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Post-acute infection syndromes may develop after acute viral disease’. Infection with
SARS-CoV-2 canresultin the development of a post-acute infection syndrome known
aslong COVID. Individuals with long COVID frequently report unremitting fatigue,
post-exertional malaise, and a variety of cognitive and autonomic dysfunctions®™*.
However, the biological processes that are associated with the development and
persistence of these symptoms are unclear. Here 275 individuals with or without long
COVID were enrolled in a cross-sectional study that included multidimensional
immune phenotyping and unbiased machine learning methods to identify biological
features associated with long COVID. Marked differences were noted in circulating
myeloid and lymphocyte populations relative to the matched controls, as well as
evidence of exaggerated humoral responses directed against SARS-CoV-2 among
participants with long COVID. Furthermore, higher antibody responses directed
against non-SARS-CoV-2 viral pathogens were observed among individuals with long
COVID, particularly Epstein-Barr virus. Levels of soluble immune mediators and
hormones varied among groups, with cortisol levels being lower among participants
with long COVID. Integration of immune phenotyping data into unbiased machine
learning models identified the key features that are most strongly associated with
long COVID status. Collectively, these findings may help to guide future studies into
the pathobiology of long COVID and help with developing relevant biomarkers.

Recovery from acute viral infections is heterogeneous and chronic
symptomsmay linger for monthstoyearsinsomeindividuals. Moreover,
persistent sequelae may develop after acute infection by a number
of viruses from a diverse range of viral families®®. Post-acute infec-
tion syndromes (PAIS) following microbial infections have also been
described for over a century'®". Yet despite their ubiquity, the basic
biology underlying PAIS development, even for extensively studied
PAIS such as myalgic encephalomyelitis/chronic fatigue syndrome,
remains unclear*,

SARS-CoV-2 is a Betacoronavirus that is responsible for almost
7 million deaths worldwide®. Infection causes COVID-19, which can
manifest as a severe respiratory disease marked by extensive immu-
nological and multiorgan system dysfunction'*. Recovery from
COVID-19 is often complete; however, individuals (even those with
initially mild disease courses) may have increased risks for adverse
clinical events and abnormal clinical findings® 2.

In addition to developing isolated dysfunctions, some patients
recovering from COVID-19 may develop a group of new onset or aggra-
vated sequelae known as long COVID (LC). Clinically, LC presentsasa
constellation of debilitating symptomsincluding unremitting fatigue,
post-exertional malaise, cognitive impairment and autonomic dys-
function, alongside other less common manifestations® *. These per-
sistent sequelae markedly impair physical and cognitive function and
reduce quality of life*. Estimates of LC prevalence vary substantially?,
but prospective studies suggest that about one in eight individuals
with COVID-19 experience persistent somatic symptoms that are
attributable to past SARS-CoV-2 infection?. Although the underly-
ing pathogenesis of LC remains unclear, current hypotheses include
the persistence of virus or viral remnants in tissues; development or
aggravation of autoimmunity; microbial dysbiosis; reactivation of
non-SARS-CoV-2 latent viral infections; and tissue damage caused by
chronicinflammation.

A list of affiliations appears at the end of the paper.
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Toinvestigate the biological underpinnings of LC, a cross-sectional
study was designed (Mount Sinai-Yale long COVID; hereafter, MY-LC)
involving 275 participants comprising five study groups: (1) health-
care workers infected with SARS-CoV-2 before vaccination (HCW);
(2) healthy, uninfected, vaccinated controls (healthy control (HC)
group); (3) previously infected, vaccinated controls without persistent
symptoms (convalescent control (CCs) group); (4) individuals with
persistent symptoms after acute infection (LC); and (5) asecond group
ofindividuals with persistent symptoms after acute infection froman
independentstudy (external LC, hereafter EXT-LC). Among the CCand
LCgroups, enrolled participants had primarily mild (non-hospitalized)
acute COVID-19 and samples for this study were acquired, on average,
morethanayear after theiracuteinfection. The HC, CCand LC groups
underwent systematic, multidimensional immunophenotyping and
unbiased machine learning of aggregated data to identify potential
LC biomarkers.

Overview of the MY-LC cohort

The MY-LCstudy enrolled 185 participants (101LC,42 CCand 42 HC) at
one study site (Mount Sinai Hospital) and 90 participants at another
(Yale New Haven Hospital) for a total of 275 participants. After initial
enrolment and preliminary review of electronic medical records, two
participants were excluded from the LC group (2.0%, for pharmacologi-
calimmunosuppression secondary to primary immune deficiency and
solid organ transplant); two from the HC group (4.8%, for pregnancy
and misclassificationatenrolment); and three from the CC group (7.1%,
for pregnancy, monogenic disorder and misclassification at enrolment)
resultinginafinal study size of 268 individuals (Fig.1a). The proportion
of participants excluded from the LC group did not significantly differ
from those excluded from the other groups (Extended Data Table 1).

Initial comparison of demographic factors showed the LC and CC
groups differed in mean age (46 years, LC; 38 years, CC; Kruskal-
Wallis with post hoc Bonferroni correction, P=0.0040). However,
these groups did notsignificantly differ in sex, hospitalization for acute
COVID-19 (Fig. 1b) or median elapsed time between initial infection
and acute disease (Fig. 1c). Most acute infections within the LC group
(76%) occurred between epidemiological weeks 7-17 of 2020, when
parental SARS-CoV-2 strains (WA-1) drove the majority of new cases.
Importantly, the aggregated medical history of individuals with LC
did not significantly differ fromthat of CCindividualsin prevalence of
anxiety or depression. Complete demographic features and medical
histories are reported in Extended Data Table 1.

Across all surveyed dimensions, participants with LC had signifi-
cantly higher intensities of reported symptoms and a substantially
worsened quality of life (Extended Data Table 2 and Extended Data
Fig.1a). To address whether LC associated with any pattern of survey
responses, responses were aggregated into asingle classification metric
(LC propensity score (LCPS)) using a parsimonious logistic regression
model (LC versus other), which demonstrated significant diagnostic
potential (areaunder the curve (AUC) = 0.95, bootstrap 95% confidence
interval (CI) =0.91-0.98; Fig. 1d, Extended Data Fig. 1b and Extended
Data Table 3).

Among the self-reported symptoms from the LC group, fatigue (87%),
brainfog (78%), memory difficulty (62%) and confusion (55%) were most
common (Fig.1e). Postural orthostatic tachycardia syndrome (POTS)
was also prevalent; 38% of individuals with LC had formal diagnostic
testing and clinical evaluation (Extended DataFig.1c). Negative impacts
on employment status were also reported by half of the participants
with LC (Extended Data Fig. 1d).

Tofindgroups of participants with LC withsimilar sets of self-reported
symptoms, an agglomerative hierarchical clustering of binary symp-
toms was performed (Extended Data Fig. 1e). Three LC clusters were
identified (bootstrapped mean cluster-wise Jaccard similarity: cluster
1,0.75 (95% Cl = 0.54-1.00); cluster 2, 0.60 (95% Cl = 0.47-0.94); and
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cluster 3, 0.75 (95% Cl = 0.56-1.00)). LC clusters were bifurcated by
LCPS: cluster 3 had intermediate propensity scores; clusters 1and 2
had more extreme scores (Extended Data Fig. If).

Differencesin circulating immune cells

Analysis of peripheral blood mononuclear cell (PBMC) populations
revealed a significant difference in circulating immune cell popula-
tionsamong the MY-LC cohorts. The median level of non-conventional
monocytes (CD14"°*CD16"e") in the LC group was significantly higher
compared with the levels in the CC group (Extended Data Fig. 2a
(left)). To determine whether LC is significantly associated with
levels of non-conventional monocytes after accounting for demo-
graphic differences across all groups, linear models were developed
incorporating age, sex, LC status (binary) and body mass index
(BMI). Using this approach, LC was significantly associated with
levels of total non-conventional monocytes (Extended Data Fig. 3j).
Expression of MHC class Il (HLA-DR) was also significantly elevated
in LCrelative to the CC group (Extended Data Fig. 2a (right)). Paral-
lel investigation of absolute cell counts revealed similar increases
(Extended Data Fig. 4a).

Systematic analysis of other immune effector populations revealed
significantly lower circulating populations of conventional type1den-
dritic (cDC1) cellsamong participants with LC (Extended Data Figs. 2b
(left) and 4b). Linear models again found that LC status and age were
significantly associated with circulating cDC1 levels (Extended Data
Fig.2b (right)). Thelevels of other circulating granulocyte populations
(neutrophils, eosinophils, conventional and intermediate monocytes,
plasmacytoid dendritic and cDC2 populations) did not significantly
differ among groups, with substantial heterogeneities noted in LC
(Extended DataFig. 3a,b).

The medianrelative percentage of Blymphocytes was significantly
higher in both activated populations (CD86"S"HLA-DR"e" 17% (LC),
11% (CC) and 12% (HC)) and double-negative subsets (IgD"CD27 CD24~
CD387:5%(LC),2% (CC) and 2% (HC)) (Extended DataFig.2c). The abso-
lute count of double-negative B cells also significantly increased in
individuals with LC (Extended Data Fig. 4c). LC status was again signifi-
cantly associated with these effector populations in linear modelling
(Extended DataFig. 3j). Circulating levels of other B cell subsets, includ-
ing naive B cells, did not significantly differ among groups (Extended
DataFig. 3c).

Circulating T lymphocyte populations were not notably different
in effector memory subsets (CD45RA"CD127 CCR7") (Extended Data
Fig. 2d), although absolute counts of CD4" populations significantly
increased (Extended Data Fig. 4d). The median relative percentage of
circulating CD4" central memory cells (CD45RA"CD127°CCR7") was
significantly lower in the LC group (27% (LC), 33% (CC) and 32% (HC)),
although the groups did not differ by absolute counts (Extended Data
Fig.4d). Median percentages of exhausted (PD-1'TIM3") CD4" subsets
and exhausted CD8" subsets did not significantly differ (Extended Data
Fig.2d), but absolute exhausted CD4" T cell counts were significantly
elevated (Extended Data Fig. 4d). Importantly, neither naive CD4" nor
CD8' T cells significantly differed (Extended Data Fig. 3d).

After being stimulated with phorbol myristate acetate and iono-
mycin, CD4" cells from individuals with LC produced significantly
higher median levels of intracellular IL-2 (17% (LC), 14% (CC) and 13%
(HC)) and IL-4 (11% (LC), 7% (CC) and 8% (HC)) (Extended Data Figs. 2e
and4e (toprow)), aswellasIL-2 (4% (LC), 2% (CC), 2% (HC)) and IL-6 (1.2%
(LC),0.6%(CC),0.6% (HC)) among CD8' T cells (Extended Data Figs. 2e
and 4e (bottom row)). Both age and LC status were significantly asso-
ciated with intracellular IL-2 (CD4*/CD8"), IL-4 (CD4") and IL-6 (CDS8")
production (Extended DataFig. 2k and Extended Data Table 4). Notably,
individuals with LC also had uniquely elevated median levels of IL-4/
IL-6 double-positive CD4* T cells (0.3% (LC), 0.2% (CC) and 0.2% (HC))
and IL-4/IL-6 double-positive CD8" T cells (0.5% (LC), 0.2% (CC) and
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Fig.1|Demographicand clinical stratification of participants with LC.

a, Schematic of the MY-LC study. Numbersindicate the number of participants
after exclusion (Methods). The diagram was created using BioRender. b, Select
demographicinformation for the LC (top row, purple) and CC (bottom row,
yellow) groups. The centre valuesin the ‘age’ columnrepresent the average
group values.n=39 (CC)and n =99 (LC). Statistical significanceis reported for
relevant post hoc comparisons (age) or ’ tests (sex and acute disease severity).
Complete statistical results are shownin Extended Data Table1.c, The time
(days) fromacute symptom onset between the LC and CC groups. Significance
was assessed using atwo-tailed Brown-Mood median test withan alpha of 0.05.
NS, notsignificant.n=39 (CC) and n=99 (LC).d, The LCPS for eachindividual.
n=40(HC),n=39(CC)and n=98(LC).Significance was assessed using
Kruskal-Wallis tests corrected for multiple comparisons using the Bonferroni

0.2% (HC)) (Extended Data Figs. 2f and 4f). The levels of IFNyand IL-17
(in CD4" cells) and TNF and GMZB (in CD8" cells) did not significantly
differ across groups (Extended Data Fig. 3e-i). To account for hetero-
geneous levels of circulating immune cell populations, permutational
analysis of variance (PERMANOVA) was performed using effector popu-
lations with significant differences between groups at the baseline.
This multivariate analysis showed that LC status and age significantly
predicted levels of circulating immune cell populations (Extended
DataFig. 2g).

SARS-CoV-2-specific antibody responses

Initial analysis of anti-SARS-CoV-2 antibody responses was performed
only for participants in the MY-LC group who received two doses of
vaccine. Anti-S11gG levels in the LC group were significantly higher
compared with thoseinthe CCgroup, and the levels of total anti-Sand
anti-receptor-binding domain (RBD) IgG were elevated in the LCgroup
but did not significantly differ from the levels in the CC group (Fig. 2a).
Unvaccinated participants with LC had significantly higher anti-NIgG
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method. e, The prevalence of the top 30 self-reported binary symptoms ranked
frommost prevalent (right) to least prevalent (left). Symptoms are coloured
according to common physiological system: constitutional (const., green),
neurological (neuro., dark blue), pulmonary (pulm., gold), musculoskeletal
(MSK, red), gastrointestinal (Gl, pink), cardiac (light blue), endocrine (endo.,
yellow), ear, nose and throat (ENT, light grey), and sexual dysfunction (sex. dys.,
darkgrey). Fortheboxplotsincandd, the centrallines indicate the group
medianvalues, the top and bottom lines indicate the 75th and 25th percentiles,
respectively, the whiskers represent1.5x the interquartile range and individual
datapoints mark outliers. abd., abdominal; alt., altered; decr., decreased; dif.,
difficulty; EMR, electronic medical record; IQR, interquartile range; musc.,
muscle; palp., palpitations; reg., regulating; subj., subjective; temp., body
temperature; Urin., urination.

levels compared against a subset of historical, unvaccinated controls
whowere previously infected with SARS-CoV-2 (Extended Data Fig. 5a).

