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Introduction: During the global rollout of COVID-19 vaccines, a subset of
individuals reported persistent symptoms following vaccination, with clinical
presentations overlapping those of Long COVID and requiring individualised
treatment strategies. Distinguishing between vaccine-related adverse events
and post-infectious sequelae is challenging, particularly given the potential for
unrecognised asymptomatic or mild SARS-CoV-2 infection before or after
vaccination. To address this complexity, we de ned our disease cohort as
individuals experiencing persistent symptoms (12 weeks) following SARS-
CoV-2 vaccination, without a con rmed history of prolonged symptoms after
acute infection; for clarity, we refer to this group as presenting with Post-
Vaccination/Post-Infection Syndrome (PV/PIS).

Methods: In this study, we conducted a plasma proteomic analysis of digested
microclot deposits isolated from platelet-poor plasma samples of 14 individuals
with PV/PIS compared to 16 healthy controls, using liquid-chromatography-
mass spectrometry.

Results: We identi ed signi cant alterations in coagulation factors, acute phase
proteins, and immune response modulators in the PV/PIS group compared to
controls. Notably, elevated levels of serum amyloid Al and A2, attractin, and
coagulation factors X and Xl were observed, alongside downregulation of
immune-regulatory proteins. These ndings suggest that PV/PIS is characterised by
persistent immune dysregulation and coagulopathy.

Conclusions: This proteomic signature was found to only partially overlap with
that previously reported in a proteomics analysis on Long COVID samples,
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collected prior to vaccination availability. Our results highlight the complex
interplay between immune activation, endothelial dysfunction, and coagulation
pathologies in PV/PIS, with distinct differences detected between these systems
in Long COVID and PV/PIS, paving the way for more targeted protein research in
these conditions.

KEYWORDS
heterogenous amyloid deposits (microclots), in ammatory molecules, Long COVID,
proteomics, PV/PIS
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1 Introduction

Post-acute sequelae of COVID-19 (PASC), commonly known
as Long COVID, is estimated to have affected over 400 million
individuals worldwide, contributing to an annual economic burden
of $1 trillion — representing approximately 1% of the global
economy (Al-Aly et al., 2024). Initially recognised by affected
individuals themselves and reported via social media and various
community forums (Callard and Perego, 2021), Long COVID has
since been acknowledged as a potentially disabling condition by the
Centres for Disease Control and Prevention (CDC) (CDC, 2024).
Ewing et al. (2025) published expert consensus recommendations
for physicians, emphasising the need for individualised treatment in
cases where vaccination exacerbated Long COVID symptoms or
resulted in adverse vaccine side effects (Ewing et al., 2025).

The World Health Organization (WHO) de nes Long COVID
as the persistence or emergence of new symptoms beyond two
months after an acute SARS-CoV-2 infection, with no alternative
explanation (WHO, 2022). This condition affects multiple
physiological systems and presents with a broad spectrum of
symptoms, including neurological (brain fog, extreme fatigue,
sleep disturbances), cardiovascular (orthostatic intolerance, chest
pain, shortness of breath, tachycardia), musculoskeletal (joint pain,
muscle weakness), and psychosocial manifestations (depression,
anxiety, social isolation) (Wiersinga et al., 2020; Campen et al.,
2021; Raveendran, 2021; Monaghan et al., 2022; Subramanian et al.,
2022; van Campen and Visser, 2022). Notably, more than 200
symptoms have been linked to Long COVID globally, with affected
individuals experiencing varying combinations of symptoms and/or
cyclic patterns of symptom recurrence (Davis et al., 2021; CDC,
2024). Symptom severity and duration of Long COVID are not
always dependent on a patient’s hospitalisation for acute COVID.
Severe cases have been observed in both patients who were
hospitalised for acute COVID (Abu Hamdh and Nazzal, 2023;
Natarajan et al., 2023) and in those who were not (Subramanian
et al., 2022). Long COVID is a complex condition resulting from
various in uences, including host-speci ¢ factors (e.g. co-
morbidities), viral dynamics, environment exposures, and genetic
predisposition (Turner et al., 2023). It affects individuals across all
demographics, irrespective of age, sex, race, or baseline health
(Bowe et al., 2023; Stephenson et al., 2024). Additionally,
vaccination status has been suggested as a potential factor
in uencing disease trajectory (Pretorius et al., 2021; Byambasuren
O et al.,, 2023; Tran et al., 2023).

