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A B S T R A C T

Objective: To provide recommendations for managing hypersensitivity adverse events (HAEs) to an injectable
enzyme substitution therapy (pegvaliase, a PEGylated phenylalanine ammonia lyase enzyme) in adult patients
with phenylketonuria (PKU).
Methods: Eight European academic immunology experts with a broad range of experience in hypersensitivity,
anaphylaxis, and/or drug reactions, and two geneticists from the USA with pegvaliase experience convened for two
advisory board meetings. Efficacy, safety, and immunological profile of pegvaliase were discussed with the ob-
jective of developing recommendations for the clinical management of HAEs associated with pegvaliase treatment.
Results: Based on available immunogenicity data, it was concluded that pegvaliase induces a Type III hypersensitivity
reaction, causing HAEs with peak event rates during induction/titration and a decline over time during maintenance
therapy. The decline in HAEs with longer duration of therapy was considered to likely be driven by anti-drug antibody
affinity maturation, reduced immune complex formation, and decreased complement activation over time.
Immunology and PKU experts unanimously supported that the use of an induction, titration, and maintenance dosing
regimen and implementation of several risk mitigation strategies contributed to the improvement of tolerability over
time. Key risk mitigation strategies utilized in the Phase 3 clinical trials such as premedication with H1-receptor
antagonists, allowance for a longer titration period after an HAE, patient education, and requirement to carry auto-
injectable adrenaline (epinephrine) should be continued in clinical practice. A tool for administration of auto-injectable
adrenaline in patients using pegvaliase was suggested. It was added that after the occurrence of a severe HAE a
temporary dose reduction is more likely to improve tolerability than treatment interruption.
Conclusions: Overall, it was agreed that pegvaliase has a generally tolerable safety profile in adults with PKU.
Importantly, the risk mitigation strategies utilized in the clinical trials were considered to support the continued
use of key strategies for management in the commercial setting, such as a slow induction/titration dosing paradigm
and premedication with H1-receptor antagonists. However, physicians and patients need to be aware of the risk of
HAEs associated with pegvaliase; presence of a trained observer during early treatment may be beneficial in certain
circumstances, and a requirement to carry auto-injectable adrenaline is recommended. Because pegvaliase offers
the possibility to normalize diet, while maintaining blood phenylalanine within the recommended therapeutic
range, safe use of this medication in the clinical setting is important. Ongoing monitoring of long-term clinical
safety of patients on pegvaliase treatment in the commercial setting was recommended.
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1. Introduction

1.1. Objectives

The objectives of this publication are to provide recommendations
from immunology experts and phenylketonuria (PKU) treating physi-
cians regarding the clinical management of hypersensitivity adverse
events (HAEs) to enzyme substitution therapy with pegvaliase
(Palynziq®, BioMarin Pharmaceutical Inc., Novato, CA, USA), and safe
re-administration of pegvaliase after HAEs, including acute systemic
hypersensitivity reactions (ASHRs). In addition, the publication sum-
marizes the opinion of the experts regarding the potential mechanisms
behind HAEs related to the drug, potential risks of long-term pegvaliase
use, and additional risk management measures to promote safe use of
the drug in the clinical setting. Finally, a high-level summary of the
disease and associated unmet medical need as well as the safety, effi-
cacy, and immunogenicity of pegvaliase is included as background to
provide context for the feedback provided in terms of the benefits of
treatment as well as the risks.

1.2. Phenylketonuria (PKU)

PKU is an autosomal recessive disorder caused by a deficiency in the
enzyme phenylalanine hydroxylase (PAH), which converts phenylalanine
(Phe) to tyrosine in the liver [1]. The resulting high Phe concentrations in
the blood and the brain negatively affect brain development and function.
Untreated PKU is associated with neurological, cognitive, developmental,
psychiatric, and behavioral problems [2]. Newborn screening programs
and early treatment can prevent the development of the most severe
symptoms in children with PKU [1,3]. Nevertheless, adults with PKU have
a higher than expected prevalence of neuropsychiatric symptoms and
deficits in executive function as compared to the general population,
which have been linked to elevated blood Phe levels [4,5].

European guidelines for the management of PKU recommend life-
long reduction of blood Phe to levels of 120–360 μmol/L in children up
to 12 years of age and pregnant women, and to levels of 120–600 μmol/L
in those ≥12 years [6,7]. US guidelines recommend life-long reduction
of blood Phe to 120–360 μmol/L, regardless of age or pregnancy status
[8]. To control blood Phe, both guidelines recommend a protein-re-
stricted diet in combination with Phe-free medical foods [8,9]. Dietary
treatment can be combined with sapropterin dihydrochloride (Kuvan®,
BioMarin Pharmaceutical Inc., Novato, CA, USA), a synthetic form of
tetrahydrobiopterin, the naturally occurring cofactor for PAH [6].
However, this therapy is only effective in patients with residual PAH
activity, typically those with less severe phenotypes [10–12].

For adults with PKU, dietary therapy is difficult to maintain over the
long term, resulting in suboptimal metabolic control and neu-
ropsychological problems [1,13]. Moreover, adults often have persis-
tently elevated blood Phe levels despite reporting compliance with
dietary treatment [14].

1.3. Pegvaliase

1.3.1. Background
Pegvaliase is a novel enzyme substitution therapy approved by the

Food and Drug Administration (FDA) in May 2018 and by the European
Medicines Agency (EMA) in May 2019 for the treatment of adult patients
with PKU [15,16]. It is a PEGylated recombinant phenylalanine ammonia
lyase (PAL) enzyme isolated from the cyanobacteria Anabaena variabilis
[17]. PAL converts Phe to trans-cinnamic acid and ammonia, which are
excreted in urine and metabolized in the liver, respectively. The active
enzyme (in this case, PAL) is conjugated to polyethylene glycol (PEG) to
increase the plasma half-life and decrease immune-mediated clearance,
similar to other PEGylated drugs (Fig. 1) [18,19].

The efficacy and safety of pegvaliase have been studied over the past
decade in multiple sequential clinical trials, including a Phase 1 study
(NCT00634660) [17], three Phase 2 studies (NCT01560286,
NCT00925054, NCT01212744) with their open-label extension PAL-003
(NCT00924703) [21], and two Phase 3 studies, i.e. PRISM-1
(NCT01819727) and the subsequent pivotal study PRISM-2
(NCT01889862) [22,23] with their open-label extension. The design and
outcomes of PAL-003, PRISM-1, and PRISM-2 have been discussed in
detail in previous publications [21–23].