Linear models were constructed to more fully account for baseline
differences (demographics, vaccines at blood draw (VAD)) across
cohorts (Fig. 2b and Extended Data Fig. 5b), which revealed that
LC state was a significant, positive predictor of anti-spike humoral
response after accounting for such differences (Extended Data Table 5).
To gauge whether the elevated responses were to distinct regions of
spike, anti-SARS-CoV-2 IgG responses against linear peptides were
profiled among vaccinated participants. The responses of partici-
pants with LC were significantly greater than CC responses against a
peptide that confers increased neutralization®?°, corresponding to
amino acid residues 556-572 (1.3x; outlier sum, P= 0.031). Responses
were also greater (1.4x-1.6x) for peptides corresponding to residues
572-586, 625-638 and 682-690 (the furin-cleavage site). CC par-
ticipant responses were higher than the LC group responses against
two S2 peptides (residues 1149-1161, 1.5%; 1256-1266, 2.1x) (Fig. 2c).
Multiple differentially expressed spike-binding motifs were mapped
onto available trimeric-structure models of spike (Protein Data Bank

Nature | Vol 623 | 2 November 2023 | 141



Article

a <0.0001 b
g <0.0001 o _ 0.0013 5 0.0004 o _
10 E— 10 10 — 10 IS 2.0 Anti-S 20 Anti-S1
L]
1084 10° 1054 ®ele 10° 15
SBEY F¥ - E - P e e
T 104 T 1044 = 10* 4 . = 1044 8 k3
= 10 oy £ 10 . £ 10° ede : = 10 3 g £ 104
= . = j= o = . , @ 73
£ £ [} £ o £ 3 g 1.04 <}
@ 10°4 . g 1009 7 o g 107 @ 101 ':rf * 3 5 054
=l 5 =) 5 .z 3 g o
[ ] ° S o
102 4 . 1024 e 10 4 1024 P = 054 : ]
Anti-S Anti-S1 Anti-RBD Anti-N
100 L7 10 L20 o LA SR KL, B 0 Y N —
HC CC LC HC CC LC HC CC LC HC CC LC Age Sex LC VAD BMI Age Sex LC VAD BMI
x2 Vac. x2 Vac. x2 Vac. x2 Vac. [ Significant predictor [l Non-significant predictor
[ . S1/S2 cleavage site d ROPQTLE e Spike KFLPFQQ f <0.0001
SP  NTD T RBD | S27 Kruskal-Wallis P = 0.023 __0.00049
KFLPFQQ 0.062 35 <0.0001
P =0.031—""" | TDAVRDPQTLEILD =57 30k 0.0001
NKKFLPFQQFGRDIADT | | HADQLTPTWRVYST 0019
~ RRARSVASQ . 25|  __<00001
YECDIPIGAGICA KEELDKYFKNHT 60 = 20}
Lc QSIIAYTMSLGAENS, 2 sl
g -
RSVAS o % 1.0
2 SPDVDLGDISGINAS S 5 05}
E @ 8
3 FDEDDSEPVLK N N0F
g HC -0.5
o YECDIPIGAGICA -10F
-15 L i L
HC CC LC EXT-LC
cc
g h 1600 ignificant predict
0 200 400 600 800 1,000 1,200 NS I Signi oan _”'e‘j'c or
Avg. OS [l 10 Il Non-significant predictor
0 510 15 og 14:00
LC (n = 80) versus pre-pandemic controls (1 = 1,500), P (FDR adj.) < 0.001 8 E -g’ 1.0 Cortisol
) z 5§32 12:00 :
= 2E 3
© S 6 g = 05
<] < S E g 0
2 s 25 5
0 200 400 600 800 1000 1200 S 4 g b 10:00 % 0
o = Q0
= o
CC (n = 38) versus pre-pandemic controls (n = 1,500), P (FDR adj.) < 0.001 3 E 2 S o5
1) 2 & E 08:00 K]
[e] = [s]
? = -1.0
g 0 E':I 06:00
360 : _
0 200 400 600 800 1000 1200 e oG c e oG 16 il 1.5

Amino acid position

Fig.2|Exaggerated SARS-CoV-2-specifichumoral responses and altered
circulatingimmune mediators among participantswithLC. a, The SARS-
CoV-2antibodyresponseswere assessed using ELISA.n=22 (HC), n=14 (CC)
andn =69 (LC). The vaccination (vac.) status for each cohortisindicated (x2),
indicating the number of SARS-CoV-2 vaccine doses at sample collection.
Significance for differenceingroup median values was assessed using Kruskal-
Wallis with Benjamini-Hochberg false-discovery rate (FDR) correction for
multiple comparisons. The centralllinesindicate the group median values and
the whiskers show the 95% Cl estimates. b, Coefficients from linear models are
reported.Model predictors areindicated on thexaxis. Significant predictors
(P<0.05) areshowninpurple. Detailed model results are shownin Extended
DataTable 5. c, PIWASIine profiles of IgG binding within participants withmore
thanlvaccine dose plotted along the SARS-CoV-2 spike amino acid sequence.
Various spike protein domains are indicated by coloured boxes (top). 95th
percentile values arearranged by group: LC (purple, n=80), HC (orange, n=39)
and CC (yellow, n =38); peaks withaPIWAS value of >2.5 are annotated by their
consensus linear motif sequence (bold) and surrounding residues. Significantly
enriched peaksinthe LCgroup areindicated by an asterisk (*), as calculated

(PDB): 6VXX). These mapped to highly surface exposed sites in the
protein’s natural conformational state, near the SIRBD (RDPQTLE
and KFLPQQ) and the S1/S2 cleavage site (RSVAS, YECDIPIGAGICA and
YMSLG) (Fig. 2d), consistent with participants with LC having higher
anti-spike immune responses. By analysing peptide enrichment for
spike motifs corresponding to peaks identified in a protein-based
immunome-wide association study (PIWAS), significantly greater
humoral responses against KFLPFQQ (Kruskal-Wallis, P= 0.023)
(Fig.2e), RDPQTLE (P=0.00058) and LDK[WY]F (P=0.0034) were
found (Extended Data Fig. 5c). Prevalences of antibody reactivities
against KFLPFQQ (Fisher’sexact, P=0.0060), RDPQTLE (P = 0.00015),
LDK[WY]F (P=0.00066) and DISGI (P = 0.0086) were also significantly
higher among participants with LC than among grouped controls
(Extended Data Fig. 5d). Statistical modelling accounting for baseline
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Age Sex BMI Time LC Cohort

using outlier sum (OS) statistics. d, Three-dimensional mapping of LC-enriched
motifsequences onto trimeric spike protein. Light grey, S1; light blue, N-terminal
domain;red, RBD; darkgrey, S2. Various LC-enriched motifs are annotated.

e, z-score enrichments for IgG binding to the spike sequence KFLPFQQ among
participantswho havereceived atleast one vaccine dose. Azscore of >3 indicates
significant binding relative to the control populations. f-h, z-score-transformed
cortisol (f) ACTH (g) and sample-collection times (h) by group. Participants with
potentially confounding medical comorbidities (such as pre-existing pituitary
adenoma, adrenalinsufficiency and recent oral steroid use) were removed
beforeanalysis.n=39 (HC),n=39 (CC),n=93 (LC). i, Coefficients fromlinear
models of cortisol levels. Significant predictors (P< 0.05) are shown in purple.
Detailed modelresultsare reported in Extended Data Table 6. For the box plots
ine-h,the centrallinesindicate the group medianvalues, the top and bottom
linesindicate the 75thand 25th percentiles, respectively, the whiskers represent
1.5xtheinterquartilerange and individual datapoints mark outliers. Significance
for differencesingroup median values was assessed using Kruskal-Wallis tests
with Bonferroni’s correction for multiple comparisons. SP, signal peptide.

differences (demographics, VAD) revealed that LC is significantly asso-
ciated with reactivity against KFLPFQQ, RDPQTLE and DISGI motifs
(Extended Data Fig. 5e), but not with reactivity against LDK[WY]F
(Extended Data Fig. 5e), which was elevated in both the CC and LC
groups (Extended Data Fig. 5c).

Cortisol and solubleimmune mediators

Parallel multiplex analysis of circulating hormones and immune
mediators in plasma samples revealed that the groups in the MY-LC
cohort significantly differed in median levels of cortisol (Kruskal-
Wallis, P < 0.0001), complement C4b (P=0.0001), CCL19 (P=0.00058),
galectin-1(P=0.0015), CCL20 (P=0.0032), CCL4 (P=0.0092), APRIL
(P=0.013), LH (P=0.022) and IL-5 (P=0.024). Post hoc comparisons
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showed that the LC group had significantly increased complement
C4b, CCL19, CCL20, galectin-1, CCL4, APRIL and LH, and marginally
butsignificantly decreased IL-5 (Extended Data Fig. 6a-h). Additional
analysis revealed significant correlations with LCPS scores, particu-
larly for cortisol (Extended Data Fig. 6i). In the EXT-LC cohort (n=53,
excluding an outlier whose level was >8 s.d. above the median), cortisol
levelsin the LC group were lower than those in the HC and CC groups
(Fig. 2f). Paired levels of adrenocorticotropic hormone (ACTH) were
evaluated only in the MY-LC cohort; these did not significantly differ
across groups (Fig. 2g). Median sample collection times significantly
differed only between the CC and LC groups, and this difference was
modest (65 min; Dunn’stest, P= 0.027) (Fig. 2h). Subsequent statistical
modelling revealed that LC status significantly associated with lower
cortisol levels after accounting for individual differences in age, sex,
BMI, sample-collection time and cohort (MY-LC versus EXT-LC) (Fig. 2i
and Extended Data Table 6).

Autoantibodies to exoproteome

Next, antibody reactivity against extracellular proteins was assessed in
98 participants with LC and 38 control participants using rapid extra-
cellular antigen profiling (REAP)—amethod used to measure antibody
reactivity against more than 6,000 extracellular and secreted human
proteins'. Although participants with LC had a variety of private reac-
tivities against diverse autoantigens (Fig. 3a), the number of autoanti-
body reactivities per participant did not differ across groups (Fig. 3b),
nor did the number of reactivities significantly correlate with LC clusters
(asassessed by LCPS scores) (Fig.3¢c). Moreover, the number of autoan-
tibody reactivities correlated with neither double-negative B cell popu-
lations nor days from acute symptom onset (Extended Data Fig. 7a,b).

Given REAP studies showing that specific functional autoantibod-
ies are elevated in severe acute COVID-19%, autoantibody reactivities
were aggregated into clusters using amanually curated Gene Ontology
processlistrelevant to LC. The magnitudes of reactivity for LCand con-
trol groups did not significantly differ in any category (Extended Data
Fig. 7c). Several reports implicated stereotypical G-protein-coupled
receptor (GPCR) autoantibodies in LC pathogenesis®-* (for exam-
ple, targeting B-adrenergic receptors or the angiotensin Il receptor).
While several GPCR-directed autoantibodies were detected in this
study (Extended Data Fig. 7d), the number of GPCR reactivities for
participants with LC did not differ from that of the controls (Fig. 3d).
Importantly, there were no individual autoantibody reactivities that
were significantly more frequent in either participants with LC or in
controls (Fig. 3e).

Antibody responses to herpesviruses

Given emerging evidence for the role of latent virus reactivation in
LC, three complementary approaches were used to examine anti-viral
reactivity patterns in the MY-LC cohorts: REAP, serum epitope rep-
ertoire analysis (SERA) and enzyme-linked immunosorbent assay
(ELISA). Global anti-viral responses were first assessed using REAP,
which measures antibody reactivity to 225 viral surface proteins (Sup-
plementary Table 2). Reactivities against 38 viral conformational
epitopes were detected among 98 LC and 38 control participants
(Extended DataFig. 8a). For SARS-CoV-2reactivities, only participants
who received two doses of vaccine were analysed. Reactivities against
non-Omicron-variant RBDsin the LC cohort were higher than thosein
the CC controls (Fig. 4a), however this trend was not significant.
Differencesinviral reactivities against non-SARS-CoV-2 antigens were
marked (Fig. 4b). Participants with LC had elevated REAP scores for
several herpesvirus antigens, including the Epstein-Barr virus (EBV)
minor viral capsid antigen gp23 (P=4.62 x 107%), the EBV fusion-receptor
component gp42 (P=3.2 x1072) and the varicella zoster virus (VZV)
glycoprotein E (P=1.51x107%) (Extended Data Fig. 8b). Conversely,

participants with LC had lower REAP scores for HSV-1glycoprotein gL
(P=4.61x107%) and gD1, although the difference in gD1reactivity was
not significant.

Next, the SERA platform (a commercially available random bacte-
rial display library with unlimited multiplex capability) was used to
orthogonally analyse non-SARS-CoV-2 antigens. SERA includes epitope
panels representing 45 pathogens and disease markers, validated using
adatabase of thousands of controls®, Importantly, SERA revealed that
cohortssignificantly differed neither in estimated EBV seroprevalence
(Fig.4c) nor for any other tested viral pathogen (Extended Data Fig. 8c).

First, we assessed whether individuals with LC had higher EBV reac-
tivities because of acute EBV infection. Anti-EBV IgM was not elevatedin
this group (as measured by SERA) (Extended Data Fig. 8d) nor wasthere
evidence of EBV viraemia (Extended Data Fig. 8e,f), suggesting that the
higher reactivity to EBV lytic antigens was more probably caused by
recent EBV reactivation than by acute infection. Furthermore, these
results donot rule out EBV shedding atalocalsite, such asin the saliva®.

We next assessed whether differences in baseline seropositivity
affected EBV-antigen reactivity. EBV reactivity was analysed only in
EBV-seropositive individuals as identified by SERA and using identi-
fying motifs using next-generation sequencing (NGS) experiments
(IMUNE). On the basis of REAP, seropositive participants with LC had
significantly higher reactivity to EBV p23 (Kruskal-Wallis, P= 0.00095;
Fig. 4d) and gp42 (0.0039; Fig. 4e) compared with the seropositive
controls. REAP measurements significantly correlated with ELISA meas-
urements (R=0.73,P<2.2 x107), orthogonally validating this finding
(Extended Data Fig. 8g). In an orthogonal screen of linear peptides
with SERA, the LC cohort had greater reactivity against the gp42 linear
peptide (PVXF[ND]K) (Kruskal-Wallis, P= 0.0031) (Fig. 4f). Mapping
of this motif onto available structures of gp42 complexed with EBV
gH/gL (PDB: 5T1D) showed that these residues are exposed on the
surface of EBV virions (Fig. 4g (pink residues)).

To investigate lower REAP reactivity to HSV-1 antigens observed
in participants with LC, a similar analysis was performed using only
HSV-1-seropositive individuals, as identified by SERA. In these indivi-
duals, REAP scores for HSV-1glycoproteingD1no longer differed among
groups (Extended DataFig. 8h). Post hoc comparisons for HSV-1gL also
showed that the groups did not significantly differ (Extended Data
Fig. 8i). These data suggest that the lower IgG reactivity to gL in REAP
(Fig. 4b) is probably caused by lower HSV-1 seroprevalence in the LC
group. Inaggregated initial REAP and SERA results, individuals with LC
had elevated IgG reactivity to EBV and VZV surface antigens without
evidence of EBV primary infection or acute viraemia.

Additional analysis showed no correlation between LCPS and
humoral reactivity against gp42 PVXF[ND]K or EBV p23 antigens in
EBV-seropositive individuals (Extended Data Fig. 8j,k). By contrast, reac-
tivity togp42 PVXF[ND]K correlated with IL-4/IL-6 producing CD4" T cells
in EBV-seropositive individuals with LC (R=0.26, P=0.013) (Fig. 4h).
This correlation was not observed in the control groups. Furthermore,
EBVp23 REAPreactivity significantly correlated with terminally differen-
tiated effector memory (Tgyrs) CD4" T cells (R = 0.26, P=0.018) (Fig. 4i),
a subset of cells implicated in protection from cytomegalovirus®.
By contrast, anti-SARS-CoV-2 antibody levels did not correlate with
IL-4/IL-6 double-positive CD4" T cells (Extended Data Fig. 81-0).

Unique biological markers of LC

To further account for demographic differences among groups that
might affectimmunophenotypes, each participant with LC was explic-
itly matched to a control participant using a Gale-Shapley procedure
based on participant age, sex, days from acute COVID-19 symptom
onset and vaccination status. Participants with LC did not differ sig-
nificantly from controls in these criteria (Extended Data Fig. 9a), nor
inthe severity of acute COVID-19 disease (whether hospitalization was
required) (Extended DataFig. 9b). Principal component analysis (PCA)
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Fig.3|Participants with LC showed limited butselective autoantibodies
againstthe humanexoproteome.a, REAP reactivitiesacross the MY-LC
cohort.n=25(HC),n=13(CC) andn=98 (LC). Each columnis one participant,
grouped by cohort (for HC and CC) or by LCPS (for LC). Column clustering
withingroups was performed by k-means clustering. Eachrow represents one
protein. Proteins were grouped using Human Protein Atlas mRNA expression
datafor different tissues. Reactivities shown have at least one participant with
aREAPscore>3.0nly reactivitiesenriched inblood/lymph, CNS or pituitary
areshown forbrevity. b, The number of autoantibody (aAb) reactivities per
individual (ID) by group. Significance was assessed using Kruskal-Wallis tests.
Forthebox plots, the centrallinesindicate the group median values, the top
andbottomlinesindicate the 75th and 25th percentiles, respectively, the
whiskersrepresent1.5x theinterquartile range. Each dotrepresents one
individual. ¢, Therelationship between number of autoantibody reactivities

embedding of matched participants with all collected immunological
features clearly distinguished individuals with LC from the controls
(Fig. 5a). Consistent with this, k-nearest neighbour (k-NN) classifica-
tion of the normalized features efficiently discriminated between
groups, with an AUC of 0.94 (95% CI = 0.84-1.00) (Fig. 5b). Principal
component regression of collated immunological data showed that
flow cytometry (pseudo-R? = 59%) and plasma proteomics and hor-
mones (pseudo-R* = 74%) were the most informative for separating
groups. A final parsimonious LASSO model similarly achieved a good fit
(pseudo-R*=82%) (Fig.5¢). Of the features selected for the final model,
several associated positively with LC status (serum galectin-1concen-
tration, IgG against various EBV epitopes), while others associated
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AProportion (fraction positive LC — fraction positive controls)

perindividualand LCPS. Correlation was assessed using Spearman’s correlation.
Theblackline shows the linear regression, and the shading shows the 95% Cls.
Coloursshow the LCLCPS group (red, cluster 1; green, cluster 2; blue, cluster 3).
Eachdotrepresentsoneindividual.d, The number of GPCR autoantibodies
perindividual. Significance was assessed using Kruskal-Wallis tests. Each
dotrepresentsoneindividual. e, Assessment of the frequency of individual
autoantibody reactivities in participants with LC and controlindividuals.
Significance was assessed using Fisher’s exact tests. The y axis shows -log;,-
transformed unadjusted Pvalues; the Bonferroni-adjusted significance
thresholdisindicated by ablack dashed line. The x axis shows the difference in
the proportion of autoantibody-positive individualsin each group. Each dot
represents one autoantibody reactivity. CNS, central nervous system; pit.,
pituitary.

negatively (serum cortisol, PD-1'CD4" T central memory cells, cDC1
cells) (Fig. 5d). Preliminary external validation in the EXT-LC cohort
of selected LASSO-model features revealed similar decreases in cor-
tisol, but galectin-1and EBV gp42 predicted LC status specifically in
the MY-LC cohort (Extended Data Fig. 9¢,b), potentially caused by
clinical phenotype differences between the MY-LC and EXT-LC cohorts
(Extended Data Fig. 9e).

