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1 | INTRODUCTION

Recurrent angioedema without urticaria can be mediated by differ-
ent mediators, predominantly histamine or bradykinin. Compared to

Summary

Background: The lack of specific biomarkers makes the diagnosis of hereditary angioe-
dema (HAE) with normal levels of C1-inhibitor (C1INH) protein (HAE-nl-C1INH) and
idiopathic non-histaminergic angioedema (INHA) difficult. Confirming or excluding these
diagnoses is a significant challenge for clinicians evaluating patients with angioedema.
Objective: To develop a reliable biomarker that would aid the diagnosis of HAE-nI-
C1INH and INHA.

Methods: A total of 154 consecutive patients referred for angioedema at a single
centre were enrolled and evaluated. Subjects were clinically phenotyped based on
clinical history and response to treatment by clinicians blinded to laboratory assay
results. Plasma kallikrein activity was measured by the cleavage of the fluorometric
substrate Z-Phe-Arg-AMC-HCL in plasma samples stimulated ex vivo with submaxi-
mal doses of dextran sulphate.

Results: Stimulated plasma kallikrein activity (mean relative fluorescence units/min +
SD) was significantly increased in both HAE-nl-C1INH (1804 + 600) and INHA
(1579 + 371) subjects compared to non-swelling controls (171 + 46) and histaminer-
gic angioedema (133 = 30) subjects. Using a threshold cut-off based on the normal
controls, HAE-nl-C1INH and INHA subjects could be differentiated from histaminer-
gic angioedema subjects with high sensitivity (negative predictive value 86%-89%)
and specificity (positive predictive value 80%-100%).

Conclusion and Clinical Relevance: The stimulated kallikrein activity assay allows
differentiation of bradykinin- from histamine-mediated angioedema. The assay could
feasibly be considered as a potential clinical tool for the diagnosis of bradykinin-

mediated angioedema.
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histamine-mediated angioedema, bradykinin-mediated angioedema is
distinguished by its increased severity, longer duration of swelling
and lack of response to treatment with antihistamines, corticos-
teroids or epinephrine.! Differentiating bradykinin- from histamine-
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mediated angioedema is of critical importance to prevent morbidity
and mortality.2 The ability to diagnose bradykinin-mediated angioe-
dema with normal C1 inhibitor (C1INH), however, has been severely
limited by the lack of any available diagnostic tests.

Hereditary angioedema (HAE) due to C1INH deficiency (HAE-
C1INH) and acquired C1INH deficiency are the best characterized
forms of bradykinin-mediated angioedema.>® A novel form of HAE
with normal C1INH (HAE-nl-C1INH) was initially described in 2000.72
Subsequently, a minority of HAE-nl-C1INH patients were found to
have mutations in F12 (the gene encoding FXII; HAE-FXII) that segre-
gated with disease activity.” 2 HAE-FXII is autosomal dominant with
low penetrance.'® Most recently, mutations in angiopoietin-1 and plas-
minogen have also been linked to HAE-nl-C1INH.1#> Most HAE-nl-
C1INH patients, however, do not have a known mutation and are
called HAE-unknown (HAE-U). Distinguishing HAE-U from idiopathic
histaminergic angioedema (IHA) is very challenging due to the lack of
any definitive biomarker for either condition. Currently, the diagnosis
of HAE-U is based on consensus clinical criteria, although the sensitiv-
ity and specificity of this approach are unknown.'® Another group of
angioedema patients is clinically similar to HAE-U but lack a compelling
family history of angioedema. This group has been classified as idio-
pathic non-histaminergic angioedema (INHA) and also lacks any bio-
marker to establish the diagnosis.!”

Recent evidence strongly supports the hypothesis that HAE-FXII is
mediated by bradykinin.*®*? Circumstantial evidence suggests that HAE-

U and INHA are also bradykinin-mediated 2021

and may respond to bra-
dykinin-targeted medications.*>%22# The lack of a validated clinical bio-
marker to differentiate bradykinin-mediated angioedema from histamine-
mediated angioedema has caused considerable difficulty for patients and
physicians. Many patients are denied access to medicines that appear to
be helpful because of the lack of a clear-cut diagnosis. Alternatively, some
patients are labelled as having HAE-nl-C1INH and prescribed bradykinin-
targeted medications despite very weak evidence that their angioedema
is bradykinin-mediated. Development of a robust clinical assay to help
identify patients with bradykinin-mediated angioedema is an urgent
unmet need with major clinical and economic implications.

