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ABSTRACT

The biological mechanisms underlying long COVID in the pediatric population are
poorly understood. Our study aimed to characterize the immune pathophysiology of long
COVID in children and young people (CYP). We analyzed major immune cell
compartments in PBMCs, as well as specific SARS-CoV-2 antibody response in CYP
with (n=99) and without (n=18) long COVID at three months following acute infection.
Our findings indicate that pediatric long COVID is associated with a dysregulated
immune response characterized by altered innate immunity and overactivated T-, B- and
NK-cell responses. Furthermore, CYP with long COVID had an impaired humoral
response to SARS-CoV-2 marked by a dysregulated B-cell compartment and lower levels
of anti-RBD IgG and IgA. This correlated with reduced neutralizing capacity against
SARS-CoV-2. Random forest analysis identified CCR6 expression on myeloid cells as
the most relevant biomarker that distinguishes long COVID from control individuals with

79% accuracy.

Keywords: SARS-CoV-2, humoral response, long COVID, post-acute sequelae of

COVID-19 (PASC), post-COVID-19 condition, children and adolescents.



INTRODUCTION

The emergence of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in
late 2019 led to the declaration of a global pandemic in March 2020. SARS-CoV-2 is the
etiological agent of coronavirus disease 2019 (COVID-19). Although most individuals
infected with SARS-CoV-2 recover, a substantial proportion (approximately 10-20%)
experience persistent symptoms lasting beyond the acute phase of infection, a condition
referred to as long COVID (LC) or post-COVID-19 condition (1, 2). According to the
World Health Organization (WHO), long COVID is defined as a condition occurring in
individuals with a history of probable or confirmed SARS CoV-2 infection, typically
within three months of the onset of COVID-19, with symptoms persisting for at least two
months and not explained by an alternative diagnosis (2). While methodological variation
among studies has led to inconsistent prevalence estimates across age groups, available
evidence indicates that approximately 65 million people worldwide have already
experienced long COVID (3), a burden expected to grow in the coming years. Long
COVID affects not only adults but has also been extensively reported in children and

young people (CYP) (4-7).

Recent research on LC has focused primarily on unraveling its underlying
pathophysiologic mechanisms. Studies have demonstrated associations with immune
dysregulation (8, 9), autoimmunity (10, 11), SARS-CoV-2 antigen persistence (12, 13),
and viral reactivation (10, 14). However, knowledge of this condition in pediatric
individuals remains limited, as most LC studies focus on the adult population, with
minimal attention given to understanding the potential driving mechanisms in pediatric

patients (15).

The immune system of CYP differs from that of adults in terms of maturation, regulation

and antiviral responses, influencing how they react to viral infections such as SARS-CoV-



2 (16). Determining whether LC in CYP shares immunological features with adults or
represents a distinct entity is essential for developing targeted strategies for monitoring
and treatment. We therefore hypothesized that CYP with LC would display immune
signatures indicative of sustained immune activation and altered B- and T-cell memory,
potentially associated with markers of viral antigen persistence. To test this hypothesis,
we conducted comprehensive immunophenotyping of peripheral blood mononuclear cells
(PBMC:s) using a 37-color full-spectrum cytometry panel, quantified anti—-SARS-CoV-2
antibody levels and neutralization capacity and assessed the persistence of SARS-CoV-2
antigens and RNA in plasma from a cohort comprising healthy and LC pediatric

participants.



RESULTS

Characteristics of the pediaCOVID cohort

The pediaCOVID cohort (5, 17, 18) is composed of two groups: the LC group, comprising
99 CYP diagnosed with LC; and a control group, comprising 18 CYP without LC or any
other inflammatory disease or acute infection. The clinical characteristics of both groups
are described in Table 1. Fatigue was the most common symptom in the LC cohort
(98.0%), followed by headache (75.8%) and dyspnea (63.6%). Neurological symptoms —
including headache, brain fog, poor concentration, and difficulties with attention and
planning— were especially frequent. Moreover, CYP with LC had a median of 12
persistent symptoms. Overall, the clinical presentation in CYP resembled that seen in

adults.

Deep immunophenotyping of PBMCs reveals immune dysregulation in CYP with

LC

To investigate how peripheral immune dysregulation is linked to LC, a 37-color full-
spectrum cytometry panel was used to comprehensively profile peripheral immune cell
populations in CYP with and without LC. Major immune cell subset —myeloid cells
(including dendritic cells and monocytes), NK cells, T cells, and B cells— were identified
by manual gating using lineage markers (Supplemental Figure 1). Each subset was then
analyzed with FlowSOM to characterize and annotate clusters. In total, 80 million cells
were analyzed: 15% myeloid cells, 12% NK cells, 65% T cells, and 8% B cells

(Supplemental Table 6).

Myeloid cells are dysregulated in CYP with LC

Seventeen different clusters were identified in the myeloid cell population using the

following markers: CD1c, CD11b, CD16, CD11c, HLADR, CD95, CD14 and CD123



(Supplemental Figure 2A and 3A, Supplemental Table 2). Each cluster was annotated as
amonocyte or dendritic cell (DCs) cluster depending on the expression of various markers
(Supplemental Table 6). Monocyte clusters were classified as classical, intermediate or
non-classical, while DCs clusters were classified as conventional (cDCs), plasmacytoid
(pDCs) or CD11c™ CD123™ DCs (Figure 1A, Supplemental Figure 2A, Supplemental

Table 6).

Pediatric LC was associated with decreased frequency of monocytes and increased
frequency of DCs (Figure 1A). Sub-analysis of the three different monocyte populations
revealed increased frequency of non-classical monocytes in CYP with LC (Figure 1B).
The DCs compartment was also dysregulated in pediatric LC, with higher proportions of
pDCs and decreased ¢cDCs (Figure 1C). Among the different clusters analyzed, cluster 7
(CD14%,CDl11c", CD1c") was decreased in pediatric LC, while cluster 11 (CD14", CD16~

, CD123") was increased (Figure 1D and E).

Finally, we analyzed the differential expression of various markers (CD169, CD38,
CCR7, CCR6, CCRS5, CXCR3 and CXCRY5) between CYP with and without LC (Figure
1F). Pediatric LC was associated with decreased expression of both CCR7 and CCR6 in
DCs and monocyte populations. Decreased expression of CXCRS, CD169 and CD38 was

associated with pediatric LC, albeit only in some DCs and monocyte populations.

To summarize, pediatric LC was associated with a dysregulated myeloid cell
compartment marked by a lower frequency of monocytes that were enriched in the non-
classical subset and an increase in DCs with an overrepresentation of pDCs. Both

monocytes and DCs showed lower expression of CCR6 and CCR7 than the control group.

Pediatric LC is associated with increased NK-cell activation



Thirty-three different clusters were identified in the NK-cell population using the
following markers: CD56, CD16, CD57, NKG2A, NKG2C, NKp46, CCR5 and CXCR3
(Supplemental Figure 2B and 3B, Supplemental Table 3). Each cluster was then annotated
as CD56eht CD56%™ CD56~ or NKG2C+ memory NK cells (Figure 2A, Supplemental

Figure 2B, Supplemental Table 6).

No significant differences were recorded for any of the major NK-cell populations
between CYP with and without LC (Figure 2A). Pediatric LC was associated with
decreased levels of cluster 6 (CD56%™ NK-cell CD16%, NKG2A~, NKG2C~, NKp46-)
(Figure 2B) and cluster 15 (CD56%€" NK-cell CD16", NKG2A", NKG2C~, NKp46™)
(Figure 2C) and with increased levels of cluster 25 (CD56°¢" NK-cell CD16-, NKG2A™,
NKG2C", NKp46¥) (Figure 2D) and cluster 26 (CD56°%€" NK-cell CD16, NKG2A™,

NKG2C, NKp46) (Figure 2E).

