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ABSTRACT  
Messenger ribonucleic acid (mRNA) vaccines have become a prevalent immunization method, 
even as the coronavirus disease 2019 (COVID-19) pandemic recedes. However, the potential 
adverse effects using mRNA vaccines need to be explored in this evolving landscape. In this 
study, 60 participants were randomly assigned to receive either an mRNA vaccine, specifically 
for COVID-19, or a conventional vaccine for meningococcal disease. Symptom records and 
blood samples were collected on Days 0, 3, and 7 after vaccination. Results showed that 
recipients of mRNA vaccines exhibited elevated levels of serum acute-phase proteins, such as 
haptoglobin and C-reactive protein, alongside decreased white blood cell counts compared to 
those receiving conventional vaccines. Proteomic analysis identified significant changes in nine 
proteins, including interactions involving complement component C9, haptoglobin, and alpha- 
1-acid glycoprotein, suggesting implications for complement activation and inflammatory 
responses. Furthermore, variability in anti-polyethylene glycol antibody levels was noted among 
mRNA vaccine recipients compared to conventional vaccine recipients. This research aims to 
provide useful information to help develop future vaccination strategies and shape research 
directions to mitigate individual adverse effects.
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Introduction

Messenger ribonucleic acid (mRNA) vaccines have 
become a focal point of discussion, particularly 

regarding their manufacturing techniques and encapsu
lation materials (Sahin et al. 2014; Hou et al. 2021). The 
swift development of mRNA vaccines during the 
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coronavirus disease 2019 (COVID-19) pandemic rep
resents a significant advancement (Pardi et al. 2018). 
Vaccines such as Pfizer-BioNTech’s BNT162b2 and Mod
erna’s mRNA-1273 were rapidly authorized for emer
gency use, playing a crucial role in saving countless 
lives during the peak of the pandemic (Watson et al. 
2022; Callaway 2023). These vaccines are distinguished 
by their rapid development timelines and the ability to 
be manufactured under conditions with lower biosafety 
requirements (Moreira et al. 2022).

Despite the widespread adoption and success of 
Pfizer-BioNTech and Moderna’s mRNA vaccines, their 
initial deployment during the pandemic has set a new 
standard in vaccine development and emergency 
response strategies (Chaudhary et al. 2021). However, 
despite their perceived safety and efficacy, concerns 
persist among the public due to sporadic reports of 
severe side effects associated with mRNA vaccines. 
These include anaphylaxis, viral infections in immuno
compromised individuals, facial nerve palsy, and in rare 
cases, fatalities (Chen et al. 2021). Additionally, mRNA- 
based BNT162b2 has been linked to hematological 
abnormalities like thrombocytopenia and immune 
thrombocytopenic purpura, suggesting potential trig
gers for immune system responses (Kim et al. 2021; 
Mingot-Castellano et al. 2022). Therefore, comprehen
sive post-vaccination monitoring is essential to assess 
the risks of adverse reactions across diverse populations.

Moreover, the immune response elicited by mRNA 
vaccine platforms, combined with adjuvant materials, 
plays a critical role in vaccine efficacy and safety 
(Krammer 2020; Tregoning et al. 2020). The primary com
ponents of conventional vaccines are antigenic proteins 
(Dolgin 2021). Therefore, it is essential to comprehensively 
evaluate different responses between recipients of 
protein-based conventional vaccines and mRNA vaccines. 
The results of these comparative analyses are expected to 
deepen our understanding of mRNA vaccine safety, 
efficacy, and overall performance, guiding ongoing 
efforts to refine and optimize immunization strategies.

Furthermore, mRNA vaccines have raised concerns 
regarding immune responses related to polyethylene 
glycol (PEG) and the production of anti-PEG antibodies 
(Ju et al. 2022). PEG, a widely used biocompatible 
polymer, enhances the stability and circulation of thera
peutic molecules, including those in mRNA vaccine for
mulations (Harris and Chess 2003; Khurana et al. 2021). 
In these vaccines, PEG is incorporated as a PEGylated 
lipid, a key component of lipid nanoparticles (LNPs) that 
encapsulate and protect the mRNA cargo. The PEGylated 
lipid stabilizes the LNP structure, prolongs circulation 
time, and facilitates cellular uptake of the mRNA. 
However, PEG-containing LNPs have also been implicated 

in immune responses, particularly in individuals with pre- 
existing anti-PEG antibodies, which may lead to hypersen
sitivity reactions, including allergic responses and ana
phylaxis (Lee et al. 2023; Tenchov et al. 2023; Wang 
et al. 2023). Pre-existing anti-PEG antibodies are found 
in individuals who have been previously exposed to 
PEGylated therapeutics, cosmetics, or pharmaceuticals. 
In these individuals, PEG in mRNA vaccines may trigger 
immune complex formation or complement activation, 
potentially leading to rapid clearance of the vaccine com
ponents, reduced vaccine efficacy, or adverse allergic 
reactions. Understanding the prevalence and immuno
logical impact of pre-existing anti-PEG antibodies is 
crucial for identifying at-risk individuals and developing 
strategies to mitigate potential hypersensitivity reactions 
associated with mRNA vaccination.

