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TLR7/8 activation in neutrophils impairs immune
complex phagocytosis through shedding of FcgRITA

Christian Lood, Sabine Arve, Jeffrey Ledbetter, and Keith B. Elkon

Department of Medicine, Division of Rheumatology, University of Washington, Seattle, WA 98109

Neutrophils play a crucial role in host defense. However, neutrophil activation is also linked to autoimmune diseases such as
systemic lupus erythematosus (SLE), where nucleic acid-containing immune complexes (IC) drive inflammation. The role of
Toll-like receptor (TLR) signaling in processing of SLE ICs and downstream inflammatory neutrophil effector functions is not
known. We observed that TLR7/8 activation leads to a furin-dependent proteolytic cleavage of the N-terminal part of FcgRIIA,
shifting neutrophils away from phagocytosis of ICs toward the programmed form of necrosis, NETosis. TLR7/8-activated neu-
trophils promoted cleavage of FegRIIA on plasmacytoid dendritic cells and monocytes, resulting in impaired overall clearance
of ICs and increased complement C5a generation. Importantly, ex vivo derived activated neutrophils from SLE patients demon-
strated a similar cleavage of FegRIIA that was correlated with markers of disease activity, as well as complement activation.
Therapeutic approaches aimed at blocking TLR7/8 activation would be predicted to increase phagocytosis of circulating ICs,
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while disarming their inflammatory potential.

INTRODUCTION
Neutrophils are the most abundant immune cells in the cir-
culation, participating in host defense through mechanisms
including production of reactive oxygen species (ROS),
phagocytosis, and formation of neutrophil extracellular traps
(NETS), a neutrophil cell death process in which DNA is
extruded together with cytoplasmic and granular content to
eliminate extracellular pathogens (Nathan, 2006; Pham, 2006;
Kaplan and Radic, 2012; Kolaczkowska and Kubes, 2013). Al-
though beneficial from a host—pathogen perspective, exagger-
ated neutrophil activation has been linked to autoimmunity, in
particular the rheumatic disease systemic lupus erythematosus
(SLE; Garcia-Romo et al., 2011; Kaplan, 2011;Villanueva et
al.,2011; Lood et al., 2016; Lood and Hughes, 2016). In SLE,
neutrophil abnormalities were described more than 50 yr ago
with the discovery of the lupus erythematosus cell (LE cell),
a neutrophil engulfing IgG- and complement-opsonized nu-
clear debris (Hargraves et al., 1948; Gullstrand et al., 2012).
Circulating nucleic acid—containing immune complexes
(ICs) participate in SLE pathogenesis through activation of
FcgR and complement, and also by engaging intracellular
TLR (Lood et al., 2009; Eloranta et al., 2013). We recently
demonstrated that RNP containing ICs cause neutrophils to
release interferogenic oxidized mitochondrial DNA during
NETosis (Lood et al., 2016).

TLR agonists, such as nucleic acids, are important com-
ponents of pathogens, enabling enhanced phagocytosis by
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macrophages and DCs (Blander and Medzhitov, 2004; Doyle
et al., 2004), as well as inducing cell maturation associated
with a shift from phagocytosis to antigen presentation (Watts
et al., 2010). Human neutrophils express all TLRs except for
TLR3, with TLRS8 rather than TLR7 being the most highly
expressed single stranded RINA receptor (Hayashi et al., 2003;
Berger et al., 2012). Nevertheless, the role of TLR signaling
in neutrophil phagocytosis of SLE ICs and their downstream
effects has not been extensively investigated. In this study,
we reveal a novel mechanism in which TLR7/8 signaling,
through shedding of FcgRIIA, shifts neutrophil function
from phagocytosis to a programmed necrosis pathway, NE-
Tosis. The reverse was also true, namely that phagocytic en-
gagement decreased subsequent NET formation, suggesting
neutrophil commitment to either NETosis or phagocytosis
dependent on the environmental trigger. Finally, this process
is clinically relevant, as SLE patients had evidence for ongo-
ing shedding of FcgRIIA related to neutrophil activation and
markers of disease activity.

RESULTS

FcgR and TLR cross talk requlate phagocytosis of RNP-ICs
IC-mediated neutrophil effector functions are thought to
play a central role in the lupus pathogenesis (Nathan, 2006;
Pham, 2006; Kolaczkowska and Kubes, 2013; Lood et al.,
2016). However, mechanisms regulating IC-mediated phago-
cytosis by neutrophils, and the specific contributions of FcgR
and TLR engagement in this process, have not been stud-
ied in detail. Using ICs consisting of SmRNP and SLE IgG
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Figure 1. FecgRIIA and TLR7/8 activation
regulates phagocytosis of RNP-ICs. (A)
Neutrophils were incubated with antibodies

2000 against FcgRs before stimulation with RNP-ICs.

Phagocytosis was quantified by flow cytome-

15004 try and compared with isotype antibody added

(percentage of control). The experiment was
repeated three times; combined results are

5004 shown and compared using paired Student's

t test (P = 0.013; P < 0.0001; P = 0.0009 for
0- FegRI, FegRIIA, and FegRIIIB, respectively). (B)
TLR7/8 activation was inhibited by RNase or
TLR7-9 iODN treatment before incubation of
RNP-ICs with neutrophils and phagocytosis
analyzed by flow cytometry. The experiment
was repeated three times (ODN) or six times
(RNase); combined results are compared using
paired Student's t test (P = 0.015; P = 0.0006;
P = 0.014 for SLE IgG, huRNase, and TLR7-9
iODN, respectively). (C) Neutrophils were in-
cubated with human (hu)RNase or HAGG and
analyzed for IgG-Fc binding by flow cytome-
try. The experiment was repeated three times;
combined results are shown. (D) Neutrophils
were stimulated with R848 before incubation
with RNase-treated RNP-ICs, HAGG, beads or
zymosan. The results are expressed as phago-
cytosis as compared with no R848 added (% of
control). The experiment was repeated six (zy-
mosan), eight (RNP-IC+RNase), nine (HAGG),
or ten (beads) times; combined results are
shown and compared using paired t test (P =

0.0005, P = 0.0001, P < 0.0001, and P = 0.017 for RNP-IC+RNase, HAGG, beads, and zymosan, respectively). (E) Neutrophils, treated with or without R848
followed by cytochalasin B (CytoB; 5 uM), were analyzed for binding and uptake of RNP-ICs by flow cytometry. The experiment was repeated six times;
combined results are shown and compared using paired Student's t test (P < 0.0001 for IC vs. IC+CytoB; P = 0.0066 for IC vs. IC+R848; P = 0.0078 for
|C+CytoB vs. IC+R848+CytoB; and P = 0.0158 for IC+R848 vs. IC+R848+CytoB). *, P < 0.05; **, P < 0.01; ** P < 0.001.

(RNP-ICs), which were previously shown to induce NETosis
(Lood et al., 2016) and specific FcgR-blocking monoclonal
antibodies, we found that both FcgRIIA and FcgRIIIB were
essential for RNP-IC-mediated phagocytosis (Fig. 1 A),
whereas FcgRI was dispensable, consistent with the low ex-
pression of FcgR1I on resting neutrophils. In contrast to stud-
ies done in transgenic cell lines and mice with rabbit IgG
(Chen et al., 2012), we did not find any evidence of an Fcg-
RIIA-independent role of FcgRIIIB in human neutrophils.
We next asked whether TLR7/8 activation, mediated
through the RNA component of the RNP-ICs, influenced
the phagocytosis of RNP-ICs by neutrophils. Contrary to
expectations, degradation of the TLR ligand by RNase re-
sulted in an increase in the phagocytosis of RNP-ICs by neu-
trophils (Fig. 1 B). This could not simply be explained by
occupancy of the RNase-Fc dimer to FcgRIIA (Fig. 1 C),
which is prevented by the P283S mutation, or by changes in
the size or character of the RNP-IC, because a similar obser-
vation was made when TLR activation was inhibited with a
TLR7-9 inhibitory oligodeoxynucleotide (ODN; Fig. 1 B).
To determine whether the reciprocal was true, namely that
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TLR activation could inhibit phagocytosis of ICs, the uptake
of RNase-treated RNP-ICs was analyzed in presence of the
TLR7/8 agonist, R848. Addition of R848 significantly de-
creased uptake of ICs, as well as heat-aggregated IgG (HAGG,
Fig. 1 D) supporting the hypothesis that TLR activation re-
duces FcgR-mediated phagocytosis in neutrophils. However,
this process was selective; in contrast to ICs, TLR7/8 activa-
tion increased uptake of beads and zymosan (Fig. 1 D). Finally,
to determine if TLR7/8 activation affected the internaliza-
tion process and/or the binding ability of the ICs, neutrophils
were treated with the cytoskeleton inhibitor Cytochalasin B
before adding the ICs, thus blocking uptake, but not binding.
As shown in Fig. 1 E, TLR7/8 activation suppressed both
IC-mediated binding and subsequent phagocytosis, indicat-
ing reduced FcgRIIA function.

