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Abbreviations used

COVID-19: Coronavirus disease 2019

IDT: Intradermal test

mRNA: Messenger RNA

PEG: Polyethylene glycol

PEGylated: Covalently conjugated with PEG

SPT: Skin prick test
Background: Polyethylene glycol (PEG) is a nonprotein
polymer that is present in its native (unbound) form as an
excipient in a range of products. It is increasingly being utilized
clinically in the form of PEGylated liposomal medications and
vaccines. PEG is the cause of anaphylaxis in a small percentage
of drug reactions; however, diagnosis of PEG allergy is
complicated by the variable and poor diagnostic performance of
current skin testing protocols.
Objective: We assessed the diagnostic performance of
PEGylated lipid medications as an alternative to currently
described tests that use medications containing PEG excipients.
Methods: Nine patients with a strong history of PEG allergy
were evaluated by skin testing with a panel of PEG-containing
medications and with a PEGylated lipid nanoparticle vaccine
(BNT162b2). Reactivity of basophils to unbound and liposomal
PEG was assessed ex vivo, and specificity of basophil responses
to PEGylated liposomes was investigated with a competitive
inhibition assay. More detailed information is provided in this
article’s Methods section in the Online Repository available at
www.jacionline.org.
Results: Despite compelling histories of anaphylaxis to PEG-
containing medications, only 2 (22%) of 9 patients were skin test
positive for purified PEG or their index reaction-indicated
PEG-containing compound. Conversely, all 9 patients were skin
test positive or basophil activation test positive to PEGylated
liposomal BNT162b2 vaccine. Concordantly, PEGylated
liposomal drugs (BNT162b2 vaccine and PEGylated liposomal
doxorubicin), but not purified PEG2000, consistently induced
basophil activation ex vivo in patients with PEG allergy but not
in nonallergic controls. Basophil reactivity to PEGylated
nanoparticles competitively inhibited by preincubation of
basophils with native PEG2000.
Conclusion: Presentation of PEG on the surface of a lipid
nanoparticle increases its in vivo and ex vivo allergenicity, and
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improves diagnosis of PEG allergy. (J Allergy Clin Immunol
2024;154:503-7.)
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INTRODUCTION
Investigation of allergy to polyethylene glycol (PEG) is problem-

atic due to variability in outcome of traditional allergy testing
approaches. Skin testingwith PEG and PEG-containingmedications
may yield negative results in patients who previously tested positive
by skin test or oral challenge,1,2 and diagnosis is therefore oftenmade
on the basis of allergic history. PEG allergy has recently entered the
spotlight with the development of messenger RNA (mRNA)-plat-
form vaccines, in which PEG is a likely allergenic component in pa-
tients with allergic reactions to vaccination.3

PEG is a flexible, water-soluble polymer and, in most PEG-
containing medications, it is used in its native (unbound/non-
liposomal) state as an excipient to improve the water solubility of
hydrophobic components (or as macrogol, the active ingredient in
oral laxatives like MiraLax, which are >95% PEG). However,
PEG may also be covalently conjugated to the surface of proteins
or lipid nanoparticles to improve pharmacologic properties and
reduce renal clearance.4 This is the case for the mRNA coronavi-
rus disease 2019 (COVID-19) vaccines, as well as for medications
such as PEGylated liposomal doxorubicin that are licensed for
cancer therapy; in this context, PEGylation further prevents nano-
particle aggregation by improving water solubility, and it reduces
immune activation and opsonization.4

Previously, we reported allergologic assessment of 3 individ-
uals with PEG allergy and described a peculiar phenomenon:
patients’ basophils were strongly reactive to PEGylated liposomal
medications (BNT162b2 vaccine and PEGylated liposomal
doxorubicin) but were nonresponsive to native PEG at a wide
range of concentrations and molecular weights.3 Here we investi-
gate this phenomenon from the perspective of improving
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TABLE I. Patient characteristics

Patient

no.

