pathogenic Ab42 (Pedicone et al.,

2019). However, reduced SHIP1 expression was recently shown to be part of a seven gene AD risk cassette

in a murine model of AD (Sala Frigerio et al., 2019), suggesting that SHIP1 agonism might also prove to be

an effective therapeutic strategy in AD. The answer is likely more complex in that SHIP1 might be antago-

nized or agonized depending upon the stage of disease in AD, with SHIP1 antagonism advocated in early-

stage disease to enhance microglial homeostatic function with agonism needed in late-stage disease to

reduce the damage caused by dysfunctional microglia.

Agonism of SHIP1 has also been advocated for the treatment of mucosal inflammatory diseases as SHIP1

null mice demonstrate consolidation of their lungs (Helgason et al., 1998; Paraiso et al., 2007), but also in

inflammatory bowel diseases (IBD) like Crohn disease (CD) as SHIP1 null adult mice develop a profound

ileitis that closely resembles human Crohn disease (Kerr et al., 2011). In fact, a significant subset of patients

with IBD (15%) are SHIP1-deficient at the protein level (Fernandes et al., 2018; Somasundaram et al., 2017).

The SHIP1-deficient subset of patients with IBD was subsequently found to have more severe disease that

requires surgical resection(s) or the use of biologics for treatment with respect to other patients with IBD

who are SHIP1-sufficient (Fernandes et al., 2018). Interestingly, these patients still retain a low level of SHIP1

protein expression (<10%) relative to healthy controls, suggesting SHIP1 agonism may be a feasible treat-

ment strategy as the protein target is not completely absent. Consistent with this, Chamberlain et al. have

recently shown that AQX-MN100, a pelorol-type SHIP1 agonist, is effective at treatment in a murine model

of colitis (Chamberlain et al., 2020).

We show here that a virtual high-throughput screen of the SHIP1 active site guided by an artificial intelli-

gence-based algorithm is effective in the identification of novel SHIP1 agonists. Moreover, one of these

agonists, K306, has a distinct mode of action that does not involve the C2 domain of SHIP1 as has been

shown for the pelorol derivatives (Ong et al., 2007). We show that the newly identified SHIP1 agonist

K306 can reduce inflammatory responses by both macrophages and microglia. Finally, studies with K306

enabled the discovery of an unappreciated role for SHIP1 in promoting degradation of lipid-laden phago-

cytic cargo by microglia.

RESULTS

Identification of new SHIP1 agonists via an innovative computational screening strategy

Until recently, there have been no X-ray structures of SHIP1 (Bradshaw et al., 2019, Released: 2019-01-16),

although, several crystal structures of portions of the highly homologous paralog enzyme, SHIP2, have

been disclosed (Le Coq et al., 2017; Mills et al., 2012; Tresaugues et al., 2014). 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 (Wallach et al., 2015). 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, and K306)

(Figure 1A) were surprisingly found to agonize SHIP1 activity using the malachite green assay and the

SHIP1/2 substrate PI(3,4,5)P3 (Figure 1B). All showed potent agonistic activity for SHIP1 (Figure 1B). Both

K284 and 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) (Figure 1C). Inter-

estingly, K306 significantly inhibited SHIP2 at 125mM, but not at the other concentrations tested (Figure 1C).

K291 also showed significant agonism of SHIP2, but interestingly only at the lowest concentration tested

(62.5mM) (Figure 1C). Taken together, this in silico screen led to the identification of four novel chemical

classes that can selectively agonize SHIP1 enzyme activity in vitro.

To further discriminate which of these novel SHIP1 agonists might have useful biological activity, we exam-

ined 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
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be partially repressed by pelorol SHIP1 agonists like AQX-MN100 (Ong et al., 2007). Thus, we reasoned

that, if these agonists can cross a cell membrane, they might also suppress inflammatory cytokine produc-

tion by microglia. Testing of all 4 compounds on LPS-stimulated BV2 cells revealed that only K306 had ac-

tivity consistent with SHIP1 agonism as it reduced both TNF-a (Figure 2B) and IL-6 production (Figure 2A).

Intriguingly, K284 increased IL-6 (Figure 2A), but not TNF-a production (Figure 2B) 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 (Ong et al., 2007). 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 (Brooks et al., 2010). 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 Figure 3A for SHIP gene constructs) was measured by incubating dilutions of

K306 or AQX-MN100 with either enzyme for 20 min 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 50

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

Figure 1. Novel SHIP1 agonists and their relative activity on SHIP1 and SHIP2

(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 100mM PI(3,4,5)P3-diC8. (Data are repre-

sentative of 2 independent experiments. Bars indicate mean with GSEM. 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).
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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 detected into the nanomolar range (EC50 of 0.2051mM for K306 vs. 0.5896mM

for AQX-MN100) (Figure 2C). 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) (Figure 2D). 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.