TLR7/8 activation induces selective shedding of FcgRIIA

To determine the mechanism for the TLR-induced reduc-
tion in RINP-IC phagocytosis, we analyzed the neutrophil
surface expression of FcgRs after exposure to TLR ligand.
The expression of FcgRIIA was significantly reduced,

TLR7/8-mediated shedding of neutrophil FegRIIA | Lood et al.
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Figure 2. TLR7/8 activation induces shedding of FegRIIA. (A) Neutrophils were activated with R848 and cell surface expression of FegRs analyzed by
flow cytometry. The results are presented as FegR levels as compared with no R848 added (percentage of control). The experiment was repeated 5 (FegRl), 7
(FegRIIN), and 25 (FegRIIA) times; combined results are shown and compared using paired Student's ¢ test (FegRIIA, P < 0.0001; FegRI, P = 0.027; FegRIll, P =
0.0044). (B) Neutrophils were activated with the TLR7/8 agonist R848 and analyzed for FcgRIIA at different time-points and concentrations. The experiment
was repeated four (concentration) and six (kinetics) times; combined results are shown and compared using paired Student's t test (30 min, P = 0.0158; 60
min, P < 0.0001; 120 min, P = 0.0003; 0.125 pg/ml, P = 0.0071; 0.25 pg/ml, P = 0.0058; 0.5 ug/ml, P = 0.0008; 1 ug/ml, P < 0.0001; 2 ug/ml, P < 0.0001). (C)
Neutrophils were activated with TLR ligands (LPS, 1 ug/ml, PAM3CSK4 (5 ug/ml), CpG DNA (2 ug/ml), Loxoribine (0.1 mM), CLO75 (2.5 pg/ml), or R848 (2 pg/
ml) for 60 min or (D) 4 h and analyzed for (C) FegRIIA, (D) FegRIIl, or (E) CD11b (black bars) and CD66b (gray bars) cell surface expression by flow cytometry.
For C, the experiment was repeated 6 (LPS, P = 0.0008), 8 (CoG DNA, P = 0.035; Loxoribine, P < 0.0001; CLO75, P < 0.0001), 10 (PAM3CSK4, P < 0.0001), and
40 times (R848, P < 0.0001); combined results are shown and compared using paired Student's t test. For D and E, the experiment was repeated four (D)
and eight (E) times; combined results are shown and compared using paired Student's t test (CD11b: R848, P < 0.0001; LPS, P = 0.0002; PAM, P < 0.0001;
CpG DNA, P < 0.0001; CD66b: R848, P < 0.0001; LPS, P < 0.0001; PAM, P < 0.0001; CpG DNA, P = 0.014). F) Neutrophils were activated with R848 and
FegRIIA levels analyzed in permeabilized cells by flow cytometry. The experiment was repeated five times and compared using paired Student's t test (P =
0.0075). (G) Cartoon illustrating the FegRIIA receptor with the binding site for the IV.3 antibody (aa 132-137), potential cleavage site of FcgRIIA, and likely
binding site of FUN2 indicated. (H) FcgRIIA cell surface expression was analyzed by flow cytometry using two antibodies, FUN2 and IV.3, in nonstimulated
and R848-stimulated neutrophils. The experiment was repeated six times; combined results are shown and compared using paired Student's t test (P <
0.0001). (1) Neutrophils were labeled with FITC-conjugated IV.3 anti-FegRIIA or anti-FUN-2 antibodies and the shed antibody-FegRIIA complex quantified
by fluorimetry after R848 stimulation with or without prior addition of a pan-protease inhibitor. The experiment was repeated 4 (FUN2), 6 (IV.3 R848+prot.
inh.), or 14 (IV.3 R848) times; combined results are shown and compared using paired Student's t test (IV.3: R848, P < 0.0001; R848+prot.inh., P = 0.0001).
*, P <0.05;* P<0.01;* P<0.001.

whereas surface levels of FcgRIIIB and FcgRI were in- and CD66b (Fig. 2, C-E). Similar results were seen with
creased after TLR7/8 stimulation (Fig. 2 A).The decrease in PMA (unpublished data).

FcgRIIA surface expression was time- and dose-dependent To assess if reduction in FcgRIIA cell surface expression
(Fig. 2 B). Loss of FcgRIIA was not specific for TLR7/8 was dependent on proteolytic cleavage or internalization of the
engagement, as neutrophil incubation with either TLR1/2,  receptor, we analyzed total FcgRIIA expression in fixed per-
TLR4, TLR7, or TLRS8 selective agonists also reduced meabilized neutrophils. Similar to cell surface staining, R 848
neutrophil cell surface levels of FcgRIIA, but not of Fcg- reduced the overall FcgRIIA levels in neutrophils (Fig. 2 F).
RIIIB, concomitant with increased expression of CD11b Reduced expression was only seen with one of the antibody
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clones tested (IV.3, recognizing amino acid 132—-137; Fig. 2 G),
but not with the FUN2 clone (Fig. 2 H), indicating that only
the most N-terminal part of the FcgRIIA was lost, rather
than the full receptor. Furthermore, using cells to which an-
ti-FcgRIIA antibodies had been added (prelabeled), FcgRI-
IA-IV.3 complexes, but not FegRITA-FUNZ2 complexes, were
detected in increased amounts in the cell-free supernatant upon
R 848 activation compared with nonstimulated cells (Fig. 2 I).
Addition of a pan protease inhibitor markedly reduced the
overall accumulation of cell-free FcgRIIA—anti-CD32A com-
plexes in the supernatant, indicating that proteolytic cleavage
of cell surface FcgRIIA was responsible for reduced FcgRITA
expression after TLR7/8 engagement. The ability of the pro-
tease inhibitor to reduce the amount of shed FcgRIIA even
further than baseline suggests that basal shedding activity of the
neutrophil also occurs in the resting state (Fig. 2 I).

To determine which proteases were involved in the
shedding of FcgRIIA, neutrophils were incubated with se-
lective protease inhibitors before the addition of the TLR
agonist. As detailed in Fig. 3 A, TLR7/8-mediated shed-
ding of FcgRIIA was dependent on serine proteases, in-
cluding the pro-protein convertase furin. Although addition
of recombinant furin increased cell surface BAFF levels
(Fig. 3 B), consistent with current literature (Assi et al.,
2007), exogenously added furin did not affect FcgRIIA
shedding on neutrophils (Fig. 3 C). Thus, furin most likely
did not act directly on FcgRIIA, but on an intracellular pro-
cess. Although the proteases that cleaves FcgRIIA remains
to be identified, we found the neutrophil supernatant to
require both a small (<10 kD) heat-sensitive component, as
well as a larger (30—100 kD) protein to induce shedding of
FcgRIIA (Fig. 3,D and E).

FegRIIA shedding requires PI3K-dependent generation of
reactive oxygen species

As FcgRIIA shedding was associated with the most acti-
vated neutrophils (Fig. 4 A), we applied a phosphoproteomic
mass spectrometry—based approach to identify proteins
and pathways activated by R848 and RNP-ICs that could
contribute to shedding of FcgRIIA. Among the identified
phosphoproteins, several were involved in cytoskeletal regula-
tion (ADD1,LSP1,VIM, and SYNE1), exocytosis (STXBP5),
or MAPK signaling (MAPK14; Fig. 4 B) consistent with the
KEGG analysis (Table 1).