Age

(years) Sex Sentinel reaction

Time since

last reaction Organ involvement

Anaphylaxis

(Brown grade) Previous test results

1 52 F Macrogol (PEG3350) 18 months Cutaneous, cardiovascular 3 Positive SPT to macrogol 3350

2 22 F Macrogol (PEG3350) 4 months cutaneous, respiratory 1-2 None

3 55 M Macrogol (PEG3350) 2 months Cutaneous, gastrointestinal,

cardiovascular

3 Positive SPT to macrogol 3350

4 51 F Macrogol (PEG3350) 22 months Cutaneous, respiratory 1-2 Negative SPT to macrogol 3350

5 38 F Macrogol (PEG3350) 3 months Respiratory 1-2 Negative SPT to macrogol 3350,

PEG200, 400, 600, 2000, 4000, 6000;

positive oral challenge to macrogol 3350

(cutaneous, respiratory)

6 33 F Methylprednisolone

acetate (PEG3350)

5 years Cutaneous, respiratory,

cardiovascular

3 SPT positive to macrogol 3350; SPT

negative to methylprednisolone acetate

7 54 F Macrogol (PEG3350) 3 months Cutaneous 1 None

8 57 F Methylprednisolone

acetate (PEG3350)

14 years Cutaneous, respiratory 2 None

9 36 F Macrogol (PEG3350) 2 months Cutaneous 1 None

TABLE II. Detailed allergy test outcomes

Patient

no.

SPT IDT Basophil activation test

BNT

162b2

Macrogol

3350

Methylprednisolone

acetate PEG200 PEG400 PEG600 PEG2000 PEG6000 BNT162b2

Macrogol

3350

Methylprednisolone

acetate BNT162b2

PEGylated

liposomal

doxorubicin PEG2000

1 2 1 n/a n/a n/a n/a n/a n/a 1 (1:100) 1 (1:10) 1 (1:100) 1 (1:200) 1 (1:200) 2 (5 mg/mL)

2 2 2 2 2 n/a n/a 2 2 1 (1:100) 2 (1:10) 2 (1:10) 1 (1:2000) 1 (1:2000) 2 (5 mg/mL)

3 2 2 2 n/a n/a n/a n/a n/a 1 (1:100) 2 (1:10) 2 (1:10) 1 (1:2000) 1 (1:2000) 2 (5 mg/mL)

4 2 2 2 2 2 2 2 2 1 (1:100) 2 (1:10) n/a 1 (1:200) 1 (1:200) 2 (5 mg/mL)

5 2 2 2 2 n/a n/a 2 2 1 (1:100) 2 (1:10) 2 (1:10) 1 (1:200) 1 (1:200) 2 (5 mg/mL)

6 2 1 1 2 2 2 2 2 1 (1:100) n/a n/a 1 (1:2000) 1 (1:2000) 2 (5 mg/mL)

7 2 2 2 2 n/a 2 2 2 Equivocal

(1:10)

2 (1:10) 2 (1:10) 1 (1:2000) 1 (1:200) 2 (5 mg/mL)

8 2 2 2 2 2 2 2 2 1 (1:100) 2 (1:10) 2 (1:100) 1 (1:2000) 1 (1:2000) 2 (5 mg/mL)

9 2 2 2 2 2 2 2 2 1 (1:10) 2 (1:10) 2 (1:100) 1 (1:2000) 1 (1:200) 2 (5 mg/mL)

Details of skin and basophil testing protocols are available in the Methods section in the Online Repository available at www.jacionline.org. SPT was performed using undiluted

reagents (BNT162b2, 100 mg/mL; macrogol 3350, 100 mg/mL; methylprednisolone acetate, 40 mg/mL; purified PEG200-6000, 100 mg/mL). Intradermal testing was performed

using dilutions of 1:100, then 1:10 (if negative at 1:100); minimum dilution tested is indicated in parentheses. Methylprednisolone acetate (contains PEG3350) and

methylprednisolone succinate (does not contain PEG) were tested concurrently to control for reaction to non-PEG components. Basophil testing was performed for dilutions of

