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A B S T R A C T   

The early and massive vaccination campaign in Israel with the mRNA-LNP Comirnaty® (Pfizer-BioNTech) 
vaccine against the SARS-CoV-2 virus made available large amounts of data regarding the efficacy and safety of 
this vaccine. Adverse reactions to mRNA-based SARS-CoV-2 vaccines are rare events, but due to large mediatic 
coverage they became feared and acted as a potential source of delay for the vaccination of the Israeli population. 
The experience with the reactogenicity of the polyethylene glycol (PEG) moiety of PEGylated liposomes, 
PEGylated proteins and other PEGylated drugs raised the fear that similar adverse effects can be associated with 
the PEG lipid which is an essential component of currently used mRNA-LNP vaccines against COVID-19. In this 
study we quantified the levels of anti-PEG IgG, IgM and IgE present in the blood of 79 volunteers immediately 
before and 3 weeks after receiving a first dose of Comirnaty® vaccine. Our in vitro results show that different 
humanized anti-PEG antibodies bind the PEGylated nano-liposomes in a concentration-dependent manner, but 
they bind with a lower affinity to the Comirnaty vaccine, despite it having a high mole% of neutral PEG2000-lipid 
on its surface. We found an increase in IgG concentration in the blood 3 weeks after the first vaccine adminis
tration, but no increase in IgM or IgE. In addition, no severe signs of adverse reactions to the Comirnaty vaccine 
were observed in the population studied despite the significant pre-existing high titers of IgG before the first dose 
of vaccine in 2 donors.   

1. Introduction 

During the COVID-19 pandemic, Pfizer-BioNTech and Moderna 
mRNA- lipid nanoparticles (LNP) vaccines saved the lives of millions 
[1,2]. These vaccines are based on modified mRNA molecules that code 
for the viral spike glycoprotein of SARS-CoV-2 that are encapsulated in 
LNPs. These LNPs are composed of four lipid components: L-α-di- 
stearoyl phosphatidylcholine (DSPC), cholesterol, an ionizable cationic 
lipid (ALC 315) with a pKa at pH ~6.5, and a neutral PEG-lipid (ALC 

0159). This PEG-lipid has two medium-length myristoyl (C14) acyl 
chains and, like the “helper lipids” DSPC and cholesterol, is critical for 
LNP stability during production and storage [3,4] thanks to the high 
mobility of the bulky, highly hydrated PEG head moiety (up to 200 
water molecules per PEG2000 [5,6]). The unique structure of ALC 0159 
enhances stability during production and storage while allowing inter
nalization into cells after injection. The latter is explained by the 
structure of ALC 0159 which due to its two myristoyl acyl chains is 
having relatively high CMC [7] and relatively weak van-der-Waals 

* Corresponding author. 
E-mail addresses: yaelle.f@gmail.com (Y. Bavli), bingmae@ibms.sinica.edu.tw (B.-M. Chen), guygr@hadassah.org.il (G. Gross), alonh@hadassah.org.il 

(A. Hershko), sroff@ibms.sinica.edu.tw (S. Roffler).   
1 Equal contributors.  
2 Equal Senior authors.  
3 Institute of Biomedical Sciences, Academia Sinica, Taipei 11529, Taiwan; Graduate Institute of Medicine, College of Medicine, Kaohsiung Medical University, 

Kaohsiung, 80708, Taiwan.  
4 Department of Biochemistry, Faculty of Medicine, The Hebrew University, Jerusalem 91120, Israel. 

Contents lists available at ScienceDirect 

Journal of Controlled Release 

journal homepage: www.elsevier.com/locate/jconrel 

https://doi.org/10.1016/j.jconrel.2022.12.039 
Received 31 August 2022; Received in revised form 29 November 2022; Accepted 16 December 2022   

mailto:yaelle.f@gmail.com
mailto:bingmae@ibms.sinica.edu.tw
mailto:guygr@hadassah.org.il
mailto:alonh@hadassah.org.il
mailto:sroff@ibms.sinica.edu.tw
www.sciencedirect.com/science/journal/01683659
https://www.elsevier.com/locate/jconrel
https://doi.org/10.1016/j.jconrel.2022.12.039
https://doi.org/10.1016/j.jconrel.2022.12.039
https://doi.org/10.1016/j.jconrel.2022.12.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jconrel.2022.12.039&domain=pdf


Journal of Controlled Release 354 (2023) 316–322

317

interactions with the other lipids in the LNP, Therefore ALC 0159 is 
rapidly released from the LNP surface upon dilution in body fluids. This, 
in turn, enable effective LNP uptake by muscle and immune cells at the 
site of intramuscular administration [8]. Other physiochemical proper
ties of the vaccine are detailed in supplementary Table S1. 