In this study, we describe a simple assay that discriminates his-
tamine- from bradykinin-mediated angioedema. This assay is based on
activation of plasma kallikrein following ex vivo stimulation of the con-
tact system in plasma. Utilizing a threshold dose of the stimulator, we
could differentiate subjects with bradykinin-mediated from IHA with-
out urticaria. We propose that this assay can help identify patients
with possible HAE-U or INHA who could benefit from a trial of a bra-
dykinin-targeted medication. By segregating these patients from IHA,
this assay may also facilitate efforts to identify the underlying mecha-
nisms of bradykinin-mediated angioedema with normal C1INH.

2 | METHODS

2.1 | Human subjects

This study was approved by the Institutional Review Board and

Human Research Protections Program of the University of California

San Diego (#150613). Consecutive patients presenting with angioe-
dema without urticaria to the US Hereditary Angioedema Associa-
tion (HAEA) Angioedema Center at University of California San
Diego were informed of the study and given the opportunity to par-
ticipate. Subjects were required to be age 14 or above. All study
subjects (and parents for minors) signed informed consent/assent
forms prior to any study procedures. Control subjects included nor-
mal healthy volunteers as well as patients without angioedema or

urticaria.

2.2 | Clinical phenotyping

All subjects were clinically phenotyped based on clinical history,
standard laboratory values (including C1INH function chromogenic
assay and the FXII SNP analysis that detects T309K and T309R
[National Jewish Health Advanced Diagnostic Laboratories, Denver,
CO, USA]) and response to treatment by blinded investigators (SC,
MR, BZ). Using the consensus guidelines,®?° subjects were assigned
to seven different groups: (a) HAE-C1INH; (b) acquired C1INH defi-
ciency; (c) HAE-XII; (d) HAE-U; (e) INHA; (f) IHA; and (g) non-swelling
control (NSC). Subjects classified as potentially having INHA met the
same criteria as HAE-U but did not have a positive family history of
angioedema.

In the absence of definitive criteria for the diagnosis of HAE-U
or INHA, the clinical diagnosis of HAE-U or INHA cannot be
unequivocally established but rather represents a probability that the
clinical diagnosis may be correct. We sought to increase the proba-
bility of a correct diagnosis of HAE-U or INHA by making the clinical
criteria more stringent. Subjects with a diagnosis of HAE-U or INHA
were further classified based on probability using two pre-defined
criteria not in the consensus guidelines: (a) history of rapid and dur-
able responses to a bradykinin-targeted medication; and (b) either
predominantly documented visible angioedema; or in patients with
predominant abdominal symptoms, evidence of bowel wall edema
documented by CT or MRI. To be classified as high probability, sub-
jects needed to meet both additional criteria. A negative response to
either of these reduced the probability to moderate, and negative

responses to both reduced the probability to low.

2.3 | Blood drawing and processing

At the time of blood sampling, history of recent angioedema
attacks and medication use was recorded. Blood was collected into
plastic vacutainer tubes containing EDTA or citrate (Becton Dickin-
son, Franklin Lakes, NJ, USA) after removing the tourniquet and
discarding at least the first 5 mL of blood. Tubes were kept at
room temperature until processed within 15 minutes of the draw
then centrifuged at 2000 x g for 10 minutes at room temperature.
Plasma was aliquoted into Corning 1.2 mL internal threaded
polypropylene cryogenic vials, immediately snap frozen in liquid
nitrogen, and stored at —80°C until analysed. Plasma aliquots were
thawed a maximum of two times. All assays were performed by
ML-M or JH.
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2.4 | Reagents and chemicals

The following reagents and chemicals were purchased: dextran sul-
fate (DXS) and dimethyl sulphoxide from Sigma-Aldrich, St. Louis,
MO, USA; Z-Phe-Arg-AMC-HCI from Bachem, Torrance, CA, USA;
recombinant human plasma kallikrein (rKLKB1, Lot NVH0215121)
from R&D Systems, Minneapolis, MN, USA; human pre-kallikrein
deficient citrated plasma from Aniara, West Chester, OH, USA; 12%
Mini-Protean TGX Precast Protein Gels and 2X Laemmli premixed
buffer from Bio-Rad, Hercules, CA, USA.

