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Abstract

Objective: Exaggerated neutrophil activation and formation of neutrophil extracellular traps
(NETS) are linked to inflammation and autoimmunity, including rheumatoid arthritis (RA).
However, whether NETs are present in the circulation of RA patients and contribute to
inflammation and disease progression has not been carefully addressed. Here we assess markers of
neutrophil activation and NET formation in plasma samples, asking whether they add clinical
value in improving on determination of prognosis and monitoring in RA patients.

Methods: Markers of neutrophil activation (calprotectin) and cell death (NET) were analyzed in
plasma from three cross-sectional RA cohorts and healthy individuals using ELISA. A
longitudinal inception cohort (n=247), seen for follow-up a median of 8 years later was used for
predictive analyses.

Results: Markers of neutrophil activation and cell death were increased in RA patients compared
to healthy individuals (p<0.0001). Calprotectin levels correlated with CDAI (r=0.53, p<0.0001)
and distinguished between patients in remission and active disease, an observation not seen with
CRP. A biomarker panel consisting of ACPA and calprotectin could predict erosive disease
(OR=7.5, p<0.0001) and joint space narrowing (OR=4.9, p=0.001). Levels of NETs were
associated with heightened levels of cell-free citrulline (p=0.02) and inflammation (p=0.0002).
Furthermore, NETS, and a ‘neutrophil activation signature’ biomarker panel, had good predictive
value in identifying patients developing extra-articular nodules (OR=5.6, p=0.006).

Conclusion: Neutrophils undergo marked activation and cell death in RA. Neutrophil
biomarkers provide added clinical value in monitoring and prognosis of RA patients, and may
allow for early preventive treatment intervention.
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Introduction

Neutrophils are the most abundant immune cells in the circulation, participating in host
defense mechanisms through production of reactive oxygen species (ROS), phagocytosis
and formation of neutrophil extracellular traps (NETs). NET formation, also called NETosis,
is a neutrophil cell death process in which DNA is extruded together with cytoplasmic and
granular contents in a web-like structure to eliminate extracellular pathogens (1-6).
Although beneficial from a host-pathogen perspective, exaggerated neutrophil activation has
been linked to inflammation and autoimmunity including rheumatoid arthritis (RA) and
systemic lupus erythematosus (SLE) (2,3,7-9). In RA, neutrophils are well-known
contributors of local inflammation and participate in tissue destruction and erosions (10).
Further, neutrophils express high levels of peptidyl-arginine deiminase (PAD)2 and PAD4,
key proteins in the enzymatic conversion of arginine into citrulline, the autoantigen towards
which anti-citrullinated protein antibodies (ACPA) are targeted. Two main processes through
which citrullination may occur have emerged; i) pore-formation leading to
‘hypercitrullination” of cytosolic molecules (11,12), and ii) NETosis, exposing citrullinated
histones and vimentin, key targets for RA autoantibodies (9,13-15). The latter process may
be of particular importance in the synovium where local B cells have been found to produce
anti-NET antibodies (13).

RA neutrophils are prone to undergo spontaneous NETosis when examined ex vivo, as well
as upon stimulation with inflammatory cytokines and autoantibodies (9,16). The released
NETSs induce local inflammation as well as present citrullinated peptides to antigen-specific
T cells by fibroblast-like synoviocytes (9,17). lllustrating the important role of NETS in the
disease setting of RA, Cl-amidine, a PAD4 inhibitor, ameliorated disease development in the
CIA model (18). However, PAD4, inhibition did not affect arthritis phenotype in the K/BxN
serum-transfer model (19). In RA patients, neutrophil activation markers, including
calprotectin, are elevated and associated with active disease, and may predict radiographic
progression (20-22). Serum levels of NETs and NET-derived products, including cell-free
DNA, are also elevated in RA patients and associated with disease activity (16,23,24).
However, given that the fragile neutrophils undergo spontaneous NET formation upon serum
processing, e.g. coagulation (16), serum levels may not reflect the true physiological levels
of NETSs experienced by patients with RA. Thus, whether RA patients have NETSs in the
circulation, as well as their relation to disease activity and inflammation is still not known.