Serum cortisol was the most significant predictor of LC statusinthe
model, and cortisol alone achieved an AUC of 0.96 (95% CI = 0.93-0.99)
(Extended Data Fig. 9f (top)). Notably, serum cortisol in the MY-LC
cohort was similar in the HC and CC control groups, and lower in par-
ticipants with LC (Extended Data Fig. 9f (bottom)). When used alone,
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Fig.4 |Participants withLC demonstrate elevated levels of antibody
responses to herpesviruses.a, The REAP score distributions for SARS-CoV-2
S1RBD between participantsinthe LC (n=69)and CC (n =10) groups with two
doses of mMRNA vaccine. Statistical significance was assessed using Wilcoxon
rank-sum tests adjusted for multiple comparisons using the Benjamini-
Hochberg method. b, The REAP score distributions for a given viral antigen
between participantsinthe LC (n=98) and pooled control (HC and CC,n=38)
groups. Statistical significance was assessed using Wilcoxon rank-sum tests
adjusted for multiple comparisons using the Benjamini-Hochberg method.
Only antigens with >2 individuals with LC and >2 control individuals with REAP
score >1wereincluded. ¢, Seropositivity as assessed by SERA for EBV among
participants with LC (n=99) and control participants (n = 78). Significance was
assessed using Fisher’s exact tests adjusted for multiple comparisons using the
Benjamini-Hochberg method. d,e, REAP scores among EBV-seropositive
individuals only for EBV p23 (d) and gp42 (e) by group.n=25(HC),n=13 (CC),
n=98(LC).f,SERA-derived zscores for the gp42 motif PVXF[ND]K among EBV-
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z-score threshold for epitope positivity defined by SERA. n=39 (HC), n=38 (CC)
andn =80 (LC).g, Three-dimensional mapping of the LC-enriched linear

each of the other selected model features predicted status reason-
ably well (Extended Data Fig. 9g,h). Finally, classification accuracies
of LCPS models, determined using the maximum Youden’s/index,
largely agreed with machine learning ones (Cohen’s k = 0.52; 95%
Cl=0.33-0.72), suggesting that both participant-reported outcomes
and immunological features efficiently predict LC status (Extended
Data Table 7).

Discussion

Studies of individuals with LC reported diverse changesinimmune and
inflammatory factors®*?¥. In this study, exploratory analyses identi-
fied significantimmunological differences between individuals with
LC and demographically matched control populations more than
ayear after their acute infections. Circulating immune cell popula-
tions were significantly changed. Populations of non-conventional
monocytes, double-negative B cellsand IL-4/IL-6-secreting CD4" T cells
increased, and those of conventional DC1and central memory CD4*
T cells decreased. Moreover, individuals with LC had higher levels of

Z-score

peptide sequence PVXF[ND]K (magenta) onto EBV gp42 (purple) inacomplex
withgH (lightgrey) and gL (dark grey) (PDB: 5T1D). h, Therelationship between
the EBV gp42 PVXF[NDI]K zscore and the percentage of IL-4/1L-6 double-positive
CD4" Tcells (of total CD4" T cells) for participants. Only EBV-seropositive
individuals were included. Correlation was assessed using Spearman’s
correlation. Theblackline shows linear regression, and the shading shows the
95%Cls.n=39 (HC),n=38(CC)andn=80 (LC).i, Therelationship between EBV
P23 REAPscore and the percentage of CD4" Ty, cells (of total CD3* T cells).
Only EBV-seropositive individuals wereincluded. Correlation was assessed
using Spearman’s correlation. The black line depicts linear regression, and the
shading shows the 95% Cls. Colours depict LCPS clusters asin Fig. 3. For the

box plots, the central linesindicate the group median values, the top and
bottomlinesindicate the 75th and 25th percentiles, respectively, the whiskers
represent1.5x the interquartile range. Each dot represents one individual.
Statistical significance of the difference in median values was determined
using Kruskal-Wallis tests. Post hoc tests were performed using Dunn’s test
with Bonferroni-Holm’s method to adjust for multiple comparisons. TM,
transmembrane.

antibodies to SARS-CoV-2, EBV and VZV antigens. By contrast, the levels
of individual autoantibodies to human exoproteome did not signifi-
cantly differ. Marked differences in the levels of circulating cytokines
and hormones, particularly cortisol, were noted in participants with LC
fromboth the MY-LC and EXT-LC cohorts. Unbiased machine learning
revealed several core predictive features of LC status within the MY-LC
study, identifying potential targets for additional validation and future
biomarker development.

Multiple hypotheses have been proposed for LC pathogenesis,
including persistent virus or viral remnants’, autoimmunity, dysbiosis,
latent viral reactivation and unrepaired tissue damage. The datain this
study suggest that persistent SARS-CoV-2 viral antigens, reactivation of
latent herpesviruses and chronicinflammation may all contribute to LC.
Overall, our dataare less consistent with an autoantibody-dominated
disease process in LC. Whether autoreactive T cells have arole in LC
pathogenesis was not addressed and requires future investigation.

Immune phenotyping of PBMC populationsrevealed that participants
with LChad notably higher levels of circulating non-conventional mono-
cytes associated with various chronic inflammatory and autoimmune
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Fig.5|Biochemical factors differentiate participants with LCfrom the
matched controls. All datashown represent amatched subset of participants
(n=40(HC),n=39(CC)and n=79 (LC)) selected using the Gale-Shapley
procedure ondemographic factors (Extended DataFig. 9a).a, PCA projection
of participant data comprising cytokine, flow cytometry and various
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autoantibodies (aAb)). Marginal histograms display data density along each
principal component dimension. b, Receiver operating characteristic curve
analysis from unsupervised k-NN classification. AUC and 95% Clintervals
(DeLong’s method) are reported. ¢, McFadden’s pseudo-R? values are reported

conditions®. These participants also had significantly lower levels of
circulating cDC1 populations, which are responsible for antigen pres-
entationand cytotoxic T cell priming*®. Moreover, the number of CD4"
T central memory cells was significantly reduced and the absolute
number of exhausted CD4" T cells was increased. Cerebrospinal fluid
fromindividuals with LC also has elevated levels of TIGIT'CD8" T cells,
consistent with possibleimmune exhaustion*. After stimulation, T cells
from individuals with LC produced significantly more intracellular
IL-2 (CD4"and CD8" T cells), IL-4 (CD4" T cells) and IL-6 (CD8' T cells).
Notably, subsets of participants with LC also had polyfunctional IL-4/
IL-6-co-expressing CD4" T cells, which correlated with reactivity against
EBV lytic antigens, but not against SARS-CoV-2 antigens. Together, these
findings may be consistent with T-helper-2-cell-skewed CD4" T cell
activationinresponse to EBV among participants with LC, as suggested
for myalgic encephalomyelitis/chronic fatigue syndrome*2. The levels
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asabarplotforeachdatasegment. Anintegrated, parsimonious McFadden’s
pseudo-R*isreported for the final classification model (all). d, LASSO
regression identifies aminimal set ofimmunological features differentiating
participants with LC from others. Unlabelled dots are significant predictive
features thatwerenotincludedinthe final LASSO regression model. Dots are
colouredaccordingtoindividual data segments: orange, flow; blue, plasma
cytokines; pink, viral epitopes; green, anti-SARS-CoV-2; yellow, autoantibodies.
Flow, flow cytometry; FPR, false-positive rate; Ty, T central memory cells; TPR,
true-positiverate.

of IgG against SARS-CoV-2 spike and S1in participants with LC were
also higher compared with those in vaccination-matched controls,
consistent with persistent viral antigens**,

Participants with LC from two sites had significantly decreased
systemic cortisol levels; this remained significant after accounting
for variations in demographics and sample-collection times. Nota-
bly, the decreased cortisol did not associate with a compensatory
increase in ACTH levels, suggesting that the hypothalamic-pituitary
axis response to regulate cortisol may be inappropriately blunted.
Importantly, ACTH has an extremely short half-life in the plasma, which
may impair accurately detecting changes. Dedicated studies must
confirm these preliminary findings. Notably, an earlier study of 61
individuals who survived SARS-CoV infection showed similar evidence
of hypocortisolaemia and blunted ACTH responses 3 months after
acutedisease*®. Furthermore, decreased cortisol levels during the early



phases of COVID-19 were associated with development of respiratory LC
symptoms®. As cortisolis central for a variety of homeostatic and stress
responses*s, the current finding of persistently lower cortisol levelsin
those with LC more than a year after acute infection warrants further
investigations.

We also showed that individuals with LC have elevated antibody
responses against non-SARS-CoV-2 viral antigens, particularly EBV
antigens. EBV viraemia occurs during acute COVID-19 in hospitalized
patients and predicts development of persistent symptoms in the
post-acute period*. Other studies implicated recent EBV reactiva-
tion with LC development*~°. The observation here of elevated IgG
against EBV lytic antigens suggests that recent reactivation of latent
herpesviruses (EBV and VZV) may be acommon feature of LC.

Finally, machine learning models designed to accurately classify LC
and control populations (after matching individuals to account for
potentially confounding features, such as sex, age, days from symp-
tom onset and vaccination status) identified multiple features that
significantly predict LC status. Classifications using only immunologi-
cal dataagreed with classifications using survey scores, showing that
theimmunological analyses and patient-reported outcomes used here
were concordant in diagnosing LC.

This study has several limitations. Primary among these is that few
participants wereidentified by convenience sampling and that recruit-
ment strategies for cases differed from those for controls. Although
broadly covering diverse biological features, this study used far fewer
independent observations than traditional machine learning studies
use (several thousands) to robustly train and optimize classification
models. This study was also restricted to analysing peripheral (circu-
lating) immune factors from participants. As LC often presents with
organ-system-specific dysfunctions, greater analyses of localimmune
features would crucially extend these findings. Furthermore, analysis
of autoantibodies wasrestricted to the exoproteome. Whether autoan-
tibodies to intracellular antigens or non-protein antigens participate
in LC pathogenesis was not tested.

In summary, significant biological differences were identified
between participants with LC and demographically and medically
matched CC and HC participants, validating extensive reports of per-
sistent symptoms by various individuals with LC and patient advocacy
groups. This study provides a basis for future investigations into the
immunological underpinnings driving the genesis of LC.
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Methods

Ethics statement

This study was approved by the Mount Sinai Program for the Protec-
tion of Human Subjects (IRB 20-01758) and Yale Institutional Review
Board (IRB2000029451 for MY-LC; IRB 2000028924 for enrolment
of pre-vaccinated Healthy Controls; HIC 2000026109 for EXT-LC).
Informed consent was obtained from all enrolled participants.

MY-LC study design, enrolment strategy and inclusion/
exclusion criteria

MY-LC was a cross-sectional, multi-site study comprising five different
groups with differing SARS-COV-2 exposure histories and varied LC
status. The participants who enrolled inthe LC group underwent com-
plete medical evaluations by physicians to rule out alternative medical
aetiologies for their persistent symptoms before study enrolment.

Participants with persistent symptoms following acute COVID-19
wererecruited from LC clinics within the Mount Sinai Healthcare System
and the Centre for Post COVID Care at Mount Sinai Hospital. Partici-
pantsenrolledin healthy and convalescent study arms were recruited
through IRB-approved advertisements delivered through email lists,
study flyers located in hospital public spaces, and on social media
platforms. Informed consent was provided by all of the participants
at the time of enrolment. All of the participants provided peripheral
blood samples and completed symptom surveys on the day of sample
collection (described below). Self-reported medical histories for all of
the MY-LC cohort participants were also collected at study visits and
further reviewed through examination of electronic medical records
by collaborating clinicians.

Inclusion criteria forindividuals in the LC group were age > 18 years;
previous confirmed or probable COVID-19 infection (according to
World Health Organization guidelines™); and persistent symptoms
>6 weeks after initial COVID-19 infection. Inclusion criteria for enrol-
ment of individuals in the HC group were age > 18 years, no previous
SARS-CoV-2infection,and completion of a brief, semi-structured verbal
screening with research staff confirming no active symptomatology.
Inclusion criteria for individuals in the CC group were age > 18 years;
previous confirmed or probable previous COVID-19 infection; and
completion of abrief, semi-structured verbal screening with research
staff confirming no active symptomatology.

Pre-specified exclusion criteriafor this study were inability to provide
informed consent; and any condition preventing a blood test from
being performed. Furthermore, all of the participants had their elec-
tronic health records reviewed by study clinicians after enrolment
and were subsequently excluded before the analyses for the following
reasons: (1) current pregnancy; (2) immunosuppression equivalent to
or exceeding prednisone 5 mg daily; (3) active malignancy or chemo-
therapy; and (4) any monogenic disorders. For specificimmunological
analyses, pre-existing medical conditions were also excluded before
analyses due to high potential for confounding (for example, partici-
pants with hypothyroidism were excluded before analysis of circulating
T3/T4 levels; and participants with pituitary adenomas were excluded
before analysis of cortisol levels). Specific exclusions are marked by a
triangle in the figures and detailed in the relevant legends.

The recruitment of individuals in the HCW group was described at
length previously®. Individuals in the EXT-LC cohort were identified
from The Winchester Centre for Lung Disease’s Post-COVID-19 Recov-
ery Program at Yale New Haven Hospital by collaborating clinicians.
All of the participants underwent medical evaluation for persistent
symptoms after COVID-19. Participants from this group were identi-
fied retrospectively for inclusionin the MY-LC study according to the
established MY-LC protocol: age > 18 years; previous confirmed or
probable COVID-19 infection (according to World Health Organization
guidelines®); and persistent symptoms >6 weeks after initial COVID-19
infection.

Participant surveys

A comprehensive suite of surveys was administered to MY-LC study
participants, combining validated patient-reported outcomes with
custom, purpose-developed tools by the MY-LC study team. Baseline
demographic datacollected from surveys included gender, age, BMI,
race and medical comorbidities. Furthermore, participants in the LC
and CCgroups were asked to provide COVID-19 clinical dataincluding
date of symptom onset and acute disease severity (non-hospitalized
versus hospitalized), any SARS-CoV-2 PCR diagnostic testing results and
any SARS-CoV-2antibody testing results. Finally, all of the participants
were asked to report SARS-CoV-2 vaccination status, including the date
of vaccinations and vaccine brand.

At the time of blood collection, all of the participants completed
patient-reported outcomes for fatigue (fatigue severity scale (FSS))>?,
fatigue visual analogue scale), post-exertional malaise (DePaul symp-
tom questionnaire post-exertional malaise short form (DSQ-PEM short
form))*, breathlessness (Medical Research Council (MRC) breathless-
ness scale®), cognitive function (Neuro-QOL v.2.0 cognitive function
short form®), health-related quality of life (EuroQol EQ-5D-5L%), anxi-
ety (GAD-7)%8, depression (PHQ-2)*, pain visual analogue scale, sleep
(single-item sleep quality scale®®), as well as pre- and post-COVID-19
employment status (author developed). Finally, the participantsin the
MY-LC study were asked to self-report any current persistent symptoms
from astudy-provided list.

Allsurvey datawere collected and securely stored using REDCap®-©*
(Research Electronic Data Capture) electronic data capture tools hosted
within the Mount Sinai Health System.