Fresh DXS stock and 4X assay buffer were prepared every
4 months. DXS was dissolved in distilled water (20 mg/mL), sterilized by
filtration and stored at 4°C until used. The DXS was diluted in 4x assay
buffer within 2 hours of the assay. Z-Phe-Arg-AMC-HCI was dissolved
in dimethyl sulfoxide to 90 mmol/L stock solution and stored at —20°C.
Ten minutes prior to the assay, the stock Z-Phe-Arg-AMC-HCI was
diluted to the final concentration with filtered deionized H,0 and then
kept at room temperature in the dark until used.

2.5 | Plasma kallikrein fluorometric activity assay

Plasma aliquots were thawed in a 37°C water bath for 4 minutes
immediately prior to performing the assay. The assay was performed
in 96-well plates (NUNC Black Maxisorp) with a total volume of
100 pL per well with 2-3 replicates per sample. Each aliquot included
a negative control (no DXS) to calculate spontaneous kallikrein activ-
ity. The plates were prepared by adding the reagents within 6 min-
utes in the following order: 25 pL of 4x assay buffer (320 mmol/L
NaCl, 200 mmol/L Tris-HCI, pH 7.8) with or without DXS (0, 1.25,
2.5 or 5 pg/mL final concentration); 25 uL of EDTA plasma or rKLK1
(varying concentrations); and 50 pL of substrate (100 pmol/L of Z-
Phe-Arg-AMC-HCI final concentration). The plates were immediately
loaded into the spectrophotometer (Synergy H1 Reader, BioTek,
Winooski, VT, USA), stabilized for 30 minutes at 37°C prior to the
assay. Assay parameters were shaking the plate for 5 seconds fol-
lowed by measurement of fluorescence (excitation 360 nm, emission
460 nm) every 60 seconds for 30 minutes. Results were calculated
as the slope of relative fluorescence units (RFU) over the 30-minute
assay, subtracting spontaneous kallikrein activity at each point.

2.6 | Plasma high molecular weight kininogen
(HMWK) immunoblotting

Citrated plasma samples (10 pL) were incubated with varying concen-
trations of DXS (10 pL) for 30 minutes at 37°C, and the stimulation
stopped by dilution with an equal volume of 2X Laemmli loading buf-
fer. Immunoblotting for HMWK was performed under both reducing
and non-reducing conditions as previously described.?

2.7 | Data and statistical analysis

GraphPad PRISM 7.0a software for MAC was used to perform linear
regression analysis and slope calculations (La Jolla, CA, USA). JMP

Statistical Analysis Software (SAS) was used for data analysis (Cary,
NC, USA). Group comparisons used the Wilcoxon signed-rank test.
Differences with a P value <0.05 were considered significant. Recei-
ver operator curve (ROC) analysis was performed using a web-based

calculator.?”

3 | RESULTS

3.1 | Subject demographics and phenotyping

A total of 154 unrelated research subjects were enrolled. The final
clinical phenotype for each subject reflected the initial consultative
evaluation as well as information collected on clinical follow-up.
Every subject was independently phenotyped by at least two expert
angioedema clinicians who were blinded to the experimental results.
In the few cases where there was a difference in initial phenotype
decision, subjects’ clinical data were reviewed by all 3 experts until a
unanimous consensus was reached. Random codes were broken, and
experimental assay results linked to the subjects only after all the
clinical phenotyping was finalized.

