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Human genetic studies have pointed to a prominent role for innate
immunity and lipid pathways in immunological and neurodegener-
ative disorders. Our understanding of the composition and function
of immunomodulatory lipid networks in innate immune cells,
however, remains incomplete. Here, we show that phospholipase
Cγ2 (PLCγ2 or PLCG2)—mutations in which are associated with auto-
inflammatory disorders and Alzheimer’s disease—serves as a prin-
cipal source of diacylglycerol (DAG) pools that are converted into a
cascade of bioactive endocannabinoid and eicosanoid lipids by
DAG lipase (DAGL) and monoacylglycerol lipase (MGLL) enzymes
in innate immune cells. We show that this lipid network is toni-
cally stimulated by disease-relevant human mutations in PLCγ2,
as well as Fc receptor activation in primary human and mouse
macrophages. Genetic disruption of PLCγ2 in mouse microglia
suppressed DAGL/MGLL-mediated endocannabinoid-eicosanoid
cross-talk and also causedwidespread transcriptional and proteomic
changes, including the reorganization of immune-relevant lipid
pathways reflected in reductions in DAGLB and elevations in
PLA2G4A. Despite these changes, Plcg2−/− mice showed generally
normal proinflammatory cytokine and chemokine responses to
lipopolysaccharide treatment, instead displaying a more restricted
deficit in microglial activation that included impairments in prosta-
glandin production and CD68 expression. Our findings enhance the
understanding of PLCγ2 function in innate immune cells, delineating
a role in cross-talk with endocannabinoid/eicosanoid pathways
and modulation of subsets of cellular responses to inflammatory
stimuli.
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Lipids function as components of cell membranes, sources of
energy storage, and as chemical messengers that modulate

diverse physiological processes. The central role of lipids in hu-
man biology has been underscored by the discovery of numerous
disease-relevant mutations in lipid metabolic enzymes (1–5),
transporters (6–8), and receptors (9, 10).
Among bioactive lipids, those possessing C20:4 (or arach-

idonoyl) acyl chains frequently serve as transmitters [e.g.,
endocannabinoids (11)] or substrates for oxidative reactions to
furnish diverse classes of signaling molecules [e.g., eicosanoids
(12, 13)]. The nervous and immune systems, as well as the cross-
talk between them, appear to be particularly sensitive to the ge-
netic or pharmacological perturbation of metabolic and signaling
pathways that utilize C20:4 lipids. Eicosanoids, such as the pros-
taglandins and leukotrienes, for example, modulate inflammatory
and nociceptive responses, and drugs targeting the enzymes that
produce—or receptors that bind—eicosanoids are mainstay ther-
apies for treating pain, asthma, and other disorders (12, 14).
Endocannabinoid enzymes and receptors are likewise the targets
of candidate therapeutics for a range of immunological and ner-
vous system disorders (11, 15).
Recent human genetic studies further underscore the immu-

nological and neurological relevance of the enzymatic pathways
that incorporate, remodel, and release C20:4 acyl groups from
phospholipids. For example, deleterious mutations in MBOAT7,
the principal acyltransferase responsible for incorporating C20:4

fatty acids into phosphatidylinositol (PI) lipids (Fig. 1A), cause a
human neurological disorder that manifests in mental retarda-
tion and propensity for seizures (2). Likewise, mutations in
phospholipase C enzymes, which catalyze the hydrolysis of
phosphatidyl-1D-myo-inositol 4,5-bisphosphate (PIP2) to furnish
the endocannabinoid/eicosanoid precursor C20:4 diacylglycerol
(DAG) and myo-inositol 1,4,5-trisphosphate (IP3) (Fig. 1A),
produce a range of immunological and neurological diseases in
humans (16–18). One striking example is phospholipase Cγ2
(PLCγ2, or PLCG2), which is predominantly expressed in he-
matopoietic cells in the periphery (19) and microglia in the
central nervous system (CNS) (10, 20). Germline deletion of
exons 19 or 20 to 22 in the PLCG2 gene leads to cold urticaria
and PLCγ2-associated antibody deficiency and immune dysre-
gulation (PLAID) (21), while an activating missense mutation
(S707Y or L848P) causes autoinflammatory PLAID (APLAID)
(22, 23). PLCG2 mutations have also been found in association
with childhood-onset steroid-sensitive nephrotic syndrome (24),
endemic Burkitt lymphoma (25), BTK inhibitor-resistant chronic
lymphoma leukemia (CLL) (26, 27), and azacitidine and lenali-
domide therapy-resistant high-risk myelodysplastic syndromes
(28). Most recently, a rare P522R missense variant that modestly
potentiates PLCγ2 activity has been found to be protective for
late-onset Alzheimer’s disease (LOAD), pointing to a provoca-
tive association between PLCγ2 function and AD pathogenesis
(10, 20, 29). Also consistent with contributions of PLCγ2 to
neuroimmunological signaling pathways, this enzyme was
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recently found to contribute to downstream signaling from
TREM2 (30), a surface receptor that also shows strong human
genetic links to AD (10, 31).
Despite generating two key second messengers, IP3 and DAG,

the latter of which also serves as metabolic source for the
endocannabinoid 2-arachidonoylglycerol (2-AG) and downstream
prostaglandins, the impact of PLCγ2 activation on C20:4 lipid
signaling pathways remains poorly understood. Prompted by the
human genetics link between PLCγ2 and immune and neurolog-
ical disorders, as well as the key roles that endocannabinoids and
eicosanoids play in neuroimmunology, we herein describe the
mechanistic characterization of functional cross-talk between
PLCγ2 and endocannabinoid/eicosanoid pathways in primary hu-
man and mouse innate immune cells. Our results reveal that ac-
tivation of PLCγ2 by genetic mutation or upstream Fcγ receptor
(FcγR) cross-linking leads to elevated flux through a C20:4 DAG-
2-AG-arachidonic acid (AA)-prostaglandin pathway involving the
diacylglycerol lipase (DAGL) and monoacylglycerol lipase
(MGLL) enzymes. We further show that genetic inactivation of
PLCγ2 impairs lipopolysaccharide (LPS)-induced microglial acti-
vation and prostaglandin formation in mice while sparing bulk
endocannabinoids, pointing to a specialized role for PLCγ2 in
generating immune-relevant bioactive lipids in the CNS.

