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Abstract

Objective—The objective of this study was to identify genetic variants associated with
angiotensin-converting enzyme (ACE) inhibitor-associated angioedema.

Participants and methods—We carried out a genome-wide association study in 175
individuals with ACE inhibitor-associated angioedema and 489 ACE inhibitor-exposed controls
from Nashville (Tennessee) and Marshfield (Wisconsin). We tested for replication in 19 cases and
57 controls who participated in Ongoing Telmisartan Alone and in Combination with Ramipril
Global Endpoint Trial (ONTARGET).
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Results—There were no genome-wide significant associations of any single-nucleotide
polymorphism (SNP) with angioedema. Sixteen SNPs in African Americans and 41 SNPs in
European Americans were associated moderately with angioedema (P<10~#) and evaluated for
association in ONTARGET. The T allele of rs500766 in PRKCQ was associated with a reduced
risk, whereas the G allele of rs2724635 in ETV6 was associated with an increased risk of ACE
inhibitor-associated angioedema in the Nashville/Marshfield sample and ONTARGET. In a
candidate gene analysis, rs989692 in the gene encoding neprilysin (MME), an enzyme that
degrades bradykinin and substance P, was significantly associated with angioedema in
ONTARGET and Nashville/Marshfield African Americans.

Conclusion—Unlike other serious adverse drug effects, ACE inhibitor-associated angioedema is
not associated with a variant with a large effect size. Variants in MME and genes involved in
immune regulation may be associated with ACE inhibitor-associated angioedema.
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Introduction

Angiotensin-converting enzyme (ACE) inhibitors reduce mortality in patients with
congestive heart failure, risk factors for coronary artery disease, and renal disease [1,2]. In
rare cases, ACE inhibitors cause angioedema — swelling of the lips, face, tongue, pharynx,
and even bowel [3]. When severe, angioedema can lead to airway compromise and death.
The mechanism by which ACE inhibitors cause angioedema remains uncertain, but is
presumed to relate to impaired degradation of vasoactive peptides that are substrates for
ACE, such as bradykinin and substance P. The incidence of ACE inhibitor-associated
angioedema has been reported to be from 0.1 to 0.7% in large epidemiological studies to as
high as 2.8-6% in randomized- controlled trials of ACE inhibitors [3-5]. The risk of
angioedema is increased in African Americans, women, older patients, smokers, individuals
with seasonal allergies, and patients taking immunosuppressants [6-9]. In contrast, the risk
of ACE inhibitor-associated angioedema is decreased in diabetics and in individuals of
Asian ancestry [7,8,10].

The observation that rates of ACE inhibitor-associated angioedema differ among racial
groups suggests that genetic factors influence risk. However, the clinical presentation of
angioedema often occurs long after the initiation of an ACE inhibitor [11], suggesting that
gene— environment interactions may confound attempts to detect genetic predictors of
angioedema. In recent years, genome-wide association studies (GWAS) have been used to
detect genetic predictors of serious adverse drug events including statin-induced myopathy
[12], abacavir-induced hypersensitivity reaction, [13] elevated alanine aminotransaminase
during ximelagatran [14], and osteonecrosis of the jaw in bisphosphonate-exposed patients
[15]. Although serious adverse drug events may be rare, GWAS have detected genetic
associations in small samples because effect sizes have been large.

An alternative approach to identifying genetic predictors of ACE inhibitor-associated
angioedema is to test for associations between genetic variants in candidate genes and the
adverse event. Studies in rodent models suggest that two vasoactive peptide substrates of
ACE contribute toward angioedema — bradykinin and substance P [16,17]. In addition,
bradykinin contributes toward hereditary angioedema, resulting from the deficiency of C1
esterase inhibitor [18]. On the basis of this biology, candidate genes for ACE inhibitor-
associated angioedema include those genes encoding enzymes involved in the degradation
or actions of bradykinin or substance P when ACE is inhibited.