Antibodies that bind to PEG are found not only in patients after 
treatment with PEGylated drugs [9–11], but also in the blood of many 
healthy individuals in the absence of any treatment involving PEG 
[11–16]. The presence of pre-existing anti-PEG antibodies in the blood 
of patients, especially IgG and IgM, combined with low levels of 
PEGylated drug in the blood can accelerate their clearance (a phenom
enon known as accelerated blood clearance, abbreviated ABC) and 
therefore decrease their efficacy [17]. This may be related to these 
vaccines as their concentration in blood must be very low. Moreover, 
anti-PEG antibodies can alter the physical properties and stability of 
PEGylated nanodrugs [18,19]. In addition, IgG and IgM anti-PEG anti
bodies (either pre-existing or elicited after exposure to the PEGylated 
drug) are expected to play an important role in the onset of infusion 
(hypersensitivity) reactions to the first administration of PEGylated 
drugs and nanodrugs with symptoms ranging from relatively benign to 
life-threatening [17,19]. 

Induction of antibodies against PEG after immunization with mRNA- 
LNP vaccines is of potential concern with the wide-spread use of these 
vaccines due to the presence of PEG-lipids in the LNP [17,20]. Although 
hypersensitive reactions to the SARS-CoV-2 mRNA-LNP vaccines are 
very rare [21], anti-PEG IgG and IgM antibodies have been associated 
with these reactions [22]. The question of whether these vaccines elicit 
anti-PEG IgG and IgM antibodies is also highly relevant due to their 
potential effects on increasing the reactogenicity to other PEGylated 
drugs. In this study, we investigated if anti-PEG antibodies can bind to 
Comirnaty mRNA-LNP since this is the first prerequisite for the induc
tion of infusion reactions. Importantly, we quantified the increase in the 
level of anti-PEG IgG, IgM and IgE in the blood of 79 volunteers 
immediately before and 3 weeks after the first dose of Comirnaty. 

2. Material and methods 

2.1. Formulations used in the study 

Lipodox (generic doxorubicin hydrochloride liposomes) was ac
quired from Sun Pharmaceutical Industries Ltd., India. The Comirnaty 
vaccine was received from Hadassa Ein Kerem Hospital from non- 
injected vials that remained for 2 h at RT and then were kept at 
4–10 ◦C. All the assays were performed within 3 days of dilution of the 
vaccine. For characterization (See supplementary Table S1) Doxil batch 
#1300667 and Comirnaty batch #EW3344 were used. For in vitro ex
periments, Lipodox batch #JKSO322A and Comirnaty batch #FG9984 
were used. 

Liposomes with low PEG content and the non-PEGylated liposomes 
were prepared as described earlier [23]. Lipids were hydrated by 
ammonium sulfate. These nano-liposomes differ in their DSPE-PEG2000 
mol% (0.3 vs. 0). 

2.2. Characterization of LNP 

Size was determined by dynamic light scattering (DLS) measure
ments that were performed immediately after thawing a Comirnaty vial 
and diluting NPs with saline (performed by a healthcare professional). 
Size (diameter, D), size distribution (polydispersity index, PDI) and zeta 
potential (Zp) of the NPs were determined with a Malvern Zetasizer 
Nano ZS instrument (Malvern, Worcestershire, UK). Zeta potential was 
determined at low ionic strength of 1.5 mM sodium nitrate. 

