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SUMMARY

SARS-CoV-2 infections have led to a surge in long COVID, a post-infectious syndrome in which autoantibodies 

are proposed to play a pathogenic role, analogous to fibromyalgia. Here, we test this hypothesis by transferring 

total IgG from long COVID patients into mice. We stratified patients into three subgroups using plasma levels of 

glial fibrillary acidic protein (GFAP), neurofilament light chain (NFL), and interferon-β, with subgroup-specific 

pathways supported by plasma proteomics. Transfer of pooled total IgG induces pronounced and persistent 

mechanical hypersensitivity. Notably, IgG collected 2 years later from the same long COVID patients who re

mained symptomatic reproduced mechanical allodynia in mice, demonstrating longitudinal stability of patho

genic activity. Proteome-wide autoantibody profiling identifies elevated, subgroup-linked autoreactivities that 

persist over time and are validated by independent assays. Together, these findings demonstrate that long 

COVID IgG can induce mechanical hypersensitivity in mice, support a causal role for autoantibodies in long 

COVID pathogenesis, and may establish a murine model for therapeutic development.

INTRODUCTION

The emergence of coronavirus disease 2019 (COVID-19), 

caused by severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), has sparked a global health crisis, with over 

780 million cases and 7 million deaths reported to date.1 Ample 

evidence highlights a concerning trend among COVID-19 survi

vors, with a significant subset (>10%) experiencing a spectrum 

of persistent symptoms exceeding 12 weeks post-initial recov

ery.2–4 This condition is referred to as post-acute sequelae of 

SARS-CoV-2 infection (PASC), post-COVID syndrome, or collo

quially as long COVID. Long COVID presents a heterogeneous 

array of symptoms, including cough, fatigue, post-exertional 

malaise (PEM), neurocognitive impairment (brain fog, sleep, 

and anxiety disorders), sensory and musculoskeletal manifesta

tions (joint pain, chest pain, and muscle ache), postural ortho

static tachycardia syndrome, fever, shortness of breath, gastro

intestinal disturbances, and palpitations.3,5–7 However, the 

underlying pathophysiology of long COVID remains elusive.

Several potential mechanisms have been proposed, connect

ing long COVID symptomatology to dysregulated interferon (IFN) 

response, inflammation, cellular metabolism, persistent infec

tion, dysbiosis, neuroinflammation, and autoimmune pro

cesses.3,8–14 Among these factors, studies have demonstrated 

that autoimmunity is induced in both acute and post-acute 

phases of COVID-19.15–17 While acute disease severity corre

lates with anti-viral protein antibodies,18 long COVID is charac

terized by the presence of autoantibodies targeting diverse 

self-antigens.19 These long COVID-associated autoantibodies 

bind to chemokines,20 G protein-coupled receptors,21 neuro

transmitters,22 and various immunomodulating proteins.16,23

Moreover, it has been hypothesized that autoantibodies play a 

crucial role in other chronic fatigue and post-acute infection syn

dromes, such as post-Lyme disease syndrome, Q-fever fatigue 

syndrome, fibromyalgia, and myalgic encephalomyelitis/chronic 

fatigue syndrome (ME/CFS).6 Yet, whether these autoantibodies 

are mere bystanders or active contributors to long COVID symp

toms is not known.
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Recent experimental evidence supports the potential involve

ment of autoantibodies in driving long COVID symptomatology. 

Following therapeutic apheresis, clinical improvement in long 

COVID patients appears to be associated with autoantibody 

reduction.22 Moreover, transfer of immunoglobulin G (IgG) from 

fibromyalgia patients to mice induces pain-associated 

behavior.24 Similarly, injection of patient-derived anti-CASPR2 

autoantibodies into mice produces mechanical pain-related hy

persensitivity in the absence of neural injury.25 Hence, we postu

late that autoantibodies may play a causal role in the manifesta

tion of long COVID symptoms in at least a subset of patients. In 

this study, we set out to elucidate the involvement of autoanti

bodies in long COVID pathogenesis by establishing a patient- 

derived IgG-transferring mouse model for long COVID.

RESULTS

Long COVID patients are characterized by altered 

interferons and GFAP

We enrolled 34 patients from the Amsterdam UMC outpatient 

post-COVID clinic based on World Health Organization defini

tion. All participants had confirmed prior SARS-CoV-2 infection 

and were in good physical and mental health prior to infection. 

None of the individuals were hospitalized for COVID-19, and their 

symptoms persisted for a minimum of 6 months following the 

initial infection (Table 1). The diagnosis of long COVID was 

made by a physician dedicated to post-COVID-19 at the Amster

dam UMC. Patients presented a varied array of symptoms, with 

fatigue being consistently reported among all participants. Addi

tionally, 29 of 34 patients experienced PEM, 25 of 34 reported 

pain symptoms, and 26 of 34 were unable to resume their previ

ous occupational roles at the time of inclusion. As controls, we 

included 15 healthy donors who had gone through SARS- 

COV2 infection(s) without residual/persistent symptoms from 

the same source population with comparable distributions of 

age, sex, and days since SARS-CoV-2 infection (HC-2022, 

Table 1).

Previous studies have shown that long COVID is characterized 

by altered IFN levels,8,26 chronic inflammation,27,28 and signs of 

neuronal damage and neuroinflammation.29–31 Thus, we per

formed targeted biomarker quantification against 10 serum 

proteins, including IFN-Is and -IIs, prototypic COVID-19 pro-in

flammatory cytokines (interleukin [IL]-1β, IL-6, tumor necrosis 

factor, and granulocyte-macrophage colony-stimulating factor 

[GM-CSF]),32 and neuronal damage (neurofilament light chain 

[NFL]) and astrogliosis markers (glial fibrillary acidic protein 

[GFAP]). Principal component (PC) analysis revealed the stron

gest separation between long COVID patients and healthy con

trols along PC2, driven primarily by IFN-γ, IFN-β, IFN-α2a, GM- 

CSF, and GFAP (Figure 1A). When we performed differential 

expression analysis using a linear model adjusted for age, sex, 

and time from the initial SARS-CoV-2 infection to sampling, 

IFN-γ was the strongest negative contributor and was reduced 

in long COVID patients (Figure 1B). Both IFN-Is, IFN-β and IFN- 

α2a, did not reach statistical significance (Figures 1C and S1A). 

GFAP was detectable in 10 of 34 long COVID patients and unde

tectable in all healthy controls (Figure 1D). Acute-phase COVID- 

19 pro-inflammatory cytokines and neurodegenerative markers 

(TAU and NFL) were comparable between long COVID patients 

and healthy controls (Figures S1B–S1G).

Notably, despite the lack of significant group-level differences, 

we observed high inter-individual variability of these biomarkers 

in our cohorts. GFAP and NFL were detectable only in a subset of 

patients, while IFN-β levels exhibited a broad dynamic range and 

still tended to be elevated. Given prior evidence linking astroglial 

activation/axonal injury (GFAP and NFL)33,34 and IFN-I activ

ity8,35,36 to long COVID pathobiology, we sought to use these 

biomarkers to stratify patients and capture potential neuroim

mune subgroups. We implemented a two-step strategy to strat

ify patients. First, individuals with elevated GFAP and/or NFL 

relative to the control distribution were classified as LC-1 (n = 

12, Figures 1E and 1F). Second, the remaining patients were 

subdivided by IFN-β level into LC-2 (high IFN-β, n = 10) and 

LC-3 (low IFN-β, n = 12) (Figure 1G). This approach aimed to 

enrich for individuals with potential central nervous system 

involvement or immune dysregulation.

Proteomics profiling supports molecular distinction of 

long COVID subgroups

To evaluate the molecular distinction of the predefined long 

COVID subgroups, we retrospectively profiled 2,865 plasma 

proteins in 31 of 34 long COVID patients (3 excluded for insuffi

cient sample volumes). Partial least-squares discriminant anal

ysis (PLS-DA) separated LC-1 from LC-2/LC-3 along PC1 and 

distinguished LC-2 from LC-3 along PC2 (Figure 2A). Gene set 

enrichment analysis of the PC loadings indicated that LC-1 

was depleted for cell surface proteins but enriched for intracel

lular transport proteins (Figure 2B), LC-2 was enriched for 

Table 1. Baseline characteristics of long COVID patients and 

non-long COVID healthy controls (2022)

Long COVID

2022 Post- 

COVID healthy 

controls

p value

N = 

34

N = 

15

Sex = male (%) 6 

(17.6)

3 

(20.0)

1.000

Age (median [IQR]) 43 

[34, 

50]

35 

[32, 

49]

0.385

Charlson comorbidity 

index (median [IQR])

0 [0, 

1]

– N/A

Time from infection to 

sampling, days 

(median [IQR])

275 

[195, 

379]

278 

[271, 

288]

0.948

Vaccination before 

initial SARS-CoV-2 

infection = yes (%)

0 (0) 0 (0) 1.000

Vaccination before 

sampling = yes (%)

30 

(88.2)

0 (0) <0.001

Working hours 

prior SARS-CoV-2 

infection (median [IQR])

34 

[27, 

40]

– N/A

IQR, interquartile range; N/A, not applicable.
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muscle-related signatures, and LC-3 was enriched for lipopro

tein-related signatures (Figure 2C). Clustering the top 200 PC1 

and PC2 loadings revealed subgroup-associated protein mod

ules (Figure 2D). For example, clusters C1, C2, and C3, which 

included GFAP and NFL, were elevated in LC-1. Clusters C5 

and C6, containing immune activation markers such as IL-12 

(IL-12p35 and IL-12p40) and HIF-1α, were increased in LC-2. 