BNT162b2 (1:10, 1:20, 1:200, 1:2000), PEGylated liposomal doxorubicin (1:200, 1:2000), and purified PEG2000 (5000 mg/mL, 50 mg/mL, 0.5 mg/mL, 0.005 mg/mL). Minimum

dilution achieving 10% basophil activation (CD63 expression) is indicated in parentheses.
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diagnosis of PEG allergy in an extended cohort of 9 patients;
importantly, we confirm that basophil reactivity to PEGylated li-
posomes is PEG specific.
RESULTS AND DISCUSSION
We report data of 9 patients who were previously diagnosed

with PEG allergy with a definitive history of anaphylaxis to
PEG-containing medications. Results of past allergy testing were
varied: 3 patients previously returned a positive skin test to
PEG-containing medications, 1 returned a negative skin test but
positive drug provocation test during the same visit, 1 returned a
negative skin test without further investigation, and 4 had not
undergone formal allergy testing (Table I). Patients were evalu-
ated with a standardized skin testing protocol, reported previ-
ously,5 which includes PEG solutions of varying molecular
weight and PEG-containing medications, as well as the PEGy-
lated liposomal BNT162b2 vaccine. In all cases, sentinel reac-
tions were to either to macrogol (PEG3350; 7 of 9) or
intramuscular methylprednisolone acetate (contains PEG3350;
2 of 9) (Table I).
On testing, 2 (22%) of 9 patients were skin prick test (SPT)
positive to PEG-containing medications (Table II). Further in-
tradermal testing (IDT) with methylprednisolone acetate (con-
tains PEG3350) did not identify PEG reactivity in any
additional patients (Table II). Results were concordant with pre-
vious skin test outcomes for 4 of 5 patients with prior testing; a
single patient who was previously positive became negative.
The patient who had undergone oral challenge with macrogol
3 month before, which produced widespread urticaria, remained
SPT negative, highlighting the inconsistency between skin test
outcome and patient response to ingestion or intramuscular in-
jection of PEG.

It has previously been suggested that skin testing may be
improved with the use of higher-molecular-weight PEG.6 While
we did not have access to molecular weights as high as
PEG20,000, 6 of 7 patients with skin test negative results under-
went further skin prick testing with PEGmolecules of a molecular
weight greater than that of their index reaction (PEG6000). This
did not identify PEG reactivity in any additional patients (Table
II). Thus, comprehensive testing with medications containing
native PEG (which in all cases included the patient’s index
reaction–indicated compound) returned positive results for only

http://www.jacionline.org


TABLE III. Summary of allergy testing outcomes

Patient no.

Outcome of SPT/IDT Outcome of basophil activation test

Standard protocol PEGylated liposome (BNT162b2 vaccine) Native PEG2000 PEGylated liposome (BNT162b2 and Dox)

1 1 1 2 1
2 2 1 2 1
3 2 1 2 1
4 2 1 2 1
5 2 1 2 1
6 1 1 2 1
7 2 Equivocal 2 1
8 2 1 2 1
9 2 1 2 1
n/N (%) 2/9 (22) 8/9 (89) 0/9 (0) 9/9 (100)

Details of skin and basophil testing protocols are available in the Methods section in the Online Repository available at www.jacionline.org. Skin testing was performed with

medications containing native PEG (standard protocol) and PEGylated liposomal BNT162b2 vaccine (Table II). Basophil testing was performed with purified PEG2000 (0.005-

5000 mg/mL), BNT162b2 (1:10, 1:20, 1:200, 1:2000), and PEGylated liposomal Dox (1:200, 1:2000), and was positivity defined as >10% basophil activation. Dox, Doxorubicin.

