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ABSTRACT

A small fraction of recipients who receive polyethylene-glycol (PEG)-containing COVID-19 mRNA-LNP
vaccines (Comirnaty and Spikevax) develop hypersensitivity reactions (HSRs) or anaphylaxis. A causal
role of anti-PEG antibodies (Abs) has been proposed, but not yet been proven in humans. We used
ELISA for serial measurements of SARS-CoV-2 neutralizing Ab (anti-S) and anti-PEG IgG/IgM Ab levels
before and after the first and subsequent booster vaccinations with mRNA-LNP vaccines in a total of
291 blood donors. The HSRs in 15 subjects were graded and correlated with anti-PEG IgG/IgM, just as
the anti-S and anti-PEG Ab levels with each other. The impacts of gender, allergy, mastocytosis and
use of cosmetics were also analyzed. Serial testing of two or more plasma samples showed substantial
individual variation of anti-S Ab levels after repeated vaccinations, just as the levels of anti-PEG IgG
and IgM, which were over baseline in 98-99 % of unvaccinated individuals. About 3-4 % of subjects in
the strongly left-skewed distribution had 15-45-fold higher values than the median, referred to as
anti-PEG Ab supercarriers. Both vaccines caused significant rises of anti-PEG IgG/IgM with >10-fold rises
in about ~10% of Comirnaty, and all Spikevax recipients. The anti-PEG IgG and/or IgM levels in the 15
vaccine reactors (3 anaphylaxis) were significantly higher compared to nonreactors. Serial testing of

gfg:lemem plasma showed significant correlation between the booster injection-induced rises of anti-S and anti-
. PEG IgGs, suggesting coupled anti-S and anti-PEG immunogenicity. Conclusions: The small percentage

Anti-PEG IgG . . . . .

IgM of people who have extreme levels of anti-PEG Ab in their blood may be at increased risk for HSRs/ana-
phylaxis to PEGylated vaccines and other PEGylated injectables. This risk might be further increased by
the anti-PEG immunogenicity of these vaccines. Screening for anti-PEG Ab “supercarriers” may help pre-
dicting reactors and thus preventing these adverse phenomena.

© 2023 Elsevier Ltd. All rights reserved.
1. Introduction
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vaccines (Comirnaty and Spikevax) in reducing death or severe ill-
ness from SARS-CoV-2 infections is well recognized. However, as
with all vaccinations, these vaccines may also have side effects in
some people [1]. One of them is an allergic reaction, also known

Please cite this article as: G.T. Kozma, T. Mészaros, P. Berényi et al., Role of anti-polyethylene glycol (PEG) antibodies in the allergic reactions to PEG-con-
taining Covid-19 vaccines: Evidence for immunogenicity of PEG, Vaccine, https://doi.org/10.1016/j.vaccine.2023.06.009



https://doi.org/10.1016/j.vaccine.2023.06.009
mailto:szebeni.janos@med.semmelweis-univ.hu
mailto:jszebeni2@gmail.com
mailto:jszebeni2@gmail.com
https://doi.org/10.1016/j.vaccine.2023.06.009
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
https://doi.org/10.1016/j.vaccine.2023.06.009

G.T. Kozma, T. Mészdros, P. Berényi et al.

as a hypersensitivity reaction (HSR), whose most severe manifesta-
tion is anaphylaxis. Such anaphylactic reactions are rare and
mostly controllable with epinephrine and other means of first
aid. However, there are still life-threatening anaphylaxis cases,
which is a major problem for severely allergic people [2-18]. Most
recently, the manufacturer of Comirnaty lists these reactions
prominently among the vaccine’s adverse effects [19].

Since the mRNA-LNP vaccines include polyethylene glycol (PEG)
as an excipient, allergy to PEG has been an obvious explanation for
the anaphylaxis. However, it has been found that the overwhelm-
ing majority of these reactions are not IgE-mediated classic type I
allergies against PEG [2-15,17,20], leaving the underlying cause
unclear. Among the studies addressing this puzzle, the possible
causal role of anti-PEG antibodies (Abs) was raised by many
authors [6,13,14,16,17,20-22], but conclusive experimental or
clinical evidence has not been presented to date.

Most recently, anti-PEG Abs have been reported in studies
reporting their rise in Spikevax-vaccinated people [23,24] and in
rats immunized with PEGylated LNPs [25]. These data attest to
the inducibility of these Abs by mRNA-LNP vaccines, while other
studies highlight their specific binding to PEG on the surface of
LNPs or liposomes, causing complement-mediated structural dam-
age [26,27] or accelerated blood clearance (ABC) [25,28,29], with
concomitant loss of vaccine efficacy [30,31]. Elevated levels of
anti-PEG Abs that can contribute to HSRs were previously shown
in clinical trials with the PEGylated protein, urate oxidase [30,31]
the PEGylated RNA aptamer, Pegnivacogin [32,33] and most
recently with PEGylated-granulocyte colony-stimulating factor
(PEG-G-CSF) [34]. In animals, we have described lethal anaphylaxis
caused by PEGylated liposomes in anti-PEG immunized pigs [35].