Clusters C3, C4, and C6, containing immune cytokines and re

ceptors like TNFSF9, IL4R, and TGFBR1, showed higher levels 

in LC-3. Differential protein analyses comparing each subgroup 

to the other two corroborated our stratification strategy: LC-1 

showed higher GFAP and NFL, while LC-2 showed increase in 

the IFN-response chemokine CXCL10 (Table S3). Because 

plasma proteins can reflect tissue injury and protein release 

into circulation, tissue enrichment analysis of differentially regu

lated proteins mapped LC-1 to nervous system tissue, LC-2 to 

skeletal muscles, and LC-3 to liver, pancreas, testis, spinal 

cord, and skin (Figure 2E).

Long COVID IgG transfer induces sensory 

hypersensitivity in mice

We hypothesized that if (auto)antibodies are causative for long 

COVID, patient-derived IgG antibodies will result in tissue dam

age and subsequent associated symptoms in mice. We purified 

IgG from patient plasma, pooled samples by long COVID sub

groups, and compared them with 34 pooled pre-pandemic 

healthy control (HC-pre, Table S4) IgG. Each pooled human IgG 

(hIgG) was injected into 8 C57Bl/6 mice (4 females and 4 males) 

at a single dose of 260 mg/kg (∼1/3 of total circulating IgG per 

mouse,37 a dose lower than in a prior study24). We assessed sys

temic inflammation by measuring plasma GFAP, IFNs, and cyto

kines in recipient mice and did not observe evidence of systemic 

inflammation or differences between long COVID and control IgG 

groups at day 15 post-injection (Figure S3). Since neurosensory 

symptoms, i.e., pain, are prevalent in long COVID patients,3 we 

investigated whether patient-derived IgG causes neurological 

symptoms. We measured mechanical sensory thresholds with 

the von Frey test and thermal sensitivity using the Hargreaves 

test.38 Mice that received long COVID patient IgG (M-LC) devel

oped a pronounced reduction in mechanical sensory threshold 

(increased mechanical sensitivity) that lasted for at least 

15 days compared to the HC-pre IgG-injected control mice (M- 

HCpre) (Figure 3A). Considering the long COVID subgroups, the 

reduction in mechanical threshold primarily occurred in M-LC1 

and M-LC3 (Figure 3B). Notably, the time course for the develop

ment of mechanical hypersensitivity was different in M-LC1 and 

M-LC3: M-LC1 developed mechanical hypersensitivity from 

day 3, while the mechanical threshold in M-LC3 was already 

reduced at 24 h post-hIgG injection.

In both M-LC and M-HCpre, the latency to heat stimulation 

was reduced, which indicates increased heat sensitivity. While 

this thermal hypersensitivity normalized within 2–3 days in 

mice injected with HC-pre hIgG, in mice that had received long 

COVID hIgG, the hyper-sensitive state persisted until at least 

15 days post-injection (the last measurement, Figure 3C). 

Considering long COVID subgroups, the latency to heat stimula

tion was only persistently reduced in M-LC1 and M-LC3, 

whereas M-LC2 mice did not significantly differ from the 

M-HCpre group at any time point measured (Figure 3D). Interest

ingly, mice injected with hIgG from LC-1 group only differed from 

HC starting from day 3, while mice injected with IgG from LC-3 

developed thermal hypersensitivity that was stronger than in 

mice injected with HC igG starting from day 1 after injection. 

These tests indicate that IgG from different subgroups of long 

COVID patients elicited distinct sensory symptoms, with sub

group-specific course in pain-associated behavior.

Long COVID IgG transfer affects locomotor activity in 

mice

Considering the wide range of musculoskeletal complications 

observed in long COVID patients,7,39 we hypothesized that 

transferring long COVID IgG could also affect locomotor 

behavior. We assessed general locomotor activity levels using 

an open field test.40 While overall activity was comparable 

across most groups (Figure 4A), mice injected with LC-2 IgG 

(M-LC2) showed a statistically significant but modest reduction 

in walking distance, approximately 40% less than M-HC at 

1 day post-injection (Figure 4B). M-LC1 and M-LC3 did not differ 

from M-HC at any of the tested time points. Movement pattern 

analysis suggested that the reduced distance in M-LC2 was pri

marily due to increased immobility (Figures 4C and 4D). In addi

tion to locomotor activity, motor strength, coordination, and bal

ance are also important factors in movement behavior. We 

assessed these motor functions in mice using two rotarod para

digms41: one with fixed speed and another with accelerating 

speed over time to investigate baseline motor coordination and 

detect subtle impairments in motor coordination, respectively. 

In both assays, M-LC or M-HC mice did not perform differently 

in these tests (Figures S2A–S2D). Together, these data indicate 

that transfer of LC-2 IgG to mice induced a transient and modest 

reduction in general locomotor activity due to increased immo

bility, without affecting gross coordination and balance.

Autoantibody profiling maps subgroup-linked targets

Since passive IgG transfer induced mechanical hypersensitivity, 

we next investigated antigen specificities of the transferred 

hIgGs using HuProt proteome arrays (>21,000 intra-/extra- 

cellular human proteins). IgG signals were normalized with a 

Figure 1. Plasma biomarkers of long COVID compared with non-long COVID SARS-CoV-2 convalescences 

(A) Targeted quantitative measurements of plasma biomarkers of 34 long COVID (LC) patients and 15 post-SARS-CoV-2 infection healthy controls (HC): (A) PCA 

of all markers showing partial separation of LC (green) and controls (white); symbols denote sex. PC2 variable loadings indicating contributors to case-control 

separation (negative, higher in controls; positive, higher in LC). 

(B–D) Boxplots (scale in log10 pg/mL) for IFN-γ, IFN-β, and GFAP comparing LC vs. controls. 

(E–G) Boxplots for LC subgroup comparisons: GFAP, NFL, and IFN-β across HC/LC-1/LC-2/LC-3. 

Boxes show median and interquartile range; points are individuals. Numbers printed on the plots are p values with the Benjamini-Hochberg (BH)-adjusted p value 

in parentheses from linear models adjusted for age, sex, and days since infection. ns, not significant.
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Figure 2. Plasma proteomics clustering analysis identified biomarkers distinguishing three long COVID subgroups 

(A) Partial least-squares discriminant analysis of plasma proteome shows a separation of LC-1 from LC-2 and LC-3 on PC1, while LC-2 and LC-3 segregated on 

PC2. 

(B and C) Gene set enrichment analysis of PC1 and PC2 loadings. Bar length shows − log10(q value); color tiles show normalized enrichment scores (NES). ‘‘pos’’ 

and ‘‘neg’’ indicate enrichment toward the positive or negative direction of the PC (PC1+, LC-1; PC2+, LC-2). 

(legend continued on next page) 
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robust linear model and standardized to the on-array hIgG cali

bration spots42 (Table S5). We defined long COVID-associated 

autoreactivities as features with intensity >2-fold of the pooled 

HC-pre IgG and exceeding the 1 μg/mL on-array IgG standard. 

Using this threshold, we identified 134 autoantibodies elevated 

in long COVID (Figure 5A). We next defined subgroup-specific 

reactivities as antigens with standardized intensity >1.5× that 

of the next-highest subgroup. LC-1 was enriched for epidermal 

keratins (i.e., KRT6A/KRT14) and Argonaute (AGO) proteins 

(AGO1-4). LC-2 featured anti-IFNA1 and neuronal/glial targets 

such as GAD2. LC-3 showed distinct autoreactivity linked to 

inflammation and nociception (e.g., PRKCE,43,44 TAB1,45 and 

OPRD146) (Figure 5A). Pathway analysis of all targets highlighted 

epithelial structural constituents, Dicer/RNA silencing, and IL1R 

signaling pathways (Figure 5B). For the subgroups, LC-1 was 

strongly enriched for skin-epidermis structural components, 

LC-2 for sensory perception and receptor activation pathways, 

and LC-3 for hypoxia and β-defensin-related programs. Notably, 

applying more stringent cutoffs (e.g., requiring >4-fold intensity 

relative to HC-pre) identified 60 autoantibodies (Figure 5A, 

underlined) and the same enriched pathways (data not shown), 

highlighting the robustness of these subgroup-linked signatures.

To test whether transferred IgG accumulated in relevant tissues, 

we assessed hIgG deposition in hearts, skeletal muscles, spinal 

cords, and dorsal root ganglia (DRG) 15 days post-injection, as 

these tissues have been postulated to be affected in long COVID 

pathology. We used an anti-hIgG detection antibody validated in 

mouse tissue and confirmed no detectable cross-reactivity with 

mouse IgG (data not shown). We detected hIgG in all examined tis

sue types with no significant differences between healthy controls 

(M-HCpre) and long COVID patients (M-LC) and between LC sub

groups (Figures S4–S6). Given the pain-like behaviors in recipient 

mice, we further quantified markers in spinal cord and DRG linked 

to chronic pain: GFAP for astrocyte activation, glutamine synthe

tase (GS) for satellite glial cells, and F4/80 for macrophage infiltra

tion and inflammation in DRGs (Figures S7 and S8). hIgG partially 

co-localized with neuronal and glial markers, but expression of 

GFAP, GS, and F4/80, as well as hIgG co-localization with these 

markers, did not differ between M-LC and M-HCpre. Thus, while 

transferred hIgG reached sensory tissues, it did not produce 

detectable subgroup-specific glial or immune activation at this 

time point.

Two-year persistence of biomarkers, autoantibodies, 

and replicated IgG-induced hypersensitivity

To test temporal stability, we re-profiled cytokines and neuro- 

injury markers in plasma collected in 2024 from 19 of the same 

long COVID patients who remained symptomatic around 2 years 

after initial sampling and compared them with a new age- and 

sex-matched healthy control cohort that has experienced SARS- 

CoV2 infections (HC-2024, N = 7, Table S6). At follow-up, long 

COVID patients again trended toward higher IFN-β (Figure 6A) 

with LC-2 appearing to be at relatively higher levels and a subset 

retained higher GFAP levels (Figure 6B). IFN-γ no longer differed 

between long COVID patients and controls (Figure 6C). NFL, 

Tau, IFN-α2a, and other pro-inflammatory cytokines were not 

discriminatory (Figures S9A–S9G). Notably, two neuro-injury 

markers, GFAP and NFL, were relatively increased in LC-2, 

becoming comparable to LC-1 at this measurement (Figures 6B 

and S9A). These data indicate that a subset of long COVID bio

markers persist for at least 2 years in our cohort.