Thus, this study aimed to assess mRNA vaccine safety 
through comprehensive analyses of hematological, sero
logical, and protein-level parameters in blood samples 
from mRNA or protein-vaccinated individuals and to 
mitigate individual adverse effects and inform future 
vaccination strategies and research directions. Our 
findings provide valuable insights into how pre-existing 
anti-PEG antibodies may interact with mRNA vaccine 
components, potentially affecting immune responses 
and vaccine outcomes.

Materials and methods

Supplementary materials and methods

The details regarding hematological and serological 
analysis and preparation of samples for liquid chromato
graphy-mass spectrometry (LC-MS) proteomics analysis 
are included in the Supplementary Materials.

Study design

Sixty healthy individuals with a mean age of 37.2 ± 9.4 
years (28 males and 32 females) were enrolled in the 
study. The test group included 22 males and 28 
females (mean age: 40.36 ± 2.1 years) who received 
the SARS-CoV-2 mRNA vaccines (BNT162b2 or mRNA- 
1273), whereas the control group included 6 males 
and 4 females (mean age: 22.8 ± 1.1 years) who received 
Menveo® (GlaxoSmithKline Biologicals SA) (Supplemen
tary Table 1), which is a meningococcal (groups A, C, Y, 
and W-135) oligosaccharide diphtheria CRM197 conju
gate vaccine (GlaxoSmithKline Biologicals SA). 
BNT162b2 and mRNA-1273 are LNP-formulated nucleo
side-modified mRNA vaccines. The participants 
answered self-report questionnaires to monitor 
adverse effects 7 days after vaccination. Local and sys
temic adverse events (AEs) were assessed according to 
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the severity evaluation guidelines for AEs in vaccine 
clinical trials. The participants who received the mRNA 
vaccine were categorized into two groups based on 
the severity of their side effects according to our pre
defined criteria for quantifying local and systemic AEs; 
grade 1 included individuals with mild or no side 
effects, and grade 2 included those with moderate side 
effects (Supplementary Table 1).

This study was approved by the Institutional Review 
Board (IRB) of Hallym University Kangnam Sacred Heart 
Hospital (Approval No. 2022-02-014). Informed consent 
was obtained from all participants after the nature and 
possible consequences of the study had been fully 
explained to them.

LC-MS proteomics analysis

A preprocessed sample of 5 µL was injected into a 
nanoLC system (Thermo ScientificTM UltimateTM 3000 
RSLC nano System). The injected sample was loaded 
onto a trap column (Thermo Acclaim PepMapTM C18 
nanoViper, 100 A, 75 μm × 2 cm, 3 μm) at a flow rate 
of 5 µL/min of 95% A solvent. After 4 min, the sample 
was separated on an analytical column (Thermo Pep
MapTM RSLC C18 ES803A, 100 A, 75 μm × 50 cm, 2 μm) 
by changing the mobile phase from 5–90% B (0.1% 
formic acid in acetonitrile) at a flow rate of 300 nL/min, 
and this separation was performed for 150 min. The Orbi
trap mass spectrometer (Thermo ScientificTM Orbitrap 
Eclipse TribridTM Mass Spectrometer) was operated in 
data-dependent acquisition mode, alternating between 
MS and MS2 scans, with a total of 20 scans. The following 
mass analysis parameters were used: mass accuracy of 10 
ppm, ion spray voltage of 1850V, capillary temperature of 
275 °C, resolution of 120,000 for full scans (m/z 375–1575), 
35% normalized collision energy for HCD activation scans, 
quadrupole isolation window of 1.4 Da, and resolution of 
30,000 for MS/MS orbitrap scans. The raw data were anno
tated using the SequestHT algorithm in Proteome Disco
verer 2.4 with the Uniport Human database (as of 
September 29, 2022). Filtering was applied with a high 
confidence in false discovery rate (FDR) and a minimum 
requirement of two unique peptides.