Results
Hyperactivating PLCγ2 Variants Stimulate a DAG-2-AG-AA Lipid
Network. Considering the immune cell-restricted expression
profile and minimal enzymatic activity of PLCγ2 in its basal
autoinhibited state (22, 32, 33), we first sought to investigate the
impact of PLCγ2 activation on the DAG-2-AG-AA pathway by
expressing gain-of-function PLCγ2 variants in a nonimmune cell
model system. We selected three previously characterized
disease-relevant hypermorphic PLCγ2 variants—P522R, S707Y,
and L845F—for analysis in HEK293T cells. These mutations
have been associated with different human pathological pheno-
types and have varying effects on basal PLCγ2 activity. For ex-
ample, PLCγ2_P522R, which has been reported to weakly
stimulate PLCγ2 catalytic activity (20) and promote beneficial
microglial function (34), has been linked to protection against
LOAD (10). PLCγ2_S707Y, which, in germline form, gives rise
to APLAID (22) and is somatically found in ibrutinib-resistant
CLL (27, 32), promotes robust activation of the enzyme (22, 32),
as does PLCγ2_L845F, which is also associated with ibrutinib-
resistance in CLL patients (35). The S707Y and L845F muta-
tions can furthermore co-occur in some ibrutinib-resistant CLL
patients (26, 36) and synergize to enhance the basal activity of
PLCγ2 (32). We therefore included a PLCγ2 variant with the
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Fig. 1. Hyperactivating PLCγ2 variants stimulate endocannabinoid production in HEK293T cells. (A) Schematic of a C20:4 lipid network leading to endo-
cannabinoid (2-AG) and eicosanoid production. Highlighted in blue are the enzymes with C20:4 lipid substrate preference. (B) Representative anti-FLAG
immunoblots showing expression of PLCγ2_WT and indicated PLCγ2 variants, as well as Rac2G12V, in HEK293T cells. (C) Effects of PLCγ2_WT and PLCγ2 variants
on IP1 (surrogate for IP3) content with or without Rac2G12V coexpression in HEK293T cells. Data represent mean values ± SEM from three biologically in-
dependent experiments. (D) Heatmap showing relative DAG, MAG, and FFA content in HEK293T cells expressing PLCγ2_WT or the indicated PLCγ2 variants,
with or without Rac2G12V coexpression. Values are normalized to Mock-transfected cells set to a value of 1 and values for groups with P > 0.05 vs. Mock-
transfected cells are indicated as 1 on heatmap. Absolute abundance of indicated lipid species in the Mock-transfected cells is shown with bubble plot above
the heatmap. (E) Bar graphs showing changes in SAG, 2-AG, and AA content in D. For D and E, data represent mean values ± SEM from six biologically
independent experiments. Statistical significance was calculated with two-tailed Student’s t tests; *P < 0.05, **P < 0.01, ***P < 0.001 for PLCγ2_WT/variants-
vs. Mock-transfected cells; and #P < 0.05, ##P < 0.01, ###P < 0.001, for Mock- vs. Rac2G12V-transfected cells.

2 of 11 | PNAS Jing et al.
https://doi.org/10.1073/pnas.2112971118 Phospholipase Cγ2 regulates endocannabinoid and eicosanoid networks in innate

immune cells

https://doi.org/10.1073/pnas.2112971118


S707Y|L845F double mutation in our studies. Consistent with
past studies (32), recombinant expression of PLCγ2_S707Y and
_L845F significantly increased IP1 content of HEK293T cells
[IP1 is used as a surrogate measurement for IP3 (37)], with the
S707Y|L845F double mutant demonstrating an even greater
activity (Fig. 1 B and C and SI Appendix, Fig. S1 A and B).
In contrast, expression of PLCγ2_WT or PLCγ2_P522R had

limited impact on the basal quantity of IP1 in HEK293T cells
(Fig. 1 B and C). The PLCγ2_S707Y and _L845F variants have
been shown to be further stimulated by interactions with the
small GTPase Rac2 (32, 35), and we found that all PLCγ2 var-
iants, as well as PLCγ2_WT, produced greater IP1 elevations in
HEK293T cells coexpressing a constitutively active Rac2G12V

(Fig. 1 B and C). The expression level of Rac2G12V was consis-
tently lower in the presence of WT-PLCγ2 or PLCγ2_P522R
compared to other PLCγ2 mutants or even mock-transfected
cells (Fig. 1B and SI Appendix, Fig. S1B). While we do not un-
derstand the reason for this difference in Rac2G12V expression,
we observed similar relative IP1 stimulatory activity for the
PLCγ2 mutants in a second cell line COS-7, where Rac2G12V

coexpression was unaffected (SI Appendix, Fig. S1 C and D). We
also observed the presence of a lower molecular weight form of
PLCγ2 in cells coexpressing Rac2G12V, as well as constitutively
for PLCγ2_S707Y|L845F (Fig. 1B and SI Appendix, Fig. S1 A
and C). Whether this lower molecular weight PLCγ2, which was
present in both transfected HEK293T cells and to a lesser extent
in COS-7 cells, reflects proteolysis or another posttranslational
modification, its general correlation with increased activity states

for the PLCγ2 variants suggests that it may represent a functional
proteoform of this phospholipase.
We next performed targeted lipidomic analysis of PLCγ2-

expressing HEK293T cells using liquid-chromatography-mass
spectrometry (MS), which revealed that the more activated
PLCγ2 variants—S707Y, L845F, and S707|L845F—but not
PLCγ2_WT or PLCγ2_P522R, elevated diverse unsaturated
DAG and monoacylglycerol (MAG) lipids, most prominently
C20:4-containing DAGs (C18:0/20:4- [SAG], C16:0/20:4- and
C18:1/20:4-DAGs), and 2-AG (Fig. 1 D and E and SI Appendix,
Fig. S1E and Dataset S1). For PLCγ2_S707|L845F, which dis-
played the strongest effects on C20:4-DAG and 2-AG, we ad-
ditionally observed an increase in AA. Coexpression of Rac2G12V

resulted in enhanced production of SAG, 2-AG, and AA by both
PLCγ2_S707Y and PLCγ2_L845F, while having variable impact
on PLCγ2_S707|L845F reflected in higher SAG, but paradoxi-
cally somewhat blunted increases in 2-AG and AA (Fig. 1 D and
E). We do not understand why Rac2G12V coexpression suppressed
the elevations in 2-AG and AA caused by PLCγ2_S707|L845F
(Fig. 1 D and E), but this could reflect a rewiring of lipid networks
caused by very high flux in the PIP2-DAG-2-AG-AA pathway.
Neither PLCγ2_WT nor PLCγ2_P522R produced substantial
changes in SAG, 2-AG, or AA, regardless of coexpression with
Rac2G12V. In addition, we observed variable degrees of reduction
of saturated C16:0- and C18:0-MAGs in cells expressing PLCγ2
(both WT and activating variants) with or without Rac2G12V