We next repeated passive IgG transfer using pooled IgG from 

the long COVID samples collected at 2024 and HC-2024 co

horts, with the Von Frey assay prespecified as the primary 

behavioral endpoint. Using the same subgroups, dose, and 

blinded assessment as the initial experiment, mice receiving 

long COVID IgG again showed reduced mechanical withdrawal 

thresholds vs. HC-2024 IgG (Figure 6D). Stratified by subgroup, 

LC-1 and LC-3 IgG reproduced robust mechanical hypersensi

tivity (Figure 6E). Notably, LC-2 IgG also induced clear hypersen

sitivity in mice in this experiment. To assess whether hIgG-tissue 

engagement occurs earlier, we stained mouse DRG for hIgG at 

day 1 post-injection. Consistent with the day 15 histology from 

the initial experiment, hIgG deposition was detectable, but did 

not differ clearly between LC and HC IgG groups (Figure S10).

Finally, to validate key autoantibody persistence, we measured 

selected IgG targets using Luminex bead-based assays with re

combinant proteins from independent suppliers and antigen-spe

cific monoclonal antibodies as calibrators and positive controls. 

Several subgroup-linked autoantibodies showed consistently 

high reactivity at baseline (2022) and follow-up (2024): LC-1: 

ALDH1L1, MAGEB10, AGO2, and KRT6A; LC-2: GSTT1, GAD2, 

and GIF; LC-3: MB21D2) (Figure 6F). This supports persistent, sub

group-linked autoantibody signatures.

DISCUSSION

In this study, we demonstrate that IgG from long COVID patients 

can induce pain-like behavior in mice, providing functional evi

dence that autoantibodies contribute to long COVID pathogen

esis. Using a biomarker-guided, longitudinal design, we further 

show that this pathogenic activity persists over time within individ

uals. Across both time points, circulating IFN-Is and neuroinjury 

markers (GFAP, NFL, and Tau) distinguished long COVID patients 

from post-SARS-CoV-2 infection healthy controls and remained 

stable within individuals. Proteome-wide autoantibody profiling 

revealed subgroup-specific autoreactivities, with several IgG 

specificities persisting for at least 2 years. Together, these find

ings support a causal role for sustained (auto)antibody responses 

in long COVID pathophysiology and establish a translational 

model for mechanistic investigation and therapeutic testing.

Persistent elevation of IFN-Is in long COVID has been re

ported previously,36,47,48 and acute-phase IFN-α/β surges 

are known to reduce serotonin levels, potentially contributing 

(D) Heatmap of the top 200 loadings from PC1/PC2 clustered into six protein modules (C1–C6) with distinct patterns; example annotations include GFAP/NFL 

(LC-1 linked), IL-12/HIF-1α (LC-2 linked), and TNFSF9/IL4R/TGFBR1 (LC-3 linked). 

(E) Tissue enrichment of differentially regulated proteins (one vs. rest) for each subgroup. 

Black-bordered squares indicate q < 0.05. GO, Gene Ontology; PID, Pathway Interaction Database.
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to long COVID pathogenesis.8 Consistent with these observa

tions, our cohort exhibited sustained IFN-I signatures at both 

time points, with IFN-β showing the greatest consistency. In 

contrast, IFN II (IFN-γ) levels were reduced at baseline 

(2022) but normalized at follow-up (2024), mirroring mixed 

findings reported for IFN-γ in long COVID.28,49 The persistent 

elevation of IFN-Is strengthens the mechanistic rationale for 

the biomarker-based subgrouping strategy, especially given 

their implied role in long COVID pathogenesis and other 

post-viral syndromes. We also observed increased plasma 

GFAP, aligning with other reports of increased GFAP and 

neuroglial perturbations in long COVID patients.33,50,51 Mech

anistically, sustained peripheral IFN-I signaling may be trans

mitted through the choroid plexus, where IFN-I gene expres

sion persists after SARS-CoV-2 infection even in the 

absence of detectable viral RNA,52 providing a potential route 

by which peripheral immune dysregulation could influence 

central nervous system glia and cognition.53

Our findings differ from studies reporting chronic systemic 

inflammation in long COVID, as we did not detect significant 

elevations in acute-phase proinflammatory cytokines. Many 

prior studies included individuals with severe acute COVID- 

19,27,54,55 whereas our cohort consisted exclusively of patients 

with mild initial illness. Emerging evidence suggests the exis

tence of both inflammatory and non-inflammatory long COVID 

endotypes, with persistent systemic inflammation observed pre

dominantly in those who experienced severe acute disease.56

Stratifying cohorts by acute disease severity may, therefore, 

help reconcile these discrepant findings.

Infections commonly elicit autoantibodies that alter signaling 

agonistically or antagonistically,57,58 as observed in SARS- 

CoV-2,59 influenza,60 West Nile virus,61 and Epstein-Barr virus.62

Pathogenic IgG has been implicated in pain-related post-infec

tion syndromes such as fibromyalgia and ME/CFS, with patho

genic IgG targeting glia and other antigens, including catalytic 

antibodies to myelin basic protein and β2-adrenergic recep

tors.63,64 Additionally, in post-treatment Lyme disease syn

drome, neural autoreactivity is enriched relative to healthy 

controls.65 Our proteome-scale mapping identified an en

riched/dense autoreactive repertoire in long COVID with sub

group-specific targets that plausibly map to clinical phenotypes, 

further supporting viral-induced autoimmunity.

A

D

C

B

Figure 3. Passive transfer of long COVID IgG induces sensory hypersensitivity in mice 

Mice (n = 8 mice/group) received a single intraperitoneal injection of pooled total human IgG from long COVD patient subgroups (M-LC1/2/3) or pre-pandemic 

healthy donors (M-HC-pre). 

(A and B) Relative mechanical sensitivity (50% threshold of the mechanical force) to baseline (pre-injection) in the von Frey test. 

(C and D) Relative heat sensitivity (latency) to baseline (pre-injection) in the Hargreaves assay. 

Data points are shown as the mean +SD. Statistical testing used linear mixed-effects models with post hoc contrasts (R package emmeans) and Benjamini- 

Hochberg correction; asterisks denote significance vs. M-HCpre at the same time point. *p < 0.05, **p < 0.01.
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Our work identified putative mechanistic links by subgroup. The 

LC-1 subgroup showed elevated plasma GFAP and IgG reactivity 

against the astrocytic marker ALDH1L1, suggesting potential 

astrocyte activation, a process implicated in nerve injury and 

chronic pain.66 Beyond astrocytes, FAP is expressed in fibro

blasts and epidermal keratinocytes67,68 and LC-1 autoantibodies 

were enriched for keratin targets. Because keratinocytes form 

synapse-like contacts with intraepidermal nerve fibers and modu

late nociceptor activity,69–71 this raises the possibility that LC-1 

IgG could sensitize nociceptors through peripheral mechanisms. 

MMP-1, the most elevated plasma protein in LC-1, can also pro

mote pain signaling via PAR1 activation.72,73 Together, these ob

servations point to a plausible but still speculative mechanism in 

which LC-1 IgG may induce mechanical hypersensitivity through 

combined peripheral and central pathways, with elevated GFAP 

reflecting glial and/or epithelial involvement.

The LC-2 subgroup exhibited plasma enrichment of skeletal 

and cardiac muscle-related proteins (e.g., TTN) and showed 

anti-IFNA1 IgG reactivity. Despite the presence of anti-IFNA1 

IgG, IFN-β and its responding chemokine CXCL10 were elevated 

in these patients. Although anti-IFN-I autoantibodies during 

acute COVID-19 are typically neutralizing,74,75 non-neutralizing 

or even stabilizing effects have also been described.74,76–79 In 

mice receiving LC-2 IgG (M-LC2), plasma type-I IFN and 

CXCL10 levels were similar to other groups at 15 days post-in

jection. These findings suggest that the detected anti-IFNA1 

IgGs are likely to be non-neutralizing or of low affinity and unlikely 

to explain either patient symptoms or mouse behavioral effects. 

Instead, persistent IFN-I signaling, as seen in chronic viral infec

tions and autoimmune, can itself promote anti-IFN antibody for

mation,77 shape the IgG repertoire and effector functions,80 and 

influence central nervous system glia and cognition.52,53 Inter

estingly, follow-up LC-2 IgGs collected 2 years later induced me

chanical hypersensitivity, coinciding with rising GFAP and NFL 

levels approaching those of LC-1. This temporal convergence 

between glial injury markers and pain behavior suggests a 

possible evolution of the LC-2 endotype, in which sustained 

type-I IFN-biased immunity or progressive maturation of the 

IgG repertoire could increasingly engage glial nociceptor cir

cuits. Additionally, future studies with larger cohorts or in 

larger-animal models will be needed to clarify the functional rele

vance of the modest locomotor phenotype.

A

D

C

B

Figure 4. Passive transfer of long COVID IgG reduces locomotor activity in mice 

Open field test of mice (n = 8 mice/group). Mice received a single intraperitoneal injection of pooled total human IgG from long COVD patient subgroups (M-LC1/2/ 

3) or pre-pandemic healthy donors (M-HCpre). 

(A and B) Relative walking distance to baseline (pre-injection) in the open field test. 

(C and D) Relative immobility (time) to baseline (pre-injection) in the open field test. 