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

(Ong et al., 2007). Thus, we examined the dependency of K306 agonistic activity on recombinant SHIP1 that

lacks the C2 domain, SHIP1DC2 (Figure 3A). When we compared the ability of AQX-MN100 and K306 to

agonize SHIP1DC2 enzyme activity (Figure 3B), the novel agonist K306 retained significant agonistic activity

for SHIP1DC2, while AQX-MN100 showed no agonistic activity on SHIP1DC2 (Figure 3B), consistent with

previous findings (Ong et al., 2007). Thus, K306 agonism of SHIP1 is not dependent on the C2 domain

Figure 2. K306 has biological activity consistent with SHIP1 agonistic activity and is a more potent agonist than the pelorol AQX-MN100

(A) IL-6 and (B)TNF-a production by BV2 microglia cells stimulated with LPS for 6 h or 2 h, respectively, as measured from supernatants by ELISA. (Repre-

sentative results of two independent comparisons of all potential agonists at 5mM). All cells were treated with agonists or vehicle control 1 h before LPS

challenge. Bars indicate mean GSEM. Statistical analysis was performed with one-way ANOVA with Dunnett correction for multiple comparisons versus

control (DMSO), **p < 0.01, *p < 0.05). 50 fluorescence polarization Assay (FP) to measure PtdIns(3,4,5)P3 5
0 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 20 min at 37�C. PI(3,4)P2 generated by the SHIP enzymes is then

measured using the FP assay (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.
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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 andWTmice to validate that these compounds spe-

cifically act on SHIP1 to suppress inflammatory cytokine production following an LPS challenge (Ong et al.,

2007). 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 we have previously

used to demonstrate that SHIP1 controls macrophage activation and training by PAMP ligands like LPS

(Saz-Leal et al., 2018). In Figure 4A, we show that K306 significantly reduced LPS-induced TNF-a production

(vs. DMSO controls) after 6 h (6h) stimulation of SHIP1-sufficient SHIP1flox/flox BMDM, but not with LPS-stim-

ulated 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 fromWT 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 (Figure 4B). 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 (Ong et al.,

2007). To accomplish this, we dosed mice twice with K306 (20 mg/kg, i.p.), 30 min before and 30 min after

LPS challenge (2 mg/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 (Figure 4C). Therefore, K306 has sufficient stability and po-

tency to reduce LPS-induced inflammatory cytokine production in vivo suggesting a possible application

of this compound in dampening cytokine storms driven by bacterial or 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

Figure 3. K306 agonism does not 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) are representative of

three independent experiments. Bars indicate mean GSEM. 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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dementias (Brown and Vilalta, 2015; Colonna and Butovsky, 2017; Hansen et al., 2018; St-Pierre et al., 2020;

Ulland et al., 2015; Zhang et al., 2011). In fact, microglia can respond to both LPS and Ab42 peptides to pro-

duce TNF-a (Hughes et al., 2020). We found that K306 reduces both TNF-a and IL-6 production by BV2 mi-

croglia cells stimulated with LPS (Figures 2A and 2B), 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 (Wang et al., 2015) and

SHIP1 opposes TREM2 distal signaling (Peng et al., 2010). 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 expres-

sion of SHIP1 relative to parental BV2 cells (Figures S1A–S1C). Specifically, Clone 1 has reduced SHIP1

expression as compared to parental BV2 cells, while Clone 2 lacks SHIP1 expression (Figures S1A–S1C).

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

(Figures S1D-S1F). When testing cytokine production, we found that K306 was able to reduce Ab42-stim-

ulated TNF-a production by parental (SHIP1 sufficient) BV2 cells, but not by either of the gene-edited BV2

Figure 4. 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 6 h of LPS stimulation, reported as percentage

of TNF-a production compared to DMSO-treated BMDMof the same genotype (B)WT BMDM treated with K306 or MN100 for 1 h and incubated with LPS for

1 h. TNF-a 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 (20 mg/kg) or vehicle at 30 min prior to and 30 min after LPS challenge (2 mg/kg). Blood was collected 1 h 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 (100 ng/mL) for 3 h or 10 ng/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 1 h prior to Ab42 or LPS stimulation. Data are representative of three independent experiments. Bars

indicate Mean G 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 1 h with Veh (0.25%DMSO) or K306 (10mM in Veh) prior to addition of LPS (100 ng/mL).

Unstimulated BV2 cells treated with Veh are shown as an additional control to assess LPS induction of iNOS (lane 1). After a 1 h incubation with LPS, Veh

(0.25% DMSO) or K306 (10mM in Veh) was again added to the indicated samples and incubation was continued for 16 h (Final DMSO concentration in each

well was 0.5% DMSO and 0mM (lane 1 and 2), 10mM (lane 3), or 20mMK306 (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 representative

experiment of 4 independent experiments with 4 replicate wells/condition.
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clones that lack or have lower SHIP1 expression, including Clone 1 that still retains some SHIP1 expression

(Figure 4D). 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 (Figure 4D). We

further tested the ability of K306 to reduce inflammatory gene expression in microglia by examining its abil-

ity to impact LPS induction of iNOS expression. 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 (Figures 4E and S2). 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.

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 (Hume et al., 1983). These are essential microglial homeostatic functions that

are necessary for the development and maintenance of normal cognitive abilities (Paolicelli et al., 2017; Ya-

nuck, 2019; Zhan et al., 2014). We previously found that pan-SHIP1/2 inhibitory compounds selectively

enhancedmicroglial phagocytic uptake, or engulfment, of Ab42 peptide, and also dead neurons (Pedicone

et al., 2019). 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 labeled

with TdTomato by confocal microscopy and compared their intracellular levels at 0 and 6 h after initial

uptake to study cargo degradation (Figures 5A and 5B). 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 (Figure S3A) and by time-lapse light sheet microscopy (Figure S3F and Video

S1). Furthermore, synaptosomes were conjugated with the pH-sensitive dye pHrodo, to confirm intracel-

lular trafficking into acidic compartments (Figures S3G–S3I). 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 engulf-

ment of dead neurons but did increase their rate of degradation by BV2microglia (Figure 5C). 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 2 and 6 h after initial engulfment (Figure 5D).

