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Abstract

Background. Post-acute sequelae of COVID-19 (PASC) is clinically heterogeneous and

mechanistically unresolved, and single-analyte studies have struggled to explain it.

Methods. We profiled matched plasma proteomics, metabolomics and whole-blood
transcriptomics at acute infection and convalescence (mean 86 days later) in a Belgian
cohort, using linear mixed models, multi-omic gene-set enrichment, and a degree-matched
differential-correlation approach to quantify how each node's interactions were rewired
between patients who developed PASC and those who recovered; seven axis proteins were

additionally quantified by multiplex immunoassay as orthogonal validation.

Findings. Single-omic testing yielded few FDR-significant features, yet multi-omic enrichment
showed sustained complement-cascade involvement from acute illness to follow-up in PASC.
Correlation networks re-organised topologically toward C3 and lost the immunoglobulin V-
gene co-expression seen in recovery. The most rewired nodes — heparin cofactor |l
(SERPIND1), alpha-1 antitrypsin (SERPINA1), complement factor H-related 5 (CFHR5),
prothrombin/thrombin (F2) and immunoglobulin V-gene transcripts (notably IGLV3-21) —
changed in their co-expression structure rather than in abundance. In multiplex validation,
acute CRP was elevated in patients who developed PASC (FDR = 0.012), whereas the directly

measured abundances of the network-nominated proteins were unchanged.

Interpretation. These trajectory-aware, cross-omic networks nominate a thrombo-
inflammatory axis in which complement and coagulation regulation remain dysregulated in
PASC at the level of wiring rather than abundance, providing a systems framework for

validation and for exploring interventions at the complement—coagulation—platelet interface.

Funding. Sofina COVID Solidarity Fund (King Baudouin Foundation), Fondation Saint-Luc and
the FNRS.
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Research in context

Evidence before this study. Persistent complement activation, coagulation abnormalities and
endothelial dysfunction have been reported in post-acute sequelae of COVID-19 (PASC), and
earlier multi-omic studies linked complement and coagulation to persistent symptoms. Most
of this evidence, however, rests on differences in the abundance of individual molecules, is
cross-sectional or limited in omic breadth, and reports only small effects in convalescent

plasma, leaving unclear how these systems are jointly reorganised over time.

Added value of this study. Using matched proteomic, metabolomic and transcriptomic
profiling of the same plasma at acute infection and convalescence, we quantified how the
interaction structure of the complement—coagulation network is rewired between patients
who develop PASC and those who recover. This trajectory-aware, network-rewiring readout
identified coordinated changes in complement and coagulation regulators (heparin cofactor ll,
alpha-1 antitrypsin, complement factor H-related 5, prothrombin/thrombin) and
immunoglobulin V-gene transcripts that were invisible to single-analyte testing, and a targeted
multiplex assay confirmed elevated acute CRP in patients who later developed PASC while

showing that the network-nominated proteins did not differ in abundance.

Implications of all the available evidence. PASC may be characterised less by large shifts in
individual molecules than by a reorganisation of how complement, coagulation and humoral
components co-vary. A network-rewiring approach can nominate mechanistically coherent,
testable targets at the complement—coagulation—platelet interface and points to the intensity
of acute inflammation as a marker of later risk. These hypotheses require confirmation in
larger, independent cohorts with orthogonal, quantitative assays before any clinical

application.


https://doi.org/10.64898/2026.07.14.26358048
http://creativecommons.org/licenses/by/4.0/

medRxiv preprint doi: https://doi.org/10.64898/2026.07.14.26358048; this version posted July 16, 2026. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in
perpetuity.
It is made available under a CC-BY 4.0 International license .

Introduction

Coronavirus disease 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which enters host cells through interactions with angiotensin-
converting enzyme 2 (ACE2) receptors (1). Following infection, SARS-CoV-2 rapidly replicates
in respiratory epithelial cells, triggering innate immune activation and inflammatory
responses. Clinically, COVID-19 presents across a broad spectrum, ranging from

asymptomatic infection to mild flu-like iliness, severe pneumonia and multi-organ failure (2).

Furthermore, a significant proportion of patients go on to develop post-acute sequelae of
COVID-19 (PASC), commonly referred to as "long COVID," which manifests itself as persistent
fatigue, cognitive impairment, and organ-specific dysfunction months after recovery (3).
Controlled studies estimate PASC prevalence at 8.5-26.4% in adults depending on case
definition; hospitalised patients are at markedly higher risk than non-hospitalised, at roughly

54% versus 34% in one global meta-analysis (4,5).