Data points are shown as the mean +SD. Statistical testing used linear mixed-effects models with post hoc contrasts (R package emmeans) and Benjamini- 

Hochberg correction; asterisks denote significance vs. M-HCpre at the same time point. *p < 0.05.
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LC-3 plasma was enriched for leukocyte activation proteins 

and signatures associated with multiple organs. Among the top 

increases was EIF5A, whose inhibition reduces firing of human 

induced pluripotent stem cell-derived neurons and prevents me

chanical hypersensitivity.81 Autoantibodies in LC-3 were en

riched for proteins involved in metabolic processes. Notably, 

anti-MB21D2 targets a positive regulator of the cGAS-STING 

pathway in anti-viral IFN responses.82 This aligns with compara

tively lower IFN-I levels observed in LC-3, implying pathway- 

specific modulation of antiviral signaling mechanisms.

Interestingly, the plasma proteomics and autoantibody pro

files in each LC subgroup point to indirectly related yet non-over

lapping aspects of pathology. For example, LC-1 showed a 

plasma proteome enriched for nervous system-derived proteins 

suggestive of glial/neuronal stress, while its autoantibody profile 

was not dominated by classical neuro-antigens except 

A B

Figure 5. Autoantibody profiling of pooled IgG reveals subgroup-linked targets and persistence 

(A) HuProt protein arrays profiled 2022 baseline plasma. LC-elevated autoantigens (n = 134) were called at 2-fold higher than healthy control intensity and above 

the on-array 1 μg/mL IgG standard. Heatmap shows Z scores; row color denotes the subgroup with highest reactivity (subgroup specificity is called if signal 

intensity is more than 1.5 times the next highest). unlined: >4-fold intensity relative to HC-pre 

(B) Pathway analysis of LC-elevated and subgroup-mapped targets highlights epithelial structure, RNA silencing/Dicer, IL1R, sensory/receptor activation, and 

hypoxia/β-defensin programs.
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A

D E

F

CB

Figure 6. Two-year follow-up plasma biomarkers, autoantibodies, and replicated IgG-induced hypersensitivity 

(A–C) Targeted quantitative measurements using Meso Scale Discovery of follow-up plasma from long COVID (LC; green, n = 19) vs. a new cohort of post-SARS- 

CoV-2, non-LC healthy controls (HC-2024; white, n = 7). Numbers above brackets are p values with Benjamini-Hochberg (BH)-adjusted p values in parentheses 

from linear models adjusted for age, sex, and days since infection. Individual LC donors are colored by subgroup: LC-1, red; LC-2, gray; LC-3, yellow. 

(D and E) Passive transfer using follow-up pooled total IgG from LC donors (combined or endotype-specific pools; M-LC, M-LC1/2/3) and HC-2024 (M-HC2024). 

C57BL/6 mice (n = 8 mice/group) received a single intraperitoneal dose (260 mg/kg). Relative mechanical threshold (von Frey) is normalized to each mouse’s 

baseline (days 1–7). Points/lines show mean +SD. Statistics used linear mixed-effects models with post hoc contrasts (emmeans) and BH correction; asterisks 

denote significance vs. M-HC2024 at the same time point. *p < 0.05, **p < 0.01. 

(F) Heatmap of validated LC-associated autoantibodies showing Z score elevations at baseline (2022) and at 2-year follow-up (2024), indicating persistence. 

Columns are subgroup/time point; rows include representative antigens. Warmer colors reflect higher reactivity (Z scored within antigen). Label colors indicate 

subgroup: LC-1, red; LC-2, gray; LC-3, yellow; healthy controls (HC-pre, HC-2022) are black. HC-pre, pre-pandemic healthy controls; HC-2022, post-COVID 

controls from 2022; HC-2024, post-COVID controls for the follow-up transfer.
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astrocytic marker ALDH1L1. Instead, the prominent LC-1 auto

antigens included AGO protein family, which is known for their 

function in RNA interference. Yet, without known pathogenic 

mechanisms, anti-AGO IgGs have been linked to autoimmune 

neurologic diseases.83 Similarly, LC-2’s plasma proteome 

shows high levels of skeletal/cardiac muscle-associated pro

teins, while its key autoantibodies do not directly target muscle 

fibers. The presence of anti-GAD2 antibodies in LC-2 offers a po

tential mechanistic bridge between motor and nociceptive fea

tures, given prior associations of anti-GAD2 with neuromuscular 

and pain syndromes.84,85 These indirect but associated links be

tween plasma profile and autoantibody profile suggest that pro

teomic biomarkers and autoantibody profiles represent different 

phases or layers of long COVID pathology, underscoring a com

plex, multi-layered disease process rather than a one-to-one 

correspondence between tissue injury and autoimmunity.

The subgroup tissue-enrichment patterns observed in our pro

teomic and autoantibody pathway analysis (LC-1, nervous sys

tem; LC-2, muscle; LC-3, metabolic tissues) suggest potential 

target organs for circulating autoantibodies. Under our condi

tions (single intraperitoneal dose; day 1 and day 15 readouts), 

transferred hIgG deposition accumulated in all examined tissues 

in mice across all groups, with no discernible differences vs. con

trols and no clear separation among LC subgroups. This sug

gests that tissue deposition is a generic property of circulating 

hIgG in this mouse assay, rather than long COVID (subgroup) 

specific. The absence of disease-/subgroup-specific tissue 

staining patterns limits the interpretability of co-staining ap

proaches and precludes meaningful validation using tissues 

from specific antigen-knockout mice. This contrasts with previ

ous reports describing patient-specific tissue accumulation 

and transfer-induced hypersensitivity in fibromyalgia24 and 

long COVID.86 Notably, IgG from both healthy control cohorts 

(HC-pre and HC-2024) also showed widespread tissue deposi

tion. These differences may reflect the pooling of donor IgG in 

our study, which could dilute high-affinity or pathogenic specific

ities present in individual patients or differences in IgG composi

tion, such as subclass distribution, Fc glycosylation, or comple

ment engagement, that influence tissue retention.

If validated, our findings could open avenues for precision 

immunotherapy in long COVID. Therapies that remove or 

neutralize pathogenic IgG, such as immunoadsorption, plasma

pheresis, intravenous immunoglobulin, or FcRn blockade, may 

provide symptomatic relief in antibody-driven endotypes. 

Longer-lasting strategies that deplete autoreactive B or plasma 

cells (e.g., anti-CD38 or anti-CD20 antibodies, or B cell-directed 

CAR-T/NK approaches) could further be explored for refractory 

cases. Elucidating antigenic targets using knockout models and 

defining downstream effector mechanisms may ultimately enable 

stratified, endotype-specific interventions aimed at durable im

mune rebalancing.

In conclusion, our study demonstrates that passive transfer of 

IgG from long COVID patients to mice induces reproducible sen

sory hypersensitivity, paralleling persistent IFN-I and neuro- 

injury signatures, as well as subgroup-specific autoreactivities 

that remain stable over time. The durability of these effects 

across two time points, separated by two years, strengthens 

the evidence for a causal contribution of autoantibodies to long 

COVID pathogenesis and highlights the importance of longitudi

nal immunophenotyping. This murine model establishes a foun

dation for mechanistic dissection and the development of endo

type-informed therapeutic strategies.

Limitations of the study

Our study has several limitations. While limited by its single-cen

ter design and lack of a prespecified power calculation, our study 

provides evidence for a pathogenic role of IgG in long COVID and 

merits replication in larger, adequately powered, multi-center 

cohorts. Nonetheless, independent preliminary studies have 

similarly reported that transfer of long COVID IgG can induce 

symptomatology in mice,86–88 supporting a causal role.

We prioritized cytokine and neuro-injury markers for subgroup

ing based on mechanistic relevance and reproducibility. Studies 

with larger cohorts, denser longitudinal sampling, and unbiased 

proteomics-driven clustering may reveal additional or partially 

overlapping endotypes. While pooled IgG transfer reduces sup

ply constraints and variability, it may mask donor-specific effects, 

dilute pathogenic autoantibodies, and complicate symptom attri

bution. Because IgG was pooled within each subgroup, donor- 

level molecular profiles cannot be directly linked to behavioral 

outcomes. Future studies using one-donor-to-one- or multiple- 

mouse designs will be essential to resolve these associations.

Although IgG was purified using well-established methods and 

quality controlled, the potential contribution of residual non-IgG 

components (e.g., from IgG-antigen complexes) cannot be fully 

excluded. Additionally, our behavioral assessments focused pri

marily on nociception and spontaneous activity and did not cap

ture fatigue, exertional intolerance, dysautonomia, or cognitive 

dysfunction. Cross-species constraints, such as hIgG-murine 

FcγR interactions and antigen orthology, may also influence 

pathogenic effects or underrepresent tissue/cell targeting.

In the first transfer experiment, most patient participants had 

been vaccinated prior to sampling, whereas the controls were 

not. Importantly, in our follow-up experiment, we used post- 

pandemic controls (exposed and vaccinated), and their IgG still 

did not induce the overt pain phenotype seen with long COVID 

IgG, suggesting vaccination alone is unlikely to explain the trans

fer effects. Nevertheless, vaccination can shape IgG repertoires 

and Fc glycosylation,89 and immune-mediated syndromes 

following vaccination have been reported.90,91 Future studies 

should, therefore, match cohorts on vaccination status and 

timing and incorporate functional IgG analyses, including sub

class distribution and Fc glycoform profiling, to disentangle 

infection-driven from vaccine-modulated immune effects.

Collectively, these considerations reflect deliberate design 

choices made to prioritize mechanistic clarity, longitudinal stabil

ity, and translational feasibility in an initial human-to-mouse 

transfer model, and they define a clear roadmap for iterative 

refinement in future studies.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Niels Eijkelkamp (n. 

eijkelkamp@umcutrecht.nl).
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Materials availability

This study did not generate new unique reagents.