coexpression (Fig. 1D), but these changes did not correlate with
the profile of coordinated elevations in SAG, 2-AG, or AA. Taken
together, these results indicate that disease-relevant activating
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Fig. 2. Hyperactivating PLCγ2-mediated endocannabinoid production requires DAGL and MGLL in HEK293T cells. (A) Schematic of proposed DAGL/MGLL-
dependent DAG-2-AG-AA flux downstream of PLCγ2. (B) Heatmap showing effect of DAGL inhibitor DO34 (100 nM, 4 h) on DAG, MAG, and FFA content in
HEK293T cells expressing PLCγ2_WT or the indicated PLCγ2 variants. Values are normalized to Mock-transfected cells treated with DMSO set to a value of 1
and values for groups with P > 0.05 vs. Mock-transfected cells treated with DMSO are indicated as 1 on heatmap. (C) Bar graphs showing changes in SAG,
2-AG, and AA content in B. (D) Effects of MGLL inhibitor MJN110 (100 nM, 4 h) or ABHD6 inhibitor KT195 (100 nM, 4 h) on SAG, 2-AG, and AA content in
HEK293T cells expressing PLCγ2_WT or hyperactivating variant PLCγ2_S707Y|L845F. For B–D, data represent mean values ± SEM normalized to DMSO-treated,
Mock-transfected group, from three to six (B and C) or three to four (D) biologically independent experiments. Statistical tests: two-tailed Student’s t tests.
*P < 0.05, **P < 0.01, ***P < 0.001 for PLCγ2 WT/variants- vs. Mock-transfected cells; and #P < 0.05, ##P < 0.01, ###P < 0.001, for DO34, MJN110 or KT195- vs.
DMSO-treated cells.

Jing et al. PNAS | 3 of 11
Phospholipase Cγ2 regulates endocannabinoid and eicosanoid networks in innate
immune cells

https://doi.org/10.1073/pnas.2112971118

BI
O
CH

EM
IS
TR

Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2112971118/-/DCSupplemental
https://doi.org/10.1073/pnas.2112971118


mutations in PLCγ2 promote constitutive DAG-2-AG-AA lipid
flux in human cells that can also be further stimulated by
Rac2G12V.

DAGL and MGLL Enzymes Act Downstream of PLCγ2 in a DAG-2-AG-AA
Lipid Network. Previous studies have demonstrated that DAGLs
(DAGLA and DAGLB) and MGLL are major 2-AG biosyn-
thetic and degradative enzymes, respectively (38–42). However,
their connectivity to specific PLC enzymes has not been exten-
sively investigated except in certain neuronal cell types (38).
HEK293T cells expressing WT or activating variants of PLCγ2
were treated with the DAGL inhibitor DO34 (43) (100 nM, 4 h)
(Fig. 2A), which led to elevations in C20:4 and other unsaturated
DAGs and reduction in 2-AG and AA (Fig. 2 B and C and
Dataset S1). Of note, DO34 further augmented the C20:4-con-
taining DAGs, including SAG, increases caused by activating
PLCγ2 variants—S707Y, L845, and S707|L845F—while com-
pletely blocking their stimulation of 2-AG and, in the case of
PLCγ2_S707|L845F, AA production (Fig. 2C and SI Appendix,
Fig. S2A). A similar lipid profile was observed for DO34-treated
cells coexpressing PLCγ2 variants with Rac2G12V (SI Appendix,
Fig. S2 B and C and Dataset S1). We next evaluated the con-
tributions of 2-AG hydrolases MGLL and ABHD6 by treating
cells with the inhibitors MJN110 (44) and KT195 (39), respectively
(Fig. 2A). Since PLCγ2_S707|L845F produced the most robust
increases in 2-AG and AA in HEK293T cells (Figs. 1E and 2C),
we evaluated the effects of 2-AG hydrolase inhibitors (100 nM,
4 h) in HEK293T cells expressing PLCγ2_S707|L845F and found
that the MGLL inhibitor MJN110, but not the ABHD6 inhibitor
KT195, further augmented PLCγ2_S707|L845F-mediated eleva-
tion in 2-AG and inhibited the increase in AA without affecting
SAG content (Fig. 2D and Dataset S1).
The results from HEK293T cells recombinantly expressing

PLCγ2 variants revealed that activating mutations in this enzyme
produce a tonic stimulation of the DAG-2-AG-AA pathway
mediated, at least in part, by DAGL and MGLL enzymes.
However, whether WT-PLCγ2 forms a functional network with
DAGL and MGLL in more physiologically relevant (e.g., pri-
mary immune) cell types remained unknown. To address this
important question, we first examined the expression of PLCγ2
and the related PLC isozyme, PLCγ1, in human peripheral blood
mononuclear cells (hPBMCs) and monocyte-derived macro-
phages (hMDMs), as well as mouse bone marrow-derived mac-
rophages (mBMDMs). Both PLCγ1 and PLCγ2 were expressed in
hPBMCs, but only PLCγ2 was expressed in hMDMs or mBMDMs
(Fig. 3A). We also examined hMDMs by activity-based pro-
tein profiling (ABPP) using the serine hydrolase-directed probe
fluorophosphonate-biotin (FP-biotin) (45) and quantitative MS-
based proteomics (46), which revealed strong expression of both
DAGLB and MGLL (SI Appendix, Fig. S3A). DAGLA was not
detected in hMDMs, consistent with its predominant expression in
the nervous system (41). The expression of MGLL in hMDMs was
interesting, as this enzyme is largely absent from commonly used
mouse macrophages cell lines (e.g., RAW264.7 and J774 cells)
(47, 48). Competitive ABPP further confirmed blockade of
DAGLB activity in hMDMs by DO34 (100 nM, 4 h) (SI Appendix,
Fig. S3B), while MGLL was inhibited, as expected, by MJN110
(100 nM, 4 h) (SI Appendix, Fig. S3B), but also partly by DO34 (SI
Appendix, Fig. S3B). The cross-reactivity of human MGLL with
DO34 was surprising, as it has not been observed for mouse
MGLL in brain tissue from treated animals (43). Fortunately, a
second DAGL inhibitor DH376 did not cross-react with human
MGLL in hMDMs (SI Appendix, Fig. S3C). DO34 and DH376
more generally showed overlapping, but complementary off-target
profiles across the serine hydrolase class (SI Appendix, Fig.
S3 B–D), motivating us to utilize both compounds in our studies of
DAGL contributions in hMDMs. Additionally, considering DO34,
DH376, and MJN110 all cross-reacted with the alternative 2-AG

hydrolase ABHD6 (SI Appendix, Fig. S3 B and C), as previously
reported (43, 44), the selective ABHD6 inhibitor KT195 (39) was
additionally tested in hMDMs.
Having established the presence of PLCγ2, DAGLB, and