To date, more than 13 billion COVID-19 vaccine doses have
been administered globally to reduce the impact of the pandemic
(WHO, 2024). However, some vaccinated individuals have reported
persistent symptoms resembling that seen in acute and Long
COVID, leading to the term “vaccine injury” (Scholkmann and
May, 2023; Turner et al., 2023). The underlying mechanisms remain
poorly understood, with several factors, including vaccine type, host
genetics, prior SARS-CoV-2 infection, and timing of the
vaccination, potentially in uencing any adverse outcomes
(Barouch, 2022; Scholkmann and May, 2023; Cruz Cisneros
et al., 2024).
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COVID-19 vaccines fall into four primary categories:
adenovirus vector-based vaccines (e.g., AstraZeneca’s Vaxzevria,
Covishield ChAdOx1 and Johnson-Janssen’s Ad26.COV2.S),
mRNA-based vaccines (e.g., mMRNA, Moderna’s Spikevax mRNA-
1273 and P zer-BioNTech’s Comirnaty BNT162b2), adjuvanted
protein vaccines (e.g., Norvavax’s Nuvaxovid and Covovax NVX
CoV 2373), and inactivated virus vaccines (e.g., Sinopharm’s
Covilo, Sinovac’s CoronaVac and Bharat Biotech’s Covaxin)
(Barouch, 2022). The complex interplay between SARS-CoV-2
infection, immune response, and vaccination presents signi cant
challenges in distinguishing Long COVID from vaccine-related
injuries. Misdiagnosis of Long COVID and/or vaccine injury can
easily occur due to the overlapping symptoms and the challenge of
establishing a clear timeline between infection and/or vaccination-
induced issues. This is especially dif cult when distinguishing
between Long COVID cases caused solely by infection, and cases
where vaccination may also involve vaccine injury (Supplementary
Figure 1). In many cases, timeline of disease onset is undetermined
(Scholkmann and May, 2023), making it nearly impossible to
delineate causality with con dence.

Current research on Long COVID suggests multiple
pathophysiological mechanisms, including autoimmunity,
immune dysregulation, viral persistence, gut dysbiosis, and
microvascular dysfunction (Davis et al., 2023; Al-Aly and Topol,
2024; Al-Aly et al., 2024; Zollner et al., 2024; Gupta et al., 2025).
One of the most noteworthy ndings in recent studies is the
presence of a hypercoagulable state across COVID-19-related
conditions, including Long COVID and vaccine injury (Campello
et al., 2022; Nicolai et al., 2023; Shakhidzhanov et al., 2025). The
initial SARS-CoV-2 infection induces a pronounced in ammatory
response, altering the balance between pro- and anti-coagulant
pathways. A persistent heightened in ammatory response can
ultimately lead to endothelial dysfunction (Chauhan et al., 2020;
Villacampa et al.,, 2024). In addition, spike protein is capable of
inducing brinolysis-resistant clotting (Grobbelaar Lize et al.,
2021), the severity of which can be in uenced by the virulence of
the SARS-CoV-2 variant, suggesting that variant-speci c virulence
may contribute to the development and extent of a hypercoagulable
state in post-sequelae conditions (Grobbelaar et al., 2022).

Considering the complex interplay of factors driving Long
COVID, it is essential to distinguish its pathological mechanisms
from those underlying adverse vaccine side effects. While the
timelines of symptom onset and progression may differ between
the two, their pathways can overlap, adding to the challenge of
disentangling them (Supplementary Figures S1, S2). Furthermore, it
is important to recognise that millions of individuals developed
Long COVID prior to the availability of vaccines. Nonetheless,
grasping an understanding of these developmental timelines
provides valuable insight into the effect of infection versus
vaccination, facilitating the subsequent application of a systems
approach by both clinicians and researchers (Barouch, 2022;
Scholkmann and May, 2023; Turner et al., 2023).

Given the overlapping clinical manifestations of Long COVID
and vaccine-related adverse effects, and the inherent dif culty in
de nitively excluding prior asymptomatic or unrecognised mild
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SARS-CoV-2 infection, we have de ned the disease cohort recruited
in this study, as individuals with Post-Vaccination/Post-Infection
Syndrome (PV/PIS). This term acknowledges the complexity of
distinguishing between vaccine-associated immune dysregulation
and post-infectious sequelae, particularly in populations where
acute infection timelines may be unclear (asymptomatic or
underreported cases). We recognise that both vaccination and
SARS-CoV-2 infection (symptomatic or asymptomatic) may
contribute to ongoing immune, in ammatory and coagulation
abnormalities. By adopting the PV/PIS terminology in this
current paper, we aim to avoid premature attribution of causality
and instead focus on describing the proteomic and
pathophysiological features present in this disease cohort.
Proteomic analysis was performed on digested microclot deposits
isolated from platelet-poor plasma (PPP) samples to investigate
proteins sequestered within these insoluble, pathophysiologically
relevant aggregates. This approach enabled us to speci cally focus
on the proteins trapped within these insoluble microclots, which are
increasingly recognised for their potential role in disease pathology
(Scho eld et al., 2024).