Data and code availability

• All data reported in this paper will be shared by the lead contact upon 

request. HuProt autoantibody intensity of the full array is in the supple

mentary table.

• This paper does not report original code. All analyses were performed 

using R (RStudio) with publicly available, well-established R packages 

and did not involve novel algorithms or non-standard analytical work

flows. The R scripts used in this study are available at https://github. 

com/bappelman-AmsterdamUMC/R-CODE—IgG-transfer_LC and 

https://github.com/oliverch77/LongCOVID_IgG_transfer_2022.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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42. Bérubé, S., Kobayashi, T., Wesolowski, A., Norris, D.E., Ruczinski, I., 

Moss, W.J., and Louis, T.A. (2022). A pre-processing pipeline to quantify, 

visualize, and reduce technical variation in protein microarray studies. Pro

teomics 22, e2100033.

43. Gregory-Flores, A., Bonet, I.J., Desaivre, S., Levine, J.D., McHardy, S.F., 

de Kraker, H.C., Clanton, N.A., LoCoco, P.M., Russell, N.M., Fleischer, 

C., et al. (2025). A small molecule PKCε inhibitor reduces hyperalgesia 

induced by paclitaxel or opioid withdrawal. JCI Insight 10, e186805.

44. Fang, J., Wang, S., Zhou, J., Shao, X., Sun, H., Liang, Y., He, X., Jiang, Y., 

Liu, B., Jin, X., et al. (2021). Electroacupuncture Regulates Pain Transition 

Through Inhibiting PKCε and TRPV1 Expression in Dorsal Root Ganglion. 

Front. Neurosci. 15, 685715.

45. Xu, Y.-R., and Lei, C.-Q. (2021). TAK1-TABs Complex: A Central Signalo

some in Inflammatory Responses. Front. Immunol. 11, 608976.

46. Wu, Q., and Liu, L. (2018). ORL(1) Activation Mediates a Novel ORL(1) Re

ceptor Agonist SCH221510 Analgesia in Neuropathic Pain in Rats. J. Mol. 

Neurosci. 66, 10–16.

47. Queiroz, M.A.F., Brito, W.R.D.S., Pereira, K.A.S., Pereira, L.M.S., Amoras, 

E.d.S.G., Lima, S.S., Santos, E.F.D., Costa, F.P.d., Sarges, K.M.L.d., Can

tanhede, M.H.D., et al. (2024). Severe COVID-19 and long COVID are 

associated with high expression of STING, cGAS and IFN-α. Sci. Rep. 

14, 4974.

48. Fracella, M., Mancino, E., Nenna, R., Virgillito, C., Frasca, F., D’Auria, A., 

Sorrentino, L., Petrarca, L., La Regina, D., Matera, L., et al. (2024). Age- 

related transcript changes in type I interferon signaling in children and ad

olescents with long COVID. Eur. J. Immunol. 54, e2350682.

49. Krishna, B.A., Lim, E.Y., Metaxaki, M., Jackson, S., Mactavous, L., NIHR 

BioResource; Lyons, P.A., Doffinger, R., Bradley, J.R., Smith, K.G.C., 

et al. (2024). Spontaneous, persistent, T cell-dependent IFN-γ release in 

patients who progress to Long Covid. Sci. Adv. 10, eadi9379.

50. Bark, L., Larsson, I.M., Wallin, E., Simrén, J., Zetterberg, H., Lipcsey, M., 

Frithiof, R., Rostami, E., and Hultström, M. (2023). Central nervous system 

biomarkers GFAp and NfL associate with post-acute cognitive impairment 

and fatigue following critical COVID-19. Sci. Rep. 13, 13144.

51. Telser, J., Grossmann, K., Weideli, O.C., Hillmann, D., Aeschbacher, S., 

Wohlwend, N., Velez, L., Kuhle, J., Maleska, A., Benkert, P., et al. 

(2023). Concentrations of Serum Brain Injury Biomarkers Following 

SARS-CoV-2 Infection in Individuals with and without Long-COVID- 

Results from the Prospective Population-Based COVI-GAPP Study. Diag

nostics 13, 2167.

52. Suzzi, S., Tsitsou-Kampeli, A., and Schwartz, M. (2023). The type I inter

feron antiviral response in the choroid plexus and the cognitive risk in 

COVID-19. Nat. Immunol. 24, 220–224.

53. Vavougios, G.D., Tseriotis, V.S., Liampas, A., Mavridis, T., de Erausquin, 

G.A., and Hadjigeorgiou, G. (2024). Type I interferon signaling, cognition 

and neurodegeneration following COVID-19: update on a mechanistic 

pathogenetic model with implications for Alzheimer’s disease. Front. 

Hum. Neurosci. 18, 1352118.

54. Etter, M.M., Martins, T.A., Kulsvehagen, L., Pössnecker, E., Duchemin, W., 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-Human IgG (H + L), Alexa Fluor 647 

(secondary antibody)

Jackson ImmunoResearch 

Laboratories

109-606-088; RRID: AB_2337897

Human/Mouse GFAP Antibody Pair (capture & 

detection)

Abcam ab244094

Mouse monoclonal anti-GFAP (clone GF12.24) OriGene Technologies BM2287

Donkey anti-Mouse IgG (H + L), Alexa Fluor 594 

(secondary)

Invitrogen A21203; RRID: AB_2535789

Rabbit polyclonal anti-Glutamine Synthetase (GS) Abcam ab73593; RRID: AB_2247588

Rat monoclonal anti-Mouse F4/80 (pan- 

macrophage, clone CI:A3-1)

Cedarlane Laboratories CL8940AP; RRID: AB_10060355

Anti-Rabbit IgG (H + L), Alexa Fluor 750 (secondary) Invitrogen A21039; RRID: AB_10375716

Donkey anti-Rat IgG (H + L), Alexa Fluor 488 

(secondary)

Invitrogen A21208; RRID: AB_2535794

Rabbit monoclonal anti-ALDH1L1 (clone 7G8) Invitrogen 14-9595-82; RRID: AB_2572952

Rabbit polyclonal anti-MAGEB10 Sino Biological 205166-T08

Rabbit monoclonal anti-AGO2 Sino Biological 50683-R036; RRID: AB_2860516

Rabbit monoclonal anti-KRT6A (clone YA1701) MedChemExpress HY-P81956

Rabbit monoclonal anti-GSTT1 (clone 2A7N6) Invitrogen MA5-55463; RRID: AB_3667703

Human monoclonal anti-GAD2 (GAD65) [HRP- 

conjugated]

Novus Biologicals NBP3-28688H

Rabbit monoclonal anti-GIF (Intrinsic Factor) Sino Biological 13544-R007

Rabbit polyclonal anti-MB21D2 Novus Biologicals NBP1-79527

Goat anti-Human IgG Fc, PE-conjugated 

(secondary antibody)

SouthernBiotech 2040–09; RRID: AB_2795648

Chemicals, peptides, and recombinant proteins

Protein G Sepharose 4 Fast Flow (for IgG 

purification)

Cytiva (GE Healthcare) 17061801

Slide-A-Lyzer MINI Dialysis Device (2 kDa MWCO) Thermo Fisher Scientific 69576

NeuroTraceTM 435/455 Blue Fluorescent 

Nissl Stain

Thermo Fisher Scientific N21479

Mouse GFAP protein, His-tag (standard) Abcam ab226309

Human ALDH1L1 protein OriGene Technologies TP313720

Human MAGEB10 protein Novus Biologicals NBP2-23225

Human AGO2 protein (Argonaute-2) MedChemExpress HY-P72835

Human KRT6A protein (Cytokeratin-6A) Abnova H00003853-P01

Human GSTT1 protein (Glutathione S-transferase 

theta-1)

Bio-Techne) NBC1-28782

Human GAD2 protein (Glutamate 

decarboxylase 65)

ACROBiosystems GA2-H5544

Human GIF protein (Gastric Intrinsic Factor) Abcam AB276557

Human MB21D2 protein (dCEF8) OriGene Technologies TP308468

Critical commercial assays

HuProtTM Human Proteome Microarray CDI Laboratories HuProtV4.0_DECEMBER13_2021

MSD U-PLEX/R-PLEX Custom Multiplex Assay Meso Scale Discovery custom panel

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study population

This study comprised Long COVID patients seen at the Amsterdam UMC outpatient Post COVID-19 Clinic. All patients were seen by a 

clinician, dedicated to post COVID-19, and had been diagnosed with Long COVID according to the WHO criteria (the continuation or 

development of new symptoms three months after SARS-CoV-2 infection, with these symptoms lasting for at least two months with 

no other explanation) and were required to have a reduction in working hours after SARS-CoV-2 infection. For the current study we 

selected patients between 18 and 65 years old who had previously a proven mild SARS-CoV-2 infection (non-hospitalized). Venous 

blood was obtained in the Amsterdam UMC post-COVID-19 biobank study, a minimum of 90 days after initial SARS-CoV-2 infection. 

The Amsterdam UMC post-COVID-19 Biobank study was approved by the institutional biobank ethics committee (Amsterdam UMC 

2020_065). Demographics, comorbidities, symptomology and medications were derived from electronic health records. For sub

group analysis three Long COVID groups were created based on plasma biomarker analysis using Meso Scale Discovery (MSD). Pa

tients were stratified in a two-step manner based on pre-specified markers. First, individuals with elevated GFAP and/or NFL relative 

to controls were assigned to LC-1. Patients with low GFAP but elevated NFL were also included in LC-1. The remaining patients were 

divided by IFN-β levels into LC-2 (high IFN-β) and LC-3 (low IFN-β). For this study we used three different control groups; healthy con

trol subjects sampled prior to the SARS-CoV-2 pandemic (HC-pre) and healthy control subjects’ samples after mild SARS-CoV-2 

infection but without residual symptoms (HC-2022: S3 study, NL73478.029.20, N = 1592 and HC-2024: MUSCLE-PASC/ME, N = 

15). All blood samples were processed, aliquoted and frozen within 4h of blood draw. Written informed consent was obtained for 

all study participants.