Based on these data, we hypothesized that a contributing factor
to the occasional anaphylactic reactivity of mRNA-LNP vaccines
could be high levels of anti-PEG IgG and/or IgM Abs. Accordingly,
we measured the plasma levels of these Abs in people reporting
HSRs after vaccinations with mRNA-LNP vaccines, as well as in
nonreactor recipients of Comirnaty and Spikevax, before and after
one or multiple vaccinations. We also compared the postvaccina-
tion anti-PEG Ab levels with the pre-vaccination values in both
vaccine groups to explore anti-PEG immunogenicity, and corre-
lated the SARS-CoV-2 neutralizing and anti-PEG Ab levels to
explore possible joint immunogenicity.

2. Materials and methods
2.1. Study population

The volunteers for blood sample donations were between
8 months and 85 years of age from both sexes and were vaccinated
once or several times with combinations of mRNA (Comirnaty or

Spikevax) and/or other vaccines, including Astra Zeneca, Jansen,
Sputnik, and Sinopharm. A total of 291 volunteers could be

Table 1

Vaccine xxx (Xxxx) xxx

grouped, according to their immune status, to 1) “non-allergic”,
2) “allergic” and 3) “mastocytosis” subjects. The participant num-
ber and distinguishing features of these groups are specified in
Table 1.

Yet another grouping of blood donors considered the timing of
blood withdrawal relative to their vaccination. Notably, 1) people
who gave blood without Covid-19 vaccination (for exploring their
anti-S antibody level as a sign of infection), 2) people who gave
their blood both before and after vaccination with an any COVID-
19 vaccine; and 3) those, who undertook the measurements only
after their vaccination.

It should be noted that not all subjects were analyzed for all
parameters, and some special conditions, e.g., steroid of cytostatic
treatment, excluded people from certain assays despite being non-
allergic and free from Covid-19.

In the column “Allergy status”, “Non-allergic” people did not
reveal any major allergy in their life. The “allergic” group included
people who displayed transient or persistent allergy to, among
others, dust mite, mold, cat hair, foods, numerous pollen types,
chemicals, drugs, or cosmetics. The “mastocytosis” group included
only women who were diagnosed with the disease and had vari-
able degrees of systemic and cutaneous symptoms (e.g., fatigue,
watery stool, osteoporosis, bone and joint pain, hypotension,
bradycardia, hyperventilation, asphyxia, coma, generalized erup-
tion of erythematous macules, papules and plaques with variable
amounts of brown pigment) with or without elevated blood tryp-
tase. In particular, 1 participant had cutaneous symptoms only in
the past, 2 had weak, and 1 strong cutaneous symptoms along with
elevated blood tryptase levels. Three subjects had systemic symp-
toms occasionally with (2 subjects) or without (1 subject) weak
cutaneous symptoms, and another 4 had severe systemic and cuta-
neous manifestations at the same time.

All participants or parents of minors filled out a consent form
and questionnaire asking about their age, medical and vaccination
history, cosmetic use, and symptoms of HSRs, if they had experi-
enced them after Covid-19 vaccination. The study was approved
by the Scientific and Research Ethics Committee of the Hungarian
Medical Research Council (52685-6/2022/EUIG) and, for Miskolc
University, BORS-02/2021.

2.2. Materials

The Covid-19 vaccines were administered to the study partici-
pants at official vaccination sites. The ELISA kits for measuring
SARS-CoV-2 neutralization antibody (TE 1076) were from
TECOMedical AG, Sissach, Switzerland. Dulbecco’s phosphate-
buffered saline (PBS) without Ca™*/Mg"™, 3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate hydrate (CHAPS), bovine
serum albumin, Tween-20 and peroxidase-labeled goat polyclonal
anti-human IgG and IgM were from Sigma Chemical Co. (St. Louis,
MO, USA).

Numbers of study participant grouped by their immune status and sample collection time relative to vaccination.

Sample collection relative to vaccination

Allergy status No vaccination pre + post Only post All
M F F M F

Non-allergic 29 37 8 8 66 84 232

Allergic 3 16 1 5 8 15 48

Mastocytosis* 0 11 0 0 0 0 11

total 32 64 9 13 74 99 291

All 96 22 173

Abbreviations: M, male; F, female; “No vaccination”, donors who were not vaccinated any COVID-19 vaccine vaccine; “Pre + post”, people gave blood both before and after
vaccination with an mRNA-LNP vaccine; “Only post”, people who gave blood only after vaccination with an any COVID-19 vaccine.

2
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2.3. Blood samples

Blood was collected into EDTA vacutainers, and the plasma was
separated by centrifugation and then stored in aliquots at —80 °C
until the various assays were performed. We also obtained samples
from vaccine reactors from other health care facilities, transported
on dry ice.

2.4. Antibody tests

Plasma levels of SARS-CoV-2 neutralization Ab, specific against
the receptor binding region of viral spike protein (anti-S) [36,37],
were measured with an ELISA kit provided by TECOmedical AG.
(Sissach, Switzerland, Catalog No. TE 1076). Serial measurements
of blood anti-PEG IgM and IgG levels were performed with ELISA
as described earlier [35,38,39].