To further investigate the effects of K306 on amyloid clearance by microglia, we used a previously estab-

lished paradigm in which BV2 cells are exposed to conditioned medium from HeLa cells overexpressing

the human amyloid precursor protein carrying the Swedish mutation (swAPP) (Paolicelli et al., 2017). In

this assay, the residual amyloid levels are measured by a multiplex immunoassay, which allows simulta-

neous 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 (Figure 5E),

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.

DISCUSSION

Here, we have shown that an artificial intelligence-guided virtual screening approach can be used to iden-

tify novel SHIP1 agonists. All the agonists identified through this in silico approach showed selective ago-

nism of SHIP1 vs. its paralog SHIP2 with most not agonizing SHIP2 to any significant degree. Most of the

initial SHIP1 agonists identified did not have biological activity, which might be due to a lack of cell mem-

brane permeability.

The SHIP1 agonist K306 displayed biological activity in a cell-based assay enhancing SHIP1 phosphatase

activity, as supported by the significant increase in PI(3,4)P2 levels observed in BV2 cells upon treatment.

K306 was also able to significantly suppress production of inflammatory cytokines (TNF-a, IL-6) in both pri-

mary macrophages and BV2 microglial cells. Suppression of inflammatory cytokine production by K306 was

found to be dependent on SHIP1 expression in both cell types, demonstrating K306 anti-inflammatory ac-

tivity is mediated through agonism of SHIP1. Surprisingly K306 also enhanced phagocytic degradation of
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synaptosomes and dead neurons by microglia, but not that of Ab42, a proteinacious cargo. These findings

reveal a novel function for SHIP1 in microglial biology. Moreover, we find that K306 has a new mode of ag-

onism for SHIP1 and interestingly it may be the most potent small molecule agonist of SHIP1 identified to

date. Furthermore, we show that K306 can suppress LPS-induced TNF-a production in vivo, suggesting it,

or an analog of it, might have therapeutic efficacy in inflammatory diseases, and perhaps also in diseases

involving microglial dysfunction due to their inability to process large, lipid-bearing phagocytic cargoes as

has recently been proposed in aging and dementia (Marschallinger et al., 2020).

Our screen identified four novel classes of small molecules that can increase SHIP1 enzyme activity in vitro

and all four agonists (K284, K291, K306, and K314) showed selectivity for SHIP1 vs. SHIP2. Somewhat disap-

pointingly, only one of the four, K306, appears to have biological activity consistent with a SHIP1 agonist on

cells, although we did find that K284 significantly increases LPS-induced IL-6 production by BV2 cells, but

surprisingly not that of TNF-a. As SHIP1 limits both TNF-a and IL-6 production by macrophages, the selec-

tive super-induction of TNF-a mediated by K284 is not consistent with it being a SHIP1 inhibitor. Further

Figure 5. K306 selectively increases microglial degradation of membrane-containing phagolysosomal cargo

BV2 pretreated with 10mM K306 for 1 h was incubated with the indicated cargo for 1 h and degradation of the cargo was detected by either fluorescence

microscopy (A) or flow cytometry (C and 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 2 and 6 h (T2H, T6H). (Data are representative of four independent experiments in

(A and B) or three independent experiments in (C, D). Bars indicate mean GSEM. 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 6 h incubation with BV2 cells treated with K306 or DMSO control,

normalized to DMSO and to cell viability. Bars indicate mean G SEM from three independent experiments.
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analysis is required to confirm this selective induction is specific to BV2 cells or perhaps an off-target effect

of K284. We speculate that both K291 and K314 are not able to pass through the plasma membrane lipid

bilayer to access SHIP1 in its cytosolic location, but further studies are required to confirm these molecules

are indeed unable to enter the cytosol. Should this prove to be the case, it is feasible that K291 and K314

can be salvaged as biologically useful SHIP1 agonists by modifying them to increase their lipophilicity to

improve cell permeability.

By combining protein engineering with analysis of K306 and AQX-MN100 agonism, we were also able to

demonstrate that K306 exerts its activating effects on SHIP1 via a novel mechanism at the molecular level.

K306 clearly does not require the C2 domain that is adjacent to its enzyme domain to increase SHIP1 phos-

phatase activity. This suggests it does not act as a PI(3,4)P2 mimic as the C2 domain mediates physiological

agonism of SHIP1 in cells through binding of its PI(3,4)P2 product in a feed-forward fashion (Ong et al.,

2007). Future mutational analyses and structural modeling should reveal more information regarding the

K306 binding site on the SHIP1 protein, although NMR and X-ray crystallographic studies are likely needed

to provide a complete understanding of the K306 mode of agonism.