In the current study we investigate frue levels of neutrophil activation markers, including
NETS, in large cross-sectional and longitudinal RA cohorts and ask whether these markers
could add value with regard to diagnosis, prognosis, and monitoring of RA patients. In brief,
we found that neutrophil activation markers were superior to CRP in identifying patients
with active disease. Finally, neutrophil biomarkers improved the prognostic capacity of
ACPA in predicting radiographic changes, and development of extra-articular nodules
(EAN). Thus, neutrophils are clearly implicated in the RA pathogenesis, contributing to
inflammation, organ damage and exposure of autoantigens. As such, we propose that
neutrophil activation biomarkers may help guide the clinician in diagnosis and prognosis.
Further, neutrophil activation biomarkers may help identify patients with active disease and
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allow for early preventive treatment strategies, thus reducing disabling morbidities and
improving the quality of life in these patients.

Materials and Methods

Patient cohorts

Patients with RA (n=101, Cohort I) and age- and gender-matched healthy individuals (n=20)
were recruited to participate in research studies at the University of Washington Medical
Center, Seattle. Disease activity was recorded using the Clinical Disease Activity Index
(CDA) for RA taking into account tender and swollen joints, patient global assessment, and
provider global assessment. Median CDAI was 11 (moderate activity), ranging from 0-46 in
Cohort I. One cross-sectional cohort with established RA (n=93, Cohort I1), age- and
gender-matched healthy individuals (n=100), as well as one RA inception cohort (n=247,
Cohort 111) seen for follow-up after a median of 8.3 years (range: 4.4-19.8 years) were
recruited in Washington State. For additional patient characteristics, see Supplemental Table
1. The study was approved by regional ethics boards (#3100 and #810), and informed
written consent was obtained from all participants in accordance with the Helsinki
Declaration.

Neutrophil activation and cell death markers

Levels of calprotectin (SL00A8/A9) were analyzed using a commercial ELISA kit according
to the manufacturer’s instructions (R&D Systems). For the detection of NETs, a 96-well
microtiter plate (Corning) was coated with anti-MPO antibody (4 ug/mL, Biorad) overnight
at 4°C, followed by blocking with 1% bovine serum albumin (BSA) in PBS for 2 hours at
room temperature. After blocking, plasma or serum samples (10% in PBS-BSA) were added
and incubated overnight at 4°C. For detection, anti-dsDNA-HRP antibody (diluted 1/100,
Roche Diagnostic) was added for 2 hours, room temperature. The reaction was developed
with 3,3’,5,5’-tetramethylbenzidine (TMB, BD Biosciences), and ended by the addition of 2
N sulfuric acid. Absorbance was measured at 450 nm by a plate reader (Synergy, BioTek).
For cohorts I-11, plasma samples were used, and for cohort 111, serum samples were used.
Isolated NETs were used as a standard curve with 1 U/mL equaling NETS released by
10,000 neutrophils.

NET and DNA degradation

NET degradation was assessed using our previously published protocol with some
modifications (26). Briefly, neutrophils were isolated through density gradient
(Polymorphprep, Axis-Shield) and seeded at 1x106 cells/mL in poly-L-lysine-coated black
96 well microtiter plate. Neutrophils were induced to undergo NETosis by addition of 20 nM
PMA for 4 hours. Upon washing, attached NETSs were stained with Sytox Green (1/5,000,
Life Technologies), followed by subsequent wash steps. After recording baseline
fluorescence, sera (5%, diluted in nuclease buffer; 10 mM Tris-HCI pH 7.5, 10 mM MgCly,
2 mM CaCl,, 50 mM NaCl) were added and incubated for 90 minutes at 37°C. As a positive
control, micrococcal nuclease was used. After the incubation, the wells were washed and
residual NETSs analyzed by plate reader. NET degradation was calculated as the relative loss
of NETs (Sytox Green signal) in each well, using the standard curve as a reference value.
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For DNA degradation, Sytox Green-labeled DNA (5 pg/mL) was bound to poly-L-lysine-
coated plates, and the capacity to degrade the DNA assessed in presence of 10% sera in
nuclease buffer.