Data analysis for proteome profile

Data normalization was performed for the proteome 
profiles of 267 proteins identified from Thermo Pro
teome Discoverer 2.4 using NormalyzerDE (Willforss 
et al. 2019) with the variance stabilizing normalization 
method. NA filtering and imputation were performed 
using the Promor package (Ranathunge et al. 2023). 
After filtering and normalization, the T12_3d sample, 

which was expected to be an outlier in the MDS plot, 
was excluded from downstream analysis. To identify sig
nificantly different proteins between the groups, the 
Kruskal–Wallis test was performed using R, and the p- 
value was adjusted using BH FDR. Boxplots were 
created using ggplot2 to visualize protein expression 
(Wickham 2011). To identify the related function of the 
proteins with significantly different expressions, Reac
tome pathway analysis (Fabregat et al. 2018) was per
formed with the default parameter.

Measurement of anti-PEG antibody

Anti-PEG immunoglobulin (Ig)G and IgE enzyme-linked 
immunosorbent assay (ELISA) Maxisorp 96-well micro
plates (NUNC) were coated with 100 μg/mL 8-arm PEG- 
NH2 (JENKEM Technology). After washing plates with 
phosphate-buffered saline (PBS) (GenDEPOT) and block
ing the wells with 5% bovine serum albumin solution, 
the obtained plasma samples were incubated in four- 
fold dilutions (1:4). Horseradish peroxidase (HRP)-conju
gated goat anti-human IgG (BETHYL) was added at 
1:2000 dilution to detect specific PEG IgG antibodies. 
Specific PEG IgM antibodies were detected by incubat
ing the samples first with an HRP-conjugated rabbit 
anti-human IgM (BETHYL) antibody at 1:1000 dilution. 
After a final wash with PBS, substrate buffer containing 
TMB (Thermo scientific) was added, and subsequently, 
the reaction was stopped using 2 N H2SO4. The plates 
were read at a wavelength of 405 nm using a microplate 
reader (GloMax® Explorer Multimode Microplate Reader, 
Promega). Plasma concentrations of specific IgG and IgM 
antibodies to PEG were interpolated from a standard 
curve constructed using anti-PEG human IgG and anti- 
PEG human IgM, respectively (SOFTmax PRO 4.3 LS).

Statistical analysis

The Wilcoxon non-parametric test was performed to 
examine the difference in concentrations between the 
test and control groups for each measurement point. 
Repeated-measures analysis of variance was performed 
to confirm the differences in the concentration 
changes during the observation period. All statistical 
analyses were performed using SAS Enterprises Guide 
7.1 (SAS Institute Inc., Cary, NC, USA).

Results

AEs

Local adverse reactions, including injection site pain, 
erythema, and swelling, were compared between the 
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test (BNT162b2 or mRNA-1273) and control (Menveo) 
groups. Injection site pain was reported by 40 of 50 
COVID-19 mRNA vaccine recipients (80%) in the test 
group, whereas only three of 10 meningococcal 
protein conjugate vaccine recipients (30%) in the 
control group reported such pain. Erythema was noted 
in 12 of 50 individuals (24%) in the test group and 
three of 10 participants (30%) in the control group, 
with no significant difference observed. Similarly, 
swelling occurred in seven of 50 participants (14%) in 

the test group and two of 10 participants (20%) in 
the control group, showing no substantial variance 
(Figure 1A).

Systemic AEs, including fever, vomiting, diarrhea, 
headache, fatigue, muscle pain, joint pain, and chills, 
were assessed in all participants. Notably, participants in 
the test group reported a higher incidence of these AEs 
than those in the control group. Fatigue was the most fre
quently reported symptom (32 participants, 64%), fol
lowed by muscle pain (31, 62%). Fever, vomiting, 

Figure 1. Adverse reactions reported 7 days after the administration of the mRNA and conventional vaccines. Percentages of partici
pants with adverse reactions observed 7 days after administering messenger ribonucleic acid (mRNA) vaccines (coronavirus disease 
2019, COVID-19) and the conventional protein conjugate vaccine (meningococcal vaccine). Sixty participants were divided into the 
test (n = 50) and control groups (n = 10). (A) Percentage of local events (pain at the injection site, redness, and swelling). (B) Percen
tage of systemic events (fever, vomiting, diarrhea, headache, muscle pain, joint pain, and chills). CON, Meningococcal protein con
jugate vaccine (Menveo) immunized group; TEST, COVID-19 mRNA vaccine (BNT162b2 or mRNA-1273) immunized group.
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headache, joint pain, and chills were exclusively reported 
in the test group and were absent in the control group. 
Specifically, headache, joint pain, chills, vomiting, and 
fever were reported by 19 (38%), 10 (10%), nine (18%), 
and two (4%) participants, respectively, in the test 
group. The two groups did not differ significantly in diar
rhea reports (6 participants [12%] in the test group and 1 
[10%] in the control group) (Figure 1B). Although mRNA 
vaccines are generally considered safe and effective, our 
findings indicate a higher frequency of systemic AEs fol
lowing mRNA vaccination than protein vaccination.

