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W Check for updates

Oneintensevereacute respiratory syndrome coronavirus 2 infections
resultin prolonged symptoms termed long coronavirus disease (COVID),
yet disease phenotypes and mechanisms are poorly understood’. Here

we profiled 368 plasma proteins in 657 participants >3 months following
hospitalization. Of these, 426 had at least one long COVID symptom

and 233 had fully recovered. Elevated markers of myeloid inflammation
and complement activation were associated with long COVID. IL-1R2,
MATN2 and COLEC12 were associated with cardiorespiratory symptoms,
fatigue and anxiety/depression; MATN2, CSF3 and C1QA were elevated in

gastrointestinal symptoms and C1QA was elevated in cognitive impairment.
Additional markers of alterations in nerve tissue repair (SPON-1and NFASC)
were elevated in those with cognitive impairment and SCG3, suggestive of
brain-gut axis disturbance, was elevated in gastrointestinal symptoms.
Severe acute respiratory syndrome coronavirus 2-specificimmunoglobulin

G (IgG) was persistently elevated in some individuals with long COVID,

but virus was not detected in sputum. Analysis of inflammatory markers

in nasal fluids showed no association with symptoms. Our study aimed to
understand inflammatory processes that underlie long COVID and was

not designed for biomarker discovery. Our findings suggest that specific
inflammatory pathways related to tissue damage are implicated in subtypes
oflong COVID, which might be targeted in future therapeutic trials.

One in ten severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infectionsresultsin post-acute sequelae of coronavirus
disease 2019 (PASC) or long coronavirus disease (COVID), which affects
65 million people worldwide'. Long COVID (LC) remains common, even
after mild acute infection with recent variants?, and it is likely LC will
continue to cause substantial long-termill health, requiring targeted
management based on an understanding of how disease phenotypes
relate to underlying mechanisms. Persistent inflammation has been
reported in adults with LC"?, but studies have been limited in size,
timing of samples or breadth ofimmune mediators measured, leading
to inconsistent or absent associations with symptoms. Markers of

oxidative stress, metabolic disturbance, vasculoproliferative processes
and IFN-, NF-kB- or monocyte-related inflammation have been sug-
gested”™.

The PHOSP-COVID study, a multicenter United Kingdom study
of patients previously hospitalized with COVID-19, has reported
inflammatory profiles in 626 adults with health impairment after
COVID-19,identified through clustering. Elevated IL-6 and markers of
mucosal inflammation were observed in those with severeimpairment
compared with individuals with milder impairment’. However, LC
is a heterogeneous condition that may be a distinct form of health
impairment after COVID-19, and it remains unclear whether there are
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Fig.1|Subtypes of LC are associated with distinctinflammatory profiles. concentrations (NPX) associated with Cardio_Resp (n =365) (c), fatigue (n = 314)
a, Distribution of time from COVID-19 hospitalization at sample collection. (d), Anx_Dep (n=202) (e), Gl (n =124) (f) and cognitive (n = 60) (g). Neuro_Psych,
neuropsychiatric. The error bars represent the median accuracy of the model.

All samples were cross-sectional. The vertical red line indicates the 3 month

cutoffused to define our final cohort and samples collected before 3 months h,i, Distribution of Olink values (NPX) for IL-1R2 (h) and MATN2, neurofascin and
were excluded. b, An UpSet plot describing pooled LC groups. The horizontal sCDS58 (i) measured between symptomatic and recovered individuals in recovered
colored bars represent the number of patients in each symptom group: (n=233), Cardio_Resp (n =365), fatigue (n = 314) and Anx_Dep (n =202) groups
cardiorespiratory (Cardio_Resp), fatigue, cognitive, Gl and anxiety/depression (h) and MATN2in GI (n =124), neurofascinin cognitive (n = 60) and sCD58 in
(Anx_Dep). Vertical black bars represent the number of patients in each symptom Cardio_Resp and recovered groups (i). The box plot center line represents the
combination group. To prevent patient identification, where less than five median, the boundaries represent IQR and the whisker length represents 1.5x IQR.
patients belong to acombination group, this has been represented as ‘<5’ The The median values were compared between groups using two-sided Wilcoxon
recovered group (n =233) were used as controls. c-g, Forest plots of Olink protein signed-rank test, *P < 0.05, **P < 0.01, **P< 0.001 and ***P < 0.0001.