1.3.2. Efficacy of pegvaliase
Overall, the clinical trials demonstrated meaningful and sustained re-

ductions in blood Phe concentration in subjects receiving pegvaliase, with
68.4%, 60.7%, and 51.2% of patients reaching therapeutic targets of
≤600 μmol/L, ≤360 μmol/L, and≤120μmol/L, respectively, within
24months in the PRISM studies [21–23]. The PRISM studies also demon-
strated changes in neuropsychiatric outcomes with long-term treatment,
including improvements in inattention symptoms and mood, associated
with reductions in blood Phe [23]. It should be noted that these effects
were achieved in a study population where the majority of subjects were
not on a Phe-restricted diet [23]. The effect of pegvaliase on blood Phe
levels exceeds that of any other currently available treatment for adults
with PKU. Unlike other treatments, pegvaliase offers the possibility to
normalize diet, while maintaining blood Phe within a recommended range
[24], potentially addressing one of the most common sources of poor
compliance with treatment recommendations.

Fig. 1. Structure of pegvaliase: masking of phenylalanine ammonia lyase (PAL) epitopes by extensive PEGylation on the surface of the drug.
Molecular weights are indicated below each compound [20].
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1.3.3. Immunogenicity of pegvaliase and impact on pharmacokinetics,
safety, and efficacy

All subjects treated with pegvaliase in the clinical trials developed
anti-drug antibodies (Abs) against both the parent protein PAL and to
PEG, which matured over time [25]. The early Ab response (during the
first 6months after treatment initiation) was comprised predominantly of
anti-PEG IgM/IgG and anti-PAL IgM Abs (Fig. 2). In contrast, the immune
response in late treatment (6months after treatment initiation and be-
yond) was composed predominantly of anti-PAL IgG Abs, including drug-
specific IgG4 Abs. Anti-drug Abs bound to drug in circulation give rise to
circulating immune complexes (CIC). Mean CIC levels were highest
during early treatment and then decreased over time. Peaking CIC levels
in early treatment were associated with low C3 and C4 levels, indicating
that complement activation was greatest in early treatment and decreased
over time [25]. High levels of anti-PEG antibodies and anti-PAL IgM
observed during early treatment are efficient activators of the classical
complement pathway [25]. In contrast, the immune response in late
treatment is composed predominately of anti-PAL IgG antibodies, which
are less likely to bind to the drug product and fix complement due to the
masking of PAL epitopes by extensive PEGylation on the surface of the
drug. Additionally, the development of an IgG4 response in late treatment
is consistent with the observed reduction in complement activation, as
IgG4 does not activate complement and is associated with a mature im-
mune response to a chronically administered protein.

Ab titres for all Ab analytes, including neutralizing Abs, impacted effi-
cacy of pegvaliase, likely through its impact on drug clearance from the
plasma [25]. Subjects with higher titres for all Ab analytes had lower trough
pegvaliase concentrations, due to increased immune-mediated clearance.
Thus, subjects with higher Ab titres typically required two to three times
higher doses than those with lower Ab titres, to overcome clearance and
reach clinically meaningful blood Phe reduction. Subjects with higher Ab
titres during early treatment (<6months), when Ab-mediated clearance
was high and doses of pegvaliase were low, achieved less Phe reduction
than subjects with low Ab titres [25]. With prolonged treatment beyond
6months, and additional pegvaliase dose increase, blood Phe levels con-
tinued to decrease in most subjects, including those with higher Ab titres.
Importantly, after the initial 6months of treatment, Ab titres did not further
increase in response to higher doses. Due to the high individual variability
of the immune response across patients, no specific Ab titre was predictive
of dose required to achieve response and consequently measurement of Ab
levels will provide little to no clinical utility [23,25].

Overall, HAEs occurred most frequently during the first 6months of
treatment when the early immune response, comprised of PEG IgM, PEG
IgG, and PAL IgM responses peaked, C3/C4 levels declined, and CIC levels
were at their highest (Fig. 2) [23,25]. The frequency of HAEs decreased
over time during long-term treatment as the incidence of these Abs de-
creased, CIC levels declined, and C3/C4 returned towards baseline. Most
subjects developed an anti-pegvaliase IgG4 response over time, consistent
with a humoral immune response against a chronically administered
protein therapeutic [26]. All subjects who experienced ASHRs (reactions
which an independent expert allergist/immunologist determined likely to
meet NIAID/FAAN clinical diagnostic criteria for anaphylaxis) tested ne-
gative for drug-specific IgE (based on an ImmunoCAP technology, Ther-
moFisher Scientific) at or near the time of each event [25]. The IgE assay is
not designed to detect antibodies developed against metabolites of the
enzymatic reactions. The observed increases in CIC levels, in conjunction
with C3/C4 complement consumption, lack of drug-specific IgE detection
at the time of ASHRs, and ability to rechallenge the majority of patients
with drug without recurrent reactions suggest that the predominant me-
chanism of HAEs in the pegvaliase clinical studies was Type III immune
complex-mediated hypersensitivity [23,25]. It is known that immune
complexes can activate the classical complement pathway leading to the
production of anaphylatoxins and cause local inflammatory responses by
acting directly on local blood vessels, stimulating an increase in blood flow
and increased vascular permeability. Anaphylatoxins also activate mast
cells to release mediators such as histamine and TNF-α that contribute to
the inflammatory response. Together, these inflammatory reactions are
called Type III hypersensitivity reactions and share many of the same
signs/symptoms as the allergic reactions mediated by IgE. However,
Type III events typically are less commonly described to lead to severe or
life-threatening manifestations.

Published data suggest the change in immune response over time
influences the dosing necessary to achieve efficacy. Thus, the guiding
principles in developing an induction/titration dosing schedule necessary
to achieve efficacious doses in later treatment while minimizing the
occurrence of HAEs during early treatment, is based on the time course of
anti-drug Ab maturation, IC formation, and complement activation [25].
Starting with a low, weekly dose, when the early Ab response, CIC levels,
complement activation and frequency of HAEs is peaking and then in-
creasing the dose and frequency when the Ab response has “matured”,
and CIC levels and complement activation have declined, allows patients
to achieve the expected clinical benefit, while minimizing the risk of

Fig. 2. Mean antibody titers over time and frequency of hypersensitivity adverse events (HAEs) in the pegvaliase Phase 3 clinical trials (PRISM). Reproduced from
Thomas J et al. 2018 (doi: https://doi.org/10.1016/j.ymgme.2018.03.006) [23]; available under the terms of the Creative Commons Attribution License (CC BY:
https://creativecommons.org/licenses/by/4.0/). IgG, immunoglobulin G; IgM, immunoglobulin M; PAL, phenylalanine ammonia lyase; PEG, polyethylene glycol;
NAb, neutralizing antibodies; TAb, total antibody.
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hypersensitivity.
Induction, titration, and maintenance (I/T/M) dosing was im-

plemented in the Phase 2 program (165–205) and the Phase 3 PRISM
studies [21]. The first two Phase 2 studies showed a manageable safety
profile but poor efficacy with once-weekly dosing at 0.001mg/kg to
0.1mg/kg for 16weeks (PAL-002), and a substantial reduction in blood
Phe but poor tolerability with pegvaliase at 0.06mg/kg to 0.4mg/kg for
5 days/week (PAL-004) [21]. The Phase 3 studies involved treatment at a
low dose of 2.5mg/week for the first 4weeks, a gradual increase in dose
and dose frequency to the maintenance dose over at least 5weeks (20mg
and 40mg daily), and adjustment of the maintenance dose between 5mg
and 60mg daily based on individual efficacy and safety [21,23]. Recently
published consensus-based treatment recommendations for pegvaliase in
adults with PKU recommend I/T/M dosing based on individual patient
tolerability [24].

