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Abstract

Dysregulation of monocyte and macrophage responses are often observed in children with
systemic juvenile idiopathic arthritis (sJIA) and cytokine storm syndrome (CSS), a potentially fatal
complication of chronic rheumatic diseases. Both conditions are associated with activation of Toll
Like Receptor (TLR) signaling in monocyte and macrophage lineage cells, leading to
overwhelming inflammatory responses. Despite the importance of TLR engagement in activating
pro-inflammatory macrophages, relatively little is known about activation of intrinsic negative
regulatory pathways to attenuate excessive inflammatory responses. Here we demonstrate that loss
of diacylglycerol kinase C (Dgk¢), an enzyme which converts diacylglycerol (DAG) into
phosphatidic acid (PA), limits inflammatory cytokine production in an arthritic mouse model
dependent on TLR2 signaling and in a CSS mouse model dependent on TLR9 signaling. /n vitro
Dgk(¢ deficiency results in reduced production of TNFa, IL-6 and IL-1pB, and limited M1
macrophage polarization. Mechanistically, Dgk( deficiency decreases STAT1 and STAT3
phosphorylation. Moreover, Dgk( levels are increased in macrophages derived from mice with
CSS or exposed to plasma from sJIA patients with active disease. Our data suggest that DgkC
induction in arthritic conditions perpetuates systemic inflammatory responses mediated by
macrophages and highlight a potential role of Dgk(-DAG/PA axis as a modulator of inflammatory
cytokine production in sJIA and CSS.

Introduction

Systemic juvenile idiopathic arthritis (sJIA) is a multifactorial inflammatory disease that can
exhibit bone and joint damage along with various non-articular symptoms, such as fever,
rash and serositis, including pericarditis and pleuritis (1, 2). A critical aspect of sJIA is its
association with a life-threatening condition called cytokine storm syndrome (CSS) (3, 4);
CSS is characterized by overwhelming production of inflammatory cytokines by activated T
cells and macrophages, leading to multi-organ failure (5-9). Unfortunately, the causes of
sJIA and CSS remain to be fully established.
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A critical driver of sJIA is aberrant activation of innate immune cells of the monocytic/
macrophage lineage, while defective T cell cytotoxic pathways have been associated with
CSS following viral infections. However, the presence of activated monocytes and
macrophages in the circulation and peripheral organs, and elevated levels of pro-
inflammatory cytokines produced by monocytes/macrophages have also been observed in
sJIA patients developing CSS (10-13). Microarray studies performed on peripheral blood
mononuclear cells (PBMC) obtained from untreated sJIA patients indicated enrichment of
genes linked with monocyte/macrophage activation, in particular those associated with Toll
Like Receptor (TLR) signaling, in the subset of patients with high ferritin levels, a marker
associated with development of CSS (14). Polymorphism in interferon regulatory factor 5
(IRF5), a molecule activated in response to TLR signaling and associated with macrophage
activation, has been reported in sJIA patients with CSS (15). IRF5 is also involved in the
differentiation of specialized macrophages called hemophagocytes that phagocytose blood
elements leading to anemia and thrombocytopenia in CSS. Interestingly, cell intrinsic
TLR7/9 signaling is required for the differentiation of hemophagocytes from inflammatory
monocytes in mice (16). Recent data, including from our laboratory, demonstrated that
depletion of monocytes and macrophages ameliorates CSS progression in two murine
models, one dependent on defective T cell cytolytic pathways following a viral infection and
a second on repetitive stimulation of TLR9 signaling (17). Inappropriate activation of TLRs
in macrophages is also reported in rheumatoid arthritis (RA), type 2 diabetes, systemic lupus
erythematous and other diseases associated with systemic inflammation (18, 19). However,
what drives the persistent TLR signaling in monocytes/macrophages and why intrinsic
negative regulatory pathways fail to keep the overwhelming inflammatory responses in
check remain to be addressed.