There are several SHIP1 signaling roles, that might limit inflammatory cytokine production, that might now

be explored for K306, in comparison with other SHIP1 agonists like AQX-MN100. For instance, how K306

reduces inflammatory cytokine production should be explored, including signaling pathways that lead to

activation of NF-kB, NFAT, or STAT1. In addition, the ability of K306 to reduce production of other proin-

flammatory mediators, ROS and NO, by macrophages might also be examined as we find that it can reduce

induction of iNOS. It will also be interesting to determine if K306 influences SHIP1 signaling pathways

where it has a non-enzymatic function. SHIP1 plays a masking role for the intracellular portions of receptors

to limit their signaling as shown for the SLAM family receptor 2B4 (Wahle et al., 2007), TREM2 (Peng et al.,

2010), and CD95/Fas (Park et al., 2014). We show here that K306 reduced Ab42-mediated induction of

TNF-a by microglia. This suggests K306 might enhance the stability of SHIP1’s association with DAP10,

the co-receptor for TREM2 in microglia and macrophages (Peng et al., 2010). TREM2 is thought to be

the major microglial sensor for Ab42 (Wang et al., 2015).

It is particularly exciting that the discovery of a novel SHIP1 agonist has led to identification of a previously un-

known biological function for SHIP1—promoting the degradation of large, lipid-laden cargo bymicroglial cells.

Whether this is an enhancement of conventional phagocytic flux via Rab5 or Rab7, improved autophagic flux

into thephagolysosomal compartment via Atg7or possibly by promoting flux into the recently identifiedgastro-

some (Villani et al., 2019) remains to be determined. Improved gastrosomal flux is a distinct possibility as K306

selectively enhances degradation of large lipid-bearing cargo, and not a proteinaceous cargo like Ab42. Further

studies of K306 in mutant microglia that selectively impair each of these phagocytic processes are now war-

ranted. In addition to defining the cell biological processes and their molecular components that are promoted

by K306 to increase degradation of dead cells and synaptosomes, it will also be interesting to examine the phys-

iological and pathological processes that K306, or an analog, might have in aging and diseases impacted by

microglial dysfunction. For instance, lipid-droplet-associated microglia (LDAM) are enriched in both aging

and in dementias like Alzheimer and also acquire proinflammatory function (Marschallinger et al., 2020). That

K306 can both reduce production of inflammatory cytokines by microglia in response to beta-amyloid, while

also improving their ability to process lipid-laden cargo, suggests this is a valid possibility. In addition, lipid-

laden macrophages (e.g., foam cells) that are unable to recycle, and efflux cholesterol properly contribute to

atherosclerotic disease (McLaren et al., 2011; Yu et al., 2013). Thus, the potential for K306 to re-balance choles-

terol uptake, processing, and efflux in such macrophages might also be explored in atherosclerosis models.

In addition to the above important biochemical, cell signaling and pathology questions concerning the util-

ity of K306, an assessment of its potential to abrogate inflammatory disease in the lungs and gut seems

warranted. This is important because the failure of AQX-1125 to modulate these diseases, including

COPD, has been viewed as a clinical failure for SHIP1 agonism approaches. However, Chamberlain et al.

have recently found that AQX-1125 exhibits negligible binding for SHIP1 suggesting this may not have

been an ideal small molecule to advance clinically (Chamberlain et al., 2020). The relative water insolubility

of pelorols like AQX-MN100, -16A, and�435 may in turn limit their clinical testing (Lemm et al., 2020). K306

is more water-soluble than the pelorols (Table S1), has greater potency, and thus it, or possibly an analog,

might now be explored to allow a proper test of the true potential for SHIP1 agonism to abrogate diseases

like COPD and IBD. That a subset of patients with IBD is SHIP1-deficient, but still retains some SHIP1 activity
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further supports the necessity of testing novel potent SHIP1 agonists in IBD and perhaps other inflamma-

tory diseases, including Alzheimer disease.

Limitations of the study

As with any study describing a novel small molecule that impacts the function of a key signaling molecule

like SHIP1, there is always the possibility that it also has undesired effects, by interacting with some other

protein in the cell. However, we feel that we havemitigated this possibility to a significant degree by testing

the novel SHIP1 agonist in SHIP1 null macrophages and microglial cells. This analysis did not reveal an ef-

fect of the novel SHIP1 agonist on inflammatory mediators when SHIP1 was absent, but nonetheless off-

target effects could subsequently be found to impact other cellular functions that we have not anticipated.

We also should point out that K306 represents a novel chemical class of SHIP1 agonists that contains a sul-

fur atom and potentially other chemical groups that are subject to oxidation by oxidases elaborated by

various cell types in the body, or even in microglia and macrophages themselves. This may have reduced

some of the cellular or biological potency of this first-generation molecule (K306) as it may be subject to

rapid degradation in cells. Some of our data on the effect of K306 on iNOS induction in microglia already

suggest this possibility. Thus, over time, it will be important to test analogs of K306 that retain agonistic

activity but where the sulfur atom, or other groups, have been replaced to render this novel class of ago-

nists more resistant to cellular oxidation pathways. This might result in more efficacious analogs that could

significantly increase the utility of this novel class of SHIP1 agonists in inflammatory diseases and potentially

also dementias like Alzheimer Disease. It should also be pointed out that we did not see increased degra-

dation of Ab42 peptide in vitro in microglia treated with K306. It merits mention that it is currently thought

that most neurotoxic Ab42 deposits are associated with lipids. Thus, it will be interesting to see if Ab42

degradation by microglia is enhanced by K306 treatment when Ab42:lipid compositions are tested, or

perhaps in vivo with plaque-associated Ab42 deposits in amyloidogenic mouse models of AD.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-SHIP-1 Antibody (P1C1) Santa Cruz Biotechnology Cat# Sc-8425