In addition, several risk mitigation strategies were implemented in the
Phase 3 study to reduce the risk of severe outcomes of ASHR [22,23]. Risk
mitigation strategies included the requirement for pre-medications, allow-
ance of slower titration in subjects developing HAEs, requirement for all
subjects to carry auto-injectable adrenaline (epinephrine) at all times,
training of the subject and a responsible adult in the signs and symptoms of
ASHRs, and the requirement to have the responsible adult present for at
least the first 16weeks of treatment [22,23]. Premedications used included
a histamine H1-receptor antagonist, an H2-receptor antagonist, and, if
tolerated, an antipyretic. It should be noted that H2-receptor antagonists
have only weak or questionable benefits in the prevention of HAEs
[27–29]. In animal studies, the elimination and systemic clearance rates of
H1-receptor antagonists were significantly decreased during concomitant
administration of H2-receptor antagonists [30]. This is thought to be the
reason for the weak add-on effect of H2-receptor antagonists observed in
clinical use.

Pegvaliase treatment using the I/T/M dosing regimen and risk miti-
gation strategies was associated with a manageable safety profile [22,23].
Table 1 provides a summary of AEs reported for all subjects who had I/T/M
dosing in the Phase 2 and 3 clinical trials [21,23]. HAEs were mostly mild
or moderate in severity, and the highest frequency of events occurred in the
induction-titration phase, when pegvaliase doses were lowest. Most fre-
quently reported HAEs were arthralgia and local injection site reactions. It
should be noted that arthralgia was included in a broad definition of HAEs.
The observed association between lower pegvaliase doses and higher event
rates is likely due to the peaking early Ab response, peaking levels of CIC
and complement activation during induction and titration, leading to
HAEs. Since the doses were low and the HAEs were greatest during in-
duction/titration, there appears to be an apparent association of higher
HAE rates and lower doses. Assessment of complement data and AEs did
not reveal an association between low complement levels and an increase
in infection-related reports.

2. Methods

Eight European academic clinical allergists/immunologists with
expertise in anaphylaxis, hypersensitivity, and/or adverse drug reac-
tions and two geneticists from the USA, with extensive experience in
managing PKU and who were involved in the pegvaliase clinical trials,
gathered in Amsterdam on May 19, 2018 for a one-day meeting. The
experts discussed the efficacy, safety, and immunological profile of
pegvaliase, with focus on HAEs and how these were managed in the
clinical trials, and agreed on the underlying mechanism of HAEs ob-
served in the clinical trials and endorsed the mitigation measures used
to manage these reactions in the clinical trials. Additionally, they of-
fered recommendations for the real-world clinical management of drug-
associated HAEs. The recommendations were further fine-tuned during
a subsequent online “virtual” advisory board (June 27–July 22, 2018),
during which the experts worked on a common document of questions.

The immunology experts were selected on the basis of a literature
search with focus on drug allergy and immunological mechanisms of

drug-related anaphylaxis, followed by suggestions from attendees of a
European immunology congress from their scientific network. They had
access to all published and summary data from the pegvaliase clinical
trials. The data was provided prior to the advisory board meeting to
allow for sufficient time to review. Additional data considered relevant
for the purpose of the meeting, including individual patient data, was
available to the panel on request. There was no data not permitted to
the panel. Both the expert meeting and the virtual advisory board were
coordinated and funded by BioMarin Pharmaceutical Inc.

3. Results

3.1. Potential mechanism of HAEs observed with pegvaliase

During the meeting the potential immunologic mechanism of HAEs
observed with pegvaliase in the clinical trials were discussed. There was
agreement that pegvaliase most likely induces a Type III immune-complex
mediated reaction based on the available data [25]. An important factor is
the lack of drug-specific IgE detected at or near the time of HAEs, including
ASHRs, using PAL and pegvaliase as antigens in an established highly
sensitive routine serological test. The temporal association between the
frequency of HAEs and peaking CIC levels, sharply dropping C3/C4 levels,
and peaking anti-PEG Abs also supports this mechanism (see Section 1.3.3)
[25]. The HAEs associated with pegvaliase also had a different clinical
presentation and nature than typical IgE-mediated Type I events [31]. For
example, subjects treated with pegvaliase frequently developed arthralgia,
which is not a clinical manifestations of Type I reactions, but more common
in Type III reactions [32]. In addition, subjects who experienced an ASHR
could be redosed, with 75% remaining on therapy, and had a less severe
clinical presentation than what would be expected for an IgE mediated
event. Of the 21 ASHRs in the I/T/M population, none required advanced
measures including intubation or vasopressor support, seven were self-
limiting and required no treatment or dose change, and all were of short

Table 1
Exposure-adjusted adverse events (AEs) rates reported for the induction-titra-
tion (I/T) and maintenance (M) phases in the I/T/M population of the pegva-
liase Phase 2 165–205 and Phase 3 clinical trials as of May 6, 2017. Total ex-
posure was 135.4 person-years for the I/T phase and 444.1 person-years for the
M phase.