Diacylglycerol (DAG) is a key second messenger that controls a variety of cellular processes
and acts as the substrate for the synthesis of various lipid molecules (20, 21). In myeloid
cells, ligation of TLRs leads to the generation of DAG suggesting that its levels might be
tightly controlled to coordinate TLR signaling (22, 23). DAG levels in the cells are rapidly
regulated by a class of enzymes called diacylglycerol kinases (Dgks). Dgks selectively
catalyze the phosphorylation of DAG to generate phosphatidic acid (PA), thus ceasing the
processes that depends upon DAG and initiating PA-dependent regulatory pathways.
Mammals express ten isoforms of Dgk, each with its ability to respond to multiple
intracellular and extracellular signals. Despite their sheer number, each member shows
functional selectivity, specific tissue distribution and subcellular localization (24-26). We
have previously demonstrated that Dgk( is the most prominent isoform expressed in
macrophages and osteoclasts, a bone resorptive cell type derived from the monocyte-
macrophage lineage (27). DgkC levels are further elevated in the macrophages upon
exposure to LPS (28). Further advances indicating the importance of DAG signaling have
emerged from mouse models that involve ablation of DgkC. Dgk¢ deficient mice show an
osteoporotic bone phenotype due to the increased number of osteoclasts (27). Loss of Dgk¢
also results in hyper-responsive T cells with increased cytokine production upon T cell
receptor stimulation (29). These results suggest that Dgk( activation drives intrinsic negative
regulatory mechanisms that downregulate pro-inflammatory responses through the
conversion of DAG into PA. In this paper, we tested the hypothesis that DAG signaling is
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required for monocyte and macrophage activation; we predicted that Dgk¢-/- mice would
have increased susceptibility to systemic inflammation driven by activated macrophages. To
our surprise, however, we observed that loss of Dgk(¢ significantly reduces the severity of
inflammatory arthritis in a TLR2-dependent mouse model and cytokine production in TLR9-
induced CSS. Mechanistically, macrophages derived from Dgk¢ deficient animals have
abated responses to TLR ligands and impaired M1 macrophage polarization. The defective
pro-inflammatory cytokine secretion and increased DAG accumulation in Dgk¢ deficient
macrophages contribute to reduced phosphorylation of STAT1 and STAT3. Our results
indicate that Dgk¢ induction in arthritic conditions perpetuates macrophage-dependent
systemic inflammatory responses and highlight a potential role for DgkC-DAG/PA axis in
sJIA and CSS.

Materials and Methods:

Mice

Dgk¢-/- mice were kindly provided by Dr. Gary A. Koretzky (Weill Cornell Medical
College, New York, NY) and maintained by homozygous breeding. Mice were housed in
cages and were fed with food and water ad libitum, with a 12-hour light and 12-hour dark
cycle. All experiments were approved by the Washington University School of Medicine
animal care and use committee.

Induction of streptococcal cell wall (SCW) arthritis

SCW arthritis was induced into 6 to 8 week old WT and Dgk¢-/- mice by a single
intraarticular injection of 25 pug of SCW preparation (peptidoglycan-polysaccharide 100p
fraction; Lee laboratories, Grayson, GA, USA) into the right ankle joint of naive mice.
Injection of PBS into the left ankle joint served as a control. Ankle swelling was measured
daily by blinded investigators using a caliper. Animals were sacrificed 3 days after SCW
delivery.

CpG-induced model of CSS

Histology

6 to 8 week-old male or female WT and Dgk¢-/- mice were given 50 pg of CpG 1826 (IDT)
intraperitoneally on days 0, 2, 4, 6 and 8. On day 9, animals were bled via submandibular
vein puncture for complete blood count and euthanized to collect liver for FACS and
histological analysis.

For the SCW mouse model, both the PBS and SCW injected joints were isolated, fixed in
10% buffered formalin phosphate (Fisher Scientific) and decalcified using Immunocal
(StatLab) for 3 days. The joints were embedded in paraffin wax and stained with
hematoxylin and eosin (H&E). The joint samples were additionally stained with safranin O.
Livers from the TLR9 injected mice were fixed with 10% buffered formalin phosphate. The
samples were embedded in paraffin before being cut into 5 uM sections and stained with
H&E. Images were acquired using a Nikon Eclipse 80i microscope equipped with a Nikon
DS-Fil camera and NIS-Elements BR3.2 software (Nikon, Japan). The severity of
inflammation in the liver was determined by assessing the presence of inflammatory
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infiltrates around the veins and within the parenchyma and scored on a scale of 0-4 with 0
being no inflammatory infiltrates and 4 being maximal presence of inflammatory infiltrates.

Primary cell cultures

Bone marrow isolated from tibias and femurs of WT and Dgk¢-/- was cultured in alpha-
MEM containing 10% heat-inactivated fetal bovine serum, 100 1U/ml penicillin, 100 pg/ml
streptomycin, glutamine (a.—10 medium), and 1/10 vol CMG14-12 cell-conditioned medium
(30) as a source of MCSF, for 7 days to obtain bone marrow derived macrophages (BMMs).
BMMs were treated with 100 ng/ml of LPS (Sigma), 40 pg/ml of poly (1:C), 50 ng/ml of
pam3CSK4 (InvivoGen), 1 pl/ml of BD GolgiPlug (BD), 100 nM PMA, 100 ng/ml IFNy or
50 ng/ml of IL-4 for the indicated time points and subjected to either western blot analysis
or RT-PCR for markers of M1 and M2 macrophage polarization.

