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Abstract
Proteinase 3 (PR3)-specific antineutrophil cytoplasmic antibodies (ANCA) are highly specific for
the autoimmune small vessel vasculitis, Wegener’s granulomatosis (WG). PR3-ANCA have proven
diagnostic value but their pathogenic potential and utility as a biomarker for disease activity remain
unclear. PR3-ANCA recognize conformational epitopes, and epitope-specific PR3-ANCA subsets
with variable impact on biological functions of PR3 have been postulated. The aims of this study
were to identify specific PR3 surface epitopes recognized by monoclonal antibodies (moAbs) and
to determine whether the findings can be used to measure the functional impact of epitope-specific
PR3-ANCA and their potential relationship to disease activity. We used a novel flow cytometry assay
based on TALON-beads coated with recombinant human (H) and murine (M) PR3 and 10 custom-
designed chimeric human/mouse rPR3-variants (Hm1–5/Mh1–5) identifying 5 separate non-
conserved PR3 surface epitopes. Anti-PR3 moAbs recognize 4 major surface epitopes, and we
identified the specific surface location of 3 of these with the chimeric rPR3-variants. The ability of
PR3-ANCA to inhibit the enzymatic activity of PR3 was measured indirectly using a capture-ELISA
system based on the different epitopes recognized by capturing moAbs. Epitope-specific PR3-ANCA
capture-ELISA results obtained from patient plasma (n=27) correlated with the inhibition of
enzymatic activity of PR3 by paired IgG preparations (r=0.7, P<0.01). The capture-ELISA results
also seem to reflect disease activity. In conclusion, insights about epitopes recognized by anti-PR3
moAbs can be applied to separate PR3-ANCA subsets with predictable functional qualities. The
ability of PR3-ANCA to inhibit the enzymatic activity of PR3, a property linked to disease activity,
can now be gauged using a simple epitope-based capture-ELISA system.
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1. Introduction
Antineutrophil cytoplasmic autoantibodies (ANCA) targeting proteinase 3 (PR3) occur in most
patients with Wegener’s granulomatosis (WG) [1–3]. PR3-ANCA have undisputed diagnostic
value, but their association with disease activity and pathogenic potential remain unclear [4–
8]. Circulating PR3-ANCA can persist during remission, and relapses even occur in the absence
of rising PR3-ANCA titers. [9,10]. Moreover, PR3-ANCA levels correlate with disease activity
in some patients, but not others [1,10,11]. In mice, antibodies directed against murine PR3 had
significant pro-inflammatory effects, but a disease phenotype with capillaritis or necrotizing
granulomatous inflammation did not occur [12,13]. In view of these clinical and experimental
observations, the concept of general PR3-ANCA pathogenicity under in vivo conditions has
been disputed.

The pro-inflammatory effects of ANCA on human neutrophils, monocytes and endothelial
cells were established in vitro using purified immunoglobulin G (IgG) from PR3-ANCA
positive patients [8,14,15]. Most of these effects require binding of PR3-ANCA to its antigen
expressed on the cell surface. In addition, PR3-ANCA can interfere with functional properties
of PR3. These fall into two categories: those mediated by proteolytic activity of PR3, and those
that are independent of enzymatic activity and are mediated by additional membrane and
protein interacting sites distant from the active site pocke t[16–18]. Consequently, antibodies
binding to different surface epitopes on PR3 can be expected to affect these biological
properties in a distinct manner.

PR3-ANCA sera inhibiting the enzymatic activity of PR3 to various degrees have been reported
and related to disease activity in a small number of patients [19–23]. The basis of this inhibitory
effect and the various surface regions targeted by PR3-ANCA subsets, however, remained
unclear. Epitope mapping strategies using linear peptides have yielded unreliable results
because PR3-ANCA and most monoclonal antibodies (moAbs) bind to non-linear
conformational epitopes [24–27].

The opposing views on ANCA-pathogenicity may be reconciled by considering that PR3-
ANCA differ in their binding properties and epitope specificity during remission and relapses,
and interfere variably with the functions and clearance of the autoantigen by α1-antitrypsin.
Thus, binding specificities of PR3-ANCA could account for a different pathogenic potential
and may contribute to the variable severity of disease manifestations. To unravel the pathogenic
potential of PR3-ANCA in vivo, we therefore need to better understand how the target antigen
interacts with its environment during inflammation, and how these interactions are modified
by epitope-specific autoantibodies. Monoclonal antibodies with known epitope recognition are
invaluable for molecular structure-function analyses, and they are widely used for antigen
capture in diagnostic methods to measure autoantibodies. For these reasons the present study
had two major aims: first, the identification of the specific conformational surface epitopes
recognized by the currently available anti-PR3 moAbs and second, the translation of these
findings into a clinically useful separation of PR3-ANCA subsets by epitope-specific
functional impact.