Pharmacogenet Genomics. Author manuscript; available in PMC 2014 September 01.
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In the present study, we carried out a GWAS in 175 individuals with ACE inhibitor-
associated angioedema and 489 ACE inhibitor-exposed controls without angioedema from
Nashville (Tennessee) and Marshfield (Wisconsin), the largest reported sample of ACE
inhibitor-associated angioedema and ACE inhibitor-exposed controls for which DNA is
available. We carried out a replication study in patients who developed ACE inhibitor-
associated angioedema and ACE inhibitor-exposed controls from among participants in the
Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial
(ONTARGET) study [19]. We also carried out a candidate gene study using the smaller
ONTARGET case—control study as the discovery sample and the Nashville/Marshfield
study as the replication sample.

Participants and samples in the GWAS

The initial GWAS was carried out using samples collected as part of a case—control study at
Vanderbilt and as part of the Marshfield Clinic Personalized Medicine Research Project
[20,21]. The Institutional Review Boards of VVanderbilt and Marshfield approved each study
and informed consent was obtained from all participants. Cases were defined as having ACE
inhibitor-associated angioedema if they had swelling of the lips, pharynx, or face while
taking an ACE inhibitor, but had never had angioedema while not taking an ACE inhibitor.
Controls were individuals who had been exposed to an ACE inhibitor for at least 6 months
but had never developed angioedema.

At Vanderbilt, patients were identified at presentation with angioedema, by referral from
their primary physician at a later date, or by search of the electronic medical record and
subsequent confirmation with their primary physician. Hereditary angioedema was excluded
by the measurement of C1 esterase activity if appropriate. Cases and controls were matched
with respect to sex, race, and smoking status. All Vanderbilt patients were interviewed by a
research nurse or physician and the medical history was confirmed using a detailed case
report form. In Marshfield, cases were identified by electronic medical records and the
medical history of each potential study patient was reviewed by a trained research
coordinator, as described previously [20]. A case report form, similar to the one used in
Nashville, was completed.

Testing for a consistent association in ONTARGET

Genotyping

Briefly, the randomized double-blind ONTARGET trial compared the effect of the ACE
inhibitor ramipril, the angiotensin receptor blocker telmisartan, and the combination of the
two drugs in patients with vascular disease or high-risk patients with diabetes [19]. Overall,
8576 participants were assigned to receive 10mg of ramipril per day, 8542 participants were
assigned to receive 80mg of telmisartan per day, and 8502 participants were assigned to
receive both drugs (combination therapy). All participants were exposed to an ACE inhibitor
during the run-in period. A detailed description of the trial can be found elsewhere [19].
7293 ONTARGET participants of 17 118 agreed to have their DNA collected for genetic
analysis. During a median of 56 months of follow-up, angioedema was diagnosed in 19
participants for whom DNA was available. Each angioedema case was matched on the basis
of sex, age (within 5 years), and self-reported ancestry to three ACE-inhibitor exposed
controls free of angioedema.

For the GWAS, all cases and controls were genotyped using a 610Quadv1.B BeadChip
(IMlumina, San Diego, California, USA). We excluded participants with sex errors (four),
duplicates (14), or those who were related (six). Quality control procedures were used to
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remove copy number variants and any technical failures. We excluded single-nucleotide
polymorphisms (SNPs) with a call rate of less than 0.98 or a minor allele frequency of less
than 0.0001, and samples with a call rate of less than 0.98. From 620 901 raw SNPs, we
excluded 21 890 copy number variants, 5443 monomorphic SNPs, 6592 technical failures,
and 7632 with a call rate less than 0.98 or a minor allele frequency less than 0.0001, such
that 579 344 total SNPs were analyzed.

For the candidate gene study, cases and controls were genotyped for polymorphisms in
genes encoding the bradykinin-degrading or substance P-degrading enzymes
carboxypeptidase N (CPN), neprilysin (MME), amino-peptidase P (XPNPEP2) and
dipeptidyl peptidase 1V (DPP4), the bradykinin B2 receptor (BDKRB?2), the bradykinin B1
receptor (BDKRBL1), and the NK1 receptor (TACRL) [22-28]. Within these candidate genes,
we chose a total of 33 SNPs that had been associated previously with a phenotype or
function. We also looked for an association between ACE inhibitor-associated angioedema
and variants at the chromosome 113 and chromosome 17921 loci that have been associated
with asthma, as well as SNPs that have been associated with circulating IgE concentrations
[29,30]. Supplementary Table 1 (http://links.lww.com/FPC/A622) lists the candidate gene
SNPs genotyped in the ONTARGET case—control study. Genotyping was performed using
the VeraCode genotyping platform as implemented on a BeadXpress reader by Illumina.
SNPs identified as significant in ONTARGET were then genotyped in the Nashville/
Marshfield sample using the mid-throughput sequenome genotyping platform and tested for
replication.