2.3. Anti-PEG antibodies binding to formulations: Comirnaty vaccine, 
Lipodox (High 5.4 mol% DSPE-PEG), low (0.3 mol% DSPE-PEG) and 
nano-liposomes lacking DSPE-PEG 

Binding of humanized anti-PEG antibodies to the different formula
tions was compared using sandwich ELISA. Maxisorp 96-well micro
plates were coated with 0.25 μg/well with either mouse AGP4 or rat 
AGP6 IgM anti-PEG antibodies and incubated at 4 ◦C overnight. The 
plates were then washed with PBS and blocked with 5% skim milk for 2 
h at RT. After washing the plates, graded concentrations of the formu
lations were added to the plate, starting at a concentration of 8 μg mL− 1 

phospholipids for all formulations then diluted serially 6-fold in 2% skim 
milk, and incubated for 2 h at RT. The plates were then washed 3 times 
with PBS-Tween (0.05% Tween-20) if the detection antibody was 3.3- 
biotin or with PBS (with 15-2b-biotin) to remove unbound nano
particles. The detection antibody (3.3-biotin or 15-2b-biotin) was then 
added at 5 μL mL− 1 for 1 h at RT followed by washes as previously 
described. The plates were then incubated with streptavidin-HRP (1 μg 
mL− 1) for 1 h at RT followed by washes. ABTS substrate was added for 
30 min RT in the dark and the absorbance at 405 nm was read using a 
BioTek Synergy™ 4 Hybrid Microplate Reader. EC50 values were 
determined using Phoenix WinNonlin (Certara™, NJ, USA, Version 6.3). 
A figure illustrating this assay is available in Supplementary Materials 
(Fig. S2). 

2.4. Serum samples 

Human serum samples tested were obtained from the Blood Bank of 
Hadassa Ein Kerem Hospital (Jerusalem, Israel). The samples were 
collected after getting informed consent from volunteers as part of 
clinical trial 0672–13-HMO, but the samples were processed as part of 
clinical trial 0032–21-HMO (Helsinki Committee of Hadassa Ein Kerem, 
Jerusalem, Israel). 

2.5. Anti-PEG antibody quantification 

Chimeric humanized monoclonal anti-PEG antibodies c3.3-IgG and 
cAGP4-IgM were generated in Dr. Roffler’s lab as previously described 
[12,24,25]. c3.3-IgG is a human IgG1 antibody whereas cAGP4-IgM is a 
human IgM antibody, both of which bind to the repeating ethylene oxide 
subunits of the PEG backbone. A humanized IgE anti-PEG antibody 
(hu6.3 IgE) was generated by combining the light chain and variable 
region of the heavy chain of human 6.3 with human IgE heavy chain 
constant regions using recombinant DNA technology [26]. Anti-PEG 
antibody concentrations in the patients’ sera were quantified using a 
direct ELISA as described previously [27]. Briefly, sera samples were 
serially diluted in 2% (w/v) skim milk (25×, 50× and 100×), with the 
last 2 dilutions in dilution buffer containing 4% human serum that tested 
negative for the presence of anti-PEG IgG and IgM antibodies. The 
presence of negative plasma in the dilution buffer decreases the impact 
of matrix effects. Standard curves were obtained by assay of serial 
dilution of c3.3 (IgG), cAGP4 (IgM), or hu6.3 IgE, the highest concen
tration being 2.5, 2, or 2 μg mL− 1, respectively, in dilution buffer with 
negative serum. The diluted serum samples and antibody standards were 
incubated on microplates coated with 0.5 μg/well NH2-PEG10K-NH2, 
followed by washing with 0.1% CHAPS (3-[(3-cholamidopropyl)-dime
thylammonio]-1-propanesulfonate, Sigma Aldrich, Rehovot, Israel) in 
PBS, then PBS only twice. Horseradish peroxidase (HRP)-conjugated 
secondary antibodies (goat F(ab’)2 anti-human IgG Fc or goat F(ab’)2 
anti-human IgM) were added to the IgG or IgM detection plates, 
respectively, for 1 h RT. IgE was detected by serial addition of biotin- 
conjugated mouse anti-human IgE and HRP-conjugated streptavidin. 
The plates were washed as previously described and incubated for 30 
min RT in the dark with ABTS substrate. The antibodies were quantified 
by reading absorbance at 405 nm with a BioTek Synergy™ 4 Hybrid 
Microplate Reader (Winooski, VT, USA). Samples with absorbance 
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values at least 3 times greater than the mean background (dilution 
buffer) were considered positive. The relative concentrations of anti- 
PEG IgG and IgM in positive samples were calculated by comparison 
with their relative standard curves. Positive samples were confirmed by 
an established PEG competition assay as described previously [12,27]. 
Briefly, PEG-liposomes containing 5 mol% PEG were generated as pre
viously described [28] and were diluted to 200 μg mL− 1 in a final con
centration of 2% (w/v) skim milk powder in PBS (“dilution buffer”). On 
plates previously coated with NH2-PEG10 000-NH2 (same concentration 
used for antibody quantification), the liposomes or dilution buffer (no 
competition control) were added (50 μL/well) for 30 min at room 
temperature. Serum samples that tested positive using the ELISA assay 
were diluted 25-fold in 2× dilution buffer (8% human reference serum, 
4% (w/v) skim milk powder in PBS). The c3.3-IgG and cAGP4-IgM 
control antibodies were diluted to 1 μg mL− 1 in the 2× dilution 
buffer. The human plasma samples and control antibodies were added 
(50 μL) to the wells containing PEGylated liposomes (competition) or 
dilution buffer (no competition) at room temperature for 1 h. The plates 
were washed twice with 0.1% CHAPS in PBS followed by one wash with 
PBS. 50 μL of HRP-conjugated goat F(ab’)2 antihuman IgG Fc or HRP- 
conjugated goat F(ab’)2 anti-human IgM Fc5μ at 0.25 μg mL− 1 in dilu
tion buffer were added and incubated at room temperature for 1 h. After 
washing, the bound peroxidase activity was measured by adding 150 
μL/well ABTS solution and measuring the absorbance (405 nm) of wells 
in a microplate reader. Samples were considered positive if there was a 
reduction of at least 35% in the absorbance reading of samples in the 
presence of excess PEGylated liposomes as compared to wells without 
addition of PEGylated liposomes. 