Briefly, Polysorp (Nunc) plates were coated with DSPE-PEG-
2000 overnight at 4 °C, followed by blocking of the wells with
PBS/0.05% Tween-20 (or, for IgG, 0.05% CHAPS) + 2% bovine serum
albumin (BSA) at 37 °C for 1.5 h. Before blocking, wells were
washed three times with wash buffer containing PBS/0.05%
Tween-20 (or 0.05% CHAPS) for 1 min. Plasma samples, as well
as humanized recombinant anti-PEG IgG, or IgM (Institute of
Biomedical Sciences, Academia Sinica), used as reference stan-
dards, were diluted in the wash buffer supplemented with 1%
BSA, and incubated in the wells for 1.5 h at 37 °C, with slow shak-
ing. Wells were washed five times with wash buffer for 1 min. After
staining with HRP-conjugated anti-human IgM (Sigma) or IgG
(Sigma) for 1 h, wells were washed again five times with wash buf-
fer as mentioned. The Abs were stained by incubation for 15 min
with substrate solution (Neogen) containing 3,3',5,5'-tetramethyl
benzidine (TMB) and hydrogen peroxide. The reaction was stopped
with 2 N H,S04, and A4s0 was read with a Fluostar Omega 96-well
plate reader (BMG Labtech, Ortenberg, Germany).

2.5. Statistical analysis

The applied approaches, specified in the figure legends,
included descriptive statistics, 2-tailed t-test on logarithmic trans-
formed data, checking the normality of distribution by Shapiro-
Wilk test, one-way ANOVA followed by Dunnett test, Wilcoxon
signed rank test of normalized data and correlation analysis to test
linear relationship between two variables.

3. Results

3.1. Plasma anti-PEG IgG and IgM levels before vaccination: impact of
age, sex, cosmetic use, mastocytosis, and seasonal and chronic allergies

We found detectable levels of anti-PEG IgG in 98%, and anti-
PEG IgM in 99% of unvaccinated blood donors, whose highly
left-skewed distributions are shown in Fig. 1A and B, respec-
tively. The data showed log-normal distribution with consider-
able, 5-6 orders of magnitude span between the lowest and
highest values in case of both Ab classes, with 4-5 substantially
high values (15-45-fold higher than the respective median) in
both groups. We refer to this 3-4% of people as “anti-PEG Ab
supercarriers”.

Table 2 lists the main statistical parameters derived from the
anti-PEG Ab levels in men and women, revealing significantly
higher median of original and mean of logarithmic transformed
data in women compared to men.

Table 2 also shows that the pre-vaccination level anti-PEG
IgM was significantly higher in women compared to men.
Questioning about cosmetic use revealed that 1/3 of men were

Vaccine xxx (Xxxx) XXx

frequent cosmetic users versus >3/4 of women (Fig. 2A), and
the plasma level of anti-PEG IgM was significantly higher in fre-
quent cosmetic users compared to rare users (Fig. 2C). Thus, the
higher anti-PEG IgM in women can be explained, at least in
part, by frequent use of cosmetics. Our data also suggested
higher anti-PEG IgG levels in those donors who suffered from
persistent allergies due to dust mites, mold, cat hair, foods,
numerous pollen type, chemicals, drugs, or cosmetics (data
not shown).

Correlating the anti-PEG IgG or IgM levels with age showed
no significant correlation (data not shown), and surprisingly,
we found relatively high anti-PEG IgG (36 pg(eq)/mL) and IgM
(401 ng(eq)/mL) even in a baby less than one year old. Eight
children in the 6-11 year-old range also displayed high values
(median of anti-PEG IgG and IgM were 27 pg(eq)/mL and
56 ng(eq)/mL, respectively). We have also analyzed the relative
changes of anti-PEG-IgG and IgM levels in the blood of 6 people
in whom at least 2 measurements were available at different
time intervals before vaccination (different symbols in Fig. 3A).
Expressing the relative changes of the 2nd sample to the first
as a ratio showed substantial variation of anti-PEG IgM over
time, while the anti-PEG IgG remained relatively constant in
the same individual regardless of time and baseline anti-PEG
IgG value (Fig. 3A). This suggests that screening of people for
anti-PEG IgG levels provides a better long-term estimate of their
anti-PEG Ab status, while the level of anti-PEG IgM may rather
reflect the actual level of immunization. Plotting all pre- and
postimmunization anti-PEG IgG to IgM levels against each other
in the same individuals also showed substantial individual vari-
ation without statistical correlation (Fig. 3B), implying different
mechanisms of these anti-PEG Abs’ formation. Notably, 3 of 4
extreme values on the anti-PEG IgG and IgM axes were from
people with allergies or mastocytosis, raising the possibility of
increased propensity towards abnormal isotype switching in
them. Fig. 3C and D compares the pre-vaccination anti-PEG IgG
(C) and IgM (D) levels in healthy, mastocytic, allergic, and persis-
tent allergic people (to dust mite, dog hair and mold), suggesting
significant elevation of only anti-PEG Ig in the persistent allergy
group (Fig. 3C).