2 Materials and methods
2.1 Ethical clearance

This research forms a part of a larger study funded by the South
African Medical Research Council (SAMRC, grant number 96847),
with ethics approval obtained from the Health Research Ethics
Council (HREC) at Stellenbosch University, South Africa (project
reference number N22/11/133, ID: #26785). The study protocol
ensured that all participants were fully briefed on the experimental
objectives, potential risks, and all pertinent study details.
Additionally, their informed consent was obtained for both
sample collection and storage for multi-disciplinary research.
Throughout the study and across all research activities, rigorous
adherence to ethical standards was meticulously upheld, following
the principles outlined in the Declaration of Helsinki, the South
African Guidelines for Good Clinical Practice, and the Medical
Research Council Ethical Guidelines for Research.

2.2 Sample recruitment and patient
inclusion criteria

A questionnaire was used to collect information on age, gender,
pre-existing co-morbidities, other clinical characteristics,
vaccination status, and details regarding the diagnosis of acute
COVID, Long COVID, or vaccine-related events that might have
resulted in persistent symptom onset. Additionally, data on the
condition severity and self-reported symptoms were gathered.

Our study cohort included 16 ostensibly healthy participants
who served as the control group (12 females; 4 males; mean age 43.9
+ 15.2). The control group comprised a mix of convalescent
individuals who had fully recovered after acute SARS-CoV-2
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infection, as well as participants with no reported history of
infection; with only one pre-COVID sample included as an
ostensibly healthy individual at the time of sample collection. All
control participants had received at least one COVID-19
vaccination and/or experienced an acute SARS-CoV-2 infection
but did not develop the prolonged symptoms characteristic of PV/
PIS or Long COVID, respectively. Participant selection was not
based on vaccine type. Among the 16 ostensibly healthy
participants, 9 had a history of acute COVID infection, and had
fully recovered without prolonged health issues. Two of the healthy
controls developed pericarditis after vaccination but recovered fully
following early treatment (see Supplementary Table 1). The
remaining participants did not report a prior infection; however,
the possibility of an asymptomatic infection cannot be de nitively
ruled out. Nucleocapsid (N-protein) antibody testing, which is
commonly used to identify prior natural SARS-CoV-2 infection,
was not performed on the study cohort, thus prior asymptomatic
exposure cannot be excluded (Assis et al., 2021; Jarlhelt et al., 2023;
Noble et al., 2025).

The PV/PIS cohort included 14 participants (9 females; 5 males;
mean age 59.9 + 15.8) that met our inclusion criteria. The inclusion
criteria for our PV/PIS cohort required participants to have received
at least one COVID-19 vaccine between December 2020 and
December 2024, with symptoms persisting 12 weeks or longer
post-vaccination. By design, all PV/PIS participants were
experiencing persistent symptoms for 12 weeks or longer at the
time of recruitment, ensuring the cohort represents a chronic
disease state. All PV/PIS participants had received only P zer-
BioNTech vaccines, during the period from mid-2021 to mid-2022.
Most of the PV/PIS cohort were vaccinated during the third wave of
COVID-19 (May — September 2021, Delta variant peak), shortly
before the emergence of the Omicron variant in December 2021
(see Supplementary Figure 3). One of the PV/PIS cases presenting
with myocarditis shortly after vaccination repeatedly tested negative
for SARS-CoV-2 infection (see Supplementary Table 1).

For participants with documented acute COVID cases (before
or after vaccination), con rmation via PCR or antigen testing was
required. Of the 14 PV/PIS participants, 8 had reported prior acute
COVID infection, with 50% of the cases occurring pre-vaccination
and 50% of the cases occurring post-vaccination (see
Supplementary Table 1). Exclusion criteria included acute
COVID infection at the time of vaccination, or ongoing treatment
for acute or Long COVID.

2.3 Sample collection

Blood samples were collected via venepuncture by a licensed
medical practitioner, or certi ed phlebotomist. These samples
included the following: three 3 mL sodium citrate (3.2%) tubes
(BD Vacutainer®, 369714), and one 5 mL serum (silicone/polymer
gel) blood tube (BD Vacutainer®, 367986) for vascular pathology
studies. The sodium citrate tubes were then transported to the
haematology laboratory at Stellenbosch University. Only one whole
blood (WB) sample was centrifuged at 3000 xg for 15 min at room
temperature. The supernatant platelet-poor plasma (PPP) was
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carefully removed and aliquoted into a 1.5 mL Eppendorf tube and
stored at -80 °C until further use. All other samples collected were
used as part of research outside the scope of this study.

2.4 Fluorescence microscopy

2.4.1 Sample preparation and viewing of platelet
poor plasma to study heterogenous amyloid
deposits (microclots)

Although not the primary focus of this study, uorescence
microscopy was used to provide a qualitative overview of the
extent of abnormal clotting in PV/PIS compared to controls.

