








Figure 2 Monocyte fusion is stimulated by PR3. Monocytes stimulated with PR3 were first imaged by Giemsa staining. Distinct cellular aggregates
formed in the presence of PR3 (A). At higher magnification (B), a larger cellular aggregate is present showing dense nuclear staining and cytoplasmic
fusion (scale bars 100 um). Three-dimensional volume rendering of an aggregate, including all acquired slices by confocal microscopy, was
undertaken using cell membrane (red), cytoskeletal (green) and nuclear staining (blue) (C, D). Midslice (D) confirmed membrane fusion, cytoskeletal
rearrangement and a single cellular structure with fusion of three monocytes, defining an MGC. Scanning electron microscopy highlighted monocyte
fusion, with representative images showing an MGC size of 48.8 pm (E) and 34.6 ym (F). Membrane fusion was measured by profile plot of the
fluorescence intensity of the three channels over the x/y diameter (G). There was prominent membrane staining encasing cytoskeleton and three

nuclei. MGC, multinucleated giant cells; PR3, proteinase 3.

9161 pg/mL (6379-11 422), HC 4362 (2486-8928), MPA 48
(37-3252)). However, following PR3 stimulation, GPA cells
incremented MCP-1 production the most (median MCP-1: GPA
4488 pg/mL (IQR 3124-6445), HC 2045 (IQR 1809-2960),
MPA 1593 (IQR 663-2398); GPA vs MPA p<0.001, GPA vs
HC ns, two-way ANOVA) (figure 3C). No significant changes
were seen following MPO stimulation among the three groups.
In addition, no significant differences were found in the levels
of tumour necrosis factor-alpha (TNF-o), Interferon (IFN)-o.,
IFN-y, IL-10, IL-8, IL-17, IL-12, IL-18, IL-23 or IL-33 with or
without stimulation.

Modulation of MGC formation in the cells of patients with
GPA

PR3 enzymatic activity can mediate binding and cleavage of
PAR-2, activating monocytes, which can be inhibited by A1AT.
In addition, non-enzymatic antigenic activity may be mediated
through binding receptors such as MAC-1 or calreticulin. Isolated
monocytes from patients with GPA (n=8) were cultured with
enzymatically active or inactive PR3 (online supplemental figure
2) and fusion index calculated as before. Both enzymatically active
and heat-inactivated PR3 produced significant MGC formation
in the cells of patients with GPA compared with unstimulated
cells (p<0.01, two-way ANOVA) (figure 4A). We then tested the
effect of a PAR-2 agonist (SLIGRL-NH2; 200 uM) and antago-
nist (FSLLRY-NH2; 200 uM) in combination with PR3 on MGC

formation. PR3 and PAR-2 agonists increased fusion compared
with unstimulated conditions (p<0.001, one-way ANOVA), and
in the presence of the antagonist PR3-mediated MGC formation
was inhibited down to unstimulated levels (p<0.001, one-way
ANOVA) (figure 4B).

Since human AB serum used in the culture media contained
A1AT (measured at 1.2 g/L by the Department of Biochemistry,
Royal Free Hospital), we repeated experiments using serum-
free medium (X-VIVO) and PR3 stimulation. Spontaneous and
PR3-mediated rates of MGC formation were not significantly
different using serum-free media. Moreover, addition of exog-
enous human A1AT (2g/L) alone or in the presence of PR3 did
not reduce MGC formation (online supplemental figure 3).

The effect of PR3-ANCA or MPO-ANCA on MGC forma-
tion was also tested (figure 4C). There was no effect of isolated
PR3-ANCA or MPO-ANCA on MGC formation compared with
control immunoglobulin; however, in the presence of PR3, PR3-
ANCA and control immunoglobulin both increased the rates of
MGC formation compared with MPO-ANCA (p<0.01, one-
way ANOVA).