MGLL in hMDMs, we next sought to determine whether these
enzymes organize into a functional metabolic/signaling pathway.
As a means to activate PLCγ2, we incubated the hMDMs with
human IgG followed by anti-IgG F(ab′)2 to form IgG immune
complexes (IgG-IC) that cross-link FcγRs, which has been
demonstrated to induce PLCγ2-dependent Ca2+ flux in mouse
macrophages (19). FcγR cross-linking by IgG-IC increased the
IP1 content of hMDMs (Fig. 3B) and promoted the time-
dependent phosphorylation of PLCγ2 at Tyr759 (Fig. 3C and
SI Appendix, Fig. S4A), which is indicative of PLCγ2 activation
(49). FcγR cross-linking also caused a temporally restricted el-
evation in SAG, 2-AG, and AA in hMDMs, which returned to
basal levels 60 to 120 min after IgG-IC stimulation (Fig. 3D). Of
note, while the magnitude of increase in SAG, 2-AG, and AA
varied in hMDMs from donor to donor, the increase and its
time-dependency were consistent across donors. Finally, despite
observing an increase in AA following IgG-IC treatment, pros-
taglandins were paradoxically decreased (SI Appendix, Fig. S4B),
suggesting that the IgG-IC–induced pool of AA is uncoupled
from prostaglandin production.
Pretreatment with DO34 (100 nM, 3 h) or DH376 (1 μM, 3 h)

prior to IgG-IC augmented SAG content of hMDMs under basal
and stimulated conditions and blocked IgG-IC–induced eleva-
tion in 2-AG (Fig. 3D and SI Appendix, Fig. S4C). The IgG-
IC–induced increases in AA were also partly suppressed by
treatment with either DAGL inhibitor (Fig. 3D and SI Appendix,
Fig. S4C). Pretreating hMDMs with MJN110 (100 nM, 3 h)
produced a complementary lipid profile that included increases
in basal and IgG-IC–induced 2-AG content alongside partial
blockade of IgG-IC–induced increases in AA (Fig. 3E). More-
over, blockade of ABHD6 by KT195 (100 nM, 3 h) did not
significantly impact basal SAG, 2-AG, or AA content in hMDMs
(SI Appendix, Fig. S4D). These results therefore suggest that
DAGL mediates DAG-to-2-AG and MGLL mediates 2-
AG-to-AA flux upon FcγR cross-linking. Since DAGL acts up-
stream of MGLL, the effects of DO34 on DAG-2-AG-AA flux
were similar to DH376 and not confounded by its cross-reactivity
against MGLL (Fig. 3D and SI Appendix, Fig. S4C). Interest-
ingly, pretreatment with MJN110 was found to also up-regulate
SAG at 60 min after IgG-IC stimulation (Fig. 3E), which con-
trasted with the lack of effect of this MGLL inhibitor on SAG
content in unstimulated hMDMs or in HEK293T cells over-
expressing activating variants of PLCγ2 (Fig. 2D). We speculate
that FcγR cross-linking, by increasing the flux of lipid metabo-
lism through the PLCγ2-DAGL-MGLL pathway, may provide a
specialized context where MGLL inhibition enables conversion
of 2-AG back to SAG. Finally, in line with the effects of acti-
vating mutations in PLCγ2 studied in HEK293T cells (Fig. 1D),
FcγR cross-linking caused elevation in other unsaturated DAG
and MAG species in hMDMs, while saturated DAGs, MAGs,
and most free fatty acids (FFAs) (with the exception of AA)
were unchanged. DAGL and MGLL inhibitors impacted these
additional DAG and MAG profiles similarly to the effects on
C20:4 DAG and 2-AG (SI Appendix, Fig. S4 E and F and
Dataset S1).
These results, taken together, support the presence of a

PLCγ2-DAGL-MGLL pathway in hMDMs that is stimulated by
FcγR cross-linking to promote flux through a DAG-2-AG-AA
lipid signaling network.

PLCγ2-DAGL-MGLL Pathway in Mouse Macrophage and Microglia.We
next acquired Plcg2−/− mice to study in more depth the PLCγ2
contributions to DAG-2-AG-AA lipid pathway flux in innate
immune cells, specifically mouse BMDMs and microglia. We
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confirmed expression of PLCγ2 in Plcg2+/+ mBMDMs and
microglia and complete loss of the protein in Plcg2−/− cells (SI
Appendix, Fig. S5A). Using ABPP, we also verified expression of
DAGLB in mBMDMs and microglia, whereas MGLL was only
detected in microglia, but not mBMDMs (SI Appendix, Fig.
S5 B–D). DAGLA was not observed in either mBMDMs or
microglia. We confirmed inhibition of DAGLB in mBMDMs and
microglia by DO34, which generally exhibited a similar selectivity
profile in these cells to that observed in hMDMs (SI Appendix, Fig.
S5 C and D). And also consistent with what was observed in
hMDMs, MJN110 selectively inhibited MGLL and ABHD6 in
microglia, with only ABHD6 being inhibited in mBMDMs due to
negligible MGLL activity in these cells (SI Appendix, Fig. S5 C
and D).
As observed in hMDMs, IgG-IC treatment increased phos-

phorylated PLCγ2 (p-PLCγ2) at Tyr759 in both mBMDMs and
microglia, peaking as early as 5 min and sustaining at a higher level
than that in untreated cells until at least 60 min (Fig. 4A). FcγR
cross-linking also caused a significant increase in IP1, which was
only observed in Plcg2+/+ but not Plcg2−/− mBMDMs and
microglia (Fig. 4B). Since Plcg2+/+ and Plcg2−/− mBMDMs and
microglia displayed similar expression levels of FcγRI (CD64) and
FcγRIII/II (CD16/32) (SI Appendix, Fig. S6 A and B), we interpret

the loss of IgG-IC–mediated IP1 production in these cells to in-
dicate that PLCγ2 functions as the primary PLC isozyme medi-
ating signal transduction downstream of FcγR activation.
We next assessed the DAG-2-AG-AA lipid flux in Plcg2−/−

cells upon FcγR cross-linking. Similar to what was observed in
hMDMs, IgG-IC treatment led to temporally restricted eleva-
tions in SAG and 2-AG in Plcg2+/+ mBMDMs and microglia
(Fig. 4 C and D, SI Appendix, Fig. S6 C and D, and Dataset S1).
Unlike in hMDMs, however, IgG-IC treatment did not increase
the AA content of Plcg2+/+ mBMDMs and microglia (SI Ap-
pendix, Fig. S6 C and D). The time course for SAG and 2-AG
changes differed between the two innate immune cell types, with
the rate of increase and resolution being faster in mBMDMs (15
to 30 min) than microglia (45 to 180 min). In contrast, SAG and
2-AG were not increased in IgG-IC–treated Plcg2−/− mBMDMs
and microglia and, in the former cells, instead a paradoxical
decrease in SAG and 2-AG was observed (Fig. 4 C and D and SI
Appendix, Fig. S6 C and D). We are unsure of the basis for this
decrease, but it could suggest adaptations in DAG metabolism in
the absence of PLCγ2 in mBMDMs.
We found that mBMDMs and microglia responded differently

to DAGL and MGLL inhibitors. DAGL blockade substantially
increased basal SAG and lowered basal 2-AG in Plcg2+/+