(Methods). A multivariate penalized logistic regression model (PLR)

inflammatory changes specific to LC symptom subtypes. Determin-
ingwhether activated inflammatory pathwaysunderlieall casesof LC  was used to explore associations of clinical covariates and immune
mediators at 6 months between recovered patients (n=233) and

or if mechanisms differ according to clinical presentation is essen-
tial for developing effective therapies and has been highlightedasa each LC group (cardiorespiratory symptoms, cardioresp, n =398,
top research priority by patients and clinicians®. Fig. 1c; fatigue, n = 384, Fig. 1d; affective symptoms, anxiety/depres-
Inthis Letter, inaprospective multicenter study, we measured368  sion,n =202, Fig.1le; gastrointestinal symptoms, Gl, n =132, Fig. 1f; and
plasma proteins in 657 adults previously hospitalized for COVID-19  cognitiveimpairment, cognitive, n = 61, Fig.1g). Women (n = 239) were
(Fig. 1a and Table 1). Individuals in our cohort experienced arange more likely to experience CardioResp (odds ratio (OR 1.14), Fatigue
of acute COVID-19 severities based on World Health Organization (OR1.22), GI(OR1.13) and Cognitive (OR1.03) outcomes (Fig.1c,d,f,g).
Repeated cross-validation was used to optimize and assess model

(WHO) progression scores’; WHO 3-4 (no oxygen support, n=133
and median age of 55 years), WHO 5-6 (oxygen support,n=353and performance (Methods and Extended Data Fig.1). Pre-existing condi-

median age of 59 years) and WHO 7-9 (critical care,n=171and median  tions, such as chronic lung disease, neurological disease and cardio-
vascular disease (Supplementary Table 1), were associated with all LC

age of 57 years). Participants were hospitalized for COVID-19 >3 months

before sample collection (median 6.1 months, interquartilerange (IQR)  groups (Fig. 1c-g). Age, C-reactive protein (CRP) and acute disease

5.1-6.8 months and range 3.0-8.3 months) and confirmed clinically  severity were not associated with any LC group (Table1).

(n=36/657) or by PCR (n = 621/657). Symptom dataindicated 233/657 To study the association of peripheral inflammation with symp-
toms, we analyzed cross-sectional data collected approximately

(35%) felt fully recovered at 6 months (hereafter ‘recovered’) and the
remaining 424 (65%) reported symptoms consistent with the WHO 6 months after hospitalizations. We measured 368 immune media-
tors from plasma collected contemporaneously with symptom data.

definition for LC (symptoms >3 months post infection'’). Given the

diversity of LC presentations, patients were grouped accordingto  Mediators suggestive of myeloid inflammation were associated with
symptom type (Fig. 1b). Groups were defined using symptoms and  allsymptoms (Fig. 1c-h).Elevated IL-1R2, anIL-1receptor expressed by
health deficits that have been commonly reported in the literature’ monocytesand macrophages modulatinginflammation" and MATN2,
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Table 1| Cohort demographics

Gl Fatigue Cardiorespiratory Anxiety/ Coghnitive Recovered Pvalue
depression impairment
Age at admission Years (s.d.) 5772(11.48) 56.57(11.07) 57.08 (11.37) 56.36 (10.84) 59.24(12.82) 58.92(1372) 0.046*
Sex Female N (%) 68 (53%) 143 (47%) 161 (43%) 89 (45%) 24 (42%) 55 (27%) 1.69x1Q Bx***
White 110 300 331 193 50 197
South Asian 14 26 38 16 7 46
Ethnicity 0.09 NS
Black 8 16 25 n 7 10
Mixed/Other 8 24 22 16 7 17
Class 3-4 4 83 88 45 18 45
WHO clinical progression Class 5 45 107 124 74 21 115
le f te COVID-19 caEte
scaeioracute Class 6 27 78 89 55 1 57
Class 7-9 27 98 15 62 21 50
CRP Mean (s.d.) 5.33(5.42) 5.47 (717) 517 (6.82) 579 (8.12) 4.58 (5.78) 4.75 (10.38) 0.76 NS
Length of hospitalization Days (s.d.) 12.04 (14.3) 1459 (18.41)  15.39(19.96) 14.57 (17.76) 14.95(16.01)  12.5(15.73) 0.0047**
Steroid® % Yes 34% 35% 37% 38% 33% 29% 0.294 NS
Remdesivir® % Yes 4% 3% 4% 2% 3% 3% 0.725 NS
Comorbidities Mean (s.d.) 2.9(2.62) 2675 (2.3) 2.553 (2.24) 2.911(2.47) 2.493 (217) 1.554 (1.67) 9.92x1Q10%**

The demographics of each symptom group and recovered controls are shown. The WHO clinical progression scale was used to classify acute COVID-19 severity: class 3-4: no oxygen
requirement; class 5: oxygen therapy; class 6: noninvasive ventilation or high-flow nasal oxygen and class 7-9: organ support. Differences between groups were compared using chi-squared,
two-way Kruskal-Wallis or two-way analysis of variance as appropriate. Data are n (%) or mean (s.d.). CRP levels represent those measured contemporaneously with clinical data collected in

this study. *Denotes treatment given during acute illness.

an extracellular matrix protein that modulates tissue inflammation
through recruitment of innate immune cells’, were associated with
cardioresp (IL-IR2 OR1.14, Fig.1c,h), fatigue (IL-1R2 OR 1.45, Fig. 1d,h),
anxiety/depression (IL-1R2 OR 1.34. Fig. 1e,h) and GI (MATN2 OR
1.08, Fig. 1f). IL-3RA, an IL-3 receptor, was associated with cardioresp
(OR1.07,Fig.1c), fatigue (OR1.21, Fig.1d), anxiety/depression (OR1.12,
Fig.1e)and GI (OR1.06, Fig.1f) groups, while CSF3, acytokine promot-
ing neutrophilicinflammation®, was elevated in cardioresp (OR1.06,
Fig.1c), fatigue (OR1.12, Fig. 1d) and GI (OR 1.08, Fig. 1f).