3.2. Plasma anti-PEG IgG and IgM levels after vaccination with
Comirnaty, Spikevax and other vaccines

Fig. 4A and B show the individual and median anti-PEG IgG and
IgM levels after vaccination with mRNA vaccines as well as other,
PEG-free Covid-19 vaccines (Sinopharm, Sputnik V and Astra
Zeneca), used to evaluate the effect of PEG upon antibody produc-
tion. The pre-vaccination baseline, also shown in Fig. 1, displayed
substantial individual variation for both Ab classes, relative to
which highly significant rises after the first and 2nd booster vacci-
nations were found only for Spikevax (Fig. 3A and B). For Comir-
naty, we found significant post-vaccination increase only in anti-
PEG IgM after the second jab (Fig. 4B). However, the considerable
individual variation of anti-PEG Ab levels over a broad range both
before and after vaccination and the irrelevance of vaccination
numbers when the question is the presence or absence of PEG
immunogenicity led us to introduce another type of analysis,
namely relating the maximal postvaccination values to the pre-
vaccination baselines for each person regardless of injection num-
ber. This approach yielded highly significant rises in both anti-PEG
IgG and IgM for Comirnaty also (Fig. 3C). As for other vaccines, the
small number of preimmunization data did not yield statistically
analyzable pre- and post-vaccination pairs, but the pooled data -
as mentioned for Fig. 4A and B-, did not suggest the rise of anti-
PEG Abs.
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Fig. 1. Pre-vaccination anti-PEG antibody concentrations in a mixed population of blood donors. Anti-PEG-IgG (A, green) and anti-PEG-IgM (B, red) values were sorted in
growing order. The bottom bars (which look like lines) are absolute Ab concentrations. The inserted probability distribution histograms are made from the log of absolute Ab
levels, grouped into bins on the abscissa [40]. The normality of log-transformed data was established by the Shapiro-Wilk test. The anti-PEG Ab levels were determined as
described in the Methods, and the descriptive statistics of these data are shown in Table 2.

Table 2

Descriptive statistics of pre-vaccination anti-PEG-IgG and IgM levels and distributions in humans.

Anti-PEG IgG [ng(eq)/mL]

Anti-PEG IgM [ng(eq)/mL]

All Male Female F/M* All Male Female F/IM
N of subjects 116% 40 76 1.90 118% 41 77 1.88
N below detection limit* 2 1 1 1.00 1 0 1 NA
25% Percentile 10,584 8,281 14,929 1.80 38 23 46 2.00
Median 30,681 23,108 37,198 1.61 105 60 132* 2.20
Log-normal mean (p) 35,893 30,903 38,815 1.26 109 73 136** 1.86
SD of log-normal mean (c) 4 4 4 1.00 4 4 4 1.00
Lower 99% Cl of p 25,119 16,106 25,003 1.55 78 42 89 212
Upper 99% Cl of p* 51,404 59,293 60,395 1.02 153 129 207 1.60
75% Percentile 87,165 76,176 88,111 1.16 297 209 397 1.90
Maximum 1,362,175 1,048,553 1,362,175 1.30 2,796 1,829 2,796 1.53
Maximum/Median 44 45 37 0.81 27 30 21 0.69
95% Percentile 674,368 665,283 612,709 0.99 1,344 706 1,657 2.35
95% Percentile/Median 22.0 28,8 16,5 0.57 12.8 11.8 12.6 10.8

N, number; CI, confidence interval; *, F/M, female/male ratios; $The difference in male and female number of subjects is due to 2 erroneous IgG determinations; #, Samples
below the detection limit were excluded from normalized data analysis; *, significant difference between female and male at p = 0,044 (Mann Whitney test); ** p = 0,023
(unpaired t test on logarithmic transformed data after their normal distribution was checked by the Shapiro-Wilk test).

3.3. Hypersensitivity reactions to Covid-19 mRNA-LNP vaccines and

their association with anti-PEG antibodies

Table 3 categorizes all adverse events described by the 195
Comirnaty or Spikevax recipients of this study. Based on the defi-
nitions in the Table’s legend we have grouped the study partici-

pants according to reaction type, clinical grades, and Brighton

levels [41]. 72% of vaccinees were reaction free (Grade 0), 20%
experienced common vaccine side effects (Grade 1), and 8%

all women.

reported Grade 2 or 3 HSR symptoms. There were more women
among the reactors than men, and the 3 anaphylaxis cases were
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Fig. 2. Use of cosmetics by women and men and blood anti-PEG antibody levels in the two genders. A) Ratio of frequent cosmetic users vs. no users or rare users in men and

women. B) Blood levels of anti-PEG-IgG (B) and anti-PEG-IgM (C) in frequent vs. no/rare cosmetic users before COVID-19 vaccination. The anti-PEG Ab levels were determined
as described in the Methods. *P < 0.05 by 2-tailed t-test of logarithmic transformed data.