Statistical analysis

Participant characteristics are summarized as means+SD of the mean or as frequencies.
SNPs were evaluated for deviation from Hardy—Weinberg equilibrium using a y2-test. For
genetic association studies, allele frequency differences were assessed for cases and
controls. Conditional logistic regression analyses were carried out to estimate the odds ratios
(ORs) and their corresponding 95% confidence intervals (Cls), with cases and controls
matched on age, sex, and ancestry. The regression models were analyzed under the
assumption of different genetic models (dominant, additive, and recessive). Inflation factor
was calculated for genomic control analysis using PLINK (v1.07). Principal components
were estimated using Smartpca 8000, Eigensoft package; none of the principle components
was significant or included in the model. Genotype association analyses were stratified by
ancestry (European American and African American). In the GWAS, a P-value less than
5x10~ 8 was considered a statistically significant genome-wide association. Any SNP with a
P-value less than 10~# was evaluated for association in the ONTARGET study. In the
candidate gene study, in which the ONTARGET sample served as the discovery dataset, a
P-value less than 0.05 was considered significant because of the small number of cases and
we did not adjust P-values for multiple comparisons. Similarly, a P-value less than 0.05 was
considered significant for SNPS in candidate genes first identified in ONTARGET that were
also associated with angioedema in the VVanderbilt/Marshfield study. Liberal P-value
thresholds were used as we relied on a consistent association to confirm results.

Results and discussion
Characteristics of cases and controls in the GWAS and the ONTARGET study

Table 1 provides the characteristics of the cases and controls in the initial GWAS. One
hundred and forty cases and 327 controls were recruited at Vanderbilt and 35 cases and 162
controls were recruited at Marshfield (for a total of 175 cases and 489 controls). Within each
site, cases and control were intentionally matched with respect to sex, race, and smoking
status. Controls were significantly more likely to be taking an ACE inhibitor at the time of
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ascertainment (P<0.001), as many cases were ascertained after their ACE inhibitor was
stopped because of adverse effects. As reported previously [7], cases were more likely to
have a history of seasonal allergies (P<0.001). Table 2 provides the characteristics of the
ONTARGET study participants.

Results of the GWAS

We carried out stratified GWAS in African Americans and European Americans,
respectively (Fig. 1) (Q-Q plots appear in Fig. 1 of the supplement, http://links.lww.com/
FPC/A622). There were no genome-wide significant associations (P<5 x1078) of any SNP
with ACE inhibitor-associated angioedema in either African Americans or those of
European Ancestry. For sixteen SNPs in African Americans (Supplementary Table 2, http://
links.lww.com/FPC/A622) and 41 SNPs in those of European Ancestry (Supplementary
Table 3, http://links.lww.com/FPC/A622), there was moderate evidence of an association
with angioedema. The SNPs listed in Supplementary Table 2 (http://links.lww.com/FPC/
A622) and Supplementary Table 3 (http://links.lww.com/FPC/A622) are the SNPs that were
evaluated in the replication dataset.