Serum-mediated neutrophil activation

Neutrophils, isolated as above, were incubated with 10% serum for 3 hours, and analyzed
for cell surface expression of CD11b and CD66b (BioLegend) by flow cytometry. The
CD11b antibody recognizes all forms of CD11b, including the non-activated. The results are
presented as the relative MFI signal as compared to non-activated neutrophils.

IL-6 and CRP ELISA

Statistics

Results

IL-6 levels were measured by sandwich ELISA. Briefly, a 96-well microtiter plate
(Corning™ Clear Polystyrene flat-bottomed, 96-Well, medium binding), was coated with
100 pL of capture antibody (4 ug/mL, anti-human IL-6, BioLegend) diluted in PBS and
incubated overnight at 4°C. After blocking with 1% BSA in PBS for 2 hours at room
temperature, samples were added and incubated overnight at 4°C. For detection, plates were
incubated with biotinylated detection antibody (1 ug/mL in blocking buffer, Biotin anti-
human IL-6) for 2 hours at room temperature, followed by addition of HRP-streptavidin
(BioLegend) for an additional 2 hours at room temperature. The reaction was visualized by
the addition of TMB. The reaction was stopped by addition of 2N sulfuric acid and the
absorbance was measured at 450 nm by plate reader. Wells were washed thoroughly three
times in PBS-Tween between every step. CRP was analyzed using ELISA according to the
manufacturer’s protocol (Enzo Life Sciences Inc. Farmingdale, NY, USA).

For sample sets with a non-Gaussian distribution, Mann-Whitney U test, and Spearman’s
correlation test were used, as applicable. In some analyses logistic regression analyses were
used. For neutrophil markers, the cut-off for positivity was determined by the 95t percentile
of the healthy individuals. For outcome measures (erosive disease and joint space narrowing)
the upper quartile of the RA cohort was used. GraphPad Prism and SPSS were used for the
analyses. All analyses were considered statistically significant at p<0.05.

Levels of calprotectin are elevated in RA patients and associated with disease activity

Calprotectin is an acute-phase protein known to be elevated in several inflammatory
conditions including RA (20,21). Consistent with prior work, levels of calprotectin were
elevated in three RA cohorts as compared to healthy individuals (p<0.001, Figure 1A). Of
note, serum samples (cohort 111) rendered higher baseline levels of calprotectin, compared to
plasma samples (cohorts I and Il), consistent with prior work from our group (27). Levels of
calprotectin were not associated with any particular treatment strategy, nor with
seropositivity (p=0.10, data not shown) in contrast to previous findings (21,28). Further,
plasma levels of calprotectin were not associated with neutrophil count (p=0.46, data not
shown). Similar to findings in SLE (29), levels of calprotectin have been shown to associate
with disease activity in RA (21,30,31). Whether calprotectin would add clinical value and
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outperform gold standard serological markers of disease activity, including CRP, is not
known. In cohort I, calprotectin was strongly correlated with markers of disease activity,
including number of swollen and tender joints (r=0.49, p<0.0001, Figure 1B, 1H), CDAI
(r=0.53, p<0.0001, Figure 1C, 1G), as well as CRP (r=0.62, p<0.0001, Figure 1D). The
correlation with CRP was validated in Cohort 11 (r=0.55, p<0.0001, Figure 1E).