Definitions of PASC vary by study or organization in terms of how long symptoms must
persist following acute disease. The World Health Organization (WHO) defines PASC as
symptoms at least three months after infection, whilst the UK National Institute for Health
and Care Excellence (NICE) and the National Institutes of Health (NIH) RECOVER initiative
recognize PASC as early as four weeks post-infection (6—8). Clinical manifestations of PASC
are diverse (respiratory, cognitive, cardiovascular, gastrointestinal, etc) and can involve
multiple organ systems simultaneously in a relapsing-remitting pattern, reflecting its

complexity. (6,9,10).

Multiple, non-mutually-exclusive mechanisms have been proposed for PASC, including viral
persistence, autoantibody production, endothelial injury with microthrombosis, and
sustained cytokine elevation and immune-cell reprogramming (11-14). Persistent immune
dysregulation and chronic inflammation receive substantial support from clinical studies and
consortium reviews (e.g. RECOVER) (7,15,16). Recent work also implicates transferable IgG in

PASC symptomatology, relevant to the immunoglobulin signal reported here (17-19)

Single-omic studies each capture only part of this multifactorial biology; integrating proteins,
metabolites and transcripts from the same patients can reveal convergent pathways. Prior

multi-omic studies advanced this, but many had limited integration, lacked longitudinal data,
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or under-represented non-hospitalised cases (20-24). Rather than re-establishing that
complement and coagulation are perturbed in PASC, which has already been shown by
abundance-based studies such as Wei et al. (2024) and Cervia-Hasler et al. (2024), we ask
how their regulatory interactome is reorganised, using matched tri-omics from a single blood
draw, longitudinal acute-to-convalescent sampling, a balanced moderate/severe design, and

a degree-matched differential-correlation (rewiring) readout.
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Methods

A full methodological description is provided in Supplementary information 1 for wet- and

dry-lab protocols and bioinformatic scripts.

Patient cohort composition, sample collection, and storage

Participants for this analysis were selected from the HYGIEIA cohort (26): 25 healthy
individuals, 24 influenza patients, 50 moderate COVID-19 cases (non-hospitalised, WHO
Clinical Progression Scale <4) and 57 severe cases (hospitalised, WHO score >4), recruited
from Belgian hospitals between August 2020 and March 2024, a window spanning multiple
SARS-CoV-2 waves and variants (see Limitations). Samples and clinical data were collected at
inclusion and again at convalescent follow-up (mean 86.2 days after inclusion, SD 30.5, range
60-274). The study was conducted in accordance with the Declaration of Helsinki and
approved by the Institutional Review Board of Cliniques Universitaires Saint-Luc (protocol
2021/30DEC/543); it is registered on ClinicalTrials.gov (NCT05557539) and all participants

gave written informed consent.

PASC was defined as the presence or continuation of symptoms at visit 2 without an obvious
alternative explanation, adjudicated by a study nurse; recovered patients were those
without such symptoms at visit 2. Full vaccination was defined as receipt of the
recommended vaccine doses prior to inclusion (Janssen, Pfizer—BioNTech, Moderna or

AstraZeneca).

Wet-lab methodology

DNA extraction and whole exome sequencing

DNA was extracted from EDTA blood using QlAamp DNA Blood Mini Kit (Qiagen, Germany).
WES was outsourced to Macrogen (Republic of Korea) who used the Twist Human Core
Exome (+RefSeq) system (Twist Bioscience, USA), sequencing was carried out on a Novaseq

6000 platform to a target depth of 5Gb, 50x mappable, 151 paired end reads.

Whole Transcriptomic Shotgun RNAseq

Total RNA was extracted from whole-blood samples using the Tempus™ Spin RNA Isolation

Kit (Thermo Fisher Scientific, USA) and purified using the RNA Clean & Concentrator-5 Kit
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(Zymo Research, USA). RNA-seq was outsourced to Macrogen who used the lllumina Globin-
Zero Gold Kit (lllumina, USA), followed by the TruSeq Stranded mRNA protocol (lllumina,
USA) for library construction. Normalized pooled libraries were sequenced on a Novaseq

6000 (lllumina, USA) to a target depth of 30M 151 paired end reads.

DIA Shotgun Proteomics

Plasma proteomics used data-independent acquisition on an Orbitrap Exploris 240 (Thermo
Fisher Scientific) following our published protocol (27). Briefly, Plasma samples were
depleted via High Select Top14 Abundant Protein Depletion Resin (Thermo Fisher Scientific,
USA), and were then denatured, reduced, alkylated, and digested overnight with trypsin
(V5117, Promega, United States). Peptides were then fractionated (Pierce High pH Reversed-
Phase Peptide Fractionation column, Thermo Fisher Scientific, USA) and eluted into seven
fractions which were combined into three distinct pools. 1 ug of peptide was injected into a
reversed-phase pre-column (Acclaim PepMap 100, Thermo Fisher Scientific, USA) and
separated using an EasySpray analytical column (Acclaim PepMap RSLC C18, 0.075 x 250
mm, Thermo Fisher Scientific, USA) over a 120-minute gradient at 300 nL/min on an
Ultimate 3000 RSLC nanoHPLC system (Thermo Fisher Scientific, United States). A data-
independent acquisition (DIA) approach was employed at an m/z range of 500-740 with a 4
m/z isolation window at a resolution of 60,000 (FWHM), acquired on an Orbitrap Exploris

240 mass spectrometer (Thermo Fisher Scientific, USA).