Of 154 subjects, 37 were excluded because they were found to
have concomitant urticaria. Subjects considered to have low proba-
bility of HAE-nI-C1INH or INHA (n = 7) were also excluded. Eight
subjects were felt to have features of both bradykinin-mediated and
histamine-mediated angioedema. These subjects were classified in a
separate group, identified as intermediate and excluded from the
analysis. Additional excluded subjects were as follows: 3 subjects
diagnosed with ACE inhibitor associated angioedema; 2 subjects
with complex seizure disorders requiring use of multiple drugs; 2
subjects whose plasma was not processed in a timely fashion; and 5
subjects adjudicated not to have angioedema. This left 90 subjects
in the analysed cohort. Subject demographics of the analysed cohort
are shown in Table 1. One of the 20 subjects identified as HAE-nl-
C1INH was found to have HAE-XII (T309K).

3.2 | Spontaneous kallikrein activity does not
distinguish HAE-nI-C1INH or INHA from IHA

Spontaneous plasma kallikrein amidolytic activity has been reported
to identify patients with HAE-nl-C1INH.?! As shown in Table 1, we
observed a modest increase in spontaneous kallikrein activity only in
the C1INH-deficient subjects. We also failed to detect any increase
in spontaneous kallikrein activity in HAE-nI-C1INH or INHA subjects
who were actively swelling or had experienced an angioedema
attack within 1 day of the blood draw (data not shown).

3.3 | Key features of the threshold-stimulated
kallikrein assay

We investigated whether plasma kallikrein activity stimulated by a
minimal threshold dose of DXS could identify bradykinin-mediated
angioedema subjects. Ten pg/mL DXS stimulated maximal kallikrein

activity in all subjects and failed to discriminate between the groups
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TABLE 1 Spontaneous and DXS-stimulated kallikrein activity

Group

N

F (%)

RFU/min (mean * SEM)

DXS stimulation

Age (y £ SD) Spontaneous 1.25 pg/mL 2.5 pg/mL 5 pg/mL
Non-swelling 14 64.3 434 + 155 1.8+ 18 344 + 8.8 170.8 + 45.8 2910.2 + 566.8
Histaminergic AE 24 37.5 52.5 +15.9 75+41 21.6 +4.0 133.0 £ 29.8 3132.6 + 558.9
C1INH deficiency 9 66.7 454 + 16.7 160.7 + 77.9** 348.3 + 151.4** 2479.9 + 437.2** 8656.8 + 1479.1**
HAE-nl-C1INH? 20 100.0 46.8 + 13.4 9.3+44 123.6 + 72.4* 1804.3 + 597.8** 7097.2 £ 742.3**
INHA 23 91.3 38.6 + 14.5 71+47 212.8 + 167.1 1578.9 + 371.2** 6136.6 + 627.0**
Includes the HAE-FXII subject.
*P < 0.05 compared to histaminergic AE.
**P < 0.01 compared to histaminergic AE.
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FIGURE 1 Dextran sulfate stimulates kallikrein activity in a dose-dependent manner. Plasma was stimulated ex vivo with various doses of
dextran sulfate (DXS) as indicated, and plasma kallikrein activity measured as relative fluorescence units (RFU) over 30 min. BG refers to
background or spontaneous kallikrein activity. Panels are as follows: A, non-swelling control; B, histaminergic angioedema; C, HAE-C1INH; D,

HAE-FXII; E, HAE-U; and F, INHA

(data not shown). Figure 1 shows kallikrein activity in 6 representa-
tive subjects (A, non-swelling control; B, histaminergic angioedema;
C, HAE-C1INH; D, HAE-FXII; E, HAE-U; F, INHA) stimulated with O,
1.25, 2.5 or 5 pg/mL DXS.

Five pg/mL DXS gave a near maximal response but failed to
clearly discriminate between the subjects. After 2.5 pg/mL DXS, kal-
likrein activity was clearly increased in the HAE-C1INH, INHA and
HAE-nI-C1INH subjects compared to the IHA and NSC subjects. At

1.25 pg/mL DXS and below, only the HAE-C1INH subject showed
significant kallikrein activity.