Calprotectin is superior to CRP in identifying patients with active disease

Next, we asked whether calprotectin was superior to CRP in identifying patients with active
disease in RA cohort I. CRP only modestly correlated with CDAI (r=0.31, p=0.02, Figure
1F); a weaker correlation as compared to the one observed for calprotectin (Figure 1C).
Levels of calprotectin could distinguish between patient in remission versus active disease
(p=0.002, Figure 2A), as well as between patients with low disease activity (CDAI<11)
versus patients with moderate to high disease activity (CDAI>10) (p=0.0005, Figure 2B).
Patients in remission were indistinguishable from healthy individuals (Figure 2A). CRP, on
the other hand, was unable to distinguish between patients in remission versus active disease
(p=0.10, Figure 2C). However, CRP levels were elevated when comparing high disease
activity versus low disease activity (p=0.02, Figure 2D). Using a receiver operating
characteristic (ROC) curve analysis, levels of calprotectin performed better as compared to
CRP in identifying active disease (AUC 0.79 and 0.70, respectively, Figure 2E). Thus,
calprotectin is superior to CRP in assessing disease activity in RA.

Levels of NETs are elevated in RA patients and related to disease activity

Neutrophils from RA patients are more prone to undergo NETosis than healthy controls,
both spontaneously and upon activation (9,16). Serum levels of NETs and NET-derived
products are elevated in RA patients and associated with disease activity (16,23,24).
However, serum levels do not necessarily reflect physiological levels of NETs experienced
by the RA patients, as artificial NETs are formed upon serum processing, e.g. coagulation
(16). In the current study, using plasma samples (avoiding coagulation-mediated release of
NETS) to assess #rue levels of NETS in patient circulation, we found that RA patients have
markedly elevated levels of NETs as compared to healthy individuals (p<0.001 for all three
cohorts, Figure 3A). In RA cohort I, levels of NETs were higher in seropositive patients
(p=0.04, Figure 3B), including ACPA-positive patients (p=0.04, Figure 3C).

We next asked whether NET levels were associated with disease activity. Levels of NETs
were elevated both in remission and active disease in Cohort | (p=0.0003, and p<0.0001,
respectively, Figure 3D). However, there was not a statistically significant difference in
levels of NETs between patients in remission or flare (p=0.37), nor did we find a direct
correlation with CDAI (r=0.16, p=0.19). Given the heterogeneity in RA, with seropositive
patients having elevated levels of NETS, we next stratified patients based on seropositivity.
In seropositive patients, NET positivity could distinguish between remission and active
disease with a sensitivity and specificity of 68.6% and 75.0%, respectively, p=0.04. In
contrast, CRP was unable to distinguish remission from active disease (sensitivity 37.8%
and specificity 100%, respectively, p=0.16). Thus, NETS are increased in RA and associated
with disease activity, in particular in seropositive disease.
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RA patients have impaired capacity to degrade NETs

The reason for the elevated levels of NETs observed in RA is not known. Prior studies have
shown evidence of NET-inducing stimuli (e.g. autoantibodies and inflammatory cytokines)
in RA (9), as well as enhanced NET forming capacity of neutrophils (9,16). However, also
impaired clearance could promote accumulation of NETS in the circulation. We have shown
that NET degradation is impaired in SLE, and associated with disease activity and IFN
induction (26,32). To determine whether NET degradation is impaired also in RA patients,
the capacity of patient sera to degrade NETs was assessed using an in-house assay. As
illustrated in Figure 4A, RA sera had an overall reduced ability to degrade NETs (p<0.0001,
Cohort I11). Of note, RA patients did not have a reduced capacity to degrade DNA (Figure
4B). These data suggest a NET-specific factor such as anti-NET antibodies, rather than
reduced DNase 1 levels, contributing to the impaired degradation of NETS. Patients with low
capacity to degrade NETS had increased disease activity (p=0.04, Figure 4C, Cohort I).
Further, in Cohort |, reduced capacity to degrade NETSs, and/or elevated levels of circulating
NETs were both associated with increased inflammation, in particular IL-6 levels (p=0.03
and p=0.0002, respectively, Figures 4D-E). Unexpectedly, the ability to degrade NETSs did
not correlate with levels of circulating NETs (r=0.02, p=0.87). Further, even patients with
sufficient NET degradation had elevated levels of NETs as compared to healthy individuals
(p<0.0001, Figure 4F), suggesting that reduced NET degradation is not responsible for the
accumulation of NETSs in RA patients.