Shotgun Metabolomics

Metabolomics analysis was performed as previously described (28) on plasma samples
following acetonitrile protein precipitation. Metabolites were extracted twice, pooled, dried
under nitrogen, and reconstituted for four analytical methods: reverse-phase (HSS T3
column, Waters, USA) and HILIC (BEH Amide column, Waters, USA), each in positive and
negative electrospray ionisation. Samples were analysed using an ACQUITY Premier UPLC
system coupled to a Synapt-XS high-resolution Q-TOF mass spectrometer (Waters), acquiring

data in MSE mode over an m/z range of 50—1200 with leucine-enkephalin lock-mass.
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Bioinformatic preprocessing pipelines

Proteomic spectra were initially processed using DIA-NN (v1.8.1) (29). Missing precursors
were filtered or flagged MNAR/MAR and imputed (QRILC/random forest) following

recommended practice (30), normalised and summarised to protein level.

Metabolomic data were imported into Progenesis Ql (V4.2, Nonlinear Dynamics, UK) for lock
mass correction and 2D ion intensity map conversion. Following feature detection,
identification, and alignment, raw abundance values were then filtered and imputed as

previously described for proteomics, normalized, and batch corrected.

Transcriptomic raw fastq files were first trimmed to remove low-quality bases (Trimmomatic
v0.39) and reads were aligned to the GRCh38 human genome (HISAT2 v2.2.1) (31,32). Gene-
level expression was quantified with featureCounts (Subread v2.0.3) using the GRCh38.105

genome assembly (33). Normalized count matrices were generated using DESeq2 (34).

Genomic reads were aligned to GRCh38 human genome (BWA-mem v0.7.17) (35), followed
by duplicate removal (SAMTools v1.12) and base quality recalibration (GATK
BaseRecalibrator v4.2.1) (36,37). Germline mutations were called using GATK
HaplotypeCaller (37). Structural variations were detected by combining “read depth”
(ExomeDepth) with “split read” (GRIDSS-Purple-Linx) (38,39). Resulting files were

normalized, filtered, and annotated with snpEff (v5.0e) (37,40).

Analytical methodologies

Genomic SNP data was filtered according to strict QC metrics, per-sample and SNP call rates,
and predictive damaging scores (as calculated within Highlander); remaining missing
genotypes were mean-imputed per SNP. PCA was computed on LD-pruned, position-sorted
genotypes and PC1 accounted for the most captured variation (2.4%), including ethnicity. For
the final GWAS model, we tested the association between SNP dosage (0-2, additive) and
PASC status (PASC vs recovered) using logistic regression, adjusting for age (years), sex
(male/female), and ancestry (PC1). Following, we tested per-gene burden/variance effects

using SKAT-0O, run using predictive damaging scores of the SNP.

Proteomic and metabolomic abundances and RNA-seq counts were modelled with linear

mixed models (dream/variancePartition), testing the PASCxVisit interaction with a random
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intercept for patient and covariates (severity, vaccination, sex, age); cross-sectional contrasts
used limma. Multi-omic pathway enrichment used multiGSEA across KEGG and Reactome:
for each omic, features were ranked by a signed significance score (direction of the
PASC/Visit effect x -log10 p) and tested against KEGG and Reactome gene- and metabolite-
sets by per-omic gene-set enrichment (fgsea); per-pathway enrichment p-values were then
aggregated across the three omics by the Z-method (Stouffer's) and Benjamini-Hochberg-
adjusted across all tested pathways, with pathways at combined FDR < 0.05 considered

significant.

MultiGSEA results highlighted specific Reactome pathways “Complement Cascade” and the
sub-pathway “Regulation of Complement Cascade”. All proteins, transcripts, and metabolites
for this network were selected as seed nodes and the network was then expanded to

included first-neighbours of seed nodes from a curated “prior knowledge” network.

For the complement-cascade-seeded network, per-omic differential correlations between
PASC and recovered were computed (DGCA), and a degree-matched differential-correlation
(rewiring) score was derived per node by combining its edge changes (L2 norm) and z-
scoring within degree-matched bins. Because the degree-matched z-score (DMZ) compares
each node only against peers of similar degree, a high score reflects coordinated rewiring
rather than the number of connections a node has or the accumulation of many negligible,

random edge changes.