LCPS

Calculation of propensity scores for each participant was achieved
through construction of a multivariable logistic regression model
generated with LC versus others (HC + CC) as the outcome. The model
candidate variables included survey responses from the following
instruments described previously: FSS, fatigue visual analogue scale,
DSQ-PEMshort form, MRC breathlessness scale, Neuro-QOL v2.0 cogni-
tive function short form, EQ-5D-5L, GAD-7,PHQ-2, pain visual analogue
scale and single-item sleep quality scale. Model selection using Akaike’s
information criteriawas used to select the final, parsimonious model.
Odds ratios from the final model were normalized by dividing them by
their respective standard error (s.e.) and rounding off to the nearest
integer. These integer values were considered to be the score items
for these specific variables and acumulative prediction score for each
participantwas calculated by summation (equation (1)). As the score did
not significantly differ between HC and CCindividuals, the two control
groups were combined as a single group (others) for final analysis. A
ROC curve analysis was performed to identify the optimal cut-off for the
LCPS using the maximum value of Youden’sindex/for LC versus others.
Atenfold cross-validation was used for internal validation and to obtain
95% Cls for the AUC. Data were analysed using Stata v.16 (StataCorp).

LCPS=7x ) GAD+1x ) MRC+2x ) PHQ2+3 ) EQ5+28x ) FSS. (1)

Blood sample processing

Whole blood was collected in sodium-heparin-coated vacutainers
(BD 367874, BD Biosciences) from participants at Mount Sinai Hospital
inNew York City, New York. After blood draw, all of the participant sam-
ples were assigned unique MY-LC study identifiers and de-identified
by clinical staff. The samples were couriered directly to Yale University
in New Haven, CT, on the same day as the sample collection. Blood
samples were processed on the same day as collection. Plasma sam-
ples were collected after centrifugation of whole blood at 600g for
10 min at room temperature without braking. Plasma was then trans-
ferred to 15 ml polypropylene conical tubes, aliquoted and stored at
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-80 °C. The PBMC layer was isolated according to the manufacturer’s
instructions using SepMate tubes (StemCell). Cells were washed twice
with phosphate-buffered saline (PBS) before counting. Pelleted cells
were briefly treated with ACK lysis buffer (Thermo Fisher Scientific)
for 2 min and then counted. Viability was estimated using standard
Trypanblue staining and a Countess Ilautomated cell counter (Thermo
Fisher Scientific). PBMCs were stored at —80 °C for cryopreservation
or plated directly for flow cytometry studies. Plasma samples from the
EXT-LC group were obtained using BD Vacutainer CPT tubes (362753)
according to the manufacturer’sinstructions and stored in aliquots at
-80 °C before analysis.

Flow cytometry

Freshly isolated PBMCs were plated at 1-2 x 10° cells per well in a
96-well U-bottom plate. Cells were resuspended in Live/Dead Fixable
Aqua (Thermo Fisher Scientific) for 20 min at 4 °C. Cells were washed
with PBS and followed by Human TruStain FcX (BioLegend) incuba-
tion for 10 min at room temperature. Cocktails of staining antibodies
were added directly to this mixture for 30 min at room temperature.
Before analysis, cells were washed and resuspendedin 100 pl 4% PFA for
30 minat4 °C. Forintracellular cytokine staining after stimulation, the
surface-marker-stained cells were resuspendedin 200 pl cRPMI (RPMI-
1640 supplemented with10% FBS, 2 mM L-glutamine, 100 U mI™ penicil-
lin,and 100 mg ml™ streptomycin, 1 mM sodium pyruvate) and stored at
4 °Covernight.Subsequently, these cells were washed and stimulated
with 1x cell stimulation cocktail (eBioscience) in 200 pl cRPMIfor1hat
37 °C. Atotal of 50 pl of 5x stimulation cocktail in cRPMI (plus protein
transport 442 inhibitor, eBioscience) was added for an additional 4 h
ofincubation at 37 °C. After stimulation, cells were washed and resus-
pendedin100 pl4% paraformaldehyde for 30 min at 4 °C. To quantify
intracellular cytokines, cells were permeabilized with 1x permeabiliza-
tion buffer from the FOXP3/Transcription Factor Staining Buffer Set
(eBioscience) for10 minat4 °C. All of the subsequent staining cocktails
were made in this buffer. Permeabilized cells were then washed and
resuspended inacocktail containing Human TruStain FcX (BioLegend)
for 10 min at 4 °C. Finally, intracellular staining cocktails were added
directly to eachsample for1hat4 °C. After thisincubation, cells were
washed and prepared for analysis on the Attune NXT (Thermo Fisher
Scientific) system. Data were analysed using FlowJo v.10.8 (BD). Anti-
body information is provided in Supplementary Table 1.

A PERMANOVA test was used to assess the relationship between all
circulatingimmune cell populations presented in Extended Data Fig. 2
and participant age, sex, LC status and BMI. The PERMANOVA test was
run using the vegan package in R®,

SARS-CoV-2 antibody testing using ELISA

ELISAs were performed as previously described®. In brief, Triton X-100
and RNase A were added to plasma samples at final concentrations of
0.5%and 0.5 mg ml™, respectively, and incubated at room temperature
for 30 min before use to reduce the risk from any potential virus in
the plasma. MaxiSorp plates (96 wells; 442404, Thermo Fisher Scien-
tific) were coated with 50 pl per well of recombinant SARS-CoV-2 Total
S (SPN-C52H9 100 pg, ACROBiosystems), RBD (SPD-C52H3 100 pg,
ACROBiosystems) and the nucleocapsid protein (NUN-C5227100 pg,
ACROBiosystems) at a concentration of 2 pg ml™ in PBS and were
incubated overnight at 4 °C. The coating was removed, and the plates
were incubated for 1 h at room temperature with 200 pl of blocking
solution (PBS with 0.1% Tween-20 and 3% milk powder). Plasma was
diluted serially at 1:100, 1:200, 1:400 and 1:800 in dilution solution
(PBS with 0.1% Tween-20 and 1% milk powder), and 100 pl of diluted
serum was added for 2 h at room temperature. Human anti-spike
(SARS-CoV-2 human anti-spike (AM006415, 91351, Active Motif)
and anti-nucleocapsid SARS-CoV-2 human anti-nucleocapsid (1A6,
MAS5-35941, Active Motif) were serially diluted to generate a standard
curve. The plates were washed three times with PBS-Tween (PBS with

0.1% Tween-20) and 50 pl of HRP anti-human IgG antibody (1:5,000;
A00166, GenScript) added to each well in dilution solution. After 1 h
of incubation at room temperature, the plates were washed six times
with PBS-Tween. The plates were developed with 100 pl of the TMB
Substrate Reagent Set (555214, BD Biosciences) and the reaction was
stopped after 5 min by the addition of 2 N sulfuric acid. Plates were
thenread at an excitation/emission wavelength of 450 nm and 570 nm,
respectively.

Multiplex proteomic analysis

Participant plasma was isolated and stored at —80 °C as described
above. Plasma was shipped to Eve Technologies on dry ice and ana-
lytes were measured using the following panels: Human Cytokine/
Chemokine 71-plex Discovery Assay (HD71), Steroid/Thyroid 6plex
Discovery Assay (STTHD), TGF-Beta 3-plex Discovery Assay (TGFf1-3),
Human Myokine Assay (HMYOMAG-10), Human Neuropeptide Assay
(HNPMAG-05), Human Pituitary Assay (HPTP1), Human Cytokine P3
Assay (HCYP3-07), Human Cytokine Panel 4 Assay (HCYP4-19), Human
Adipokine Panel 2 Assay (HADK2-03), Human Cardiovascular Disease
Panel Assay (HDCVD9), Human CVD2 Assay (HCVD2-8), Human Com-
plement Panel Assay (HDCMP1) and Human Adipokine Assay (HDADKS5).
Analysis of plasma proteomics was completed in two batches with
internal controlsineach shipment to assess for and correct any analyte
batch effects (described below).

To integrate analytes across batches, two samples from the same
representative individuals from each group (2from LC, 2 from CCand 2
from HC) were measured in each analysis batch. The median difference
betweenall paired samples between the first and second batch was used
as an additive corrective factor to integrate samples across batches.
After batch integration, each feature was z-scored using all measure-
ments across both batches. After z-scoring, features that were found
to have persistent batch effects, as defined by a Wilcoxon rank-sum
test P< 0.05 after correction, were not considered for downstream
analysis.

Real-time TagMan assay for the detection of EBV DNA

Nucleic acid extraction. Nucleic acid was extracted from 200 pl
freeze-thawed serum using the MagMAX Viral/Pathogen Nucleic Acid
Isolation Kit (Thermo Fisher Scientific, A42352), automated on the
KingFisher Flex (Thermo Fisher Scientific) system according to the
manufacturer’s protocol. The manufacturer’s protocol was addition-
ally modified to reduce salt carry-over by adding a third wash step with
500 pl 80% ethanol and eluting in 50 pl nuclease-free water.

Real-time TagMan PCR. PCR primers for the TagMan assay were
previously validated®*: EBV p143 forward (5-GGAACCTGGTCATCC
TTGC) and EBV pl43 reverse (5-ACGTGCATGGACCGGTTAAT) (Ther-
mo Fisher Scientific). A fluorogenic probe (5’-(FAM)-CGCAGGCACTC
GTACTGCTCGCT-(MGB)-3’) withaFAM reporter molecule attached to
the 5’ endand anMGB quencher linked at the 3’ end was acquired in par-
allel (Thermo Fisher Scientific). The PCR amplification was performed
ina 20 pl volume containing 10 pl 2x Luna Universal Probe One-Step
RT-qPCRKit (New England BioLabs), 300 pmol of each primer per pl,
200 pmol of the TagMan probe and 5 pl of isolated DNA. Amplifica-
tion and detection were performed on the CFX96 Touch instrument
(Bio-Rad). After al min hold step at 95 °C, the PCR cycling program
consisted of 42 two-step cycles of 15 sat 95 °Cand 30 sat 60 °C. Real-time
measurements were taken, and a threshold cycle (C,) value for each
sample was calculated if the fluorescence exceeded a threshold limit.
Eachsamplewas runin duplicate and was considered to be positive only
ifbothreplications were above the threshold limit. Each run contained
multiple H,O controls (no template), and a standard curve containing
serial dilutions of quantitative synthetic DNA (described below, ATCC,
VR-3247SD). Anadditional EBV plasma control was included as a positive
control for each assay plate (Thermo Fisher Scientific, 961231).



Estimating genome copy-number standards. For standardization of
quantitative PCR (qPCR) detection of EBV viral genomes from partici-
pant plasma, a commercially available standard containing 5.59 x 108
EBV genome copies per ml (ATCC, VR-3247SD) was used. Serial log
dilutions of this standard, ranging from 10° to 10° copies per ml, were
made to establish the sensitivity of the TagMan qPCR and included
on each assay plate. The standard curve was created in the usual way
by plotting the C, values against the standard of known concentra-
tion. x-yscatter diagrams were drawn, and the correlation coefficient
(r*) was determined. Linear regression analysis was performed using
GraphPad Prism.

Linear peptide profiling

SERA serum screening. A detailed description of the SERA assay has
been published previously®. For this study, plasmawas incubated with
afully random 12-mer bacterial display peptide library (1 x 10™° diversity,
tenfold oversampled) atal:25 dilutionina96-well, deep-well plate for-
mat. Antibody-bound bacterial clones were selected with 50 pul Protein
A/G Sera-Mag SpeedBeads (GE Life Sciences, 17152104010350) (IgG).
The selected bacterial pools were resuspended in growth medium and
incubated at 37 °C with shaking overnight at 300 rpm to propagate the
bacteria. Plasmid purification, PCR amplification of peptide-encoding
DNA and barcoding with well-specific indices was performed as
described. The samples were normalized to a final concentration of
4 nMforeach pooland runonthelllumina NextSeq 500 system. Every
96-well plate of samples processed for this study contained healthy
controlrun standards to assess and evaluate assay reproducibility and
possible batch effects.

For IgM isotype screening by SERA, the above IgG protocol was
adjusted as follows: (1) after serum incubation with the library,
Escherichia coli cells were centrifuged, the supernatant was removed
and the cells were resuspended in 500 pl 1x PBS containing a1:100
dilution of biotin-SP (long-spacer) conjugated donkey anti-human
IgM secondary antibodies (Jackson Immunoresearch, 709-066-073);
(2) the plate wasincubated for 1 hat 4 °C with orbital shaking (800 rpm),
the cells were again centrifuged, the supernatant was removed and
cells were resuspended in 700 pl of 1x PBS + 100 pL of Dynabeads
MyOne streptavidin-T1-coated magnetic beads (Thermo Fisher Sci-
entific, 65601); (3) the plate was incubated for 1 h at 4 °C with orbital
shaking (800 rpm), after which time the plate was magnetized and
the bead-antibody complex along with their bound peptide-bearing
cells were captured. All of the subsequent steps were identical for
IgG and IgM screening as described. IgM antibody repertoires were
evaluated for EBV antibodies in two ways; (4) samples were analysed
on an existing EBV IgM epitope panel that was developed and vali-
dated on clinically confirmed mononucleosis patients and EBV IgM
negative controls.

PIWAS analysis. The published PIWAS method® was used to identify
antigen and epitope signals against the UniProt reference SARS-CoV-2
proteome (UP000464024). For each sample, approximately 1-3 million
12-mers were obtained fromthe SERA assay and these were decomposed
into constituent5-and 6-mers. An enrichment score for each k-mer was
calculated by dividing the number of unique 12-mers containing the
k-mer divided by the number of expected k-mer reads for the sample,
based onaminoacid proportionsinthe sample. Azscore per k-mer was
then calculated by comparing the enrichment score with those froma
large pre-pandemic cohort (n=1,500) on a log,, scale. A PIWAS value
at each amino acid position along a protein sequence represents an
averaged score withina5-amino-acid frame using the tiling zscores of
5-mers and 6-mers spanning the sequence. 95th quantile bands were
calculated on the basis of each population separately.

Protein-wide identification of epitopes. Protein-wide identification
of epitopes methodology for epitope identification was performed

to locate regions on a protein sequence that had stronger outlier
signals in the case samples relative to control samples from a large
pre-pandemic cohort (n =1,500). The distribution of case sample values
relative to the control was analysed at each amino acid positionon the
SARS-CoV-2 spike protein sequence. Specifically, at each position, all
case and control sample values were normalized using median abso-
lute deviation based on the distribution of the control sample values.
An outlier threshold was defined as Q,s + 1.5 X (Q,5s — Q,5), where Q, is
the xth percentile of the control values at that specific position®®. An
outlier sum statistic was then calculated as the sum of signal values
above the outlier threshold in the case samples®. A null distribution
for the outlier sum value was calculated by permuting case/control
labels and recalculating 1,000 times. A P value was calculated based
onazscoreby comparing the observed outlier sum statistic to the null
distribution. A significant Pvalue threshold was set to 0.001 after FDR
adjustment by the Benjamini-Hochberg procedure and an outlier sum
threshold was set to the 99.5th percentile value of all positions with
FDR-adjusted P> 0.001. All sequence positions that exceeded both
thresholds were identified, and adjacent positions were merged into
regions representing epitopes on the protein.

IMUNE-based motif discovery. Peptide motifs representing epitopes
or mimotopes of SARS CoV-2-specific antibodies were discovered
using the IMUNE algorithm®, A total 0f 164 antibody repertoires from
98 hospitalized individuals from the Yale IMPACT study were used
for motif discovery. The majority of individuals was confirmed to be
SARS-CoV-2 positive by nucleic acid testing. IMUNE compared around
30diseaserepertoires with about 30 pre-pandemic controls and identi-
fied peptide patterns that were statistically enriched (P < 0.01) in >25%
of disease and absent from 100% of controls. Multiple assessments
were runwith different subsets of cases and controls. Peptide patterns
identified by IMUNE were clustered using a point accepted mutation
30 (PAM30) matrix and combined into motifs. The output of IMUNE
included hundreds of candidate IgG and IgM motifs. A motif was clas-
sified as positive in a given sample if the enrichment was >3 times the
s.d. above the mean of the training control set. The candidate motifs
were further refined based on at least 98% specificity. The final set of
motifs was validated for sensitivity and specificity on an additional
1,500 pre-pandemic controls and 406 unique confirmed COVID-19
cases from four separate cohorts.

Motif grouping by similarity. For SARS-CoV-2, motifs were grouped if
they shared at least 3 of 5 amino acid identities, resulting in 76 motifs
being assigned into 24 groups. The motif within an epitope group
with the greatest sensitivity and mean enrichment was included in
the SARS-CoV-2 Infection IgG panel results. In some cases, two motifs
were selected from the same group as their combination improved
sensitivity. The remaining motifs that did not fall into a group were
further down-selected based on a specificity of >99.5%, leaving 24
additional motifs.