Another target of TLR7/8 stimulation was ncfl (p47
phox; Fig. 4 B, top). Ncfl was phosphorylated at S345
(Fig. 4, B-D), a known target site involved in activation
of the NADPH oxidase complex (Dang et al., 2000). As
ROS increases the sensitivity of target proteins for pro-
teolytic degradation (Bota and Davies, 2002) and activates
redox-sensitive proteases (Scherz-Shouval et al., 2007),
we asked if ROS generation was necessary for shedding
of FcgRIIA. Addition of either DPI or apocynin, two
well-established inhibitors of NADPH oxidase, completely
restored cell surface levels of FcgRIIA (Fig. 4 E). Inhibiting
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Table 1. KEGG pathway analysis upon TLR7/8 activation

KEGG pathway P-value
FegR-mediated phagocytosis 0.00014
Regulation of actin cytoskeleton 0.0035
Endocytosis 0.032
MAPK signaling pathway 0.043

ROS also increased the cell surface expression of FcgRII
IB upon TLR7/8 activation, albeit only modestly (unpub-
lished data), suggesting that both FcgRs are negatively reg-
ulated through a ROS-dependent mechanism. Consistent
with those results, neutrophils from CGD patients, deficient
in NADPH oxidase-mediated ROS production, did not
show reduced cell surface levels of FcgRIIA upon TLR7/8
engagement (Fig. 4 F), despite CGD neutrophils being
able to up-regulate cell surface activation marker, CD66b
(Fig. 4 G). TLR1/2 and TLR4-mediated shedding of Fcg-
RITA was also dependent on NADPH oxidase, suggest-
ing a similar signaling pathway being involved for all TLR
agonists (Fig. 4 H). To determine if TLR7/8-mediated
ROS was generated intracellularly, or released extracellu-
larly by plasma membrane—located NADPH oxidase com-
plexes, we analyzed the cellular localization of ROS using
cell-impermeable ROS dyes and flow cytometry. Both
R848 and RNP-ICs induced intracellular generation of
ROS, but no detectable extracellular ROS, whereas PMA
induced both intracellular and extracellular ROS gener-
ation (Fig. 4 I), suggesting formation of endosomal, but
not cell surface, NADPH oxidase complexes after stimula-
tion with RNP-ICs and R848.

We next asked which pathways were acting upstream
of NADPH oxidase to induce FcgRIIA shedding. Several
regulators of NADPH oxidase have been demonstrated,
among which PI3K is central (Hawkins et al., 2007), and
known to be essential in IC-mediated neutrophil activa-
tion (Kulkarni et al., 2011). Neutrophil TLR7/8 ligation
induced increased levels of phosphorylated Akt and S6
as determined by flow cytometry (Fig. 4 J), and S6 was
one of the most phosphorylated proteins as determined
by phosphoproteomics (Fig. 4 B, bottom arrow), strongly
suggesting PI3K activation upon TLR7/8 activation. To
confirm the role for PI3K in TLR-mediated activation of
ROS and subsequent shedding of FcgRIIA, neutrophils
were incubated with the PI3K inhibitor LY294002 before
addition of TLR agonist. Blocking PI3K signaling abro-
gated TLR-mediated ROS generation (Fig. 4 K), phos-
phorylation of ncfl at S345 (Fig. 4 D), and shedding of
FcgRIIA (Fig. 4 L). Also, heat-aggregated IgG (HAGG)
cross-linking of FcgRIIA activated neutrophils to induce
shedding of FcgRIIA in a PI3K-dependent manner, albeit
to a lesser extent than TLR activation (Fig. 4, M-O). Col-
lectively, these data demonstrate that PI3K-driven ROS
production via NADPH oxidase is necessary for TLR-
7/8-mediated shedding of FcgRIIA.

TLR7/8-mediated shedding of neutrophil FegRIIA | Lood et al.
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Figure 3. FcgRIIA shedding requires serine proteases. (A) Cell surface levels of FegRIIA (IV.3) was analyzed by flow cytometry upon R848 activation in

the presence of a pan protease inhibitor or inhibitors of matrix metalloproteases (GM6001, 10 uM), cysteine proteases (E-64, 1 uM), serine proteases (AEBSF,
100 pM), neutrophil elastase (Elastase inhibitor IV, 25 uM), cathepsin G (chymostatin, 10 ug/ml), or furin (chloromethylketone (CMK, 25 uM). The experiment
was repeated three (E-64), four (Pan Prot.inh., P < 0.0001; AEBSF, P = 0.0004; chymostatin; and CMK, P = 0.0038), five (GM6001), and seven (NEi) times;
combined results are shown and compared using paired Student's t test. (B) Neutrophils were incubated with furin (100 ng/ml) or CMK 30 min before
addition of R848. BAFF cell surface expression was analyzed by flow cytometry. The experiment was repeated seven times; combined results are shown and
compared using paired Student's t test (R848, P = 0.0095; R848+Furin, P = 0.0027; R848+CMK, P = 0.002). (C) Neutrophils were incubated with furin (100
ng/ml) in presence or absence of R848 and analyzed for FcgRIIA levels by flow cytometry. The experiment was repeated nine times; combined results are
shown. (D and E) Supernatant from activated neutrophils was fractionated and analyzed for capacity to induce shedding of monocyte FegRIIA (D) without
or (E) with prior boiling of the fractions. In E, the 30-kD pool was used. In panel D, the experiment was repeated four (30kD pool), six (10kD and 100 kD) or
seven (30 kD fractions) times; combined results are shown and compared using paired Student's ¢ test (>30 kD, P = 0.0003; <30 kD, P = 0.0015; 30 kD pool,
P =0.016 and P = 0.018 as compared with supernatant and <30 kD fraction, respectively; >10 kD, P < 0.0001; <10 kD, P = 0.0002; >100k D, P = 0.0001). In
E, the experiment was repeated three (30 kD fraction and pool) or six (boiled supernatant) times; combined results are shown and compared using paired

Student's t test (boiled supernatant, P = 0.0035; Boiled >30 kD, P = 0.017; Boiled <30 kD, P = 0.011). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

TLR7/8-mediated shedding of FcgRIIA shifts neutrophil
function from phagocytosis to NETosis

Given the ability of TLR7/8 to induce shedding of Fcg-
RIIA, we asked what the biological consequences of Fcg-
RIIA shedding on neutrophil key effector functions would
be. As expected, after adding the furin inhibitor we ob-
served a selective increase in the uptake of RINP-ICs, but
not of latex beads (Fig. 5 A), consistent with a role for
furin in promoting FcgRIIA shedding (Fig. 3 A). The
furin inhibitor also amplified RNP-IC—mediated neutro-
phil activation (Fig. 5 B). However, in contrast to increased
phagocytosis, addition of CMK decreased RNP-IC—medi-
ated NETosis (Fig. 5 C). A similar phenomenon was ob-

JEM Vol. 214, No. 7

served using RNase treatment of RNP-ICs. Removal of
the RNA component increased phagocytosis (Fig. 1 B) but
reduced NETosis (Fig. 5 D), indicating opposite regulation
of RNP-IC-mediated phagocytosis and NETosis in neu-
trophils. Importantly, RNase did not degrade the NETSs
(Fig. 5 E). RNase-mediated degradation of RNA in the
SmRNP complex was also observed in the presence of anti-
Sm/RNP autoantibodies (Fig. 5, F and G).