Networks were built for the visit-2 contrast (n = 32 PASC, 45 recovered); the cross-sectional

contrasts had 45 recovered and 29 PASC at visit 1, and 34 recovered and 17 PASC at visit 2.

Targeted multiplex validation

As an orthogonal, quantitative validation of the complement—coagulation—inflammatory axis
nominated by the discovery omics, seven plasma analytes (C9, C-reactive protein (CRP),
coagulation factor VII, alpha-1 antitrypsin (SERPINA1), von Willebrand factor, sICAM-1 and
sVCAM-1) were quantified by electrochemiluminescence multiplex immunoassay (Meso
Scale Discovery) in the same acute (visit 1) and convalescent (visit 2) plasma samples, each
measured in duplicate. PASC and recovered patients were compared per analyte at each visit
using the Mann—Whitney U test (with a log-scale Welch t-test as sensitivity analysis), and

effects were re-estimated in covariate-adjusted linear (log10 concentration) and logistic
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(PASC status) models using the discovery covariate set (acute severity at visit 1, vaccination,
sex and age). The acute response was additionally stratified by severity, and matched
patients were analysed with a Visit x PASC linear mixed model mirroring the dream

framework.
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Results

Cohort characteristics

Table 1 summarises the cohort. PASC and recovered patients were broadly similar in age and
sex, but PASC was strongly associated with acute severity (71% of PASC patients versus 29%
of recovered patients had severe disease), which is therefore included as a covariate in all

models.

Table 1. Cohort characteristics at inclusion, by convalescent PASC status.

Characteristic All (n=76) Recovered (n=45) PASC (n=31)
A —
(sg|§)' years — mean 50.5 (15.7) 48.4 (14.9) 53.5 (16.6)
Female sex — n (%) 37 (49) 24 (53) 13 (42)
BMI, k 2 —
ckg/m2 —mean o0 68 23.9(5.2) 28.7 (7.9)

(SD)
Moderate di —

oderate disease — n 39 (51) 31 (69) 8 (26)
(%)
Severe disease — n (%) | 35 (46) 13 (29) 22 (71)
Full inated —

Ay vaceinated = g9 (91) 43 (96) 26 (84)
(%)
D th —

examethasone =n | 36 (47) 15 (33) 21 (68)
(%)
ICU admission — n (%) | 4(5) 1(2) 3(10)
Deaths — n 0 0 0

Differential expression and GSEA analysis

Using single-omic models adjusted for age, sex, vaccination, and acute severity, no individual
features reached FDR < 0.05 across acute (visit 1), convalescent (visit 2), or longitudinal
contrasts. Multi-omic GSEA detected coordinated pathway shifts, four of these pathways
were significant (combined cross-omic FDR < 0.05) at both visit 1 and visit 2 but not
longitudinally, suggesting sustained elevation or depletion in PASC patients vs recovered
patients: Complement cascade, Regulation of complement cascade, Intraflagellar transport,
and Regulation of tubulin folding by CCT/TriC. Of these pathways, the complement cascade
was selected for deeper investigation due to its previously suggested involvement in PASC
pathogenesis. Notably, although no single feature reached FDR at any contrast, the two

complement pathways survived Benjamini—-Hochberg correction across all tested pathways
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and did so independently at both visits. In the two complement pathways (Fig. 1), proteomic
signal drove the enrichment at both timepoints (transcriptomic signal weak; no

complement-mapped metabolites).

Genome-wide analysis identified no variant reaching genome-wide significance (top SNPs
rs767558704/ZNF233, rs17283/TRBV13 and rs1730409324/MUC4; all p = 0.003-0.004, far
from the 5 x 1078 threshold), and gene-level aggregation (SKAT-O) yielded no gene at FDR <
0.05 (top genes ITPR2, GANC and AC011005.1). No single locus explained PASC status,

consistent with the omics and reinforcing a multifactorial, network-level signal.

Complement cascade pathways

Visit 2 1

APEISED JUaLLE|dWos
apEJSED Jualla|dwog

Visit 1

Visit 2 1

Visit 1

BpRISED JUBLIA|dWo S Jo uonenbay
BpEIsSEd JUsLa|dWo ) Jo uogenfay

0 1 2 3 4 2 4 0 1
Adjusted p-value (-log10) Normalised
Enrichment Scaore

Omic Layer
Combined
Metabolome
Proteome

Transcriptome

Figure 1: multiGSEA of selected Reactome pathways Complement Cascade and
Regulation of Complement Cascade.
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Network modules and node reorganisation