We investigated the specificity and reproducibility of the kallik-
rein assay. Because the fluorometric substrate used in our assay
could potentially be cleaved by other proteases, we assessed the
dependence of the cleavage on activation of the plasma contact sys-
tem. DXS stimulated cleavage of the substrate was completely abro-
gated in normal plasma by pre-incubation with corn trypsin inhibitor,
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a potent and highly specific FXII inhibitor (Figure 2A). Similarly, we
observed no RFU over the 30-minute assay when prekallikrein defi-
cient plasma was stimulated with 5 ug/ml DXS (Figure 2B). These
results confirm that the DXS-stimulated activity measured in our
assay was FXII- and plasma kallikrein-dependent.

We assessed the reproducibility of the assay both in multiple
replicates performed in a single assay as well as in multiple aliquots
from the same subject analysed on different days. The average vari-
ance of multiple replicates of the same sample run on the same day
averaged 7.0%. Variance of the plasma sample from seven different

subjects run on separate days was 14.5%.

3.4 | The threshold-stimulated kallikrein assay
distinguishes subjects with HAE-nl-C1INH or INHA
from IHA

We analysed kallikrein activity in the entire cohort of subjects using
plasma samples that were stimulated with DXS at 0, 1.25, 2.5 and
5.0 pg/mL. Table 1 shows that 2.5 and 5.0 pg/mL DXS provided sig-
nificant separation in kallikrein activity between the presumed brady-
kinin-mediated angioedema subjects (HAE-C1INH, acquired C1INH
deficiency, HAE-nl-C1INH and INHA) and non-bradykinin-mediated
angioedema subjects (IHA and NSC).

Sensitivity and specificity of the stimulated kallikrein activity
using 2.5 or 5.0 pg/mL DXS for the diagnosis of HAE-nI-C1INH or
INHA were assessed based on our clinical phenotyping utilizing the
kallikrein activity measured in the NSC group (mean - 170.8; SD -
171.4). We performed a sensitivity analysis, using the mean NSC kal-
likrein activity plus either 1, 2 or 3 standard deviations (75-99.75
confidence interval) as the upper limit for kallikrein activity. The sen-
sitivity analysis was performed using four subject populations: (a)
entire cohort; (b) entire cohort minus HAE-U or INHA subjects who
had received a bradykinin-targeted medication anytime from just
before to 6 days prior to the blood draw; (c) all subjects minus the
C1INH deficient subjects; and (d) all subjects minus the C1INH defi-
cient subjects as well as subjects who had received a bradykinin-tar-
geted medication within the prior 6 days.

Table 2 shows the predictive value for the kallikrein assay
(Table 2a after stimulating with 2.5 pg/mL and Table 2b after

Time (min) Time (min)

stimulating with 5.0 pg/mL DXS). The positive predictive value (PPV),
negative predictive value (NPV) and odds ratio (OR) are all consider-
ably higher after stimulation with 2.5 pg/mL DXS compared to
5.0 ug/mL DXS. Therefore, we concentrated on the 2.5 pg/mL DXS
results. As expected, the sensitivity decreases and the specificity
increases as the stringency of the upper limit of normal is increased.
The PPV ranged from (80%-100%) while the NPV was more variable
(63.33%-89.47%). Excluding subjects who had recently received a
bradykinin-targeted medication improved the NPV (85.71%-89.47%),
suggesting that the medication may have interfered with the assay.

Individual 2.5 pg/mL DXS-stimulated kallikrein activity is shown
in Figure 3A while Figure 3B shows the activity in subjects who had
not recently received a bradykinin-targeted medication. In every
case, HAE-C1INH, HAE-nl-CINH and INHA groups had significantly
elevated kallikrein activity compared to IHA and NSC groups. No sig-
nificant differences were seen between the HAE-U-, INHA- and
C1INH-deficient groups. As our HAE-nl-C1INH and INHA groups are
predominantly female, we asked whether there was a gender differ-
ence in the assay. We found no difference in the 2.5 pg/mL DXS-sti-
mulated kallikrein activity between females vs males in our IHA and
NSC groups (data not shown).