Hematological and serological analysis of human 
blood following mRNA or conventional vaccine 
administration

To comprehensively assess the impact of mRNA and 
conventional vaccines on hematological and serological 
factors, participant blood and serum samples were col
lected at three-time points, before vaccination and on 
Days 3 and 7 post-vaccination. Although most studied 
factors were within normal ranges, significant differ
ences were observed between the control and test 
groups (Figure 2). In the hematological analysis, par
ameters were within normal limits, including red blood 
cells, hemoglobin, hematocrit, platelets, mean corpuscu
lar volume, mean cell hemoglobin, and mean cell hemo
globin concentration (Supplementary Figure 1). 
However, white blood cell (WBC) counts were signifi
cantly reduced in the test group on Day 3 compared 
to those in the control group (p-value = 0.02; p for 
trend = 0.03). Additionally, although the percentage of 
monocytes did not show statistical significance, there 
was a trend toward an increase in the test group on 
Day 3 compared to the control group (p-value = 0.29; 
p for trend = 0.28).

Serological parameters such as albumin, bilirubin, 
calcium, chloride, phosphate, sodium, alkaline phospha
tase (ALP), alanine aminotransferase (ALT), and aspartate 
aminotransferase (AST) levels were also within normal 
ranges (Supplementary Figure 2). However, acute- 
phase proteins such as haptoglobin and C-reactive 
protein (CRP) showed significant elevation on Day 3 in 
the test group compared to that in the control group 
(p = 0.02 and <0.01; p for trend <0.0001 and <0.01, 
respectively). Furthermore, IgE levels exhibited a signifi
cant increasing trend in the test group on Day 3, which 
persisted through Day 7. In contrast, the control group 
showed a decrease on Day 3, followed by an increase 
and recovery by Day 7 (p for trend < 0.01) (Figure 2
and Supplementary Table 2). Our findings underscore 
distinct hematological and serological responses follow
ing mRNA and conventional vaccine administration.

Correlation between the alteration of 
hematological and serological factors and 
grades of AEs

To explore the relationship between parameter changes 
and the severity of AEs following COVID-19 mRNA 
vaccine administration, the participants were categor
ized into two grades based on the intensity of their 
side effects. No participants reported serious side 
effects requiring emergency room visits. Consequently, 
individuals reporting mild or no side effects were 
classified under Grade 1 (n=25), whereas those reporting 
moderate side effects were categorized under Grade 2 
(n=25). Figure 3 illustrates that no significant abnormal
ities were observed in the analyzed factors, with consist
ent trends across most parameters regardless of the 
severity of the side effects.

Consistent with our previous hematological and sero
logical analysis, most parameters remained within the 
normal ranges. However, some variations in AEs were 
observed. WBC count showed a significant decrease in 
the Grade 2 group compared with that in the Grade 1 
group on Day 3 (p = 0.01; p for trend = 0.06). Addition
ally, the Grade 2 group displayed a more substantial 
increase in the mean percentage of monocytes on Day 
3, which then decreased by Day 7 (p for trend = 0.11). 
Furthermore, the mean percentage of basophils, 
though lacking statistical significance, exhibited a 
slight decrease until Day 7 in the Grade 2 group, 
whereas the Grade 1 group experienced marginal recov
ery by Day 7 (p for trend = 0.21).

In the serological analysis, potassium levels on Day 3 
were significantly higher in the Grade 2 group than in 
the Grade 1 group. Additionally, although haptoglobin 
and CRP showed no statistical significance based on 
AEs, the Grade 2 group exhibited a more pronounced 
increase on Day 3 than the Grade 1 group (Figure 3
and Supplementary Table 3). These findings indicate 
the relationship between hematological and serological 
changes and the severity of AEs following COVID-19 
mRNA vaccination.