Mouse model and behavioral assays

Experiments were conducted using adult male and female (aged 8–16 weeks) C57BL/6 mice (Janvier laboratories). Mice were main

tained in the animal facility of the University of Utrecht and housed in groups under a 12h:12h light-dark cycle, with food and water 

available ad libitum. The cages contained environmental enrichment, including tissue papers and shelter. All experiments were per

formed in accordance with international guidelines and approved by the local experimental animal welfare body and the national Cen

tral Authority for Scientific Procedures on Animals (CCD, AVD11500202010805). All mice were acclimatized for the behavioral assays 

before measurements. Baseline measurements were performed before the mice were given any injection. After the baseline mea

surements, mice were injected intraperitoneal with ∼6.5 mg IgG/mouse (260mg/kg), approximately 1/3 of the total circulating mouse 

IgG.37 The following behavioral tests were performed:

Heat withdrawal latency times were determined using the Hargreaves test (IITC Life Science).38 Mechanical thresholds were deter

mined using the von Frey test (Stoelting) with the up-and-down method previously described.93 To minimize bias, animals were 

randomly assigned to the different groups prior to the start of experiment using Randomice software (v1.1.5, GitHub) based on 

the following variables: age, weight, cage mechanical sensitivity (Von Frey test) and locomotor activity (rotarod and open field tests) 

at baseline.94 All experiments were performed by operators blinded to the treatments.

Local motor activity and stamina was determined with an open field test and rotarod analysis, respectively. Mice from different 

groups were tested interspersed throughout the trials. To measure local motor activity, one mouse at a time was placed in the center 

of an arena (30 cm × 15 cm) and spontaneous behavior was recorded for 30 min (video camera imagingsource DMK22AUC03) and 

analyzed (i.e., distance, immobility) using the ANY-maze software. To assess neurological deficits, like motor performance and sta

mina, mice were placed in the rotarod at a fix rotation of with accelerated speed.40 Time to fall was recorded for 300s with 1) a fixed 

rotation of 12 rpm or 2) during the acceleration test which started at 4 rpm and increased overtime to 40 rpm. The open field arena and 

rotarod were cleaned thoroughly with a 5% alcohol/water solution between each mouse to minimize odor cues.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Olink Explore 3072 Proteomics Panel (plasma 

protein profiling)

Olink Proteomics N/A

ProcartaPlex Mouse IL-4Rα Simplex Bead Kit Thermo Fisher Scientific EPX010-26102-901

ProcartaPlex Mouse Basic Kit (custom 5-plex 

cytokine panel)

Thermo Fisher Scientific EPX010-20440-901

Deposited data

HuProt autoantibody profile Table S5
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METHOD DETAILS

Meso Scale Discovery (MSD) multiplex assay

U-PLEX and R-PLEX Custom Human Cytokine assays were employed for the detection of IL-1β, IL-6, IL-10, TNF, IFN-α2a, IFN-β, 

IFN-γ, GFAP, neurofilament L (NFL), and total Tau. The analysis was performed on EDTA plasma (EDTA tube, 2000g for 10 min) 

of 34 Long COVID and 22 post-COVID non-Long COVID healthy controls (HC-2022, N = 15; HC-2024, N = 7). The lyophilized single 

or cocktail mix calibrators were reconstituted in provided assay diluents. MSD plates were prepared by coating them with supplied 

linkers and biotinylated capture antibodies as per the manufacturer’s instructions. The assays were conducted according to the man

ufacturer’s protocol, with the undiluted plasma samples and standards incubated overnight at 4◦C. Electrochemiluminescence sig

nals were measured using a MESO QuickPlex SQ 120 plate reader (MSD) and analyzed using Discovery Workbench Software (v4.0, 

MSD). The concentration of each sample was determined using a four-parameter logistic model generated with the standards, and 

the concentrations were calculated based on the certificate of analysis provided by MSD. Concentrations below the lower limit of 

detection were imputed as half of the lowest detected value.

OLINK proteomics

Olink Proteomics technology was employed for protein profiling analysis. Due to limited samples available, the analysis was per

formed on EDTA plasma (EDTA tube, 2000g for 10 min) of 31 out of 34 Long COVID patients. Per protocol, samples were randomized 

across plates and run alongside a negative control (buffer), plate control, and a sample control. A total of 2,944 proteins were 

measured, with 2,865 proteins quantified after quality check filtering. For data normalization we employed the normalizeVSN and 

normalizeQuantiles packages. Normalized protein expressions (NPX) are reported as log2 values as per OLINK protocol.

Human IgG purification

IgG was purified from 800 μL of patient or healthy donor sera/EDTA plasma using Protein G-conjugated beads (Cytiva cat# 

17061801). Protein G beads were added to 1-mL gravity flow columns (Thermo Scientific, 89896) and washed with PBS. Serum/ 

plasma was diluted 1:1 with PBS (pH = 7) and applied to the washed column. The flow-through was collected and reapplied to 

the column five times to increase recovery. After washing, bound IgG was eluted with 0.1 M glycine (pH 2.7) and immediately neutral

ized with 1 M Tris buffer (pH 9). Protein concentration was determined by Nanodrop spectrophotometry. Residual salt was removed 

using Slide-A-Lyzer MINI Dialysis Device (Thermo Scientific). The IgG were then concentrated in saline buffer using Vivaspin to 

achieve a final concentration of 13 mg/mL. Purity of the concentrated IgG was verified by SDS-PAGE and Coomassie Blue staining, 

which showed clean IgG bands without detectable contaminants. Endotoxin levels in the final IgG preparations were confirmed to be 

undetectable using the Pierce Chromogenic Endotoxin Quant Kit (Thermo Scientific, A39552).

Immunohistochemistry

Murine lumbar spinal cord and lumbar dorsal (L3-L5) root ganglia (DRG) tissue were embedded and frozen in optimal cutting tem

perature (OCT) freezing matrix (Sakura) using dry ice. Tissue slides of 10 μm thick were cut (Leica CM3050 S Cryostat) and kept 

at − 80◦C. On the day of staining, tissue slides were thawed at room temperature for 30 min and tissue was encircled using a 

Dako-pen. Slides were washed 3-times with 200 μL PBS, and fixated with 4% paraformaldehyde for 10 min. After washing slides 

with PBS with 0.3% Triton X-100 twice for 5 min. Tissue was blocked with 2% IgG-free BSA blocking buffer (ImmunoResearch 

cat:001-000-161). After tapping the blocking buffer from slides, they were incubated for 2 h with 200 μL 1:250 goat anti-human 

IgG-Alexa fluor-647 in 3-time diluted blocking buffer at room temperature (ImmunoResearch Jackson cat:109-606-088). Subse

quently, tissue slides were washed 3-times with diluted blocking buffer and further blocked with 200 μL 1:500 human IgG (nanogram, 

Sanquin) for 30 min. Slides were washed 1-time with diluted blocking buffer. Spinal cord sections were incubated with, mouse anti- 

GFAP (OriGene, BM2287; 1:200) overnight at 4◦. The next day, slides were washed with 1:3 diluted blocking buffer 3-times for 1 min. 

Subsequently, slides were incubated with anti-mouse Alexa Fluor 594 antibody (Invitrogen, A21203; 1:500) for 90 min at room tem

perature. DRG sections were incubated with rabbit anti-glutamine synthesis (Abcam, ab73593; 1:200), mouse anti-GFAP (OriGene, 

BM2287; 1:200) and rat anti-F4/80 (Cedarlane, CL8940AP; 1:500) overnight at 4◦C. The next day, slides were washed with 1:3 diluted 

blocking buffer (3-times, 1 min) and incubated with anti-mouse Alexa Fluor 594 antibody (Invitrogen, A21203), anti-rabbit Alexa Fluor 

750 (Invitrogen, A21039), and anti-rat Alexa Fluor 488 (Invitrogen, A21208) all at 1:500 for 90 min at room temperature. After washing 

3-times with PBS, slides were incubated with NeuroTrace 435/455 Blue Fluorescent Nissl Stain (Thermo Fisher, N21479; 1:300) for 

both spinal cord and DRG for 20 min. After washing sections were imbedded using FluoSafe (Merck, 345789) and kept at 4◦C until 

imaging. Imaging was performed using a Thunder Wide Field Fluorescence microscope (Leica). The intensity and area of human IgG 

staining in mice was quantified using ImageJ software. The positive area for IgG was defined as the area with set pixel intensity and 

normalized to the total area of the section.

Autoantibody analysis by HuProt

Pooled isolated IgG samples were analyzed using HuProt human proteome arrays (CDI Laboratories) per manufacturer’s protocol. In 

short, the arrays were first blocked (0.1% Tween 20, 5% BSA, TBS) at room temperature for 1 h. Subsequently, the antibodies were 

applied to HuProt arrays at a concentration of 1 μg/mL in the blocking buffer and incubated at room temperature for 1 h. After probing, 
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the arrays were washed three times with TBST (1xTBS, 0.1% Tween 20) for 10 min each. Human antibodies were detected with Alexa 

647-anti-human IgG Fc secondary antibody (0.25 μg/mL) at room temperature for 1 h, followed by 3 washes with TBST and 3 rinses 

with ddH2O. The arrays were then dried and scanned using a GenePix 4000B scanner for data collection. Local background fluo

rescence was first subtracted from each protein spot on the HuProt arrays to remove ambient signal. IgG spot intensities were 

then normalized across arrays and blocks using a robust linear model42 and standardized within each block to the on-array human 

IgG calibration spots. Long COVID-associated autoreactivities were identified as protein features with signal intensities >2-fold 

higher than those of pooled pre-pandemic healthy controls and exceeding the intensity of the 1 μg/mL on-array IgG standard.