Receiver operator curve (ROC) analysis is a standard method to
evaluate the value of a diagnostic test. We evaluated the threshold-
stimulated kallikrein assay for the diagnosis of recurrent angioedema
without urticaria in subjects who had not recently received bradyki-
nin-targeted treatment as this represents the clinical scenario for
which the test would be most useful. As shown in Figure 4, the kal-
likrein assay showed excellent characteristics as a diagnostic test

based on area-under-the curve >0.91 in the ROC analysis.

3.5 | DXS-stimulated kallikrein activity can be
modelled using rKLKB1

We constructed standard curves of kallikrein activity using rKLKB1,
performed in an identical manner to the threshold-stimulated kallik-
rein assay except that varying amounts of rKLKB1 were added in
place of plasma. Figure 5 shows the linear characteristics of the
rKLKB1 activity in this assay. By interpolating the mean kallikrein

activity, we could estimate that the mean amount of kallikrein
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TABLE 2 Sensitivity analysis of predictive value of the threshold-stimulated kallikrein assay for the diagnosis of HAE and INHA

Threshold True False True False Sensitivity Specificity
Population sD? wpr o wgr ey wn (%) (%) PLR NLR OR PPV NPV
a) Dextran sulfate 2.5 pg/mL
Al 1 35 4 34 17 67.31 89.47 639 037 1750  89.74% 66.67%
2 33 2 36 19 6346 94.74 1206 039 3126 91.67% 6545%
3 30 0 38 22 57.69 100.00 >100° 042 >100° 100.00% 63.33%
All subjects minus recently 1 25 4 34 4 86.21 89.47 8.19 0.15 53.13 86.21% 89.47%
treated 2 24 2 36 79.31 94.74 1507 022 69.00 92.00% 85.71%
3 23 0 38 6 7931 100.00 >100° 021 >100° 100.00% 86.36%
All minus C1INH deficient 1 26 4 34 17 6047 89.47 574 044 1300 86.67% 66.67%
2 24 2 3 19 5581 94.74 1060 047 2274  9231% 6545%
3 21 0 38 22 4884 100.00 >100° 051 >100° 100.00% 63.33%
All minus C1INH deficient 1 16 4 34 4 8000 89.47 760 022 3400 80.00% 89.47%
and recently treated 2 14 2 36 70.00 94.74 1330 032 4200 87.50% 85.71%
3 14 0 38 6 7000 100.00 >100° 0.30 >100° 100.00% 86.36%
b) Dextran sulfate 5.0 pg/mL
Al 1 38 11 27 14 7308 71.05 252 038 666  77.55% 6585%
2 25 3 35 27 4808 92.11 609 056 1080  89.29% 56.45%
3 10 0 38 42 1923 100.00 >100° 0.81 >100° 100.00% 47.50%
All subjects minus recently 1 23 11 27 6 7931 71.05 274 029 941  67.65% 81.82%
treated 2 17 3 35 12 5862 92.11 743 045 1653  85.00% 74.47%
3 8 0 38 21 27.59 100.00 >100° 072 >100° 100.00% 64.41%
All minus C1INH deficient 1 31 11 27 12 7209 71.05 249 039 634 7381  69.23
2 21 3 35 22 4884 92.11 619 056 1114  87.50% 61.40%
3 6 0 38 37 1395 100.00 >100° 0.86 >100° 100.00% 50.67%
All minus C1INH deficient 1 16 11 27 4 8000 71.05 276 028 982  59.26% 87.10%
and recently treated g 13 3 35 65.00 92.11 823 038 2167 8333% 2167%
3 4 0 38 16 2000 100.00 >100° 0.80 >100° 100.00% 70.37%

PLR, positive likelihood ratio; NLR, negative likelihood ratio; OR, odds ratio; PPV, positive predictive value; NPV, negative predictive value.
2Upper limit of normal range calculated as NSC group mean value plus the indicated number of standard deviations.

bCannot calculate value due to infinite result.

activity stimulated by 2.5 pg/mL of DXS in the studied groups were
as follows: HAE-nI-C1INH, 0.37 pg/mL; INHA, 0.29 pg/mL; IHA and
NSC, 0.09 pg/mL; and C1INH deficiency, 0.50 pg/mL.