REAP

REAP library expansion. The initial yeast library (Exo201) was gener-
ated as previously described'®**. In Exo201, only extracellular domains
>49 amino acidsinlengthwereincludedinthelibrary. To generate the
library used for this study, Exo201 was created with all extracellular
domains of multi-pass membrane proteins greater than15amino acids
and 225 extracellular viral antigens. DNA for new antigens was synthe-
sized as either a gene fragment (for antigens over 300 nucleotides)
or as an Oligo pool by TWIST Bioscience, containing a 5’ sequence
(CTGTTATTGCTAGCGTTTTAGCA) and 3’ sequence (GCGGCCGCTTCT
GGTGGC) for PCR amplification. The oligo pool was PCR-amplified
and transformed into yeast with barcode fragments, followed by
barcode-antigen pairingidentificationas previously described'?. This
new yeast library was then pooled with the initial library (Exo201) ata
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ratio of 1:1to generate the new version of the library (Exo205), which
contained 6,452 unique antigens.

REAP protocol. Participant IgG isolation and REAP selections were
performed as previously described®®. In brief, IgG was purified
from participant plasma using protein G magnetic beads followed
by adsorption to yeast transformed with the pDD003 empty vector
toremove yeast-reactive IgG. The Exo205 yeast library wasinducedin
SGO-Ura medium, and 10® induced yeast cells were washed with PBE
and added to wells of a sterile 96-well plate. Then, 10 pg of purified
participant IgG was added to the yeast library in duplicate in 100 pl
PBE and incubated for 1 h at 4 °C. Yeast cells were washed with PBE
and incubated with 1:100 biotin anti-human IgG Fc antibody (Bio-
Legend, QA19A42) for 30 min. Yeast cells were washed with PBE and
incubated with a 1:20 dilution of Streptavidin MicroBeads (Miltenyi
Biotec, 130-048-101) for 30 min. Yeast were resuspended in PBE and
IgG-bound yeast were isolated by positive magnetic selection using
the MultiMACS M96 Separator (Miltenyi Biotec) according to the
manufacturer’sinstructions. Selected yeast were resuspended in1 ml
SDO -Uraandincubated at 30 °C for 24 h and then plasmid DNA was
collected for NGS analysis. In brief, DNA was extracted from yeast
libraries using Zymoprep-96 Yeast Plasmid Miniprep kits or Zymoprep
Yeast Plasmid Miniprep Il kits (Zymo Research, D2007) according to
the standard manufacturer protocols. A first round of PCR was used
to amplify a DNA sequence containing the protein display barcode
ontheyeast plasmid. A second round of PCR was performed on1 pl of
step 1PCR product using Nexterai5andi7 dual-indexlibrary primers
(Illumina). PCR products were pooled, run on a 1% agarose gel and
DNA corresponding to the band at 257 bp was cut. DNA (NGS library)
was extracted using the QIAquick Gel Extraction Kit (Qiagen, 28704)
according to standard manufacturer protocols. The NGS library was
sequenced using the Illumina NextSeq 2000 system and an Next-
Seq 2000 P3100 cycles sequencing kit (Illumina, 20040559) with
75 bp single-end sequencing according to standard manufacturer
protocols. Approximately 500,000 reads (on average) per sample
were collected and the preselection library was sampled at ten times
greater read depth than the other samples. Samples with less than
50,000 reads were classified as a sequencing failure and removed
from further analysis.

REAP data analysis. REAP scores were calculated as previously
described'®®. In brief, barcode counts were extracted from raw NGS
data using custom codes and counts from technical replicates were
summed. Next, aggregate and clonal enrichment was calculated using
edgeR’ and custom computer scripts. Aggregate enrichment is the
log,-transformed fold change of all barcodes associated with a par-
ticular protein summed in the post-library relative to the pre-library,
with zeroes in the place of negative fold changes. log,-transformed
fold change values for clonal enrichment were calculated inanidenti-
calmanner, butbarcode counts across all unique barcodes associated
with a given protein were not summed. Clonal enrichment for a given
reactivity was defined as the fraction of clones out of total clones that
were enriched (log, fold change > 2). Aggregate (£,) and clonal enrich-
ment (£,) for agiven protein, ascaling factor (8,) based on the number of
unique yeast clones (yeast that have aunique DNA barcode) displaying
agiven protein, and ascaling factor (3, based onthe overall frequency
ofyeastinthelibrary displaying a given protein were used asinputs to
calculate the REAP score, whichis defined as follows:

REAP score = £, x (E)* x B, ;. @)

B.and Brarelogarithmicscaling factors that progressively penalize
the REAP score of proteins with low numbers of unique barcodes or
low frequencies in the library, and are described in detail in previous
publications'®®®

Antigens with an average REAP score of greater than 0.5 across all
of the samples were defined as non-specific and were excluded from
further analysis. Autoantibody reactivities were defined as antigens
witha REAP score of greater than or equal to 1.

REAP antigen ELISA validation. Ninety-six-well MaxiSorp plates
(Thermo Fisher Scientific, 442404) were coated with 200 ng per well
of recombinant EBV p23 protein (ProSpec, ebv-274) in PBS and incu-
bated overnight at 4 °C. The plates were dumped out and incubated
with 3% Omniblock non-fatdry milk (American Bioanalytical, AB10109-
00100) in PBS for 2 h at room temperature. The plates were washed
three times with 200 pl wash buffer (PBS 0.05% Tween-20). The samples
were diluted in1% Omniblock non-fat dry milkin PBS and added to the
platetoincubate2 hatroomtemperature. The plates were washed six
times with wash buffer. Goat anti-human IgG Fc HRP (Sigma-Aldrich,
AP112P) diluted 1:10,000 in 1% Omniblock non-fat dry milk in PBS was
addedtotheplatesandincubated 1 hatroomtemperature. The plates
were washed six times. The plates were developed with 100 pl of TMB
Substrate Reagent Set (BD Biosciences, 555214) and the reaction was
stopped after 5 minby the addition of 2 N sulfuricacid. The plates were
thenread at awavelength of 450 nm.

Machinelearning

Data preprocessing. All collected data for immune profiling were
collated. Features containing redundant information were manually
removed from the dataset (for example, nested flow cytometry popula-
tionsinclude only the extant population).

All features were linearly scaled to unit variance and zero-centred
using the R programming language base libraries’’2. The median abso-
lute deviation was calculated for each feature across all samples, with
missing values removed. Features with a median absolute deviation
equaltozeroorfeatures where datawere not availablein at least halfthe
samples were notincluded in downstream analysis. Before visualization
ofthe datausing PCA, features were also quantile-normalized using the
‘normalize.quantiles’ function of the preprocessCore package in R”.

Gale-Shapley matching of participants by demographics. To ensure
that immunological features of participants in the LC cohort would
be compared against the most similar set of controls in the CC and
HC cohorts, the Gale-Shapley matching procedure was used’. The
participants in the LC cohort were first matched against participants
inthe CC cohort. Unmatched participants in the LC cohort were sub-
sequently matched against participants in the HC cohort. Preference
lists required by the Gale-Shapley algorithm were determined using
an affinity function calculated as the cosine similarity of participants
in a unit-scaled and zero-centred demographics matrix containing
age, sex, vaccination status and days from the initial onset of acute
COVID-19. The matching was performed using the galeShapley.mar-
riageMarket function of the matchingR package in R”". To evaluate
matching efficacy, differences between groupsin age, sex, vaccination
status, acute COVID-19 hospitalization status and days frominitial onset
of acute COVID-19 were assessed using a x° test. For age, participants
were segmented into groups as either less than 32 years of age, between
33 and 51years of age, or greater than 52 years of age. For days from
symptomonset, the participants were segmented into groups as either
1-2 months from acute infection, 2-5 months from acute infection,
6-8 months from acute infection or 29 months from acute infection.
An a of 0.05 was used throughout.

Unsupervised analysis. PCA was performed on the set of normal-
ized features for all of the matched participants™. To assess how well
participants were grouped by all features, a k-NN classifier with k=10
was applied separating participants with LC from those without (either
convalescent participants or healthy controls). A k of 10 was chosen
by heuristic as approximately equal to the square root of the number



of samples included™. A range of values for k from 5 to 15 were tested
and found to give similar results. Area under the receiver operating
characteristic curve and 95% confidence intervals were calculated using
DelLong’s method; Pvalues were calculated using the Mann-Whitney
Ustatistic’"®,

Supervised analysis. Principal component regression was applied to
each ofapredefined set of data segments: autoantibodies, SARS-CoV-2
antibodies, non-SARS-CoV-2 viral antibodies, plasma proteomics and
flow cytometry readouts. The precise definitions of these data seg-
ments are provided as metadata. The first n principal components
based on explained variance (see below for selection method) were
selected fromthe normalized feature set and used tofit alogisticregres-
sionmodel (implemented as abinomial generalized linear regression
with alogit link) for classification of participants with LC as compared
to matched convalescent participants without long-term symptoms
and uninfected controls.

To determine the optimal value for n (the number of principal com-
ponents), values were scanned, and sevenfold cross validation was per-
formed on the dataset. The average mean squared error was calculated
foreach cross-validationiteration at a particular value of n. For the bino-
mial regression run using alogit link function, McFadden’s pseudo-R?
was calculated and averaged across each of the cross-validation folds.

Plots of explained variance and meansquared erroracross all scanned
values for n were generated and visually inspected to choose an opti-
mal value for n that maximized explained variance while minimizing
overfitting asidentified by increasing average mean squared error. This
procedure was performed on each of the segments, and an optimal n
was chosen for each of the following: autoantibodies (n = 5), SARS-CoV-2
antibodies (n =3), non-SARS-CoV-2 viral antibodies (n=32), plasma
proteomics (n =18) and flow cytometry (n = 21).

Amodelfitted onthefirstn principal components (or any linear trans-
formation) wasrelated to each of the original features as follows. Each
principal component may be considered as aweighted linear combina-
tion of the original features. The principal component loading vectors
were used to project the fitted betavalues from the logistic regression
model using the linearity of expectation, E(X+Y) = E(X) + E(Y), such
that the estimated parameter for each variable was the weighted sum
of the parameter estimates for the principal components to which
it contributed. The variance of fit for each of the original features
was similarly projected from the fitted principal components as the
variance of a sum of random variables Var(X + Y) = Var(X) + Var(Y) +
2Cov(X, Y). Pvalues were calculated for each variable in the original
feature space using z scores.

After per-segment model constructionand evaluation, features with
aBonferroni-corrected Pvalue of less than 0.05 were selected for inclu-
sioninafinal principal component regression. These selected features
were considered as a separate integrated data segment and were pro-
cessed inthe same way as eachindividual datasegment withaselected
(n=6)number of included principal components. ALASSO regression
was used to select a subset of the features with P values less than 0.05
as aminimal model, and McFadden’s pseudo-R*was calculated.

Animplementation hasbeen made publicly accessible as anRlibrary
at GitHub (https://github.com/rahuldhodapkar/puddlr).

Symptom bi-clustering. Participants with LC were clustered on the
basis of binary self-reporting of LC symptoms. Hamming distance was
used with complete linkage clustering as an agglomeration method.
Visualization of the bi-clustering was performed using the Complex-
Heatmap package in R”. Cluster stability was assessed by bootstrapped
resampling with 100 iterations using the fpc package in R%.

General statistical analysis
Study sample sizes were not predetermined through formal power anal-
ysis. Study investigators were not blinded to participant status. Specific

statistical methodology can be found in relevant figure legends and
manuscript text. Generally, comparison of immunophenotypic fea-
tures including systemic cytokine levels and antibody concentra-
tionsbetween study cohorts was performed using estimates of group
medians, primarily with nonparametric Kruskal-Wallis tests. All
statistical tests were two sided.

The difference in median between the days from the symptom
onset of acute COVID-19 in the LC and CC groups was assessed using
atwo-tailed Brown-Mood median test with an a of 0.05. The test was
performed using the coin package in R®.. Flow cytometry populations
were assessed using estimates of group means with permutational
testing using PERMANOVA to control for within-group heterogeneity
(described above).

In casesin which Kruskal-Wallis testing indicated significant differ-
ences, post hoc testing using Dunn’s test was performed. Correction
for multiple comparisons was performed using the Bonferroni or
Bonferroni-Holm method as indicated. All statistical tests were
performed using R, PRISM and MATLAB.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All of the raw .fcs files for the flow cytometry analysis are available
at the FlowRepository platform (http://flowrepository.org/) under
repository ID FR-FCM-Z6KL. Protein structures were visualized using
the PDB repository under the following accession numbers: trimeric
spike (PDB: 6VXX) and EBV gH/gL (PDB: 5T1D). Raw data are included
in Supplementary Tables 3, 4.

Code availability

Computer codes are available asindicated (https://github.com/rahuld-
hodapkar/puddlr) or are otherwise available on request.
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Extended DataFig.1|Additional demographic and clinical analysis of
Long COVID cohort. (A) Box plots of Min-Max normalized survey responses
(n=40HC,38CC,91LC).Only participants who completed all surveys were
included. Individual survey instruments are arranged in columns with
corresponding health dimensions below. Surveysinred were aggregated to
generate Long COVID Propensity Scores (LCPS). Significance was assessed
using Kruskal-Wallis tests corrected for multiple comparisons using Bonferroni’s
method. (B) Receiver-Operator Curve (ROC) analysis of LCPS scores. Areaunder
the curve (AUC) isreported with Bootstrap Bias-corrected 95% confidence
intervals (CI) of AUC. (C) Ring plots of prevalence of Postural Orthostatic
TachycardiaSyndrome (POTS) among Long COVID cohort (n=99). “No diagnosis”
isrepresented by grey regions, “positive diagnosis” isrepresented by shaded
purpleregions. Purple regions are further stratified by diagnostic modality:
clinical = diagnosed through clinical evaluation (light purple); Tilt-table =
diagnosed by Tilt-table (middle purple); Stand/ Lean=diagnosed by Stand/ LEAN

test (dark purple). (D) Ring plots of prevalence of self-reported negative
impacts on employments status among individuals with Long COVID (n=99).
Negative responses are represented by grey region, positive responses are
indicated by purpleregion. (E) Heatmap of self-reported binary symptoms
clustered by Hamming distances (rows and columns) and coloured according
to physiological system as previous. Columns are annotated by LCPS scores
withbootstrapped cluster reproducibility scores reportedin parentheses
(bootstrappedJaccardssimilarity) (F) Boxplots of Long Covid Propensity Score
(LCPS) plotted by group (HC =healthy control; CC = convalescent control;
LC=Long COVID) and cluster. Central linesrepresent group medians, bottom
andtoplines represent 25" and 75" percentiles, respectively. Whiskers represent
1.5xinter-quartile range (IQR). Significance for difference in median LCPS was
assessed using Kruskal-Wallis with correction for multiple comparisons using
Bonferroni-Holm.
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Extended DataFig.2|Immunological differencesin myeloid and
lymphocyte effectors among participants with Long COVID. (A-B) Violin
plots of myeloid peripheral blood mononuclear populations (PBMCs) plotted
by group as percentages of respective parent populations (gating schemes
detailedin Extended DataFig.10). (B, right) Coefficients from linear model are
shown.Model predictors areindicated on x-axis. Significant predictors
(p<0.05)areplottedin purple. Detailed model results are reported in Extended
Data Table 4. (C) Violin plots of Blymphocyte subsets from PBMCs plotted as
percentages of respective parent populations (gating schemes detailed in

PERMANOVA Variables

Extended DataFig.10). (D,E) Violin plots of various CD4" (top row) and CD8"
(bottom row) populations. (F) Violin plots of IL-4 and IL-6 double-positive CD4"
(left) and CD8"* (right) T cells plotted as percentages of total CD4" or CD8"*
Tcells. (G) APERMANOVA test of the association between all cell populations
shownand participant age, sex, LC status, and body mass index (BMI). For all
violin plots (A-F), significance was assessed using Kruskal-Wallis corrected for
multiple comparisons using Bonferroni-Holm. Each dot represents asingle
patient(n=40HC, 33 CC,99LC). Central barsindicate the median value of each
group. Onlysignificant differences between group medians are shown.
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Extended DataFig. 3 | Circulating myeloid, B cell, and cytokine producing
immune cell populations among MY-LC participants. (A-1) Violin plots of
various myeloid, B, and T cell PBMC populations stratified by healthy (HC),
convalescent (CC), and Long COVID (LC) groups. Significance for differencesin
group medians was assessed using Kruskal-Wallis tests with correction for

Age Sex LC BMI

Age Sex LC BMI

Age Sex LC BMI

multiple comparisons using Bonferroni-Holm. Each dot represents asingle
patient (n=40HC, 33 CC, 99LC) (J-K) Coefficients from linear models for

various PBMC populations. Barsin purpleindicate significant predictors of
specific PBMC populations (p < 0.05).
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Extended DataFig.4 | Absolute Counts of in myeloid and lymphocyte

effectorsamong participants with Long COVID. (A-B) Violin plots of myeloid

peripheral blood mononuclear populations (PBMCs) plotted by group (HC,
healthy control; CC, convalescent control; LC, Long COVID) as absolute cell
counts (gating schemes detailed in Extended Data Fig.10a). Significance for
differencesingroup medians was assessed using Kruskal-Wallis tests with
correction for multiple comparisons using Bonferroni-Holm. (C) Violin plots
of Blymphocyte subsets from peripheral blood mononuclear populations

(PBMCs) plotted as absolute cell counts (gating schemes detailed in Extended

DataFig.10d). Significance was assessed using Kruskal-Wallis with correction
for multiple comparison using Bonferroni-Holm. (D, E) Violin plots of various
CD4 (top row) and CD8 (bottom row) populations. Significance was assessed
using Kruskal-Wallis with correction for multiple comparison using Bonferroni-
Holm. (F) Violin plots of IL-4 and IL-6 double positive CD4" (left) and CD8*
(right) T cells plotted as absolute cell counts. Significance was assessed using
Kruskal-Wallis with correction for multiple comparison using Bonferroni-Holm.
Forall plots (A-F), central barin the violin plotindicated the median value of
eachgroup.Eachdot represents asingle patient (n=37HC,28 CC, 94 LC).
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Extended DataFig. 5|See next page for caption.