Patients with GPA with MPO-ANCA subtype

Less commonly, a granulomatous (GPA) phenotype is seen in
patients who express MPO-ANCA rather than PR3-ANCA.
These patients present clinically like patients with PR3-ANCA
GPA, although they are more often female, with less severe
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Figure 3 PR3-induced MGC stimulates proinflammatory cytokines. Cytokines and chemokines were measured in MGC cell culture supernatants

in unstimulated, PR3-stimulated or MPO-stimulated cells (A). IL-6 production increased in the presence of PR3 in patients with GPA compared with
patients with MPA, but was not significantly different from HC (B). A reduction in IL-6 production was seen in patients with GPA following stimulation
with MPO. Monocyte Chemoattractant protein (MCP)-1 production (C) was also increased in patients with GPA following stimulation with PR3
compared with patients with MPA. MPO stimulation did not have any effect on differences in IL-6 or MCP-1 production. Values plotted as median and
IQR; *p<0.05, **p<0.01, ***p<0.001. Difference between multiple conditions determined by two-way ANOVA. ANOVA, analysis of variance; GPA,
granulomatosis with polyangiitis; HC, healthy controls; IL, interleukin; IFN, Interferon; MGC, multinucleated giant cells; MPA, microscopic polyangiitis;

MPO, myeloperoxidase; PR3, proteinase 3; TNF, tumour necrosis factor.

disease manifestations.>*>®* We therefore compared MGC
formation using cells from patients with GPA with MPO-ANCA
positivity (n=4). Again, patients with PR3-ANCA GPA showed
greater MGC fusion compared with HC and patients with MPO-
ANCA MPA when monocytes were cultured with PR3 10 ug/
mL (p<0.05, one-way ANOVA) (figure 4D). Patients with MPO-
ANCA GPA showed a similar preponderance to MGC formation
as patients with PR3-ANCA GPA, suggesting that ANCA reac-
tivity was less critical in mediating granulomatous phenotype.

MAC-1 and PAR-2 expressions are increased on monocytes
from patients with GPA and along with IL-6 are critical for
MGC formation

Since PR3 promotes MGC formation more readily in patients
with GPA rather than in patients with MPA, we investigated the
differences in monocyte populations and cell surface binding
partners between patients with GPA and those with MPA. As we
found both enzymatically active and inactive PR3 may promote
MGC formation, and since PR3 may bind cell surface MAC-1,*°
we tested for differences in monocyte phenotype and cell surface
expression of MAC-1, PAR-2 receptor and gp130 (IL-6R beta)
(online supplemental figure 3) in GPA, MPA and HC (n=6).
There was no difference in frequency of the classic monocyte
subsets between groups but an increase in intermediate mono-
cytes in patients with GPA compared with HC (p<0.01, one-
way ANOVA) and non-classic monocytes in patients with GPA
compared with patients with MPA (p<0.01, one-way ANOVA)
(figure SA). The percentage of monocyte cell surface PR3
expression was increased in patients with GPA (median 5.78%,
IQR 4.74-6.68) compared with HC (3.47%, IQR 3.15-3.47)

and patients with MPA (3.44%, IQR 3.31-4.13) (both p<0.01,
one-way ANOVA) (figure 5B). We found no difference in
the levels of gp130 (IL-6R beta) expression on CD14+ cells
between patients with MPA and those with GPA (data not
shown). Monocyte MAC-1 expression was increased in patients
with GPA (6.76%, IQR 6.27-7.74) compared with HC (3.55%,
IQR 2.89-3.95) (p<0.001) and patients with MPA (3.73%,
IQR 3.3-3.87) (p<0.01, one-way ANOVA). Similarly, PAR-2
cell surface expression on monocytes was significantly increased
in patients with GPA (4.79%, IQR 4.64-5.09) compared with
HC (2.98%, IQR 2.05-3.71) and patients with MPA (3.21%,
IQR 2.92-3.77) (both p<0.01, one-way ANOVA). To demon-
strate that MAC-1-expressing and PAR-2-expressing cells were
the ones that formed giant cells, we isolated by flow cytom-
etry CD14+PAR-2+MAC-1+ cellsand compared them with
CD14+PAR-2—MAC-1— cells and showed that the former
induced a significantly greater degree of giant cell formation
(online supplemental figure 7). We went on to confirm that PR3
is capable of binding MAC-1 using transfected HEK cells (online
supplemental figure 8).