A B C

D

E

Fig. 3. FcγR cross-linking activates PLCγ2 and induces endocannabinoid production in human macrophages. (A) Representative immunoblots for PLCγ1 and
PLCγ2 in hPBMCs, hMDMs, and mBMDMs. (B) IgG-IC formed by IgG and anti-IgG F(ab′)2 elevated IP1 content in hMDMs. hMDMs were incubated with saline or
IgG (10 μg/mL, 30 min), followed by stimulation with saline or anti-IgG F(ab′)2 (10 μg/mL) for 2 h prior to IP-one assay. Data represent mean values ± SEM
normalized to saline-treated control group for experiments from four independent donors (four to six experimental replicates per donor). (C) Representative
immunoblot showing IgG-IC induced a temporally restricted increase in phospho-PLCγ2 (Tyr759). hMDMs were stimulated with IgG-IC as in B for 0, 5, 15, and
30 min. (D and E) Effects of DO34 (D) and MJN110 (E) on FcγR cross-linking–mediated temporally restricted increases in SAG, 2-AG, and AA. hMDMs were
pretreated with DMSO, DO34 (100 nM), or MJN110 (100 nM) for 2.5 h, before being incubated with IgG for another 30 min and then stimulated with IgG-IC,
as described in B for indicated times. Data represent mean values ± SEM normalized to the DMSO_0 min group for triplicate experiments from four (D) or
three (E) independent donors. Statistical tests: two-way repeated measures ANOVA, Sidak’s post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 for stimulated
group vs. 0-min stimulation; and #P < 0.05, ##P < 0.01, ###P < 0.001, for DO34- or MJN110- vs. DMSO-treated cells under the same stimulation condition.
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mBMDMs, while also producing a striking amplification of SAG
elevation in response to FcγR cross-linking in these cells (Fig. 4C).
The latter effect was completely absent in Plcg2−/− mBMDMs
(Fig. 4C), and DAGL inhibition also did not alter basal SAG in
these cells, but still decreased their 2-AG content (Fig. 4C). In
microglia, DAGL inhibition produced a more modest effect on
basal and IgG-IC–stimulated SAG and 2-AG regardless of Plcg2
genotype, consisting mainly of a dampening of IgG-IC–induced
2-AG in Plcg2+/+ cells (Fig. 4D). As anticipated based on the
absence of MGLL in mBMDMs, MJN110 did not alter the 2-AG

content of these cells regardless of genotype or IgG-IC stimulation
(Fig. 4E). Considering that the concentration of MJN110 used in
this study also inhibited ABHD6 (SI Appendix, Fig. S5C), we
conclude that this enzyme did not contribute to 2-AG metabolism
in mBMDMs. In contrast, MJN110 elevated both basal and IgG-
IC–stimulated 2-AG in Plcg2+/+ microglia, but only increased
2-AG following IgG-IC treatment in Plcg2−/− cells (Fig. 4F).
Finally, we examined whether the PLCγ2-DAGL-MGLL

pathway provides a source of AA for prostaglandin production in
response to innate immune signals. Previously, DAGLB or MGLL

A

B

C

D

E

F

G

Fig. 4. PLCγ2-mediated endocannabinoid/eicosanoid production in mBMDMs and microglia. (A) IgG-IC induced a temporally restricted increase in phospho-
PLCγ2 (Tyr759) in both mBMDMs and microglia. Cells were stimulated with IgG-IC [IgG, 20 μg/mL and anti-IgG F(ab′)2, 20 and 10 μg/mL for mBMDMs and
microglia, respectively] for 0 to 60 min, as indicated. (B) IgG-IC elevated IP1 content in Plcg2+/+, but not Plcg2−/− mBMDMs and microglia. Cells were stimulated
with IgG-IC as in A for 2 h prior to IP1 measurement. Data represent mean values ± SEM normalized to untreated control cells from five (mBMDMs) or eight
(microglia) biologically independent experiments. Statistical tests: two-way ANOVA, Tukey’s post hoc test. *P < 0.05, **P < 0.01 for with vs. without IgG-IC
stimulation; &&P < 0.01, &&&P < 0.001 for Plcg2−/− vs. corresponding Plcg2+/+ group. ns, not significant. (C–F) Effects of DO34 and MJN110 on FcγR cross-
linking–mediated temporally restricted changes in SAG and 2-AG in Plcg2+/+ and Plcg2−/− mBMDMs (C and E) and microglia (D and F). Cells were pretreated
with either inhibitor (100 nM) for 3 h before being stimulated with IgG-IC as indicated. For C–F, data represent mean values ± SEM normalized to Plcg2+/+ cells
at 0 min of IgG-IC stimulation from seven (mBMDMs) or six (microglia) biologically independent experiments. The SAG and 2-AG data shown in SI Appendix,
Fig. S6 C and D were replotted as the DMSO groups in C and D and F, respectively, for the relevant comparisons. Statistical tests for (C–F): two-way repeated
measures ANOVA, Sidak’s post hoc test. *P < 0.05, **P < 0.01 for stimulated group vs. 0-min stimulation; #P < 0.05, ##P < 0.01, ###P < 0.001, for DO34- or
MJN110- vs. DMSO-treated cells under the same stimulation condition. (G) Effects of DO34 and MJN110 on PGE2 and PGD2 content in Plcg2+/+ and Plcg2−/−

microglia following LPS treatment. Cells were pretreated with DO34 (100 nM) or MJN110 (100 nM) for 3 h before being stimulated with LPS (100 ng/mL) for
another 4 h. Data represent mean values ± SEM normalized to Plcg2+/+ cells treated with DMSO followed by PBS from six biologically independent exper-
iments. Statistical tests: two-way ANOVA, Tukey’s post hoc test., *P < 0.05, ***P < 0.001 for LPS vs. the corresponding PBS stimulated group; ##P < 0.01, ###P <
0.001, for DO34- or MJN110- vs. DMSO-treated cells under the same stimulation condition; &&P < 0.01 for Plcg2−/− vs. corresponding Plcg2+/+ group.
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blockade has been shown to suppress LPS-induced prostaglandin
production in mouse microglia (40). Consistent with this past
work, we found that DO34 and MJN110 suppressed LPS-
stimulated PGE2/PGD2 in Plcg2+/+ microglia (LPS, 100 ng/mL, 4
h); however, neither of the compounds impacted PGE2/PGD2 in
Plcg2−/− microglia, despite these cells still displaying LPS-stimulated
increases in PGD2 (Fig. 4G). We also observed a similar lipid
network in hMDMs, where LPS promoted prostaglandin produc-
tion in a DAGL and MGLL inhibitor-sensitive manner (SI Ap-
pendix, Fig. S7).
Taken together, the aforementioned lipid profiles support the

existence of a PLCγ2-DAGL-MGLL pathway that regulates both
basal and stimulated DAG-2-AG flux in mouse primary innate
immune cells in a manner that shares many, but not all features in
common with hMDMs. One notable difference was the robust
expression of MGLL in hMDMs, but not mBMDMs. Some of the
unexpected properties of Plcg2−/− microglia, such as the apparent
loss of regulation of both basal 2-AG and LPS-stimulated pros-
taglandins by DAGL/MGLL, further pointed to the potential for
adapative changes caused by genetic disruption of PLCγ2.