The differential expression of CD28, PD1, CD25, CD95 and CD8 was analyzed in the
different NK-cell populations by comparing the level of each marker in CYP with and
without LC (Figure 2F). Pediatric LC was associated with higher expression of CD25 and
decreased expression of CD8 in all NK-cell populations. PD1 and CD95 were also

increased in pediatric LC but not in all the NK-cell populations.

Taken together, the NK-cell compartment in pediatric LC shifted from cytotoxic CD16"
subsets toward CD16~ NK cells, suggesting a dysregulated profile with increased

activation but impaired maturation and function.

T cells are more frequently activated and exhausted but dysregulated in pediatric

LC

Thirty-seven different clusters were identified in the T-cell population using the following

markers: TCRVd2, CD4, CD8, CD45RA, CCR7, CD95, CD27, CD28, CCR6, CXCR3,



CD25 and CD127 (Supplemental Figure 2C and 3C, Supplemental Table 4). Each cluster
was annotated as a yd T cell, CD4 T cell, CD8 T cell, double-positive T cell or double-
negative T cell (Supplemental Figure 2C). Then, CD4 and CD8 T-cell clusters were
assigned to the different memory, naive and regulatory subpopulations through
expression of the markers CD45RA, CCR7, CD27, CD28, CD95, CD25 and CD127

(Supplemental Table 6).

Pediatric LC was associated with a significant increase in CD4 T cells, while CD8 T cells
were lower but not significantly different (Figure 3A). Moreover, the CD4:CDS ratio was
higher in CYP with LC than in controls, although it did not reach statistical significance

(data not shown).

In the CD4 T-cell subpopulations, pediatric LC was associated with a decrease in central
memory CD4 T cells (CD4 Tcwm) and an increase in regulatory CD4 T cells (Treg) (Figure
3B and D). Moreover, the two clusters that formed the Treg population were dysregulated
in pediatric LC, with an expansion of cluster 3 (naive Tree CD45RA", CD957) and a
decreased proportion of cluster 25 (memory/activated Tree CD45RA™, CD95") (Figure

3D).

In the CD8 T-cell compartment, pediatric LC was associated with a decrease in stem cell—
like memory CDS8 T cells (CD8 Tscwm) and increased central memory CDS8 T cells (CDS8
Tewm) (Figure 3C and E). Among all the clusters, the two clusters that formed the CDS8
Tcm population were dysregulated in CYP with LC, with increased proportions of cluster
16 (CD8 Tcm CXCR3', CCR6") and decreased proportions of cluster 23 (CD8 Tcm

CXCR37, CCR6") (Figure 3E).

Finally, the differential expression of CD25, HLADR, CD38, PD1 and CD57 was

analyzed in the various T-cell populations between CYP with and without LC (Figure



3F). Pediatric LC was associated with higher expression of activation (HLA-DR, CD38,
CD25) and senescence/exhaustion (CD57, PD-1) markers, particularly in the CD4 Tcwm,

CD8 Tcwm and yd T-cell populations.

In summary, pediatric LC was associated with dysregulation of the T-cell compartment
driven by decreased CD4 Tcm and CD8 Tscwm and increased Treg and CD8 Tcem. Moreover,
CYP with LC had higher levels of T-cell activation characterized by a higher expression

of CD25, HLADR, CD38, PD1 and CD57.
Impaired humoral response against SARS-CoV-2 in pediatric LC

Thirty-one clusters were identified in the B-cell population using the following markers:
IgD, IgM, IgA, CD27, CD21, CD38, CD24, CDI11c, CCR7, CCR6, CXCRS and CXCR3
(Supplemental Figure 2D and 3D, Supplemental Table 5). Each cluster was annotated as
transitional B cells, naive B cells, marginal zone (MZ)-like B cells, IlgM-only B cells,
IgD-only B cells, switched memory B cells and plasmablasts (Figure 4A, Supplemental

Figure 2D, Supplemental Table 6).

Pediatric LC was associated with a higher frequency of switched memory and IgD-only
B cells (Figure 4B). Specifically, we observed an increase in the frequency of switched
memory B cells from cluster 15 (IgA"CD27-CD217), which lacked the expression of
CD27 and CD21, at the expense of the CD27" switched memory B-cell subsets (cluster
17 [switched memory B cells CD27"CD21"CD24"] and cluster 19 [switched memory B
cells CD27"CD21°CD247)) (Figure 4C). While no differences in the size of the MZ-like
B-cell compartment were detected, the frequency of MZ-like B cells expressing CXCR3

(cluster 25) was lower in pediatric LC (Figure 4C).

When the expression of CD127, CD1c, CD25, PD1 and CD95 was analyzed in CYP with

and without LC, pediatric LC was associated with decreased expression of CDlc in all
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B-cell populations. Interestingly, PD1 expression was increased in all B-cell populations
except plasmablasts, where it decreased. Similarly, CD25 was increased in transitional,

naive, IgD-only and switched memory B cells but decreased in plasmablasts (Figure 4D).

These results prompted us to check specific antibody levels against SARS-CoV-2 in CYP
with and without LC. For that purpose, we used ELISA to quantify plasma levels of IgG
and IgA antibodies against SARS-CoV-2 antigens (spike S2, RBD and N). Pediatric LC
was associated with lower levels of anti-RBD IgG and IgA antibodies (Figure SA and D).
However, we observed no significant differences in anti-S2 IgG and IgA and anti-N IgG
antibody levels between the two cohorts (Figure 5B and C, E and F). As expected, CYP
with two exposures (vaccinated after acute infection) had significantly higher levels of
anti-S2 and anti-RBD antibodies than CYP with one exposure (either infection or

vaccination) (Supplemental Table 7).

To determine whether neutralizing capacity was impaired owing to lower anti-RBD
response, we quantified the level of neutralization using a luciferase-reporter lentiviral
pseudovirus assay. Pediatric LC was associated with lower levels of neutralizing
antibodies against the D614G variant (Figure 5G). However, these increased in CYP with
LC after two exposures, as expected (Supplemental Table 7). Moreover, in CYP with LC,
levels of neutralizing antibodies correlated positively with levels of both anti-RBD and
anti-S2 IgG and IgA antibodies (Figure SH and I). For the control cohort, only anti-RBD

IgG levels correlated with neutralizing capacity (Figure SH).

A critical factor to consider when analyzing antibody levels is the time since the most
recent antigen exposure (either through vaccination or natural infection), as antibody
levels typically diminish over time. Sample collection in the control cohort was closer to
the most recent antigen exposure (median 11.6 weeks; IQR [8.1-17.3]) than in the LC

cohort (median 20.3 weeks; IQR [13.9-34.7]) (Supplemental Figure 4A). However,

11



despite these differences, no correlation was observed between anti-RBD-specific
IgG/IgA levels and the time since the last exposure in either the LC or the control cohort
with a single-exposure event (Supplemental Figure 4B). Antibody levels and neutralizing
capacity in CYP with LC remained significantly lower when the sample time point of
CYP with LC was restricted to fewer than 17 weeks since the last antigen exposure to fit
within the IQR of the control cohort, demonstrating that time from the most recent antigen
exposure did not affect the differences observed between the LC and the control cohort

(Supplemental Figure 4C-E).

As we observed reduced specific antibody levels and neutralizing capacity against SARS-
CoV-2 in pediatric LC, we aimed to investigate potential viral persistence in the plasma
of CYP with LC. To this end, we employed the MSD S-plex assay to quantify antigen
persistence (Spike and Nucleocapsid) and ddPCR to detect total, genomic and
subgenomic SARS-CoV-2 RNA in plasma. Pediatric LC was occasionally associated
with antigen persistence for both Spike and Nucleocapsid, with 6.1% and 9.1% of samples
testing positive, respectively, whereas none of the controls were positive for either protein
(Supplemental Figure 6A). Moreover, time since infection did not correlate with antigen
levels among those who tested positive (Supplemental Figure 6B). Regarding SARS-
CoV-2 RNA, five long COVID participants were positive (three for 3’UTR [total RNA]
and two for subgenomic N [Nsg]) while two controls were positive for Nsg copies
(Supplemental Table 8). These findings are consistent with the known false positive rate

of ddPCR (19, 20) rendering the results unreliable as evidence of viral persistence.