SDS-PAGE and immunoblot analysis

WT and Dgk¢-/-BMM s treated with 100 ng/ml LPS, 100ng/ml IFNy or 50 ng/ml IL-4 for
the indicated time points were lysed in RIPA buffer (20 mM Tris-HCI, pH 7.5, 150 mM
NaCl 1 mM EDTA, 1 mM EGTA, 1% Nonidet P-40, 1% sodium deoxycholate)
supplemented with protease/phosphatase inhibitor cocktail (Pierce). The protein lysates were
resolved by SDS-PAGE and electro-transferred into nitrocellulose membranes and probed
with specific antibodies. The following antibodies were used: phospho-STAT1 (7649, Cell
Signaling Technology), STAT1 (9172, Cell Signaling Technology), phospho-STAT3 (9145,
Cell Signaling Technology), STAT3 (4904, Cell Signaling Technology), phospho-STAT6
(9361, Cell Signaling Technology), STAT6 (5397, Cell Signaling Technology), phospho-
AKT (4060, Cell Signaling Technology), AKT (2966, Cell Signaling Technology), phospho-
p38 MAPK (9216, Cell Signaling Technology), p38 MAPK (9219, Cell Signaling
Technology), phospho-GSK3B (9336, Cell Signaling Technology), GSK3p (9315, Cell
Signaling Technology) and B-Actin (A5441, Sigma).

Measurement of cytokine, ferritin and nitrite levels

Cytokine levels in the serum of mice with TLR9-induced CSS or in BMM culture
supernatants were quantified using ELISA Kits specific for IL-6, TNFa and IL-1
(eBioscience). The serum ferritin levels was determined by ferritin mouse ELISA kit
purchased from Abcam and nitrite levels in BMM culture supernatant were determined by
Griess reagent kit (Molecular Probes) as per the manufacturer’s protocols.

RNA and real-time PCR analysis

RNA was isolated from BMMs cultured /n vitro or from livers of mice with TLR9-induced
CSS using RNeasy Mini Kit (Qiagen). Purified RNA was then reverse transcribed to cDNA
using High Capacity cDNA reverse transcription kit (Applied Biosystems) according to the
manufacturer’s instructions. The subsequent real-time PCR analysis was performed with
SYBR Green PCR Master Mix (Applied Biosystems) and primers specific for murine Dgkg,
IL-1B, IL-6, TNF-a, INOS, CCLS5, IRF5, Arginase 1, PPAR+y, TLR4, CD14 and cyclophilin
were used as follow: for DgkC, ATGCTGGGACGGCCTTCT (forward) and
TCGGATGTGCTTGGCTAAGTC (reverse); IL-13, GCTTCCTTGTGCAAGTGTCTGA
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(forward) and TCAAAAGGTGGCATTTCACAGT (reverse); IL-6,
TTCTCTGGGAAATCGTGGAAA (forward) and TGCAAGTGCATCATCGTTGTT
(reverse); TNFa, CTGTAGCCCACGTCGTAGC (forward) and
TTGAGATCCATGCCGTTG (reverse); iINOS, ACTCAGCCAAGCCCTCACC (forward)
and GCCTATCCGTCTCGTCCGT (reverse); CCL5, AGATCTCTGCAGCTGCCCTCA
(forward) and GGAGCACTTGCTGCTGGTGTAG (reverse); IRF5,
TGTCCCAGACCCAAATCTCC (forward) and CTCTAGGTCCGTCAAAGGCA (reverse);
Arginase 1, ATGGAAGAGACCTTCAGCTAC (forward) and
GCTGTCTTCCCAAGAGTTGGG (reverse); PPARYy,
ACTCATACATAAAGTCCTTCCCGCT (forward) and
ATGGTGATTTGTCCGTTGTCTTTCC (reverse); TLR4, GGCAGCAGGTGGAATTGTAT
(forward) and TGCCGTTTCTTGTTCTTCCT (reverse); CD14,
CTGATCTCAGCCCTCTGTCC (forward) and CCCGCAGTGAATTGTGACTA (reverse)
and for cyclophilin AGCATACAGGTCCTGGCATC (forward) and
TTCACCTTCCCAAAGACCAC-3’ (reverse).

All data represent mean and SD. For statistical comparisons, data were analyzed using two-
tailed Student’s t test. All experiments with multiple comparisons were analyzed by a one-

way or two-way analysis of covariance in conjunction with a Bonferroni post-hoc test. For

survival studies, the significance was determined by log-rank test. P value of <0.05 was set
as statistically significant, *p<0.05 **p<0.01, ***p<0.001.