Event rate per person-year (number of
events)

I/T phase
(N=285)

M phase
(N=223)

AEs
Any AE 52.40 (7095) 19.01 (8443)
Treatment-related AEs 43.06 (5830) 9.15 (4062)
AEs leading to dose reduction 1.12 (152) 0.26 (115)
AEs leading to dose interruption 1.57 (212) 0.22 (99)
AEs leading to study drug
discontinuationa

10.5% (30) 4.9% (11)

SAEs
Any SAE 0.24 (32) 0.10 (46)
Treatment-related SAEs 0.17 (23) 0.03 (15)

AEs of special interest
HAEsb 15.14 (2050) 4.00 (1776)
Acute systemic hypersensitivity
reactionsc

0.08 (11) 0.02 (10)

Injection site reactions 21.89 (2964) 3.95 (1754)
Arthralgia 6.05 (819) 0.95 (422)

The table includes all enrolled subjects who received at least one dose of peg-
valiase in Study 165–205 or Study PRISM-1. Maintenance phase is defined as a
stable dosing period of at least 8 weeks. HAE: hypersensitivity AE; SAE: serious
AE.

a Subject incidence only.
b Hypersensitivity AEs by broad Standard MedDRA Queries.
c Events confirmed by an independent allergist/immunologist to be con-

sistent with clinical anaphylaxis criteria defined by National Institute of Allergy
and Infectious Diseases/Food Allergy and Anaphylaxis Network.

O. Hausmann, et al. Molecular Genetics and Metabolism 128 (2019) 84–91

87



duration and resolved without sequelae. Moreover, the next administration
of pegvaliase following an ASHR did not immediately lead to another
event, as would be expected of a classical IgE-mediated anaphylaxis reac-
tion. Typically, IgE-mediated Type I reactions are triggered by very small
doses of the antigen and become increasingly severe with subsequent in-
creased doses. It remains to be established whether cofactors established in
IgE-mediated anaphylaxis (e.g. intake of non-steroidal anti-inflammatory
drugs (NSAIDs), and/or infections, physical exercise, and alcohol) also in-
crease the risk of ASHRs to pegvaliase [33–35].

It was agreed that the longitudinal immunological and safety data of
pegvaliase indicate that there was a change in the frequency and pattern of
HAEs of pegvaliase over time. The experts further endorsed that this change
is likely driven by the change from a predominant anti-PEG and/or PAL IgM
response during early treatment to a predominantly anti-PAL IgG and IgG4
response during late treatment [26]. Reduction in anti-PEG Abs reduces CIC
formation due to inefficient binding of anti-PAL Abs on drug where the PAL
epitopes are masked due to extensive PEGylation. In addition, the devel-
opment of an IgG4 response over time may be suggestive of a state of
clinical “tolerance” induction, as defined by a state of clinical non-respon-
siveness through constant antigen exposure as has been demonstrated for
antigen-specific immunotherapy [36]. It has been reported that IgG4 acti-
vate complement less efficiently than IgG1 both in vitro and in vivo [37], but
there is currently no evidence that IgG4 is associated with the development
of tolerance in Type III reactions.

3.2. Clinical management of HAEs of pegvaliase

3.2.1. Endorsement of the measures used for clinical management of HAEs
and additional recommendations

Overall, there was general agreement about the measures utilized to
manage HAEs in the clinical trials. The best practice recommendations
outlined below to further improve tolerability to pegvaliase, particu-
larly during initial treatment, were provided (Table 2).

The fact that most subjects in the clinical trials wanted to continue
taking pegvaliase despite HAEs during early treatment suggests that the
advantages of the drug outweigh its safety and tolerability issues.
Treatment reduces blood Phe to the recommended target concentration
in most patients, which is otherwise very difficult to maintain long-
term, particularly for those with great difficulty adhering to the Phe-
restricted diet. Further improvements in tolerability by the risk mini-
mization measures outlined in Table 2 can make it easier for patients to
get through the difficult initial treatment period, when HAEs are most
frequent, and to fully realize the benefits of treatment.

3.2.2. Induction, titration, and maintenance dosing schedule
It was agreed that based on the clinical trial data, the risk of HAEs

during initial treatment can be minimized by using the I/T/M dosing
protocol included in the pegvaliase prescribing information, starting
with a low weekly dose, and slow titration in dose and frequency to-
wards a maintenance dose [20]. This schedule may be refined further
based on the results of future research.

3.2.3. Risk mitigation strategies
It was agreed that the risk mitigation precautions utilized during the

clinical trials helped to improve safety of home treatment with
pegvaliase, including premedications, presence of a trained observer,
availability of auto-injectable adrenaline, and allowance of slower ti-
tration in the event of tolerability issues. These risk mitigation strate-
gies were implemented as a whole in the clinical trials in May 2014 as
an amendment during the Phase 3 program. Their introduction reduced
the incidence and severity of HAEs. The incidence of AEs leading to
study drug discontinuation decreased from 0.91 episodes/person/year
before (N=143) to 0.42 episodes/person/year after the implementa-
tion (N=170), HAEs based on broad preferred term search decreased
from 0.18 to 0.10 episodes/person/year, and adjudicated anaphylaxis
events meeting Brown's severe criteria decreased from 0.04 to 0

episodes/person/year (Supplementary Table 1).
Of all the premedications utilized in the pegvaliase clinical trials, the

H1-receptor antagonists were considered likely to be most effective due to
their mechanism of action as well as the data in the literature showing
effectiveness in reducing symptoms of allergy [27,28]. In Type III
hypersensitivity reactions, immune complexes activate the classical com-
plement pathway leading to release of anaphylatoxins, which can then
activate mast cells leading to cell degranulation and release of histamine
(and other chemical mediators) from the mast cell or basophil. Once re-
leased, histamine can react with local or widespread tissues through his-
tamine receptors. Histamine, acting on H1-receptors, then causes various
local inflammatory and allergic symptoms. H1-receptor antagonists block
binding of histamine to H1 receptors.

It was also agreed that the initial dose of pegvaliase should be ad-
ministered under the supervision of a healthcare professional until the
patient and a trained observer can demonstrate competency in dosing
and recognition of HAEs.

There was unanimous agreement that, as a precaution for ASHRs, all
patients receiving pegvaliase should have auto-injectable adrenaline
available at all times. Before starting pegvaliase, patients should be able
to recognize signs and symptoms of ASHRs, and should be counseled
when to administer adrenaline, how to inject, and who to contact.
Existing training programs or instructions for patients on how and when
to apply auto-injectable adrenaline available in hospitals/clinics should
also be used to instruct patients receiving pegvaliase [38]. Use of videos
and (online) structured patient/physician education programs to re-
cognize and manage anaphylaxis/ASHRs should also be considered
[38,39]. In addition, regular training with a trainer auto-injector is
recommended. Patients may also be provided an emergency treatment
plan and play one fictive episode under observation. Adrenaline should
be given without delay at the first sign of anaphylactic symptoms. These
management approaches for anaphylaxis have been established in the
setting of IgE-mediated acute anaphylaxis, such as hymenoptera venom
and food allergy [38–40].