Overall, pediatric LC was characterized by dysregulation of the B-cell compartment and
an impaired anti-RBD humoral response associated with decreased neutralizing activity

against SARS-CoV-2 and potential antigen viral persistence.
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Decreased CCR6 expression in monocytes distinguishes L.C patients from controls

To identify immunophenotypic features distinguishing LC from controls, we used
random forest (RF)-based classification. The RF model achieved an overall accuracy of
79.3% in differentiating LC cases from controls (Supplemental Figure 7). Among all the
parameters analyzed, the nine most influential were the following: CCR6 expression in
classical, total and intermediate monocytes; CXCRS expression in CD4 Tgm and ¢DCs;
CDS8 expression in CD56™ NK cells; CD1c expression in MZ-like and IgM-only B cells;
and CCR6 expression in CD56€" NK cells (Figure 6A). Notably, CCR6 expression on
classical, total and intermediate monocytes were the most significant factors for
distinguishing LC from control individuals. Moreover, only CCR6 expression in
CD56"" NK cells and CDS8 expression in CD56~ NK cells showed weak correlation
with time since last antigen exposure in the LC cohort (Rho = 0.267 and -0.256,
respectively) (Supplemental Table 9). When comparing the nine most important features
between infected and uninfected (vaccinated) controls, only CCR6 expression in
CD56"€" NK cells differed significantly between these groups (Supplemental Figure 8A,
Supplemental Table 10). Although infected controls had higher expression than
uninfected (vaccinated) controls, the LC cohort demonstrated significantly increased
expression compared with both groups. Additionally, among the cellular populations and
clusters that differ significantly between LC and controls, infected and uninfected
(vaccinated) controls showed significant differences only in B-cell clusters 15 and 19

(Supplemental Figure 8B and C).

Finally, we observed that individuals diagnosed with LC who were misclassified as
controls by the RF model exhibited a higher rate of recovery than those classified
correctly (96.0% vs 71.0%, p=0.012) (Figure 6B). However, there were no significant

differences in the time from diagnosis to recovery between the two groups (Figure 6C).
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Moreover, no other clinical parameter—such as number or duration of symptoms, or time

since acute infection— correlated with LC patient classification by the random forest.
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DISCUSSION

Elucidating LC’s pathophysiology and identifying reliable biomarkers remain
challenging in both children and adults. In this study, the comprehensive analyses of
PBMCs and plasma from CYP with and without LC revealed significant immunological

differences.

Immunophenotyping of major immune cell populations (myeloid, NK, T and B cells)
revealed significant differences between CYP with and without LC. Notably, pediatric
LC was associated with an increased proportion of DCs relative to monocytes. Although
the overall proportion of monocytes was reduced, there was a specific increase in non-
classical monocytes, cells implicated in chronic inflammation and autoimmunity, and
previously reported as elevated in adults with LC (21, 22). Moreover, pediatric LC
showed increased pDCs and decreased cDCs compared to controls. pDCs are the primary
producers of type I interferons, with aberrant or delayed response linked to tissue damage
in COVID-19 (23), while ¢cDCs primarily initiate adaptive immune responses (24).
Notably, the cluster 7 DC subset (cDC, CD14*, CDIc¢"), resembling the DC3 subset that
effectively stimulates T cells and promotes CD8 resident memory differentiation (25) was
significantly reduced in pediatric LC. Across all major DCs and monocyte populations,
CCR7 and CCR6 expression decreased, as was CXCRS and CD169 in most populations.
Since interaction of CCL20 with CCR6 mediates recruitment of DCs and monocytes to
inflamed and mucosal tissues (26), its reduction may impair antigen-presenting cell
(APC) migration and local immune responses. Similarly, lower CCR7 expression could
hinder APC migration to lymph nodes, weakening T- and B-cell activation. Overall, these
changes may disrupt antigen processing and maturation, leading to suboptimal adaptive
immune responses, findings consistent with reports of SARS-CoV-2 persistence in tissues

such as the gut (13, 27).
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No significant differences were observed in the major NK-cell populations (CD56°8m,
CD56%m CD567) between CYP with and without LC. However, four specific NK-cell
clusters were dysregulated in pediatric LC: those that decreased were CD16", while those
that increased lacked CD16. CD16 (FcyRIII) is essential for NK cell-mediated antibody-
dependent cellular cytotoxicity (28). Additionally, pediatric LC was characterized by
higher CD25 expression and lower CDS8 expression across all NK-cell subsets. CD25
upregulation reflects NK-cell activation and enhances cytotoxic function (29), whereas
CD8, though primarily a T-cell marker, is also found on some NK cells (30) and is

associated with greater functional activity, as seen in people living with HIV-1 (31).

Pediatric LC was marked by an increased frequency of CD4 T cells, and elevated Treg
levels, alongside reduced CD4 Tcwm. These features have also been reported in adults with
LC (22, 32). Analysis of the Treg population showed two distinct clusters in pediatric LC:
higher levels of naive CD45RA" Trg and lower levels of memory-like CD45RA™ Treg
(33), the latter being predominant among activated Foxp3* cells (34). In the CD8 T-cell
compartment, pediatric LC was characterized by decreased CD8 Tscm and increased CD8
Tcm, which are critical for long-term immune protection due to their proliferative
potential, and ability to generate effector cells upon antigen re-exposure (35, 36). Recent
evidence indicates that Tcw, due to their location in secondary lymph nodes and superior
proliferative capacity, play a more central role than Tem in controlling systemic infections
(37). Additionally, CYP with LC had more CD8 Tcm expressing CXCR3 and CCR6, a
pattern that aligns with traits observed in chronic viral infections such as HIV-1 (38).
Finally, pediatric LC was associated with heightened activation and features of

senescence/exhaustion in CD4, CD8 and yd T-cell subsets, evidenced by increased

expression of CD25, HLADR, CD38, PD1 and CD57.
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B-cell immunophenotyping revealed that CYP with LC had higher frequencies of IgD-
only B cells and total switched memory B cells compared to controls. While a previous
study found no significant differences in the B-cell compartment between children with
LC and recovered individuals (39), their analysis used a more limited set of markers,
while our profiling was broader. IgD-only B cells, known to be enriched for autoreactivity
(40), were increased in LC, though the functional importance of these subsets in LC

remains unclear and warrants further investigation.

Despite the overall increase in switched memory B cells, we observed dysregulation
within the IgG" memory B-cell compartment, specifically increased IgA CD21 CD27"
(cluster 15) and decreased IgACD217CD27'CD24M (cluster 17) and IgA"
CD21'CD27°CD24  (cluster 19) switched memory B cells. Cluster 15 cells, which often
express inhibitory receptors like FcRL4 and FcRLS, displayed an “exhausted-like”
phenotype common in chronic viral infections such as HIV-1(41). Although FcRL4 was
not directly measured here, FCRL4" B cells are less likely to differentiate into antibody-
secreting plasma cells (42). Notably, CD21"CD27 memory B cells can originate from
extrafollicular humoral responses or primary germinal center reactions (43), suggesting
impaired germinal center maturation in CYP with LC. In contrast, the CD21°CD27"
subsets (clusters 17 and 19) are typically associated with higher proliferation, increased
somatic hypermutation, and robust antibody production upon antigen re-exposure (44).
The expansion of CD21°CD27 and contraction of CD21°CD27" memory B cells,
characteristic of acute COVID-19, is typically resolved after recovery (45); its persistence

in pediatric LC suggests sustained humoral immune dysfunction.