2. Materials and Methods
All reagents were purchased from Sigma (St.Louis,MO), unless specified otherwise. The 293
(adenovirus type 5 transformed human embryonic kidney) cell line was obtained from ATCC
(Rockville,MD).

Silva et al. Page 2

J Autoimmun. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.1. Monoclonal antibodies
Seven of the 14 moAbs used were gifts from the following investigators: J. Wieslander
(4A3,4A5,6A6) [21]; E. Csernok (WGM2) [28]; C.G.M. Kallenberg (12.8,PR3G-2, PR3G-4)
[29,30], and purchased from CellSciences (Canton,MA) (WGM2) and Wieslab, Lund, Sweden
(6A6). 2E1 and 1B10 were purchased from Abcam (Cambridge,MA).

Five moAbs were developed by us using standard hybridoma technology. MCPR3-1 and
MCPR3-2 have been described [31]. To generate MCPR3-3, purified neutrophil PR3 (Athens
Research and Technology,Athens,GA) was used as antigen; for MCPR3–7 and MCPR3–11
pro-rPR3 expressed in 293 cells (MCPR3–7 and MCPR3–11) was the antigen. The use of mice
for moAb production was approved by the Institutional Animal Care and Use Committee and
conducted according to institutional guidelines.

For the competition studies, PR3G-2, WGM2, MCPR3-2, MCPR3-3 and MCPR3–7 were
labeled with fluorescein-isothiocyanate (FITC; EZ-label kit, Pierce, Rockford,IL).

2.2. Bead-based flow cytometry assay
For epitope-specific grouping of moAbs (Figures 1&2) a modification of the method described
by Warren et al. was used [32]. Variants of rPR3 (Figure 3) carrying a cmyc-poly-His tag
[33] were coated to Talon™-beads (Dynal, Oslo, Norway); antibodies bound to coated antigen
were detected by fluorescence-activated cell sorting (FACS).

The polystyrene magnetic beads carry an immobilized cobalt-based chelator on their surface,
which binds the imidazole rings of the cmyc-poly-His tag or the rPR3 variants (Figure 3).
Briefly, 50µl (2mg, 2.8×109 beads) of stock were washed three times in Talon-buffer (50mM
Na phosphate pH 8.0; 300mM NaCl, 0.01% Tween 20) using a Dynal magnet to separate beads
from supernatants. After the last wash, 15µg of purified rPR3-variants were added to the bead
pellet, re-suspended with 700µl of Talon-buffer and incubated 10 minutes at room temperature
(RT). After 4 washes the final pellet was resuspended in 100µl of Talon-buffer and stored at
4°C until use.

Antibodies (moAbs) were incubated with antigen-coated beads in V96 MicroWell™ plates
(Nunc™, Roskilde, Denmark). A total of 1µl of stock antigen-labeled beads was diluted in 1ml
of PBS, 10µl of diluted beads were put into each V well (equivalent to 2.8×105 beads) and
centrifuged at 2000 RPM for 2 minutes, and the supernatant was removed.

To study the binding of antibodies to the immobilized rPR3-variants, moAb (0.25µg/100µl)
were incubated with antigen-coated beads for 30 minutes at RT and washed with 100µl of
buffer (PBS, 0.1% BSA and 0.01% Tween 20), eliminating supernatant after centrifugation.
Then, the bead pellet was incubated 5 minutes with 10µl of FITC-labeled secondary antibodies
(goat anti-mouse IgG-FITC) diluted 1:50 in buffer at RT. After washing with 100µl PBS, the
coated beads were diluted in 170µl of 1% paraformaldehyde, transferred to 7ml tubes and read
immediately by FACScan (BD Bioscience), setting FL=1 at 682, logarithmic scale.

To assess competition between moAbs for the recognition of rPR3, unlabeled anti-PR3 moAbs
were used as competitors of FITC-labeled anti-PR3 moAbs. The unlabeled moAb (competitor)
was incubated with rPR3-coated beads for 30 minutes and washed as indicated, followed by
incubation with FITC-labeled moAb for 5 minutes, washing, dilution in 170µl of 1%
paraformaldehyde and immediate analysis by FACS.
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2.3. Expression of recombinant human-murine chimeric rPR3-variants
Human (H) or murine rPR3 (M) were expressed in 293 cells as described [33–37]. All chimeric
rPR3-variants were expressed using this system. The cDNA constructs used are shown in
Figure 3A. Amino acid residues are numbered based on the crystal structure of PR3 (pdb entry
1FUJ) and standard alignment with the chymotrypsinogen A sequence [37,38]. All rPR3
constructs code for the deletion of the two-residue amino-terminal propeptide and the mutation
of the Ser-195 to Ala. Consequently, the expressed rPR3 variants are enzymatically inactive
but have the mature enzyme surface conformation [34,35,39]. Furthermore, all constructs code
for a carboxy-terminal cmyc-poly-His tag, used for purification and binding to various solid
phases [40,41]. Neither the Ser-195 to Ala mutation or this tag affect binding of PR3-ANCA
or anti-PR3 moAbs [33–35,39].