RA patients have circulating neutrophil-activating factors

Considering the elevated levels of neutrophil-derived activation markers in peripheral blood
of RA patients, we next asked whether RA patients had circulating factors acting to induce
neutrophil activation. Using a functional /n vitro assay to assess serum-mediated neutrophil
activation, RA sera from Cohort | were found to induce marked neutrophil activation, as
illustrated by CD11b and CD66b up-regulation, compared to sera from healthy individuals
(p<0.0001, Figures 5A-B). Serum-mediated neutrophil activation was further increased in
seropositive individuals (p=0.02, Figures 5C-D) and related to disease severity, e.g. erosive
disease (Figures 5E—F). Consistent with our hypothesis, serum-mediated neutrophil
activation was associated with elevated levels of circulating calprotectin (r=0.40, p<0.0001).
Of note, serum-mediated neutrophil activation was also associated with elevated levels of
circulating NETs in RA patients (p=0.04, Figure 5G). Given our prior studies in SLE (2,33),
we expected that immune complexes would partake in the observed serum-mediated
neutrophil activation. Supporting this hypothesis, blocking neutrophil FcgRIIA and
FcgRIIIB, in particular in seropositive RA patients, reduced the capacity of RA sera to
induce CD66b and CD11b up-regulation (p=0.02, Figures 5H-I). Of note, FcgR blockade
only partially reduced the CD11b and CD66b levels, clearly suggesting that other factors,
including inflammatory cytokines, may also contribute to neutrophil activation in RA.

Levels of neutrophil biomarkers predict disease outcome

Calprotectin is known as an independent predictor of radiographic changes in RA (21,22).
However, it is unknown whether NETs could also predict radiographic changes, the role of
neutrophil biomarkers in prediction of extra-articular disease (EAD), and whether there

Arthritis Rheumatol. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bach et al.

Page 7

would be added value in using a biomarker panel, rather than individual biomarkers. To
investigate this, we analyzed levels of calprotectin in a longitudinal inception cohort of 250
RA patients (Cohort 111) seen at follow-up a median of 8 years after RA onset. Patients with
evidence of erosive disease at inception (10%) were excluded from further analysis. As a
comparator, we analyzed ACPA positivity, known to predict a severe erosive disease (34).
Consistent with previous literature, ACPA positivity and calprotectin were independent
predictors of radiographic changes in RA (Table 1). As the two biomarkers were
independently associated with radiographic change, we next asked whether combining the
markers would improve the prognostic value. As illustrated in Table 1, a biomarker panel
requiring positivity for both ACPA and calprotectin (ACPA-S100) was superior to the
individual markers in detecting erosive disease and joint space narrowing. Patients positive
for ACPA-S100 had increased odds of developing erosive disease (OR=7.5, p<0.0001) as
well as joint space narrowing (OR=4.9, p=0.001) compared to calprotectin alone (OR=5.6,
p=0.0002, and OR=3.5, p=0.006, respectively), as well as compared to ACPA alone
(OR=6.0, p=0.002, and OR=2.0, p=0.15). Thus, the combined ACPA-S100 biomarker has
improved prognostic capacity.