At room temperature, within 24h of sample collection, 49 ni of
platelet-poor plasma (PPP) was aliquoted into a 1.5 mL Eppendorf
tube. The samples were stained with 1 L of Thio avin T (ThT,
Sigma-Aldrich) with a nal concentration of 0.005 mM, while
protected from light. The stained samples were incubated in a
light-protected container at room temperature for 30 min. After
incubation, 3 L of the stained PPP sample was used to prepare
smears for viewing and analysis. This ThT method was previously
established to visualise abnormal clotting in various in ammatory
conditions (Kell and Pretorius, 2017; Pretorius et al., 2017; Page
et al,, 2019).

The PPP smears were examined using a Zeiss AxioObserver 7

uorescent microscope with a Plan-Apochromat 63x/1.4 Oil DIC
M27 objective (Carl Zeiss Microscopy, Munich, Germany). For
ThT, the excitation wavelength range was set between 450 nm to
488 nm, with an emission range from 499 nm to 529 nm (Pretorius
et al., 2020; Venter et al., 2020; Grobbelaar Lize et al., 2021).
Representative micrograph images were captured at random, with
a minimum of four images acquired per sample.

2.5 Proteomics: digestion of heterogenous
amyloid deposits (microclots) in platelet
poor plasma

2.5.1 Sample preparation and trypsin digestion

For proteomics analysis, 30 platelet-poor plasma (PPP)
samples, previously stored at -80 °C, were selected, including
controls (n = 16), and PV/PIS (n = 14), and 100 ni of each
sample was aliquoted out. These pre-aliquoted samples were then
stored at -20 °C until use.

A 20x dilution of the stored PPP was prepared by combining 5
nL of the naive sample with 45 ni of 10 mM ammonium
bicarbonate (NH4HCO3). The protein concentration of each
sample solution was determined using a nanodrop
spectrophotometer (ThermoFisher), measuring absorbance at
280 nm.

This sample set had an increased viscosity of the PPP compared
to previous studies by Pretorius et al. (2021), and Kruger et al.
(2022), necessitating adjustments to the heterogenous amyloid
deposits (microclots) analysis protocol outlined by Pretorius et al.
(2021). Each sample was standardised using a set volume of 25 ni.
naive PPP sample, combined with 100 L of phosphate-buffered
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saline (PBS, McKesson) to better mimic physiological conditions.
The sample solution was placed in a Falcon tube and rotated on a
tube rotator, for 5060 min, until homogenised. The samples were
centrifuged at 12 000 xg for 10 min at room temperature to separate
the heterogenous amyloid deposits (microclots; insoluble fraction of
PPP) from the soluble portion. The supernatant was removed,
leaving 8 ni of sample solution behind. The remaining solution
was reconstituted with 72 nL. PBS, to achieve a 10x dilution factor
and centrifuged again at 12 000 xg, for 10 min at room temperature
(Pretorius et al., 2021; Kruger et al., 2022).

Carefully, to avoid disturbing the heterogenous microclot pellet,
72 L of soluble fraction of the sample solution was removed. The
pellet was further dissolved by the adding 10 nmiL of a solution
containing 5 mM tris (2-carboxyethyl)phosphine (TCEP, Sigma-
Aldrich) and 250 mM triethylammonium bicarbonate (TEAB,
ThermoFisher) to the remaining 8 ni of sample solution. The
samples were vortexed brie y (5 s), then incubated in a heating
block for 30 min at 60 °C, followed by 30 min at 44 °C. After
incubation, the samples were brie y centrifuged at room
temperature using a mini benchtop centrifuge to re-incorporate
any evaporated sample that may have settled in the lid of the
Eppendorf tube and then allowed to cool to room temperature.

To further denature the insoluble heterogenous deposits, 20 i
of 50% methanol was added to each sample. To block the cysteine
residues, the samples were alkylated with 3 L of iodoacetamide
(protected from light) and incubated at room temperature for 30
min. To each sample, 4 L of a solution containing dithiothreitol
(DTT, Sigma-Aldrich) and TEAB (ThermoFisher) was added. The
pellet was further digested by adding 10 ni of a trypsin solution,
containing 0.5 ng/nL trypsin (Pierce), and incubated at 37 °C,
for 18h.

Following incubation, 5 ni of 5% tri uoroacetic acid (TFA,
Sigma-Aldrich), with a nal concentration of 1% v/v, was added to
each sample to acidify and terminate the reaction. The samples were
then centrifuged at 12 000 xg for 10 min at room temperature to
pellet the trypsin precipitate. The supernatant was transferred to
conical inserts (ALWSCI technologies). The samples were dried
under vacuum for 30 min, using a rotary evaporator. Dried samples
were resuspended in 30 ni of analytical grade water, and peptide
concentration was measured using a nanodrop spectrophotometer
(ThermoFisher), with absorbance measured at 220 nm. After
measuring the peptide concentration, the samples were dried
again under vacuum using the rotary evaporator. Dried samples
were resuspended in 20 i of a loading buffer containing 2%
acetonitrile (Burdick and Jackson) in analytical grade water with
0.1% formic acid (Sigma-Aldrich). The digested heterogenous
microclot pellet was loaded directly in the autosampler set to 7 °C.