Five sets of complementary chimeric rPR3 molecules were generated using either human or
murine rPR3 as the backbone (Figure 3A,B). Each pair of chimeric molecules represents one
of five distinct patches of accessible surface amino acids, which are not conserved between
human and murine PR3 (Figure 3B). The chimeric rPR3-variants, Hm1 to Hm5, were generated
using the Quick-Change Site-Directed Mutagenesis Kit (Stratagene, La Jolla,CA) with the
tagged human rPR3 construct (H) as template [33]. For the inverse rPR3-variants, Mh1 to Mh5,
the tagged murine rPR3 construct (M) served as template onto which the human peptide
sequences were grafted [36].

The serum-free culture media supernatants from the 293 cell clones were screened by capture-
ELISA using rabbit anti-human PR3 and anti-murine PR3 antibodies for detection of bound
rPR3-variants [40]. To purify the rPR3-variants, serum-free media supernatants were
concentrated (CentriPlus®, Amicon), imidazole was added to a concentration of 20mM and
applied to HiTrap chelating HP columns (GE Healthcare Bio-Sciences AB,NJ). Proteins were
eluted with 20mM phosphate, 500mM NaCl and 20mM imidazole. Imidazole was removed
with 50mM Na phosphate buffer, 300mM NaCl, 0.01% Tween 20, pH 8.0. Proteins were
quantified by Coomassie Plus® (Pierce, Rockford,IL).

2.4. Capture-ELISA
PR3-ANCA were measured by capture-ELISA using MCPR3-2 or MCPR3-3 to capture mature
conformation human rPR3 as antigen [31].

2.5. Hydrolysis of N-MeO-Succ-AAPV-pNA
Enzymatic activity of PR3 was determined by measuring the hydrolysis of the substrate N-
methoxysuccinyl-Ala-Ala-Pr-Val-p-nitroanilide (MeAAPV) [36]. A total of 4mM of substrate
and 133nM of purified PR3 (Athens,GA) were used per microtiter well; each experiment was
performed in triplicate. To determine Vmax values, progression curves were plotted based on
absorbance at 405 nm measured every 5 minutes over a 4-h period using a VersaMax ™
microplate reader (Molecular Devices,CA).

To determine the inhibitory effect of IgG preparations from PR3-ANCA positive patients on
the enzymatic activity of PR3, purified PR3 was pre-incubated with the different moAbs or
IgG preparations for 30 minutes prior to the measurement of substrate hydrolysis. PR3
incubated in parallel for 30 minutes with buffer or with isotype-matched IgG not recognizing
PR3, served as negative controls.

2.6. Patient samples
Serum and plasma samples used for assay development were left-over samples from patients
undergoing routine ANCA testing as part of an evaluation for suspected vasculitis at Mayo
Clinic Rochester [6]. Diagnosis, disease activity recorded by the treating physician, and
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erythrocyte sedimentation rate (ESR) at the time of sampling were determined by review of
clinical records. All PR3-ANCA positive patients had WG fulfilling the ACR 1990 criteria
and the Chapel Hill Consensus definition for WG [42,43]. The original PR3-ANCA status was
determined by routine clinical testing using standard direct ELISA and indirect
immunofluorescence [6]. The sample use was approved by the Institutional Review Board.

2.7. Statistical analysis
Simple descriptive statistics were used for in vitro experiments. Pearson’s correlation
coefficient was calculated to analyze correlations between MCPR3-3/MCPR3-2 capture-
ELISA ratios and inhibition of proteolytic activity of PR3. Comparisons between MCPR3-3/
MCPR3-2 capture-ELISA ratios and disease activity (active disease versus remission) were
performed using Wilcoxon rank-sum tests.

3. Results and Discussion
3.1. Rationale for epitope analysis of PR3 and experimental approach

The two primary motivations for investigations of epitope-specific antibodies to PR3 are to
understand (i) how the target antigen interacts with its environment during inflammation, and
(ii) how - and to what effect - these interactions are modified by epitope-specific autoantibodies.

Mouse moAbs targeting human PR3 recognize surface epitopes that are not conserved on the
murine homolog. Depending on the location of their target epitopes, these moAbs have
different effects on proteolytic and non-proteolytic biologic functions of PR3. If the epitopes
are known, moAbs can be used to study structure-function relationships of PR3 and the role
of PR3 in inflammatory conditions including WG. MoAbs are also used as antigen capturing
tools for sandwich-ELISAs to measure PR3-ANCA. If the capturing moAbs compete for
epitopes recognized by PR3-ANCA, false-negative test results may be the consequence. For
these reasons the present study had two major aims: first, the identification of the specific
conformational surface epitopes recognized by the currently available anti-PR3 moAbs and
second, the translation of these findings into a clinically useful tool to separate PR3-ANCA
subsets by epitope-specific functional impact.