Because we observed contrasting effects with regard to
TLR7/8 stimulation limiting phagocytosis while promoting
NETosis, we asked if phagocytosis and NETosis were oppos-
ing processes in neutrophils. In support of this hypothesis,
we found that addition of beads that stimulated phagocytosis
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phox) at S345 upon R848 activation as determined by phosphoproteomics. The experiment was repeated three times; combined results are shown and
compared using paired Student's t test (P = 0.044). (D) Neutrophils were incubated with R848 in the absence or presence of the PI3K inhibitor Ly294002
and analyzed for pS345 or total levels of p47 phox using Western Blot. The experiment was repeated four times; combined results are shown and compared
using paired t test (No stim, P = 0.03; R848+LY294002, P = 0.0011). (E) Neutrophils were treated with inhibitors of NADPH oxidase before addition of R848
and analyzed for cell surface expression of FcgRIIA by flow cytometry. The experiment was repeated six times; combined results are shown and compared
using paired t test (DPI, P = 0.0042; Apocynin, P = 0.0044). (F) Neutrophils from healthy individuals (HV, n = 18) and CGD patients (n = 4) were stimulated
with R848 and analyzed for FcgRIIA levels by flow cytometry. The data are analyzed using paired Student's t test (HC, P < 0.0001) and unpaired Student's t
test (HC vs. CGD, P = 0.0097). (G) Neutrophils from healthy individuals (HV, n = 13) and CGD patients (n = 3) were activated by R848 and analyzed for CD66b
expression by flow cytometry using paired Student's t test (HC, P < 0.0001; CGD, P = 0.039). (H) Neutrophils were activated with LPS or PAM3CSK4 in pres-
ence of DPI and analyzed for FcgRIIA levels by flow cytometry. The experiment was repeated four times; combined results are shown and compared using
paired Student's t test (LPS, P = 0.0062; PAM, P = 0.0003). (1) Neutrophils were activated with R848, RNP-ICs, or PMA and analyzed for cellular localization
for the ROS generation by flow cytometry and fluorimetry. The experiment was repeated five (extracellular) and eight (intracellular) times; combined results
are shown and compared using paired Student's t test (Extracellular: PMA, P = 0.007; Intracellular: PMA, P < 0.0001; RNP-IC, P = 0.0007; R848, P < 0.0001).
(J) Phosphorylation of Akt and S6 was determined by flow cytometry upon TLR7/8 activation. The experiment was repeated four times; combined results
are shown and compared using paired t test (pS6, P = 0.042; pAkt, P = 0.037). (K) Neutrophils, pretreated with inhibitors of PI3K (LY294002, 10 uM) or NAD
PH oxidase (DPI, 25 pM), were activated with R848 and analyzed for ROS generation by flow cytometry using DHR123. The experiment was repeated three
times; combined results are shown and compared using paired Student's t test (R848, P = 0.0049; R848+1Y294002, P = 0.004; R848+DPI, P = 0.0031). (L)
Neutrophils were pretreated with the PI3K inhibitor LY294002 (10 uM) and analyzed for R848-mediated shedding of FcgRIIA by flow cytometry. The exper-
iment was repeated eight times; combined results are shown and compared using paired Student's t test (P < 0.0001). (M-0) Neutrophils, with or without
pretreatment with LY294002, were activated with heat-aggregated IgG (HAGG) and analyzed for (M) CD66b, (N) FegRIIA shedding, and (0) pS6 expression
by flow cytometry. In M and N, the experiments were repeated eight times. In O, the experiment was repeated five times; combined results are shown and
compared using paired Student's t test (M: R848, P < 0.0001; HAGG, P = 0.017; R848 vs. HAGG, P = 0.0001; N: R848, P < 0.0001; HAGG, P = 0.0002; R848 vs.
HAGG, P = 0.0029; HAGG vs. HAGG+LY294002, P = 0.018; 0: HAGG, P = 0.0024; R848, P = 0.0314; RNP-IC, P = 0.011). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

inhibited RNP-IC-mediated NETosis in a dose-dependent ability to phagocytose RNP-ICs, while losing the capacity
manner (Fig. 5 H). Addition of beads did not hinder sub- to undergo NETosis (Fig. 5 I). Importantly, in neutrophils
sequent uptake of RNP-ICs. On the contrary, neutrophils ~ from healthy controls, high levels of full-length FcgRIIA
primed with phagocytic stimuli (beads) had an enhanced  were associated with an increased phagocytic ability, but de-
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Figure 5. FegRIIA shedding differentially regulates neutrophil phagocytosis and NETosis. (A) Neutrophils were incubated with CMK (25 uM), before
addition of stimuli and phagocytosis analyzed by flow cytometry. The experiment was repeated five times; combined results are shown and compared using
paired Student's ¢ test (P = 0.0032). (B) Neutrophils were incubated with CMK before the addition of RNP-ICs and cell surface levels of CD11b and CD66b
analyzed by flow cytometry. The results are expressed as CD11b or CD66b (percentage of control), as compared with nonstimulated cells. The experiment
was repeated 15 times; combined results are compared using paired Student's t test (CD11b: RNP-IC; P < 0.0001; RNP-IC+CMK, P = 0.0002; CD66b: RNP-IC;
P < 0.0001; RNP-IC+CMK, P < 0.0001). (C) Neutrophils, pretreated with CMK, were activated with RNP-ICs and the ability to release NETs analyzed by fluor-
imetry. The experiment was repeated six times; combined results are compared using paired Student's t test (P = 0.0001). (D) RNP-ICs were treated with
RNases before addition to neutrophils and NET formation analyzed by fluorimetry. The experiment was repeated seven times; combined results are shown
and compared using paired Student's t test (P < 0.0001). (E) SmRNP, NETs, dsDNA, or ssRNA were degraded by human RNase without (E and F) or with (G)
presence of autoantibodies, and analyzed by fluorimetry over time. The experiment was repeated three (G), four (E), or eight (F) times. (H) NET formation was
analyzed upon preincubation with different amounts of beads. The experiment was repeated three times; combined results are shown and compared using
paired Student's ttest (1 ul, P = 0.0135; 5 ul, P = 0.0031). () Neutrophil uptake of RNP-ICs was analyzed upon pretreatment with beads. The experiment was
repeated four times; combined results are shown and compared using paired Student's t test (P = 0.018). (J and K) Neutrophils from healthy individuals (n
= 12) were analyzed for baseline FcgRIIA IV.3/FUN2 ratio in relation to IC-mediated NETosis (J) and phagocytosis (K). The combined results are shown and
analyzed using Spearman's correlation. *, P < 0.05; ™, P < 0.01; ***, P < 0.001.

Activation of neutrophil TLR7/8 results in proteolytic
cleavage of FcgRIIA on monocytes and pDCs and a reduction
in monocyte phagocytosis

Because we observed prominent protease-mediated shed-
ding of FcgRIIA in neutrophils, we next asked if activated
neutrophils could induce shedding of FcgRIIA in other im-
mune cells. Although R848-induced monocyte activation
and up-regulation of cell surface CD11b (unpublished data),

creased NET forming capacity of the neutrophils (Fig. 5, J
and K), further verifying the inverse regulation between
IC-mediated phagocytosis and NETosis. Thus, we have iden-
tified a novel process in which neutrophil function, through
TLR7/8-mediated shedding of FcgRIIA, shifts from phago-
cytosis to NETosis. Importantly, the reverse also seems to be
true, e.g., when neutrophils commit to phagocytosis they re-
duce their NET-inducing capacity.

JEM Vol. 214, No. 7 2109
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Figure 6. TLR7/8-activated neutrophils shed FegRIIA from monocytes and pDCs. (A and B) PBMCs were coincubated with neutrophils (PMNs) in the
presence of R848 and a pan-protease inhibitor. Levels of FegRIIA on (A) monocytes (CD14%) and (B) pDCs (CD304*) were determined by flow cytometry and
expressed as FegRIIA (percentage of control) as compared with PBMCs incubated in medium in absence of neutrophils. In A, the experiment was repeated
11 times with the exception of the proteinase inhibitor (n = 5); combined results are shown and compared using paired t test (PMN+PBMC, P < 0.0001;
PMN+PBMC vs. PMN+PBMC+R848, P < 0.0001; PMN+PBMC+R848 vs. PMN+PBMC+R848+Prot.inh.,, P = 0.002). In B, the experiment was repeated seven
times; combined results are shown and compared using paired Student's t test (PMN+PBMC, P = 0.0261; PMN+PBMC vs. PMN+PBMC+R848, P = 0.0002;
PMN+PBMC+R848 vs. PMN+PBMC+R848+Prot.inh., P = 0.0128). (C) Monocytes were analyzed for the expression of FegRI (CD64), as well as FegRIIA using
the monoclonal antibodies IV.3 and FUN2. The experiment was repeated four times; combined results are shown and compared using paired Student's ¢ test
(P =0.008). (D) Neutrophil supernatant, derived from nonstimulated (no, n = 5) or R848-stimulated (R848, n = 9) neutrophils, were added to monocytes in
presence of indicated inhibitors (CMK; furin inhibitor, n = 5, and Pan; pan-protease inhibitor, n = 5) and monocyte FcgRIIA levels analyzed by flow cytometry.
Combined results are shown and compared using paired Student's ¢ test (R848, P < 0.0001; R848+Pan, P = 0.003). (E) Neutrophil supernatant were added
to monocytes and expression of FegRIIA (IV.3 and FUN2) as well as FegRI (CD64) analyzed by flow cytometry. The experiment was repeated four times;
combined results are shown and compared using paired Student's t test (P = 0.0043). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