We next sought to replicate these findings in cases and controls from the ONTARGET
study. Of the SNPs that were associated modestly with ACE inhibitor-associated
angioedema in the discovery sets, two were significantly associated with ACE inhibitor-
associated angioedema (rs500766 and rs2724635, Table 3) at the level of P less than 0.05.
Rs500766 is a polymorphism in the gene encoding for protein kinase C 6 (PRKCQ). In both
the Nashville/Marshfield sample (OR 0.42, 95% CI 0.28-0.63, P=2.97x10 ~° in the additive
model and OR 0.42, 95% CI 0.26-0.67, P=3.04x10 ~ # in the dominant model) and in
ONTARGET (OR 0.28, 95% CI 0.09-0.89, P=0.03 in the dominant genetic model), the
Tallele was significantly associated with a reduced risk of ACE inhibitor-associated
angioedema. Rs2724635 is a polymorphism in ETS variant gene 6 (ETV6), also known as
TEL (or translocation ets leukemia), and the G allele was associated with an increased risk
of ACE inhibitor-associated angioedema in both African Americans in the Nashville/
Marshfield sample (OR 2.78, 95% Cl 1.67—4.00, P=2.73x107° in the additive model; OR
3.23, 95% CI 1.75-6.25, P=2.11x10~% dominant model; OR 5.56, 95% CI 1.85-16.6,
P=2.01x1073 recessive mode) and in the ONTARGET sample (OR 3.27, 95% CI 1.03-
10.35, P=0.044 recessive model). This polymorphism was not associated with angioedema
in European Americans in the Nashville/Marshfield sample (Supplementary Fig. 2, http://
links.lww.com/FPC/A622). Because of the small number of cases and controls in
ONTARGET, this analysis was not stratified by race or ethnic group. If we limited analysis
of ONTARGET to those of European ancestry, rs2724635 remained significant (OR 3.68,
95% CI 1.04-13.02, P=0.043 recessive model), whereas rs500766 was no longer significant
(P=0.068 in the dominant model).

Candidate gene analysis

In addition to carrying out GWAS, we carried out an analysis of the association between
SNPs in candidate genes and ACE inhibitor-associated angioedema. In this case, the
ONTARGET study was used as the discovery dataset and the Vanderbilt/Marshfield sample
was used for replication. As noted in detail in the methods, candidate genes included those
involved in the degradation or the action of the vasoactive peptides bradykinin and
substance P, as well as a few genes implicated in atopic diseases. In the ONTARGET
dataset, polymorphisms in the gene encoding neprilysin (MME, rs989692) and in CRB1
(rs2786098) were associated significantly with ACE inhibitor-associated angioedema (Table
4). The same SNP in MME (rs989692) significantly associated with ACE inhibitor-
associated angioedema in individuals of African descent in the Vanderbilt/Marshfield
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sample (Table 5). In both cases, the G allele was associated with an increased risk of ACE
inhibitor-associated angioedema.

Discussion

In contrast to other studies of serious adverse drug effects of comparable size, we found no
associations of genome-wide significance, indicating that no single gene had a large effect
size and suggesting that ACE inhibitor-associated angioedema behaves more like a complex
trait than other serious adverse drug effects. Using GWAS, we identified two SNPs
(rs500766 and rs2724635) that were modestly associated with ACE inhibitor-associated
angioedema in the Nashville/Marshfield study and associated with angioedema in cases and
controls from the ONTARGET trial. These two SNPs occur in genes involved in the
regulation of immune function. Using a candidate gene approach, we found that a
polymorphism in intron one of the gene encoding for neprilysin was associated with an
increased risk of angioedema in ACE inhibitor-exposed participants in the ONTARGET trial
and in African American ACE inhibitor users in a Nashville/Marshfield case—control study.

Studies in rodents suggest that both bradykinin and substance P contribute toward
angioedema and plasma extravasation during ACE inhibition [16,17]. Normally, bradykinin
and substance P are degraded primarily by ACE. When ACE is inhibited, however, other
endogenous enzymes contribute toward the degradation and inactivation of bradykinin and
substance P, including neprilysin [22]. Large clinical studies support a role for neprilysin in
the pathogenesis of ACE inhibitor-associated angioedema. In the Omapatrilat
Cardiovascular Treatment versus Enalapril (OCTAVE) trial, patients treated with
omapatrilat, a combined inhibitor of ACE and neprilysin, had a three-fold higher risk of
angioedema compared with patients treated with the ACE inhibitor enalapril [31]. The
present study suggests the possibility that genetic variation in neprilysin could also
contribute toward the risk of ACE inhibitor-associated angioedema.