To address the first aim, we developed a novel solid-phase assay based on the binding of poly-
His-tagged recombinant antigens to Talon-beads with subsequent detection of bound moAbs
by FACS. This method was used for moAb-competition studies with human wild-type rRP3-
cmyc (H) as coated target antigen ( section 3.2.). For the mapping of specific PR3 surface
epitopes we used the custom-designed chimeric rPR3 molecules (section 3.3.). The most
significant advantage of this assay is that all rPR3-variants carrying the poly-His tag are coated
to the beads via this consistent linker. This minimizes variability of antigen coating efficiency
and antigen presentation caused by the mutation-induced changes of the rPR3 structure.

3.2. Monoclonal antibodies against human PR3 recognize four major epitopes
Anti-PR3 moAbs generated by several investigators were reported to recognize different
conformational epitopes [21,31,44]. Sommarin and colleagues raised three moAbs (6A6, 4A5,
and 4A3) using purified human neutrophil PR3 as antigen [21]. According to competition
ELISA and biosensor data they recognize three separate epitopes, one of which was shared
with 12.8 [21]. We subsequently raised two moAbs using granule rPR3 expressed in HMC-1
cells as antigen (MCPR3-1 and MCPR-2) and showed that they share epitope recognition with
4A3 [31]. Van der Geld and colleagues grouped anti-PR3 moAbs available from several
laboratories based on competition in a biosensor assay [30]. For clarity and to promote a
consensus epitope terminology for PR3, we based our analyses and subsequent epitope
designations on this original grouping (Figure 2A).
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To verify and extend this proposed grouping of anti-PR3 moAbs, we reexamined currently
available moAbs from each group and tested novel moAbs by competition analysis using the
bead-based FACS assay. Each unlabeled competitor moAb was tested against representative
FITC-conjugated moAbs from the previously identified groups [30]. Figure 2B shows a matrix
representing the composite results of these competition experiments.

3.2.1. Epitope 1—The attribution of the moAbs 6A6 and PR3G-2 to group 1 was confirmed.
The moAb 12.8 inhibited the binding of PR3G-2-FITC only weakly, but significantly more
than that of any other FITC-conjugated moAb. Consequently, the moAbs 6A6, PR3G-2 and
12.8 do indeed recognize a similar epitope. However, in contrast to the previous biosensor data
[30], we found no significant overlap with epitopes recognized by other moAbs.

3.2.2. The previously proposed epitope 2 cannot be confirmed as a separate
epitope—The moAb PR3G-4 had previously been attributed to a separate group, called group
2, with significant overlap with all other epitopes [30]. In our bead-based FACS assay PR3G-4
did not compete with FITC-conjugated representatives of groups 1, 3 and 4, but it interfered
with the binding of FITC-conjugated MCPR3–7 to both mature and pro-PR3 (epitope 5).

3.2.3. Epitope 3—We also found that 4A5 and WGM2 (group 3) recognize a unique epitope.
However, in variance to the reported biosensor data, we did observe inhibition of binding of
WGM2-FITC by unlabeled MCPR3-2, but not vice versa. This indicates that the surface
residues on PR3 targeted by WGM2 and MCPR3-2, respectively, are in close proximity to
each other, and that MCPR3-2 has stronger affinity to PR3 than WGM2-FITC. The previously
untested moAbs 2E1, 1B10 and MCPR3-3 were attributed to group 3.

3.2.4. Epitope 4—The results from our bead-based FACS assays are consistent with previous
reports indicating that 4A3 and MCPR3-2 (group 4) recognize a shared epitope [30,31]. In
addition, MCPR3-1 was attributed to the same group 4.

3.2.5. Epitope 5—The novel moAbs MCPR3–7 and MCPR3–11 did not inhibit binding of
FITC-conjugated representatives of groups 1, 3 and 4, indicating that they recognize a separate
epitope without overlap with these three epitopes. Therefore, we called it epitope 5. MCPR3–
7 and MCPR3–11 are unique moAbs in that they were selected for preferential binding to pro-
PR3 over mature PR3. Consequently, separate experiments with FITC-conjugated MCPR3–7
were performed with mature and pro-PR3 as antigen confirming the unique nature of this
epitope (Figure 2B).

3.2.6. Conclusions from monoclonal antibody competion studies—Taken
together, our competition results confirm the existence of the three independent epitopes
designated as 1, 3, and 4. However, in variance to the report by van der Geld and colleagues,
we found no overlap between epitope 1 and either epitope 3 or epitope 4, but some overlap
between epitopes 3 and 4, suggesting that epitope 1 is topographically distant to epitopes 3 and
4, whereas epitopes 3 and 4 are adjacent to each other. The undescribed moAbs MCPR3-3,
1B10 and 2E1 could be assigned to epitope 3, and MCPR3-1 to epitope 4. Our novel moAbs
MCPR3–7 and MCPR3–11 recognize a distinct epitope, which we named epitope 5. These
competition assay results do not support the existence of a separate epitope originally proposed
as epitope 2 [30]. Based on these data we propose the revised grouping of moAbs as shown in
Figure 2C.