Compared to controls, CYP with LC had a higher frequency of MZ-like B cells lacking
CXCR3 and a lower frequency of CXCR3" MZ-like B cells, although total proportion of

MZ-like B cells was unchanged. The primary distinction between these clusters was
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CXCR3 expression, a chemokine receptor critical for directing activated immune cells to
sites of inflammation and implicated in murine models of rheumatoid arthritis (46).
CXCR3" MZ-like B cells are associated with T-bet expression and IL-10 production (46),
but the role of CXCR3 in human MZ-like B-cell trafficking remains unclear and warrants
further research in pediatric LC. Lastly, pediatric LC showed increased CD127, CD25
and PD1 expression across all B-cell populations except plasmablasts, which had reduced
CD25 and PDI, suggesting lower activation and potentially decreased antibody
production. CD1c expression was also diminished in B cells from CYP with LC; since
reduced CDIc in B cells activated via the CD40-CD40L pathway is linked to impaired
antigen presentation (47), this suggests possible deficiencies in B cell-mediated immune

responses in this group.

Our analysis of the B-cell compartment revealed that, while the proportion of antibody
responders and non-responders was similar between cohorts, CYP with LC had
significantly lower levels of anti-RBD IgG and IgA antibodies. Conversely, anti-S2 and
anti-N IgG and IgA levels did not differ, indicating that CYP with LC exhibit a selective
reduction in humoral responses targeting the RBD region of the SARS-CoV-2 spike
protein. This finding contrasts with adult LC studies, where elevated anti-RBD and other
Spike antibody responses have been reported (22, 32, 48); however, comparisons are
limited due to differences in vaccination status, as most adults studied were vaccinated
whereas most CYP in our cohort were unvaccinated at the time of sample collection.
Consistent with the reduced anti-RBD antibody levels, neutralization assays showed
significantly lower SARS-CoV-2 neutralizing capacity in the LC group. Since the RBD
is a primary target of neutralizing antibodies (49), this reduction is expected. Reduced
neutralization capacity in LC has also been observed in recent UK studies (50). The lower

anti-RBD antibody levels and neutralization capacity in pediatric LC may limit viral
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clearance during acute infection, potentially allowing for viral persistence in tissue
reservoirs, a hypothesis supported by research linking low acute-phase antibody titers to
increased LC risk (51-53). However, in our cohort, fewer than 10% of participants tested
positive for SARS-CoV-2 antigens, with only rare cases showing concurrently positivity,
suggesting a limited role for plasma viral persistence in pediatric LC. Moreover, we
previously analysed extracellular vesicles isolated from plasma of severe COVID-19
patients and did not detect any SARS-CoV-2 protein, supporting our current findings
(54). Future studies should investigate viral persistence in tissue samples from pediatric

LC cases, as has been done in adults (13, 27).

A key limitation of our study is the relatively small size and imbalanced control group,
which was about one-fifth the size of the LC cohort. This imbalance stemmed from
recruitment challenges, as only children and adolescents without LC, inflammatory
diseases, or acute infections at sampling were eligible. As a result, we relied on healthy
pediatric volunteers whose parents or guardians consented to blood collection.
Additionally, pediatric COVID-19 vaccination had commenced during recruitment,
making it impractical to exclude participants based on vaccination status. Consequently,
most controls (72.2%) were vaccinated prior to sampling, compared to only 16.2% of the
LC cohort. While this discrepancy could confound the observed lower anti-RBD IgG and
IgA levels observed in the LC group, it is unlikely the sole explanation. If vaccination
were primarily responsible, we would expect similar reductions in anti-S2 antibodies,
which were not observed. Moreover, recent studies have reported no significant
differences in total IgG levels between vaccinated CYP and those with natural infection
(55), supporting the idea that reduced anti-RBD antibodies in LC are not solely
attributable to vaccination. Previous immunophenotyping data also revealed no major

differences in SARS-CoV-2-specific T- and B-cell populations between previously
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infected and vaccinated individuals, suggesting that vaccination alone does not
substantially alter these subsets (56). Furthermore, among controls, only CCR6
expression in CD56"e" NK cells and two B-cell clusters (15 and 19) differed between
uninfected (vaccinated) and infected individuals, with the lowest CCR6 expression in
uninfected (vaccinated) controls. Importantly, the nine key features distinguishing LC
from controls were unaffected by vaccination status, and all analyses were adjusted for
SARS-CoV-2 antigen exposure to account for its influence on antibody responses and

immune cell composition.

Another limitation involves the timing of sample collection, as control samples were
obtained significantly closer to their most recent antigen exposure than those from the LC
group. Nevertheless, CYP with LC consistently showed markedly lower anti-RBD IgG
and IgA antibody levels, regardless of the interval since their last antigen exposure.
Moreover, SARS-CoV-2 neutralization capacity remains stable for more than six months
post-exposure (57), making it unlikely that differences in neutralization potential are
attributable to sampling time. Of the nine key immunophenotyping features
distinguishing LC from controls, only CCR6 expression in CD56"€" NK cells and CD8
expression in CD56™ NK cells showed a weak correlation with time since last antigen
exposure in the LC group, indicating that sampling timing had minimal impact on the RF

model’s most important distinguishing features.

Finally, using RF classification, we identified reduced CCR6 expression in monocytes as
the strongest discriminator between LC and controls. Remarkably, our model achieved
nearly 80% accuracy with just nine immunophenotyping variables. Additionally, LC
cases misclassified as controls showed higher clinical recovery rates, suggesting that

normalization of immune profiles may be linked to symptom resolution.
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In summary, our study offers a detailed characterization of innate and adaptive immune
responses in CYP with and without LC. The findings suggest that impaired innate
immunity—particularly reduced APC migration to secondary lymphoid and inflamed
tissues— may limit CD4 T cell responses, leading to suboptimal germinal center activity,
lower antibody production, and decreased SARS-CoV-2 neutralization. Additionally, the
heightened activation of T, B and NK cells likely represents a compensatory response to
the limited CD4 T-cell pool, with overactivation serving to maintain immune

homeostasis.
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METHODS

Sex as a biological variable

Our study examined male and female pediatric individuals with and without long COVID.
Sex and age were used to correct any statistical analysis as the long COVID cohort was

predominately of female sex.

Study participants, sample processing and data collection

PediaCOVID cohort participants were recruited between January 2021 and February
2022 at University Hospital Germans Trias i Pujol (Badalona, Spain). The LC cohort
included individuals aged <18 years diagnosed with SARS-CoV-2 infection (PCR,
antigen test, serology, cellular immunity and/or clinical evaluation) and with at least 12
weeks of persistent COVID-19 symptoms after acute COVID-19 (5). The control cohort
comprised individuals aged <18 years without LC, active SARS-CoV-2 infection, or
immune abnormalities at the time of sample collection who had previously been
diagnosed or not with SARS-CoV-2 infection (PCR, antigen test, serology and/or clinical
evaluation). Blood samples were prospectively collected from the pediaCOVID cohort
(Hospital Ethics Committee ID #P1-21-029), and plasma and PBMCs were isolated using
Ficoll-Paque and cryopreserved for further studies. We analyzed 99 samples from CYP
with LC (LC cohort) and 18 from CYP without LC (control cohort). All the participants
had mild or asymptomatic acute infection, were not hospitalized and did not receive any
treatment or intervention during acute illness. To account for potential SARS-CoV-2
vaccination when analyzing the immune response in both the LC and control groups, we
further stratified participants into those who experienced two exposures to viral antigens
(infection plus one vaccine dose) and those who had a single exposure to viral antigens

(either infection or full vaccine regimen).
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The data recorded included demographic data, medical and family history, SARS-CoV-
2 infection data, symptoms during the acute phase of COVID-19 (in symptomatic cases)
and persistent symptoms (e.g. headache, fatigue, brain fog). CYP whose SARS-CoV-2
infection was not microbiologically confirmed by PCR, antigen test, serology, or SARS-
CoV-2 specific T-cell immunity were diagnosed through clinical evaluation (history,

symptoms and examination).