Analysis of anti-PEG antibody levels following 
mRNA or conventional vaccine administration 
and their associations with AEs

To explore the potential association between AEs and 
anti-PEG antibodies, the levels of anti-PEG IgG and IgM 
antibodies in human plasma were assessed using an 
established ELISA method. Plasma samples were col
lected from the 60 participants just before vaccination 
with the mRNA-LNP vaccine and on Days 3 and 7 post- 
vaccination and were analyzed for anti-PEG IgG and 
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Figure 2. Hematological and serological parameters distribution and median values for mRNA and protein vaccine groups. The analy
sis used EDTA blood and serum samples from 60 healthy participants before and 3 and 7 days after vaccination who were divided into 
a test (n = 50) and control group (n = 10). CON, Meningococcal protein conjugate vaccine (Menveo) immunized group; COVID-19, 
coronavirus disease 2019; mRNA, messenger ribonucleic acid; TEST, COVID-19 mRNA vaccine (BNT162b2 or mRNA-1273) immunized 
group. Data are shown as the mean ± SEM. Statistical significance was analyzed using the Wilcoxon non-parametric test for compari
sons between groups (*p < 0.05, **p < 0.01 vs CON). Analyses were performed using SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, 
NC, USA).
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Figure 3. Hematological and serological parameter distributions and median values based on reported symptoms of mRNA and con
ventional vaccine recipients. The analysis used EDTA blood and serum samples from 60 healthy participants before vaccination and 3 
and 7 days after vaccination. The 60 participants were divided into test (n = 50) and control groups (n = 10), and the test group (n =  
50) was divided into Grade 1 (n = 25) and Grade 2 (n = 25) according to the severity of AEs. TEST (Grade 1), COVID-19 mRNA vaccine 
(BNT162b2 or mRNA-1273) immunized group with mild or no AEs; TEST (Grade 2), COVID-19 mRNA vaccine (BNT162b2 or mRNA-1273) 
immunized group with moderate AEs; CON, Meningococcal protein conjugate vaccine (Menveo) immunized groups. COVID-19, cor
onavirus disease 2019; mRNA, messenger ribonucleic acid; AEs, adverse events. Data are shown as the mean ± SEM. Statistical signifi
cance was analyzed using the Wilcoxon non-parametric test for comparisons between groups (*p < 0.05, ***p < 0.001 vs Grade 1). 
Analyses were performed using SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA).
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IgM antibodies. The levels of anti-PEG IgG and IgM anti
bodies increased on Days 3 and 7 after mRNA vaccine 
administration, respectively (Figure 4A and B). Addition
ally, the levels of anti-PEG IgG and IgM antibodies were 
slightly increased in the Grade 2 group compared with 
those in the Grade 1 group (Figure 4C and D).

A slight yet consistent rise in PEG-specific IgG (Day 3) 
and IgM (Day 7) was observed after mRNA vaccination, 
with mean fold changes of 2.00 (range, 0.04–33.54) 
and 1.34 (range, 0.50–2.40), respectively (Figure 4E and 
F). In the test group, four outliers exhibited anti-PEG 
IgG levels with a >3-fold or <0.1-fold change after 
mRNA vaccination, whereas the anti-PEG IgM antibody 
levels were within the normal range. Three outliers 
experienced AEs with severity levels exceeding 60 
points after mRNA vaccination. Excluding these outliers, 
26% (13 participants) showed an increase in anti-PEG IgG 
levels by >1.3-fold, and 22% (11 participants) showed an 
increase in anti-PEG IgM levels by >1.3-fold, concurrently 
with moderate AEs (>10 points) after mRNA vaccination 
(indicated in the blue-colored portion of Figure 4E and 
F). Notably, among these participants, 69% (9 of 13) 
and 72% (8 of 11) were in their 20s. This suggests that 
a significant proportion of younger individuals in their 
20s exhibited both higher anti-PEG antibody levels and 
moderate AEs after mRNA vaccination.

In contrast, the control group did not show a similar 
increase in anti-PEG antibodies, and the severity of AEs 
in this group was not associated with the blue-colored 
portion in the figures. Collectively, these findings imply 
a potential role of anti-PEG antibodies in modulating 
the vaccine response and AE profiles following mRNA 
vaccination, particularly in younger individuals. The 
observed correlation highlights the need for further 
investigation into individual immune responses and 
vaccine safety.