Elevated COLEC12, which initiates inflammation in tissues by
activating the alternative complement pathway", associated with
cardioresp (OR1.09, Fig. 1c), fatigue (OR 1.19, Fig. 1d) and anxiety/
depression (OR 1.11, Fig. 1e), but not with GI (Fig. 1f) and only weakly
with cognitive (OR1.02, Fig.1g). C1QA, adegradation product released
by complement activation® was associated with GI (OR 1.08, Fig. 1f)
and cognitive (OR 1.03, Fig. 1g). C1QA, which is known to mediate
dementia-related neuroinflammation'®, had the third strongest associa-
tionwith cognitive (Fig.1g). These observationsindicated that myeloid
inflammation and complement activation were associated with LC.

Increased expression of DPP10 and SCG3 was observed in the GI
group compared with recovered (DPP10 OR1.07 and SCG3 OR1.08,
Fig.1f). DPP10isa membrane protein that modulates tissue inflamma-
tion, and increased DPP10 expressionis associated withinflammatory
bowel disease''®, suggesting that Gl symptoms may result from enteric
inflammation. Elevated SCG3, amultifunctional protein that hasbeen
associated withirritable bowel syndrome', suggested that noninflam-
matory disturbance of the brain-gut axis or dysbiosis, may occur in
the Glgroup. The cognitive group was associated with elevated CTSO
(OR1.04), NFASC (OR1.03) and SPON-1(OR1.02, Fig.1g,i). NFASC and
SPON-1regulate neural growth?>?, while CTSO is a cysteine proteinase
supportingtissue turnover?. Theincreased expression of these three
proteins as well as C1QA and DPP10 in the cognitive group (Fig. 1g)
suggested neuroinflammation and alterations in nerve tissue repair,
possibly resulting in neurodegeneration. Together, our findings indi-
cated that complement activation and myeloid inflammation were
common to all LC groups, but subtle differences were observedin the
Gl and cognitive groups, which may have mechanistic importance.

Acutely elevated fibrinogen during hospitalization hasbeenreported
to be predictive of LC cognitive deficits*’. We found elevated fibrino-
genin LC relative to recovered (Extended Data Fig. 2a; P=0.0077),
although this was not significant when restricted to the cognitive group
(P=0.074), supporting our observation of complement pathway activa-
tionin LCandinkeeping withreports that complement dysregulation
and thrombosis drive severe COVID-19 (ref. 24).

Elevated sCD58 was associated with lower odds of all LC symptoms
and was most pronounced in cardioresp (OR 0.85, Fig. 1c,i), fatigue
(OR 0.80, Fig. 1d) and anxiety/depression (OR 0.83, Fig. 1e). IL-2 was
negatively associated with the cardioresp (Fig. 1c, OR 0.87), fatigue
(Fig.1d, OR 0.80), anxiety/depression (Fig. 1e, OR 0.84) and cognitive
(Fig.1g, OR0.96) groups. Both IL-2and sCD58 have immunoregulatory
functions®?. Specifically, sCD58 suppresses IL-1- or IL-6-dependent
interactions between CD2" monocytes and CD58" T or natural killer
cells®®. The association of SCD58 with recovered suggests a central role
of dysregulated myeloid inflammation in LC. Elevated markers of tissue
repair, IDS and DNER??%, were also associated with recovered relative
toallLCgroups (Fig. 1c-g). Taken together, our datasuggest that sup-
pression of myeloid inflammation and enhanced tissue repair were
associated with recovered, supporting the use ofimmunomodulatory
agentsintherapeutic trials®’ (Supplementary Table 2).

We next sought to validate the experimental and analytical
approaches used. Although Olink has been validated against other
immunoassay platforms, showing superior sensitivity and speci-
ficity’>”, we confirmed the performance of Olink against chemi-
luminescent immunoassays within our cohort. We performed
chemiluminescent immunoassays on plasma from a subgroup of
58 participants (recovered n =13 and LC n = 45). There were good cor-
relations between results from Olink (normalized protein expression
(NPX)) and chemiluminescentimmunoassays (pg ml™) for CSF3, IL-1R2,
IL-3RA, TNF and TFF2 (Extended Data Fig. 3). Most samples did not
have concentrations of IL-2 detectable using a mesoscale discovery
chemiluminescent assay, limiting this analysis to 14 samples (recovered
n=4,LCn=10,R=0.55and P=0.053, Extended Data Fig. 3). We next
repeated our analysis using alternative definitions of LC. The Centers
for Disease Control and Prevention and National Institute for Health
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Cardiorespiratory

Fig.2|Network analyses define key immune mediators in LCsymptom
groups. Network analysis of Olink mediators associated with cardioresp
(n=365), fatigue (n = 314), anxiety/depression (n = 202), Gl (n =124) and
cognitive groups (n = 60). Each node corresponds to a protein mediator