Bradykinin induces plasma extravasation through direct effects at its B, receptor and
through the indirect, B, receptor-dependent release of substance P [23]. Substance P, in turn,
causes plasma extravasation through the NK1 receptor [32]. Previous small studies have not
supported an association between SNPs in the B, receptor and ACE inhibitor-associated
angioedema. We also did not find an association between genetic polymorphisms in the B,
receptor and angioedema in the present study. In addition, when ACE is inhibited,
bradykinin can be inactivated primarily by other enzymes, including membranous
aminopeptidase P (APP), an enzyme encoded by the X-linked gene XPNPEP2 [25,33]. An
SNP, — 2399C>A (rs3788853, C-2399A) has been associated with APP activity and with
ACE inhibitor-associated angioedema in men, but not in women, in the Nashville case—
control study [21]. We did not find an association between ACE inhibitor-associated
angioedema and XPNPEP2 by GWAS in men and women combined.

Our study also implicated inflammatory pathways in the pathogenesis ACE inhibitor-
associated angioedema. We found consistent associations between polymorphisms in two
genes involved in immune regulation and ACE inhibitor-associated angioedema. PKCO is
involved in the activation of T lymphocytes [34]. ETV6 (ETS variant gene 6, also known as
TEL or translocation ets leukemia) is a transcriptional repressor that is disrupted by
translocation in 26-47% of childhood pre-B-cell acute lymphocytic leukemias [35,36], but
also in some T-cell leukemias. ETV6 also regulates interleukin 18 (1L-18), IL-10, and IL-4,
[36,37] cytokines involved in the clonal expansion of TH1 (IL-18 and IL-10) and TH2
(IL-4) subsets of CD4+ helper T cells [38].
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The potential association of genes involved in immune regulation with ACE inhibitor-
associated angioedema is intriguing, given clinical risk factors for ACE inhibitor-associated
angioedema. For example, a history of seasonal allergies is associated with an increased risk
of ACE inhibitor-associated angioedema [7]. In addition, several studies suggest that
transplant and immunosuppressant use are associated with an increased risk of ACE
inhibitor-associated angioedema [9,39]. The mTOR inhibitors commonly used in transplant
patients cause a significant decrease in TH1 relative to TH2 cells [40]. This may also
explain the observation that DPP4 (CD26) antigen and activity are decreased during acute
ACE inhibitor-associated angioedema [41], as TH1 cells express three to six times more
CD26 than do TH2 cells [42]. Taken together, these data suggest the hypothesis that ACE
inhibitor-associated angioedema is associated with environmental or genetic factors that
reduce the ratio of TH1 to TH2 cells.

A major limitation of this study is a small sample size. This is not unusual in studies of rare
adverse drug reactions. Nevertheless, the study population recruited for this GWAS is the
largest sample available for ACE inhibitor-associated angioedema of which we are aware.
By comparison, in the OCTAVE trial, there were 86 cases of ACE inhibitor-associated
angioedema [31]. Because of the small sample size, however, genome-wide significance
could not be achieved in the current study. The availability of the ONTARGET enabled us
to use a more liberal P-value threshold in the GWAS discovery analysis and to rely on a
consistent association of the signals. However, because no other sample of ACE inhibitor-
associated angioedema cases and controls rivals the size of the Nashville/Marshfield cohort,
the sample size in ONTARGET was inevitably smaller than that used in the discovery
dataset, also a limitation.

A second important limitation is the lack of individuals of African descent in the replication
group. The finding of a common association between rs2724635 in ETV6 in the GWAS in
African Americans and in the Caucasian patients in ONTARGET could suggest a common
mechanism independent of race. A concern, however, is the lack of a similar association
between this polymorphism and ACE inhibitor-associated angioedema in the GWAS in
Caucasians. The association of other SNPs in Chr12p13 in the GWAS in Caucasians
highlights this region as an area for future study.