3.6 | Increased threshold-stimulated kallikrein
activity correlates with increased susceptibility to
ex vivo HMWK cleavage

In a limited number of subjects, we assessed whether threshold
DXS-stimulated kallikrein activity also tracked with enhanced suscep-
tibility to DXS-induced HMWK cleavage. Figure 6 shows reduced
HMWHK immunoblots of plasmas from six representative subjects (A,
NSC; B, IHA; C, HAE-C1INH; D, HAE-XII; E, HAE-U; and F, INHA)
that were stimulated with various doses of DXS. The kallikrein activ-
ity at 2.5 pg/mL DXS is also shown for each sample. Plasmas that
displayed an increased kallikrein activity demonstrated corresponding

cleavage of HMWK at lower doses of DXS, supporting the

physiologic relevance of the kallikrein activity. Non-reduced HMWK

immunoblots gave similar results (data not shown).

4 | DISCUSSION

Current consensus guidelines for the diagnosis of HAE-U and
INHA ultimately depend on excluding alternative diagnoses. With
the exception of the relatively small percentage of HAE-nl-C1INH
patients with identified mutations, there are no diagnostic tests
that can confirm the diagnosis of HAE-nl-C1INH or INHA. The
absence of a confirmative assay causes substantial clinical prob-
lems, involving both under- and over-diagnosis of these conditions.
Under-diagnosis carries an attendant risk of morbidity and mortal-
ity due to the failure to treat bradykinin-mediated angioedema
attacks with effective drugs. Over-diagnosis leads to inappropriate

use of costly medications and the failure to pursue other
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FIGURE 3 Kallikrein activity is increased in subjects in the HAE-nI-C1INH, INHA and C1INH deficiency groups. Individual results of plasma
kallikrein activity after ex vivo stimulation with dextran sulfate (DXS) 2.5 pg/mL are shown. Mean kallikrein activity is represented by the
horizontal line for each group. Differences that were statistically significant by Wilcoxon test are shown. Panel A: all subjects. Panel B: subjects
receiving a bradykinin-targeted medication within 6 d of the sample collection were excluded

100

5\ 80
=
=
[}
© 60
o s
© v
v
o s
= 40 y
= p
] s
c. s
o v
> s
= 20 ,
s
/
s
s
0k L L ]
0 20 40 60 80 100

False positive rate (100-Specificity)

FIGURE 4 Receiver operating curve for the stimulated plasma
kallikrein activity assay. The receiver operator curve (ROC) was
generated using all subjects with recurrent angioedema without
urticaria who had not received a bradykinin-targeted medication
within 6 d of the sample collection. The line of no-discrimination is
shown as a dashed line

treatments that could ameliorate symptoms. Both under- and over-
diagnosis cause considerable confusion for patients and physicians.
In this report, we describe a threshold-stimulated kallikrein assay
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FIGURE 5 Recombinant human plasma kallikrein yields a linear
curve that can be used to standardize the assay. Various doses of
rKLKB1 were added in place of subject plasma and the activity
measured as described

that provides a new tool to positively identify patients with HAE-
U and INHA.

Clinical phenotyping was critical to the analysis and utilized strin-
gent criteria. First, we utilized current consensus guidelines. Second,
phenotype was determined by comprehensive clinical evaluation and
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FIGURE 6 Subjects with bradykinin-mediated angioedema show cleavage of high molecular weight kininogen at a lower dose of dextran
sulfate (DXS) than histaminergic angioedema or non-swelling control subjects. Plasma was incubated with various doses of DXS then
immunoblotted for high molecular weight kininogen under reducing conditions. The intact one-chain kininogen migrates at an apparent
molecular weight of 110 kD while the cleaved light chain appears as 62 and 50 kD bands. The relative fluorescence units (RFU) values from
the same plasma samples stimulated with DXS 2.5 pug/mL are shown. The panels are as follows: A, non-swelling control; B, histaminergic

angioedema; C, HAE-C1INH; D, HAE-FXII; E, HAE-U; and F, INHA

chart review by at least two physicians with expertise in angioe-
dema. Third, subjects were subdivided into high, moderate or low
probability categories based on additional strict criteria. Fourth, in
the rare cases of disagreement about diagnosis or probability, all
three expert clinicians reviewed the data together until a consensus
was reached. Clinicians were blinded to the assay results until phe-
notyping was completed.