Mouse plasma biomarker quantification by Luminex

Mouse plasma collected 15 days post human IgG injection was analyzed using Luminex-based bead assays (ProcartaPlex, Life 

Technologies Austria). The Mouse IL-4R Simplex Kit (EPX010-26102-901) and Mouse Basic Kit (EPX010-20440-901) customized 

with IL12-p70, CXCL10, IFN-α2a, IFN-β, IFN-γ analytes were used according to the manufacturer’s protocol. For GFAP, custom 

assay was generated using paired capture/detection antibodies (ab244094, Abcam) with recombinant mouse GFAP-His 

(ab226309, Abcam) as the standard. Samples and standards were measured and concentrations were calculated from 

4-parameter logistic standard curves.

Luminex-based autoantibody validation

Recombinant human proteins, ALDH1L1 (OriGene, TP313720), MAGEB10 (Novus Biologicals, NBP2-23225), AGO2 (MedChemExpress, 

HY-P72835), KRT6A (Abnova, H00003853-P01), GSTT1 (Novus Biologicals, NBC1-28782), GAD2 (ACROBiosystems, GA2-H5544), GIF 

(Abcam, AB276557), MB21D2 (OriGene, TP308468), and BSA (Sigma-Aldrich, A1595) were covalently coupled to carboxylated MagPlex 

microspheres (Luminex) per manufacturer’s protocol. Coupling efficiency and protein integrity were confirmed using antigen-specific 

monoclonal antibodies: anti-ALDH1L1 (Invitrogen, 14-9595-82), anti-MAGEB10 (Sino Biological, 205166-T08), anti-AGO2 (Sino Biolog

ical, 50683-R036), anti-KRT6A (MedChemExpress, HY-P81956), anti-GSTT1 (Invitrogen, MA5-55463), anti-GAD2 (Bio-Techne, NBP3- 

28688H), anti-GIF (Sino Biological, 13544-R007), anti-MB21D2 (Novus Biologicals, NBP1-79527). Pooled IgG from Long COVID patients, 

pre-pandemic healthy controls, or post-COVID healthy controls was diluted in assay buffer (PBS, 0.1% BSA, 0.02% Tween 20, 0.05% 

sodium azide) and incubated with antigen-coated beads overnight at 4◦C while shaking at 600 rpm. After washing, bound human IgG was 

detected with phycoerythrin (PE)-conjugated goat anti-human IgG Fc (Southern Biotech, 2040-09) at 2 μg/mL for 30 min at room tem

perature shaking at 600 rpm. Fluorescence intensity was measured and median fluorescence intensity (MFI) values were recorded per 

bead set. Each assay included monoclonal or polyclonal antibody standards to ensure measurements were within a linear range.

QUANTIFICATION AND STATISTICAL ANALYSIS

For subject demographics and targeted biomarker analysis, histograms and Shapiro-Wilk tests were employed to assess data dis

tributions and normality. Categorical values were depicted in absolute numbers alongside percentages in brackets. Parametric quan

titative variables were shown as means ± standard deviation, while nonparametric quantitative variables were presented as median 

and interquartile ranges (25th and 75th percentiles). For case-control and subgroup comparisons of targeted plasma biomarkers, we 

fit linear regression models on transformed concentrations with group (LC vs. control) or subgroup (LC-1/LC-2/LC-3) as the main 

effect and age, sex, and days-since-most-recent infection as covariates (model: y = β0 + β1group + β2age + β3sex + β4days_since_infection + 

ε) Estimated marginal means and pairwise contrasts were obtained with emmeans, p values were from F-tests on the group/sub

group term with Satterthwaite df, and Benjamini-Hochberg (BH) correction was applied across markers and pairwise tests. Principal 

component analysis of the MSD data was performed with raw intensity instead of standard-based converted concentrations to avoid 

missing values. Categorical data were analyzed using Fisher’s exact test. Non-normally distributed data underwent Box-Cox trans

formation. Continuous parametric data were assessed using either a t test analysis of variance, with Tukey HSD post-hoc testing 

applied when appropriate. Continuous nonparametric data were analyzed using the Mann-Whitney U test, Kruskal-Wallis H test, 

or pairwise Kruskal-Wallis test with Benjamini-Hochberg (BH) correction where appropriate. For Olink proteomics, partial least 

squares discriminant analysis (PLS-DA) and differential analysis for variance-stabilized quantile-normalized data were conducted us

ing R packages mixOmics (v.6.24.0) and limma (v3.56.2). Principle components derived from PLS-DA were subjected to Gene Set 

Enrichment Analysis using R package fgsea (v.1.26.0). For tissue enrichment analysis, we contrasted tissue-selective gene sets from 

GTEx (v8; median nTPM). We used the moderated t statistic (limma) to rank features for GSEA (fgsea). Pathway analyses of the auto

antigens were performed using the Metascape platform on 2025-09-02. In the behavioral assessment of mice, repeated measured 

data was adjusted for pre-human IgG injection baseline measurements. Post-hoc comparisons of continuous data were performed 

using Empirical Mean Differences with BH adjustment with R package emmeans (v.1.10.1). A significance threshold of p < 0.05 was 

applied. The analyses and visualization were executed under R environment (v.4.5.0) or using GraphPad Prism (v.9.0).
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Figure S1: Plasma biomarkers of Long COVID compared to healthy SARS-CoV-2 recovered 
participants. Targeted quantitative measurements of cytokines and neuro-injury markers of (A-G) 34 
Long COVID patients (LC) and 15 healthy controls (HC) with prior SARS-CoV-2 infection using 
MSD. (H) Subgroup comparisons. Boxes show median and IQR; points are individuals. Numbers 
above brackets are p values with BH-adjusted p values in parentheses from linear models with 
group/endotype as the main effect and age, sex, and days-since-infection as covariates; pairwise 
contrasts are BH-corrected unless stated. All values are shown in pg/ml on a logarithmic y-axis 
Shown is the interquartile range and the median. ns, not significant. Abbreviations: HC, healthy 
control; LC, Long COVID; NFL, neurofilament light chain.
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Figure S2. IgG from Long COVID patients did not change time spent on the rotarod. Rotarod test of 
mice injected with IgG for pre-pandemic healthy controls (M-HCpre) of Long COVID patients (M-LC) 
(A-B) relative time spent on the rotarod in the fixed-speed test (C-D) relative time spent on the 
rotarod in the accelerating test. Data points are shown as the mean + SD. Statistical significance is 
calculated with a linear mixed effects model with post-hoc comparison using the emmeans package 
with BH adjustment. Shown is the mean with standard deviation.
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Figure S3. Plasma cytokine levels in recipient mice measured by Luminex at day 15 after injection 
with pooled human IgG from pre-pandemic healthy controls (M-HCpre) or Long COVID subgroups 
(M-LC1, M-LC2, M-LC3). Undetectable samples were imputed as half of the detection limit.
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Figure S4: Detection of injected human IgG (hIgG) in murine heart and skeletal muscle 15-day post-injection. (A) Representative staining of 
hIgG (red) in hearts from non-injected mice (left), mice injected with pooled IgG from pre-pandemic healthy controls (M-HCpre, middle), or 
Long COVID patients (M-LC, right. Shown example from the M-LC2 subgroup). (B) Representative staining of hIgG in skeletal muscle from 
unstained M-LC (left, shown example from the M-LC2 subgroup), M-HCpre (middle), and M-LC (right, shown example from the M-LC2 
subgroup). Scale bars, 500-2000 µm.
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Figure S5: Detection of injected human IgG (hIgG) in murine spinal cord 15-day post-injection. (A-B) 
Representative staining of hIgG (red) in spinal cord sections from mice injected with pooled IgG from 
pre-pandemic healthy controls (M-HCpre, A) or Long COVID patients (M-LC, B; Shown example from 
the M-LC3 subgroup). White dashed circles indicate the dorsal horn area. Scale bars, 1000 µm. (C) 
Quantification of hIgG-positive area normalized to total spinal cord area per mouse. (D) Quantification 
of hIgG intensity in the spinal cord. (E) Quantification of hIgG-positive area within the dorsal horn 
region. Boxes show median and IQR. (F) Quantification of hIgG intensity within the dorsal horn region. 
Each dot represents one mouse; colors indicate IgG source: M-HCpre (white), M-LC1 (red), M-LC2 
(grey), M-LC3 (yellow). No significant differences were observed across (sub)groups by two-sided 
unpaired t-tests.
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Figure S6: Detection of injected human IgG (hIgG) in murine dorsal root ganglia (DRG) 15-day post-
injection. (A-B) Representative staining of hIgG (red) in DRG from mice injected with pooled IgG 
antibodies from pre-pandemic healthy controls (M-HCpre, A) or Long COVID patients (M-LC, B; 
Shown example from the M-LC1 subgroup). Scale bars, 250 µm. (C) Quantification of hIgG-positive 
area normalized to total DRG area per mouse. (D) Quantification of hIgG-positive area within 
neuronal regions (soma-containing area). Boxes show median and IQR. Each dot represents one 
mouse; colors indicate the IgG source: M-HCpre (white), M-LC1 (red), M-LC2 (grey), M-LC3 
(yellow). No significant differences were observed across (sub)groups by two-tailed unpaired t-tests.
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Figure S7: Co-localization of injected human IgG (hIgG) with neurons and astrocytes in murine spinal 
cord 15-day post-injection. (A) Representative staining of spinal cord sections from mice injected with 
pooled IgG from Long COVID patients (M-LC, Shown example from the M-LC1 subgroup). Sections 
were stained for neurons (NeuroTrace, blue), hIgG (red), and astrocytes (GFAP, yellow). White boxes 
indicate regions magnified in panels (B-C). (B) Magnified view showing hIgG co-localization with 
neurons. (C) Magnified view showing partial co-localization of hIgG with astrocytes. (D-E) 
Quantification of GFAP-positive area in total spinal cord (D) and dorsal horn (E). (F-G) Quantification of 
hIgG co-localization with GFAP in total spinal cord (F) and dorsal horn (G). (H-I) Quantification of hIgG 
co-localization with NeuroTrace in total spinal cord (H) and dorsal horn (I). Boxes show median and 
IQR. Each dot represents one mouse; colors indicate IgG source: M-HCpre (white), M-LC1 (red), M-
LC2 (grey), M-LC3 (yellow). No significant differences were observed across (sub)groups by two-tailed 
unpaired t-tests. Scale bars, 1000 µm (A), 25-100 µm (B-C).
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Figure S8: Detection of injected human IgG (hIgG) and immune cell and neuron activation markers in 
murine dorsal root ganglia (DRG) 15-day post-injection. (A-B) Representative staining of DRG from mice 
injected with pooled IgG from pre-pandemic healthy controls (M-HCpre, A) or Long COVID patients (M-
LC, B; shown example from the M-LC3 subgroup). Sections were stained for neurons (NeuroTrace, blue), 
macrophages (F4/80, green), hIgG (red), satellite glial cells (glutamine synthetase, GS, white), and 
astrocytes (GFAP, yellow). White dashed outlines indicate the soma-containing region of the DRG 
defined by NeuroTrace labeling. Scale bars, 500 µm. (C-D) Quantification of F4/80⁺ macrophage area in 
total DRG (C) and within neuronal soma regions (D). (E) Quantification of hIgG co-localization with 
NeuroTrace staining. (FG) Quantification of GFAP⁺ and GS⁺ areas in DRG soma-containing regions. 
(H-J) Quantification of hIgG co-localization with GFAP⁺ (H) and GS⁺ (J) areas, and total GS⁺ area in 
neuronal soma (I). Boxes show median and IQR. Each dot represents one mouse; colors indicate IgG 
source: M-HCpre (white), M-LC1 (red), M-LC2 (grey), M-LC3 (yellow). No significant differences were 
observed across groups by two-sided t-tests.
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Figure S9. Two-year follow-up plasma biomarkers of Long COVID and post-COVID healthy cohort 
(2024) and subgroup comparisons. Targeted quantitative measurements using MSD of plasma 
biomarkers in follow-up plasma from (A-G) the same LC patient group (green) versus a new cohort 
of post-COVID, non-LC healthy controls (HC2024; white). Boxes show median and IQR; points are 
individuals. Individual LC donors are colored by subgroup: LC-1 (red), LC-2 (grey), LC-3 (yellow). 
Numbers above brackets are p values with BH-adjusted p values in parentheses from linear 
models adjusted for age, sex, and days-since-infection. 
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Figure S10: Detection of injected human IgG (hIgG) in murine dorsal root ganglia (DRG) 1-day 
post-injection. (A) Representative staining of hIgG (red) in DRG from mice injected with pooled 
IgG from post-SARS-CoV-2-infection healthy controls (M-HC2024) or Long COVID patients (M-
LC1-3). Scale bars, 250 µm. (B) Quantification of hIgG-positive area normalized to total DRG 
area per mouse for M-HC2024 and combined M-LC subgroups. (C) Quantification of hIgG-
positive area normalized to total DRG area per mouse across the three Long COVID subgroups 
(M-LC1, M-LC2, M-LC3) and controls. Boxes show median and IQR. Each dot represents one 
mouse; colors indicate subgroup: M-HC2024 (white), M-LC1 (red), M-LC2 (gray), M-LC3 
(yellow). No significant differences were observed between groups by two-tailed unpaired t-tests. 