Santa Cruz Biotechnology Cat# Sc-13119

Anti-b-Actin Antibody (C4) Santa Cruz Biotechnology Cat# Sc-47778

m-IgGk BP-HRP Santa Cruz Biotechnology Cat# Sc-516102

TruStain FcX (anti-mouse CD16/32, Clone 93) Biolegend Cat# 101320

SHIP1-PE (Clone P1C1) Biolegend Cat # 656604

APC/Cyanine7 anti-mouse CD45 Antibody Biolegend Cat# 103116

CD45-PerCP (Clone 30-F11) Biolegend Cat# 557235

CD11b-APC_Cyanine7 (Clone M1/70) BD Biosciences Cat# 557657

iNOS-PE_eFlour610 (CloneCxNFT) ThermoFisher Scientific Cat #61-5920-80

Anti-PtdIns(3,4)P2 Echelon Biosciences Cat# Z-P034

Phalloidin CruzFluor, 647 Conjugate Santa Cruz Biotechnology Cat#sc-363797

Alexa Fluor Plus 555 Goat anti-Mouse IgG

(H+L)

Thermofisher Scientific Cat# A32727

Bacterial and virus strains

DH 5 alpha competent E.coli New England Biolabs Cat# C2987H

BL2I (DE3) competent E.coli New England Biolabs Cat# C2527H

Chemicals, peptides, and recombinant proteins

beta-Amyloid Peptide (1-42) Human Abcam Cat#ab120301

Lipopolysaccharides from, E coli 0111:B4 (LPS) Sigma-Aldrich Cat# L2630

Beta-Amyloid (1-42), HiLyte� Fluor

488-labeled Human

Anaspec Cat# AS-60479-01

SHIP2 Lipid Phosphatase Enzyme Echelon Biosciences Cat # E-1000-2

BugBuster HT Millipore Cat# 70922-4

PI(3,4,5)P3 diC8 (PIP3) Echelon Biosciences Cat# P-3908-3

Malachite Green Solution Echelon Biosciences Cat# K-1501

eBioscience IC Fixation Buffer ThermoFisher Scientific Cat# 00-8222-49

eBioscience Permeabilization Buffer (10X) ThermoFisher Scientific Cat# 00-8333-56

Zombie Aqua Fixable Viability Kit Biolegend Cat #423102

Molecular Probes DAPI (4’,6 Diamidino 2

Phenylindole, Dihydrochloride)

Thermo Fisher Scientific Cat#D1306

Propidium iodide (PI) Sigma Cat#P4170

Mowiol (Polyvinyl Alcohol) Sigma Merck Cat#81381

Critical commercial assays

Plasmid Midi Kit (25) Qiagen Cat#12143

5’PtdIns(3,4,5)P3 Phophatase Activity

Fluorescence Polarization Assay

Echelon Biosciences Cat# K-1400

SuperSignal� West Femto Maximum Sensi-

tivity Substrate

Thermo Scientific� Cat#34095

SuperSignal� West Pico PLUS Chemilumines-

cent Substrate

Thermo Scientific� Cat#34080

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Halt� Protease and Phosphatase Inhibitor

Cocktail (100X)

Thermo Scientific� Cat#78440

Syn PER Synaptic Protein Extraction Reagent Thermo Fisher Scientific Cat#87793

4–15% Mini-PROTEAN� TGX� Precast Pro-

tein Gels

Bio-Rad Cat#4561084

ELISA MAX� Standard Set Mouse IL-6 BioLegend Cat#431301

ELISA MAX� Standard Set Mouse TNF-a BioLegend Cat#430901

TMB Substrate Set BioLegend Cat#421101

Cell Counting KIT-8 CCK-8 Dojindo Molecular Technologies Inc Cat#CK04-20

Lipofectamine� CRISPRMAX� Cas9 Transfec-

tion Reagent

Thermo Fisher Scientific Cat#CMAX00008

Truecut� Cas9 Protein v2 Thermo Fisher Scientific Cat#A36498

TrueGuide� Synthetic sgRNA – Inpp5d mouse Thermo Fisher Scientific Cat#CRISPR494808_SGM

TrueGuide� Synthetic sgRNA – Negative

control

Thermo Fisher Scientific Cat#A35526

Syn PER Synaptic Protein Extraction Reagent Thermo Fisher Scientific Cat#87793

V-PLEX Ab Peptide Panel 1 (6E10) Kit Meso Scale Discovery Cat#K15200E-2

In Vitro Toxicology Assay Kit, Resazurin based Sigma-Aldrich Cat#TOX8-1KT

Phrodo� iFL Green STP Ester (amine-reactive) Thermo Fisher Scientific Cat# P36012

Deposited data

SHIP2 structure (Mills et al., 2012) PDBID: 4A9C

SHIP2 structure (Le Coq et al., 2017) PDBID: 5OKM

INPP5B structure (Tresaugues et al., 2014) PDBID: 3MTC

Mcule library (Hsieh et al., 2019) N/A

Experimental models: Cell lines

BV2 ATCC Cat# CRL-2467

Mouse BV2 scramble clone Generated by Paolicelli’s lab NA

Mouse BV2 Inpp5d clone 1 Generated by Paolicelli’s lab NA

Mouse BV2 Inpp5d clone 2 Generated by Paolicelli’s lab NA

Mouse BV2 cell-line Kind gift of Marc Suter (UNIL) CVCL_0182

Human Stably expressing-APPsw Hela cells Kind gift from Lawrence Rajendran (UZH) N/A