PLCγ2 Loss Causes Major Transcriptomic and Proteomic Changes in
Microglia. We were interested in further understanding the ap-
parent lipid pathway adaptations and broader biochemical state
of Plcg2−/− microglia, and therefore compared their transcrip-
tional and proteomic profiles to those of Plcg2+/+ microglia by
RNA sequencing (RNA-seq) and MS-based quantitative pro-
teomics, respectively. RNA-seq revealed substantial transcrip-
tional changes in Plcg2−/− microglia totaling 1,811 differentially
expressed genes (fold-change > 1.5, adjusted P value < 0.01; 11.3%
of all quantified transcripts), including 892 up-regulated and
919 down-regulated in comparison to Plcg2+/+ microglia cells
(Fig. 5A and Dataset S2). We noted that several gene-expression
markers of disease-associated microglia (Trem2, Lpl, Itgax, Spp1,
Cd9, Csf1, Cd63), lysosomal function (Gusb, Ctsl, Ctsd, Ctsk),
phagocytosis of apoptotic cells (Cd36, Mfge8), and extracellular
matrix degradation (Mmp12, Mmp13, Mmp19) were reduced in
Plcg2−/− compared with Plcg2+/+ microglia (Fig. 5A). On the other
hand, genes involved in innate immune responses, including those
encoding complement components (C1qa, C1qb), MHC class I
(H2-Q4, H2-Q5) and class II components (H2-Aa, H2-Ab1, H2-
Eb1, Cd74), inflammatory chemokines (Ccl2, Ccl5, Ccl7, Ccl8,
Ccl12, Cxcl9, Cxcl10), and genes that are part of the interferon
response (Ifit1, Ifit2, Ifit3, Isg15, Stat1, Stat2, Ifitm3), were elevated
in Plcg2−/− microglia. Additionally, the Ms4a transmembrane
family genes, such as Ms4a4a and Ms4a4b, genetic variants of
which have been linked to AD risk (50, 51) and have been shown to
modulate soluble TREM2 in cerebrospinal fluid (52), were also
substantially increased in Plcg2−/− microglia (Fig. 5A).
Specific enzymes involved in C20:4 lipid metabolism were also

altered in Plcg2−/− microglia, including not only Daglb (∼2-fold
reduction), but also Dgke (∼2-fold reduction), andMboat7 (∼1.5-
fold increase) (Fig. 5B). Parallel quantitative proteomic analysis
of the Plcg2+/+ and Plcg2−/− microglia revealed a good overall
correlation with the transcriptional profile (Pearson’s correlation
r = 0.57, P < 0.0001) (Fig. 5C) and provided additional evidence
for bidirectional changes in the AA-liberating enzymes DAGLB
and PLA2G4A (Fig. 5B). These data, when combined with our
lipid-profiling results, provide a potential model to explain the
different responses of Plcg2+/+ and Plcg2−/− microglia to DAGL
and MGLL inhibitors (Fig. 5D). In this model, the concomitant
reductions in DAGLB and elevations in PLA2G4A in Plcg2−/−

microglia may shift the relative pathway contributions to LPS-
induced PGE2/PGD2 production, such that PLA2G4A becomes
the primary node of control, rendering the prostaglandin content
of Plcg2−/− microglia insensitive to DAGL and MGLL inhibitors.

Plcg2−/− Mice Display Defects in LPS-Induced Brain Prostaglandins
and Microglial Activation. We were finally curious to understand
how the spectrum of biochemical changes observed in Plcg2−/−

microglia might affect lipid metabolism and microglia function
in vivo. Toward this end, we exposed Plcg2+/+ and Plcg2−/− mice
to a peripheral LPS challenge, which has been shown to cause
central inflammation accompanied by an increase in microglia
activation reflected in proinflammatory cytokine expression that
peaks at 2 to 4 h and morphological changes accompanied by
expression of the activation marker CD68 being evident at 24 to
48 h (53–56). We accordingly treated Plcg2+/+ and Plcg2−/− mice
with low-dose LPS intraperitoneally (1 mg/kg, single dose) for 4
or 48 h and analyzed their brain lipid profiles at both time points,
while focusing measurement of cytokines and microglia activa-
tion state at 4 and 48 h, respectively (SI Appendix, Fig. S8A).
We found that PGE2, but not other measured lipids (e.g.,

SAG, 2-AG, AA), was elevated in brain tissue from Plcg2+/+

mice at both 4 and 48 h post-LPS treatment (Fig. 6 A and B, SI
Appendix, Fig. S8 B and C, and Dataset S1). Brain PGD2 was
also elevated at 4 h, but not 48 h in these animals. In contrast,
Plcg2−/− mice showed impaired induction of PGE2 and PGD2 by
LPS compared to Plcg2+/+ littermates, and this effect was most
pronounced at 48 h, where the brain PGE2 content did not differ
between vehicle- and LPS-treated Plcg2−/− mice (Fig. 6B). In line
with previous studies (56), we observed a marked increase in brain
proinflammatory cytokines and chemokines, including interleukin
(IL)-6, tumor necrosis factor (TNF)-α, IL-1β, and CXCL1, at 4 h
post-LPS treatment in Plcg2+/+ mice (SI Appendix, Fig. S8D). A
generally similar response was observed in Plcg2−/− mice, suggest-
ing a limited role for PLCγ2 in early inflammatory responses to
LPS challenge. At 48 h post-LPS treatment, and consistent with
previous reports (53, 55), flow cytometry analysis of CD11b+/
CD45int brain cells (SI Appendix, Fig. S8E) confirmed heightened
signals for several markers of microglial activation in Plcg2−/− mice,
including CD11b, CD45, and CD68 (Fig. 6C), as well as forward
scatter (correlating with cell size) and side scatter (correlating with
cell granularity) signals (SI Appendix, Fig. S8F). Most of these
microglial markers were similarly increased in LPS-treated Plcg2−/−