We integrated cross-omic interactions pertaining to transcription, translation, transcription
factor-gene targets, miRNA-mRNA targets, curated protein-protein and protein-metabolite
interactions, and significant within-omic correlations to build visit 2 networks for PASC and
recovered groups (Fig. 2A—B respectively). In the recovered network (Fig. 2B), nodes
partitioned into two modules: a complement/coagulation module and an immunoglobulin V-
gene transcript module. This layout was retained in Figs 2A and 3 to aid visual comparison.
Relative to recovery, the PASC network (Fig. 2A) showed a topological re-centring of the
complement module toward C3, with betweenness shifting away from the regulatory hubs
(MASP1, SERPING1) that were central in recovery; we describe this as a change in network
topology rather than molecular flux, and reserve mechanistic interpretation for the
Discussion. The recovered immunoglobulin module was densely connected through strong
positive co-expression, whereas in PASC most of these transcript correlations were lost,

giving a sparser module.
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Figure 2: Complement cascade network in PASC patients (A) and recovered
patients (B) during convalescent phase of COVID-19. Nodes: Green squares =
proteins, blue diamonds = RNA, orange triangles = metabolites. Edges: dashed
black edge = transcription, solid black edge = protein-protein interaction, green
vertical dashed edge = significant positive correlation, red vertical dashed edge =
significant negative correlation, blue dotted edge = protein-metabolite
interaction. Larger node size and edge thickness correspond to a higher
betweenness score of the node/edge. Node positions were calculated based on
prefuse force directed layout algorithm on the recovered network, and then
mapped to the PASC network. Network A contains 165 RNA, 113 proteins, and 1
metabolite. Network B contains 165 RNA, 114 proteins, and 1 metabolite.
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Differential wiring (PASC vs recovered)

Combining the networks and analysing nodes through the DMZ, immunoglobulin V-gene
transcripts accounted for most reorganisation in PASC, with IGLV3-21 the top node (DMZ =
5.33) and IGHV4-39 secondary (DMZ = 2.74) (Fig. 3). The dominant pattern is that IGLV3-21
switches from loosely positive embedded within the IgV cluster in recovered to becoming a
negatively correlated hub in PASC. This is a change in co-expression structure, not
abundance (IGLV3-21 transcript log-fold-change non-significant), and may connect restricted
immunoglobulin-V usage to the autoantibody hypothesis of PASC. Additional nodes that
surface through cumulative coordinated edge changes include P01742 (IGHV1-69 product,
DMZ =1.91), CFHRS5 (C3 regulator in the alternative pathway, DMZ = 1.84), and COLEC10
(lectin pathway, DMZ = 1.72).
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Regulation within the complement control layer

Within the complement-control layer (figure 3), complement factor H (CFH; DMZ = 2.08) and
CFHR5 (DMZ = 1.84) were among the most reorganised regulators, and CR1 the most
reorganised node of this group (DMZ = 2.45). We report each node by its rewiring score and
the classes of partner it re-couples to (for CFH, other complement regulators and receptors;
for CFHR5, many small changes across the alternative-pathway neighbourhood) rather than

enumerating individual edges.

Figure 3: Differential network analysis of the complement cascade network, PASC
vs recovered. Nodes: squares = proteins, diamonds = RNA, triangles = metabolites.
Edges: dashed black edge = transcription, solid black edge = protein-protein
interaction, green vertical dashed edge = correlation gained in PASC, red vertical
dashed edge = correlation lost in PASC, green zigzag edge = strengthened positive
correlation in PASC, red zigzag edge = strengthened negative correlation in PASC,
red sinewave edge = weakened negative correlation in PASC, green sinewave edge
= weakened positive correlation in PASC, purple solid edge = correlation sign flip in
PASC, blue dotted edge = protein-metabolite interaction. Larger node size and
deeper color corresponds to normalized rewiring score, edge thickness
corresponds to z-score of correlation difference PASC vs recovered. Node positions
were calculated based on prefuse force directed layout algorithm on the recovered
network (Fig. 2B). Edges were pruned to only show significant, strong changes
(adjusted p-value < 0.05). Network contains 165 RNA, 116 proteins, and 1
metabolite.
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Broader coagulation and anticoagulant neighbourhoods

In figure 4, first neighbours of the original seed network (figure 3) are included in the
analysis. In this broader coagulation neighbourhood, IGLV3-21 still remains the largest
rewired node despite no significant abundance change (DMZ = 3.48). Most IGLV3-21 node
partners are other immunoglobulin V genes, so the net effect is that IGLV3-21 switches from
being loosely/positively embedded within the IgV cluster in recovered to acting as a
negatively correlated hub in PASC, including several very strong de-novo negatives.
Together, these patterns appear to point to a reorganization of IgV co-expression structure
around IGLV3-21 rather than a simple up- or downregulation of the transcript itself. Other
changes of note within the regulatory environment include heparin cofactor Il (SERPIND1;
protein DMZ = 2.27), alpha-1 antitrypsin (SERPINA1; RNA DMZ = 1.33) and integrin 2
(ITGB2/CD18; DMZ = 2.27 protein, 2.58 RNA), which were highly reorganised, and
prothrombin (F2), which itself showed little reorganisation (DMZ =-0.27) and no significant
abundance change; the reorganisation instead concentrates in its regulators. Anticoagulants
(SERPINC1, PROC) also trended lower without reaching significance. We place individual

node rewiring and edge statistics in Supplement table 1 and 2 respectfully.