L929 mouse fibroblast cells Kind gift of Steven Taffet (UPSTATE) N/A

Experimental models: Organisms/strains

C57BL/6J Jackson Laboratory Cat#000664

B6.129S6-Inpp5dtm1Wgk/J Jackson Laboratory Cat#028255

B6.129P2-Lyz2tm1(cre)Ifo/J Jackson Laboratory Cat#004781

Mouse: B6.Cg-Tg(Camk2a-cre)T29-1Stl/J Jackson Laboratory Cat#005359

Mouse: B6.Cg-Gt(ROSA)26Sortm14(CAG

tdTomato)Hze/J

Jackson Laboratory Cat#007914

Oligonucleotides

See Table S2 for: SHIP1 cloning primers

(pS97splitRBP_S1-Enz)

This Paper N/A

See Table S2 for: SHIP1deltaC2 cloning

primers (pS97splitRBP_ S1DC2)

This Paper N/A

See Table S2 for: SHIP2 cloning primers

(pS97splitRBP_ S2-Enz)

This Paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, William G. Kerr (wgkerr@mac.com).

Materials availability

The following plasmids generated and used in this study have recently been deposited to Addgene (De-

posit Number: 80865).

They are:

pS97splitRBP_S1-Enz

pS97splitRBP_S2-Enz

pS97splitRBP_S1dC2

pET24TEV-tSHIP1

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pET24TEV-tSHIP1 (Brooks et al., 2015) Addgene ID 183770

pET24TEV-tSHIP2 (Russo et al., 2015) Addgene ID 183771

pS97splitRBP (Ha et al., 2019) N/A

pS97splitRBP_S1DC2 This paper Addgene ID 183769

pS97splitRBP_S1-Enz This paper Addgene ID 183767

pS97splitRBP_S2-Enz This paper Addgene ID 183768

Software and algorithms

AtomNet� AI technology This paper N/A

FlowJo v10.8.1 BD Biosciences https://www.flowjo.com

SpectroFlo Version 2.2.0.2 Cytek https://cytekbio.com/pages/aurora

ImageJ (Schneider et al., 2012) https://imagej.nih.gov/ij/

Imaris Bitplane http://www.bitplane.com/imaris/imaris

Prism 9.2 GraphPad https://www.graphpad.com/

BioTek Gen2 Data analysis software Agilent https://www.biotek.com/

Image Lab Software Bio-rad Cat# 12012931

Thunder Imaging System Leica Microsystems https://www.leica-microsystems.com

Other

HisTrap� High Performance 5mL column Cytiva Life Sciences Cat# GE17-5248-01

Pierce Protein Concentrators 30KMWCO PES Thermo Fisher Scientific Cat#88529

DMEM/Ham’s F-12 50/50 Mix [+] L-glutamine Corning� Cat#10-090-CV

Cellstripper�, Liquid Corning� Cat# 25-056-CI

Gibco� DMEM, low glucose, pyruvate ThermoFisher Scientific Cat# 31885049

Trypsin-EDTA (0.05%), phenol red ThermoFisher Scientific Cat# 25300062

Poly-D-lysine Hydrobromide Sigma Merck Cat# P7886

m-Slide 18 Well IBI Cat# 81817

Geneticin disulphate (G418) Carl Roth Cat# 108321-42-2

Zeocin� Selection Reagent ThermoFisher Scientific Cat# R25001

Microvette� 100 Serum, 300 mL Sarstedt Cat#20.1308.100
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pET24TEV-tSHIP2

The SHIP1flox mice used in this study have been deposited at Jackson Laboratories.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

For the LPS-induced endotoxemia study, C57BL6/J (Male) mice (8-10 weeks old) were purchased from Jack-

son Laboratories (Bar Harbor, ME). Mice were housed at the SUNY Upstate Medical University vivarium

under conventional, nonspecific-pathogen-free conditions.CamKIIa-CRE mice crossed to Rosa26-fl-

STOP-fl-TdTomato adult male mice were housed at the UNIL animal facility in nonspecific-pathogen-

free conditions and used to produce synaptosomes for uptake and degradation assay.

METHOD DETAILS

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 AtomNet� AI tech-

nology, for structure-based drug design trained to predict protein-ligand 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 com-

pounds was prepared and screened, as described previously(Hsieh et al., 2019), using an ensemble of

protein-ligand conformations. Each of the 4M molecules was scored and ranked by the AtomNet� tech-

nology, 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 Materials.

Cloning and expression of SHIP1-Enz, SHIP1DC2 and SHIP2-Enz

Cloning and expression of tSHIP1 from human whole bloodmRNA have been previously described (Brooks

et al., 2015). 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 ampli-

fied from pET24TEV-tSHIP1 (Brooks et al., 2015). Truncated human SHIP2 protein containing phosphatase

and C2 domain (SHIP2-Enz, residues 414-872) was amplified from pET24TEV-tSHIP2 (Russo et al., 2015). All

primers used for cloning are listed in Table S2. These three constructs were then individually cloned into

pS97splitRBP(Ha et al., 2019) between NotI and BamHI sites, in E.Coli DH5 alpha (New England 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 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 5 mL/min flow

rate and 10mM-1M imidazole gradient in Buffer A (20mM Tris pH 8.0, 300mM NaCl, 10mM imidazole,

5mM b-Mercaptoethanol). Fractions containing active protein by Malachite Green Phosphatase Release

Assay (Echelon, see below) were pooled, concentrated and buffer exchanged to reduce imidazole concen-

tration by centrifugation using Pierce Protein Concentrators 30KMWCO PES, (ThermoFisher Scientific).