Dgk( deficient mice are protected from streptococcal cell wall (SCW)-induced arthritis

To address the importance of Dgk¢ signaling in modulating macrophage responses in
arthritic conditions, we injected the right ankle of WT and Dgk¢ null mice with 25 pg of
SCW fragments to induce a local inflammatory response associated with bone and cartilage
disruption subsequent to macrophage infiltration. As control, the contralateral ankle was
injected with PBS. Three days later, WT mice developed significant swelling in the SCW-
injected ankle compared to the contralateral leg. Based on the hyper-active T cell (29) and
osteoclast phenotypes (27) known to result from Dgk¢ deficiency, we expected Dgk¢ null
animals to develop more severe inflammation than WT mice. Surprisingly, however, Dgk¢
deficient mice exhibited significant less swelling, as shown by the reduced ankle thickness
and redness compared to WT mice (Fig. 1A). Histological analysis of H&E stained sections
showed significant immune infiltration and tissue destruction in the SCW-injected ankle of
WT mice (Fig. 1B). Interestingly, despite presence of inflammatory infiltrates, Dgk¢ null
mice were protected from joint and cartilage disruption, as shown by the intact safranin-O
staining (Fig. 1C). To assess the cellular composition of the immune infiltrates in the ankle
joints of WT and Dgk¢ null mice, we performed RT-PCR on the snap-frozen ankles 3 days
after the intra-articular injection of SCW fragments. We found elevated levels of CD11b, a
myeloid cell marker expressed in monocytes, and significant upregulation of F4/80, a
specific macrophage marker, in the SCW-injected ankles of WT and Dgk¢ null mice
compared to the contralateral leg injected with PBS. No changes in the levels of CD3,a T
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cell marker, were observed between the SCW and PBS-injected ankles of both WT and
Dgk¢ null mice (Fig. 1D). To assess whether the reduced swelling and tissue disruption
observed in the knockout mice was due to aberrant production or secretion of inflammatory
cytokines, we measured the expression of IL-6, TNFa and IL-1f transcripts in the ankles
isolated from WT and Dgk¢-/- mice. Strikingly, we observed significantly lower levels of
these pro-inflammatory cytokines in the SCW-injected ankles from Dgk¢-/- mice compared
to WT (Fig. 1E). No significant differences were observed in the control ankles (Fig. 1E).
These results suggest that Dgk¢ mediated signaling is critical for macrophage responses and
that, unlike for T cells and osteoclasts, Dgk¢ loss reduces inflammatory cytokine production
by monocytes/macrophages.

Dgk( deficiency attenuates CSS development

To further assess the importance of Dgk( signaling in macrophage activation /n vivo, we
turned to CSS, a severe and potentially fatal complication occurring in patients with chronic
rheumatic conditions such as sJIA and characterized by the overwhelming production of
pro-inflammatory cytokines. The repeated administration of the TLR9 ligand, CpG (50 pg),
provides a macrophage-dependent model to study CSS (17, 31). To address whether Dgk¢
knockout mice were protected from TLR9-induced CSS, Dgk¢ deficient and WT mice
received CpG injections every other day for 8 days and were sacrificed on day 9. As reported
previously, WT mice injected with CpG developed splenomegaly, hepatomegaly and a
significant decrease in white blood cell (WBC) and platelet counts compared to PBS
injected controls (Fig. 2A-E). A similar increase in the spleen and liver weight, as well as
decrease in WBC counts were observed in Dgk(¢-/- mice receiving CpG (Fig. 2A-E).
Furthermore, H&E-stained liver sections revealed comparable areas of inflammatory
infiltrates (Fig. 2G, 2H) and percentage of F4/80*CD11b" liver macrophages (Fig. 21) in
both genotypes following CpG injections. Strikingly, however, serum ferritin levels, a
marker of liver damage, and IL-14, IL-6 and TNFa mRNA levels from the livers of Dgk(-/-
mice were significantly lower than in WT animals (Fig. 2F, 2J). Consistent with this
observation, 1L-6 serum levels were also significantly decreased in Dgk{-/-animals injected
with CpG versus WT (Fig. 2K). These results suggest that Dgk( deficiency, while not
affecting tissue infiltration by monocytes/macrophages, reduces the production of
inflammatory cytokines and limits liver damage /n vivo in the TLR9-induced CSS model.

Loss of Dgk¢ limits pro-inflammatory cytokine production following TLR engagement

To investigate whether the reduced pro-inflammatory cytokine levels in the SCW arthritis
and TLR9-induced CSS observed in Dgk(¢ deficient mice were due to hypo-responsiveness
of the macrophages to TLR signaling, we stimulated WT and Dgk¢-/- bone marrow derived
macrophages (BMMs) with 100 ng of LPS, a TLR4 ligand, /n vitro. Confirming the /n vivo
observations, we observed significantly reduced transcript levels of IL-6, TNFa and IL-1f
in Dgk¢-/-BMMs compared to WT (Fig. 3A). Consistently, Dgk¢-/- BMMs secreted
significantly lower levels of pro-inflammatory cytokines compared to WT BMMs as
determined by ELISA (Fig. 3B). Importantly, the impaired response to LPS was not due to
reduced expression of the LPS cognate receptors TLR4 or CD14 (not shown). Indeed,
reduced IL-6, TNFa and IL-1p transcripts in Dgk¢-/- BMMs were also observed upon
activation of TLR3 with poly (I:C) or TLR2 with Pam3CSK4 (Fig. 3C, 3D). Consequently,
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IL-6 and TNFa secretion in the culture supernatant were reduced in response to Pam3CSK4
or CpG treatments (Fig. 3E, F). These findings show that Dgk( is necessary for pro-
inflammatory cytokine production by activated macrophages following TLR engagement.