Extended DataFig. 5| Humoral Analysis of SARS-CoV-2 specific antibodies.
(A) Dot plots of IgG concentrations from historical, unvaccinated SARS-CoV-2
exposed controls (HCW+) and unvaccinated Long COVID participants. Central
linesindicate median group values with bars representing 95% Cl estimates.
Vaccination status for each cohortisindicated by the form “x0” where the digit
indicates the number of SARS-CoV-2 vaccine doses. Significance for differences
ingroup medians were assessed using the Mann-Whitney test. Each dot
represents asingle patient (n =19 HCW, 19 LC). (B) Coefficients from linear
models arereported for anti-RBD antibody responses. Model predictors are
reported along the x-axisand included age, sex (categorical), Long COVID status
(categorical), body mass index (BMI), and number of vaccinations at blood
draw. Significant predictors (p < 0.05) are plotted in purple. Detailed model
resultsarereportedin Extended Data Table 5. (C) Boxplots of antibody binding
to various SARS-CoV-2linear peptide sequences plotted by group (HC = healthy
control; CC=convalescent control; LC=Long COVID) amongst participants
who havereceived1ormore vaccine doses. Each dot represents oneindividual.
Central bars represent groups medians, with bottom and top bars representing

25" and 75" percentiles, respectively. Dashed line represents z-score threshold
forepitope positivity defined by SERA. Statistical significance determined by
Kruskal-Wallis with correction for multiple comparisons using Bonferroni-
Holm.Eachdotrepresents anindividual patient: LC (purple, n=80),HC
(orange,n=39) and CC (yellow, n=38). (D) Proportion of each group amongst
participants who havereceived 1or more vaccine doses (LC:n =80, control:
n=77)thatisseropositive (z-score > 3) for each of 7 linear Spike motifs mapping
to outlier peaks. Motifs with significantly different seropositivity between
groups are highlightedinred, asdetermined by Fisher’s exact test corrected for
multiple comparisons by FDR (Benjamini-Hochberg). (E) Coefficients from
linear models are reported for anti-RBD antibody responses. Model predictors
arereported along the x-axis and included age, sex (categorical), Long COVID
status (categorical), body mass index (BMI), and number of vaccinations at
blood draw. Significant predictors (p < 0.05) are plotted in purple. Detailed
modelresultsarereportedin Extended Data Table 5. Abbreviation: HCW+,
previously SARS-CoV-2 infected healthcare worker.
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Extended DataFig. 6 | Significantly different soluble plasma factors across
MY-LCcohorts. (A-H) Violin plots of various z-score transformed circulating
plasmafactorsacross healthy (HC), convalescent (CC), and Long COVID (LC)
cohorts. Significance of difference in group medians was assessed using
Kruskal-Wallis corrected for multiple comparisons using Bonferroni’s method.
P-values from multiple Kruskal-Wallis testing were adjusted using the
Benjamini-Hochberg procedure. (I) Negative Log,, transformed p-values
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==
|

REAP score
10

8

onN MO



Article

Extended DataFig.7| Analysis of private autoantibodies within the MY-LC
cohort. (A-B) Correlation plots depicting relationships between number of
autoantibody reactivities and %DN of B cells (A) or days from symptom onset
(DFSO) and number of autoantibody reactivities (B). For all panels, correlation
was assessed using Spearman’s method. Black line depicts linear regression
with 95% Clshaded. Colours depict Long COVID cluster (cluster 3, blue; cluster 2,
green; cluster1, red). Each dot represents one individual. (C) Grouped box plot
depictingreactivity magnitude perindividual in the listed GO Process domain.
Reactivity magnitudeis calculated asthe sum of REAP scores for all reactivities

perindividualinagiven GO Process domain. Statistical significance assessed
by Kruskal-Wallis and adjusted for multiple comparisons using FDR (Benjamini-
Hochberg) correction. Boxplot coloured box depicts 25th to 75th percentile
ofthe data, with the middle line representing the median, the whiskers
representing1.5x the interquartile range, and outliers depicted as points.

(D) Heatmap depicting autoantibody reactivity for GPCRsincluded in the REAP
library. Each columnis one participant, grouped by control or LCPS cluster.
HC=healthy control, CC=convalescent control, LC =Long COVID. Abbreviations:
GPCR = G-protein coupled receptor.
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Extended DataFig.8|Non-SARS-CoV-2 humoral responsesamong
participants withLong COVID. (A) Heatmap depicting REAP reactivities
toviralantigens across the MY-LC cohort. Each columnis one participant,
grouped by control or LCPS cluster. Column clustering within groups
performed by K-means clustering. Each row is one viral protein. Reactivities
depicted have atleast one participant withaREAP score >=2. (B) REAP scores
for VZV gE by group (HC = healthy control; CC=convalescent control; LC=Long
COVID). Statistical significance determined by Kruskal Wallis with correction
for multiple comparison using Bonferroni-Holm. Each dot represents one
individual (n=25HC,n=13 CC,n=98LC). Bottomand top lines depict 25" to
75" percentile of the data, with the middle line representing the median.
Whiskersrepresent1.5x the inter-quartile range (IQR). (C) Proportion of each
group (LC:n=99, control: n=78) seropositive for each of 30 common pathogen
panelsas determined by SERA, grouped by pathogen-type (LC =Long COVID).
Statistical significance determined by Fisher’s exact test corrected with FDR
(Benjamini Hochberg). (D) Sum of SERA-derived z-scores for IgM reactivity to
EBV antigens plotted by group. Statistical significance determined by Kruskal-
Wallis with correction for multiple comparison using Bonferroni-Holm. Each
dotrepresents oneindividual (n=22Mono-control,n=40HC,n=38CC,
n=98LC).Boxplot coloured box depicts 25" to 75" percentile of the data, with
themiddleline representing the median. Whiskersrepresent1.5x theinter-
quartile range (IQR). (E) Standard curve for Tagman PCR of EBV BNRF1. Serial
dilutions of EBV standard ranging from1to 10° copies per 200 pL input material

were made. C,values are plotted against standard copy number, demonstrating
ability to detect1genome copy. (F) Copies of EBV genome detected in
participant serum by Tagman PCR for EBV BNRFI plotted by group. Allsamples
were below the limit of detection. (G) Correlation plot depicting the relationship
between EBV p23 REAP score and EBV p23 ELISA O.D. 450 nm. Correlation
assessed by Spearman. Black line depicts linear regression with 95% Cl shaded.
Coloursdepictgroup (purple, LC; yellow, CC; orange, HC). Each dot represents
oneindividual. (H,I) REAP scores for HSV1gD1 (H) and HSV1gL (I) amongst
HSV1seropositive individuals only, separated by group (HC = healthy control;
CC=convalescent control; LC=Long COVID). Statistical significance determined
by Kruskal Wallis with correction for multiple comparison using Bonferroni-
Holm.Each dotrepresents one individual. Boxplot coloured box depicts 25"

to 75" percentile of the data, with the middle line representing the median.
Whiskersrepresent 1.5x the inter-quartile range (IQR). Each dot represents one
individual. (J,K) Correlation plot depicting the relationship between Long
COVID Propensity Score (LCPS) and EBV gp42 PVXF[NDI]K (J) or EBV p23 REAP
score (K). Correlation assessed by Spearman. Each dot represents one
individual. Coloursdepict Long COVID cluster (cluster1, blue; cluster 2, green;
cluster 3, red). Blackline depicts the linear regression, with the 95% Cl shaded.
(L-0) Linearregressions of various SARS-CoV-2 antigens and IL-4/IL-6 double
positive CD4 T cells. Spearman’s correlation were calculated for each pair of
variables, with corresponding p-values reported. Black lines depict linear
regressions with the shaded arearepresenting the 95% CI.
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Extended DataFig. 9| Gale-Shapley matching of Long COVID group and

controlsharmonizes samples by disease and demographics characteristics.

(A) Featuresusedinthe preferencelist construction for Gale-Shapley matching
areshown. Individual paired samples are shown for participant age and days
frominitial acute COVID-19 infection (dfso). Paired plots for sex and vaccination
statusare shown. (B) Additionally, differences between populationsinthe
severity of initialacute COVID-19 infection are shown. No differences between
groups are significant by a Chi-square test. (C,D) Box plots of selected features
assessedinthe Ext. LC group. Centrelines represent median values with error

barsrepresenting1.5standard deviation. (E) Distribution of respiratory
symptoms (“dyspnea” or “shortness of breath”) between individuals with Long
COVIDinthe MY-LCstudy and the Ext. LC group. Significance was assessed
using Fisher’s exact test. (F-H) ROC curve analysis using cortisol, cDC1, and
galectin-1levels as anindividual classifier of Long COVID status. AUC and 95%
Clintervals (DeLong’s Method) for each feature are displayed (top). Kernel-
density smoothed histograms for HC, CCand LC cohorts for selected model
predictors. Vertical lines depict threshold values for each feature with maximal
discriminatory accuracy (bottom).
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Extended DataFig.10 | Flow Cytometry gating schematics. (A-D). Various gating strategies for granulocyte and myeloid populations (A), Tlymphocytes (B),
intracellular cytokine staining (C), and Blymphocytes (D).
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Extended Data Table 1| Clinical Demographics of MY-LC Cohort

Long COVID Healthy Site Controls C COVID-19 Controls p-value (test statistics) post-hoc (1-2, 1-3, 2-3) Total

Enrolled Participants (n) 101 22 22 Long COVID vs Not Long COVID - 185
Excluded Participants (n)| 2(1.98%) 2(4.76%) 3(7.14%) p=0.41 (OR:0.4040 (0.07569-1.779)) 5 -

Cohort Size (n) 99.00 40.00 39.00 - - 178

age (years) 45.77+13.18 (n=99) 36.73£10.17 (n=40) 38.23£11.67 (n=39) p<0.0001"" 0.0006,0.0040, >0.9999 42.08+12.87 (1=178)
sex(M|F)| 3267 (32.32% | 67.68%) (n=99) 12 | 28 (30% | 70%) (n =40) 13 | 26 (33.33% | 66.67%) (n =39) p=0.9465 (1101,2) " - 57 |121(32.02% | 67.98%) (n =178)
BMmI 26.04£7.02 (n=99) 24.86£6.78 (n =39) 24.563.41 (n=38) p=032"" B 25.46£6.36 (1=176)
Race|
Asian 5(5.05%) 4 (10%) 3(7.69%) = 12(6.74%)
Black 7(7.07%) 1(2.5%) 2(5.13%) = 10/(5.62%)
American Indian / Alaskan Native 0(0%) 1(2.5%) 0(0%) - - 1(0.56%)
Native Hawaiian and Other Pacific Islander 1(1.01%) 0(0%) 0(0%) - - 1(0.56%)
White 74 (74.75%) 27 (67.5%) 27 (69.23%) - 128(71.91%)
Other 5(5.05%) 7(17.5%) 6(15.38%) - 18(10.11%)
Unknown 7(7.07%) 0(0%) 0(0%) = 7(3.93%)
Ethnicity|
Hispanic 8(8.08%) 13 (32.5%) 9(23.08%) - = 30 (16.85%)
COVID-19 Clinical Testing| Positive test vs. No Positive Test
Clinically Confirmed COVID-19 (+PCR | +Ab) 70(70.71%) - 33 (84.62%) . 103 (69.13%)
Probable COVID-19 (Negative Diagnostic) 26/(26.26%) - 1(2.56%) p=.1276 (OR: 4389 [1707-1.115)) " 27(18.12%)
Probable COVID-19 (No Di; 3(3.03%) - 5 (12.82%) = 8 (6.56%)
SARS-CoV-2 Exposure|
Acute COVID-19 Hospitalized (Y | N)| 13(13.13%) - 2(5.13%) p=.2324 (OR:2.797 6551 -12.90]) " - 15(9.55%)
Vaccination Status|
Unvaccinated| 19(19.19%) 1(25%) 0(0%) - E -
1 vaccinedose (Y | N)| 11(11.11%) 0(0%) 0(0%) - - -
2 vaccine doses (Y | N)| 69 (69.7%) 22 (78.57%) 15 (83.33%) -
3 vaccinedoses (Y | N)| 0(0%) 17 (42.5%) 24 (61.54%) -
Past Medical History]|
Most recent Thyroid Stimulating Hormone (TSH)) 1.82(0.378-6.54) (1=57) - -
Most recent Hemoglobin (Hb)) 13.9(10.2-17.7) (1 =86) - -
Self-Reported and EMR Aggregated Diagnoses| Long COVID vs. Other
Hypertension 16 (15.84%) 6(14.29%) 1(2.38%) p=0.1805 (OR: 1.983 [.7725 -5.040]) " - 23(12.71%)
Diabetes Mellitus Typel and II 4(3.96%) 1(2.38%) 0(0%) p=0.3839 (OR: 3.284 [.5247-40.64]) - 5(2.76%)
Kidney Dysfunction (e.g. Chronic) 4(3.96%) 0(0%) 0(0%) p=0.1303 (OR:n.c) " - 4(2.21%)
Liver Dysfunction (e.q. Fatty) 2(1.98%) 1(2.38%) 0(0%) p=>0.9999 (OR: 1.608 [.1839-23.57)) = 3(1.66%)
Asthma 26 (25.74%) 2(4.76%) 4(9.52%) p=0.0014 (OR:4.333 [1.671-10.67]) = 32(17.68%)
corp 2(1.98%) 0(0%) 0(0%) p=0.5035 (OR:n.c) " - 2(1.1%)
Other Lung Dysfunction (e.g. Chronic) 1(0.99%) 0(0%) 0(0%) p=50.9999 (OR:n.c) E 1(0.55%)
Stroke. 1(0.99%) 0(0%) 0(0%) p=>0.9999 (OR:n.c.) - 1(0.55%)
Spinal Cord Injury 1(0.99%) 1(2.38%) 0(0%) p=>0.9999 (OR: 0.7959 [.04151 -15.30]) " - 2(1.1%)
Neurological Dysfunction (e.g. Parkinson’s, Epilepsy, Dementia) 1(0.99%) 0(0%) 1(2.38%) p=>0.9999 (OR:0.7959 [.04151-15.30)) " = 2(1.1%)
Obesity. 8(7.92%) 6(14.29%) 0(0%) p=>0.9999 (OR:1.070(.3422-3.283)) " - 14(7.73%)
leg 3(2.97%) 1(2.38%) 3(7.14%) p=0.7014 (OR: 0.5859 [0.1446 -2.244]) - 7(3.87%)
cancer 6(5.94%) 0(0%) 1(2.38%) p=0.1342 (OR:5.032 [0.7916 - 58.44]) - 7(3.87%)
Anxiety 25 (24.75%) 7(16.67%) 10(23.81%) p=0.5978 (OR: 1.232 [0.6171 -2.425]) " - 42(23.2%)
Depression 16 (15.84%) 2(4.76%) 9(21.43%) p=0.8339 (OR:1.192 [0.5394 -2.607]) - 27(14.92%)
Other Psychological Diagnoses 2(1.98%) 0(0%) 1(2.38%) p=>0.9999 (OR: 1.608 [0.1839-23.57)) = 3(1.66%)
Eating Disorder 2(1.98%) 0(0%) 2(4.76%) p=>0.9999 (OR: 0.7938 [0.1223-5.164]) - 4(2.21%)
Irritable bowel syndrome 15 (14.85%) 0(0%) 3(7.14%) p=0.0129 (OR: 4.524 [1.295 -15.09]) " - 18(9.94%)
Other 0(0%) 0(0%) 0(0%) - - 0(0%)
None 22(21.78%) 29(69.05%) 28(66.67%) p=<0.0001 (OR:0.1103 [0.05787 -0.2181])) * - 79 (43.65%)