A 4.0 - Dzjbjeg;* C 107
1237 5% Anti-PEG IgM ] anti-PEG IgG
N o *
? e Anti-PEG 1gG [T wd o . I
o o
25 -
B o
a 2.0 v g ﬂl:ﬁ:n o g
2" Yo g 10 oo
9 15 o < -] o p
o o
- 0 a
- B v 9" egEa B ®
o [ml=]
0.5 x 3
0.0 : : : : : o =
0 50 100 150 200 250 10° T T T T
Days after the 1st sampling
104 .
1500000 m allergic D antl-PEG'!gM
A A mastocytic oo o
S
10 o
° _ (-]
© 1000000 F— E g
2 T 1024
2 ‘N :
L ] c o'
5 |, : X
£ 5000009 1014
. ’_’_:__'___,_,—» o
)
-
0 el = 4 10° T T T T
- —_————————— : 1 .
0 1000 2000 3000 6556 & «° \\0@}
anti-PEG IgM ¥ & L
e

Fig. 3. Anti-PEG antibody levels in people before Covid-19 vaccinations. A) Changes over time in 6 subjects who gave blood at least 2 times before vaccination against Covid-
19. The second/first anti-PEG IgG and IgM ratios were plotted against the time elapsed time between the 1st and 2nd blood withdrawal. The different symbols represent
different individuals, and the filling color of symbols distinguishes IgG and IgM (as shown by the keys). The non-significant linear fits on the relative changes of anti-PEG IgG
and IgM indicate no significant impact of time on inter-individual changes. Moreover, the smaller variation of the relative changes of anti-PEG IgG compared to I[gM in most
individuals suggest higher intra-individual stability of blood anti-PEG IgG levels compared to anti-PEG IgM. B) Plotting of plasma anti-PEG-IgG against anti-PEG IgM in
healthy blood donors before vaccination (black dots), as well as those with allergy (red squares) and mastocytosis (green triangles), shows no linear correlation between these
Ig classes. R? of regression line is 0.0213 (p > 0.1). The blue-framed extreme values on both axes are mainly from subjects with allergy or mastocytosis. C) Anti-PEG IgG and (D)
anti-PEG IgM levels in the groups indicated on the X axis on panel D. Antibody levels were determined as described in the Methods.

The symptoms of 15 allergy responders included in this study The above information in Table 4 reveals substantial individual
are listed in Table 4, along with the gender, age range, the vaccine variation of symptoms affecting mainly the circulatory, cardio-
type and number, and the severity of HSRs. pulmonary, the nervous system, and the skin. Fig. 4.
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Fig. 4. Pre- and postvaccination anti-PEG IgG and IgM antibodies of non-allergic participants. Anti-PEG IgG (A, green rectangles) and anti-PEG IgM (B, red circles) levels in
people vaccinated with different Covid-19 vaccines shown on the X axis, wherein the numbers (1, 2 and 3) represent the order of vaccinations. C) Relative rises of maximal
postvaccination anti-PEG IgG and IgM levels relative to the respective preimmunization value in people undergoing serial (at least 2) immunizations with Comirnaty. Both
absolute (A and B) and relative values (C) are presented on a log scale. Of note, the time elapsed between the pre- and postvaccination measurements differs for each point. *,
P < 0.05, ***, P < 0.001, *** P < 0.0001 by one-way ANOVA of logarithmic transformed data followed by Dunnett test (A and B) and Wilcoxon signed rank test of normalized
data (C).

Table 3

Incidence of adverse reactions to mRNA/LNP Covid-19 vaccines.
Clinically-based grading™* Symptom types Brighton Levels** Female Male All*
Grade 0 none NA 74 67 141 (72%)
Grade 1 (Mild) usual vaccine reactions 28 11 39 (20%)
Grade 2 (Moderate) hypersensitivity reactions >2 7 5 12 (6 %)
Grade 3 (Severe) 1 3 0 3(2%)
Total 112 83 195 (100%)

*Grade 0 is no adverse effect, Grade 1 “usual vaccine symptoms” include fever, arm pain, local redness, weakness, headache, chills, pruritus, depression, abdominal pain,
indigestion, bloating, arthralgia, muscle pain, or fatigue. Grade 2 reactions represent allergic symptoms which pass spontaneously with or without epinephrine, antihis-
tamines, or other pharmaceutical interventions. Grade 3 defines anaphylaxis or life-threatening reactions requiring emergency care (resuscitation and/or hospitalization).
**Level of diagnostic certainty for anaphylaxis, as defined in the Brighton Collaboration’s anaphylaxis case definition guidelines [41]. According to this system level 1 “true
anaphylaxis” is distinguished from other manifestations of allergy by its “diagnostic certainty”, defined by a complex matrix of major and minor criteria. Our Grade 3
reactions roughly correspond to Brighton level 1, i.e., true anaphylaxis, wherein at least a major hemodynamic/circulatory or cardiopulmonary symptom (heart/back/limb
pain, hypo- or hypertension, (angio)edema, swelling of the lips, tongue, or face) and a major skin alteration (i.e., flushing, rash, erythema) are concurrently present. Brighton
levels > 2 (Grade 2) are defined as all moderate (Grade 2) HSRs that involve non-life-threatening symptoms.

***The % values represent incidence in the 195 participants of this study involving both healthy and allergic people who were recalled for blood donation because of his/her
HSR.