Dgk( deficient macrophages have reduced STAT1/3 phosphorylation

To understand the mechanisms by which loss of Dgk¢ limits inflammatory cytokine
production, we turned to signaling pathway activated downstream of TLRs and known to
modulate cytokine production by macrophages (32, 33). We have previously demonstrated
that Dgkc-/- BMMs have higher levels of DAG isoforms containing both saturated and
unsaturated fatty acids compared to WT (27), consistent with the known role of this kinase
in converting DAG into PA. PI3K/AKT pathway has also been shown to be increased in
Dgkc-I- cells (28), however, we did not detect differences in AKT phosphorylation between
WT and Dgk¢-I- BMMs following stimulation with LPS (Supplemental Fig. 1A). We also
did not observe any difference in the phosphorylation of GSK3p, a downstream target of
AKT (not shown). Similarly, p38 MAPK, pERK and plxBa, known pathways modulating
cytokine production, were unchanged between the two genotypes (Supplemental Fig. 1B and
not shown). In contrast, we observed that the phosphorylation of STAT1 and STAT3 was
significantly decreased in Dgk¢-/- BMMs stimulated with LPS compared with WT (Fig. 4A,
4B). Next, to determine whether reduced STAT1/3 phosphorylation in Dgk(-/- BMMs was
due to elevated DAG levels, we treated WT BMMs with 100 nM of the non-hydrolyzable
DAG analog PMA during the 1 or 2 hour stimulation with LPS. pSTAT1 and pSTAT3 levels
were significantly reduced in WT cells exposed to PMA, suggesting DAG accumulation as a
potential mechanism for reduced STAT signaling (Fig. 4C, 4D). Because Dgk(-/-BMMs
produced less inflammatory cytokines, which in turn could activate STAT signaling in an
autocrine manner, we incubated the cells with 1 pl/ml of GolgiPlug, a protein transport
inhibitor that blocks cytokine secretion. STAT1 and STAT3 phosphorylation was reduced by
GolgiPlug in LPS treated BMMs derived from both WT and Dgk(-/- mice (Fig. 4E, 4F). In
contrast, similar levels of STAT1 phosphorylation were observed in both WT and Dgk¢-/-
BMMs upon IFNy treatment (Supplemental Fig. 1C). These results indicate that Dgk( loss
impacts STAT1/3 activation downstream of the LPS/TLR4 pathway via intrinsic (DAG
accumulation) and extrinsic (reduced cytokine secretion) mechanisms.

Dgk ¢ deficient macrophages have impaired M1 macrophage polarization

Because STAT1/3 signaling modulates M1 macrophage polarization, next we monitored the
expression of genes that are hallmarks of M1 pro-inflammatory macrophages. We observed
that Dgk(-/- BMMs expressed lower levels of iINOS, CCL5 and IRF5 upon LPS stimulation
compared to WT cells (Fig. 5A). The decrease in iNOS also correlated with lower levels of
NO released in the supernatant of Dgk¢-/- BMMs compared to WT following activation
with LPS and IFNy (Fig. 5B). In contrast, IL-4 treatment to induce M2 polarization resulted
in a similar activation of p-STAT6 and comparable induction of Arginase 1 and PPARy
expression in both genotypes (Fig. 5C, 5D). These data indicate that loss of Dgk( in
macrophages limits their polarization to a M1 macrophage pro-inflammatory state.
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Dgk(C levels are increased in arthritic conditions

Finally, we analyzed Dgk( levels in macrophages /n vitro in response to inflammatory
stimuli or after exposure to plasma from sJIA patients and ex-vivo in livers from mice with
TLR9 induced CSS. We observed that DgkC levels were increased in response to TLR
ligands LPS and CpG, whereas no changes in its expression occurred after IL-4 stimulation
(Fig. 6A). We also found higher Dgkg levels in liver extracts of WT mice that were given
repeated CpG injections to induce CSS compared to WT mice that received PBS (Fig. 6B).
Importantly, macrophages exposed to plasma from sJIA patients with active disease had
significantly higher levels of DgkC compared to cells exposed to healthy control plasma
(Fig. 6C). Collectively, these data indicate that under inflammatory conditions Dgk(
expression is increased to support M1 macrophage polarization.