FIG 1. Basophil reactivity to PEGylated liposomal BNT162b2 vaccine is PEG specific. (A) Basophils from pa-

tients with PEG allergy, but not nonallergic controls, are reactive to BNT162b2 PEGylated lipid nanopar-

ticles. Asterisks denote significant difference between nonallergic and PEG allergic data sets. (B)

Preincubating whole blood with PEG2000 competitively inhibits basophil reactivity to BNT162b2 PEGylated

lipid nanoparticles (1:20) but not anti-IgE (positive control, 1 mg/mL) in 5 individuals with PEG allergy. Data

are presented as percentage basophil activation relative to uninhibited (without PEG2000) condition; aster-
isks denote significant changes relative to uninhibited condition (only shown for BNT162b2-stimulated

samples). Statistical significance by 2-way ANOVA (A) and repeated measures 1-way ANOVA with correc-

tion for multiple comparisons (B): ****P < .0001, *P < .05; ns, nonsignificant.
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2 of 9 patients. In contrast, IDT to the BNT162b2 vaccine was
positive in 8 of 9 patients and equivocal in the remaining patient
(Table III).

Reactivity to liposomal PEG but not native PEG was also
observed ex vivo. All patients (including the patient with an equiv-
ocal IDT outcome) demonstrated unambiguous, dose-dependent
basophil reactivity to BNT162b2, but not to native PEG2000
(the same molecular weight of PEG that is contained within the
BNT162b2 vaccine) (Table II, Fig 1, A). The maximal reactivity
(highest percentage basophil activation observed) to BNT162b2
(median, 70.2; range, 29.71-89.2) was comparable to that of poly-
clonal anti-IgE (median, 65.6; range, 25.3-79.8). This magnitude
of response is equivalent to that which is observed for protein
allergens in highly sensitized individuals.7 All patients also
demonstrated basophil activation of >10% to PEGylated lipo-
somal doxorubicin at a dilution of 1:2000 or 1:200 (Table II). No
basophil reactivity to BNT162b2 was observed for nonallergic
controls (n 5 3; Fig 1, A).

To confirm that basophil reactivity to PEGylated lipid nano-
particles is dependent on specific recognition of PEG, we
performed a competitive inhibition assay. Patients’ basophils
(n 5 5) were stimulated with BNT162b2 at a dilution of 1:20,
alone or with increasing concentrations of unbound PEG2000.
Preincubation of whole blood with PEG2000 resulted in dose-
dependent inhibition of basophil reactivity to BNT162b2 (Fig 1,
B). This was not a general effect of high concentration PEG on

http://www.jacionline.org
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basophil activation because PEG2000 did not impair basophil
activation in response to polyclonal anti-IgE (Fig 1, B). Rather,
we propose that native PEG is bound by IgE on the surface of
sensitized basophils, thereby competitively blocking interaction
with PEGylated liposomes, but it is unable to effectively induce
cross-linking of high-affinity IgE receptors (FcεRI) required for
signal transduction and basophil activation. This builds on a
recent study by Ieven et al, which neatly demonstrated that baso-
phils from nonallergic donors could be sensitized to BNT162b2 in
vitro by passive transfer of IgE from the sera of patients with PEG
allergy, and that this transfer was abrogated if the sera were first
blocked with native PEG.8

These data, taken together, demonstrate that the poor capacity
of unbound PEG to induce a hypersensitivity response in vivo
and ex vivo is overcome by presentation of PEG on the surface
of a lipid nanoparticle. This increased in vivo reactivity to lipo-
somal PEG raises several interesting questions. Do PEGylated
liposomal drugs result in a greater risk or severity of anaphy-
laxis for people with PEG hypersensitivity? All patients in
this study received alternative COVID-19 vaccines that do not
contain PEG, so we are unable to address this question. Howev-
er, Ieven et al reported graded BNT162b2 vaccine challenge of
6 patients with PEG allergy, which was well tolerated and
immunogenic.8 The mechanism underlying this effect is also
of interest. One possibility is that the nanoparticle structure al-
ters interepitope arrangement and/or rigidity, factors that have
previously been described to influence productive cross-
linking of IgE on the basophil surface, particularly for low-
affinity antigens.9,10 Manipulation of these properties using
different types of scaffolds has previously been shown to
improve basophil reactivity to poorly allergenic antibiotic aller-
gens.11,12 Finally, do similar alterations in PEG occur in vivo on
ingestion or intramuscular injection that lead to anaphylaxis in
patients who do not show reactivity by skin test?