Patients with a history of anaphylaxis or severe allergic reactions to
other PEGylated drugs should be referred to an allergist/immunologist
before starting pegvaliase to see if certain precautions, avoidance mea-
sures, or therapies should be taken. If the patient had previous reactions
to other drugs, e.g. to other PEG-containing drugs, it is recommended to
check reactivity to excipients in the pegvaliase formulation. Allergic

Table 2
Best practice recommendations for the clinical management of HAEs of peg-
valiase.

• The risk of HAEs during initial treatment with pegvaliase can be minimized by
starting with a low weekly dose, and slow titration in dose and frequency towards
a maintenance dose

• Premedication, allowance for a longer titration period after an HAE, training and
education of patients and/or caregivers if needed, and availability of auto-injectable
adrenaline at all times, can improve safety of home treatment with pegvaliase

• To prevent injection site reactions, patients should be encouraged to rotate injection
sites between doses. Injection site reactions can be treated with an H1-receptor
antagonist, topical steroids, or cold compresses

• Recommended treatments for arthralgia are NSAIDs (if the patient has no renal
dysfunction or other contraindications to NSAIDs), acetaminophen/paracetamol, or
low dose steroids for a maximum of 6weeks

• Acute systemic hypersensitivity reactions to pegvaliase should be treated with auto-
injectable adrenaline as early as possible after the onset of signs/symptoms

• After the occurrence of a severe HAE, a temporary dose reduction is more likely to
improve tolerability than treatment interruption

• Patients who previously demonstrated tolerance to pegvaliase can be redosed after
a long interruption, starting at a lower dose than the last tolerated dose and
applying a modified, accelerated I/T/M schedule

• Patients who previously demonstrated tolerance to pegvaliase can be redosed after
a long interruption, starting at a lower dose than the last tolerated dose and
applying a modified, accelerated I/T/M schedule

I/T/M: induction, titration, and maintenance; NSAIDs: non-steroidal anti-in-
flammatory drugs.
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diseases should be treated adequately and should be stable and under
control before initiating pegvaliase.

3.2.4. Management of injection site reactions
In the pegvaliase clinical trials, injection site reactions were treated

with oral antihistamines, corticosteroids, steroid injections, or dis-
continuation of pegvaliase [20]. To prevent injection site reactions, pa-
tients should be encouraged to rotate injection sites between doses (i.e.
upper arm, thigh, buttocks, or abdomen) as described [20,22]. Injection
site reactions can be treated with an H1-receptor antagonist, topical
steroids or cold compresses. Treatment with an H2-receptor antagonist is
not recommended. Controlled up-dosing of the H1-receptor antagonist,
as done in chronic urticaria, is recommended over combination therapy
with H1- and H2-receptor antagonists, as H2-receptor antagonists have
only weak or questionable benefits in the prevention of HAEs [27–29].
For the treatment of urticaria (and anaphylaxis), H1-receptor antagonists
are sometimes given in doses up to four times exceeding the normal
recommended daily dose [27]. However, for prophylaxis by pre-
medication, generally only the standard daily dose of an antihistamine
has been given in several studies and should also be used before giving
pegvaliase [28,41–43].

3.2.5. Management of arthralgia
In the pegvaliase clinical trials, arthralgia episodes were managed

with medications (NSAIDs, glucocorticoids, acetaminophen), or by
pegvaliase dosage reduction, interruption, or withdrawal [20]. These
measures were considered appropriate.

Following the clinical trial experience, it was recommended to treat
arthralgia with acetaminophen/paracetamol (preferred) or NSAIDs, if
the patient has no renal dysfunction or other contraindications to
NSAIDs, or low dose steroids for a maximum of 6 weeks. It was
speculated that antihistamines likely have no impact on arthralgia.

3.2.6. Management of ASHRs
There was general agreement that ASHRs to pegvaliase should

be treated with adrenaline as early as possible after the onset of
signs/symptoms. According to current guidelines, adrenaline is the
medication of choice for anaphylaxis regardless of its mechanism [44].
Although most experience on the efficacy of adrenaline comes from
IgE-mediated reactions, it has also been successfully used in immune

complex Type III reactions, e.g. dextrane reactions [45]. To train pa-
tients in the commercial setting, it was suggested to use a simple “red,
yellow, green” patient training tool to guide them. Similar tools have
successfully been used in other therapies (e.g. asthma: http://www.aafa.
org/page/programs-for-patients-and-caregivers.aspx). Patients should
seek medical attention right away after the first onset of symptoms
(Fig. 3).

It was agreed that patients who had a previous ASHR may be re-
challenged, if the patient consents after receiving all information regarding
the risks and benefits of rechallenging. With severe ASHRs, a prior allergy
work-up in collaboration with an allergologist experienced in drug
hypersensitivity is recommended, e.g. measurement of baseline tryptase in
serum, and in-depth search for alternative allergens or explanations for the
reaction observed. Skin-prick testing is not recommended as a screening
criterion for pegvaliase due to negative results (using pegvaliase at a di-
lution of 1:100) obtained from a subset of patients in a Phase 2 trial with
pegvaliase (BioMarin, data on file).

Redosing should occur in a controlled environment with rescue
medication and equipment available (in clinic) for the first injection,
and starting at a lower dose: one or two steps back in the titration
schedule, with the dose depending on the severity of the event. Steroids
can potentially be used in addition to an H1-receptor antagonist as
premedication. Rechallenging with pegvaliase is not recommended if
the patient is not motivated or in the case of a very severe/life threa-
tening reaction (meeting Brown's severe criteria such as hypotension,
dyspnoea with hypoxia, syncope [46]), in patients unable to deal with
HAEs (e.g. very scared, or not able to reliably administer auto-in-
jectable adrenaline without proper support), or in patients with re-
current ASHRs.

3.2.7. Treatment interruption after a HAE
Halting treatment after a HAE was generally considered to be less

favorable, as opposed to a dose reduction, so as not to interrupt the
“desensitizing” effect of continued antigen exposure and getting the
patient through induction-titration where the risk of HAEs is greatest
[40]. Temporary reduction of the pegvaliase dose after a reaction
during the titration phase may be required to prevent further events,
with the dose (one or two steps back in the dosing regimen) depending
on the severity of the event. This approach is also common practice in
allergen immunotherapy [40]. The I/T/M dosing regimen may also be

Any of the following symptoms: 
 Swelling of tongue/throat 
 Dyspnoea 
 Coughing or wheezing 
 Tightness in chest 
 Hypotension 

 Dizziness 
 Loss of consciousness 
 

symptoms in yellow 
category* 

Anaphylaxis 

 inject adrenaline immediately,  

call for emergency medical assistance 

Non-local reactions, but less severe than “red” symptoms: 
 Tingling and/or numbness in extremi!es 
 Chest !ghtening without breathing problems 
 Systemic reac!on restricted to the skin (ur!caria, itching, flush, 

angioedema) or gastrointes!nal tract (diarrhoea, abdominal 
pain, nausea, emesis) 

Systemic allergic reaction 

 call for emergency medical assistance,  

take antihistamine tablet,  

inject adrenaline if symptoms worsen 

 Injec!on site reac!ons 
 Local rash 
 Arthralgia 

 Headache 
 Further unspecified reac!ons 

Mild reaction 

 no injection of adrenaline required 

Fig. 3. Tool for administration of auto-injectable adrenaline in patients using pegvaliase.
*e.g. urticaria or angioedema plus gastrointestinal symptoms, such as sudden diarrhoea or abdominal pain.