monocyte surface expression of FcgRIIA was unchanged
(Fig. 6 A). However, upon co-culture with neutrophils
primed with R848, monocytes lost cell surface FcgRIIA ex-
pression in a protease-dependent manner (Fig. 6 A). Simi-
lar findings were observed in pDCs, with loss of FcgRIIA
in a neutrophil- and protease-dependent manner (Fig. 6 B).
Comparable to what was observed in neutrophils, the loss
of FcgRIIA expression on monocytes was selective for the
IV.3 clone, as expression of neither the FUN2 epitope nor
FcgRI was altered, indicating a similar protease was opera-
tive (Fig. 6 C). However, FUN-2 also targets FcgRIIB, even
though it is expressed at much lower levels than FcgRIIA on
monocytes (Su et al., 2007).

2110

To determine if the loss of monocyte FcgRIIA was
mediated through cell—cell interactions or through a soluble
neutrophil-derived factor, we added supernatant from TL-
R7/8-activated neutrophils to monocytes. Cell-free super-
natant from R848-activated neutrophils reduced monocyte
FcgRIIA levels, indicating the presence of a soluble neutro-
phil factor able to mediate shedding of monocyte FcgRIIA
(Fig. 6 D). The neutrophil supernatant shed monocyte Fcg-
RIIA in a protease-dependent, but furin-independent man-
ner, further demonstrating that furin does not act directly
on FcgRIIA. Importantly, similar to what was observed in
neutrophils stimulated directly or in the neutrophil-PBMC
co-culture experiments, the supernatant derived from TLR-

TLR7/8-mediated shedding of neutrophil FegRIIA | Lood et al.
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7/8 activated neutrophils resulted in the selective shedding of
the N-terminal region of the FcgRIIA (Fig. 6 E). Attempting
to characterize the shed FcgRIIA by Western blot, recombi-
nant FcgRIIA was incubated with neutrophil supernatant to
cleave the receptor. Similar to what was found for the immune
cells, addition of neutrophil supernatant led to a clear reduc-
tion in overall levels of full-length FcgRIIA. However, no low
molecular fragment was observed either upon probing with
clone IV.3 or using biotinylated FcgRIIA, suggesting that the
degraded peptides were too small to be detected by Western
blot (unpublished data). Although unlikely, considering the
inability of R848 to induce shedding of FcgRIIA on mono-
cytes and pDCs in PBMC cultures, an indirect role of another
PBMC subset in mediating neutrophil-dependent shedding
of monocyte and pDC FcgRIIA could not be ruled out.

As neutrophil proteases released after TLR activation
promoted loss of FcgRIIA from monocytes and pDCs (Fig. 6,
A and B), we next examined the functional consequences of
shedding. Whereas monocyte phagocytosis of RNP-ICs was
not affected by exposure to RNase or by priming with R 848,
the addition of neutrophil supernatant decreased monocyte
phagocytosis of RNP-ICs by >50% (Fig. 7 A).To determine
whether the reduction in IC phagocytosis impacted comple-
ment activation, we quantified release of the complement split
product, C5a, by ELISA and observed that the reduced clear-
ance of ICs induced increased generation of Cba (Fig. 7 B).
This anaphylatoxin is known to promote inflammation and
recruitment of immune cells, particular neutrophils (Guo and
Ward, 2005). Consistent with this finding, SLE patients had
increased C5a levels which correlated with shedding of neu-
trophil FcgRIIA (Fig. 7, C-E).Thus, we propose that neutro-
phil-mediated shedding of FcgRIIA on immune cells results
in reduced FcgRIIA-mediated IC clearance in vivo. In nor-
mocomplementemic individuals, early complement compo-
nents (C1lq, C3) may provide a noninflammatory pathway for
clearance (Elkon and Santer, 2012). However, in SLE patients
who frequently have low levels of classical complement path-
way components, activation and generation of C5a may lead
to deleterious consequences (Elkon and Santer, 2012).

Selective FegRIIA shedding is present in SLE patients and
correlated with neutrophil activation

To investigate the potential clinical relevance of our observa-
tions, we analyzed cell surface levels of FcgRIIA on neutro-
phils and monocytes from patients with SLE, a disease where
neutrophil abnormalities have been reported previously by us
and others (Smith and Kaplan, 2015; Lood et al., 2016). Using
the same two antibody clones to detect either full-length re-
ceptor (IV.3) or total levels (FUN2), we observed that neu-
trophils and monocytes from SLE patients demonstrated
reduced expression of the most N-terminal portion of Fcg-
RIIA as compared with healthy individuals (Fig. 8, A and
B). Interestingly, low-density granulocytes (LDGs), known
to spontancously release NETs (Denny et al., 2010), had a
greater degree of FcgRIIA shedding compared with their

JEM Vol. 214, No. 7

normal density counterparts (Fig. 8 C). SLE-derived neutro-
phils were overall activated and importantly, patients having
high neutrophil activation had the lowest IV.3/FUN2 ratio
(Fig. 8,D and E), consistent with our in vitro studies. Thus, ex
vivo, neutrophil activation is associated with loss of FcgRIIA
on neutrophils and monocytes.

As neutrophil and monocyte FcgRIIA shedding
was highly correlated in SLE patients upon ex vivo anal-
ysis (Fig. 8 F), we asked whether this could be attributed
to circulating proteases, likely neutrophil-derived. The ad-
dition of SLE serum, but not serum from healthy controls,
induced shedding of FcgRIIA on neutrophils (Fig. 8 G), in
a RNA- and protease-dependent manner (Fig. 8 H), sug-
gesting that the presence of both RNA ICs and proteases
participated in the shedding of FcgRIIA as was shown using
purified components. Consistent with a role of RNA ICs,
serum-mediated FcgRIIA shedding was higher in patients
with anti-Sm/RNP antibodies (Fig. 8 I). To determine if se-
rum-mediated shedding of FcgRIIA involved engulfment of
RNP-ICs and subsequent de novo release of neutrophil pro-
teases, healthy control neutrophils were incubated with a cy-
toskeletal inhibitor before addition of lupus sera. As illustrated
in Fig. 8 H, addition of cytochalasin B almost completely ab-
rogated serum-mediated FcgRIIA shedding, indicating that
RNP-ICs needed to be internalized to promote shedding
of FcgRIIA. Finally, SLE serum-mediated shedding of Fcg-
RIIA from healthy control neutrophils strongly correlated
with the FcgRIIA shedding observed upon ex vivo isola-
tion of the SLE patient’s neutrophils (Fig. 8 J). In summary,
FcgRITIA on SLE monocytes and neutrophils demonstrate
shedding at a site similar or identical to that identified by
RNP-IC activated neutrophils in vitro, which can be at-
tributed to RNA-ICs and proteases.