CRP shows a trend to higher protein (logFC = 0.98, non-adjusted p-value = 0.13) but very low
rewiring (DMZ = -1.10), and the transcript is likewise stable and only linked to its protein.
Within the multi-omic network, CRP forms only three physical edges without any significant
or strong correlations present in either PASC or recovered networks, indicating that the
manner in which CRP interacts with the wider complement and coagulation network is
essentially unchanged in PASC patients. This does not contradict the multiplex validation
reported below: abundance-based assays and the rewiring score capture different
phenomena, and CRP's acute abundance signal need not manifest as a change in network

wiring.
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Figure 4: Differential network analysis of the complement cascade network, PASC
vs recovered, with non-correlation edge first neighbors. Nodes: squares = proteins,
diamonds = RNA, triangles = metabolites, ellipse = miRNA, parallelogram = gene,
yellow V = drug. Edges: dashed black edge = transcription, solid black edge =
protein-protein interaction, green vertical dashed edge = correlation gained in
PASC, red vertical dashed edge = correlation lost in PASC, green zigzag edge =
strengthened positive correlation in PASC, red zigzag edge = strengthened negative
correlation in PASC, red sinewave edge = weakened negative correlation in PASC,
green sinewave edge = weakened positive correlation in PASC, purple solid edge =
correlation sign flip in PASC, blue dotted edge = protein-metabolite interaction,
green dashed edge = activation, red dashed edge = repression, green parallel edge
= drug activation/agonist, red parallel edge = drug repression/antagonist. Larger
node size and deeper color corresponds to normalized rewiring score, edge
thickness corresponds to z-score of correlation difference PASC vs recovered. Node
positions were calculated based on prefuse force directed layout algorithm on the
recovered network (Fig. 2B). Edges were pruned to only show significant, strong
changes (adjusted p-value < 0.05). Network contain 175 RNA, 5 miRNA, 205
proteins, 49 metabolites, 32 genes, and 77 drugs.
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Targeted multiplex validation of the complement—coagulation

axis
Of seven analytes, only CRP differed significantly between groups: at acute infection CRP was
~4.5-fold higher in patients who subsequently developed PASC (Mann—Whitney p = 0.0017,
FDR = 0.012), the only analyte to survive correction; the direction persisted after adjustment
(adjusted OR = 1.9 per SD of logl0-CRP, p = 0.05) and attenuated to borderline when
conditioning on acute severity (itself strongly associated with both CRP and PASC). The signal
localised to moderately ill patients (moderate-PASC CRP ~5-fold above moderate-recovered,
adj. p = 0.010; indistinguishable from severe patients, adj. p = 0.41), whereas severe patients

had uniformly high CRP irrespective of outcome (adj. p = 0.34).

The remaining six analytes, including the network-nominated SERPINA1 and C9, showed no
significant abundance difference between PASC and recovered patients at either visit,
although CRP and factor VII showed nonsignificant upward trends in PASC at convalescence
(adjusted p = 0.06-0.08). In the matched longitudinal model, acute CRP fell sharply between
visits in both groups with no significant Visit x PASC interaction (adj. p = 0.19), indicating
comparable resolution; the only analyte trending toward differential non-resolution was
sICAM-1, which declined in recovered patients but remained flat in PASC (interaction adj. p =

0.12) (Fig. 5; full per-analyte results in Supplementary Table 3).
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Figure 5. Targeted multiplex (Meso Scale Discovery) validation of seven plasma analytes. (A)
Acute (visit 1) CRP in PASC versus recovered patients across all COVID-19 cases (box-and-jitter
with the Mann—Whitney p-value); (B) the same, stratified by acute severity and PASC status,
showing moderate-PASC patients overlapping the severe range and recovered-moderate

patients well below; (C) matched within-patient CRP trajectory from visit 1 to visit 2 by group.
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Discussion

This exploratory multi-omic analysis nominates the complement—coagulation interface as a
candidate system for targeted follow-up in PASC, on three convergent signals: pathway-level
enrichment at both acute and convalescent phases; node-level reorganisation of
complement and coagulation regulators; and orthogonal confirmation of an acute
inflammatory (CRP) signal, despite limited differential abundance at the single-feature level.
As shown by our network analysis (Fig. 4), key coagulation and complement components
exhibit extensive rewiring in PASC. Figure 6 has been created in an effort to summarise and
explain the main findings of our investigations, showing how some of the nodes we have
identified as most rewired or interesting (highlighted in yellow) fit into the complex and

highly interconnected coagulation and complement pathways.