O. Hausmann, et al. Molecular Genetics and Metabolism 128 (2019) 84–91

89

http://www.aafa.org/page/programs-for-patients-and-caregivers.aspx
http://www.aafa.org/page/programs-for-patients-and-caregivers.aspx


revised after a severe or very severe reaction (i.e. slower titration) [47].
The subject's ability to tolerate and manage the HAE (i.e. pain toler-
ance, support network, and emotional stability) should also be con-
sidered when deciding on the best approach.

3.2.8. Redosing pegvaliase after a long interruption
Patients who were previously on maintenance dosing to pegvaliase

can be redosed after a long interruption due to e.g. pregnancy, starting
at a lower dose than the last administered dose and applying a modified
I/T/M schedule. This recommendation is based on the finding that
patients who stopped treatment during the randomized discontinuation
trial in PRISM-2 could resume treatment rapidly after 8 weeks without
adverse reactions [23]. Dosing in these patients should be resumed in
the clinic, using the same premedication as before the interruption.

3.2.9. Safety of pegvaliase with long-term use
It was agreed that based on the clinical trials, there was no overt evi-

dence of IC-mediated end organ damage caused by pegvaliase [21,23,25].
An extensive review of the clinical safety data with 401.3 patient-years
identified no AEs suggesting pegvaliase-associated IC-mediated end organ
damage such as renal failure, haemolytic anaemia, serositis, central nervous
system manifestations, or myocardial ischemic events related to pegvaliase.
Arthralgia events mostly occur during early treatment, can be resolved with
standard NSAID treatment, and do not recur afterwards in the majority of
patients.

A sustained hepatic function is important for IC clearance. Red
blood cells may bind C3b-coated immune complexes and transport
them to phagocytes, mostly in liver and spleen. Immune complexes can
also be deposited in different organs, including the kidney. Monitoring
in ongoing clinical studies (e.g. urine assessment for microalbuminuria
and liver function tests) and in the post marketing setting (e.g. en-
hanced pharmacovigilance) is being done to confirm IC-mediated end-
organ damage is not occurring with pegvaliase with longer term dosing.

4. Conclusions and future directions

Overall, it was agreed that the clinical trials have shown that
pegvaliase is effective in lowering blood Phe concentration to guideline-
based treatment targets, while allowing diet relaxation, in adult patients
with PKU [17,21–23]. Because of the difficulty to adhere to a Phe-re-
stricted diet, and the significant morbidity associated with high blood Phe
levels, pegvaliase treatment can be life-changing for patients. However,
physicians and patients need to be aware of the risk of HAEs associated
with pegvaliase, particularly during early treatment, and of the time
needed to reach full efficacy due to low drug doses and immune-mediated
drug clearance during the first 6months of treatment [25]. The im-
munogenicity of pegvaliase and its impact on safety and efficacy were
considered to be well characterized. There was overall agreement that
currently available immunological data from the pegvaliase clinical trials
suggest a Type III IC-mediated hypersensitivity response to pegvaliase,
which provides a rationale for the risk mitigation approaches re-
commended. The authors also agreed with and contributed to the list of
recommendations in this publication, including implementation of the
I/T/M dosing regimen and risk mitigation strategies, as well as proposing
treatment strategies to improve safety outcomes of pegvaliase. Continued
monitoring is required to confirm the long-term safety of pegvaliase and to
assess risk of CIC accumulation in organs.

Financial disclosures

The content of this manuscript was based on presentations and
discussions during an expert meeting and a virtual advisory board that
were coordinated and funded by BioMarin Pharmaceutical Inc. All au-
thors or their institutions received an honorarium and travel support
from BioMarin to participate in at least one or both meetings.

In addition, Dr. Hausmann has been a consultant for BioMarin

Pharmaceutical Inc. to optimize study protocols of the Phase 2/3
clinical trials. Drs. Northrup and Longo have received grant funding
from BioMarin Pharmaceutical Inc. for drug trials on the medication
Palynziq®, and honoraria for participation in advisory boards from
BioMarin Pharmaceutical Inc. Dr. Northrup also received payment from
Symbiotix for participating as a speaker in the Speakers Bureau for
Palynziq.

Acknowledgments

The authors are grateful to Ismar Healthcare NV for their assistance
in the writing of this manuscript, which was funded by BioMarin
Pharmaceutical Inc. The expert meeting in Amsterdam and the virtual
advisory board were also coordinated by Ismar Healthcare NV and
sponsored by BioMarin Pharmaceutical Inc.

Funding

This work was supported by BioMarin Pharmaceutical, Inc., Novato,
CA, USA.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymgme.2019.05.006.

References

[1] N. Blau, F.J. van Spronsen, H.L. Levy, Phenylketonuria, Lancet 376 (2010)
1417–1427.

[2] V.L. Brumm, D. Bilder, S.E. Waisbren, Psychiatric symptoms and disorders in
phenylketonuria, Mol. Genet. Metab. 99 (Suppl. 1) (2010) S59–S63.

[3] N. Blau, J.B. Hennermann, U. Langenbeck, U. Lichter-Konecki, Diagnosis, classifi-
cation, and genetics of phenylketonuria and tetrahydrobiopterin (BH4) deficiencies,
Mol. Genet. Metab. 104 (Suppl) (2011) S2–S9.

[4] D.A. Bilder, J.K. Noel, E.R. Baker, et al., Systematic review and meta-analysis of
neuropsychiatric symptoms and executive functioning in adults with phenylk-
etonuria, Dev. Neuropsychol. 41 (2016) 245–260.

[5] D.A. Bilder, J.A. Kobori, J.L. Cohen-Pfeffer, et al., Neuropsychiatric comorbidities in
adults with phenylketonuria: a retrospective cohort study, Mol. Genet. Metab. 121
(2017) 1–8.

[6] F.J. van Spronsen, A.M.J. van Wegberg, K. Ahring, et al., Key European guidelines
for the diagnosis and management of patients with phenylketonuria, Lancet
Diabetes Endocrinol. 5 (2017) 743–756.