Multiparametric spectral cytometry immunophenotyping (37-color panel)

PBMCs were stained with the 37-color antibody panel summarized in Supplemental
Table 1, fixed with 1% paraformaldehyde (Sigma Aldrich) and analyzed in a Cytek
Aurora 5-laser Spectral Cytometer (Cytek Biosciences). Cytometry data were analyzed
using FlowJo™ v10.10 (BD Life Sciences) and OMIQ (Dotmatics: www.omiq.ai,
www.dotmatics.com). A manual gating strategy was followed to export the different
immune cell populations in a separate file (myeloid cells, NK cells, T cells and B cells)
(Supplemental Figure 1). The files containing the different immune cell populations were
then uploaded and analyzed in the OMIQ platform. The FlowSOM algorithm was used
to identify clusters of the different immune cell populations. Myeloid cells were clustered
using CD1c, CD11b, CD16, CD11c, HLADR, CD95, CD14 and CD123. NK cells were
clustered using CD56, CD16, CD57, NKG2A, NKG2C, NKp46, CCR5 and CXCR3. T
cells were clustered using TCRVd2, CD4, CD8, CD45RA, CCR7, CD95, CD27, CD28,
CCR6, CXCR3, CD25 and CD127. B cells were clustered using IgD, IgM, IgA, CD27,
CD21, CD38, CD24, CDI11c, CCR7, CCR6, CXCRS5 and CXCR3. Finally, after cluster
identification and annotation, dimensionality reduction was performed using Uniform
Manifold Approximation and Projection (UMAP) with the same markers used for
clustering, analyzing 200,000 events per immune cell population (Supplemental Figure 2

and 3).
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Quantification of SARS-CoV-2—specific IgG and IgA

To determine SARS-CoV-2—specific IgG and IgA titers, MaxiSorp ELISA plates were
coated with anti-His tag monoclonal antibody (ThermoFisher, MA1-21315) at 2 pg/ml
and incubated overnight at 4°C. The following day, plates were washed and blocked with
1% BSA in 1x PBS for two hours at room temperature. A half plate was then incubated
with spike S2 subunit (S2), spike region binding domain (RBD) or nucleocapsid (N)
(wild-type [Wuhan] strain; SinoBiological) at 1 pg/ml overnight at 4°C. The other half
plate received antigen-free blocking buffer to determine sample background. Heat-
inactivated (incubated at 56°C for 30 minutes) plasma samples were then added to the
corresponding antigen-coated and antigen-free wells of the same plate and incubated for
one hour at room temperature. Next, HRP-conjugated goat anti-human IgG or IgA
(Jackson ImmunoResearch 109-036-098 and 109-035-011) was added to appropriate
wells for 30 minutes at room temperature. Plates were then developed using o-
phenylenediamine dihydrochloride (Sigma Aldrich, P8412-50TAB). The enzymatic
reaction was stopped with 2N H>SO4. Absorbance was measured using the EnSight
Multimode Plate Reader at 492 nm with noise correction at 620 nm. The specific signal
was determined by subtracting the absorbance obtained in antigen-free wells from that of
the wells coated with SARS-CoV-2 proteins. The results are expressed as arbitrary units

per ml (AU/ml).
Quantification of specific SARS-CoV-2 neutralizing capacity

Neutralization assays were performed in duplicate as previously described(58). Briefly,
200 TCIDs of pseudovirus was preincubated in Nunc 96-well cell culture plates (Thermo
Fisher Scientific), with three-fold serial dilutions (1/60-1/14,580) of heat-inactivated

(incubated at 56°C for 30 minutes) plasma samples for 1 hour at 37°C. Then, 1x10*
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HEK293T/hACE2 cells treated with DEAE-Dextran (Sigma-Aldrich) were added. The
results were read after 48 hours using the EnSight Multimode Plate Reader and BriteLite
Plus Luciferase reagent (PerkinElmer, USA). The values were normalized, and the IDso
(reciprocal dilution inhibiting 50% of the infection) was calculated by plotting and fitting
all duplicate neutralization values and the log of the plasma samples dilution to a 4-
parameter equation in Prism 9.0.2 (GraphPad Software, USA). This assay has previously

been validated with a replicative viral inhibition assay (59).

SARS-CoV-2 viral RNA and antigen detection

Plasma samples from participants were thawed and centrifuged at 1,000xg for 10 min.
From the same aliquot, 100 uL were reserved for SARS-CoV-2 antigen detection
experiments, and 1 mL for SARS-CoV-2 RNA detection. MSD S-plex assays were used
to detect both SARS-CoV-2 Spike (Cat#K150ADJS) and Nucleocapsid
(Cat#K150ADHS) proteins. Prior to the assay, plasma samples were treated with Triton
X100 (Sigma-Aldrich) at a final concentration of 0.05% and incubated for 30 min to
inactivate the virus. Following inactivation, to dissociate potential immunocomplexes,
samples were incubated with 1M HCI for 10 min at room temperature, after which HCl
was neutralized with 1.2M NaOH in 0.5M HEPES bufter. The assay was then performed
according to the manufacturer’s protocol. Values from uninfected controls were used to

establish the limit of detection of both Spike and Nucleocapsid antigens.

For SARS-CoV-2 RNA detection, ImL of plasma was ultracentrifuged at 170,000xg for
30 min at 4°C. Then, the supernatant was collected, and RNA was extracted using the
KingFisher™ Flex Purification System with the Maxwell® HT Viral TNA Kit
(Promega). After RNA extraction, SARS-CoV-2 3’UTR (total), N (total), N genomic
(Ng) and N subgenomic (Nsg) copies were quantified by droplet digital PCR (ddPCR,

QX600, BioRad) (60-62).
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Statistical analysis

Cell frequency, antibody levels and neutralizing capacity in each group were compared
between the LC and control cohorts using linear regression models adjusted for SARS-
CoV-2 antigen exposure, sex and age as covariates. For each cluster, data were
transformed using either logarithmic or square root methods based on the Box-Cox

approach, selecting the transformation that best approximated a normal distribution.

The likelihood ratio test was used to compare nested models with and without the group
factor. The same type of regression models, including covariate adjustment, was used to
analyze differential expression of CD169, CD38, CCR6, CCR7, CCRS5, CXCR3,
CXCRS5, PDI, CD25, CD95, CDS8, HLADR, CD57, CD127 and CDIc, and model-based

fold changes were estimated between groups.

When the LC and control groups were matched by time from last exposure, antibody
levels and neutralizing capacity were compared using the Mann-Whitney test (non-

parametric test); Spearman correlations were used for the correlation analysis.

In order to identify the markers with the highest discriminative capacity between LC and
controls, a classification model based on random forest (RF) analysis was used,
incorporating all the results for population frequency, differential expression analyses and
antibody levels. The RF model was fitted with 5000 classification trees and tuned to
account for class imbalance between the two cohorts. The number of markers selected
was determined through multiple selection strategies based on their importance scores,
ranging from more to less conservative. The RF model was refitted using only the selected
markers in each case, and the resulting models were compared based on their out-of-bag

estimate of error rate. Finally, a heatmap combined with hierarchical clustering was used

26



to visually summarize patterns of marker expression across samples and differences

between cohorts.

To determine whether differences existed between the infected and uninfected
(vaccinated) controls, we compared the levels of the cellular populations and clusters that
were significantly different between LC and controls, as well as the nine most important
features distinguishing LC from controls, using the nonparametric Mann-Whitney test

test.

A survival analysis was conducted to analyze the potential relationship between the
classification made by the RF model within the LC cohort (based on immunological
markers) and the clinical severity of the disease. This analysis aimed to determine whether
LC samples misclassified by the RF model were associated with different clinical
conditions. It focused on the time from the LC diagnosis to medical discharge, estimating
survival curves using the Kaplan-Meier method and plotting the cumulative recovery

curve accordingly.

P-values <0.05 were considered statistically significant. In all analyses, p-values were

adjusted for multiple testing using the Benjamini-Hochberg FDR method.

The analyses were performed using R version 4.4.1 and GraphPad Prism version 10.2.2

for Windows (GraphPad Software, Boston, Massachusetts USA, www.graphpad.com

The following R packages were used: randomForest (Liaw A, Wiener M (2002).
“Classification and Regression by randomForest.” R News , *2* (3), 18-22.

https://CRAN.R-project.org/doc/Rnews/), ComplexHeatmap (Gu, Z. (2016) Complex

heatmaps reveal patterns and correlations in multidimensional genomic data.