3.3. Identification of major PR3 epitopes using human-mouse chimeric rPR3 molecules
3.3.1. Rationale for a selective surface-targeted approach—To date, the specific
surface epitopes on PR3 to which the anti-PR3 moAbs bind have remained elusive. Studies
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performed with overlapping synthetic peptides have not identified the epitopes recognized by
moAb, and results about PR3-ANCA binding have been inconclusive [25–27]. This is largely
because most PR3-ANCA recognize conformational epitopes [24].

For this reason we had proposed a different approach to map conformation-sensitive PR3-
ANCA: the use of human-murine chimeric molecules [37]. This strategy would take advantage
of the structural similarities between human and murine PR3 as well as the observed poor cross-
reactivity of human PR3-ANCA with murine rPR3[37]. Human and murine PR3 share 69%
of amino-acid residues [37]. Surface regions that differ between human and murine PR3 (shown
in green in Figure 3B) are also the best candidate regions for moAb-binding. In contrast,
immunological tolerance to the highly conserved surface regions most likely prevents antibody
formation to these structures in mice.

The initial proof-of-concept experiments were based on human-murine chimeric molecules
constructed by en-bloc nucleic sequence domain swap using the two conserved PstI-restriction
sites contained in the coding sequence of human and murine PR3 [37,45]. The recombinant
molecules expressed in mammalian systems have preserved serine protease activity and bind
PR3-ANCA differentially [45]. Selga and co-workers subsequently used this approach to show
a variable PR3-ANCA repertoire in patients with WG and illustrated its limitations [46]. If
chimeric constructs are based on segmental sequence swaps dictated by shared restriction sites,
the resulting conformational changes are unpredictable; as a result, no distinct binding regions
for any moAb could be identified [46]. Therefore, we proceeded with the much more selective
surface-oriented approach presented here.

Five small candidate surface epitopes with significant residue differences were identified
(Figure 3). For each surface region we generated complementary pairs of human-murine
chimeric rPR3-variants, one based on human PR3 with selected residues being replaced by the
corresponding murine residues (Hm-variants), and one based on murine PR3 with the
corresponding murine amino-acids being replaced by the human counterparts (Mh-variants).
All 10 chimeric rPR3-variants were individually coated to Talon-beads and used as antigens
for binding by the various moAbs in the FACS assay. To identify the surface epitopes
recognized by the moAbs, we looked for loss of binding to Hm chimeric molecules and/or gain
of binding to the corresponding Mh chimeric molecule. Representative results obtained with
the various moAbs are displayed in Figure 4.

3.3.2. Epitope 1—The moAbs 6A6 and PR3G-2 were analyzed as representatives of group
1 moAbs on human and murine rPR3 and on all 10 chimeric molecules. The loss of binding
to Hm1 shows that the surface region represented by the Hm1/Mh1 chimeras is the target for
these antibodies (epitope 1). It is located “South-East” of the substrate binding pocket of PR3.

3.3.3. Epitope 3—The binding region for the moAbs MCPR3-3, 4A5 and WGM-2 (group
3) was defined by the Hm2/Mh2 chimeras, indicating that epitope 3 is located on the back side
of the PR3 molecule. Consequently, moAbs or autoantibodies recognizing this epitope are
unlikely to interfere with the enzymatic activity of PR3.

3.3.4 Epitope 4—MCPR3-2 and 4A3 (group 4) were analyzed on all 10 chimeric rPR3
molecules; no loss or gain of binding on any of the Hm or mH variants was detected. This
indicates that none of our chimeric molecules represents epitope 4. However, using human-
gibbon chimeric rPR3 molecules, Dr. Jenne and coworkers identified epitope 4 as the region
located “North-East” of the substrate binding pocket and adjacent to epitope 3 [47] (Figure 5).
This is consistent with our finding of mild competition between MPCPR3-2 and WGM-2 (see
3.2.3.).
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MoAbs recognizing epitope 4 (MCPR3-2 and 4A3) have been used extensively as capturing
antibodies in capture-ELISA systems for PR3-ANCA testing in vasculitis because PR3-ANCA
from patients with vasculitis rarely compete with these antibodies for binding to epitope 4 [3,
6,10,31,48,49]. In contrast, about half of the PR3-ANCA occurring in patients with cocaine-
induced midline destructive lesions bind to epitope 4 [50], suggesting that epitope-specific
PR3-ANCA subsets may be linked to different autoimmune disease phenotypes.