mice, with the exception of the prophagocytic marker CD68, which
was markedly suppressed in these animals (Fig. 6C). The total
percentage of brain microglia was also slightly reduced in Plcg2−/−

mice (26.6% vs. 32.0% of total brain live cells, P = 0.0084), but this
feature was unaffected by LPS treatment (Fig. 6D).
Taken together, these results suggest that loss of PLCG2 has a

discrete, rather than generalized impact on mouse microglia
function in vivo that is reflected in impaired prostaglandin pro-
duction and possibly CD68-related functions (e.g., phagocytosis)
in response to inflammatory stimuli. We interpret the reduction in
brain prostaglandin content to reflect the specialized role that
microglia play in regulating this bioactive lipid class in the nervous
system. This conclusion is also supported by studies of other en-
zymes in the PLCγ2-DAGL-MGLL pathway (40, 57), such as
DAGLB, which, like PLCγ2, is preferentially expressed in
microglia compared to other brain cell types (SI Appendix, Fig.
S8G) (https://www.brainrnaseq.org/) (58) and, when disrupted,
suppresses brain prostaglandins while sparing bulk 2-AG content
(40). We accordingly believe that our studies, when integrated
with past work, establish the PLCγ2-DAGLB-MGLL pathway as
an important regulator of endocannabinoid–eicosanoid cross-talk
and microglia activation in vivo.

Discussion
Recent monogenic and genome-wide association discoveries
have illuminated functional connections between enzymes in-
volved in bioactive lipid metabolism and immunological and
neurological disorders, including autoimmunity (21, 22) and
neurodegeneration (2, 5, 10, 29). In many cases, however, our
understanding of the lipid networks regulated by these enzymes
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remains incomplete. The immune cell-restricted phospholipase
PLCγ2, mutations in which have been linked to human immu-
nological (21–24) and neurological disorders (10, 29), as well as
cancer drug resistance (26–28, 36), hydrolyzes PIP2 at the plasma
membrane to generate two second messengers, IP3 and DAG.
While it is generally acknowledged that IP3 triggers cellular Ca

2+

signaling (59) and that DAG activates effector proteins, such as
protein kinase C (60), the additional role of PLC-generated DAG
as a precursor for bioactive lipids, such as endocannabinoids and
eicosanoids, remains understudied, in particular in immune cells.
Here, we have uncovered that the activation of PLCγ2, through
disease-relevant mutations or FcR signaling, stimulates the pro-
duction of DAG, 2-AG, and prostaglandins in primary human and
mouse immune cells through a pathway that involves DAGL and
MGLL enzymes.
By studying PLCγ2-regulated lipid networks in three myeloid

cell types—hMDMs, mBMDMs, and mouse microglia—we
gained knowledge of the shared and differential composition of
these networks across the cell types, as well as their responsivity
to distinct stimuli (e.g., FcγR activation, LPS). For example, we
found that hMDMs strongly express MGLL (SI Appendix, Fig.
S3A), while this enzyme is absent from mBMDMs (SI Appendix,
Fig. S5 B and C). While we do not fully understand the func-
tional implications of this difference, it likely contributes to the
greater apparent flux leading to 2-AG and AA production fol-
lowing FcγR activation in hMDMs compared to mBMDMs.

And, from a tactical perspective, the findings underscore the
importance of studying primary human immune cells when
assessing bioactive lipid networks, as their composition may
differ between human and mouse cells. Additionally, we found
that basal and stimulated SAG content was substantially elevated
in mBMDMs by DAGL inhibition (Fig. 4C), while being unaf-
fected in microglia (Fig. 4D), even though reductions in 2-AG
were observed in both cell types. These observations suggest that
SAG pools may be differentially regulated by DAGL and pos-
sibly other enzymes that utilize SAG as substrate (e.g., DAG
kinases) in each innate immune cell type. We also found that
IgG-IC and LPS treatment led to differential coupling of the
PLCγ2-DAGL-MGLL pathway to downstream prostaglandin
production, as only LPS treatment was found to increase PGE2/
PGD2 and this change was sensitive to DAGL and MGLL in-
hibition. These results may indicate that the induction of PTGS2
(COX-2) following LPS treatment is required to connect the
PLCγ2-DAGL-MGLL pathway to prostaglandin production.
Genetic or pharmacologic inactivation of DAGLB and

MGLL has been shown to impair LPS-induced endocannabinoid-
prostaglandin cross-talk in mouse microglia (40). Here we found
that, in the absence of PLCγ2, DAGL and MGLL inhibitors no
longer suppress LPS-induced prostaglandin production in micro-
glia (Fig. 4G). These observations support that, in WT microglia,
PLCγ2, DAGLB, and MGLL function together in a DAG-2-
AG-AA pathway to regulate LPS-induced prostaglandin production.

A B

C

D

Fig. 5. PLCγ2 deficiency causes substantial transcriptomic and proteomic changes in microglia. (A) Volcano plot showing differentially expressed genes
expressed in Plcg2+/+ and Plcg2−/− microglia as determined by RNA-seq. Data represent mean values from three biologically independent experiments. (B)
Differential expression of C20:4 lipid metabolism enzymes and the corresponding closely related isozymes at mRNA and protein level in Plcg2−/− vs. Plcg2+/+

microglia. The dashed lines represent fold-change > 1.5. (C) Correlation analysis of transcriptomic and proteomic data from Plcg2+/+ and Plcg2−/− microglia.
For B and C, quantitative proteomic data represent mean values from five biologically independent experiments. (D) Model for rewiring of C20:4 lipid
metabolic network following PLCγ2 loss in microglia. Enzymes shown as increased or decreased are those with fold-change > 1.5 at protein level. For all
panels, a cutoff of adjusted P < 0.01 (two-sided Student’s t test, Benjamini–Hochberg false-discovery rate) was set for genes or proteins up-regulated or down-
regulated > 1.5-fold.
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Interpreting the output of this pathway following PLCγ2 disrup-
tion is more complicated due to the widespread transcriptomic
and proteomic changes observed in Plcg2−/− microglia (Fig. 5
A and C), including not only reductions in additional pathway
components (DAGLB), but also elevations in other enzymes
that furnish AA for prostaglandin production (PLA2G4A) (39)
(Fig. 5B). These adaptations may explain why LPS still promotes
prostaglandin production in Plcg2−/− microglia, but in a manner
that is independent of DAGL and MGLL (Fig. 4G). We note,
however, that LPS-induced prostaglandin production was im-
paired in the CNS of Plcg2−/− mice (Fig. 6 A and B), suggesting
that cultured microglia may not fully recapitulate the physiologi-
cal consequences of PLCγ2 loss to bioactive lipid production
in vivo.
When attempting to assess the functional contributions of