As the importance of blocking the enzymatic effect of PAR-2
was already identified, we tested the effect of anti-MAC-1 and
anti-IL-6 antibodies in the presence of enzymatically active or
inactive PR3 in patients with GPA (n=4) (figure 6A,B). Enzy-
matically active and inactive PR3 were again associated with a
significant increase in MGC formation using cells from patients
with GPA compared with unstimulated cells (p<0.001, one-
way ANOVA) and the presence of control immunoglobulin
had no effect. However, anti-MAC-1 antibody significantly
reduced MGC formation in enzymatically active and inactive
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Figure 4 MGC forms in the presence of enzymatically active and inactive PR3. No statistical difference in fusion index was seen in the cells from
patients with GPA when stimulated with enzymatically active or heat-inactivated (Hi) PR3 (A). PAR-2 agonism increased the fusion index in patients
with GPA, and PAR-2 antagonism significantly inhibited the rates of MGC formation (B). The presence of PR3-ANCA or MPO-ANCA alone had

no effect on fusion index compared with control immunoglobulin (C); however, when cultured with PR3, there was a significant increase in MGC
formation in the presence of PR3-ANCA and control immunoglobulin compared with MPO-ANCA. Patients with GPA with different ANCA subtypes
(D). Patients with PR3-ANCA GPA showed a significant increase in monocyte fusion compared with healthy controls and patients with MPO-ANCA
MPA; however, a similar increase in MGC formation was seen in patients with MPO-ANCA GPA. Values plotted as median and 95% Cl; *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001. Difference between conditions determined by one-way and two-way ANOVA tests. ANCA, antineutrophil
cytoplasm antibodies; ANOVA, analysis of variance; GPA, granulomatosis with polyangiitis; MGC, multinucleated giant cells; MPA, microscopic
polyangiitis; MPO, myeloperoxidase; PAR-2, protease-activated receptor-2; PR3, proteinase 3; unstim, unstimulated.

PR3-stimulated monocytes (p<0.05, one-way ANOVA), as did
anti-IL-6 antibody (p<0.01, one-way ANOVA). The combined
effect of anti-MAC-1 and anti-IL-6 antibodies was a similar
reduction in MGC formation, suggesting that both PR3 binding
both PAR-2 and MAC-1 can mediate MGC formation and is
IL-6-dependent.

Granuloma-like structures form following PR3 stimulation of
PBMC

Whole PBMCs isolated from three different patients with GPA
were stimulated with PR3 (10 pg/mL) and cultured for different
time points up to 3 days (online supplemental figures 5 and 6).
By 3 days, extensive cell fusion was visible and confocal imaging
demonstrated an inner core of CD14-positive cells surrounded
by an outer core of CD3-positive T cells, mimicking a formed
granuloma.

In vivo effect of PR3 on MGC formation

In order to understand granuloma formation in vivo, we devel-
oped a zebrafish embryo model. Transgenic macrophage reporter
zebrafish (Tg(mpeg:GFP)) embryos at 24 hours post fertilisation
(hpf) were injected into the yolk sac with human PR3 or albumin
at 1 pg/mL or 5 pg/mL, either untreated or following heat inacti-
vation. Embryos were imaged at 120 hpf with lightsheet micros-
copy and showed volumes of fused macrophages according to
the colour scale (figure 7A-D,F and online supplemental figures

9 and 10 and supplemental video file 1). Aggregate volumes
of macrophages were taken from uninjected fish to establish
a normal baseline, which showed a mean of 10248 um® and
SD of 4256 um®. There was low-level aggregation in albumin-
injected animals, but this was significantly increased following
PR3 injection at both 1 pg/mL and 5 pg/mL, with equal effect of
intact or heat-inactivated PR3 (table 1 and figure 7H). Higher
doses of heat-inactivated albumin or PR3 did not demonstrate
greater MGC formation, but a significant difference was still
seen between albumin-treated and PR3-treated fish. Imaging
(figure 7F) and histological analysis of the PR3-injected fish at
the level of the yolk sac, liver and gut (figure 7E) confirmed
the presence of MGC and loose granulomas following staining
of the fish with toluidine blue at a number of sections at low
and high power (figure 7G). In subsequent experiments, injec-
tions of intact or heat-inactivated PR3 were repeated in the pres-
ence of the IL-6-signal transducer and activator of transcription
3 (STAT3) inhibitor niclosamide, added to the fish water, at
different concentrations (0.01-0.3 pmol/L) (figure 7],K), which
demonstrated significant inhibition of macrophage aggregation

(table 1).