Protein was aliquoted and stored at �80�C in Buffer A without b-ME and containing 50% glycerol.
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Malachite green phosphatase release assays

Malachite Green Phosphatase Release Assays (Echelon Biosciences) were performed with recombinant hu-

man truncated SHIP1 (tSHIP1) (Brooks et al., 2015) and SHIP2 (Echelon Biosciences). Briefly, serial dilutions

of the compounds dissolved in 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, 150mMNaCl, 1mMMgCl2, 0.25mM EDTA) in triplicate reactions in 96-well plates. Reactions were incu-

bated for 2min at room temperature. 2.5 mL of 1mMPhosphatidylinositol 3,4,5-trisphosphate diC8 (PI(3,4,5)

P3diC8) (Echelon Biosciences) was added to each reaction to a final concentration of 100mM in a final vol-

ume of 25 mL/well. Following 20 min incubation at 37�C, 100mL of Malachite Green Solution (Echelon Bio-

sciences) 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).

50PtdIns(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 (Brooks et al., 2015),

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 (Fuhler et al., 2012). Briefly, serial dilution of

the compounds and a control with 2.5%solvent only (0mM) is added to the enzyme in a volume of 40mL

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, 150mMNaCl, 1mMMgCl2, 0.25mM EDTA). 40mL of 4mMPIP3 (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 3 min at 95�C. Reactions
were spun down briefly and 10mL of each reaction was added in 6 replicate wells to a black 384-well plate

provided with the FP kit. 10mL of 1X reconstituted Detector in PBS is then added to each well, followed by

5mL 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 60 min at room temperature

protected from light. Control wells are included with each assay (No Enzyme control (NE):5mL Rx buffer with

2.5% solvent+ 5mL PIP3 (4mM), 10mL Detector, 5 mL Probe, Probe Alone (PA) control (10mL enzyme buffer,

10mL PBS, 5 mL 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 beta 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 m-Slide 18 Well Glass Bottom (Vitaris) according to the experiment performed.

For inflammatory cytokines production studies, iNOS detection studies, beta amyloid and dead neuron up-

take and degradation studies, BV2 were cultured in DMEM/F12 (Corning) 10% HI FBS at 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 (Saz-Leal et al., 2018) 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 mL/

100mL Lipofectamine� CRISPRMAX� Cas9 Transfection Reagent (ThermoFisher Scientific, CMAX00008), 15nM

Inpp5dMouse 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 in Figure S1.

Immunofluorescence for SHIP1 on BV2 clones

Cells were fixed with 4% PFA for 20 min at RT. After 15 min 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
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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 mg/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 incu-

bation (1 mg/ml in PBS, Thermo Fisher Scientific) for 10 min at RT. Cells were rinsed once with PBS and cov-

erslips were mounted on glass slide with Mowiol. Images were acquired with a fluorescence microscope

(Thunder Imaging System, LeicaMicrosystems) or with a Leica Stellaris 5 Confocal microscope (LeicaMicro-

systems), 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 min with Lysis buffer (20mM Tris, 150mM NaCl, 1mM

EGDA, 1mM EGTA, 1%Triton X-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 (Pedicone et al., 2019). Briefly, 25mg of cleared

lysate in loading buffer containing DTT was loaded on 4-15% Precast gels (Bio-Rad). The gel was run 30 min

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 incu-

bated 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-min 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 mL of Zombie Aqua (Biolegend) in 100 mL of PBS for 20 min on ice. Cells were

washed with FACS buffer (FB: PBS, 3%FBS HI,0.5%HEPES) and spun down 5 min at 350xg. Cells were fixed

with 200mL eBioscience IC Fixation Buffer (ThermoFisher Scientific) for 20min on ice and washed/permea-

bilized with 2mL 1X eBioscience Permeabilization Buffer (1XPB, ThermoFisher Scientific) and spun down

5 min 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 min on ice, washed

with 2 mL of 1XPB, spun down 5 min 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, 0.5mL/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. 0.5 mg/mL of beta am-

yloid 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 37�C. After the incubation the cells were washed with 1 mL

of cold PBS and incubated for 0,2 or 6h with fresh media at 37�C 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 min on ice. Cells were washed twice and resuspended in 200 mL of cold FB containing 0.1 mg/mL PI

for beta amyloid assay or 0.1 mg/mL DAPI for DN assay as live/dead staining incubated on ice for 5 min,

as previously described (Pedicone et al., 2019). 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
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collected and Dounce homogenization was performed on ice. The solution was centrifuged at 12003 g for

10 min at 4 �C. The pellet was discarded, and the supernatant was further centrifuged at 15,000 3 g for

20 min at 4 �C. The pellet containing synaptosomes was resuspended to obtain a final concentration of

6.4 mg/mL (5% v/v DMSO in Syn-PER� reagent) and the suspension was aliquoted and stored at �80�C.