Although considered an articular disease, about 50% of RA patients develop EAD, including
nodules, commonly associated with increased morbidity and mortality (35). However,
whether neutrophil biomarkers would be able to predict development of EAN is not known.
To determine this, we measured a broad range of neutrophil markers (NETS, calprotectin,
and CD66b induction) in the longitudinal RA inception cohort, and asked whether individual
neutrophil biomarkers, and/or a “neutrophil activation signature’ (BioNeu) could predict
future EAD. In our cohort, 23/165 (14%) of the RA patients had developed EAN at follow-
up. All of the neutrophil markers were able to predict extra-articular nodules (Table 1).
Creating a biomarker score, BioNeu, identifying patients with a neutrophil activation
signature, e.g. positivity for either neutrophil activation marker, improved even more so the
capacity to predict EAN development (OR=5.1, p=0.006, Table 1). Unfortunately, only one
patient was recorded developing interstitial lung disease, why no further analyses could be
performed for this EAD. In all, neutrophil activation at inception is an early sign of severe
erosive disease as well as predictive of development of EAN.

Discussion

Neutrophils are instrumental immune cells in the RA pathogenesis, infiltrating the joint
through immune complex- and complement-mediated mechanisms, partaking in release of
proteolytic enzymes causing tissue damage and inflammation (36). However, even though
neutrophils are known to be central in the disease pathogenesis, neutrophil biomarkers are
seldom used in a clinical setting, and their clinical value as compared to current established
markers, including CRP and ACPA, has not been evaluated. In the current study, we propose
that a neutrophil biomarker panel, either individually or when combined with current
established markers, offers significant clinical value and improves the capacity to monitor
disease activity, and predict future morbidities including erosion and EAD. Further, our
results highlight the essential role of neutrophils in the RA pathogenesis and support
development of therapies targeting neutrophil-mediated inflammation in these patients.
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Neutrophils have several effector functions enabling efficient disposal of invading
pathogens, including release of inflammatory mediators, such as calprotectin. Calprotectin,
also known as S100A8/A9, is a heterodimer functioning as an intracellular calcium-binding
protein. When released into the extracellular environment, however, it acts as an efficient
danger-associated molecular pattern (DAMP), signaling through TLR4 and RAGE to induce
inflammation. Further, calprotectin may facilitate extravasation of immune cells into tissue
(37). We and others have reported on calprotectin being produced by several immune cells,
including plasmacytoid dendritic cells (38) and platelets (27), although the majority
(comprising 40% of the cytosolic content) of the calprotectin is derived from neutrophils
(39). Elevated levels of calprotectin are found in many inflammatory diseases and used
clinically in the diagnosis of inflammatory bowel disease (40). Also in chronic inflammatory
diseases, such as RA, levels of calprotectin have been described as early as 1988, and are
related to markers of inflammation, disease activity, and radiographic progression (20—
22,30,31,41). In the current study, we were able to validate, and add to, previous findings. Of
note, calprotectin was superior to CRP in assessing disease activity, which is a novel
observation further strengthening the clinical potential of this neutrophil-derived marker.
However, the main novelty, and significance, is not in the capacity of identifying patients
with active disease, or the added diagnostic potential. Rather, the novel observation is that
calprotectin, in combination with ACPA, may improve on the ability to identify patients
prone to developing erosive disabling disease, including joint space narrowing. This is an
important finding which may allow for closer monitoring and expedited and aggressive
treatment of these patients to avoid disabling disease progression which may be permanent,
and improve on their quality of life.

More recently, neutrophil cell death, NETosis, was proposed to be involved in the RA
pathogenesis with RA-associated autoantibodies and inflammatory cytokines activating
neutrophils to undergo NET formation, with subsequent induction of synovial inflammation,
as well as presentation of NET-derived citrullinated peptides to antigen-specific T cells by
fibroblast-like synoviocytes (9,17). Even though NETosis has been implicated in the RA
pathogenesis, the role of NETs /n vivo, both in mice and humans, is controversial. In mice
models of RA, PAD4 inhibition, using the synthetic chemical Cl-amidine, ameliorated
disease development in the CIA model (18). In stark contrast, though dependent on
neutrophils for disease progression (42), PAD4 knockout did not rescue arthritis phenotype
in the K/BxN serum-transfer mouse model (19). Whether the contrasting results are due to
differences in the disease pathogenesis for the select mouse models, and/or due to potential
off-target effects of Cl-amidine has not been determined.