Of immediate clinical relevance, we find that utilizing PEGy-
lated liposomal medications in the diagnostic assessment of
patients with suspected PEG allergy, by skin testing or basophil
activation testing, may greatly improve positive predictive power
relative to medications containing native PEG. Similar ap-
proaches are being tested in other centers with access to
PEGylated liposomal medications.13 The development and vali-
dation of an inert PEGylated liposome for skin testing will be
of interest going forward, and larger studies will be needed to
accurately calculate the effect of this approach on the sensitivity
and specificity of PEG allergy testing.
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Key messages

d Outcomes of allergy testing with PEG-containing medica-
tions are inconsistent because native PEG is a poor
inducer of effector cell degranulation.

d Presentation of PEG on the lipid nanoparticle surface in-
creases its ex vivo and in vivo allergenicity.

d Utilizing PEGylated liposomes in the assessment of pa-
tients with PEG allergy may reduce falsely negative
outcomes.
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METHODS
The study was approved by the local institutional human

research ethics committee, and patients provided written
informed consent. Nine patients known to our clinic, who were
previously diagnosed with PEG allergy on the basis of compelling
history of anaphylaxis, skin testing, and/or drug provocation
testing, underwent allergy testing with a previously published
standardized protocol of SPTand IDT.5 SPTwas performed using
the single-lancet technique. Histamine (1 mg/mL) and normal sa-
line were used as positive and negative controls, respectively.
Measurements for SPT were taken at 15 minutes and for IDT at
20 minutes by trained allergy nursing staff.

Patients were tested against macrogol (PEG3350, 100mg/mL),
methylprednisolone acetate (40 mg/mL, contains PEG3350),
methyl-prednisolone succinate (40 mg/mL, control; does not
contain PEG), and BNT162b2 vaccine (100 mg/mL, PEGylated
with PEG2000). Patients with a negative SPToutcome proceeded
to IDT at a dilution of 1:100, and then 1:10 if negative.

Basophil reactivity was assessed by flow cytometry performed
using an established in-house assay.6 Heparinized whole blood
was primed with IL-3 (2 ng/mL) for 10 minutes, then stimulated
for 20 minutes at 378C with purified PEG2000, BNT162b2 vac-
cine (Pfizer, East New York, NY) diluted 1:10, 1:20, 1:200 and
1:2000 in phosphate-buffered saline (PBS), or PEGylated lipo-
somal doxorubicin (Baxter, Deerfield, Ill) diluted 1:200 and
1:2000 in PBS. The 1:10 and 1:20 dilutions of PEGylated lipo-
somal doxorubicin were not tested because of interference of
the drug’s autofluorescence with the flow cytometry analysis at
higher concentrations. Polyclonal goat anti-human IgE (Sigma-
Aldrich, St Louis, Mo) and PBS were used as positive and nega-
tive controls, respectively. For inhibition experiments, PEG2000
was added at a wide range of concentrations (0.05-5000 mg/
mL) to tubes 10 minutes before stimulation with BNT162b2 (at
a 1:20 final concentration) or polyclonal anti-IgE (at a 1 mg/mL
final concentration). After incubation, basophil degranulation
was stopped by chilling blood for 5 minutes on ice. Cells were
stained for 15 minutes with CD45:APC-H7, CD123:PE-CY5,
HLA-DR:PE-Cy7, and CD63:PE (BD Biosciences, San Jose,
Calif). Erythrocytes were lysed. Basophils were gated as
SSCloCD451CD1231HLA-DR2, and basophil activation was
measured as percentage of basophils that upregulate CD63
expression above the CD63:PE fluorescence minus one (aka
FMO) control. Samples were acquired on a FACSCanto II device
(BD Biosciences) and were analyzed by FCS Express 6 (De Novo
Software, Pasadena, Calif). A positive test result was defined as
>10% CD63 positive.
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