Fatigue

Anxiety/depression

Cognitive impairment

identified by PLR. The edges (blue lines) were weighted according to the size of
Spearman’s rank correlation coefficient between proteins. All edges represent
positive and significant correlations (P < 0.05) after FDR adjustment.

and Care Excellence definitions for LC include symptoms occurring
1 month postinfection®**, Using the 1 month post-infection definition
included 62 additional participants to our analysis (recovered n=21,3
females and median age 61 years and LC n =41, 15 females and median
age 60 years, Extended Data Fig. 2¢) and found that inflammatory
associations with each LC group were consistent with our analysis
based on the WHO definition (Extended Data Fig. 2d-h). Finally, to
validate the analytical approach (PLR) we examined the distribution
of data, prioritizing proteins that were most strongly associated with
each LC/recovered group (IL-1R2, MATN2, NFASC and sCD58). Each
protein was significantly elevated in the LC group compared with
recovered (Fig.1h,iand Extended DataFig.4), consistent with the PLR.
Alternative regression approaches (unadjusted regression models and
partial least squares, PLS) reported results consistent with the original
analysis of protein associations and LC outcome in the WHO-defined
cohort (Fig. 1c-g, Supplementary Table 3 and Extended Data Figs. 5
and 6). Thestandard errors of PLS estimates were wide (Extended Data
Fig. 6), consistent with previous demonstrations that PLR is the opti-
mal method to analyze high-dimensional data where variables may
have combined effects®*. Asinflammatory proteins are often colinear,
working in-tandem to mediate effects, we prioritized PLR results to
draw conclusions.

To explore the relationship between inflammatory mediators
associated with different LC symptoms, we performed a network
analysis of Olink mediators highlighted by PLR within each LC group.

COLEC12 and markers of endothelial and mucosal inflammation
(MATN2, PCDH1,ROBO1, ISM1, ANGPTL2, TGF-a and TFF2) were highly
correlated within the cardioresp, fatigue and anxiety/depression
groups (Fig.2and Extended Data Fig. 7). Elevated PCDH1, an adhesion
protein modulating airway inflammation®, was highly correlated
with other inflammatory proteins associated with the cardioresp
group (Fig. 2), suggesting that systemic inflammation may arise from
thelungintheseindividuals. This was supported by increased expres-
sion of IL-3RA, which regulates innate immune responses in the lung
through interactions with circulating IL-3 (ref. 36), in fatigue (Figs. 1d
and 2), which correlated with markers of tissue inflammation, includ-
ing PCDH1 (Fig. 2). MATN2 and ISM1, mucosal proteins that enhance
inflammation’®”*%, were highly correlated in the Gl group (Fig. 2), high-
lighting therole of tissue-specific inflammation in different LC groups.
SCG3 correlated less closely with mediators in the Gl group (Fig. 2),
suggesting that the brain-gut axis may contribute separately to some
Gl symptoms. SPON-1, which regulates neural growth?, was the most
highly correlated mediator in the cognitive group (Fig. 2 and Extended
DataFig.7), highlighting that processes within nerve tissue may under-
lie this group. These observations suggested that inflammation might
arise from mucosal tissues and that additional mechanisms may con-
tribute to pathophysiology underlying the Gl and cognitive groups.
Women were more likely to experience LC (Table 1), asfoundin pre-
vious studies’. As estrogen can influence immunological responses®,
we investigated whether hormonal differences between men and
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Fig.3|Elevated immune mediator levels are most pronounced in older
women with LC. a-c, Olink-measured plasma protein levels (NPX) of IL-1R2 and
MATN2 (aand b) and CSF3 (c) between LC men and LC women divided by age
(<50 or 250 years) in the cardiorespiratory group (<50 years n = 8 and 250 years
n=270) (a), fatigue group (<50 years n = 81 and =50 years n = 227)

(b) and Gl group (<50 years n =34 and =50 years n = 82) (c). the median values
were compared between men and women using two-sided Wilcoxon signed-rank
test, *P< 0.05, *P < 0.01,***P < 0.001 and ****P < 0.0001. The box plot center line
represents the median, the boundaries represent IQR and the whisker length
represents 1.5x IQR.

women with LC in our cohort explained this trend. We grouped men
and women with LC symptoms into two age groups (those younger
than 50 years and those 50 years and older, using age as a proxy for
menopause statusin women) and compared mediator levels between
men andwomenineach age group, prioritizing those identified by PLR
tobehigherin LC compared with recovered. Aswe aimed to understand
whether women with LC had stronger inflammatory responses than
men with LC, we did not assess differences in men and women in the
recovered group. IL-1R2and MATN2 were significantly higherinwomen
>50 years than men =50 years in the cardioresp group (Fig. 3a, IL-1R2
and MATN2) and the fatigue group (Fig. 3b). Inthe Gl group, CSF3 was
higher in women >50 years compared with men >50 years (Fig. 3¢),
indicating that the inflammatory markers observed in women were not
likely to be estrogen-dependent. Women have been reported to have
stronger innate immune responses to infection and to be at greater
risk of autoimmunity®, possibly explaining why some women in the
>50 years group had higherinflammatory proteins than men the same
group. Proteins associated with the anxiety/depression (IL-1R2 P=0.11
and MATN2 P=0.61, Extended DataFig. 8a) and cognitive groups (CTSO
P=0.64and NFASC P= 0.41, Extended Data Fig. 8b) were not different
between men and women in either age group, consistent with the
absent/weak association between sex and these outcomes identified
by PLR (Fig. 1e,g). Though our findings suggested that nonhormonal
differencesininflammatory responses may explain why some women
are more likely to have LC, they require confirmation in adequately
powered studies.