DISCUSSION

Granulomas are organised aggregates of inflammatory cells that
serve to isolate and contain certain infectious antigens or chronic
irritants that are not readily eliminated through conventional
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Figure 5 PR3, MAC-1 and PAR-2 expression is increased on the
monocytes from patients with GPA. Following staining, the proportions
of classic (CD14hi CD16lo), intermediate (CD14hi CD16hi) and non-
classic (CD14lo CD16hi) monocytes were calculated. There was a
significant increase in intermediate monocytes in patients with GPA
compared with healthy controls and non-classic monocytes in patients
with GPA compared with patients with MPA (A). PR3, MAC-1 and
PAR-2 expression on the monocytes of patients with CD14-positive
GPA was significantly increased compared with healthy controls and
patients with MPA (B). Values plotted as median and 95% CI; *p<0.05,
**p<0.01, ***p<0.001. Difference between conditions determined by
one-way and two-way ANOVA tests. ANOVA, analysis of variance; GPA,
granulomatosis with polyangiitis; MAC-1, macrophage -1 antigen; MPA,
microscopic polyangiitis; PAR-2, protease-activated receptor-2; PR3,
proteinase 3.

immune responses. Although commonly associated with infec-
tious diseases, a significant number of autoimmune, autoin-
flammatory or immunodeficient conditions result in granuloma
formation in various body sites and may also serve as a final
protective mechanism for the host, in many cases to unknown
antigens. These may arise in some conditions, following a failure
to clear more conventional infectious agents, since infectious
triggers are known to precipitate many autoimmune or autoin-
flammatory diseases, but the reason for their persistence is not
known, unless they also respond to self-antigens. At the heart of
the granulomas are specialised macrophages that fuse and form
into MGC, with augmented phagocytic and bactericidal capa-
bilities. The pathogenesis of granulomas in the context of many
autoimmune diseases, and particularly in ANCA-associated
vasculitides, remains poorly understood, but is critically
important, as persistent granulomas contribute to tissue damage
and significant morbidity, resulting in exposure of patients to
prolonged immunosuppressive medications, which leads to
further adverse effects.” '**

While certain clinical features, such as ENT disease, are
assumed to be surrogates for GPA, patients with MPA may
also demonstrate sinonasal disease, but true granulomas are
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Figure 6 MGC formation is dependent on MAC-1, PAR-2 and IL-6.
The effect of MAC-1 and IL-6 inhibition was tested in patients with GPA
by culturing monocytes with enzymatically active or inactive PR3 and
measuring MGC formation in the presence or absence of anti-MAC-1
antibody, anti-IL-6 antibody or control immunoglobulin. Consistently,
PR3 stimulated an increase in MGC formation as well as in the presence
of control immunoglobulin with enzymatically active and inactive

PR3 (A, B). Anti-MAC-1 antibody and anti-IL-6 antibody reduced MGC
formation in both conditions, and the effect of combined anti-MAC-1
antibody and anti-IL-6 antibody also significantly reduced MGC
formation. Values plotted as median and 95% Cl; *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Difference between conditions determined
by one-way ANOVA tests. ANOVA, analysis of variance; IL, interleukin;
MGC, multinucleated giant cells; PAR-2, protease-activated receptor-2;
PR3, proteinase 3.

restricted to patients with GPA, who generally express PR3-
ANCA, but variably express MPO-ANCA, especially in certain
ethnic groups.