Bioinformatics, Gu, Z. (2022) Complex Heatmap Visualization. iMeta) and Survival
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(Therneau TM. A Package for Survival Analysis in R. 2020). Available from:

https://CRAN.R-project.org/package=survival).

Study approval

The study was approved by the University Hospital Germans Trias i Pujol Ethics
Committee, Badalona, Spain (ID #PI-21-029). Parents/legal guardians and CYP older
than 12 years agreed to collection of their samples and signed the informed consent

document.

Data Availability

Pseudonymized raw data and a data dictionary for the dataset are available from Zenodo
data repository(63). To gain access, data requesters will need to sign a data access
agreement. For the source data, the Supporting Data Values file — including values for

all data points shown in graphs and values behind any reported means — is available.
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Tables and Figures Legend

Table 1: Clinical characteristics of the pediaCOVID cohort
Long COVID cohort Control cohort

n=99 n=18

Age at sample collection (years), median (IQR) 13.9 (12.3-15.0) 13.9 (10.2-16.6)

Female sex, n (%) 63 (63.6) 7 (38.9)
One exposure to SARS-CoV-2 antigens, n (%)* 83 (83.8) 15 (83.3)
Two exposures to SARS-CoV-2 antigens, n (%) 16 (16.2) 3(16.7)

Time since acute SARS-CoV-2 infection (weeks), median (IQR)¢ 23.5(16.3-39.2) 41.4 (13.6-60.4)

Time since last SARS-CoV-2 antigen exposure (weeks), median (IQR)¢ 20.3 (13.9-34.7) 11.6 (8.1-17.3)

Number of persistent symptoms after acute COVID-19, median (IQR) 12 (8-17) -

SARS-CoV-2 diagnosis, n (%) 99 (100) 8(44.4)
SARS-CoV-2 RT-qPCR, n (%) 52 (52.5) 2 (25.0)
Antigen test, n (%) 22 (22.2) 1(12.5)
SARS-CoV-2 cellular immunity, n (%) 3(3.0) 0(0.0)
SARS_CoV-2 serology, n (%) 16 (16.2) 4 (50.0)
Clinical evaluation (history, symptoms and examination) 6 (6.1) 1(12.5)

General symptoms
Fatigue, n (%) 97 (98.0%) -
Skin rashes, n (%) 22 (22.2%) -

Fever, n (%)

COVID toes, n (%)

Neurological and neurocognitive impairment symptoms

Headache, n (%)

Attention and planning disturbances, n (%)
Lack of concentration, n (%)

Brain fog, n (%)

Insomnia, n (%)

Memory disturbances, n (%)

Sonophobia, n (%)

Photophobia, n (%)

Anosmia, n (%)

10 (10.1%)

1 (1.0%)

75 (75.8%)
51 (51.5%)
51 (51.5%)
47 (47.5%)
45 (45.5%)
39 (39.4%)
37 (37.4)
35 (35.4%)

34 (34.3%)
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Paresthesia, n (%)
Ageusia, n (%)
Vertigo, n (%)
Dizziness, n (%)
Dysphonia, n (%)
Respiratory symptoms
Dyspnea, n (%)
Cough, n (%)
Nasal congestion, n (%)
Cardiovascular symptoms
Orthostatic hypotension, n (%)
Thoracic pain, n (%)
Tachycardia, n (%)
Palpitations, n (%)
Gastrointestinal symptoms
Abdominal pain, n (%)
Diarrhea, n (%)
Vomiting and/or nausea, n (%)
Dysphagia, n (%)
Constipation, n (%)
Musculoskeletal symptoms
Muscle weakness, n (%)
Myalgia/arthralgia, n (%)

Decreased strength in upper extremities, n (%)

Eating disorders

Menstrual disorders, n (%)

32 (32.3%)

30 (30.3%)

24 (24.2%)
7 (7.1%)

1 (1.0%)

63 (63.6%)
24 (24.2%)

2 (2.0%)

46 (46.5%)
39 (39.4%)
38 (38.4%)

31 (31.3%)

39 (39.4%)
20 (20.2%)
15 (15.2%)
10 (10.1%)

3 (3.0%)

64 (64.6%)
56 (56.6%)

32 (32.3%)

35 (35.4%)

17 (17.2%)

3SARS-CoV-2-infected or full-regimen vaccinated individuals
bSARS-CoV-2-infected plus one-dose vaccinated individuals
‘Data only from individuals with date of SARS-CoV-2 infection

dAntigen exposure: Infection or vaccination
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Figure 1: Myeloid cell compartment in CYP with and without LC. (A) Frequency of
monocytes (p=0.007, FDR=0.007) and dendritic cells (p=0.004, FDR=0.007) with
respect to total myeloid cells among the LC and control cohorts. (B) Frequency of
classical (p=n.s.), intermediate (p=n.s.) and non-classical (p=0.006, FDR=0.030)
monocytes with respect to total monocytes among the LC and control cohorts. (C)
Frequency of pDCs (p=0.043, FDR=0.071), ¢cDCs (p=0.034, FDR=0.071) and CD123~
CDl11c DCs (p=n.s.) with respect to total dendritic cells in the LC and control cohorts.
(D) Frequency of Cluster 7 with respect to total cDCs among the LC and control cohorts
(p=0.002, FDR=0.014). (E) Frequency of Cluster 11 with respect to total classical
monocytes in the LC and control cohorts (p<0.001, FDR=0.001). (F) Mean fluorescence
intensity (MFI) fold-change (FC) of CD169, CD38, CCR6, CCR7, CCR5, CXCR3 and
CXCRS in the LC and control cohorts in each of the different myeloid cell populations.
* p < 0.05, FDR < 0.05. The frequency of each cluster and the MFI of the different
markers was compared between the LC and control cohorts using linear regression
models adjusted for SARS-CoV-2 antigen exposure, sex and age as covariates. LC n=98;
controls n=18 in all analyses. Each dot represents an individual, and median and IQR
values are indicated. p-values < 0.05 were considered statistically significant. p-values

were adjusted for multiple testing using FDR.

Figure 2: NK-cell compartment in CYP with and without LC.. (A) Frequency of
CD56e CD56%™m, CD56~ and NKG2C* NK cells with respect to total NK cells (all
p=n.s.). (B) Frequency of Cluster 6 with respect to total CD56%™ NK cells in the LC and
control cohorts (p=0.049, FDR=0.427). (C) Frequency of Cluster 15 with respect to total
CD568 NK cells in the LC and control cohorts (p=0.008, FDR=0.306). (D) Frequency
of Cluster 25 with respect total CD56€" NK cells in the LC and control cohorts

(p=0.048, FDR=0.427). (E) Frequency of Cluster 26 with respect to total CD56""" NK
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cells in the LC and control cohorts (p=0.043, FDR=0.427). (F) Mean fluorescence
intensity (MFI) fold-change (FC) of CD38, PD1, CD25, CD95 and CDS8 between the LC
and control cohorts in each of the different NK-cell populations. * p <0.05, FDR < 0.05.
The frequency of each cluster and the MFI of the different markers was compared
between the LC and control cohorts using linear regression models adjusted for SARS-
CoV-2 antigen exposure, sex and age as covariates. LC n=98; controls n=18 in all
analyses. Each dot represents an individual, and median and IQR values are indicated. p-
values <0.05 were considered statistically significant. p-values were adjusted for multiple

testing using FDR.