[7] A.M.J. van Wegberg, A. MacDonald, K. Ahring, et al., The complete European
guidelines on phenylketonuria: diagnosis and treatment, Orphanet J. Rare Dis. 12
(2017) 162.

[8] J. Vockley, H.C. Andersson, K.M. Antshel, et al., Phenylalanine hydroxylase defi-
ciency: diagnosis and management guideline, Genet. Med. 16 (2014) 188–200.

[9] R.H. Singh, A.C. Cunningham, S. Mofidi, et al., Updated, web-based nutrition
management guideline for PKU: an evidence and consensus based approach, Mol.
Genet. Metab. 118 (2016) 72–83.

[10] B.K. Burton, D.K. Grange, A. Milanowski, et al., The response of patients with
phenylketonuria and elevated serum phenylalanine to treatment with oral sa-
propterin dihydrochloride (6R-tetrahydrobiopterin): a phase II, multicentre, open-
label, screening study, J. Inherit. Metab. Dis. 30 (2007) 700–707.

[11] B. Fiege, N. Blau, Assessment of tetrahydrobiopterin (BH4) responsiveness in phe-
nylketonuria, J. Pediatr. 150 (2007) 627–630.

[12] K. Anjema, G. Venema, F.C. Hofstede, et al., The 48-hour tetrahydrobiopterin
loading test in patients with phenylketonuria: evaluation of protocol and influence
of baseline phenylalanine concentration, Mol. Genet. Metab. 104 (Suppl) (2011)
S60–S63.

[13] M. Bik-Multanowski, B. Didycz, R. Mozrzymas, et al., Quality of life in non-
compliant adults with phenylketonuria after resumption of the diet, J. Inherit.
Metab. Dis. 31 (Suppl. 2) (2008) S415–S418.

[14] R. Koch, B. Burton, G. Hoganson, et al., Phenylketonuria in adulthood: a colla-
borative study, J. Inherit. Metab. Dis. 25 (2002) 333–346.

[15] FDA approves a new treatment for PKU, a rare and serious genetic disease, (2018)
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm608835.
htm.

[16] BioMarin Pharmaceutical Inc, European Commission Approves Palynziq®;
(pegvaliase injection) for Treatment of Phenylketonuria (PKU) in Patients Aged 16
Years or Older, (2019) https://investors.biomarin.com/2019-05-06-European-
Commission-Approves-Palynziq-R-pegvaliase-injection-for-Treatment-of-
Phenylketonuria-PKU-in-Patients-Aged-16-Years-or-Older , Accessed date: 13 May
2019.

[17] N. Longo, C.O. Harding, B.K. Burton, et al., Phase 1 trial of subcutaneous rAvPAL-

O. Hausmann, et al. Molecular Genetics and Metabolism 128 (2019) 84–91

90

https://doi.org/10.1016/j.ymgme.2019.05.006
https://doi.org/10.1016/j.ymgme.2019.05.006
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0005
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0005
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0010
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0010
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0015
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0015
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0015
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0020
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0020
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0020
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0025
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0025
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0025
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0030
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0030
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0030
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0035
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0035
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0035
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0040
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0040
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0045
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0045
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0045
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0050
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0050
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0050
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0050
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0055
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0055
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0060
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0060
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0060
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0060
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0065
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0065
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0065
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0070
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0070
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm608835.htm
https://www.fda.gov/NewsEvents/Newsroom/PressAnnouncements/ucm608835.htm
https://investors.biomarin.com/2019-05-06-European-Commission-Approves-Palynziq-R-pegvaliase-injection-for-Treatment-of-Phenylketonuria-PKU-in-Patients-Aged-16-Years-or-Older
https://investors.biomarin.com/2019-05-06-European-Commission-Approves-Palynziq-R-pegvaliase-injection-for-Treatment-of-Phenylketonuria-PKU-in-Patients-Aged-16-Years-or-Older
https://investors.biomarin.com/2019-05-06-European-Commission-Approves-Palynziq-R-pegvaliase-injection-for-Treatment-of-Phenylketonuria-PKU-in-Patients-Aged-16-Years-or-Older
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0085


PEG in subjects with phenylketonuria, Lancet 384 (2014) 37–44.
[18] J.K. Armstrong, G. Hempel, S. Koling, et al., Antibody against poly(ethylene glycol)

adversely affects PEG-asparaginase therapy in acute lymphoblastic leukemia pa-
tients, Cancer 110 (2007) 103–111.

[19] N.J. Ganson, S.J. Kelly, E. Scarlett, et al., Control of hyperuricemia in subjects with
refractory gout, and induction of antibody against poly(ethylene glycol) (PEG), in a
phase I trial of subcutaneous PEGylated urate oxidase, Arthritis Res. Ther. 8 (2006)
R12.

[20] US Food and Drug Administration, Pegvaliase highlights of prescribing information,
(2018) https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/
761079s000lbl.pdf.

[21] N. Longo, R. Zori, M.P. Wasserstein, et al., Long-term safety and efficacy of peg-
valiase for the treatment of phenylketonuria in adults: combined phase 2 outcomes
through PAL-003 extension study, Orphanet J. Rare Dis. 13 (2018) 108.

[22] C.O. Harding, R.S. Amato, M. Stuy, et al., Pegvaliase for the treatment of phe-
nylketonuria: a pivotal, double-blind randomized discontinuation phase 3 clinical
trial, Mol. Genet. Metab. 124 (2018) 20–26.

[23] J. Thomas, H. Levy, S. Amato, et al., Pegvaliase for the treatment of phenylk-
etonuria: results of a long-term phase 3 clinical trial program (PRISM), Mol. Genet.
Metab. 124 (2018) 27–38.

[24] N. Longo, D. Dimmock, H. Levy, et al., Evidence- and consensus-based re-
commendations for the use of pegvaliase in adults with phenylketonuria, Genet.
Med. (2018), https://doi.org/10.1038/s41436-018-0403-z.

[25] G. Gupta, K. Lau, C.O. Harding, et al., Association of immune response with efficacy
and safety outcomes in adults with phenylketonuria administered pegvaliase in
phase 3 clinical trials, EBioMedicine 37 (2018) 366–373.

[26] S. Gupta, K. Lau, J. Olbertz, et al., Maturation of Immune Response against
Pegvaliase Is Associated with Reduced Hypersensitivity and Improved Efficacy in
the Phase 3 Clinical Trials. Presented at Society for Inherited Metabolic Disorders
(SIMD) Annual Meeting, March 11–14, (2018) (San Diego, CA, USA).