Two groups were excluded from further analysis. The first con-
sisted of seven subjects classified as HAE-U low probability. These
subjects reported predominantly episodic abdominal pain without
documented imaging showing bowel wall edema and did not report
clear benefit from treatment with a bradykinin pathway acting drug.
While these subjects appeared to meet the consensus criteria for
HAE-U, our clinical impression was that they did not have true bra-
dykinin-mediated angioedema and likely did not have angioedema.
When the kallikrein data were unblinded, we found that each of
these subjects had normal kallikrein activity—corroborating the clini-
cal impression. The second group consisted of eight subjects who
could not be unequivocally phenotyped by our clinical criteria. These
subjects reported a partial response to treatment with high-dose
antihistamines but also described significant improvement when
treated with a bradykinin-targeted medication. Interestingly, kallikrein
activity in this group was elevated in five of the eight subjects, sug-
gesting a possible mixed pathophysiology in at least some of these
individuals.

Increased threshold-stimulated kallikrein activity was highly cor-
related with clinical phenotype. Most new patients with recurrent
angioedema without urticaria will not have been exposed to a brady-
kinin pathway acting drug. In these patients, we found a PPV ranging
from 85.71% to 89.47% and a NPV ranging from 85.71% to 89.47%

depending on the threshold cut-off. The high specificity of this assay
suggests that patients with an elevated kallikrein activity should be
considered eligible for a therapeutic trial with a bradykinin-targeted
medication. The converse situation where a patient suspected of
having HAE-U or INHA has a normal kallikrein activity should alert
the physician to the possibility that this patient might not have a
bradykinin-mediated angioedema. Trials of alternative mast cell-tar-
geted medications such as leukotriene modifiers or omalizumab
should be considered prior to any trial of a bradykinin-targeted medi-
cation.

The threshold-stimulated kallikrein assay should be adaptable to
clinical practice. Samples can be stored at —80°C for at least a
month prior to assay, the assay itself is relatively simple, fast, and
rKLKB1 can be used to standardize the assay allowing comparisons
between results obtained at different times or locations. The assay is
entirely dependent on activation of the plasma contact system and
is highly reproducible. The receiver operating characteristic curve of
the assay appears excellent, supporting the potential clinical utility of
the assay. Limitations of the assay include the need to collect the
blood sample using good technique with rapid processing of the
sample. It is important to note that recently administered bradykinin-
targeted medications may interfere with the assay, although this has
not been specifically tested.

Several other assays have been reported to provide useful infor-
mation in diagnosing HAE-U or INHA. Spontaneous kallikrein chro-
mogenic activity was reported to identify HAE-nl-C1INH patients.?!
We failed to confirm any increase in spontaneous kallikrein activity
in our HAE-nl-C1INH subjects. Decreased levels of PAI-2 in patients
with HAE-XIl and HAE-U were reported?®; however, subsequent

reports failed to confirm the initial observation.2?-%°
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In conclusion, we report a novel biomarker for the diagnosis
of HAE-U and INHA. The threshold-stimulated kallikrein assay
shows high specificity and positive likelihood ratio for presumed
bradykinin-mediated angioedema. The lack of an existing diagnostic
test or biomarker for HAE-U or INHA has caused substantial diffi-
culties for patients and physicians resulting in both the failure to
treat patients with severe life-threatening angioedema with appro-
priate medications as well as inappropriate use of costly medica-
tions. The inability to establish an accurate diagnosis also severely
hampers the ability to conduct genetic studies or therapeutic tri-
als due to the non-homogeneity of the population. We propose
that the threshold-stimulated kallikrein assay can be adapted for
clinical use and may improve patient care while aiding future stud-
ies aimed at identifying specific causes of bradykinin-mediated

angioedema.
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