The picture is of a reorganised thrombo-inflammatory interface rather than up- or down-
regulation of individual factors. Highly reorganised nodes span humoral immunity (IGLV3-
21), complement regulation (CFH, CFHR5), coagulation control (SERPIND1, SERPINA1, PROC),
leukocyte—platelet adhesion (ITGB2/CD18) and matrix/endothelial integrity (FN1, NID1). We
reiterate that we interpret these patterns as hypotheses: the data are correlation-based,
with non-significant abundance changes, and cannot establish thrombin generation, platelet

activation or endothelial injury directly; each mechanistic step is inferred, not measured.

Analysis of the rewiring network, considering the biological context, shows that the
reorganisation concentrates in thrombin's regulatory environment rather than in
prothrombin (F2) itself. Notably, several natural anticoagulants that restrain thrombin were
downregulated (non-significantly) or dysregulated across omics: heparin cofactor Il
(SERPIND1) emerged as one of the most rewired proteins in the entire network, while
antithrombin (SERPINC1) and protein C (PROC) trended lower at both RNA and protein
levels. SERPIND1’s role is to neutralize thrombin and apply a negative regulation to
coagulation activity (41). Dysregulation could theoretically lead to increased thrombin on
healthy surfaces, favouring aberrant clot formation and increased C5 and C3 cleavage. C3
and C5 fragments then lead to activation of monocytes, neutrophils, endothelial cells, and
platelets, which further activates complement and coagulation pathways as seen in figure 6
(42). PROC should curb this thrombin generation through inactivation of Va, which prevents

thrombin activation directly, and through inactivation of Vllla, which shuts down the
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amplification/intrinsic pathway of thrombin generation (43). On the other hand, CFHR5
competes with factor H (an inhibitor of the alternative complement pathway), thereby de-
repressing complement activation (44). C3 fragments also go on to bind to CR2 on B cells,
lowering their threshold for activation and increasing antibody production, yet a large

number of antibody components also showed significant rewiring (45).

Indeed, IGLV3-21 was the most rewired/dysregulated node and may imply dysregulation,
compared to recovered patients, in the B-cell/antibody activity and the thrombin-
coagulation axis in PASC. Consistently, we observed that integrin 2 (ITGB2, CD18), a
leukocyte adhesion molecule and component of complement receptor 3, became highly
rewired in PASC. CD18 is involved in allowing leukocytes to dock onto thrombi or inflamed
endothelium (46). Its new network orientation indicates enhanced coordination between
leukocyte integrin signalling, complement, and coagulation pathways, potentially facilitating
platelet-leukocyte aggregate formation and immune-thrombotic feedback loops unique to
PASC when compared to recovered patients. Furthermore, markers of endothelial and
matrix integrity reflected ongoing vascular perturbation: fibronectin (FN1), a high-molecular-
weight glycoprotein that stabilises fibrin clots, and nidogen-1 (NID1), a basement membrane

protein, were modestly rewired in PASC.
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Figure 6: Complement coagulation pathways with interactions and proteins of interest.

APC: When thrombin binds to thrombomodulin on intact endothelium, it activates protein C (APC)
which inactivates Va and Vllla, shutting down thrombin generation. Losing this pathway tilts you
towards a procoagulant environment.

SERPIND1. Heparin cofactor Il (SERPIND1) inhibits thrombin (lla). Loss of this inhibition increases
thrombin activity.

SERPINA1: al-antitrypsin (SERPINA1) inhibits neutrophil elastase (released during NETosis), limiting
neutrophil-mediated tissue damage.

MerTK: Platelets express TAM (Tyro3, Axl, and Mer) receptors like MerTK. MerTK amplifies platelet
activation upon binding with GAS6 (released by endothelial cells and macrophages after stimulation
by factors such as thrombin, collagen, etc).

FN1: Plasma fibronectin (FN1) gets crosslinked into fibrin clots by factor Xllla which improves clot
stability, platelet adhesion to the fibrin network, and supports wound repair.

CD18/ITGB2: CD18/Integrin B2 (ITGB2) pairs with a subunits (like ITGAM/CD11b) to form Mac-1,
which on activated neutrophils/monocytes binds fibrinogen/fibrin and iC3b (C3b breakdown
product),and also binds ICAM-1 on activated endothelium. This lets leukocytes dock onto thrombi
and onto inflamed endothelium.

CFHR5: Complement Factor H-Related protein 5 (CFHR5) regulates the complement system by
modulating factor H’s inhibitory activity against C3b and other binding targets, attenuating its effect
on complement activation. Dysregulation here could increase or decrease the amplification step of
complement activation.