Angioedema is a potentially life-threatening side effect of ACE inhibitors that is considered
to result from decreased degradation of vasoactive peptides such as bradykinin and
substance P. Patient characteristics that have been associated with an increased risk of ACE
inhibitor-associated angioedema include African ancestry, smoking, a history of seasonal
allergies, and the concurrent use of neprilysin [31] or DPP4 inhibitors [43]. In contrast to
other studies of serious adverse drug effects of comparable size, we found no associations of
genome-wide significance, suggesting that ACE inhibitor-associated angioedema behaves
more like a complex trait than do other serious adverse drug effects. Nevertheless, genetic
variation in neprilysin and in genes involved in immune regulation may be associated with
ACE inhibitor- associated angioedema.

Clinical trials indicate that pharmacological inhibition of neprilysin concurrently increases
the risk of ACE inhibitor-associated angioedema [31]. The results of the GWAS study also
suggest a potential role for immune regulation in the pathogenesis of ACE-associated
angioedema. Although a biological explanation of these results is plausible on the basis of
clinical observations of associations between ACE inhibitor-associated angioedema and a
history of seasonal allergies or immunosuppressant use, these findings must be viewed as
hypothesis generating.
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Fig. 1.

(a) The results of tests for a trend in the association between angiotensin-converting enzyme
(ACE) inhibitor-associated angioedema and each single-nucleotide polymorphism (SNP)
measured in the GWAS in participants Nashville/Marshfield study (irrespective of
ethnicity). The analysis was adjusted for age and sex. Rs2724635 and Rs500766, indicated
in green, were associated with ACE inhibitor-associated angioedema in ONTARGET. (b)
The results of tests for a trend in the association between ACE inhibitor-associated
angioedema and each SNP measured in the GWAS in African Americans from the
Nashville/Marshfield study. The analysis was adjusted for age and sex. Rs2724635,
indicated in green, was associated with ACE inhibitor-associated angioedema in
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ONTARGET. (c) The results of tests for a trend in the association between ACE inhibitor-
associated angioedema and each SNP measured in the GWAS in European Americans from
the Nashville/Marshfield study. The analysis was adjusted for age and sex. Rs500766,
indicated in green, was associated with ACE inhibitor-associated angioedema in
ONTARGET.
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Table 1

Participant characteristics of angioedema cases and ACE inhibitor-exposed controls in the Nashville/
Marshfield GWAS

Cases (175) [n (%)] Controls (489) [n (%)]
Age (years) 58.4+14.1 61.7+13.1
Sex (male : female) 79 (45.1) : 96 (54.9) 229 (46.8) : 260 (53.2)
Race (unknown : African : European) 0:66 (37.7) : 109 (62.3) 2(0.4) : 157 (32.1) : 330 (67.5)
Current smoker (unknown : no : yes) 28 (16.0) : 110 (62.9) : 37 (21.1) 110 (22.5) : 288 (59.0) : 91 (18.6)
Diabetic (missing : no : yes) 1(0.6) : 116 (66.3) : 58 (33.1) 7 (1.4): 300 (61.4) : 182 (37.2)
Seasonal allergy (missing : no : yes) 47 (26.9) : 43 (24.6) : 85 (48.6) 152 (31.1) : 183 (37.4) : 154 (31.5)

Current ACE inhibitor (missing : no : yes) 1(0.6) : 117 (66.9) : 57 (32.6) 7(1.4) : 143 (29.4) : 339 (69.3)

At Vanderbilt, some cases were ascertained during their acute episode of angioedema and were thus taking an ACE inhibitor at the time of

ascertainment. ACE, angiotensin-converting enzyme.
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Table 2

Participant characteristics of angioedema cases and ACE inhibitor-exposed controls in ONTARGETACE,
angiotensin-converting enzyme; ONTARGET, Ongoing Telmisartan Alone and in Combination with Ramipril
Global Endpoint Trial.

Cases (19) [n (%)] Controls (57) [n (%)]
Sex (male : female) 12 (63.2) : 7 (36.8) 36 (63.2) : 21 (36.8)
Age (years) 64.5+7.5 64.5+7.3
Race (African : European : other) 1(5.3):16 (84.2) : 2 (10.5) 3(5.3):48(84.2) : 6 (10.5)

Treatment (ramipril : telmisartan : combination) 15(78.9):0:4(21.1) 20 (35.1) : 18 (31.6) : 19 (33.3)
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