Proteomic analysis of blood samples following 
mRNA or conventional vaccination

Hematological and serological analyses confirmed that 
COVID-19 mRNA vaccination significantly reduced WBC 
count. Moreover, it led to an elevation in haptoglobin 
and CRP proteins, indicating a distinct inflammatory 
response compared to meningococcal protein conju
gate vaccination. To further elucidate this response, 
plasma samples were subjected to proteomic analysis 
to identify specific mediators of inflammation. Partici
pants under 35 were selected from the control (n=10) 
and test (n=25) groups for robust data analysis. Bioinfor
matics analysis revealed a significant increase in several 
proteins on Day 3 in the mRNA vaccine group (FDR < 
0.05). Notably, among the 267 analyzed proteins, nine 

were predominantly complement or acute-phase pro
teins, recognized factors associated with inflammation 
(Figure 5A-I). These findings highlight the intricate 
immune response triggered by mRNA vaccination, 
emphasizing the role of inflammatory mediators in 
vaccine-induced immune reactions.

Correlation analysis of the nine proteins selected 
from proteomic analysis

A STRING network analysis was conducted to explore 
potential biological functions correlated among the 
nine identified proteins including complement C1r sub
component (C1R), complement factor B (CFB), comp
lement component C9 (C9), haptoglobin (HP), 
lipopolysaccharide-binding protein (LBP), leucine-rich 
alpha-2-glycoprotein (LRG1), alpha-1-acid glycoprotein 
(ORM1), serum amyloid A-1 protein (SAA1), and serum 
amyloid A-2 protein (SAA2). These proteins have 
diverse functions. C1R, CFB, and C9 are involved in the 
complement system, which plays a crucial role in 
immune defense and inflammation. HP and ORM1 are 
acute-phase proteins involved in modulating immune 
responses. LBP is important for pathogen recognition, 
and LRG1 is associated with inflammation and immune 
regulation. SAA1 and SAA2 are involved in the inflamma
tory response and lipid metabolism (Supplementary 
Table 4). The results unveiled numerous correlations, 
indicating the likely co-expression of these proteins. Par
ticularly noteworthy was the interaction of C9 with HP 
and ORM1, both acute-phase proteins, underscoring 
their pivotal role in linking complement components 
to the inflammatory response. Analyzing the edges con
necting these proteins revealed multiple co-expressing 
partners, supported by text-mining data derived from 
gene/protein name co-occurrences in abstracts, high
lighting significant correlations. Moreover, experimen
tally determined edges between C9, C1R, CFB, HP, and 
LRG1 further validated these interactions (Figure 6A). 
K-means clustering with a value of 3 identified three 
clusters: complement components, serum amyloid A 
proteins, and other proteins. HP and ORM1 appeared 
as intermediary proteins with multiple interactions 
(Figure 6B). Applying the Markov Cluster Algorithm 
(MCL) with an inflation parameter revealed cluster 2 
comprising C1R and CFB, cluster 3 comprising C9, and 
cluster 1 comprising other proteins. Notably, cluster 1, 
excluding complement proteins, exhibited a statistically 
significant average local clustering coefficient of 0.9 and 
a PPI enrichment p-value of 1.0e-16. HP and ORM1 
showed a higher combined co-expression score 
than other proteins (Figure 6C). Furthermore, an 
increase in complement proteins beyond the nine 
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Figure 4. Relationship between adverse events and anti-PEG antibodies. (A and B) Comparison of plasma anti-PEG IgG and IgM levels 
before (0 d) and after (3 and 7 d) administering mRNA vaccines (COVID-19) and the conventional protein conjugate vaccine (menin
gococcal vaccine). The anti-PEG levels at 3 d and 7 d are expressed as the fold normalized to the level at 0 d. Sixty participants were 
divided into the test (n = 50) and control groups (n = 10). (C and D) Relationship between the fold change of anti-PEG IgG detected at 
3 d and the severity score of AEs. (E and F) Relationship between the fold change of anti-PEG IgM detected at 7 d and the severity 
score of AEs. Con, Meningococcal protein conjugate vaccine (Menveo) immunized group; COVID-19, coronavirus disease 2019; Ig, 
immunoglobulin; mRNA, messenger ribonucleic acid; PEG, polyethylene glycol; Test, COVID-19 mRNA vaccine (BNT162b2 or 
mRNA-1273) immunized group; AEs, adverse events.
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Figure 5. Comparison of differentially expressed proteins between the mRNA vaccine and protein-conjugate vaccine groups. Pro
teome analysis was performed using LC-MS, and the proteomic profile was statistically analyzed using bioinformatics. Plasma 
samples were obtained prior to vaccination and on Days 3 and 7 following the vaccination. For statistical significance, study partici
pants from the test group were chosen based on their age, specifically those under 35 years of age. To identify the significantly 
different proteins between the mRNA and protein vaccine groups, the Kruskall – Wallis test was employed using R, and the p- 
value was adjusted using BH FDR. C9, Complement component C9; CFB, Complement factor B; CON, Meningococcal protein conjugate 
vaccine (Menveo) immunized group (n = 10); COVID-19, coronavirus disease 2019; FDR, false discovery rate; HP, Haptoglobin; LBP, 
Lipopolysaccharide-binding protein; LC-MS, liquid chromatography-mass spectrometry; LRG1, Leucine-rich alpha-2-glycoprotein; 
mRNA, messenger ribonucleic acid. C1R, Complement C1r subcomponent; ORM1, Alpha-1-acid glycoprotein; SAA1, Serum amyloid 
A-1 protein; SAA2, Serum amyloid A-2 protein; TEST, COVID-19 mRNA vaccine (BNT162b2 or mRNA-1273) immunized participants 
under the age of 35 (n = 25).
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pro-inflammatory proteins was observed, although not 
statistically significant, in the mRNA vaccination group 
compared to that in the conventional vaccination 
group (Supplementary Figure 3). To elucidate the 
association of the nine significantly increased proteins 
with biological processes, a Gene Ontology (GO) analy
sis was performed, revealing significant involvement in 
the acute-phase response, innate immune response 