DISCUSSION

Previous studies have demonstrated an important role for
IC-mediated induction of inflammation via neutrophils
in the SLE pathogenesis (Garcia-Romo et al., 2011; Ka-
plan, 2011; Lood et al., 2016), but precisely how nucleo-
protein-containing ICs impact recognition, phagocytosis, and
subsequent induction of neutrophil effector functions have
not been well characterized. In the current investigation, we
made the novel finding that activation of TLR7/8, upon en-
gulfment of RNP-ICs, induced proteolytic cleavage of Fcg-
RIIA thereby shifting neutrophil function from phagocytosis
of ICs to a program dedicated to NETosis. In contrast, when
phagocytosis was increased by any one of three stimuli: block-
ade of TLR activation; inhibition of FcgRIIA shedding; or by
priming neutrophils with a phagocytic stimulus, [C-mediated
NETosis was markedly impaired. Together, these findings sug-
gest an important cross regulation between phagocytosis and
NETosis (Fig. 9). Our observations are consistent with the
finding that phagocytosis of microbes led to a reduction in
NETosis (Branzk et al., 2014). Thus, we propose that, in a
process analogous to what has been described for DCs upon
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Figure 7. Proteolytic cleavage of monocyte FegRIIA inhibits clearance of ICs. (A) Monocytes were incubated with R848 or neutrophil supernatant
before addition of RNP-ICs or beads. Phagocytosis was determined by flow cytometry. The experiment was repeated four (beads, RNase, RNP-IC+R848)
or seven (PMN sup) times; combined results are shown and compared using paired Student's t test (RNP-IC, P = 0.0003; Beads, P = 0.0007). (B) ICs were
added to PBMCs with or without prior treatment with neutrophil supernatant (A). After phagocytosis for 30 min, remaining cell-free ICs were analyzed for
C5a-inducing ability upon addition of 1% normal human serum. The experiment was repeated three times; combined results are shown and compared using
paired t test (P = 0.0084). C) C5a serum levels were measured in healthy controls (HC, n = 9) and SLE patients (n = 36) by ELISA. Combined results are shown
and analyzed using Mann-Whitney U test (P = 0.047). (D and E) Serum levels of C5a in SLE patients were related to ability of serum to induce shedding of
FcgRIIA on healthy control neutrophils. In D, combined results from 35 SLE patients are shown and analyzed using Spearman's correlation test (r = —0.42;
P =0.011). In E, combined results are shown from SLE patients inducing shedding (n = 15) or not (n = 20), and compared using Mann-Whitney U test (P =

0.0281). %, P < 0.05; *, P < 0.01; *, P < 0.001.

TLR activation, in which DCs lose their phagocytic capac-
ity while gaining an effector function (antigen presentation)
(Watts et al.,2010), TLR7/8 stimulation by RNP-ICs leads to
a reduction in subsequent IC phagocytosis and dedicates neu-
trophils to a terminal effector function, NETosis. Interestingly,
patients with SLE, known to have exuberant NET formation
(Kaplan, 2011; Carmona-Rivera and Kaplan, 2014; Lood et
al., 2016), as well as decreased phagocytic ability (Herrmann
et al., 1998; Mevorach et al., 1998; Colonna et al., 2014),
demonstrated substantial shedding of neutrophil FcgRIIA ex
Vivo, suggesting commitment of a proportion of their neutro-
phils toward the NET-inducing phenotype. Consistent with
this interpretation, LDGs, that spontaneously generate NET's
(Denny et al., 2010; Carmona-Rivera and Kaplan, 2013),

2112

had increased cleaved FcgRIIA as compared with their nor-
mal-density counterparts.

Loss of cell surface FcgRIIA has been described previ-
ously in human Langerhans cells (de la Salle et al., 1992) as
well as neutrophils upon fMLP-mediated activation (Nagara-
jan etal.,2000),although the underlying mechanism(s) was not
known. Following IC stimulation of neutrophils, we observed
that only the most N-terminal portion of the FcgRIIA was
shed as staining by the IV.3 antibody (that recognizes amino
acids 132—137 of the second extracellular domain; Ramsland
et al., 2011) was lost, yet recognition by FUN2 (epitope not
known, Fig. 2 G), was retained. Enzyme inhibition studies
implicated the pro-protein convertase, furin, as participating in
the shedding of FcgRIIA, but this effect was not direct. Several

TLR7/8-mediated shedding of neutrophil FegRIIA | Lood et al.
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Figure 8. SLE patients have increased FcgRIIA shedding related to neutrophil activation. Neutrophils (A) and monocytes (B) were analyzed for
FegRIIA shedding using a ratio between shed FegRIIA (IV.3) and total FegRIIA levels (FUN2) in healthy controls (HC, n = 5-7) and SLE patients (n = 19).
Combined results are shown and compared using Mann-Whitney U test (Neutrophils, P < 0.0001; Monocytes, P < 0.0001). (C) Normal-density neutrophils
(PMNs) and low-density granulocytes (LDGs) were analyzed for FegRIIA shedding by flow cytometry. Combined results from six SLE patients are shown and
compared using paired Student's t test (P = 0.026). Neutrophil FegRIIA shedding was correlated with neutrophil activation as measured by neutrophil CD11b
(D) and CD66b expression (E) in SLE patients (n = 19). Combined results are analyzed using Spearman's correlation (CD66b, r = —0.64, P = 0.0029; CD11b,
r=—0.53, P = 0.021). (F) Correlation analysis for ex vivo monocyte and neutrophil (PMN) FcgRIIA shedding in SLE patients. Combined results are analyzed
using Spearman's correlation (r = 0.84; P < 0.0001). (G) Healthy control neutrophils were incubated with 10% serum from healthy controls (HC, n = 10) or
SLE patients (n = 36) and analyzed for FcgRIIA shedding by flow cytometry as determined by the IV.3/FUN2 ratio. Combined results are shown and compared
using Mann-Whitney U test (P < 0.0001). (H) Sera from 6 SLE patients, preincubated with either RNase, a pan-protease inhibitor (prot.inh.), or cytochalasin
B (Cyto B; 5 uM) were added to neutrophils from a healthy individual and FegRIIA shedding analyzed by flow cytometry. Combined results are shown and
compared using paired Student's t test (RNase: P = 0.012; prot.inh.: P = 0.0002; Cyto B: P < 0.0001). (I) Serum-mediated shedding of FegRIIA on healthy con-
trol neutrophils were analyzed in SLE patients with (n = 7) or without (n = 6) anti-Sm/RNP antibodies. Combined results are compared using Mann-Whitney
U test (P = 0.035). (J) Correlation between ex vivo FegRIIA shedding observed on SLE neutrophils with the shedding ability by the serum obtained from the
same SLE patients (n = 12). Combined results are shown and analyzed by Spearman’s correlation (r = 0.73; P = 0.0096). *, P < 0.05; **, P < 0.01;***, P < 0.001.

other effects of furin may explain the action of this enzyme.
There is a predicted furin cleavage site (Duckert et al., 2004)
located at the junction of the transmembrane and intracy-
toplasmic domains so that intracellular furin cleavage could
alter FcgRIIA conformation rendering it more susceptible
to cleavage by another protease. Alternatively, or in addition,
furin has been shown to be involved in the activation of several
other proteases, including MMPs (Remacle et al., 2006) as well
as ADAM10 and ADAM17 (Anders et al., 2001; Srour et al.,
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2003). ADAM17 has been implicated in shedding of FcgRII
IB (Wang et al.,2013), but we were unable to inhibit FcgRIIA
shedding by inhibitors of either MMPs or ADAM proteases.
Furin may act even further upstream—turin-like proprotein
convertases are essential in endosomal cleavage and subsequent
activation of TLR7 and TLR8 (Hipp et al., 2013; Ishii et al.,
2014). Although we did not observe an effect of furin inhi-
bition on proteolytic activation of TLR8 in neutrophils, we
observed that inhibition of furin reduced TLR7/8-mediated
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Figure 9. Schematic overview of main findings. Cartoons demonstrating the main findings described in the study. (left) Neutrophils may commit to
phagocytosis or NETosis based on environmental triggers, in particular TLR activation. (right) Depiction of key signaling events resulting in TLR-mediated
regulation of IC-mediated inflammation by neutrophils, monocytes, and pDCs. In brief, TLR activation results in activation of PI3K, contributing to genera-
tion of reactive oxygen species (ROS) via NADPH oxidase. ROS is essential for NET formation but also release of proteases able to shed FegRIIA from immune
cells. Loss of FcgRIIA results in increased ability of neutrophils to undergo IC-mediated NETosis, whereas also impairing phagocytic ability in neutrophils,
monocytes, and pDCs. Noncleared ICs will instead activate the complement system to generate the anaphylatoxin C5a and be cleared through comple-

ment-dependent pathways.