Figure 3: T-cell compartment in CYP with and without LC. (A) Frequency of CD4
(p=0.036, FDR=0.087), CD8 (p=0.057, FDR=0.087) and yd T cells (p=n.s.) with respect
to total T cells in the LC and control cohorts. (B) Frequency of CD4 subpopulations with
respect to total CD4 T cells in the LC and control cohorts (CD4 Tcm p=0.016,
FDR=0.118; Treg p=0.029, FDR=0.118; Other p=n.s.). (C) Frequency of CDS§
subpopulations with respect to total CD8 T cells in the LC and control cohorts (CD8 Tscm
p=0.024, FDR=0.118; CD8 Tcm p=0.026, FDR=0.118; Other p=n.s.). (D) From left to
right; Frequency of Tcm CD4 (p=0.016, FDR=0.118), frequency of Treg (p=0.029,
FDR=0.118) with respect to total CD4 T cells, frequency of Cluster 3 (p=0.037,
FDR=0.274) and frequency of Cluster 25 (p=0.044, FDR=0.274) with respect to total
Treg in the LC and control cohorts. (E) From left to right; Frequency of Tscm CD8
(p=0.024, FDR=0.118), frequency of Tcm CDS8 (p=0.026, FDR=0.118) with respect to
total CD8 T cells, frequency of Cluster 16 (p=0.010, FDR=0.126) and frequency of
Cluster 23 (p=0.002, FDR=0.058) with respect to total Tcm CD8 among the LC and
control cohorts. (F) Mean fluorescence intensity (MFI) fold-change (FC) of CD25,

HLADR, PD1, CD38 and CD57 between the LC and control cohorts in each of the
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different T-cell populations. * p < 0.05, FDR < 0.05. The frequency of each cluster and
the MFI of the different markers was compared between the LC and control cohorts using
linear regression models adjusted for SARS-CoV-2 antigen exposure, sex and age as
covariates. LC n=97; controls n=16 in all analyses. Each dot represents an individual, and
median and IQR values are indicated. p-values < 0.05 were considered statistically

significant. p-values were adjusted for multiple testing using FDR.

Figure 4: B-cell compartment in CYP with and without L.C. (A) Frequency of major
B-cell populations with respect to total B cells among the LC and the control cohort (IgD-
only B cells p=0.004, FDR=0.029; Switched memory B cells p=0.032, FDR=0.110; Other
p=n.s.). (B) From left to right; Frequency of switched memory (p=0.032, FDR=0.110)
and IgD-only B cells (p=0.004, FDR=0.029) with respect to total B cells in the LC and
the control cohorts. (C) From left to right; Frequency of Cluster 15 (p=0.006, FDR=0.115)
with respect to total switched memory B cells, frequency of Cluster 23 (p=0.033,
FDR=0.202) with respect to total MZ-like B cells, frequency of Cluster 17 (p=0.013,
FDR=0.127) with respect to total switched memory B cells, frequency of Cluster 19
(p=0.007, FDR=0.115) with respect to total switched memory B cells and frequency of
Cluster 25 (p=0.021, FDR=0.162) with respect to total MZ-like B cells in the LC and
control cohorts. (D) Mean fluorescence intensity (MFI) fold-change (FC) of CD127,
CDl1c, CD25, PD1 and CD95 between LC and control cohorts in each of the different B-
cell populations. * p < 0.05, FDR < 0.05. The frequency of each cluster and the MFI of
the different markers was compared between the LC and control cohorts using linear
regression models adjusted for SARS-CoV-2 antigen exposure, sex and age as covariates.
LC n=93; controls n=18 in all analyses. Each dot represents an individual, and median
and IQR values are indicated. p-values < 0.05 were considered statistically significant. p-

values were adjusted for multiple testing using FDR.

41



Figure 5: SARS-CoV-2 antibody response in CYP with and without LC. (A) Anti-
RBD IgG antibody levels (p<0.001) in responders in log (AU/ml). (B) Anti-S2 IgG
antibody levels (p=n.s.) in responders in log (AU/ml). (C) anti-N IgG antibody levels
(p=n.s.) in responders in log (AU/ml). (D) Anti-RBD IgA antibody levels (p=0.046) in
responders in log (AU/ml). (E) Anti-S2 IgA antibody levels (p=n.s.) in responders in log
(AU/ml). (F) Anti-N IgA antibody levels (p=n.s.) in responders in log (AU/ml). (G)
SARS-CoV-2 neutralizing capacity (p=0.048) of responders in log (half-maximal
inhibitory dilution [IDso]) in the LC and control cohorts. (H) From left to right;
Correlation between neutralizing capacity (IDso) and anti-RBD IgG antibodies (AU/ml)
(LC cohort, anti-RBD IgG/Neutralizing capacity, p < 0.001, Rho = 0.73; control cohort,
anti-RBD IgG/Neutralizing capacity, p = 0.047, Rho = 0.57), correlation between
neutralizing capacity (IDso) and anti-RBD IgA antibodies (AU/ml) (LC cohort, anti-RBD
IgA/Neutralizing capacity, p < 0.001, Rho = 0.58; control cohort, anti-RBD
IgA/Neutralizing capacity, p=n.s., Rho =-0.27) (I) From left to right; Correlation between
neutralizing capacity (IDso) and anti-S2 IgG antibodies (AU/ml) (LC cohort, anti-S2
IgG/Neutralizing capacity, p < 0.001, Rho = 0.70; control cohort, anti-S2
IgG/Neutralizing capacity, p=n.s. Rho = 0.03), correlation between neutralizing capacity
(IDso) and anti-S2 IgA antibodies (AU/ml) (LC cohort, anti-S2 IgA/Neutralizing capacity,
p <0.001, Rho = 0.51; control cohort, anti-S2 IgA/Neutralizing capacity, p=n.s., Rho =—
0.40) in the LC and control cohort. Antibody levels and neutralizing capacity were
compared between the LC and control cohorts using linear regression models adjusted
for SARS-CoV-2 antigen exposure, sex and age as covariates. Each dot represents an
individual, and median and IQR values are indicated. p-values < 0.05 were considered

statistically significant.
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Figure 6: Random forest model classifies long COVID patients and controls with
79.3% accuracy. (A) Heatmap representing the nine most important features that
distinguish long COVID patients from controls in the random forest model (from most
important CCR6 MFI classical monocytes to least important CCR6 MFI CD56¢" NK
cells) (LC n=98; controls n=18). (B) Percentage of recovered individuals in long COVID
patients who were classified as controls or LC by the random forest model (classified as
controls n=23; classified as LC n=75; * p=0.012, Fisher’s exact test). (C) Kaplan-Meier
curves showing the proportion of recovered long COVID patients over time in individuals
classified as controls or LC by the random forest model (classified as controls n=23;

classified as LC n=75; p=n.s.).
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Figure 1: Myeloid cell compartment in CYP with and without LC. (A) Frequency of monocytes (p=0.007, FDR=0.007) and dendritic
cells (p=0.004, FDR=0.007) with respect to total myeloid cells among the LC and control cohorts. (B) Frequency of classical (p=n.s.),
intermediate (p=n.s.) and non-classical (p=0.006, FDR=0.030) monocytes with respect to total monocytes among the LC and control
cohorts. (C) Frequency of pDCs (p=0.043, FDR=0.071), cDCs (p=0.034, FDR=0.071) and CD123- CD11c~ DCs (p=n.s.) with respect to
total dendritic cells in the LC and control cohorts. (D) Frequency of Cluster 7 with respect to total cDCs among the LC and control cohorts
(p=0.002, FDR=0.014). (E) Frequency of Cluster 11 with respect to total classical monocytes in the LC and control cohorts (p<0.001,
FDR=0.001). (F) Mean fluorescence intensity (MFI) fold-change (FC) of CD169, CD38, CCR6, CCR7, CCR5, CXCR3 and CXCRS5 in the
LC and control cohorts in each of the different myeloid cell populations. * p < 0.05, FDR < 0.05. The frequency of each cluster and the MFI
of the different markers was compared between the LC and control cohorts using linear regression models adjusted for SARS-CoV-2
antigen exposure, sex and age as covariates. LC n=98; controls n=18 in all analyses. Each dot represents an individual, and median and
IQR values are indicated. p-values < 0.05 were considered statistically significant. p-values were adjusted for multiple testing using FDR.
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Figure 2: NK-cell compartment in CYP with and without LC. (A) Frequency of CD56""", CD56%™, CD56~ and NKG2C+ NK cells with
respect to total NK cells (all p=n.s.). (B) Frequency of Cluster 6 with respect to total CD56%™ NK cells in the LC and control cohorts
(p=0.049, FDR=0.427). (C) Frequency of Cluster 15 with respect to total CD56"9" NK cells in the LC and control cohorts (p=0.008,
FDR=0.306). (D) Frequency of Cluster 25 with respect total CD56°™" NK cells in the LC and control cohorts (p=0.048, FDR=0.427). (E)
Frequency of Cluster 26 with respect to total CD56%9" NK cells in the LC and control cohorts (p=0.043, FDR=0.427). (F) Mean
fluorescence intensity (MFI) fold-change (FC) of CD38, PD1, CD25, CD95 and CD8 between the LC and control cohorts in each of the
different NK-cell populations. * p < 0.05, FDR < 0.05. The frequency of each cluster and the MFI of the different markers was compared
between the LC and control cohorts using linear regression models adjusted for SARS-CoV-2 antigen exposure, sex and age as
covariates. LC n=98; controls n=18 in all analyses. Each dot represents an individual, and median and IQR values are indicated. p-values