(complement activation process), and humoral 
immune response mediated by circulating immunoglo
bulins (Figure 6D). Collectively, these findings under
score the intricate network of interactions among pro- 
inflammatory proteins following mRNA vaccination, 
emphasizing their role in modulating immune 
responses and highlighting potential targets for thera
peutic interventions.

Figure 6. Interaction network between differentially expressed proteins using STRING. STRING analysis indicates potential interactions 
between these nine proteins, including three complement component proteins and four acute phase proteins. Predicted interactions 
between differentially expressed proteins are denoted by colored lines. (A) Interaction network between differentially expressed pro
teins by STRING analysis. (B) Analysis using a K-means value of 3 by STRING analysis. (C) Analysis using an MCL value of 7 by STRING 
analysis. C1R, Complement C1r subcomponent; CFB, Complement factor B; C9, Complement component C9; HP, Haptoglobin; LBP, 
Lipopolysaccharide-binding protein; LRG1, Leucine-rich alpha-2-glycoprotein; ORM1, Alpha-1-acid glycoprotein; SAA1, Serum 
amyloid A-1 protein; SAA2, Serum amyloid A-2 protein. (D) Gene Ontology (GO) biological process analysis of differentially expressed 
proteins. Pathway analysis was conducted by using Protein ANalysis THrough Evolutionary Relationships (PANTHER) database v 6.1 
(www.pantherdb.org) in the COVID-19 mRNA vaccine group on Day 3 after immunization. The pathway presented satisfied FDR <  
0.05. COVID-19, coronavirus disease 2019; FDR, false discovery rate; mRNA, messenger ribonucleic acid.
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Discussion

mRNA vaccines are currently one of the most common 
vaccine platforms used in public health. The side effects 
of the mRNA vaccines that have already been or are cur
rently being developed are being closely monitored. Such 
studies are key to advancing the development of safe and 
efficient mRNA vaccines and the effective management 
of recipients. Nevertheless, the underlying causes and 
mechanisms of the side effects remain unclear. In this 
study, various analyses were performed, encompassing 
hematological, serological, and proteomic evaluations to 
select biomarkers and propose mechanisms underlying 
the AEs of mRNA vaccines.

The mRNA vaccine recipients exhibited a significant 
decline in WBC count compared with the protein 
vaccine recipients. Decreased WBC count after vacci
nation is not a common or expected outcome (Tefferi 
et al. 2005; Al-Saadi and Abdulnabi 2022; Sing et al. 
2022); thus, it could be a sign of an unusual reaction 
or underlying health issue, even though the count did 
not reach pathological levels (Liu et al. 2021). These 
results suggested that mRNA vaccines may influence 
the bone marrow, thereby highlighting the need for 
more detailed toxicity studies. Furthermore, the transi
ent increase of CRP and haptoglobin levels in the serolo
gical analysis was observed exclusively in the mRNA 
vaccine recipients. These vital biomarkers, CRP and hap
toglobin, are associated with inflammation and the 
acute phase response, respectively. Although the deli
neation of pathological serum concentrations remains 
undefined (Beimdiek et al. 2022), and our results indi
cated that their levels were within normal ranges, they 
may potentially be affected by immunogenic responses. 
These proteins are mainly secreted by the liver and are 
influenced by LNPs, which serve as vehicles for mRNA 
delivery. Carrier molecules migrate to the liver immedi
ately after vaccination (Hou et al. 2021; Johnson et al. 
2022). Consistent with our results, CRP levels were 
abnormally elevated in BNT162b1 mRNA vaccine recipi
ents (Li and Chen 2020; Li et al. 2021). Moreover, CRP was 
a risk factor for cardiovascular diseases, such as myocar
ditis, in a healthy population (Anderson et al. 1998).