2.5.2 Liquid chromatography of the digested
pellet

Liquid chromatography was conducted as previously described
by Pretorius et al. (2021), Kruger et al. (2022), and Nunes et al.
(2024), using Thermo Scienti ¢ Ultimate 3000 RSLC
(ThermoFisher, 2019), equipped with a 20 mm x 100 nm C18
trap column (Thermo Scienti ¢), and a CSH 25 cm x 75 nm with a

frontiersin.org


https://doi.org/10.3389/fcimb.2026.1753348
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Waters et al.

1.7 nm particle size C18 column (Waters) analytical column
(Pretorius et al., 2021; Kruger et al., 2022; Nunes et al., 2024).

The solvent system for loading consisted of 2% acetonitrile
(Burdick and Jackson) with 0.1% formic acid (Sigma-Aldrich) in
analytical grade water. Solvent A consisted of analytical grade water,
with 0.1% formic acid (Sigma-Aldrich), while solvent B consisted of
100% acetonitrile (Burdick and Jackson) with 0.1% formic acid
(Sigma-Aldrich).

Samples were loaded onto the trap column at a ow rate of 2
nL/min, from a temperature-controlled autosampler set 7 °C, using
loading solvent. Loading was performed for 4 mins before elution
onto the analytical column. The ow rate was set to 300 nL/min,
and the gradient was generated as follows: 5% - 30% solvent B over
65 min and 30-45% solvent B from 65-80 min. Chromatography
was performed at 45 °C, with the out ow directed to the mass
spectrometer using a stainless-steel nano-bore emitter.

2.5.3 Mass spectrometry of the digested pellet

Data independent acquisition (DIA) mass spectrometry
analysis was performed using ThermoScienti ¢ Fusion mass
spectrometer, equipped with a Nanospray Flex ionisation source.
The prepared samples were introduced through a stainless-steel
nano-bore emitter. Data was collected in a positive mode with spray
voltage set 2.0 kV and ion transfer capillary at 290 °C. Polysiloxane
ions, at 445.12003 m/z, were used for internal calibration of
the spectra.

For MS1 scans, the Orbitrap detector was set to a resolution of
60,000 over a scan range of 375-1500 m/z, with an automatic gain
control (AGC) target set to standard. Data acquisition was
conducted in pro le mode.

In higher-energy C-trap dissociation (HCD) mode, precursor
ions were selected for fragmentation using the quadrupole mass
analyser with HCD energy set to 30%. The precursor mass range
was set to 500-900 m/z, with an isolation window of 20 m/z.
Fragment ions were detected using the Orbitrap mass analyser set to
a resolution of 30,000. The AGC target was set to custom. Data
acquisition was performed in centroid mode.

2.5.4 Mass spectrometry data analysis

The raw data les were processed using FragPipe Analysis
Pipeline (version 22.0), with the included DIA SpecLib Quant
work ow. The Uniprot human database concatenated with the
SARS-CoV-2 database, from UniProt (https://www.uniprot.org/
taxonomy/9606; https://www.uniprot.org/uniprotkb?
query=694009), was used as reference. MSFragger search
parameters included fragment mass tolerances set to 20 parts per
million (PPM) for mass calibration and optimisation; and enzyme
was set to select trypsin, allowing for 2 mis-cleavages. Fixed
modi cations were set to carbamidomethyl-C, and variable
modi cations were set to methionine (M) oxidation, protein end
terminal acetylation, and the deamidation of asparagine and
glutamine residues (NQ). Peptide spectral match (PSM)
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validation was done with percolator and rescored using
MSBooster in FragPipe. Protein inference was performed using
ProteinProphet. Quanti cation was done using DIA-NN with a
false discovery rate (FDR) set to 0.01.

Protein group (pg_matrix.tsv) and experiment annotations
(.tsv) les, generated by using the FragPipe Pipeline, were
uploaded into FragPipe-Analyst (http://fragpipe-
analyst.nesvilab.org/) for statistical analysis and validation. The
minimum percentage of non-missing values globally and in at
least one condition, was set to 0. The adjusted p-value cutoff was
0.05, and the Log, fold cutoff was 1. Median-centred normalisation
was used, with Perseus imputation type and Benjamini-Hochberg
method for FDR correction.

Protein-protein interaction networks were viewed using the
STRING database (version 12.0, https://string-db.org/).
Statistically signi cant protein changes (determined in the above
FragPipe analysis) were uploaded to the multiple protein search
tool. Under the clusters tab in STRING, Markov Cluster (MCL)
algorithm was selected, and the in ation parameter was set to 3, to
perform clustering analysis. Functional enrichment analysis was
applied to identify over-represented pathways, molecular functions,
and biological processes within each cluster.