< 0.05 were considered statistically significant. p-values were adjusted for multiple testing using FDR.
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Figure 3: T-cell compartment in CYP with and without LC. (A) Frequency of CD4 (p=0.036, FDR=0.087), CD8 (p=0.057, FDR=0.087)
and yd T cells (p=n.s.) with respect to total T cells in the LC and control cohorts. (B) Frequency of CD4 subpopulations with respect to total
CDA4 T cells in the LC and control cohorts (CD4 Tcm p=0.016, FDR=0.118; Treg p=0.029, FDR=0.118; Other p=n.s.). (C) Frequency of CD8
subpopulations with respect to total CD8 T cells in the LC and control cohorts (CD8 Tscm p=0.024, FDR=0.118; CD8 Tcm p=0.026,
FDR=0.118; Other p=n.s.). (D) From left to right; Frequency of Tcm CD4 (p=0.016, FDR=0.118), frequency of Treg (p=0.029, FDR=0.118)
with respect to total CD4 T cells, frequency of Cluster 3 (p=0.037, FDR=0.274) and frequency of Cluster 25 (p=0.044, FDR=0.274) with
respect to total Treg in the LC and control cohorts. (E) From left to right; Frequency of Tscm CD8 (p=0.024, FDR=0.118), frequency of Tcm
CD8 (p=0.026, FDR=0.118) with respect to total CD8 T cells, frequency of Cluster 16 (p=0.010, FDR=0.126) and frequency of Cluster 23
(p=0.002, FDR=0.058) with respect to total Tcm CD8 among the LC and control cohorts. (F) Mean fluorescence intensity (MFI) fold-change
(FC) of CD25, HLADR, PD1, CD38 and CD57 between the LC and control cohorts in each of the different T-cell populations. * p < 0.05,
FDR < 0.05. The frequency of each cluster and the MFI of the different markers was compared between the LC and control cohorts using
linear regression models adjusted for SARS-CoV-2 antigen exposure, sex and age as covariates. LC n=97; controls n=16 in all analyses.
Each dot represents an individual, and median and IQR values are indicated. p-values < 0.05 were considered statistically significant. p-
values were adjusted for multiple testing using FDR.
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Figure 4: B-cell compartment in CYP with and without LC. (A) Frequency of major B-cell populations with respect to total B cells
among the LC and the control cohort (IgD-only B cells p=0.004, FDR=0.029; Switched memory B cells p=0.032, FDR=0.110; Other
p=n.s.). (B) From left to right; Frequency of switched memory (p=0.032, FDR=0.110) and IgD-only B cells (p=0.004, FDR=0.029) with
respect to total B cells in the LC and the control cohorts. (C) From left to right; Frequency of Cluster 15 (p=0.006, FDR=0.115) with respect
to total switched memory B cells, frequency of Cluster 23 (p=0.033, FDR=0.202) with respect to total MZ-like B cells, frequency of Cluster
17 (p=0.013, FDR=0.127) with respect to total switched memory B cells, frequency of Cluster 19 (p=0.007, FDR=0.115) with respect to
total switched memory B cells and frequency of Cluster 25 (p=0.021, FDR=0.162) with respect to total MZ-like B cells in the LC and
control cohorts. (D) Mean fluorescence intensity (MFI) fold-change (FC) of CD127, CD1c, CD25, PD1 and CD95 between LC and control
cohorts in each of the different B-cell populations. * p < 0.05, FDR < 0.05. The frequency of each cluster and the MFI of the different
markers was compared between the LC and control cohorts using linear regression models adjusted for SARS-CoV-2 antigen exposure,
sex and age as covariates. LC n=93; controls n=18 in all analyses. Each dot represents an individual, and median and IQR values are
indicated. p-values < 0.05 were considered statistically significant. p-values were adjusted for multiple testing using FDR.
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Figure 5: SARS-CoV-2 antibody response in CYP with and without LC. (A) Anti-RBD IgG antibody levels (p<0.001) in responders in
log (AU/ml). (B) Anti-S2 1gG antibody levels (p=n.s.) in responders in log (AU/ml). (C) Anti-N IgG antibody levels (p=n.s.) in responders in
log (AU/ml). (D) Anti-RBD IgA antibody levels (p=0.046) in responders in log (AU/ml). (E) Anti-S2 IgA antibody levels (p=n.s.) in responders
in log (AU/ml). (F) Anti-N IgA antibody levels (p=n.s.) in responders in log (AU/ml). (G) SARS-CoV-2 neutralizing capacity (p=0.048) of
responders in log (half-maximal inhibitory dilution [IDsg]) in the LC and control cohorts. (H) From left to right; Correlation between
neutralizing capacity (IDso) and anti-RBD IgG antibodies (AU/ml) (LC cohort, anti-RBD IgG/Neutralizing capacity, p < 0.001, Rho = 0.73;
control cohort, anti-RBD IgG/Neutralizing capacity, p = 0.047, Rho = 0.57), correlation between neutralizing capacity (IDsy) and anti-RBD
IgA antibodies (AU/ml) (LC cohort, anti-RBD IgA/Neutralizing capacity, p < 0.001, Rho = 0.58; control cohort, anti-RBD IgA/Neutralizing
capacity, p=n.s., Rho = -0.27), (H) (I) From left to right; Correlation between neutralizing capacity (IDs,) and anti-S2 IgG antibodies (AU/ml)
(LC cohort, anti-S2 IgG/Neutralizing capacity, p < 0.001, Rho = 0.70; control cohort, anti-S2 IgG/Neutralizing capacity, p=n.s. Rho = 0.03),
correlation between neutralizing capacity (IDs,) and anti-S2 IgA antibodies (AU/ml) (LC cohort, anti-S2 IgA/Neutralizing capacity, p < 0.001,
Rho = 0.51; control cohort, anti-S2 IgA/Neutralizing capacity, p=n.s., Rho = —0.40) in the LC and control cohort. Each dot represents an
individual, and median and IQR values are indicated. p-values < 0.05 were considered statistically significant.
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Figure 6: Random forest model classifies long COVID patients and controls with 79.3% accuracy. (A) Heatmap representing the nine
most important features that distinguish long COVID patlents from controls in the random forest model (from most important CCR6 MFI
classical monocytes to least important CCR6 MFI cD56Pright Nk cells) (LC n=98; controls n=18). (B) Percentage of recovered individuals
in long COVID patients who were classified as controls or LC by the random forest model (classified as controls n=23; classified as LC
n=75; * p=0.012, Fisher’s exact test). (C) Kaplan-Meier curves showing the proportion of recovered long COVID patients over time in
individuals classified as controls or LC by the random forest model (classified as controls n=23; classified as LC n=75; p=n.s.).