PEG is a component of LNP for mRNA vaccines; 
however, it remains unclear whether vaccination 
enhances anti-PEG antibodies and their impact on 
blood biomarkers. One study reported that four anti- 
PEG IgE-positive patients had received a second dose 
of the mRNA COVID-19 vaccine, and all tolerated it 
without allergic reactions (Mouri et al. 2022). Zhou 
et al. also found no positive correlation between ana
phylaxis and anti-PEG IgG positivity; however, anti-PEG 
IgM positivity was higher in anaphylaxis cases than in 

the controls for Pfizer-BioNTech vaccination (Zhou 
et al. 2023). In contrast, anti-PEG IgG was detected in 
10 of 11 anaphylaxis cases and in none of the three con
trols (Warren et al. 2021). Consistently, in our study, anti- 
PEG IgG and IgM levels were increased in the Grade 2 
group, which had moderate AEs. Similarly, Lim et al. 
reported higher levels of anti-PEG IgG or anti-PEG IgM 
(anti-PEG IgE was not evaluated) in two out of three 
patients with suspected anaphylaxis from the Pfizer- 
BioNTech vaccine (BNT162b2) compared with the 
control levels (Lim et al. 2021).

The proteomic plasma analysis revealed a consider
able increase in complement proteins, suggesting a 
potential link to changes in blood composition. The 
inflammatory response triggered by external patho
gens leads to elevated acute-phase proteins in the 
early stages. Notably, haptoglobin, CRP, and serum 
amyloid A-1 and A-2 levels showed significant 
increases on Day 3 after mRNA vaccination compared 
with those after protein vaccination. These findings 
align with previous studies, confirming the association 
between mRNA vaccination and increased acute phase 
proteins (Barmada et al. 2023). Another potential 
mechanism linking the PEG antigen–antibody reaction 
to inflammation involves complement activation 
(Verhoef et al. 2014). Complement is a protein pro
duced in the liver and circulating in the blood that 
functions in the innate immune system. The comp
lement cascade results in the binding of complement 
to antigen–antibody complexes (Zipfel 2009). The 
complement components C3a, C4a, C5a, and others 
produced during this process are called anaphylatoxins 
and activate mast cells and eosinophils, inducing the 
release of histamine and other vasodilator mediators 
and increasing vascular permeability. This leads to 
inflammation and, if excessive, can cause allergic reac
tions or even anaphylaxis (Reber et al. 2017). Consistent 
with these studies, the proteomic analysis identified 
increased levels of the complement components C9, 
CFB, and C1r in mRNA vaccine recipients, suggesting 
that complement activation contributes to the inflam
matory response. Thus, our study suggests a novel con
tributor to AE mechanisms, whereas other studies have 
focused mostly on C3a and C5a (Zipfel 2009; Shah et al. 
2024; Csuth et al. 2025). Furthermore, this study 
suggests that the interactions between complement 
C9, haptoglobin, and alpha-1-acid glycoprotein may 
play an essential role in the inflammatory response 
induced by mRNA vaccines. Further research is required 
to elucidate these potential interactions. Moreover, 
STRING network analysis revealed significant co- 
expression and associations between C9, HP, ORM1, 
C1R, CFB, LBP, LRG1, SAA1, and SAA2 and acute 
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inflammatory responses, complement activation, and 
humoral immune response. The observed increase in 
IgE levels may be attributed to an enhanced allergic 
response triggered by PEGylated LNPs, leading to 
immune system sensitization. These results highlight 
the proteomic changes induced by mRNA vaccines con
sisting of ribonucleic acids and PEG.

With advancements in diagnostics, these parameters 
will play a crucial role in tailoring treatment strategies. 
More specific analyses based on individual protein 
profiles may enable personalized anti-inflammatory 
treatments and potentially serve as predictive or prog
nostic markers for mRNA vaccination side effects, contri
buting to the safer use of mRNA platforms.
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