Fig. 5 hows the anti-PEG IgG (A) and IgM (B) levels in reactor
people displaying HSRs (R) compared to non-reactor (NR) sub-
jects. Both Ab levels were significantly higher in the R group
compared to the NR, which suggests increased propensity of R
people for anti-PEG Ab responses. However, because the blood
withdrawals were not coincidental with the HSRs, temporal link-
age between anti-PEG Ab rises and HSRs could not be assessed
from these data.

3.4. Correlation between the anti-PEG IgG and SARS-CoV-2
neutralization antibody (anti-S IgG) levels after booster vaccinations
with Comirnaty: Coupled memory immune response against the S-
protein and PEG

Serial measurements of anti-SARS-CoV-2 neutralizing, S
protein-binding Abs (anti-S) in the plasma from 190 blood donors
(n =362 tests) before and after vaccinations multiple times (in the
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Table 4
Hypersensitivity reactions in recipients of mRNA-containing Covid-19 vaccines.*

No  Sex Age  Vac. Vac
(year) No.
T F#l 3040 CMT 1
2 F# 5060 CMT

F#3 50-60 CMT
4 F# 3040 SPV
5 F#5 2030 CMT
6 Fi#6 4050 CMT
8
9
1
1

Clin.  Br.  Delay
Grade Level _ (h)
3 T 05

Main
Symptoms

Typotension,

4 3 1025
1 3 101
1 2 chills, muscle pain, rashes, urticaria
-2 rashes, headache, weakness, fever
2 2 24 itching, bloodshot eycs
FH#7 4050 CMT 1 2 ema
F#8 2030 CMT 3 2
6070 CMT 3
3
1
1
3
3

extrasystole
erythema

12 exanthema, erythema, edemas
rash
240 rashes, erythema

168 tachycardia, extrasystole
216 rashes, hotness,

0 F#10  70-80 CMT
1 3040 SPV
3040 CMT
3040 SPV
2030 CMT
2030 SPV.

2 M#
13 M#
4 M#
15 M#5

1
1
1
1
1
1
1
1
1
1
1
1

*Immediate and delayed reactions combined. Shaded area: cases diagnosed as
anaphylaxis by the referring vaccination center. Abbreviations: F, female; M, male;
Vac: vaccine; CMT, Comirnaty; SPV, Spikevax; Vac. No., jab number triggering the
reaction; Clin., clinical; Br., Brighton; Delay (h), hours between the HSR and vac-
cination; question mark (?), unknown.

A) Anti-PEG Ig B) Anti-PEG IgM
107+ o 10+ -
o
o
105 o 1044 o
L]
- g ‘1& °
E 105+ 107 g
g Be g8
£ 40 o 102
=]
101
103
10
1 mm
0.4 : 7 100 e ,
NR R NR R

Fig. 5. Anti-PEG IgG (A), IgM (B) in reactor people displaying HSRs (R) compared to
non-reactor (NR) subjects. The symptoms observed in the NR (no adverse effects
and Grade 1) and R (Grade 2 and 3) patients are detailed in Table 4. The time span
between Ab determinations and vaccinations was 4 months. **P < 0.01 by t-test of
logarithmic transformed data.
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1-9 range) showed several versions of anti-S responses, including
small and large increases followed by steeper or weaker declines,
constant low or high levels, or strong or weak initial or late
responses (Supplement Table S1). This individual variation of
antiviral immune response is in keeping with the variable and rel-
atively short duration of immunity provided by the current mRNA/
LNP vaccines, necessitating booster injections.

Plotting the anti-S levels versus the anti-PEG IgG and IgM after
the first immunizations and first booster injections in different
subjects within 100 days after the first vaccination with Comirnaty
(without any sign of Covid-19 infection) (Fig. 6A-D) showed signif-
icant correlation only for IgG after the booster injection (Fig. 6B).
This observation, referred to as coupled memory immune response
against the S-protein and PEG, is consistent with the claim of PEG
immunogenicity of mRNA/LNP vaccines and may have major clin-
ical implications but needs more studies to confirm and
understand.

4. Discussion

4.1. Statistics on severe hypersensitivity reactions and anaphylaxis to
mMRNA/LNP vaccines

There is consensus in the literature [2-17,20] that the preva-
lence of anaphylaxis caused by mRNA-LNP vaccinations is slightly
increased relative to that of flu vaccines (~1.3 anaphylaxis/million
[42]. Notably, the estimated prevalence of anaphylaxis to Comir-
naty and Spikevax is in the 3/million [4,18,43] to 443/million range
[3] (Table 5), and its incidence is in decline as awareness of the risk
grows and precautions are heightened [18].