[27] T. Zuberbier, W. Aberer, R. Asero, et al., The EAACI/GA2LEN/EDF/WAO Guideline
for the definition, classification, diagnosis, and management of urticaria, Allergy 73
(2018) 1393–1414.

[28] K. Brockow, M. Kiehn, C. Riethmuller, et al., Efficacy of antihistamine pretreatment
in the prevention of adverse reactions to Hymenoptera immunotherapy: a pro-
spective, randomized, placebo-controlled trial, J. Allergy Clin. Immunol. 100
(1997) 458–463.

[29] U.B. Nurmatov, E. Rhatigan, F.E. Simons, A. Sheikh, H2-antihistamines for the
treatment of anaphylaxis with and without shock: a systematic review, Ann. Allergy
Asthma Immunol. 112 (2014) 126–131.

[30] K.J. Simons, X. Chen, T.G. Fraser, F.E. Simons, Effect of cimetidine on the phar-
macokinetics and pharmacodynamics of chlorpheniramine and diphenhydramine in
rabbits, Pharm. Res. 13 (1996) 301–304.

[31] J.C. Hempel, F. Poppelaars, M. Gaya da Costa, et al., Distinct in vitro complement
activation by various intravenous iron preparations, Am. J. Nephrol. 45 (2017)
49–59.

[32] M.A. Riedl, A.M. Casillas, Adverse drug reactions: types and treatment options, Am.
Fam. Physician 68 (2003) 1781–1790.

[33] F. Wölbing, J. Fischer, M. Köberle, et al., About the role and underlying mechanisms
of cofactors in anaphylaxis, Allergy 68 (2013) 1085–1092.

[34] R. Muñoz-Cano, M. Pascal, G. Araujo, et al., Mechanisms, cofactors, and aug-
menting factors involved in anaphylaxis, Front. Immunol. 8 (2017) 1193.

[35] K. Brockow, D. Kneissl, L. Valentini, et al., Using a gluten oral food challenge
protocol to improve diagnosis of wheat-dependent exercise-induced anaphylaxis, J.
Allergy Clin. Immunol. 135 (2015) 977–84 e4.

[36] C.A. Akdis, T. Blesken, M. Akdis, et al., Role of interleukin 10 in specific im-
munotherapy, J. Clin. Invest. 102 (1998) 98–106.

[37] L. Bergamaschini, T. Santangelo, A. Faricciotti, et al., Study of complement-medi-
ated anaphylaxis in humans. The role of IgG subclasses (IgG1 and/or IgG4) in the
complement-activating capacity of immune complexes, J. Immunol. 156 (1996)
1256–1261.

[38] K. Brockow, S. Schallmayer, K. Beyer, et al., Effects of a structured educational
intervention on knowledge and emergency management in patients at risk for
anaphylaxis, Allergy 70 (2015) 227–235.

[39] S.M. Salter, S. Vale, F.M. Sanfilippo, et al., Long-term effectiveness of online ana-
phylaxis education for pharmacists, Am. J. Pharm. Educ. 78 (2014).

[40] G.J. Sturm, E.M. Varga, G. Roberts, et al., EAACI guidelines on allergen im-
munotherapy: Hymenoptera venom allergy, Allergy 73 (2018) 744–764.

[41] A. Trautmann, D. Anders, J. Stoevesandt, H1-antihistamine premedication in
NSAID-associated urticaria, J. Allergy Clin. Immunol. Pract. 4 (2016) 1205–1212.

[42] A. Reimers, Y. Hari, U. Muller, Reduction of side-effects from ultrarush im-
munotherapy with honeybee venom by pretreatment with fexofenadine: a double-
blind, placebo-controlled trial, Allergy 55 (2000) 484–488.

[43] E. Berchtold, R. Maibach, U. Muller, Reduction of side effects from rush-im-
munotherapy with honey bee venom by pretreatment with terfenadine, Clin. Exp.
Allergy 22 (1992) 59–65.

[44] A. Muraro, G. Roberts, M. Worm, et al., Anaphylaxis: guidelines from the european
academy of allergy and clinical immunology, Allergy 69 (2014) 1026–1045.

[45] J. Ring, Anaphylactoid reactions to plasma substitutes, Int. Anesthesiol. Clin. 23
(1985) 67–95.

[46] S.G.A. Brown, Clinical features and severity grading of anaphylaxis, J. Allergy Clin.
Immunol. 114 (2004) 371–376.

[47] E. Pérez-Rodríguez, J.A. Martínez-Tadeo, N. Pérez-Rodríguez, et al., Outcome of
490 desensitizations to chemotherapy drugs with a rapid one-solution protocol, J.
Allergy Clin. Immunol. Pract. 6 (2018) 1621–1627 (e6).

O. Hausmann, et al. Molecular Genetics and Metabolism 128 (2019) 84–91

91

http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0085
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0090
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0090
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0090
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0095
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0095
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0095
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0095
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761079s000
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/761079s000
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0105
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0105
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0105
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0110
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0110
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0110
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0115
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0115
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0115
https://doi.org/10.1038/s41436-018-0403-z
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0125
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0125
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0125
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0130
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0130
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0130
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0130
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0135
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0135
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0135
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0140
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0140
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0140
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0140
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0145
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0145
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0145
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0150
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0150
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0150
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0155
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0155
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0155
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0160
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0160
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0165
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0165
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0170
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0170
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0175
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0175
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0175
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0180
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0180
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0185
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0185
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0185
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0185
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0190
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0190
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0190
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0195
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0195
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0200
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0200
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0205
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0205
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0210
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0210
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0210
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0215
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0215
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0215
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0220
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0220
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0225
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0225
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0230
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0230
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0235
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0235
http://refhub.elsevier.com/S1096-7192(19)30216-1/rf0235

	Pegvaliase: Immunological profile and recommendations for the clinical management of hypersensitivity reactions in patients with phenylketonuria treated with this enzyme substitution therapy
	Introduction
	Objectives
	Phenylketonuria (PKU)
	Pegvaliase
	Background
	Efficacy of pegvaliase
	Immunogenicity of pegvaliase and impact on pharmacokinetics, safety, and efficacy


	Methods
	Results
	Potential mechanism of HAEs observed with pegvaliase
	Clinical management of HAEs of pegvaliase
	Endorsement of the measures used for clinical management of HAEs and additional recommendations
	Induction, titration, and maintenance dosing schedule
	Risk mitigation strategies
	Management of injection site reactions
	Management of arthralgia
	Management of ASHRs
	Treatment interruption after a HAE
	Redosing pegvaliase after a long interruption
	Safety of pegvaliase with long-term use


	Conclusions and future directions
	Financial disclosures
	Acknowledgments
	mk:H1_25
	Funding
	mk:H1_27
	Supplementary data
	References