Discussion

In this study, we determined the role of Dgk¢ in modulating macrophage pro-inflammatory
responses. Dgk¢ deficient mice have defective macrophage polarization to an M1 pro-
inflammatory phenotype, and therefore are protected from joint damage in the SCW model
of arthritis and from mounting an overwhelming cytokine storm in the TLR9-induced CSS.
Our data argue that DgkC deletion induces macrophage hypo-responsiveness to TLR
signaling and limits M1 macrophage activation, thus highlighting the importance of Dgk(-
DAG/PA axis in autoimmune and inflammatory diseases driven by macrophages.

Macrophages are critical players in inflammatory diseases because of their capacity in both
commencing and terminating inflammatory responses. Macrophages are highly plastic cells,
sensitive to their microenvironment, with the ability to polarize to an “M1-like” pro-
inflammatory phenotype in response to LPS and/or IFNy, and to an “M2-like” anti-
inflammatory phenotype in response to IL-4 and tissue damage (34, 35). The relative
contribution of M1 and M2 macrophage populations in systemic inflammatory disorders
including RA is not well understood. In the K/BxN serum transfer model of inflammatory
arthritis, Ly6C- monocytes recruited to the affected joints are converted into classically
activated macrophages during the effector phase of arthritis. The same population is then
polarized to an M2 macrophage phenotype during later stages of arthritic progression (36).
Similarly, peripheral blood mononuclear cells from sJIA patients present a mixed M1 and
M2 macrophage phenotype (37). However, in malignancies, M1 and M2 macrophages have
been shown to derive from cells of different origin, with the pro-inflammatory subsets
originating from hematopoietic stem cells in the bone marrow and the anti-inflammatory
subsets from tissue resident embryonic precursors (38). With the use of single cell RNA
sequencing approaches, several macrophage subsets distinct from the classical M1 and M2
polarization status, have been discovered (39, 40). In RA synovial tissues, Kuo and
colleagues identified a new macrophage subset, characterized by the expression of heparin-
binding EGF-like growth factor (HBGEF). This subset promotes fibroblast invasiveness,
thus contributing to pannus-associated tissue destructive behaviors in arthritic joints (40).

We find that macrophages from Dgk¢-/- mice have reduced M1 markers and decreased
production of pro-inflammatory cytokines in response to M1 polarizing factors and in the
TLR-dependent models of arthritis and CSS. In contrast, acquisition of M2 markers
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following exposure to IL-4 does not appear to be affected by Dgk( deficiency. Consistent
with this phenotype, phosphorylation of STAT1 and STAT3, M1 specific pathways, but not
STATS6, which is involved in M2 polarization, are modulated by Dgk¢. Modulation of
STAT1/3 activation by Dgk( deficiency appears to occur downstream of the LPS/TLR4
pathway but not IFNy signaling. Furthermore, while Dgk( loss is sufficient to decrease
macrophage-mediated pro-inflammatory cytokine production /7 vivo, it does not prevent the
recruitment of inflammatory cells in the tissues in both SCW arthritis and CSS. Further
analysis is required to determine whether Dgk(¢ loss represents a distinct macrophage subset
with reduced ability to respond TLR ligands, yet incapable of mounting anti-inflammatory
responses.

We previously reported that loss of Dgk¢ in BMMs leads to increased expression of c-Fos, a
transcription factor known to be involved in osteoclast differentiation (27). Dgk¢-/- BMM
cultures have the ability to form more osteoclasts than WT when exposed to a pro-
osteoclastogenic milieu (27). Thus, it is plausible that accumulation of DAG at the expense
of PA in the monocyte/macrophage lineage cells drives the pro-osteoclastogenic machinery
at the expense of activating pro-inflammatory signals. This assumption is further supported
by the observation that DAG signaling activates PKC-mediated pathways required for
osteoclast formation and bone resorption (41, 42). In contrast, PA has been reported to be
required for inflammatory cytokine production. Administration of PA restores 1L-12
production in Dgk¢ deficient macrophages in vitro and increases serum cytokine levels
when delivered into mice (28, 43). At present, however, is not completely clear whether
Dgk(¢ deficiency alters macrophage activation through accumulation of DAG or inadequate
PA levels or both. Adding to the complexity, both DAG and PA levels are increased in
response to inflammatory stimuli. DAG is induced in macrophages within minutes following
LPS stimulation (22, 23) and PA accumulates immediately after stimulation with zymosan
(44). We find that treatment of WT macrophages with the non-hydrolyzable DAG analog
PMA limits the phosphorylation of STAT1 and STAT3 upon LPS treatment, suggesting that
increased DAG levels can control macrophage activation. However, we also find that
blocking inflammatory cytokine secretion in LPS-activated macrophages reduces STAT1/3
phosphorylation, suggesting that extrinsic factors, in addition to increased DAG levels, could
act in an autocrine manner to modulate Dgk¢-/- macrophage responses. Interestingly,
however, stimulation with IFNy does not lead to differences in STAT signaling between WT
and Dgk¢-/- macrophages, thus implying that DgkC might preferentially modulate signaling
downstream of TLRs.