Nevertheless, the ~1.8 billion mRNA-LNP injections given
worldwide until Dec. 31, 2022 (1,461,838,752 Comirnaty and
374,447,652 Spikevax) [44] places even the lowest estimate of
the sheer number of anaphylaxis cases in the multiple thousand
range and calculating with the median of estimated anaphylaxis

1t Immunization 1t Booster
400+ A) anti-PEG 1gG 3000 B) anti-PEG IgG
[m]
300 = o
R?%=0.0135 20000 pegazsf
200 p=0.6686 _ p=0.0054 -~
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> 103 104 105 106 107 108 104 105 106 107
't
2 400 C) anti-PEG IgM 3000~ D) anti-PEG IgM
<
o
300 o o
2000- o © o
R2=0.0256 R2=0.0554 B
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e 1000 o o
100 __&,,.-o/—'b
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Fig. 6. Anti-S Ab levels as a function of anti-PEG Abs within 100 days after the first or the second vaccination with Comirnaty. Donors with any sign of Covid-19 infection were
excluded. Each points represent the highest Anti-S value obtained in serial plasma samples in each individual. The goodness of linear fitting is represented by R? values on the

figures. P < 0.05 implies that the slope is significantly non-zero after linear regression.
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Table 5

Different statistics on the incidence and prevalence of anaphylaxis to mRNA-LNP vaccines.
Vaccine Incidence (n*) Total N Ana/million Ana % References
Comirnaty 47 9,943,247 5 0.00047 [5,57]
Spikevax 19 7,581,429 3 0.00025 [4,43]
Comirnaty 46 14,475,979 3 0.00032 [18]
Comirnaty 3730 242,000,000 15 0.00154 [39]
Spikevax 1455 154,000,000 9 0.00094
Comirnaty + Spikevax 1 4000 250 0.02500 [8]
Comirnaty 7 25,929 270 0.02700 [9]
Spikevax 9 38,971 231 0.02309
Comirnaty 14 31,635 443 0.04425 [3]
Spikevax 3 7260 413 0.04132
Comirnaty** 3 429 6993 0.69900 [11]

n*, number of reported anaphylaxis or “severe” HSR cases after “N” total number of immunizations; **, only highly allergic people were included in the statistic and the Ana/
million figure represents a projection to 1 million vaccinations assuming identical incidence. The median of Ana/million in the normal population, i.e., 123, was calculated

from the entries in the Ana/million column (except 6993).

rate (123 cases/million) results in 223,200 cases of anaphylaxis. It
should not be forgotten either that anaphylaxis is only the tip of
the iceberg, the worst scenario in a broad spectrum of HSR
symptoms.

Table 5 also shows that the incidence of vaccine-induced ana-
phylaxis in people with severe allergies is ~0.7% [11] (bolded),
which is ~57-fold higher than the median of reported rates (i.e.,
0.0123%) in the normal population.

In keeping with these numbers, despite the exclusion from vac-
cination of people with a history of a severe allergic reaction to any
vaccine component, anaphylaxis and/or allergic reactions to
Comirnaty became front runners in the manufacturer’s most recent
list of adverse effects [19].

4.2. Prevalence of plasma anti-PEG IgG and IgM levels before
vaccination

Our detection of anti-PEG IgG and IgM positivity in 98-99% of
blood donors is higher than the 10-76% prevalence range for these
Abs described in older studies [23,32,33,45-49]. The variation may
partly be due to the differences in cohort size, inclusion criteria,
time points for blood collection, and methodical differences in
assaying [50]. Our 541 tests in 291 blood donors represent the lar-
gest exploration of anti-PEG IgG and IgM levels in humans to date,
measuring both the pre-vaccination (pre-existing) levels and the
immunogenicity of PEGylated Covid-19 vaccines in a mixed human
population “enriched” with allergic people and patients with mas-
tocytosis. The sampling time was random in the 2 to 626 days
interval after the 1st vaccination, thus enabling the detection of
immune responses over a broad time window.

As for the methodological differences, unlike all other above-
referred studies, we used 2 K-PEGylated lipid antigen in the sand-
wich ELISA, which is also present in the vaccine. It should be noted
in this regard that natural anti-PEG Abs are polyclonal; they recog-
nize different parts of PEG with different affinities and avidities
[38]. Thus, depending on the PEGylated immunogen that induced
high levels of anti-PEG Abs in different individuals (which may
show geographical, regional and local differences), the spectrum
of these Abs can show substantial individual variation and, hence,
different results with different assays using unique combination of
antigens and assay conditions. For these reasons, it is perhaps not
surprising that the anti-PEG ELISA results show substantial inter-
laboratory variation.

The presence of baseline Ab levels in most participants is most
easily rationalized by a low-level immunization via daily exposure
to PEGylated immunogens that is present in many oral, topical, and
parenteral pharmaceutical products, hygiene and cosmetic items,
and processed food and beverages [51]. Immunization by cosmetic

products via the skin of mice was shown recently by Ibrahim et al
[52]. It is also important to mention that Abs against PEG and
polysorbate-80 (PS-80), which is a branched PEG derivative, can
mutually cross-react [38,53,54], and PS-80 is also widespread as
an ingredient in drugs, vaccines, vitamins, food products, and bev-
erages [51,55]. Thus, the anti-PEG ELISA does not necessarily dis-
tinguish between anti-PEG and anti-polysorbate Abs.