2.6. Statistical evaluation 

The paired differences of IgG or IgM antibody concentrations before 
and after vaccination were calculated for each subject a paired t-test was 
used to test for the difference of paired differences from zero. For 
sensitivity purpose, the nonparametric Wilcoxon signed rank test was 
also used to confirm the statistical outcomes. Readings below the limits 
of quantification (BLQ) were set at 0.2 μg mL− 1 for IgG and 0.3 μg mL− 1 

for IgM and a first analysis was performed using these values. The 
analysis was repeated after treating the low values as missing. One 
outlier was identified in IgG data and another in IgM data. Statistical 
tests were performed with and without those outliers. Test results with 
P-values below 0.05 are considered statistically significant. Statistical 
analyses were performed by Oren Bar-Ilan, DataSights Ltd. (Israel) using 
JMP® Pro Statistical Discovery software, version 16.1.0 from SAS® 
Institute Inc., Cary NC. 

3. Results 

We first examined if humanized anti-PEG antibodies can bind to the 
Comirnaty vaccine with a sandwich ELISA using anti-PEG IgM anti
bodies to capture nanoparticles. The LNP include 1.5 mol% PEG lipids 
however most of it is on the LNP surface where its mol% is significantly 
higher [29]. Lipodox containing 5.4 mol% DSPE-PEG, low PEG lipo
somes containing 0.3 mol% DSPE-PEG, and liposomes lacking DSPE- 
PEG were used as controls. Anti-PEG antibodies targeting either the 
repeating ethylene-oxide subunits of the PEG backbone (Fig. 1A) or the 
terminal methoxy PEG functionality (Fig. 1B) bound to the vaccine LNP, 
but with less avidity than to Lipodox or even to liposomes with much 
lower (0.3 mol%) DSPE-PEG2000 (Table 1). It is worth noting that 
although the PEG-lipid content in the mRNA-LNP vaccine is only 1.5 mol 
% (which is significantly lower than in Doxil/Lipodox) the actual 
amount of the PEG-lipid in the LNP external lipid layer is higher than 
expected as most of the PEG-lipid molecules reside there [30]. Binding 
of anti-PEG antibodies requires the presence of PEG-lipid molecules on 
the nanoparticles surface as no binding was observed to liposomes 
without PEG lipid (Fig. 1). The explanation to the lower avidity of anti- 
PEG antibody binding to LNP compared to Doxil liposomes or to Doxil- 
like formulation having only 0.3 mol% DSPE-PEG is discussed later in 
the Conclusions. 