ROS generation (unpublished data), which we showed here
was necessary for FcgRIla shedding. Further studies are needed
to determine the furin substrates and which proteases other
than furin are involved in the shedding of FcgRIIA.

Even though TLR7/8-mediated shedding of FcgRITA
was selective for neutrophils, transfer of neutrophil culture
supernatant, or co-culture, enabled shedding of FcgRIIA
on monocytes and pDCs, reducing their overall phagocytic
ability. This resulted in increased generation of C5a, which
promotes recruitment of neutrophils and macrophages, ac-
tivation of phagocytic cells, release of granular proteins and
generation of oxidants, all contributing to shaping the in-
nate immunity and mediating tissue damage (Guo and Ward,
2005). Thus, we postulate that initial RNP-IC engagement
of neutrophils promotes neutrophil maturation to NETosis as
well as FcgRIIA shedding. By inducing shedding of FcgRITA
on adjacent immune cells, FcgRITA-facilitated clearance of
ICs as well as cytokine production are reduced whereas C5a
facilitates recruitment of fresh phagocytes to remove ICs. In
a normocomplementemic state, [C-bound C3b will facilitate
resolution through clearance mechanisms that are less inflam-
matory (Lood et al., 2009; Santer et al., 2010; Colonna et
al., 2014, 2016). However, in a hypocomplementemic state or
with an abnormal CR3 (ITGAM) variants that impair clear-
ance of IC by complement, as occurs in SLE (Harley et al.,
2008; Nath et al., 2008; Fossati-Jimack et al., 2013), persistent
activation of the terminal complement pathways will contrib-
ute to persistent inflammation.
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Because shedding of FcgRIIA was not selective for
TLR7/8, but observed for most of the TLR agonists tested,
we asked what common signaling pathways could be involved
in regulating FcgRIIA shedding. We found that shedding of
FcgRITA was mediated through the PI3K pathway and sub-
sequent activation of NADPH oxidase as demonstrated by
the use of selective inhibitors, as well as neutrophils obtained
from CGD donors deficient in NADPH oxidase. Consistent
with an impaired ability to undergo shedding of FcgRIIA
in CGD patients, prior investigations have demonstrated an
increased ability of CGD neutrophils to ingest ICs, although
having similar baseline levels of FcgRIIA as healthy control
neutrophils (Gaither et al., 1987).This is of particular interest
as patients with impaired ROS production, thus unable to
shed FcgRIIA and subsequently will promote phagocyto-
sis by monocytes and pDCs, develop a type I IFN signature
with a risk of autoimmunity, as observed in both SLE and
CGD patients (Cunninghame Graham et al., 2011; Jacob et
al., 2012; Kelkka et al., 2014; Lood et al., 2016). Although
the role of ROS in this process is yet not fully understood,
ROS has been shown to increase the sensitivity of target pro-
teins for proteolytic degradation (Bota and Davies, 2002), and
to activate redox-sensitive proteases (Scherz-Shouval et al.,
2007). However, it should be acknowledged that ROS may
act through several pathways to regulate inflammation and
autoimmunity (Wen et al., 2016), including induction of hy-
poxia, which modulates the host response to inflammation,
promoting resolution (Campbell et al., 2014).
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In conclusion, we have identified an intricate cross
talk between FcgRIIA and TLR7/8 that impacts phagocy-
tosis and NETosis and unraveled several signal transduction
pathways responsible. These observations extend our un-
derstanding of neutrophil function in regulation of auto-
immunity and inflammation, and suggest that therapeutic
interventions to prevent TLR7/8 activation would increase
phagocytic clearance of ICs while limiting their ability to in-
duce inflammatory NETosis.

MATERIAL AND METHODS

Patients and controls

All individuals signed informed consents in IRB-approved
protocols (University of Washington, Seattle, WA; HSD num-
ber 39712). Pediatric samples from CGD individuals were
obtained through the Seattle Children’s Research Institute
Center for Immunity and Immunotherapies Repository for
Immune-Mediated Diseases.

NET induction and quantification

Human neutrophils were isolated by Polymorphprep (Axis-
Shield) as described previously (Lood et al., 2016). Neutro-
phils (10° cells/ml) were incubated in poly-L-lysine—coated
tissue culture plates with or without furin inhibitor chloro-
methylketone (CMK; 25 uM; Enzo Life Sciences), PI3K in-
hibitor LY294002 (10 uM; InvivoGen), pan-caspase inhibitor
Q-VD-Oph (10 pM; Sigma-Aldrich), R848 (1 pg/ml; Invivo-
Gen) or latex beads for 1 h before addition of PMA (20 nM),
or RNP-ICs (IgG; purified from SLE patients with high titer
anti-ribonucleoprotein [RINP] antibodies or healthy indi-
viduals, mixed with SmRINP [Arotec Diagnostic Limited],
and used at final concentration of 10 pg/ml). In some ex-
periments, RNP-ICs were pretreated with 0.25 mM human
dimeric RNase-Fc for 30 min at 37°C before being used.
NETSs were detached with micrococcal nuclease (0.3 U/ml;
Thermo Fisher Scientific) diluted in nuclease buffer contain-
ing 10 mM Tris-HCI, pH 7.5, 10 mM MgCl,, 2 mM CaCl,,
and 50 mM NaCl. Detached NETs were quantified by an-
alyzing Sytox Green (Life Technologies) intensity by plate
reader (Synergy 2; BioTek).

Phagocytosis assay

SLE IgG, SmRNP, and heat-aggregated IgG (HAGG) were
labeled with Alexa Fluor 647 according to manufactur-
ers protocol (Life Technologies). Neutrophils or PBMCs
from healthy individuals were stimulated with different ICs,
FITC-conjugated latex beads, or zymosan (100 pg/ml; Life
Technologies) for 30 min at 37°C and immediately analyzed
for phagocytosis. In blocking experiments, neutrophils were
incubated with 0.1 uM TLR7-9 or control iODN (Enzo
Life Sciences), CMK (25 uM; Enzo Life Sciences), cytocha-
lasin B (5 pM; Sigma-Aldrich), or antibodies directed against
CD16, CD32, or CD64 (all used at 10 pg/ml; BioLegend)
for 30 min before addition of stimuli. In some experiments,
R 848, at a concentration of 2 pg/ml, or neutrophil superna-
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tant, was added 30 and 90 min before addition of the phago-
cytic stimuli, respectively.

RNA degradation analysis

SmRNP, labeled with Sytox Green (8 uM), was incubated
in the presence of huRNase (0.5 mM), IVIG, anti-RNA
IgG, anti-RNP SLE IgG, or a pool of SLE IgG (all at 10
pg/ml) and analyzed for RNA degradation every minute for
30 min at 37°C using the Synergy 2 plate reader (BioTek).
Results were normalized to the Sytox Green fluorescence
level before addition of enzymes and expressed as percent-
age remaining RINA signal.

Neutrophil activation

Neutrophils were activated with LPS (1 pg/ml), R848 (2.5
pg/ml), PAM3CSK4 (5 pg/ml), CpG DNA (2 pg/ml;all from
Invivogen), or RNP-ICs (10 pg/ml) for 4 h, with or without
prior addition of CMK (25 uM; Enzo Life Sciences) for 60
min. Activation was analyzed by flow cytometry (FacsCanto;
BD) by assessing cell surface levels of CD66b and CD11b
(BioLegend). Data were analyzed by FlowJo (Tree Star, Inc.).