Supplementary Table 1. overview of cohorts 

Cohort Description Study Assays 

Long COVID Patient AUMC post-COVID-19 

Biobank 

MSD 2022/2024,  

proteomics, 

passive transfer 2022/2024 

HC-2022 Post-COVID, non-Long COVID 

healthy control 

S3 MSD 2022 

HC-pre Pre-pandemic healthy control Sanquin Biobank passive transfer 2022 

HC-2024 Post-COVID, non-Long COVID 

healthy control 

MUSCLE-PASC/ME MSD 2024, 

passive transfer 2024 

Supplementary Table 2. Baseline characteristics of Long COVID subgroups (2022) 

LC-1 LC-2 LC-3 P value 

N = 12 N = 10 N = 12 

Sex = Male (%) 3 (25.0) 1 (10) 2 (16.7) 0.65 

Age (median [IQR]) 51 [45, 58] 40 [31, 45] 42 [34, 46] 0.08 

Charlson Comorbidity Index  

(median [IQR]) 

1 [0, 2] 0 [0, 0] 0 [0, 0] 0.01 

Time from infection to sampling, 

days (median [IQR]) 

232 [160, 316] 330 [274, 375] 231 [190, 381] 0.15 

Vaccination = Yes (%) 10 (83) 9 (90) 11 (91.7) 0.80 

Working hours prior SARS-CoV-2 

(median [IQR]) 

34 [28, 38] 32 [32, 43] 35 [24, 40] 0.89 

Supplementary Table 3. Differentially regulated protein tables OLINK 

Supplementary Table 4. Demography of pre-pandemic controls (HC-pre) 

pre-pandemic 

healthy controls 

N = 34 

Sex = Male (%) 6 (17.6) 

Age (median [IQR]) 43 [34, 50] 

Supplementary Table 5. Normalized IgG autoantibody signal intensities 

Intensities are presented as log2-transformed values. Missing values indicate spots in which the foreground 

fluorescence intensity fell below the local background signal. Protein identifiers are reported as the JHU protein ID and 

the corresponding NCBI gene symbol.  

Supplementary Table 6. Demography of selected Long COVID patients and non-Long COVID healthy controls (2024) 



HC-2024 LC-1 (2024) LC-2 (2024) LC-3 (2024) p test Missing
n 7 7 7 5
sex = Male (%) 3 (42.9) 1 (14.3) 1 (14.3) 1 (20.0) NaN 0.0
age (median [IQR]) 34.00 [26.00, 50.50] 51.00 [51.00, 60.00] 45.00 [32.50, 47.50] 37.00 [34.00, 43.00] 0.104 nonnorm 0.0
BMI (median [IQR]) 20.72 [19.90, 22.76] 26.18 [24.39, 30.07] 24.03 [23.51, 25.73] 26.57 [22.84, 31.99] 0.082 nonnorm 0.0
days_since_infection_latest (median [IQR]) 678.00 [546.00, 765.00] 499.00 [422.50, 870.50] 863.00 [665.50, 946.00] 336.00 [219.00, 838.00] 0.401 nonnorm 0.0
Working_hours_prepandemic (median [IQR]) 40.00 [36.00, 40.00] 34.00 [22.00, 37.00] 36.00 [30.00, 45.00] 35.00 [24.00, 40.00] 0.230 nonnorm 0.0
Working_hours_postpandemic (median [IQR]) 40.00 [36.00, 40.00] 7.00 [0.00, 18.00] 0.00 [0.00, 28.00] 0.00 [0.00, 0.00] 0.004 nonnorm 0.0
PEM = Yes (%) 0 (NaN) 6 (85.7) 6 (85.7) 5 (100.0) NaN 26.9
Charleson_comorbidity_index (median [IQR]) 0.00 [0.00, 0.50] 1.00 [0.50, 1.50] 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.029 nonnorm 0.0
SF36_pain (median [IQR]) 100.00 [90.00, 100.00] 77.50 [67.50, 83.75] 45.00 [43.75, 67.50] 22.50 [20.00, 67.50] 0.006 nonnorm 0.0
SF36_physical_functioning (median [IQR]) 100.00 [97.50, 100.00] 70.00 [60.00, 70.00] 55.00 [45.00, 65.00] 60.00 [10.00, 70.00] 0.002 nonnorm 0.0
SF36_limitations_phys_health (median [IQR]) 100.00 [62.50, 100.00] 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] <0.001 nonnorm 0.0
SF36_limitations_emotional_health (median [IQR]) 33.33 [16.67, 66.67] 0.00 [0.00, 33.33] 0.00 [0.00, 50.00] 100.00 [0.00, 100.00] 0.462 nonnorm 0.0
SF36_energy (median [IQR]) 85.00 [82.50, 87.50] 50.00 [35.00, 60.00] 45.00 [30.00, 67.50] 25.00 [25.00, 30.00] 0.004 nonnorm 0.0
SF36_emotional_welbeing (median [IQR]) 88.00 [76.00, 90.00] 76.00 [64.00, 80.00] 64.00 [56.00, 90.00] 72.00 [64.00, 72.00] 0.357 nonnorm 0.0
SF36_social_functioning (median [IQR]) 100.00 [81.25, 100.00] 62.50 [62.50, 68.75] 37.50 [25.00, 81.25] 25.00 [0.00, 50.00] 0.007 nonnorm 0.0
SF36_general_healthy (median [IQR]) 90.00 [80.00, 92.50] 40.00 [32.50, 57.50] 40.00 [27.50, 47.50] 25.00 [25.00, 25.00] 0.001 nonnorm 0.0
MFI (median [IQR]) 94.00 [90.00, 97.00] 65.00 [57.00, 69.00] 50.00 [44.00, 62.50] 48.00 [40.00, 54.00] 0.001 nonnorm 0.0
EQ5Dvandaag (median [IQR]) 85.00 [83.00, 90.00] 72.00 [67.50, 74.50] 54.00 [40.00, 67.00] 25.00 [20.00, 55.00] 0.003 nonnorm 0.0
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