The highly left-skewed distribution of pre-vaccination anti-PEG
Abs in our study resembles the distribution of these Abs in patients
treated with the PEGylated RNA aptamer, Pegnivacogin [32]. On
the other hand, our data may be the first to document this distri-
bution of natural anti-PEG Abs in the preimmunization blood sam-
ples. The finding of an increased prevalence of anti-PEG Abs in
females compared to males is likely a consequence of increased
cosmetics use by women and is in line with many studies reporting
such gender difference [23,32,33,45-48].

4.3. Plasma anti-PEG IgG and IgM levels after vaccinations

Our finding that Spikevax induces a highly significant increase
in anti-PEG Abs is consistent with the recent data of Carreno
et al. [24] and Ju et al. [23], with both groups coming to the same
conclusion. Regarding our finding that Comirnaty also causes a
similar, although less pronounced effect, which is seen only upon
pairwise comparison, is also consistent with the latter two studies
although both concluded that there was no such effect in the case
of Comirnaty [23,24]. However, a closer look at their data reveals
very similar increases in anti-PEG IgG and IgM after vaccination
with Comirnaty as we have seen in a pairwise comparison
(Fig. 4C). Notably, in the study of Carreno et al. [24], Fig. 2 shows
a 50-300% rise of prime/baseline anti-PEG IgG in 4/10 subjects
expressed as log AUC, and Fig. S1 in the study of Ju et al. [23], which
shows 13/17, 4/9 and 10/15 endpoint dilution value pairs in
cohorts 1, 2 and 3, respectively, where the post-booster values vis-
ibly exceed the pre-vaccination values by >20% up to several-fold
on a log scale.

Most recently, Bavli et al reported highly significant increases in
mean anti-PEG IgG from 7.8 to 17.5 pg/mL three weeks after
immunization of 79 people with Comirnaty, while no rise of anti-
PEG IgM or IgE were found [50]. Consistent with our observations
in occasional super-responders, 2 of the 79 individuals experienced
large (>50 pg/mL) increases in anti-PEG IgG [50].

In animals, Wang et al showed that Comirnaty as well as other
simulations of approved PEGylated LNP drugs caused significant
time- and dose-dependent generation of anti-PEG IgM and IgG
after immunization in rats [25]. Furthermore, these authors found
that these injections caused not only isotype switching but also
immune memory, inasmuch as the response times and intensities
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were enhanced after the second injection [25]. Such “full-scale”
immunogenicity of PEG is in keeping with our observation on sig-
nificant linear correlation between anti-PEG IgG and anti-S IgG Ab
formations in people obtaining the booster dose of Comirnaty
(Fig. 6B). Although the possibility of a positive feedback loop
between anti-PEG and anti-S immunogenicity has not been for-
mally explored, complement activation by Comirnaty by at least
4 different mechanisms (i.e., antibody binding, liberation of mRNA
and positively charged lipids and S-protein liberation [17,39])
could feed a vicious cycle among anaphylatoxin liberation, HSRs
and anti-PEG Ab formation [56], thereby explaining the occasional
spike of anaphylaxis in anti-PEG super-carriers [30-33].

5. Limitations of the study

HSR/anaphylaxis to mRNA-LNP vaccines is a very rare, unpre-
dictable acute disease. It is therefore not possible to recruit reac-
tors as a group for prospective studies. To study the
phenomenon, we can use model systems, such as the pig model
described earlier [39] or collect information about past reactions
and recruit the reactors for retrospective studies. Here we pursued
the latter approach and analyzed the blood of reactors (as well as
nonreactors) within an individually variable, up to ~ 3-months’
time window after vaccination. Therefore, the anti-PEG Ab levels
we measured informed about the propensity of the individuals to
produce such antibodies, rather than measuring their actual level
at the time of the reactions. Another limitation is the heterogenic-
ity of study population. To our best knowledge, the only condition
that has been known to have significant impact on the rate of HSR/
anaphylaxis is allergy [11], which is also a frequent symptom of
mastocytosis. Thus, we classified these people in separate groups
and made no exclusion criteria for the participants. Nevertheless,
because the study was “enriched” with atopic, hypersensitive peo-
ple, it is not a classical epidemiological surveillance of vaccine
adverse effects, and the reaction prevalence data do not apply for
the general population.

6. Outlook

We found in this study significantly increased levels of anti-PEG
Abs in people who displayed HSRs to PEGylated vaccines compared
to non-reactors, which finding, by itself, does not prove a causal
relationship between anti-PEG Abs and HSRs. However, taken
together with the unambiguous evidence for at least a contributing
role of anti-PEG Abs to anaphylaxis and efficacy loss in clinical and
experiential studies with PEGylated NPs bearing similarities to
mRNA-LNP [28-33,35], the warning by Ganson et al.: “we advise
testing for pre-existing anti-PEG antibodies during clinical trials of
new PEGylated therapeutic agents” [32] seems to be valid for
mRNA-LNP vaccinations too, particularly in light of the potential
need for frequent booster injections with these Covid vaccines
and the intense development of other mRNA-LNP injectables. The
continual exposure to PEGylated food and consumer products in
our everyday life and the high frequency of atopic disease in
humans are additional good reasons for increased attention to
the “bystander damage” caused by anti-PEG Abs.
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