Dgk¢ expression is not solely confined to monocyte/macrophages, and immune imbalances
due to the effects of Dgk( loss have been described in T cells, mast cells and DCs. In T
cells, DgkC inhibits DAG mediated T cell receptor signaling and T cell activation while
promoting T cell anergic responses (29, 45). In mast cells, depending upon the context,
Dgk( can either activate FceR1-mediated responses to promote degranulation or inhibit IL-6
production (46). In dendritic cells, Dgk( induces cytokine production by inhibiting PI3K
activity (28). Thus, aberrant activation of additional immune populations other than
macrophages might be contributing to the fact that DgkC-/- mice are not fully protected from
CSS and develop hepatosplenomegaly and pancytopenia. These findings also highlight the
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complexity of DgkC signaling in immune cells and how its effects are cell type-specific
and/or dictated by extracellular signals.

The enzymatic activity of phospholipases leads to the generation of DAG and IP3/calcium
signaling downstream of TLRs, integrins and receptor tyrosine kinases. We previously
reported that PLC-y2-/- mice are protected from development of inflammatory arthritis and
CSS due to defective innate immune cell responses, including macrophage mediated
inflammatory cytokine production (17, 47). We have also reported that increased in calcium
fluxes drive M1 macrophage polarization, leading to more severe development of CSS (17,
48). Intriguingly, both calcium and DAG are generated upon activation of PLCy2 signaling.
Thus, our findings suggest that increased DAG levels could counteract calcium-mediated
pro-inflammatory responses, unless promptly converted into PA by the enzymatic activity of
Dgk¢. Importantly, we find that Dgk( levels are increased in macrophages upon exposure to
inflammatory cytokines, sJIA plasma and in mice with CSS, thus suggesting that blocking
DgkC upregulation or activity in the macrophages could restore intrinsic negative regulatory
signals. In conclusion, our data suggest that Dgk¢ induction in arthritic conditions
perpetuates systemic inflammatory responses mediated by macrophages and highlight a
potential role of Dgk(-DAG axis as the driver of inflammatory cytokine production in sJIA
and CSS.
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Key points

1 1) Dgk(¢ deficiency protects from the induction of inflammatory arthritis.
2. 2) Dgk(¢ deficiency limits activation of pro-inflammatory macrophages.

3. 3) Dgk(¢ deficiency reduces phosphorylation of STAT1 and STAT3 in

activated macrophages.
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Figure 1. Dgk{ deficiency ameliorates SCW-induced arthritis
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C57BI/6 WT and Dgk(-/- mice were injected with 25 pg of SCW fragments in the right
ankle while the left ankle injected with PBS served as control, and the animals were
euthanized 3 days later. (A) Representative images of ankles from WT and Dgk¢-/- mice
injected with PBS or SCW fragments. The joint swelling in WT and Dgk(-/- mice was
determined by caliper measurement of the injected ankles. (B) Representative histological
sections of ankle joints stained with H&E showing presence of immune infiltrates. (C)
Representative images of ankle joints stained with safranin O depicting cartilage destruction.
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(D-E) RT-PCR analysis for the immune markers CD11b, F4/80 and CD3 (D) and
inflammatory cytokines IL-6, TNFa and IL-1p (E) in the ankle joints of WT and Dgk(
deficient mice. Bars in Figure A and D-E (n= 3 mice/group) represent mean and SD.
Statistical significance was determined by two-tailed Student’s t test or two-way ANOVA for
multiple comparison. * p<0.05, **p<0.01, ***p<0.001.
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Figure 2. Loss of Dgk{ attenuates inflammatory cytokine production in the TLR9 induced-CSS
model