Amyloidogenic potential of signi cant proteins was predicted
using AmyloGram (http://biongram.biotech.uni.wroc.pl/
AmyloGram/, accessed on 19 March 2025). A cut-off value
(probability threshold) of 0.5 was applied. A cut-off value of 0.5
will automatically yield the following values for the following
parameters: a sensitivity value set to 0.8658, speci city value set
to 0.7852 and a Matthews correlation coef cient (MCC) of 0.6268.
These values are automatically adjusted with any changes made to
the cut-off value. The amyloid probability and fraction of amyloid
residues were recorded for each signi cant protein change.

2.6 Statistical analysis

All data from demographics, including the subsequent
statistical evaluations, were processed using GraphPad Prism
(version 10.2.3). The Shapiro-Wilk test was used for normality
testing. For parametric data, statistical signi cance was determined
using unpaired t-test. A 95% con dence level was applied, with
statistical signi cance considered at p< 0.05. Signi cance levels are
indicated by asterisks (*= p< 0.05; ** = p< 0.01; *** = p< 0.001; and
*rxk = p< 0.0001). Parametric data is presented as mean + standard
deviation (SD). Statistical analysis for proteomics data is
detailed above.

2.7 Comparative analysis

For contextual comparison, we referenced proteomic ndings
from a previously published Long COVID cohort analysed under
different laboratory conditions (Kruger et al., 2022). This
comparator group consisted predominantly of unvaccinated
individuals with PCR- or antigen-con rmed SARS-CoV-2
infection that subsequently developed into Long COVID,
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re ecting a cohort in which infection-related effects could be more
readily distinguished from vaccine-related in uences.

Comparative analysis was performed using the Spot re®
program (http://spot re.com/, version 12.0, accessed on 14 April
2025) to visualise and interpret proteomic differences between the
current study and previously published Long COVID data by
Kruger et al. (2022). Proteins identi ed as having signi cant
changes in the current study were compared to those reported in
the Long COVID dataset (Kruger et al., 2022). To standardise the
scale across datasets, fold changes values for downregulated
proteins were converted to their reciprocals, such that values <1
re ected downregulation and values >1 re ected upregulation. A
scatter plot was generated in Spot re®, with fold change plotted on
the x-axis, and p-value on the y-axis. A trend line was included to
aid in the visual interpretation of data distribution. Proteins were
assessed for overlap and directional consistency between the
two studies.

3 Results
3.1 Study cohort and demographics

Sample demographics are shown in Table 1 and Supplementary
Figure 2 represents the various ways PV/PIS participants developed their
condition. The development and progression of PV/PIS is not exclusive to a
single developmental pathway but can manifest through various pathways.

The majority of the healthy individuals who reported that they
suffered from an acute infection, experienced acute symptoms such
as cough (55.6%), sore throat (33.3%), fever (55.6%) and headache
(33.3%) (Supplementary Table 1). Similarly, among the 14 PV/PIS
participants, 8 had a prior acute COVID infection, with most
reporting cough (62.5%), sore throat (62.5%), fever (87.5%),
myalgia (62.5%), malaise (50.0%) and dysgeusia (37.5%)
(Supplementary Table 1). These symptoms resolved soon after the
infection cleared, with no persistent symptoms reported.

Regarding vaccination status, 93.8% of the healthy individuals
were vaccinated, receiving either P zer, J&J, or a combination of
both. In contrast, all PV/PIS participants had exclusively received
P zer (Table 1). Notably, participant selection for this study was not
based on vaccination type.

3.2 Heterogenous amyloid deposits
(microclots) in platelet-poor plasma as
viewed with uorescence microscopy

Previous studies (Pretorius et al., 2020; Pretorius et al., 2021)
have shown that naive PPP from healthy individuals and type 2
diabetes mellitus (T2DM) participants exhibit signi cantly fewer
heterogenous amyloid deposits (microclots) upon exposure to ThT
compared to acute COVID and Long COVID participants. In this
study, we demonstrate that PV/PIS participants also exhibit
substantial formation of heterogenous amyloid deposits
(microclots), comparable to that seen in other Long COVID
studies (Altmann et al,, 2023; Sideratou and Papaneophytou,
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2024). Figure 1 provides examples of naive PPP samples exposed
to ThT from both control and PV/PIS groups.

3.3 Liquid chromatography-mass
spectrometry (LC-MS) of digested
microclot pellet deposits in platelet-poor
plasma

Proteomics data analysis of control (n = 16) and PV/PIS (n =
14) samples was performed using FragPipe Analysis Pipeline
(version 22.0) and FragPipe-Analyst (http://fragpipe-
analyst.nesvilab.org/). Signi cant protein results are shown below
in Table 2. This study identi ed 26 proteins that were signi cantly
downregulated and 26 proteins that were signi cantly upregulated
in PV/PIS group compared to controls. Changes in protein levels
are represented by fold change, with downregulated proteins
denoted as reciprocal values. Figure 2 shows a volcano plot for an
overview of protein distribution for the pairwise comparison
(controls vs. PV/PIS). Figure 3 shows an overview of functional
protein clusters for proteins that are up- or downregulated by more
than 1-fold with a p-value< 0.05. Functional protein cluster changes
in PV/PIS can give systematic indications of pathways up or
downregulated in PV/PIS.