We tested the hypothesis that persistent PR3, found in
greater abundance in patients with GPA and known to frustrate
macrophage-mediated clearance, may be critical in promoting
granuloma formation. We have shown that in vitro PR3 and
not MPO promotes the greatest monocyte cell fusion and MGC
formation, which is associated with elevated levels of secreted
IL-6 and MCP-1. We did not find elevated levels of some of the
cytokines associated with granuloma formation in the context
of mycobacterial infections. Recent work from clinical cohorts
has also shown significant differences in circulating IL-6 between
patients with GPA and patients with MPA, supporting our find-
ings that IL-6 is a key cytokine in mediating MGC and gran-
uloma formation in patients with GPA.** We confirmed a role
of PR3 in mediating MGC even in patients with MPO-ANCA
GPA, suggesting that certain cellular characteristics predispose to
MGC formation in GPA, the subject of ongoing work.
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niclosamide. MPEg-cherry zebrafish (n=10 per group) were injected with human PR3 or albumin (intact or following heat inactivation) and imaged by
lightsheet microscopy. Aggregate volumes were calculated by three-dimensional rendering of images following application of automated thresholds.
Colour scale was used to demonstrate minimal and maximal aggregate volumes. Albumin with or without heat inactivation (A, B) showed minimal
macrophage aggregation compared with enzymatically active and inactive PR3 at 5pg/mL (C, D). Scale bar 100 ym. (F) Maximum projection of a
5-day-old transgenic larva (tg(flt4:mCitrine, mpeg::mCherry)) injected with PR3 into the yolk sac at 24 hours post fertilisation, at the level shown

in E. The developing lymphatic system is labelled in green and peripheral macrophages are labelled in red. (E) Brightfield micrograph of a 5-day-

old transgenic zebrafish larva injected with PR3 at 1 day post fertilisation, with certain anatomical structures labelled. Dashed line represents the
approximate location of sections shown in G. (G) Plastic sections through the same zebrafish larva at multiple levels. MGCs can be seen (highlighted
by white stars) and loose granulomas are outlined (dotted lines). Scale bars are 100 pm, 20 pm and 10 pm, respectively. Counting the number and
calculating the size of the macrophage aggregates showed a significant increase in both the number and volume of macrophage aggregates in
MPEg-cherry zebrafish injected with enzymatically active or inactive PR3 compared with albumin (H). Niclosamide was administered to zebrafish
water following injection with PR3. Compared with PR3 alone (J, K), there was a reduction in aggregate volume and number in zebrafish injected
with 0.3 pmol/mL, 0.15 pmol/mL and 0.05 pmol/mL niclosamide. Values plotted as median and 95% Cl; *p<0.05, **p<0.01, ***p<0.001. Difference
between conditions determined by two-way ANOVA. ANOVA, analysis of variance; Hi, heat-inactivated; MGC, multinucleated giant cells; MPeg,

macrophage expressed; PR3, proteinase 3.

That there was also an increase in MGC formation following
stimulation with HNE is perhaps not so surprising as HNE
shares 56% homology with PR3, has similar overall structure
and shares the same three amino acid catalytic site.*' It differs in
its electrochemical charge and along with amino acid differences
results in different target specificity. PR3, unlike HNE, is closely
associated with the neutrophil cell membrane and interacts with
lipid bilayers in very different ways. These similarities and differ-
ences in binding surface molecules between the two may provide
some clues as to other critical pathways involved in MGC forma-
tion in AAV and other immune-mediated diseases, and warrant
further investigation.

Zebrafish larvae, which contain early competent macrophages
differentiating in the yolk sac, have been used as established
models of granuloma formation, especially in the context of
mycobacterial infection.** Although they lack T cells early on,
they can still form macrophage aggregates, typical of granu-
lomas. Our novel model recapitulated these macrophage aggre-
gates and MGC formation after PR3 injection into the yolk sac,
with either enzymatically active or inactive PR3. Administration
of niclosamide significantly attenuated this macrophage aggrega-
tion, demonstrating that the model can serve as a useful screening
tool for novel PR3-mediated granuloma therapies. However,
niclosamide has effects on multiple pathways, including Wnt,
oxidative phosphorylation, Notch and NFxB, and is therefore
not uniquely an inhibitor of the IL-6-STAT3 pathway.* Further
experiments are needed to confirm the IL-6 dependence of gran-
uloma formation in this in vivo model.

In conclusion, we demonstrate a critical role for PR3 in medi-
ating the formation of MGC and granulomas both in vitro and
in vivo, in susceptible patients with GPA, which may be in part
related to greater monocyte PR3 receptor expression, allowing
augmented activation.
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