Synaptosomal uptake and degradation assay

48h after seeding (2000 cells/well) in coated m-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 TdTo-

mato-synaptosomes at a final concentration of 65 mg/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 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 mg 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 per-

formed to remove unbound pHrodo. Synaptosomes were centrifuged at 15,000 3 g for 20 min 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 Microsys-

tems), 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.

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 1h uptake, at 0, 120, 345 min

in Figure S3 and or as full Video.S1

Three-dimensional reconstruction of BV2 cells engulfing synaptosomes was produced using Imaris Soft-

ware (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 cov-

erslips 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.

Ab clearance assay

BV2microglia cells were incubated with HeLa swAPP-conditionedmedium, and kept at 37 �C, 5% CO2. Me-

dium was collected after 6 h of incubation with cells and used for measurement of residual Ab. 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 Ab Peptide, Meso Scale Discovery)

were used to measure the level of Ab38, Ab40, Ab42 by electrochemiluminescence (ECL). Ab species pep-

tides were detected with a 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 (100 ng/ml) or PBS were

added to appropriate wells and incubation was continued for 1h. The second round of K306 (10mM) or Veh

was added to each well such that the final concentration of DMSO was 0.5% in each well and the concen-

tration of K306 was 10mM or 20mM 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
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spun down 5 min at 350xg. Cell pellets were stained with Zombie Aqua (0.4mL of stock diluted 1:100 in 50mL

of PBS/test) for 20min on ice, washed with 2mL cold PBS and spun down 5 min at 350xg. Pellets were re-

suspended in 15mL Fc Block (TruStain FcX, Biolegend), and stained with surface antibody cocktail

(CD11b-APC_Cyanine7 (Clone M1/70) and CD45-PerCP (Clone 30-F11) in 35mL FB/sample for 20min on

ice. Cells were washed with 2mL cold PBS and spun down 5 min at 350xg. Cells were fixed with

200mL eBioscience IC Fixation Buffer (ThermoFisher Scientific) for 20min on ice and washed with 1XPB

and spun down 5 min at 400xg. Pellets were resuspended in 25mL Fc Block in 1XPB and stained with

iNOS-PE_eFlour610 (CloneCxNFT). Cells were washed twice with 2mL 1XPB and spun down 5 min at

400xg. FMO control was stained with the cocktail minus the iNOS antibody. Final pellets were resuspended

in 150mL 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 S2.

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. 100 ng/mL of beta amyloid 1-42 (Abcam) or 10 ng/mL of LPS (E. coli O

111:B4 sigma) were added to the cells and incubated for 2 h to detect TNF-a or 6 h to detect IL-6 produc-

tion. Supernatants were spun down at 400xg for 5 min 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) deter-

mined 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 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 (Syn-

ergy 2, BioTek). All experiments were repeated three times and each value was reported as mean G 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 ago-

nists were diluted in solvent to 200X of desired final concentration and diluted 1:10 in media. The 20X so-

lution 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 un-

der 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 (20 mg/kg) or solvent control

(5% DMSO) were administered: 30 min before and 30 min 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 inha-

lation 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 �80�C for ELISAs. The experiment was repeated with two inde-

pendent cohort of mice with at least 5 mice in each group (N = 5). TNF-a 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.

Synthesis of K306

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. Reduc-

tion of the nitro group and coupling of the resulting amine to Boc-glycine gace the amide 6. Removal of the
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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. 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 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%); 1HNMR (400MHz, CDCl3) d 7.70 (d, J= 4.0 Hz, 1H), 6.85 (dd, J= 3.9, 0.8 Hz, 1H), 2.61 (s, 3H);
13C(Baran et al. 2003) NMR (100 MHz, CDCl3) d 152.6, 140.7, 135.5, 126.3, 12.9 (Sone et al., 1985)

5-Methyl-4-nitrothiophene-2-sulfonyl chloride (3)

Lit Ref. 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 h. After stirring the mixture the was poured over crushed-ice,

extracted with diethyl ether (3x15mL), and washed with saturatedNaHCO3 until a neutral pHwas 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) d 8.19 (s, 1H), 2.86 (s, 3H); 13C

[1H] NMR (CDCl3, 100 MHz) d 152.3, 143.2, 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 (Gronowitz and Ander, 1975).

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. Themixture was stirred for 1 h at 60�C, after which the reaction was cooled
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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) d 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) d 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 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 eight 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% hex-

anes: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) d 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) d 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% hex-

anes); IR (ATR) 3656, 3254, 2980, 2971, 1665, 1350, 1154, 1141 cm�1; 1H NMR (CDCl3, 400 MHz) d 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) d 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 va-

cuo and a pure off-white solid was recovered (1.57g, 96.3%). mp = 190�Cdc; IR (ATR) 3255, 2980, 2915, 1665,

1350, 1329, 1153 cm�1; 1H NMR (MeOD, 400 MHz) d 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) d 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.
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K306 (8)

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. Themixture was washed with water (3x 5mL) 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) d 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) d.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.

K306 water solubility

Lipophilicity (CLogP) and Solubility (CLogS) were calculated for K306 and AQXMN100 using respectively

XLOGP version 3.2.2 for CLogP (Wang et al., 1997) and topological method for CLogS (Delaney, 2004).

Results are reported in Table S1.

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 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 statis-

tical analysis used is reported in the figure legend for each assay, Data are reported as Mean G SEM.
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