In humans, early observations demonstrated elevated levels of NET-derived fragments,
including cell-free DNA, or neutrophil-derived granular proteins (e.g. MPQ), in the
circulation of RA patients, with a few studies describing even MPO-DNA complexes as
being associated with disease activity (16,23,24). However, given the marked effect of
coagulation in promoting neutrophil activation and de novo NETosis (16), and the particular
propensity of RA neutrophils to undergo NETosis ex vivo (9,16), these studies, assessing
levels of NET in serum, do not reflect #rue levels of NETS seen in patients. Our investigation
is the first to demonstrate #rue levels of NETSs in plasma from RA patients, and its relation to
disease activity. Our observation that levels of NETSs are elevated even in clinical remission
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is of particular interest suggesting chronicity in the immunological and inflammatory
response even when not displaying overt disease. Whether this low-grade inflammation may
reflect propensity to develop atherosclerosis or other co-morbidities is not known. However,
we did make the novel observation that levels of NETs predicted development of a common
EAD, namely RA nodules. The underlying mechanisms for this association are not clear and
in need of further investigations.

The elevated levels of circulating NETs observed in RA could be due to either increased
formation of NETs and/or decreased clearance of NETs. Consistent with the first hypothesis,
prior work have demonstrated increased capacity of RA neutrophils to undergo NETosis
(9,16), with RA-associated autoantibodies and inflammatory cytokines driving NET
formation (9,43). Similarly, we found that RA patients had circulating factors, e.g. immune
complexes, promoting neutrophil activation ex vivo. Thus, there are several potential triggers
of NETosis operating in RA that may account for the increased levels of circulating NETS.
However, we also made the original observation of select reduced NET degradation, but not
DNA degradation, in these patients, similar to what has been described by us and others in
SLE (32,44). Given the presence of anti-NET antibodies in RA, including the ones targeting
citrullinated histones, as well as prior work suggesting normal levels of DNasellL 3 (45), we
anticipate a similar mechanism as the one described in SLE (32) to also operate in RA, e.g.
autoantibody-mediated blockade of DNase I. Regardless of the mechanism, NET clearance
by itself did not account for the overall increase in NETosis, as RA patients with sufficient
NET degradation had elevated levels of circulating NETs. As such, targeting NET
formation, rather than clearance, would likely be a more beneficial therapeutic approach.

In conclusion, neutrophils are instrumental in the RA pathogenesis, reflecting key processes
currently not captured efficiently in clinical settings. Our data clearly demonstrate the
clinical value of neutrophil-derived biomarkers and/or panels in monitoring disease activity
and predicting disease severity. Future studies are needed to validate our findings in larger
cohorts, as well as evaluate whether early identification of these patients would lead to
effective preventative treatment strategies.
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Figure 1. Levels of calprotectin are associated with disease activity in RA.
A) Levels of calprotectin (SL00A8/A9) were analyzed in three cohorts of patients with

rheumatoid arthritis (RA), and three cohorts with healthy individuals (HC). For the third
cohort, HC3 and RA3, serum samples were used. B-E) Levels of calprotectin were
correlated with B) numbers of swollen joints, C) disease activity as measured by CDAI, and
D-E) levels of CRP in Cohort | and I, respectively. E) Correlation between CDAI and CRP.
F-G) Patients with elevated levels of calprotectin (S100+) had increased F) CDAI and G)
number of swollen joints. All analyses, except for Figure 1E, were done for Cohort 1. Mann-
Whitney U test and Spearman correlation test were used for statistical analyses, with *
p<0.05, ** p<0.01, and *** p<0.001.
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Figure 2. Calprotectin is superior to CRP in monitoring disease activity.
A-B) Levels of calprotectin (S100A8/A9) were analyzed in plasma from healthy controls