3.3.5. Epitope 5—The constructs Hm5/Mh5 code for mutations of three hydrophobic
residues in human PR3 that are not conserved as hydrophobic residues in murine PR3 [37].
This region emerged as the target epitope for the group 5 antibodies, MCPR3–7 and MCPR3–
11 (epitope 5). Computational prediction modeling has identified this hydrophobic patch as
the most likely binding site of PR3 to plasma membranes, and experiments with human and
gibbon rPR3 have confirmed that this region is involved in the binding of human PR3 to the
neutrophil membrane receptor NB1 (CD 177) [51,52].

Against expectations derived from the moAb competition studies (see 3.3.2), PR3G-4 showed
no reduction in binding to Hm5 or gain to Mh5 (epitope 5). However, PR3G-4 was the only
moAb showing loss of binding to both Hm1 and Hm4 (not shown). The Hm4/Mh4 constructs
code for the region located between the Hm1/Mh1 and Hm5/Mh5 regions, and the Hm4/Mh4
constructs share residue-146 mutations with Hm5/Mh5. Together, this indicates that PR3G-4
binds in a region immediately adjacent to, but not including the cluster of hydrophobic residues
represented by the Hm5/Mh5 constructs. Yet it is sufficiently close for PR3G-4 to sterically
hinder the binding of MCPR3–7 or MCPR3–11 to epitope 5 in the competition studies.

Finally, none of the tested moAbs displayed loss of binding to Hm3 or gain of binding to Mh3.
Thus, despite the lack of sequence homology, this region of human PR3 is not very antigenic
for mice.

3.4. Estimating the functional effect of epitope-specific PR3-ANCA by capture-ELISA
The second major aim of our study was to translate the identification of PR3 surface epitopes
into a clinically useful tool that for the first time allows the separation of PR3-ANCA subsets
by epitope-specific functional impact. Our understanding of the moAb binding regions derived
from the combination of moAb competition studies and the recognition of the chimeric rPR3-
variants (summarized in Figure 5) was used to develop a simple capture ELISA system to
measure the occurrence of functionally relevant PR3-ANCA subsets in clinical samples.

3.4.1. Estimating the effect of PR3-ANCA on enzyme activity by capture ELISA
—Small studies have suggested that PR3-ANCA that inhibit the enzymatic activity of PR3 or
its complexation with the physiologic plasma inhibitor, α1-PI, are associated with disease
activity, whereas other PR3-ANCA are not [19,20,22]. The cumbersome nature of IgG
preparation and subsequent enzyme activity measurements have precluded a formal testing of
this hypothesis in large well characterized patient populations with prospectively obtained
serial serum samples. Therefore, we evaluated whether our identification of the surface
epitopes recognized by the various moAbs summarized in Figure 5 can be translated into a
simple capture-ELISA system that provides an approximation of the ability of PR3-ANCA to
inhibit the enzymatic activity of PR3.

To interfere with either enzymatic activity or complexation with α1-PI, PR3-ANCA would
have to compete for binding of substrates or α1-PI on the front side of PR3. In contrast, PR3-
ANCA binding to the back side of PR3 are unlikely to interfere with enzymatic activity.
MCPR3-3 binds on the back side of PR3 (epitope 3), and PR3-ANCA yielding low titers in
the MCPR3-3 capture-ELISA compete with MCPR3-3 for binding to the back side of PR3.
Although epitope 4 is also located on the front side of PR3, the epitope 4-specific moAb
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MCPR3-2 does not interfere with enzymatic activity, complexation with α1-PI, and binding
of PR3-ANCA from patients with WG [3,6,31]. Thus, the MCPR3-2 capture-ELISA results
approximately reflect the total amount of PR3-ANCA with specificities for epitopes 1, 3 and
5 in the sample. Consequently, we hypothesized that parallel PR3-ANCA determinations by
capture-ELISA using either MCPR3-3 or MCPR3-2 for antigen capture can provide an indirect
measure for PR3-ANCA binding to epitopes 1 and 5 on the front side of PR3 and for the ability
to interfere with enzymatic activity.

To test this hypothesis, we purified IgG from 27 random plasma samples from patients with
known WG and determined the ability of these PR3-ANCA containing IgG preparations to
inhibit the hydrolysis of MeAAPV by active purified neutrophil PR3. We then tested the paired
whole plasma sample for PR3-ANCA by capture-ELISA using MCPR3-3 and MCPR3-2 for
antigen capture in parallel. The ratio of the net absorbance on antigen captured by MCPR3-3
over the net absorbance on antigen captured by MCPR3-2 (MCPR3-3/MCPR3-2 ratio) was
plotted against the inhibitory capacity of the corresponding IgG preparation (Figure 6A). The
MCPR3-3/MCPR3-2 ratio correlated with the ability of the PR3-ANCA to inhibit enzymatic
activity of PR3 (r=0.7,p<0.01).