After sample homogenisation and trypsinisation, this mass
spectrometry-based proteomics analysis revealed an increase in
coagulation proteins, including factors X and XI, as well as an
increase in acute in ammatory response proteins, including serum
amyloid Al (SAA1) and serum amyloid A2 (SAA2). In contrast,
proteins associated with immune response, such as Protein SLI00A9
and other immunoglobulin complex components, were
downregulated in PV/PIS participants compared to controls.

3.4 Comparative overview of PV/PIS cohort
vs. a previously described Long COVID
cohort

Using the Spot re® program (http://spot re.com/, version 12.0,
accessed on 14 April 2025), plasma proteomic changes in the PV/
PIS cohort were visualised in a scatter plot alongside the proteins
reported in a previously published Long COVID proteomic study
by Kruger et al. (2022). In Figures 4A, a broader distribution of
protein changes is observed in the Long COVID group (blue dots),
while PV/PIS cohort displays a tighter pattern of protein changes
(red dots). Figures 4B, C, allow for visual identi cation of the
different proteins signi cantly up- or downregulated in Long
COVID and PV/PIS, respectively.

4 Discussion

Since the onset of the COVID-19 pandemic, several SARS-
CoV-2 vaccines have been developed to reduce transmission rates
and enhance immunity (Rotshild et al., 2021; Eyre David et al.,
2022; Marcelin et al., 2022; Echaide et al., 2023). Among these,
mRNA-based vaccines, such as P zer-BioNTech (BNT162b2) and
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TABLE 1 Sample cohort and demographics from healthy participants, and participants with Post-Vaccination/Post-Infection Syndrome (PV/PIS).

Sample demographics

Platelet poor plasma stored previously

Mean age [with + SD]

Controls (n=16) 439 (£15.2)

PV/PIS (n=14) 59.9 (+15.8)

Gender distribution across all groups

Controls (n=16) 12 Females; 4 Males

PV/PIS (n=14) 9 Females; 5 Males

Clinical characteristics of participants

Variables % In 16 controls % In 14 PV/PIS
Chronic medication 12.5 57.1
Smoking

Previous smoker 0 214

Current smoker 0 35.7
Body mass index (BMI)

Underweight ( 18.5) 0 0

Normal (18.5 24.9) 68.8 50.0

Overweight (25.0 29.9) 125 286

Obese (30.0) 18.8 214
Cardiovascular disease 6.3 14.3
Hypertension 6.3 35.7
Arthritis 0 214
Cancer 6.3 7.1
Type 2 diabetes 0 214
Anaemia 6.3 71
Rosacea 6.3 0
Irritable bowel syndrome 6.3 214
Hypothyroidism 0 14.3
Dyslipidaemia 25.0 214
Anxiety/depression 18.8 50.0
Neurodevelopmental disorders 0 71

Percentage (%) of participants vaccinated

Sample group Number of participants Percentage (%)
Controls (n=16) 15 of 16 938
PV/PIS (n=14) 14 of 14 100

Type of vaccine administered
Number of control participants

Vaccine type and/or combination

Number of PV/PIS participants (n = 14)

(n =15)
Unknown vaccine information 1of 15 0of 14
P zer only 9 of 15 14 of 14
J&J only 4 0f 15 0of 14
P zer and J&J 1of 15 0of 14

All demographics data was subjected to a Shapiro-Wilks normality test. An unpaired T-test was performed on parametric data, with data are represented as mean + standard deviation (SD).
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Representative micrographs of naive PPP exposed to ThT

A

Controls

PV/PIS

FIGURE 1
Representative static uorescent micrographs of platelet poor plasma (PPP) exposed to thio avin T (ThT). (A) shows representative heterogenous
amyloid deposits (microclots) in healthy (control) individuals. (B) shows extensive formation of heterogenous amyloid deposits (microclots) in PV/PIS
participants.

TABLE 2 Signi cant protein changes in pairwise analysis of heterogenous amyloid deposits (microclots) from PV/PIS individuals and controls.