Prior Autoimmune Diagnoses (Yes | No)|
Hypothyroidism

Crohn’s Disease
Hyperthyroidism

Inclusion Body Myositis
Microscopic colitis

Pernicious Anemia
Polymyositis

Polyarthralgia

primary Biliary Cholangitis
Rheumatoid Arthritis

Sicca

Systemic Lupus Erythematosus
Ulcerative Colitis

Multiple Sclerosis (remission)

18]81(18.18% | 81.82%) (n=99)

9(9.09%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)
1(1.01%)

0(0%)

2|38(5% | 95%) (n=40)

0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)

1(3.03%)
0(0%)

1(3.03%)
0(0%)
0(0%)

332(8.57% | 91.43%) (n =35)
1(5.56%)
0(0%)
1(5.56%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
0(0%)
1(5.56%)

m
Pp=.0765 (5.140,2)

23151 (13.22% | 86.78%) (n =174)
10(6.67%)
1(0.67%)
2(1.33%)
1(0.67%)
1(0.67%)
1(0.67%)
1(0.67%)
1(0.67%)
1(0.67%)
2(1.33%)
1(0.67%)
2(1.33%)
1(0.67%)
1(0.67%)

Summary demographic and clinical characteristics for the MY-LC Study. Participants were stratified into three study arms at enrollment: (1) Long COVID (prior SARS-CoV-2 infection with
persistent, unexplained symptoms); (2) healthy study site cohort (no prior SARS-CoV-2 infection); or (3) convalescent COVID-19 cohort (prior SARS-CoV-2 infection without persistent symptoms).
Various demographic features and clinical characteristics are reported by row for each cohort (row measurement units are specified in parentheses). Within each cell, counts or clinical feature
averages are reported, with sample standard deviations, relative cohort percentages, and participant numbers reported where pertinent. Results from statistical tests are reported as p-values
and accompanying test statistics: t Chi-square test p-value (Chi-square test statistic, degrees of freedom (df)); tt Kruskal-Wallis ANOVA p-value; ttt Fisher’s exact test p-value (Odd’s Ratio:

[95% Confidence Interval (Baptista-Pike)]); ¥ Mann-Whitney U test p-value. Post-hoc comparisons were conducted using Dunn’s test with Tukey’s correction for multiple comparison (column
comparison order left-right: 1-2, 1-3, 2-3). Participant medical histories were collected and collated from binary self-reports of prior medical history and review of electronic medical records by
study staff (positive responses in either participant self-report or EMR review were considered an overall binary positive response). Abbreviations: n, number; M, male; F, female; BMI, body mass

index; +PCR, positive result from SARS-CoV-2 nucleic acid test; +Ab, positive result from SARS-CoV-2 antibody test; Y, Yes; N, No.




Extended Data Table 2 | Normalized survey responses across MY-LC cohorts

Cohort eq5 eqg5vas fatigue_vas fss_tot gadtotal mrc neuroqol_t  pain_vas pem phqg2total prom_sleep

HC 0.05 0.12 0.10 0.11 0.10 0 0.21 0 0 0 0.3
CC 0.05 o0.10 0.10 0.19 0.05 0 0.54 0 0.05 0 0.3
LC 030 0.35 0.69 0.83 0.29 0.25 0.52 0.50 0.50 0.17 0.5

Survey responses for participants are organized by individual instruments (columns) and MY-LC cohorts (rows). Participant responses for each survey instrument were summed and normalized
using standard min-max normalization procedures such that a value of 1 equals the maximum possible aggregate score and O equals the minimum possible aggregate score. Additionally,
individual survey elements were oriented through inversion such that higher normalized scores on each instrument indicate a higher intensity or degree of agreement with survey prompts.
For each cohort, median values are displayed.
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Extended Data Table 3 | Determinations of optimal LCPS
threshold

Detaled report of sensitvity and specificty

Correctly
Cutpoint  Sensitvity Specificity Classfied LR+ LR-

(>2268) 10000% 0.00% 55.25% 10000
(>=271) 10000% 484% 57.46% 10519 00000
(>2275) 10000% 864% 59.12% 10946 00000
(>-296) 10000% 1L11% 60.22% 11250 0.0000
(>-299) 10000% 1358% 6133% 11571 0.0000
(>-310) 10000% 1605% 62.43% 11912 0.0000
(>:352) 10000% 17.28% 62.98% 12090 0.0000
(>2358) 10000% 1852% 6354% 12273 0.0000
(>2359) 10000% 1975% 64.09% 12462 0.0000
(>2369) 10000% 20.99% G64.64% 12656 0.0000
(>2380) 10000% 2222% 65.19% 12857 0.0000
(>2397) 10000% 25.93% G66.85% 13500 0.0000
(>=408) 10000% 28.40% 67.96% 13966 0.0000
(>:414) 10000% 29.63% 68.51% 14211 0.0000
(>-418) 10000% 30.86% 69.06% 14463 0.0000
(>=436) 10000% 32.10% 69.61% 14727 0.0000
(>=437) 10000% 3333% 70.17% 15000 0.0000
(>=443) 10000% 35.80% 7127% 15577 0.0000
(>=446) 10000% 37.04% 7182% 15882 0.0000
(>=452) 10000% 3827% 72.38% 16200 0.0000
(>:453) 10000% 39.51% 7293% 16531 0.0000
(>=458) 10000% 4074% 73.48% 16875 0.0000
(>=465) 10000% 4198% 74.03% 17234 0.0000
(>=467) 10000% 4321% 74.59% 17609 0.0000
(>2478) 10000% 44.44% 75.14% 18000 0.0000
(>=452) 10000% 4568% 75.69% 18409 0.0000
(>-502) 10000% 4B.15% 76.80% 19286 0.0000
(>=506) 10000% 49.38% 77.35% 19756 0.0000
(>=513) 10000% 50.62% 77.90% 20250 0.0000
(>520) 10000% 5185% 78.45% 20769 0.0000
(>2523) 10000% 5309% 79.01% 21316 0.0000
(>=558) 10000% 5432% 79.56% 21892 0.0000
(>2576) 10000% 5556% 80.11% 22500 0.0000
(>-583) 10000% 56.79% 80.66% 23143 0.0000
(>=587) 10000% 5B.02% 8122% 23824 0.0000
(>2594) 10000% 59.26% 8177% 24545 0.0000
(>2596) 10000% 60.49% 8232% 25313 0.0000
(><600) 10000% 6L73% 8287% 26129 0.0000

0.00% 6296% 83.43% 27000 0.0000
(>-620) 10000% 6420% 8398% 27931 0.0000
(>=627) 10000% 65.43% 84.53% 28929 0.0000
(>-635) 10000% 66.67% 85.08% 30000 0.0000
(>-637) 10000% 67.90% 85.64% 31154 0.0000
(>=651) 99.00% 69.18% B85.64% 32076 00145
(>:653) 99.00% 70.37% 86.19% 33412 00142
(><678) 9800% 7037% 856a% 33075 00284
(>=681) SB00% 7L60% 86.19% 34513 00279
(>=689) 97.00% 7L60% 85.64% 34161 00415
(>=691) 97.00% 7284% 86.19% 35714 00412
(>-694) 96.00% 7284% 85.64% 35345 00589
(>-716) 96.00% 7407% 86.19% 37029 00580
(>=728) 96.00% 7654% 87.29% 40926 00523
(>+748)  96.00% 77.78% 8785% 43200 00514
(>2755)  96.00% 8148% 89.50% 51840 00491
(>2763)  96.00% 8272% 90.06% 55543 00484
(>2770)  9500% 8272% 89.50% 54964 00604
(>=781) 9400% 8272% 8895% 54386 00725
(>2795) 93.00% 8272% 88.40% 53807 00846
(>:840) 93.00% 83.95% 88.95% 57946 00834
(>+851) 93.00% 85.19% 89.50% 62775 00822
(>+855)  9200% 85.19% 8895% 62100 00939
(>-869) S100% 85.19% 88.40% 61425 01057
(>2879)  S100% 86.42% 8895% 67008 01041
(>=894) 9100% 8765% 89.50% 73710 01027
(>-930) 9000% 87.65% 88.95% 7.2900 01141
(>-946) 90.00% 88.89% 89.50% 81000 01125
(>2957) 89.00% 88.89% 88.95% 80100 01237
(>:977)  89.00% 90.12% 89.50% 9.0113 01221
(>1024) 8800% 90.12% 8895% 89100 01332
(>-1026) 87.00% ©0.12% 88.40% 838088 01442
(>21069) 86.00% 90.12% 8785% 87075 01553
(>=1072) 8600% 9136% 88.40% 99514 01532
(>=1075) 85.00% 9136% 87.85% 98357 01642
(>:1101) 8400% 9136% §7.29% 97200 0.1751
(>=1112) 8300% 9136% 8674% 96043 01861
(>+1117) 8200% 9136% 86.19% 94886 01970
(>=1132) 8100% O136% 8564% 93729 02080
(>=1134) 8000% o136% 85.08% 92571 02189
(>=1137) 7900% 9136% 84.53% 91414 02299
(>=1146) 7800% 9136% 8398% 90257 02408
(>=1193) 77.00% 9136% 83.43% B9100 02518
(><1196) 7600% 9136% 8287% 87943 02627
(>=1197) 7500% 9136% 8232% 86786 02736
(>21209) 7500% 9259% 8287% 101250 02700
(>=1212) 7400% ©259% 8232% 9950 02808
(>=1224) 7300% ©259% 8177% 98550 02916
(>=1261) 7300% 9383% 8232% 118260 02878
(>=1262) 7200% 9383% 8177% 116640 02984
(>=1275) 7200% 95.06% 8232% 145800 02945
(>=1283) 7100% 9506% BL77% 143775 03051
(>+1285) 7000% 95.06% 8122% 141750 03156
(>21295) 69.00% 9506% 8066% 139725 03261
(>=1319) 6800% 9506% 80.11% 137700 03366
(>=1329) 6600% 95.06% 79.01% 133650 03577
(>=1332) 6600% 9630% 79.56% 178200 03531
(>-1345)  65.00% 9630% 79.01% 175500 03635
(>=1388) 6400% 9630% 78.45% 172800 03738
(>-1357) 6400% 97.53% 79.01% 255200 03691
(>+1415) 6300% 97.53% 78.45% 255150 03794
(>-1430) 6200% ©7.53% 77.90% 251100 038%
(>=1448) 6100% ©7.53% 77.35% 247050 0399
(>-1468) 6000% 97.53% 76.80% 243000 0.4101
(>=1473) 5900% 97.53% 76.24% 238950 0.4204
(>-1479) 58.00% 97.53% 7569% 234900 0.4306
(>=1485) 57.00% 97.53% 75.1a% 230850 0.409
(>+1492) S600% 97.53% 74.59% 226800 0.4511
(>=1505) 5500% 97.53% 74.03% 222750 0.4614
(>=1514) 5400% ©753% 73.48% 218700 04716
(>=1521) 5300% 97.53% 7293% 214650 04813
(>=1525) 5200% 97.53% 7238% 210600 04922
(>=1531) 5100% 97.53% 7182% 206550 05024
(><1541) 5000% 97.53% 7127% 202500 05127
(>=1589) 49.00% 97.53% 70.72% 198450 05229
(>+1567) 4800% 97.53% 70.17% 194400 05332
(>=1588) 4800% 9877% 70.72% 388801 05265
(>=1591) 4700% 9877% 70.17% 380701 05366
(>=1594) 4600% 9877% 69.61% 372601 0.5457
(>=1606) 45.00% 9877% 69.06% 364501 0.5563
(>=1615) 4400% 9877% 68.51% 356401 05670
(>=1625) 4300% 9877% 67.96% 348301 05771
(>=1628) 4200% 9877% 67.40% 340201 05872
(>=1635) 4000% 9877% 66.30% 324001 06075
(>=1640) 3900% 9877% 65.75% 315901 06176
(>=1641) 3800% 9877% 65.19% 307801 06277
(>=1645) 37.00% 9877% 64.64% 209701 06373
(>=1656) 36.00% 100.00% 64.64%

T

(>=1679)  35.00% 100.00% 64.09% 056500
(>-1684) 3400% 10000% 63.54% 056600
(>-1689) 33.00% 10000% 62.98% 06700
(>=1710)  3200% 10000% 62.43% 0.6800
(>21726) 3100% 10000% 6188% 05900
(>=1727)  2900% 10000% 60.77% 07100
(>=1733)  2800% 10000% 60.22% 07200
(>=1758)  27.00% 10000% 59.67% 07300
(>21760)  25.00% 100.00% 58.56% 0.7500
(>21763)  24.00% 10000% 58.01% 0.7600
(>=1765) 23.00% 10000% 57.46% 07700
(>=1766)  2200% 10000% 56.91% 0.7300
(>21780)  2100% 10000% 56.35% 07900
(>=1782) 2000% 100.00% 55.80% 0.8000
(>-1789)  1900% 100.00% 55.25% 08100
(>-1796)  18.00% 10000% 54.70% 08200
(>-1804)  17.00% 10000% 54.14% 08300
(>-1805)  15.00% 10000% 53.04% 08500
(>=1813) 1400% 10000% 52.49% 0.8600
(>=1817) 1300% 10000% 5193% 08700
(>-1819) 1200% 10000% 5138% 0.8800
(>-1843) 1100% 10000% 50.83% 08900
(>-1859)  10.00% 100.00% 50.28% 0.9000
(>-1870)  9.00% 100.00% 49.72% 09100
(>-1878)  7.00% 100.00% 48.62% 09300
(>+1886) 6.00% 100.00% 48.07% 0.9400
(>1892) 500% 10000% 47.51% 0.9500
(>-1910)  400% 100.00% 46.96% 0.9600
(>=1917) 300% 10000% 46.41% 09700
(>-1942)  200% 100.00% 45.86% 0.9800
(>-1963)  1.00% 100.00% 45.30% 0.9900
(>1963) 0.00% 10000% 4475% 10000
Binomial Exact

Obs Area Std.Err. [95% Conf.Interval]

181 09522 00144 091477 098073

Classification metrics across different LCPS thresholds (‘Cut-offs’) (Upper table).
Summary area-under the curve (AUC) statistics and bootstrap confidence intervals for
Receiver-Operator curve analysis (ROC) (lower table).