Plasma samples collected from 79 subjects just before vaccination 
with Comirnaty Covid-19 mRNA-LNP vaccine and three weeks later 
were assayed for anti-PEG IgG, IgM and IgE antibodies using an estab
lished ELISA method [12]. The study population comprised 47 women 
and 32 men with median ages of 35.2 and 34.3 years, respectively 
(Table 2). Before the first dose of Comirnaty, anti-PEG IgG was detected 

Fig. 1. Binding of anti-PEG antibodies to nano-liposomes differing in their mole% of DSPE-PEG2000: Lipodox 5.4 mol%, Low PEG liposomes 0.3 mol%, No PEG 0.0%, 
Comirnaty (Pfizer-BioNTech vaccine) 1.5 mol% PEG lipid ALC 0159. Serial dilutions of these nanoliposomes or LNPs were assayed on ELISA plates coated with (A) 
AGP4 for capture and 3.3-biotin for detection or (B) AGP6 for capture and 15-2b-biotin for detection. The characterization of nano-formulations used in this study are 
described in supplementary Table S1. 

Table 1 
EC50 values for anti-PEG antibody binding to various nano-formulations. 
(calculated from Fig. 1).  

Nano-Liposomes 
used* 

Capture AGP4 Detection 
3.3-biotin (μg mL− 1 

phospholipids) 

Capture AGP6 Detection 15- 
2b-biotin (μg mL− 1 

phospholipids) 

Lipodox (5.4 mol% 
DSPE-PEG) 

0.03 0.02 

Low PEG (0.3 mol% 
DSPE-PEG) 

0.06 0.14 

No PEG (0.0 mol% 
DSPE-PEG) 

No binding# No Binding# 

Comirnaty (1.5 mol 
% neutral PEG 
Lipid) 

0.58 0.50  

* Supplementary Table S1 describes the physico-chemical characterization of 
the nano-formulations used in this study. 

# See Fig. 1. 
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in 29 individuals (36.7%) and IgM were detected in 11 donors (13.9%). 
Three weeks after the first dose, the number of individuals with anti-PEG 
antibodies increased from 29 to 46 and from 11 to 31 for IgG and IgM, 
respectively. The mean concentration of anti-PEG IgG significantly 
increased (P < 0.0001 for both paired t-test and Wilcoxon signed rank 
test) from 7.8 μg mL− 1 before immunization to 17.5 μg mL− 1 at three 
weeks after immunization (Fig. 2A). By contrast, no change in the 
concentration of plasma anti-PEG IgM antibodies was observed before 
and after immunization (0.38 vs 0.35 μg mL− 1) (Fig. 2B). No anti-PEG 
IgE antibodies were detected in the plasma of donors before or after 
vaccine administration. The majority of donors experienced a modest 
increase in anti-PEG IgG concentration after immunization, but two of 
the 79 individuals experienced large (> 50 μg mL− 1 increases (Fig. 3). 
The data from the assays is available in Supplementary Materials 
(Table S3 and S4). 

4. Discussion 

The administration of Comirnaty (Pfizer-BioNTech) vaccine suc
cessfully decreased the number of hospitalizations of severely affected 
patients and potentially saved millions of lives [1,2]. But the fear of 
adverse reaction, despite being rare, is still present especially consid
ering such large scale of vaccination (billion size population) in a short 
time. In patients who experienced such adverse reactions to COVID-19 
mRNA vaccines, high levels of IgG and IgM anti-PEG antibodies have 
been observed [29]. Our study showed that, as previously reported 
[11,12,17] a non-negligible part of the population possesses pre-existing 
anti-PEG antibodies, i.e. antibodies directed against PEG found in the 
blood of people without a history of previous treatment with PEGylated 
drug. These findings can be explained by the exposure of humans to poly 
(ethylene)glycol (PEG) through common consumer products 

[17,31–34]. 
This study confirms previous data [17,27] that IgG are more pre

dominant than IgM (17.7% vs. 3.8% of the studied population respec
tively) and found in higher titers (14. 57 μg mL− 1) than IgM (0.51 μg 
mL− 1). IgE couldn’t be detected in any sample. IgE is mostly bound to 
innate immune cells such as basophils and mast cells that express the 
high affinity Fcε receptor (FcεRI), which may make it difficult to detect 
low concentrations of circulating IgE in blood [35]. 