3.4.2. Potential of epitope-specific PR3-ANCA capture ELISA as biomarker—
Subsequently, 30 stored serum samples from patients with WG were tested in the same capture-
ELISA system. The median MCPR3-3/MCPR3-2 ratio of patients who were in remission at
the time of sampling was significantly lower than that of patients with active disease (0.18
versus 0.42,p<0.04) (Figure 6B). Similarly, the median ratio of patients with an ESR < 45 mm/
hr was significantly lower than of patients with an ESR ≥ 45 mm/hr (0.18 versus 0.45,p<0.01)
(Figure 6C). The correlation between ESR and the MCPR3-3/MCPR3-2 ratio was also
significant (r=0.4,p=0.04).

These preliminary results need to be interpreted with caution. First, PR3-ANCA levels cannot
be compared between patients. It is well recognized that patients with low disease activity may
have high titers and vice versa [1]. This may in part explain the substantial overlap of results
found for individual patients in the different clinical categories (Figure 6B&C). Second, single
time point assessments may under- or overestimate a significant association between PR3-
ANCA titers and clinical activity, because a pathogenic autoantibody may precede clinical
disease activity, and therapy may reduce disease activity before antibody levels fall.

For these reasons we also tested serial serum samples from two patients who were first seen
with active disease, then went into remission with treatment, and subsequently suffered disease
flares (Figure 7). PR3-ANCA testing by standard capture ELISA could not predict the clinical
disease flare. In contrast, in both cases the clinical disease flare was preceded by an increase
in the MCPR3-3/MCPR3-2 ratio, suggesting that this ratio may represent a better biomarker
for impending disease flares than standard PR3-ANCA testing.

Together, our results indicate that parallel PR3-ANCA measurements using epitope-specific
capturing with two different moAbs (MCPR3-3 and MCPR3-2) can be used to estimate the
inhibitory capacity of PR3-ANCA sera. In addition, our clinical data suggest that the
MCPR3-3/MCPR3-2 ratio is indeed associated with clinical disease activity, similar to what
has been reported for the enzyme inhibitory activity of PR3-ANCA IgG [22,23].