To test whether local respiratory tract inflammation persisted
after COVID-19, we compared nasosorption samples from 89 partici-
pants (recovered, n =31; LC, n=33; and healthy SARS-CoV-2 naive
controls, n =25, Supplementary Tables 4 and 5). Several inflamma-
tory markers were elevated in the upper respiratory tract post COVID
(includingIL-1a, CXCL10, CXCL11, TNF, VEGF and TFF2) when compared
with naive controls, but similar between recovered and LC (Fig. 4a).
In the cardioresp group (n =29), inflammatory mediators elevated in
plasma (for example, IL-6, APO-2, TGF-a and TFF2) were not elevated
in the upper respiratory tract (Extended Data Fig. 9a) and there was
no correlation between plasma and nasal mediator levels (Extended
Data Fig. 9b). This exploratory analysis suggested upper respiratory
tract inflammation post COVID was not specifically associated with
cardiorespiratory symptoms.

To explore whether SARS-CoV-2 persistence might explain the
inflammatory profiles observedin the cardioresp group, we measured
SARS-CoV-2nucleocapsid (N) antigenin sputum from 40 participants
(recoveredn=17 and LC n=23) collected approximately 6 months post
hospitalization (Supplementary Table 6). All samples were compared
with prepandemicbronchoalveolar lavage fluid (n = 9, Supplementary
Table4).Only four samples (recoveredn =2and LC n =2) had Nantigen
above the assay’s lower limit of detection, and there was no differ-
encein N antigen concentrations between LC and recovered (Fig. 4b,
P=0.78). These observations did not exclude viral persistence, which

might require tissues samples for detection*®*'. On the basis of the
hypothesis that persistent viral antigen might prevent a decline in anti-
body levels over time, we examined the titers of SARS-CoV-2-specific
antibodiesinunvaccinated individuals (recoveredn =19 and LCn = 35).
SARS-CoV-2 N-specific (P=0.023) and spike (S)-specific (P=0.0040)
immunoglobulin G (IgG) levels were elevated in LC compared with
recovered (Fig. 4c).

Overall, we identified myeloid inflammation and complement
activationin the cardioresp, fatigue, anxiety/depression, cognitive and
Gl groups 6 months after hospitalization (Extended Data Fig. 10). Our
findings build on results of smaller studies****and are consistent with a
genome-wide associationstudy thatidentified anindependent associa-
tion between LC and FOXP4, which modulates neutrophilicinflammation
and immune cell function****. In addition, we identified tissue-specific
inflammatory elements, indicating that myeloid disturbance in different
tissues may result in distinct symptoms. Multiple mechanisms for LC
have been suggested, including autoimmunity, thrombosis, vascular
dysfunction, SARS-CoV-2 persistence and latent virus reactivation'.
All these processes involve myeloid inflammation and complement
activation®. Complement activation in LC has been suggested in a
proteomic study in 97 mostly nonhospitalized COVID-19 cases** and
a study of 48 LC patients, of which one-third experienced severe
acute disease*®. As components of the complement systemare known to
have ashort half-life¥’, ongoing complement activation suggests active
inflammation rather than past tissue damage from acute infection.

Despite the heterogeneity of LC and the likelihood of coexisting
or multiple etiologies, our work suggests some common pathways
that might be targeted therapeutically and supports the rationale for
several drugs currently under trial. Our finding of increased sCD58
levels (associated with suppression of monocyte-lymphocyte inter-
actions®) in the recovered group, strengthens our conclusion that
myeloid inflammation is central to the biology of LC and that trials of
steroids, IL-1 antagonists, JAK inhibitors, naltrexone and colchicine
arejustified. Although anticoagulants such as apixaban might prevent
thrombosis downstream of complement dysregulation, they canalso
increase the risk of serious bleeding when given after COVID-19 hos-
pitalization*®. Thus, clinical trials, already underway, need to carefully
assess therisks and benefits of anticoagulants (Supplementary Table 2).