FcgRIIA shedding: flow cytometry

Neutrophils were activated by LPS (1 pg/ml), R848 (2 pg/
ml), PAM3CSK4 (5 pg/ml), Loxoribine (0.1 mM), CL0O75
(2.5 pg/ml), or CpG DNA (2 pg/ml) for 30 min, followed
by analysis of cell surface expression of CD32A (IV.3; Stem-
Cell Technologies; FUN-2; BioLegend), CD16 (clone 3G8),
CD64 (clone 10.1),and CD66b (all from BioLegend) by flow
cytometry. For intracellular staining, neutrophils were fixed
in 2% paraformaldehyde for 10 min, permeabilized with sa-
ponin (diluted 1:1000 in PBS) for 15 min, and stained with
anti-CD32A antibodies diluted 1:100. In some experiments,
neutrophils were incubated with inhibitors (DPI (25 pM;
Sigma-Aldrich), apocynin (100 pM; Sigma-Aldrich), GM-
6001 (10 uM; Enzo Life Sciences), LY294002 (10 pM), cOm-
plete Protease Inhibitor Cocktail Tablets (1X dissolved in
H,O; Roche), neutrophil elastase IV inhibitor (25 uM; EMD
Millipore), E-64 (1 uM; Sigma-Aldrich), 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride (AEBSF; 0.1 mM,;
Sigma-Aldrich), CMK (25 puM, Enzo Life Sciences), cyto-
chalasin B (5 pM, Sigma-Aldrich), or chymostatin (10 pg/ml;
Sigma-Aldrich), or recombinant furin (100 ng/ml; maximal
dose tolerated by the neutrophils; PeproTech) 30 min before
addition of stimuli. In some experiments, cell surface levels of
B cell-activating factor (BAFF; BioLegend) was analyzed ac-
cording to the same protocol as described above. Monocytes
and pDCs were detected using antibodies to CD14 (BioLeg-
end) and CD304 (Miltenyi Biotec), respectively.

FcgRIIA shedding: fluorimetry

For detection of shed FcgRIIA, neutrophils were prelabeled
with FITC-conjugated anti-CD32A antibody IV.3 (Stem-
Cell Technologies) or FITC-conjugated anti-CD32A anti-
body FUN-2 (BioLegend), and washed extensively before
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activation with R848. Cell-free supernatant was analyzed for
shed FcgRITA—anti-CD32A-FITC complexes by fluorime-
try (Synergy 2; BioTek) using anti-CD32A antibodies as a
standard curve. In some experiments, cells were preincubated
with the pan protease inhibitor cocktail (Roche).

FcgRIIA shedding: Western blot

Recombinant FcgRITA (Novoprotein), biotinylated (Thermo
Fisher Scientific) or nonbiotinylated, was incubated with
neutrophil supernatant for 2 h and analyzed for cleavage frag-
ments using Western blot, probing with streptavidin-HRP, or
antibody clone IV.3, respectively.

Mass spectrometry and bioinformatics

Neutrophils, 4 X 10° cells distributed in eight tubes, were
treated with medium (baseline), RNP-ICs, or R848 (5
pg/ml) for 15 min at 37°C. Pelleted cells were lysed with
6 M urea in 50 mM NH,HCO; (Thermo Fisher Scien-
tific) supplemented with Halt Phosphatase Inhibitor Cock-
tail (Thermo Fisher Scientific). Cell debris was removed by
centrifugation (20,000 g for 15 min). For reduction and de-
naturation of the peptides, the samples were incubated with
TCEP (37°C; 5 mM; Thermo Fisher Scientific), iodoacet-
amine (30 mM final concentration; Bio-Rad Laboratories),
and DTT (30 mM final concentration; Bio-Rad Laborato-
ries) for 1 h each. Samples were aliquoted at 100 and 800 pl
25 mM NH,HCO3, and 200 pl MeOH (Thermo Fisher Sci-
entific) was added to each tube, followed by trypsin digestion
(Promega; 1:50 wt/wt) for 16 h at 37°C. Trypsinated samples
were washed three times in H,O, followed by speedvac, and
resuspended in 200 pl acetonitrile (ACN) with 0.1% trifluo-
roacetic acid (TFA; Thermo Fisher Scientific). Samples were
desalted with MacroSpin Columns (The Nest Group), satu-
rated with 80% ACN in 0.1% TFA, and equilibrated with 5%
ACN in 0.1% TFA. The samples were run through the col-
umns twice, and desalted samples were eluted with 80% ACN
in 0.1% TFA. Phosphopeptides were isolated using the TiO,
Phosphopeptide Enrichment and Clean-up kit according to
the manufacturer’ instructions (Thermo Fisher Scientific). In
brief, samples were added to phosphopeptide-binding TiO,
spin tips, followed by removal of nonphosphopeptides by
wash steps. Eluted phosphopeptides were cleaned in graphite
columns and eluted in 50% ACN in 0.1% formic acid, fol-
lowed by speedvac, and adjustment of samples to 0.1% formic
acid in 5% ACN. Isolated phosphoproteins were analyzed by
OrbiTrap Fusion Tribrid Mass spectrometer (Thermo Fisher
Scientific). Data were extracted using MaxQuant software.
Samples were normalized through dividing with the total
phosphorylation level in each sample, followed by log, trans-
formation. KEGG analysis was done using DAVID, and the
heat map using Gene Cluster 3.0 and Java Treeview.

p47 phox Western blot

Neutrophils (5 X 10° cells in 250 pl) were incubated with
inhibitor of PI3K (LY294002, 10 uM) or pan protease in-
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hibitor cocktail (1X) 30 min before addition of stimuli, and
incubated for an additional 60 min. Neutrophil cell lysates
were run on an SDS-PAGE. For the Western blot, antibodies
to phosphorylated S345 (Assay Biotech) or total p47-phow
(Thermo Fisher Scientific) were added at 1/1000, and de-
tected using anti—rabbit [gG-HRP (GE Healthcare; 1/5,000)
followed by Super Signal West Pico Chemiluminescent
Substrate (Thermo Fisher Scientific) according to manufac-
turer’s recommendations.

ROS analysis

Neutrophils were incubated with inhibitors (LY294002
[10 pM], CMK [25 pM], DPI [25 pM], or pan protease inhib-
itor cocktail [1X]) for 30 min before addition of R848 (2 pg/
ml) for an additional 60 min. DHR 123 (30 uM; Sigma-Al-
drich), was added during the last 30 min of incubation, and
ROS analyzed by flow cytometry. For determination of ex-
tracellular ROS production upon neutrophil activation, Oxy-
BURST Green H2HFF BSA (25 pg/ml) was used according
to the manufacturer’ instructions (Thermo Fisher Scientific).

Analysis of S6 and Akt phosphorylation by flow cytometry
Neutrophils were activated by R848 for 15 min, fixed, and
permeabilized according to manufacturer’s instructions
(BioLegend), and incubated with a specific antibody rec-
ognizing phosphorylated S235/236 in S6 (Cell Signaling
Technology) or phosphorylated S473 in Akt (BD) for 60
min. pS6 and pAkt levels were analyzed by flow cytom-
etry and expressed as percent positive cells as compared
with nonstimulated cells.

Incubation of PBMCs with neutrophils

or neutrophil supernatant

Neutrophils and PBMCs were incubated at a 2:1 ratio
(500,000 vs. 250,000 cells) with the pan-protease inhibitor
(1x) for 30 min followed by R848 (2 pg/ml) for an additional
60 min and analyzed for FcgR levels by flow cytometry. Plas-
macytoid DCs were identified based on their expression of
BDCA-4 (Miltenyi Biotec) and monocytes based on their
expression of CD14 (BioLegend). In some experiments neu-
trophil supernatant (generated by incubating neutrophils with
R848 for 90 min) were added to PBMCs with or without
presence of the pan-protease inhibitor (1X), and expression
of FcgRs and phagocytic ability analyzed in monocytes by
flow cytometry as described in the Phagocytosis assay and
FcgRIIA shedding: flow cytometry section.

C5a generation

PBMCs were incubated with or without neutrophil super-
natant for 90 min as described above, and allowed to engulf
RNP-ICs for 30 min. Cell-free ICs were isolated and incu-
bated with 1% normal human serum for 3 h at 37°C. C5a
generation, as well as C5a levels in serum from healthy con-
trols and SLE patients, was analyzed by ELISA according to
the manufacturer’s instructions (R&D Systems).
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Statistics

For group comparisons, student’s two-tailed unpaired or
paired ¢t test was used. For the comparison between SLE pa-
tients and healthy controls the Mann-Whitney U test was
used. Spearman’s correlation test was used for all correlation
analyses. Data are presented as bar graphs with mean and
SEM, or dot plots with medians. All analyses were considered
statistically significant at P < 0.05.
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