C57BI1/6 WT and Dgk¢-/- mice were injected with either PBS or CpG (50 ug) every other
day for 8 days. The mice were euthanized within 24 hr after the last CpG injection for
analysis. (A-B) Representative images of spleen size (A) and measurements of spleen
weight in WT and Dgk¢-/- mice injected with PBS or CpG to induce CSS (B). (C)
Development of hepatomegaly determined by measuring the ratio of liver weight to body
weight x 100. (D-E) WBC (D) and platelet (E) counts in mice with CSS. (F) Serum ferritin
levels from WT and Dgk(-/- mice measured on day 9 after CpG-induced CSS. (G)
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Representative H&E stained liver sections highlighting presence of inflammatory infiltrates
(indicated by white dotted lines). (H) The liver inflammatory infiltrate score determined by
assessing the extent of inflammatory cells around the veins and parenchyma, with O being
the lowest and 4 being the highest given score. (1) The quantification of macrophages in the
liver of WT and Dgk¢ deficient mice determined by FACS in PBS controls and after CpG-
induced CSS. (J) The transcripts levels of inflammatory cytokines measured in the liver of
WT and Dgk¢ deficient mice in PBS controls and after CpG-induced CSS. (K) IL-6 levels in
the blood analyzed by performing ELISA in the serum. Individual symbols in Figure B-E
represent 1 mouse with horizontal lines representing the mean values. Bars in Figures F-K
(n=5-9 mice/group) represents mean and SD. Statistical significance was determined by
two-tailed Student’s t test or two-way ANOVA for multiple comparison. * p<0.05,
**n<0.01, ***p<0.001.
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Figure 3. Decreased cytokine production in macrophages from Dgk{-/- mice
(A) RT-gPCR analysis of inflammatory cytokines in BMMs derived either from WT or

Dgk¢-/- mice and stimulated with 100 ng/ml of LPS for 4 hr. Data are expressed as fold
change in gene expression in comparison to unstimulated WT BMMs. (B) Levels of IL-6
and TNFa measured by ELISA in the supernatant of BMMs stimulated with 100 ng/ml of
LPS for 24 hr. IL-1p protein levels determined after stimulation with LPS (100 ng/ml) for 2
hrs followed by 7.5 uM nigericin for 15 mins. (C-D) RT-qPCR analysis of IL-6, TNFa and
IL-1B in BMMs from WT or Dgk¢-/- mice stimulated for 4 hr with 40 ug/ml of poly (1:C)
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(C) or 50 ng/ml of pam3CSK4 (D). Data are expressed as fold change in gene expression in
comparison to unstimulated WT BMMs. (E-F) IL-6 and TNFa measured by ELISA in the
supernatant of BMMs from WT and Dgk¢-/- mice stimulated with 50 ng/ml of pam3CSK4
(E) or 1 uM of CpG (F) for 24 hr. Statistical significance was determined by two-way
ANOVA. * p<0.05, **p<0.01, ***p<0.001.
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Figure 4. Dgk¢ deficiency reduces STAT 1/3 activation in macrophages
(A-B) BMMs from WT or Dgk(-/- mice stimulated with LPS for indicated time points and

subjected to western blot analysis for phospho-STAT1 and total STAT1 (A) and phospho-
STAT3 and total STAT3 (B). (C-D) Western blot analysis of indicated proteins in WT
BMMs treated either with 100 ng/ml LPS, 100 nM PMA or LPS and PMA together for
indicated time points. (E-F) BMMs from WT or Dgk¢-/- mice stimulated with 100 ng/ml
LPS alone or with LPS in the presence of 1 pl/ml GolgiPlug for indicated time and blotted
for phospho-STAT1 and total STAT1 (E) and phospho-STAT3 and total STAT3 (F). p-Actin
was used as a loading control.
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Figure5. Loss of Dgk¢ limits M 1 macrophage polarization
(A) The transcript levels of INOS, CCL5 and IRF5 determined by RT-qPCR analysis in

BMMs stimulated with 100 ng/ml of LPS for 4 hr. Data are expressed as fold change in gene
expression in comparison to unstimulated WT BMMs. (B) Nitrite concentration in the
supernatant of BMMs stimulated with LPS (100 ng/ml) and IFNy (100 ng/ml) determined
by Griess assay. (C) BMMs stimulated with IL-4 for indicated time and subjected to western
blot analysis for phospho-STAT6 and STAT6. B-Actin was used as a loading control. (D) RT-
gPCR analysis of Arginase 1 and PPARy in BMMs derived either from WT or Dgk(-/- mice
and stimulated with 50 ng/ml of IL-4 for 12 hr. Data are expressed as fold change in gene
expression in comparison to unstimulated WT BMMs. Statistical significance was
determined by two-way ANOVA. * p<0.05, **p<0.01, ***p<0.001.
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Figure 6. Inflammatory conditionsinduce Dgk¢{ expression
(A) Expression of Dgk( was determined by RT-qPCR in BMMs left either unstimulated

(Ctrl) or stimulated with LPS (100 ng/ml), CpG (1 uM) and IL-4 (50 ng/ml) for 12 hr. (B)
mMRNA expression of DgkC determined in the liver of mice that were given repeated
injections of PBS or CpG to induce CSS (n=5/ group). (C) mRNA expression of DgkC
measured in BMMs treated with either healthy control or sJIA plasma for 12 hr. Bars in
Figure A and B represents mean and SD while each symbol in Figure C represent 1
individual with horizontal lines representing the mean values. Statistical significance was
determined using unpaired t-test or one-way ANOVA. * p<0.05, **p<0.01, ***p<0.001.
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