Our finding of elevated S- and N-specific IgG in LC could suggest
viral persistence, as found in other studies®*>*°. Our network analysis
indicated that inflammatory proteins in the cardioresp group inter-
acted strongly withISM1and ROBO1, which are expressed during res-
piratory tractinfection and regulate lung inflammation®*', Although
we were unable to find SARS-CoV-2 antigen in sputum from our LC
cases, we did not test for viral persistence in Gl tract and lung tissue***!
orinplasma®. Evidence of SARS-CoV-2 persistence would justify trials
of antiviral drugs (singly or in combination) in LC. It is also possible
that autoimmune processes could result in an innate inflammatory
profile in LC. Autoreactive B cells have been identified in LC patients
with higher SARS-CoV-2-specific antibody titers in a study of mostly
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Fig. 4 | Pronounced mucosal inflammation after COVID-19 is not associated
with LC. a, Nasal cytokines measured by immunoassay in post-COVID
participants (n = 64) compared with healthy SARS-CoV-2 naive controls (n = 25),
andbetween the the cardioresp group (n =29) and the recovered group (n =31).
Thered values indicate significantly increased cytokine levels after FDR
adjustment (P < 0.05) using two-tailed Wilcoxon signed-rank test. b, SARS-CoV-2
N antigen measured in sputum by electrochemiluminescence from recovered
(n=17) and pooled LC (n=23) groups, compared with BALF from SARS-CoV-2

naive controls (n=9). The horizontal dashed line indicates the lower limit of
detection of the assay. ¢, Plasma S- and N-specific IgG responses measured by
electrochemiluminescencein the LC (n = 35) and recovered (n=19) groups. The
median values were compared using two-sided Wilcoxon signed-rank tests, NS
P>0.05,*P<0.05,**P<0.01,**P<0.001and ***P < 0.0001. The box plot center
lines represent the median, the boundaries represent IQR and the whisker length
represents 1.5x IQR.

mild acute COVID cases (59% WHO 2-3)*, adifferent population from
our study of hospitalized cases.

Our observations of distinct protein profiles in Gl and cognitive
groups support previous reports on distinct associations between
Epstein-Barr virus reactivation and neurological symptoms, or autoan-
tibodies and GI symptoms relative to other forms of LC***, We did
not assess autoantibody induction but found evidence of brain-gut
axis disturbance (SCG3) in the Gl group, which occurs in many auto-
immune diseases®. We found signatures suggestive of neuroinflam-
mation (C1QA) in the cognitive group, consistent with findings of
brain abnormalities on magnetic resonance imaging after COVID-19
hospitalization®, as well as findings of microglial activation in mice
after COVID-19 (ref. 56). Proinflammatory signatures dominated in
the cardioresp, fatigue and anxiety/depression groups and were con-
sistent with those seen in non-COVID depression, suggesting shared
mechanisms”. The association between markers of myeloid inflam-
mation, including IL-3RA, and symptoms was greatest for fatigue.
Whilst membrane-bound IL-3RA facilitates IL-3 signaling upstream
of myelopoesis™ its soluble form (measured in plasma) can bind IL-3
and can act as a decoy receptor, preventing monocyte maturation
and enhancing immunopathology®. Monocytes from individuals
with post-COVID fatigue are reported to have abnormal expression
profiles (including reduced CXCR2), suggestive of altered maturation
and migration®*’. Lung-specific inflammation was suggested by the
association between PCDH1 (an airway epithelial adhesion molecule®)
and cardioresp symptoms.

Our observations do not align with all published observations on
LC. One proteomic study of 55 LC cases after generally mild (WHO 2-3)
acute disease found that TNF and IFN signatures were elevated in LC>.
Vasculoproliferative processes and metabolic disturbance have been
reportedinLC**°, but these studies used uninfected healthy individuals
for comparison and cannot distinguish between LC-specific pheno-
mena and residual post-COVID inflammation. A study of 63 adults
(LC, n=50 and recovered, n =13) reported no association between
immune cell activation and LC 3 months after infection®, though
myeloid inflammation was not directly measured, and 3 months post
infection may be too early to detect subtle differences between LC
andrecovered cases due to residual acute inflammation.

Our study has limitations. We designed the study to identify
inflammatory markers identifying pathways underlying LC subgroups
rather than diagnostic biomarkers. The ORs we report are small, but
associations were consistent across alternative methods of analysis and
when using different LC definitions. Small effect sizes can be expected
when using PLR, which shrinks correlated mediator coefficients to
reflect combined effects and prevent colinear inflation®?, and could also
result from measurement of plasmamediators that may underestimate
tissue inflammation. Although our LC cohort is large compared with
most other published studies, some of our subgroups are small (only
60 cases were designated cognitive). Though the performance of the
cognitive PLR model was adequate, our findings should be validated
in larger studies. It should be noted that our cohort of hospitalized
cases may notrepresentalltypes of LC, especially those occurring after
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mildinfection. We looked for an effect of acute disease severity within
our study and did not find it, and are reassured that the inflammatory
profiles we observed were consistent with those seenin smaller studies
including nonhospitalized cases***°. Studies of posthospital LC
may be confounded by ‘posthospital syndrome’, which encompasses
general and nonspecific effects of hospitalization (particularly inten-
sive care)®.