We also showed that anti-PEG antibodies can bind PEGylated lipo
somes in a PEG concentration dependent manner. But the avidity for the 
Comirnaty vaccine (1.5 mol% lipid-PEG) was significantly smaller than 
for the nano-liposomes with low PEG (0.3 mol% of DSPE-PEG2000). The 
most likely reason is rapid shedding (desorption) of ALC 0159 from the 
vaccine as its acyl chains (myristoyl C14) is shorter by 4 methylene 
groups as compared to the two stearoyl (C18) acyl chains of the DSPE- 
PEG2000 and therefore its critical micellar concentration is much higher 
[7]. This leads to a dilution-induced reduction of ALC0159 from the 
Comirnaty vaccine surface which should reduce anti-PEG antibody 
binding to the LNPs. Since the avidity to Comirnaty is lower than the 
avidity to the Doxil-like nano-liposomes with only 0.3 mol% DSPE-PEG, 
it suggests that Comirnaty retained a concentration of PEG-lipid at the 
LNP surface below 0.3 mol%. It is claimed that approximately 2% 
ALC0159 (of the 1.5 mol%) is desorbed per minute when the vaccine is 
injected IV [8]. However, the desorption rate is dependent on the 
magnitude of dilution, the larger the dilution the larger the desorption 
rate. Dilution due to I.M. administration is unknown, and lack of 
knowledge prevent us and others to compare the PEG-lipids in the un
diluted and freshly diluted vaccines and therefore we do not have 
confirmation of the hypothesis that major PEG-lipid desorption from the 
vaccine surface occurs. A second explanation to the very low avidity 
could be that the PEG-lipid of the Comirnaty vaccine is electrostatically 
charge-less while Doxil is negatively charged [36]. However, the Doxil- 
like nanoliposomes with 0.3 mol% DSPE-PEG are uncharged (see Zeta 
potential values in supplementary Table S1) and therefore this expla
nation does not hold. The third potential explanation that requires 
attention is that PEG on the Comirnaty LNP surface may be in a dense 
brush conformation such as in the case for DSPE-PEG micelles which 
induce no or weak complement activation [36]. Evaluation of this pos
sibility requires a study quantifying the induction of anti-PEG antibodies 
by liposomes having on their surface PEG in a dense brush conformation 
(i.e. ~9 mol% [6]). 

The first injection of vaccine resulted in a significant increase in IgG 
from 7.8 μg mL− 1 to 17.5 μg mL− 1 after 3 weeks but not in IgM or IgE, 
suggesting no acute reaction to the vaccine occurred. Two donors had 
high titers of anti-IgG before the first dose (312.8 and 121.3 μg mL− 1) 
and after the second dose one exhibited a decrease of 50% in IgG and the 
other had a titer that slightly (10%) increased. Interestingly, even with 

Table 2 
Characteristics of the population in the study.  

n= 79 (32 men, 47 women) 

age range (years) 18.3–82.2 
age median (years) 34.5  

IgG - before vaccine 29 (36.7%) 
IgG - after vaccine 46 (58.2%) 
average before vaccine IgG (ug/mL) 7.8 
average after vaccine IgG (ug/mL) 17.5  

IgM - before vaccine 11 (13.9%) 
IgM - after vaccine 31 (39.2%) 
average before vaccine IgM (ug/mL) 0.38 
average after vaccine IgM (ug/mL) 0.35  

A B

Fig. 2. Concentrations of anti-PEG IgG (A) and IgM (B) antibodies before and 3 weeks after vaccination with Comirnaty vaccine.  
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such high titers no signs of reactogenicity to the injection of PEGylated 
LNP was reported. But given the extremely low occurrence of high titers 
in this small population no conclusions can be drawn. Interestingly, a 
previous study [37] also found high titers of IgG in some participants 
and also had a cohort of participants who experienced vaccine- 
associated side effects. However, no correlation was found between 
side effects and high titers of anti-PEG IgG and, unfortunately, IgM and 
IgE were not measured in this study. 