(HC) and RA patients at A) time-point of remission and active disease or B) time-point of
low disease activity (CDAI<11) and high disease activity (CDAI>11). C-D) Levels of CRP
were analyzed in RA patients at C) time-point of remission and active disease or D) time-
point of low disease activity (CDAI<11) and high disease activity (CDAI>11). E) Receiver
operator characteristic (ROC) curve assessing capacity of calprotectin and CRP to
distinguish patients in remission versus active disease. All analyses were done for Cohort 1.
Statistical analyses were done by Mann-Whitney U test, with * p<0.05, ** p<0.01, and ***
p<0.001.
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Figure 3. Increased levelsof NETsin RA.
A) Levels of NETs (MPO-DNA complexes) were analyzed in three distinct cohorts of RA

and healthy controls (HC). For the third cohort, HC3 and RA3, serum samples were used.
The values are reported as Units/mL. B-C) RA patients were stratified based on B)
seropositivity and C) ACPA positivity and levels of NETs assessed in the groups. D) Levels
of NETs in HC, RA patients in remission (CDAI<3), and RA patients with active disease
(CDAI>3). E) Levels of NETs in HC, seropositive patients in remission, as well as
seropositive patients with high disease activity (CDAI>22). All analyses were done for
Cohort 1. Statistical analyses were done by Mann-Whitney U test, with * p<0.05, ** p<0.01,
and *** p<0.001.
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Figure 4. RA patients haveimpaired NET degradation.
A) Capacity to degrade NETs was analyzed in healthy controls (HC) and RA sera from

Cohort I11. The dotted line represents the cut-off for impaired NET degradation. B) Capacity
to degrade isolated DNA was analyzed in HC and RA sera from Cohort I. C) Patients from
Cohort I were stratified based on their capacity to degrade (Degr+) NETS or not (Degr-), and
related to disease activity. D-E) Levels of serum IL-6 were related to D) NET degradation
and E) circulating NET levels in Cohort I. F) Levels of NETs compared between HC and
RA patients (Cohort 1) with normal NET degrading capacity. Statistical analyses were done
with Mann-Whitney U test, with * p<0.05, ** p<0.01, and *** p<0.001.
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Figure 5. Serum-mediated neutrophil activation.
Serum from healthy controls (HC) and RA patients were incubated with normal neutrophils

and assessed for capacity to induce up-regulation of neutrophil activation markers A) CD66b
and B) CD11b. The values are related to non-stimulated neutrophils, corresponding to 100%.
C-F) RA patients were stratified based on C-D) seropositivity and E-F) erosion, and
analyzed for C, E) CD11b and D, F) CD66b up-regulation. G) CD11b up-regulation
stratified on presence of circulating NETs. H-1) Neutrophils were pre-incubated with anti-
FcgRIIA and anti-FcgRI11B (FcgR ab) prior to addition of RA sera and assessed for H)
CD11b and I) CD66b up-regulation. Patients were stratified based on seropositivity (Sero+)
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or seronegativity (Sero-). All analyses were done for Cohort I. Statistical analyses were done
with Mann-Whitney U test and Wilcoxon paired test, with * p<0.05, ** p<0.01, and ***
p<0.001.
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Prognostic capacity of neutrophil biomarkers

Table 1.

Outcome Erosion Joint space narrowing EAN

Marker Sens Spec OR P-value Sens Spec OR P-value Sens Spec OR P-value
ACPA 857 50.0 6.0 0.002 704 454 20 015 706 455 2.0 0.22
S100A8/A9 452 873 56 0.0002 375 853 35 0.006 421 820 33 002
NETs 323 745 14 045 313 743 13 053 526 763 36 001
CD66b 321 823 22 010 296 814 18 022 412 837 36 0.02
BioNeu'Z 645 582 25 003 594 569 19 011 789 576 51 0.006
ACPA—SlOOZ 464 896 75 <0.0001 407 876 49 0.001 412 846 38 002

BioNeu is positive when a patient is positive for either ST00A8/A9, NETs or CD66b.

ZACPA—SIOO is positive when a patient is positive for both ACPA and S100A8/A9.
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