Downregulated proteins in PV/PIS compared to controls

Protein name Protein 1D Fold change

Alpha-1-acid glycoprotein 2 P19652 0.198 <0.001
CD5 antigen-like 043866 0.283 <0.001
Zinc-alpha-2-glycoprotein P25311 0.309 <0.001
Keratin, type Il cytoskeletal 6B P04259 0.347 <0.001
Keratin, type Il cytoskeletal 3 P12035 0.368 <0.001
Apolipoprotein D P05090 0.382 <0.001
Transmembrane protein 256 Q8N2U0 0.407 <0.001
Collagen alpha-3 chain P12111 0.415 <0.001
Protein S100-A9 P06702 0.422 0.001
Platelet factor 4 P02776 0.433 <0.001
Albumin P02768 0435 <0.001
Immunoglobulin lambda-like polypeptide 5 B9A064 0.524 <0.001
Transthyretin P02766 0.581 <0.001

(Continued)
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TABLE 2 Continued

Downregulated proteins in PV/PIS compared to controls

10.3389/fcimb.2026.1753348

Protein name Protein 1D Fold change P value
Keratinocyte differentiation-associated protein P60985 0.617 0.003
Immunoglobulin kappa variable 2-28 AO0A075B6P5 0.633 <0.001
Keratin, type | cytoskeletal 10 P13645 0.671 <0.001
Keratin, type Il cytoskeletal 2 epidermal P35908 0.680 0.002
Junction plakoglobin P14923 0.746 0.004
Alpha-1-acid glycoprotein 1 P02763 0.752 . <0.001
Immunoglobulin kappa light chain PODOX7 0.775 <0.001
Keratin, type | cytoskeletal 14 P02533 0.787 0.003
Keratin, type | cytoskeletal 9 P35527 0.806 0.004
Keratin, type Il cytoskeletal 1 P04264 0.813 0.002
Keratin, type | cytoskeletal 15 P19012 0.840 0.008
Vitamin D-binding protein P02774 0.847 <0.001
Serotransferrin P02787 0.971 <0.001

Upregulated proteins in PV/PIS compared to controls

Protein name Protein ID Fold change

Inter-alpha-trypsin inhibitor heavy chain H4 Q14624 1.07 <0.001
Immunoglobulin heavy variable 5-51 AOA0C4DH38 1.08 <0.001
Plasma protease C1 inhibitor P05155 1.09 <0.001
Alpha-1-antichymotrypsin P01011 113 <0.001
Serine/threonine-protein phosphatase 2A regulatory subunit B Q06190 113 <0.001
Apolipoprotein M 095445 1.16 <0.001
Carboxypeptidase B2 Q961Y4 118 <0.001
Inter-alpha-trypsin inhibitor heavy chain H3 Q06033 1.28 <0.001
Cholinesterase P06276 131 0.004
Ficolin-3 075636 133 <0.001
Apolipoprotein C-IV P55056 133 0.001
Thyroxine-binding globulin P05543 137 <0.001
BPI fold-containing family B member 1 Q8TDL5 1.37 0.016
Corticosteroid-binding globulin P08185 1.38 . <0.001
Filamin-A P21333 1.46 <0.001
Prenylcysteine oxidase 1 Q9UHG3 152 <0.001
Coagulation factor XI P03951 1.63 <0.001
Serum amyloid A-2 protein PODJI9 1.66 0.022
Complement factor | P05156 1.67 . <0.001
Serum amyloid A-1 protein PODJI8 172 0.014
Plasma serine protease inhibitor P05154 173 0.012
Immunoglobulin heavy variable 2-26 AO0A0B4J1V2 1.78 0.015
Coagulation factor X P00742 2.06 . <0.001
Tetranectin P05452 231 <0.001
Haptoglobin-related protein P00739 244 <0.001
Attractin 075882 257 <0.001

P-values smaller than 0.001 are indicated as <0.001, while values greater than this are reported to three signi cant decimal places. Downregulated proteins are represented using reciprocal values.
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FIGURE 2
Volcano plot illustrating the distribution of proteins for pairwise comparison (controls vs. PV/PIS). The plot highlights signi cant proteins, represented
by black dots, giving a preliminary overview of protein changes between sample groups. The x-axis denotes fold change to indicate the degree of up
or downregulation in PV/PIS relative to controls, with negative values indicating downregulation and positive values indicating upregulation. The y-
axis represents the -log10 of p-values, re ecting the statistical signi cance of the observed changes, with signi cance taken as p<0.05. Statistical
analysis was done using FragPipe Analyst (http://fragpipe-analyst.nesvilab.org/).

FIGURE 3
Functional protein-protein interaction networks and clustering analysis for the pairwise comparison of PV/PIS vs. controls. (A) functional protein
interaction network of all signi cant differentially expressed proteins. (B) network representation of proteins signi cantly upregulated in PV/PIS samples
compared to controls. (C) network representation of proteins signi cantly downregulated in PV/PIS samples compared to controls. Nodes represent
proteins, and edges (solid and dotted lines) indicate predicted functional associations. Solid lines indicate strong-high con dence interactions and/or
direct physical interactions; however, dotted lines indicate weaker or indirect interactions, functional associations or computationally predicted
relationships. Nodes of the same colour representing functionally related groups of proteins, while white nodes are additional interactors suggested by
STRING. Clustering and visualisation were performed using the STRING database (version 12.0, https://string-db.org/).
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