4. Conclusions
As a result of this study, the conformational surface regions recognized by all currently
available anti-PR3 moAbs have now been mapped. We have further shown that these insights
can be used to separate PR3-ANCA subsets with predictable functional qualities. The ability
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of PR3-ANCA to inhibit the enzymatic activity of PR3 is a property linked to disease activity
that can now be measured with a simple epitope-based capture-ELISA system. This paves the
way for large scale analyses of serial samples from large well-characterized longitudinally
followed patient cohorts.
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FIGURE 1. Bead-based FACS assay to detect antibody binding to rPR3
A. Talon®-beads serve as support matrix for rPR3-variants bound by carboxy-terminal cmyc-
poly-His-tag. Bound antigen-specific antibodies (anti-PR3 moAb or PR3-ANCA) are detected
indirectly by flow cytometry using a secondary FITC-labeled anti-IgG. The method can be
modified to measure the binding of FITC-conjugated anti-PR3 moAbs directly; this was
applied to measure the competition between unlabeled epitope-specific anti-PR3 moAbs and
FITC-conjugated anti-PR3 moAbs. B–D: Binding of primary antibody to PR3 is proportional
to the fluorescent signal (X-axis; white histograms). Black reference histograms indicate lack
of binding to uncoated beads.
B–D. representative examples of individual competition assays used to generate the antibody
competition matrix (Figure 2B). Shown is the binding of MCPR3-2-FITC to PR3 with or
without pre-incubation with different unlabeled moAbs. The left-shift in the histogram
corresponds to reduced binding of MCPR3-2-FITC due to competition with the unlabeled
moAb compared to the binding of MCPR3-2 FITC in the absence of competitor (expressed as
% inhibition). Using the same moAb as unlabeled competitor (MCPR3-2), inhibition was 94
% (B). Using MCPR3-1, recognizing a similar epitope, the inhibition was 51% (C). Using 12.8,
which recognizes a different epitope, the inhibition of MCPR3-2 FITC binding was only 4%
(D).
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FIGURE 2. Epitope-specific grouping of monoclonal anti-PR3 antibodies revisited
A. Adapted diagram showing a previously proposed grouping of anti-PR3 moAbs for reference
[44].
B. Validation of anti-PR3 moAb grouping and epitope-specific assignment of additional
moAbs by bead-based flow cytometry. For clarity, the group numbering shown in A was
maintained [44]. PR3-coated beads were incubated with unlabeled competitor-moAbs (y-axis)
first; then with the FITC-conjugated moAbs (x-axis). Mature rPR3 was used as antigen for all
moAbs; MCPR3-7 was further evaluated with pro-rPR3 because of its preferential binding to
pro-PR3. Inhibition of binding of the FITC-conjugated moAbs by the competitor is inversely
proportional to the fluorescence intensity and numerically specified in each matrix cell (white:
0–39% inhibition, gray: 40–59% inhibition, black: 60–100% inhibition). The number in each
cell represents the mean of 3–5 repeat experiments. Group 5 designates moAbs that did not
compete significantly with moAbs from groups 1,3 or 4. We could not confirm the reported
overlap of PR3G-4 (proposed group 2) with antibodies from group 1,3 and 4. Instead, there
was significant overlap with group 5 moAbs.
C. Revised epitope grouping of anti-PR3 moAbs resulting from our competition studies.
Previously untested moAbs (italics) could be assigned to individual groups.
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FIGURE 3. Constructs used for the identification of specific PR3-epitopes recognized by
monoclonal antibodies
A. Schematic representation of cDNA constructs for human (H) and murine (M) rPR3 (first
pair) and human-murine chimeric rPR3-variants (subsequent five pairs) used for the
identification of epitopes recognized by moAbs. Each chimeric construct codes for the human
to mouse (Hm) and mouse to human (Mh) swap of non-conserved surface amino-acids as
indicated.
B. Surface representations of mature human PR3 generated using DeepView/Swiss-Pdb
viewer, V4.0, software based on the crystal structure. Colors indicate: red, negative and blue,
positive charge; purple, the amino-terminal residues IVGGH of mature PR3; brown, the
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carboxy-terminus; yellow, active site residues H57, D102, S195; green, residues not conserved
between human and mouse PR3 (top pair) and epitope-specific mutations (lower five pairs).
PR3 is shown in standard orientation with the active site facing the viewer (0°).
Counterclockwise rotations of PR3 are indicated; 180° reveals the back side of PR3.
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FIGURE 4. Binding of anti-PR3 monoclonal antibodies to human-mouse chimeric rPR3-variants
Shown are representative examples of moAb-binding to Talon-bead coated with chimeric
rPR3-variants (black bars) and to antigen-free beads (white bars) in parallel experiments
measured by FACS. Loss of binding to an Hm-rPR3-variant compared to human rPR3 (H), or
gain of binding to a Mh-rPR3-variant compared to murine rPR3 (M) indicate binding of the
moAb to the epitope targeted by the mutations (mean±SEM of 3–5 independent experiments).
Epitope numbering corresponds to the grouping of moAbs.
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FIGURE 5. Summary diagram of epitope location and binding regions of different anti-PR3
monoclonal antibodies
Arabic numbers designate the four major surface epitopes recognized by the anti-PR3 moAbs
as derived from the competition studies and binding to chimeric rPR3-variants. Surface
representations of mature human PR3 generated using DeepView/Swiss-Pdb viewer, V4.0
software based on the crystal structure. Colors indicate: red, negative and blue, positive surface
charge; purple, the amino-terminal residues IVGGH; brown, the carboxy-terminus; yellow,
active site residues H57, D102, S195. PR3 is shown in standard orientation with the active site
facing the viewer (0°). Counterclockwise vertical rotation by 180° reveals the back side of the
molecule. Epitope numbering corresponds to moAb grouping (note that based on our data there
is currently no longer a separate epitope designated as epitope 2).
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FIGURE 6. Epitope-specific capture-ELISA to gauge the effect of PR3-ANCA on enzymatic activity
of PR3 and relationship with disease activity
A. Plasma samples from 27 patients with WG were tested for PR3-ANCA reactivity by capture-
ELISA using MCPR3-2 or MCPR3-3 as antigen-capturing antibodies. The ratio of MCPR3-3/
MCPR3-2 net absorbance for each sample is plotted on the X-axis. IgG was purified from the
same plasma samples, tested for its ability to inhibit hydrolysis of the substrate MeAAPV by
PR3 and plotted on the Y-axis. The scatter plot shows the correlation between the MCPR3-3/
MCPR3-2 ratio and the ability of PR3-ANCA to inhibit enzymatic function of PR3.
B. The median MCPR3-3/MCPR3-2 ratio was higher in patients who had active disease
compared to patients without detectable clinical disease activity at the time of sampling (0.42
and 0.18, respectively, p=0.038).
C. The median MCPR3-3 / MCPR3-2 ratio of patients with markedly elevated (≥ 45 mm/hr)
ESR was also higher (0.45) than that of patients with normal or mildly elevated (< 45 mm/hr)
ESR (0.18, p<0.01).
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FIGURE 7. Epitope-specific capture-ELISA as potential predictor of disease flares
Two cases with serial clinical follow-up (disease activity score, BVAS/WG) and PR3-ANCA
determinations by capture ELISA using MCPR3-2 and MCPR3-3 as capturing antibodies. In
both cases standard PR3-ANCA measurements using the MCPR3-2 capture ELISA did not
show a useful association with changes in clinical disease activity. In contrast, the MCPR3-3/
MCPR3-2 ratio showed an increase preceding the clinical relapse, suggesting potential of this
ratio as a better biomarker for disease activity than standard PR3-ANCA testing.
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