In conclusion, we found markers of myeloid inflammation and
complement activation in our large prospective posthospital cohort
of patients with LC, in addition to distinct inflammatory patterns in
patients with cognitive impairment or gastrointestinal symptoms.
These findings show the need to consider subphenotypesinmanaging
patients with LC and support the use of antiviral orimmunomodulatory
agentsin controlled therapeutic trials.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Study design and ethics

After hospitalization for COVID-19, adults who had no comorbidity
resulting in a prognosis of less than 6 months were recruited to the
PHOSP-COVID study (n = 719). Patients hospitalized between February
2020 and January 2021 were recruited. Both sexes were recruited and
gender was self-reported (female, n =257 and male, n =462). Written
informed consent was obtained from all patients. Ethical approvals
for the PHOSP-COVID study were given by Leeds West Research Ethics
Committee (20/YH/0225).

Symptom data and samples were prospectively collected from
individuals approximately 6 months (IQR 5.1-6.8 months and range
3.0-8.3 months) post hospitalization (Fig. 1a), via the PHOSP-COVID
multicenter United Kingdom study®*. Data relating to patient demo-
graphics and acute admission were collected via the International
Severe Acute Respiratory and Emerging Infection Consortium World
Health Organization Clinical Characterisation Protocol United King-
dom (ISARIC4C study; IRAS260007/IRAS126600) (ref. 65). Adults
hospitalized during the SARS-CoV-2 pandemic were systematically
recruitedinto ISARIC4C. Writteninformed consent was obtained from
all patients. Ethical approval was given by the South Central-Oxford
C Research Ethics Committee in England (reference 13:/SC/0149),
Scotland A Research Ethics Committee (20/SS/0028) and WHO Ethics
Review Committee (RPC571and RPC572l, 25 April 2013).

Data were collected to account for variables affecting symptom
outcome, via hospital records and self-reporting. Acute disease sever-
ity was classified according to the WHO clinical progression score:
WHO class 3-4: no oxygen therapy; class 5: oxygen therapy; class 6:
noninvasive ventilation or high-flow nasal oxygen; and class 7-9: man-
aged in critical care’. Clinical data were used to place patients into
six categories: ‘recovered’, ‘GI’, ‘cardiorespiratory’, ‘fatigue’, ‘cognitive
impairment’ and ‘anxiety/depression’ (Supplementary Table 7).
Patient-reported symptoms and validated clinical scores were used
when feasible, including Medical Research Council (MRC) breath-
lessness score, dyspnea-12 score, Functional Assessment of Chronic
lliness Therapy (FACIT) score, Patient Health Questionnaire (PHQ)-9
and Generalized Anxiety Disorder (GAD)-7. Cognitive impairment was
defined as a Montreal Cognitive Assessment score <26. Gl symptoms
were defined as answering ‘Yes’ to the presence of at least two of the
listed symptoms. ‘Recovered’ was defined by self-reporting. Patients
were placed in multiple groups if they experienced a combination of
symptoms.

Matched nasal fluid and sputum samples were prospectively
collected from a subgroup of convalescent patients approximately
6 months after hospitalization viathe PHOSP-COVID study. Nasal and
bronchoalveolar lavage fluid (BALF) collected from healthy volunteers
before the COVID-19 pandemic were used as controls (Supplementary
Table 4). Written consent was obtained for all individuals and ethical
approvals were given by London-Harrow Research Ethics Committee
(13/L0O/1899) for the collection of nasal samples and the Health
Research Authority London-Fulham Research Ethics Committee (IRAS
projectID154109; references 14/L.0/1023,10/H0711/94 and 11/LO/1826)
for BALF samples.

Procedures

Ethylenediaminetetraacetic acid plasma was collected from whole
blood taken by venepuncture and frozen at —80 °C as previously
described”*®. Nasal fluid was collected using a NasosorptionTM FX:I
device (Hunt Developments), which uses a synthetic absorptive matrix
to collect concentrated nasal fluid. Samples were eluted and stored
as previously described®”. Sputum samples were collected via passive
expectoration and frozen at —80 °C without the addition of buffers.
Sputum samples from convalescent individuals were compared with
BALF from healthy SARS-CoV-2-naive controls, collected before the
pandemic. BALF samples were used to act as a comparison for lower

respiratory tract samples since passively expectorated sputum from
healthy SARS-CoV-2-naive individuals was not available. BALF samples
were obtained by instillation and recovery of up to 240 ml of normal
saline viaafiberoptic bronchoscope. BALF wasfiltered through100 pM
strainers into sterile 50 ml Falcon tubes, then centrifuged for 10 min
at400 gat4 °C. Theresulting supernatant was transferred into sterile
50 mlFalcon tubes and frozen at—80 °C until use. The fullmethods for
BALF collection and processing have been described previously®®*°,

Immunoassays

To determine inflammatory signatures that associated with symp-
tom outcomes, plasma samples were analyzed on an Olink Explore
384 Inflammation panel”. Supplementary Table 8 (Appendix 1) lists
all the analytes measured. To ensure the validity of results, samples
were run in a single batch with the use of negative controls, plate
controlsintriplicate and repeated measurement of patient samples
between plates in duplicate. Samples were randomized between
plates according to site and sample collection date. Randomization
between plates was blind to LC/recovered outcome. Data were first
normalized to an internal extension control that was included in
each sample well. Plates were standardized by normalizing to inter-
plate controls, runintriplicate on each plate. Each plate contained a
minimum of four patient samples, which were duplicates on another
plate; these duplicate pairs allowed any plate to be linked to any other
through the duplicates. Data were then intensity normalized across
all cohort samples. Finally, Olink results underwent quality control
processing and samples or analytes that did not reach quality control
standards were excluded. Final normalized relative protein quantities
were reported as log, NPX values.