Extended Data Table 4 | Modelling of select flow cytometry
populations

(A-L) Detailed linear modeling results are reported for various cytokine producing T cell
populations analyzed by flow cytometry.
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Extended Data Table 5 | Modeling of anti-SARS-CoV-2
antibody and linear motif responses

Anti-S
Deviance Residuals:
Min 1Q Median  3Q Max
-6.0875 -0.359  0.1374  0.5489  3.6782

Coefficients:
Estimate  Std. Error t value Pr(>|t])
(Intercept) 6.355241 0.712105 8.925 6.33E-16 ***
age 0.003949 0.007573 0.521 0.60272
sex 0.003601 0.198135 0.018 0.98552
LC_Status 0.681862 0.230898 2.953 0.00358 **
VAD 1.525492 0.128148 11.904 < 2.00E-16 ***
BMI 0.025414 0.014638 1.736  0.08433 .
Anti-S1
Deviance Residuals:
Min 1Q Median 3Q Max

-6.1029  -0.6179 0.0336 0.794 3.7732

Coefficients:
Estimate  Std. Error t value Pr(>|t])
(Intercept) 4.754091 0.808882 5.877 2.09E-08 ***
age 0.000207 0.008602 0.024 0.9808
sex -0.05942 0.225062 -0.264 0.7921
LC_Status 1.425864 0.262278 5.436 1.83E-07 ***
VAD 1.903577 0.145563 13.077 < 2.00E-16 ***
BMI 0.040236 0.016628 2.42 0.0166 *
Anti-RBD
Residuals:
Min 1Q Median 3Q Max
-6.0942  -0.6904 0.133 0.82 5.5916
Coefficients:
Estimate  Std. Error t value Pr(>|t|)
(Intercept) 4.702146 0.897883 5.237 4.70E-07 ***
age 0.007358 0.009549 0.771 0.442
sex 0.059682 0.249826 0.239 0.8115
LC_Status 0.742004 0.291136 2.549 0.0117 *
VAD 2.182805 0.161579 13.509 < 2.00E-16 ***
BMI 0.039673 0.018457 2.149 0.033 *
Seropositiv Spike Motif KFLPFQQ
Residuals:
Min 1Q Median  3Q Max
-14.263 -6.93 -3.938 -0.66 55.635
Coefficients:
Estimate  Std. Error t value Pr(>t])
(Intercept) 0.37259 7.96592 0.047 0.96275
age -0.07079 0.08471 -0.836  0.40452
sex -2.26258  2.21642 -1.021 0.30876
LC_Status  8.16153 2.58293 3.16 0.00186 **
VAD 2.61206 1.43352 1.822 0.07016 .
BMI 0.15053 0.16375 0.919 0.35924
Seropositiv Spike Motif LDKWYF
Residuals:
Min 1Q Median 3Q Max
-24.663  -12.466 -6.899 5.72 101.332
Coefficients:
Estimate  Std. Error t value Pr(>|t])
(Intercept) -0.54018 11.641 -0.046 0.963
age -0.04612 0.1238 -0.373 0.7099
sex -3.58417 3.23897 -1.107 0.27
LC_Status 6.0783 3.77456 1.61 0.1091
VAD 3.36872 2.09487 1.608 0.1096
BMI 0.52293 0.2393 2.185 0.0302 *
Seropositiv Spike Motif RDPQTLE
Residuals:
Min 1Q Median  3Q Max
-8.71 -4.904 -2.189 -0.169 94.84
Coefficients:
Estimate  Std. Error t value Pr(>|t|)
(Intercept) -3.84559 6.872183 -0.56 0.57648
age 0.008607 0.073083 0.118 0.90639
sex -1.20714 1.912105 -0.631 0.52867
LC_Status 6.383147 2.228285 2.865 0.00469 **
VAD 2.028998 1.236691 1.641 0.10268
BMI 0.073859 0.141268 0.523 0.60176
Seropositiv Spike Motif DISGI
Residuals:
Min 1Q Median 3Q Max
-12.264 -6.206 -4.179 -1.252  110.718
Coefficients:
Estimate  Std. Error t value Pr(>[t])
(Intercept) -7.55943 9.121243 -0.829 0.4084
age -0.00614 0.097001 -0.063 0.9496
sex 2.036719 2.53788 0.803 0.4233
LC_Status 5.940301 2.957536 2.009 0.0461 *
VAD 1.630025 1.641423 0.993 0.3221
BMI 0.160742 0.187501 0.857 0.3925

(A-E) Detailed linear modeling results are reported for SARS-CoV-2 specific antibody
responses and peptide motifs with corresponding model formulations.



Extended Data Table 6 | Modeling of cortisol levels

Generalized linear regression model
zscore_Cortisol ~1 +x0_Demographics_Age +x0_Demographics_Sex +x0_Demographics_BMI +x0_Sample_Time_Min +x0_LC_Status +x0_Study_Cohort
Distribution =Normal

Estimated Coefficients:

Estimate SE tStat pValue

(Intercept) 1.6342 0.32856 4.9737 1.33E-06
x0_Demographics_Age -0.00847 0.002902 -2.9186 0.003882
x0_Demographics_Sex_2 -0.02619 0.081514 -0.32131 0.74828
x0_Demographics_BMI -0.00774 0.005611 -1.3798 0.16905
x0_Sample_Time_Min -0.00065 0.000431 -1.5003 0.13498
x0_LC_Status_1 -1.2198 0.089809 -13.582 6.92E-31
x0_Study_Cohort_2 0.68657 0.1 6.8658 6.73E-11

226 observations, 219 error degrees of freedom
Estimated Dispersion: 0.304
F-statistic vs. constant model: 44.1, p-value =4.04E-35

Detailed linear modeling results are reported for cortisol levels across groups with corresponding model formulation.
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Extended Data Table 7 | Inter-model Long COVID
classification comparison

kappa kappa_lower_ci kappa_upper_ci
0.5245 0.3332 0.7157

Cohen’s Kappa analysis of agreement between LCPS and Integrated immunological
classification of Long COVID status.
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available at the FlowRepository platform (http://flowrepository.org/) under Repository ID: FR-FCM-Z6KL. Accession numbers for protein structure are used UniProt
and are as follows: trimeric Spike (PDB: 6VXX) and EBV gH/gL (PDB: 5T1D).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Sex was determined through self-report and review of electronic medical records. No sex disaggregated analysis was
performed. Study demographics, including proportion sex by individual study group, are included in Extended Table 1.

Population characteristics All relevant population demographics are described in Extended Table 1.

Recruitment Participants with persistent symptoms following acute COVID-19 were recruited from Long COVID clinics within the Mount
Sinai Healthcare System and the Center for Post COVID Care at Mount Sinai Hospital. Participants enrolled in healthy and
convalescent study arms were recruited via IRB-approved advertisements delivered through email lists, study flyers located in
hospital public spaces, and on social media platforms. Informed consent was provided by all participants at the time of
enrollment. Individuals in the external Long COVID group (“Ext. LC”) were identified from The Winchester Center for Lung
Disease's Post-COVID-19 Recovery Program at Yale New Haven Hospital by collaborating clinicians. Recruitment from
treatment clinics predisposes this study to a degree of self-selection bias among participants, which was accounted for
through demographic matching procedures.

Ethics oversight This study was approved by the Mount Sinai Program for the Protection of Human Subjects (IRB #20-01758) and Yale
Institutional Review Board (IRB #2000029451 for MY-LC; IRB #2000028924 for enrollment of pre-vaccinated Healthy
Controls; HIC #2000026109 for External Long COVID). Informed consent was obtained from all enrolled participants.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design
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Sample size Sample size was not predetermined prior to enrollment of study participants. Samples sizes were chosen based on prior experience with
multiplexed immune phenotyping assays and available study resources.

Data exclusions  Data exclusions are stated explicitly in Methods under the heading "MY-LC Study Design, Enrollment Strategy, and Inclusion / Exclusion
Criteria " and are reproduced here for convenience: "Inclusion criteria for individuals in the Long COVID group (“LC”) were age > 18 years;
previous confirmed or probable COVID-19 infection (according to World Health Organization guidelines1); and persistent symptoms > 6 weeks
following initial COVID-19 infection. Inclusion criteria for enrollment of individuals in the healthy control group (“HC”) were age > 18 years, no
prior COVID-19 infection, and completion of a brief, semi-structured verbal screening with research staff confirming no active
symptomatology. Inclusion criteria for individuals in the convalescent control group (“CC”) were age > 18 years; previous confirmed or
probable prior COVID-19 infection; and completion of a brief, semi-structured verbal screening with research staff confirming no active
symptomatology.

Pre-specified exclusion criteria for this study were inability to provide informed consent; and any condition preventing a blood test from being
performed. Additionally, all participants had electronic health records reviewed by study clinicians following enrollment and were
subsequently excluded prior to analyses for the following reasons: (1) current pregnancy, (2) immunosuppression equivalent to or exceeding
prednisone 5 mg daily, (3) active malignancy or chemotherapy, and (4) any monogenic disorders. For specific immunological analyses, pre-
existing medical conditions were additionally excluded prior to analyses due to high potential for confounding (e.g., participants with
hypothyroidism were excluded prior to analysis of circulating T3/T4 levels; participants with pituitary adenomas were excluded prior to
analysis of cortisol levels). Specific exclusions are marked by “A” in figures and detailed in relevant legends."

n

Replication Each participant plasma and PBMC sample was partitioned into aliquots for use in various assays. Technical replicates were performed on
patient samples where sample volume limitations permitted. When performed (e.g. ELISA, gPCR), technical replicates were successful.

Randomization  Randomization was not applicable to this study as it is a cross-sectional, observational human research study of a pre-existing medical
condition.

Blinding Blinding of study investigators was not performed due to pre-existing intrinsic knowledge of clinical condition / study groups by both
participants and investigators, as well as necessary logistical accommodations for scheduling of sample draws by study participants.
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Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? D Yes D No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

Involved in the study n/a | Involved in the study

Antibodies |X| |:| ChiIP-seq
Eukaryotic cell lines |:| |X| Flow cytometry

X

|:| Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
|:| Animals and other organisms

Clinical data

XXXNXX S

[ ] Dual use research of concern

Antibodies

Antibodies used All antibodies, dilutions, and catalog numbers are used in this manuscript are detailed in Supplementary Table 1.

Validation All antibodies used in this study are commercially available, and all have been validated by the manufacturers and used by other
publications. Likewise, we titrated these antibodies according to our own our staining conditions. The following were validated in the
following species: BB515 anti-hHLA-DR (G46-6) (BD Biosciences) (Human, Rhesus, Cynomolgus, Baboon), BV785 anti-hCD16 (3G8)
(BioLegend) (Human, African Green, Baboon, Capuchin Monkey, Chimpanzee, Cynomolgus, Marmoset, Pigtailed Macaque, Rhesus,
Sooty Mangabey, Squirrel Monkey), PE-Cy7 anti-hCD14 (HCD14) (BioLegend) (Human), BV605 anti-hCD3 (UCHT1) (BioLegend)
(Human, Chimpanzee), BV711 anti-hCD19 (SJ25C1) (BD Biosciences) (Human), AlexaFluor647 anti-hCD1c (L161) (BioLegend) (Human,
African Green, Baboon, Cynomolgus, Rhesus), Biotin anti-hnCD141 (M80) (BioLegend) (Human, African Green, Baboon), PE-Dazzle594
anti-hCD56 (HCD56) (BioLegend) (Human, African Green, Baboon, Cynomolgus, Rhesus), PE anti-hCD304 (12C2) (BioLegend)
(Human), APCFire750 anti-hCD11b (ICRF44) (BioLegend) (Human, African Green, Baboon, Chimpanzee, Common Marmoset,
Cynomolgus, Rhesus, Swine), PerCP/Cy5.5 anti-hCD66b (G10F5) (BD Biosciences) (Human), BV421 anti-CD15 (W6D3) (BioLegend)
(Human), BV785 anti-hCD4 (SK3) (BioLegend) (Human), APCFire750 or BV711 anti-hCD8 (SK1) (BioLegend) (Human, Cross-Reactivity:
African Green, Chimpanzee, Cynomolgus, Pigtailed Macaque, Rhesus, Sooty Mangabey), BV421 anti-hCCR7 (G043H7) (BioLegend)
(Human, African Green, Baboon, Cynomolgus, Rhesus), AlexaFluor 700 anti-hCD45RA (HI100) (BD Biosciences) (Human), PE anti-hPD1
(EH12.2H7) (BioLegend) (Human, African Green, Baboon, Chimpanzee, Common Marmoset, Cynomolgus, Rhesus, Squirrel Monkey),
APC antihTIM3 (F38-2E2) (BioLegend) (Human), BV711 anti-hCD38 (HIT2) (BioLegend) (Human, Chimpanzee, Horse), BB700 anti-
hCXCRS (RF8B2) (BD Biosciences) (Human), PE-Cy7 anti-hCD127 (HIL-7R-M21) (BioLegend) (Human), PE-CF594 anti-hCD25 (BC96) (BD
Biosciences) (Human, Rhesus, Cynomolgus, Baboon), BV421 anti-hiL-17a (N49-653) (BD Biosciences) (Human), AlexaFluor 700 anti-
hTNFa (MAb11) (BioLegend) (Human, Cat, Cross-Reactivity: Chimpanzee, Baboon, Cynomolgus, Rhesus, Pigtailed Macaque, Sooty
Mangabey, Swine), APC/Fire750 anti-hIFNy (4S.B3) (BioLegend) (Human, Cross-Reactivity: Chimpanzee, Baboon, Cynomolgus,
Rhesus), FITC anti-hGranzymeB (GB11) (BioLegend) (Human, Mouse, Cross-Reactivity: Rat), AlexaFluor 647 anti-hIL-4 (8D4-8)
(BioLegend) (Human, Cross-Reactivity: Chimpanzee, Baboon, Cynomolgus, Rhesus), BB700 anti-hCD183/CXCR3 (1C6/CXCR3) (BD
Biosciences) (Human, Rhesus, Cynomolgus, Baboon), PE-Cy7 anti-IL-6 (MQ2-13A5) (BioLegend) (Human), PE anti-hIL-2 (5344.111) (BD
Biosciences) (Human), BV785 anti-hCD19 (SJ25C1) (BioLegend) (Human), BV421 anti-hCD138 (MI15) (BioLegend) (Human),
AlexaFluor700 anti-hCD20 (2H7) (BioLegend) (Human, Baboon, Capuchin Monkey, Chimpanzee, Cynomolgus, Pigtailed Macaque,
Rhesus, Squirrel Monkey), AlexaFluor 647 anti-hCD27 (M-T271) (BioLegend) (Human, Cross-Reacitivity: Baboon, Cynomolgus,
Rhesus), PE/Dazzle594 anti-higD (I1A6-2) (BioLegend) (Human), PE-Cy7 anti-hCD86 (IT2.2) (BioLegend) (Human, African Green,
Baboon, Capuchin Monkey, Common Marmoset, Cotton-topped Tamarin, Chimpanzee, Cynomolgus, Rhesus), APC/Fire750 anti-higM
(MHM-88) (BioLegend) (Human, African Green, Baboon, Cynomolgus, Rhesus), BV605 anti-hCD24 (ML5) (BioLegend) (Human, Cross-
Reactivity: Chimpanzee), AlexaFluor 700 Streptavidin (1:300) (ThermoFisher).
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pgme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)
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Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method, if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.
Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.




Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock
[] Ecosystems

XXX XX &

|:| Any other significant area

Experiments of concern
Does the work involve any of these experiments of concern:
Yes
Demonstrate how to render a vaccine ineffective
Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
Alter the host range of a pathogen
Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

XXXXNXKXXX &
ooodoogo

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition
|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

D Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication.  provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
y g Y,

(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChiIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak Calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|X| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Freshly isolated PBMCs were plated at 1-2 x 106 cells per well in a 96-well U-bottom plate. Cells were resuspended in Live/
Dead Fixable Aqua (ThermoFisher) for 20 min at 4°C. Cells were washed with PBS and followed by Human TruStain FcX
(BioLegend) incubation for 10 min at RT. Cocktails of staining antibodies were added directly to this mixture for 30 minutes at
RT. Prior to analysis, cells were washed and resuspended in 100 pl 4% PFA for 30 min at 4°C. For intracellular cytokine
staining following stimulation, the surface marker-stained cells were resuspended in 200 pl cRPMI (RPMI-1640 supplemented
with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin, 1 mM sodium pyruvate) and stored at 4°
C overnight. Subsequently, these cells were washed and stimulated with 1x Cell Stimulation Cocktail (eBioscience) in 200 pl
cRPMI for 1 h at 37°C. Fifty pl of 5x Stimulation Cocktail in cRPMI (plus protein transport 442 inhibitor, eBioscience) was
added for an additional 4 hours of incubation at 37°C. Following stimulation, cells were washed and resuspended in 100 pl
4% paraformaldehyde for 30 min at 4°C. To quantify intracellular cytokines, cells were permeabilized with 1x
permeabilization buffer from the FOXP3/Transcription Factor Staining Buffer Set (eBioscience) for 10 min at 4°C. All
subsequent staining cocktails were made in this buffer. Permeabilized cells were then washed and resuspended in a cocktail
containing Human TruStain FcX (BioLegend) for 10 min at 4°C. Finally, intracellular staining cocktails were added directly to
each sample for 1 h at 4°C. Following this incubation, cells were washed and prepared for analysis on an Attune NXT
(ThermoFisher).

Attune NXT (ThermoFisher)
Data were analyzed using FlowJo software version 10.8 software (BD).
No sorting of PBMC fractions was performed in this study.

Gating Strategy is described in Extended Figure S10

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)
Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ]Used

Preprocessing

Preprocessing software

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

[ ] Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
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Preprocessing software segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.qg.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: D Whole brain D ROI-based |:| Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D |:| Functional and/or effective connectivity

D |:| Graph analysis

D |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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