PLCγ2 to neuroimmunology in vivo, we were surprised to find
that Plcg2−/− mice maintained WT cytokine and chemokine re-
sponses to LPS treatment in the CNS (SI Appendix, Fig. S8D).
Additionally, several biomarkers of microglia activation were
also similar between LPS-treated Plcg2+/+ and Plcg2−/− mice.
One notable exception was a reduction in CD68 positivity for
microglia from LPS-treated Plcg2−/− mice. While the changes in
microglial function imparted by CD68 expression are still in-
completely understood, this protein is generally considered a
marker of greater phagocytic activity (61–63), and recent studies
of PLCG2-disrupted human iPSC-derived microglia also
revealed impaired phagocytosis (30). How the impact of PLCγ2
loss on CD68+ microglia, combined with the suppression of
prostaglandins, may impact broader neuroimmunobiological re-
sponses to innate stimuli like LPS, is an important topic for fu-
ture investigation. Also, while we assume that PLCγ2 regulation
of stimulated prostaglandin production in vivo reflects the action
of the DAG-2-AG-AA pathway involving DAGL and MGLL
enzymes, as studied herein, we do not know the extent to which
this pathway versus IP3 signaling mediates the suppression of
CD68 positivity observed in LPS-treated Plcg2−/− mice. We
further call attention to the possibility that PLCs may utilize
other lipid substrates beyond PIP2 [e.g., phosphatidylinositol
4-phosphate (64)], which would uncouple downstream DAG-

2-AG-AA lipid effects from IP3 signaling. We can nonetheless
conclude from our studies that PLCγ2 likely functions in a
microglia-restricted manner, as bulk 2-AG content in the brain
was unaffected in Plcg2−/− mice (SI Appendix, Fig. S8 B and C).
This finding, which is consistent with the expression of PLCγ2
primarily in microglia among brain cell types (20, 65–67), further
suggests that microglia serve as the main source for PGE2 pro-
duction in the CNS following LPS treatment, which may also
involve the concerted action of mPGES-1 and COX-2 (68).
From a translational perspective, it is encouraging that PLCγ2

disruption appears to modulate microglial function without
exerting broader effects on endocannabinoid signaling in the
brain, which likely reflects the contributions of other PLC iso-
zymes in brain cell types, such as astrocytes and neurons (58, 69,
70). These data suggest that inhibitors or activators of PLCγ2 may
be expected to influence principally immunological processes in
the CNS. Also supporting this conclusion, PLCγ2 has recently
been shown to signal downstream of TREM2 in microglia to
mediate survival, phagocytosis, and lipid metabolism (30). Given
that TREM2 loss also attenuates microglia activation, as indicated
particularly by reduced CD68 expression in animal models of
neurological disease (71–73), our observations add to an emerging
model where TREM2 and PLCγ2 form a signal transduction
pathway important for modulating specific functional properties
of microglia. The extent to which this pathway can be safely
stimulated by pharmacological agents is an important future
consideration. The LOAD-protective rare PLCγ2_P522R variant
was recently shown to act as a weakly functional hypermorph (20)
and to promote protective microglial function associated with
TREM2 signaling in vitro and in mice (30, 34, 74), and our data
also support the conclusion that PLCγ2_P522R shows much more
tempered activity compared to other autoimmune and cancer
therapy-related mutants of this enzyme (e.g., S707Y, L845F).
Pharmacological tools for promoting PLCγ2 activation may need
to mimic this gentle stimulatory outcome to maximize productive
versus deleterious activation of innate immune signaling.
We finally conclude by emphasizing the need for selective

chemical probes that not only activate, but also inhibit PLCγ2.
Our findings in Plcg2−/− microglia underscore the potential for

A B

C D

Fig. 6. Genetic disruption of PLCγ2 impairs LPS-induced prostaglandin production and specific features of microglia activation in vivo. (A and B) PGE2 and
PGD2 content of brain tissue from Plcg2+/+ and Plcg2−/− mice basally or following LPS treatment for 4 h (A) or 48 h (B). (C and D) Relative fluorescent signals for
CD11b, CD45, and CD68 in microglia cells (identified as CD11b+CD45int) (C) and percentage of microglia cell population in total live cells (D) from brain tissue
of Plcg2+/+ and Plcg2−/− mice following vehicle or LPS treatment for 48 h. Corrected mean fluorescent intensity (MFI) for each marker was normalized to the
average of the Plcg2+/+ vehicle control group. All data represent mean values ± SEM for six biologically independent experiments. Statistical significance was
calculated with two-way ANOVA, Tukey’s post hoc test. *P < 0.05, ***P < 0.001 for LPS vs. Veh-treated mice; &P < 0.05, &&&P < 0.001 for Plcg2−/− vs.
corresponding Plcg2+/+ group.
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substantial proteomic adaptations caused by chronic loss of
PLCγ2. The discovery of inhibitors would enable investigations of
PLCγ2 function in acute, graded, and reversible paradigms while
avoiding potential compensatory changes caused by complete,
sustained loss of this enzyme. We also speculate that the coupling
of PLCγ2 to endocannabinoid and eicosanoid pathways discov-
ered herein may point to DAGL and MGLL inhibitors as a way to
modulate immune pathologies driven by the activation of PLCγ2.

Materials and Methods
An extended section with detailed information on materials, reagents, and
procedures is provided in SI Appendix, Supporting Experimental Procedures.
All studies using blood from human volunteers follow protocols approved by
The Scripps Research Institute (TSRI) Institutional Review Board (protocol #IRB-
15-6682). Written informed consent was obtained from each healthy donor
following completion of an application to the donor program, screening and
acceptance for enrollment into the TSRI Normal Blood Donor Services. Each
donor is then provided with a Blood Donor Information Form, which describes
the research project and ensures all donations are de-identified. Animal ex-
periments were carried out in compliance with TSRI institutional animal pro-
tocols (Institutional Animal Care and Use Committee #09-0041).

Generation of Primary Macrophages and Microglia. PBMCs were purified
and hMDMs were generated following a previously described method
(75). Mouse BMDMs and neonatal microglia were generated as de-
scribed previously (40, 76) and in SI Appendix, Supporting Experimental
Procedures.

Biochemical Studies. Lipid extraction and analysis for cell and brain samples,
MS-based ABPP analysis, and proteomic characterization of Plcg2+/+ and
Plcg2−/− microglia were performed as described previously (40, 77, 78) and in
SI Appendix, Supporting Experimental Procedures.

Data Availability. Next-generation sequencing data have been deposited in
the National Center for Biotechnology Information Gene Expression Omnibus
(accession no. GSE180274) (79). The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium (80) via the PRoteomics
IDEntifications Database (PRIDE) partner repository (dataset identifier
PXD027350) (81). All other study data are included in the main text and
supporting information.
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