Recent studies also measured anti-PEG antibodies following vacci
nation with Comirnaty and Spikevax (Moderna COVID-19 vaccine). A 
study from Ju et al. [22] compared anti-PEG IgG and IgM levels in 
samples from a population receiving two doses of either Comirnaty or 
Spikevax, or not vaccinated. Their results showed a significant increase 
in both anti-PEG IgG and IgM, the increase in IgM being higher (2.64 
fold) than the IgG (1.78 fold) after vaccination with Comirnaty. The 
endpoints for antibody quantification were later than in our study (2–7 
weeks after the first boost, so 5–10 weeks after the first dose assuming a 
3 week-interval between the doses). 

Another study (from Guerrini et al. [38]) quantified the levels of anti- 
PEG IgG and IgM one week after the first dose, the first boost (second 
dose) and the second boost (third dose). Although they measured a 
significant increase in anti-PEG IgM after the first dose, anti-PEG IgM 
levels decreased and were close to baseline after the first boost. In 
contrast to other studies, they did not observe any significant variation 
in IgG levels before and after vaccine administration. In this study, the 
cohort (n = 69) received Comirnaty for the first and second injection, 
but for the second boost (6 months after the first boost), 34.32% of the 
population received Comirnaty while 65.68% were administered Spi
kevax. The authors noticed an increase in anti-PEG IgM production 
following Spikevax administration for the second boost as compared to 
Comirnaty. In the study from Ju et al., the authors also observed an 
increase in antibody production after Spikevax compared to Comirnaty. 
In an additional study [37], Carreño et al. compared anti-spike and anti- 
PEG IgG 19 days after the first and second dose of both vaccines. Despite 
a small population sample (n = 10 in each group), they demonstrated 
that vaccination with Spikevax elicited immunogenicity whereas Com
irnaty did not trigger a change in antibody titers. The relatively low 
reactogenicity toward Comirnaty observed consistently in several 
studies could explain the results that we obtained, with a low (but sig
nificant) increase in anti-PEG IgG after the first vaccination. Despite the 
discrepancy, the ranges of anti-PEG antibodies are in line with the wide 
range previously reported [11–16]. 

It is arduous to compare the results of the different studies because, 
despite trying to answer the same question (quantification of anti-PEG 
antibodies after COVID vaccine administration), the studies vary in 
many parameters: the designs are different (non-vaccinated control 
group only in the study from Ju et al.), the size of the cohorts vary (from 
20 to 130), the time points for blood sample collection are also different 
(Guerrini et al. checked 1 week after each dose, in our study and Carreño 
et al. the samples were collected before the following doses and in the 

study led by Ju et al., the samples were collected 2–7 weeks after the 
boost). In addition, the techniques used in the different studies to detect 
and quantify the antibodies were different: Ju et al. and Carreño et al. 
used in-house ELISA without standard curves to quantify the antibodies, 
Guerrini et al. used a commercial assay but with nominal units, whereas 
we used a previously described technique [24,25] in which anti-PEG 
antibody concentrations are measured by comparison to standard 
curves prepared using humanized anti-PEG antibodies. 

Our study did not have a group of unvaccinated participants as a 
negative control to confirm that the increase in IgG observed is due 
solely to vaccination. A study [34] measuring anti-PEG antibodies in 
healthy individuals over time showed that in some individuals, levels of 
anti-PEG antibodies fluctuate even without previous administration of 
PEGylated biopharmaceuticals. It is interesting to note that this could 
explain the wide array of anti-PEG titers measured in healthy pop
ulations. But in their study that included a group of unvaccinated par
ticipants, Ju et al. did not find any significant change in anti-PEG 
antibodies at a 6-month interval, with only a very minor decrease 
(mean fold change of 0.92 for IgG and 0.98 for IgM). In addition, we 
found significantly lower percentage of participants with anti-PEG an
tibodies before vaccination as compared to their study (36.7% vs. 71% 
for IgG and 13.9% vs. 68% for IgM) for cohorts of similar size (n = 79 in 
our study vs. n = 75 for vaccinated population in their study). So, it 
seems that it is more likely that the increase in IgG we measured is due to 
vaccination than to natural fluctuations. 