CR2: Complement receptor 2/CD21 (CR2) on B cells binds C3 breakdown products (C3d/iC3b/C3dg)
which lowers the threshold for B cell activation and helps retain immune complexes, feeding antibody
production, which then feeds the classical pathway via C1q binding IgG/IgM. Dysregulation here
could affect antibody production and classical complement activation.

COLEC10: Collectin-10 (COLEC10), also called collectin liver-1 or CL-L1, is a soluble pattern-recognition
lectin in the lectin pathway that forms complexes with MASPs. It binds mainly with mannose, fucose,
and galactose. Dysregulation here could result in abhorrent lectin pathway activation.

Created in BioRender. Elens, L. (2025) https://BioRender.com/w1ylbg9
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The multiplex immunoassay provides orthogonal support for the inflammatory component:
whereas discovery proteomics detected only a non-significant CRP trend at visit 1 (log-fold-
change 0.98, unadjusted p = 0.13), the immunoassay confirms an FDR-significant elevation of
acute CRP in patients who later develop PASC. Because PASC status is defined at follow-up,
this is best read as a predictive marker of acute inflammatory intensity that largely resolves
by convalescence — concordant with the low convalescent rewiring of CRP in our network.
The absence of an abundance difference for SERPINA1, C9 and the coagulation/endothelial
markers is consistent with (though not proof of) a model in which these components are
altered in their correlation structure rather than their mean levels; testing this will require
protein-complex or activation-state assays (e.g. CFHR5/SERPIND1 ELISA, complement

activation fragments), as CFHR5 and SERPIND1 were not on the validation panel.

Taken together, these findings suggest that PASC is a state of persistent thrombo-
inflammatory disequilibrium: the dysregulated nodes highlighted within our network are
linked to humoral immunity, complement pathways, extracellular matrix dynamics, and
thrombin-mediated coagulation. These perturbations may be provoked through intense
immune response during acute infection resulting in endothelial and other organ injury that
fails to fully resolve, as suggested through the significantly higher CRP signal at visit 1 and
other reports in the literature (12,47,48). Our findings align with similar reports of persistent

complement dysregulation and endothelial injury in PASC (11,25,49-51).

If confirmed, these mechanisms could motivate strategies to rebalance coagulation and
complement. Hypothesised candidate agents identified via an FDA drug-target overlay,
arising from a curated target layer (OpenTargets) in figure 4, may be targets for future
controlled studies (no clinical benefit is yet implied). Thrombin has two drugs that have
already been, or suggested to be, employed against COVID-19: DABIGATRAN and
ARGATROBAN (52,53). ANFIBATIDE acts as a platelet GPlba antagonist and was previously
suggested as a potential therapeutic against the thrombo-cardiovascular disorders
associated with acute COVID-19 (54). PEGCETACOPLAN acts as a direct complement C3
inhibitor and is currently prescribed in the treatment of blood clotting diseases (55). Lastly,
RIVAROXABAN, an F10 inhibitor, has already been assessed in an open-label, multicentre,
randomized, controlled trial to improve clinical outcomes following discharge after COVID-19

related hospitalisation (56). We stress that these therapeutic links are hypotheses generated
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by a correlation-based network and require direct testing; with that caveat, repurposing
these agents, already used or proposed in acute COVID-19, merits investigation for the

prevention or treatment of PASC.

These insights emerged only through an integrative, network-based approach: single-omic
and genome-wide analyses were largely null, whereas coherent signals appeared at the
pathway and node-reorganisation level, reinforcing that PASC reflects multifactorial

perturbation of immune—coagulative homeostasis rather than a single molecular change.

Limitations

Several limitations temper these findings. First, our measurements are predominantly blood-
based, which biases detection toward circulating processes and cannot fully represent tissue-
level biology in the lung, gut or brain. Second, and most importantly, correlation-based
networks, even when consistent across omics, cannot establish whether the complement—
coagulation—platelet coupling we observe drives symptoms or is a downstream consequence
of another persistent stimulus; the thrombin-centred model we propose is therefore a
hypothesis for validation rather than an established mechanism. Third, power is limited: no
single-omic feature survived FDR correction, the differential-correlation networks rest on
modest group sizes (n = 32 PASC, 45 recovered), and edges estimated at this scale can be
unstable, so individual correlations should be read with caution and the rankings regarded as
hypothesis-generating. Fourth, recruitment spanned August 2020 to March 2024 and
therefore multiple SARS-CoV-2 waves and variants, while evolving vaccination and treatment
shifted the case-mix; selection toward patients able to return for follow-up may further limit
generalisability. Fifth, with two primary timepoints we cannot establish the temporal ordering
needed to claim mechanism. Finally, the multiplex validation is itself constrained by sample
size (particularly at convalescence and in the matched subset) and covers only seven markers;
its convalescent and interaction trends should be treated as hypothesis-generating, and

multiplicity was controlled within, but not across, comparisons.
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