In our study we did not observe an increase in IgM after the vaccine 
injection, as opposed to the results of Ju et al. and Guerrini et al. We 
measured the antibodies levels 3 weeks after the vaccine injection. 
Typically IgM are the first antibodies to rise after exposure to an antigen 
and are thought to be rapidly declining to very low levels, usually 
withing 3 weeks. But we know that a non-negligible percentage of IgM 
can last longer than 3 weeks, including secondary IgM synthetized after 
B cells have undergone somatic hypermutation following antigen 
exposure. In addition, studies [39,40] showed that in patients with 
COVID, anti-spike IgM were measured later than 3 weeks after exposure 
to the virus or appearance of the symptoms. It is now widely known that 
the anti-PEG antibodies found in the healthy population are sex-, age- 
but also geography-dependent. It is interesting to point out that in a 
previous study [27] we measured anti-PEG IgG and IgM in healthy 
population in the same city as our current study and we found signifi
cantly lower IgM positive individuals than a study in Taiwan [12] using 
the exact same ELISA assay (3.5% vs. 27.1% in Taiwan). It is therefore 
possible that the lack of increase in IgM following vaccination is not an 
artefact due to the small population but due to the specificity of the 
regional population. 

Another important point is that our study uses plates coated with 
NH2-PEG10 000-NH2, which allows detection of anti-PEG antibodies 
directed against the repeating ethylene oxide subunits of the PEG 
backbone but not the methoxy end of PEG. Most PEGylated compounds 
use methoxy-PEG, so it is possible that we underestimate the totality of 

A B

Fig. 3. Distribution of changes (μg mL− 1) in concentration levels of anti-PEG IgG (A) and IgM (B) in individuals between the 2 doses of Comirnaty (Pfizer-BioNTech) 
Covid-19 vaccine. The observed outliers in IgG and IgM are of different individuals. 

Y. Bavli et al.                                                                                                                                                                                                                                    



Journal of Controlled Release 354 (2023) 316–322

321

anti-PEG antibodies generated. This point needs to be addressed and it is 
critical to quantify IgG at different times after injection and upon sub
sequent boosts in order to see if the titers of anti-PEG antibodies rise 
after several boosts (or with each boost). A rise in anti-PEG antibodies 
would not only possibly increase the risk for adverse reactions upon 
injection of PEGylated drug in the bloodstream, but also could be 
problematic because of the potential risk of Accelerated Blood Clearance 
(ABC) associated with these antibodies. The ABC phenomenon is char
acterized by very fast elimination of a drug from the plasma upon its 
second or subsequent injections due to the synthesis and binding of anti- 
drug antibodies. This phenomenon has already been observed with 
PEGylated drugs, especially those given at low dose [9–11] and causes a 
decrease in the drug efficacy due to its very shortened residence time in 
the bloodstream. ABC has been observed with PEGylated drugs that 
weren’t LNPs, but the binding of anti-PEG antibodies to PEGylated 
formulations has others consequences, namely activation of the com
plement cascade [41] and disruption of the LNP membrane, causing the 
formation of Membrane attack Complex (MAC) and leaking of the 
payload into the bloodstream [18,42]. The impact of high titers of either 
pre-existing or elicited anti-PEG antibodies have previously been linked 
to accelerated blood clearance, loss of therapeutic efficacy of pegylated 
pharmaceuticals administered intravenously and infusion reactions 
[18,42]. Therefore the impact of the increase in plasma anti-PEG anti
bodies caused by the Comirnaty vaccine and its boosters on cross- 
reaction with other PEGylated pharmaceuticals requires further 
investigation. 

5. Conclusions 

In conclusion, we showed that humanized anti-PEG antibodies bind 
to the Comirnaty COVID-19 vaccine in vitro, although with much lower 
avidity than to PEGylated liposomes. We also observed in a population 
sample that after the first administration of Comirnaty, there is a sig
nificant increase in IgG but not in IgM. In addition, no severe signs of 
adverse reactions to the Comirnaty vaccine were observed in the pop
ulation studied, despite the significant pre-existing high titers of IgG 
before the administration of the vaccine in 2 study participants. 
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