To further validate our findings, we performed conventional elec-
trochemiluminescence (ECL) assays and enzyme-linked immunosor-
bent assay for Olink mediators that were associated with symptom
outcome (Supplementary Methods). Contemporaneously collected
plasma samples were available from 58 individuals. Like most omics
platforms, Olink measures relative quantities, so perfect agreement
with conventional assays that measure absolute concentrations is
not expected.

Sputum samples were thawed before analysis and sputum plugs
were extracted with the addition of 0.1% dithiothreitol creating a one
in two sample dilution, as previously described”. SARS-CoV-2Sand N
proteins were measured by ECL S-plex assay at a fixed dilution of one
in two (Mesoscale Diagnostics), as per the manufacturers protocol™.
Control BALF samples were thawed and measured on the same plate,
neat. The S-plex assay is highly sensitive in detecting viral antigen in
respiratory tract samples’.

Nasal cytokines were measured by ECL (mesoscale discovery) and
Luminex bead multiplex assays (Biotechne). The full methods and list
of analytes are detailed in Supplementary Methods.

Statistics and reproducibility
Clinical datawas collected via the PHOSP REDCap database, to which
access is available under reasonable request as per the data sharing
statement in the manuscript. All analyses were performed within the
Outbreak Data Analysis Platform (ODAP). All data and code can be
accessed using information in the ‘Data sharing” and ‘Code sharing’
statements at the end of the manuscript. No statistical method was
used to predetermine sample size. Data distribution was assumed to
be normal but this was not formally tested. Olink assays and immuno-
assays were randomized and investigators were blinded to outcomes.
To determine protein signatures that associated with each symp-
tomoutcome, aridge PLR was used. PLR shrinks coefficients toaccount
for combined effects within high-dimensional data, preventing false
discovery while managing multicollinearity®*. Thus, PLR was chosen
aprioriasthe most appropriate model to assess associations between
alarge number of explanatory variables (that may work together to
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mediate effects) and symptom outcome***>’%”_ In keeping with our
aimto perform an unbiased exploration of inflammatory process, the
model alpha was set to zero, facilitating regularization without com-
plete penalization of any mediator. This enabled review of all possible
mediators that might associate with LC®,

A 50 repeats tenfold nested cross-validation was used to select
the optimal lambda for each model and assess its accuracy (Extended
DataFig.1). The performance of the cognitive impairment model was
influenced by theimbalance insize of the symptom group (n = 60) rela-
tive torecovered (n =250). The model was weighted to account for this
imbalance resulting in a sensitivity of 0.98, indicating its validity. We
have expanded onthe model performance and validation approaches
in Supplementary Information.

Age, sex, acute disease severity and preexisting comorbidities
wereincluded as covariatesin the PLR analysis (Supplementary Tables1
and 3). Covariates were selected a priori using features reported to
influence the risk of LC and inflammatory responses"****”. Ethnicity
was not included since it has been shown not to predict symptom
outcome in this cohort®. Individuals with missing data were excluded
from the regression analysis. Each symptom group was compared with
the ‘recovered’ group. The model coefficients of each covariate were
converted into ORs for each outcome and visualized in a forest plot,
after removing variables associated with regularized OR between 0.98
and1.02 orin cases where most variables fell outside of this range, using
mediators associated with the highest decile of coefficients either side
of this range. This enabled exclusion of mediators with effect sizes
that were unlikely to have clinical or mechanisticimportance since the
ridge PLR shrinks and orders coefficients according to their relative
importance rather than making estimates with standard error. Thus,
confidence intervals cannot be appropriately derived from PLR, and
forest plot error bars were calculated using the median accuracy of the
model generated by the nested cross-validation. To verify observations
made through PLR analysis, we also performed an unadjusted PLR, an
unadjusted logisticregression and a PLS analysis. Univariate analyses
using Wilcoxon signed-rank test was also performed (Supplementary
Table 8, Appendix 1). Analyses were performedin R version4.2.0 using
‘data.table v1.14.2’, ‘EnvStats v2.7.0’ ‘tidyverse v1.3.2, ‘ime4 v1.1-32’,
‘caretv6.0-93, ‘glmnet v4.1-6’,‘mdatools v0.14.0’, ‘ggpubbr v0.4.0’ and
‘egplot2v3.3.6' packages.

To furtherinvestigate the relationship between proteins elevated
ineachsymptomgroup, we performed a correlation network analysis
using Spearman’s rank correlation coefficient and false discovery rate
(FDR) thresholding. The mediators visualized in the PLR forest plots,
which were associated with cardiorespiratory symptoms, fatigue,
anxiety/depression Gl symptoms and cognitive impairment were used,
respectively. Analyses were performed in R version 4.2.0 using ‘bootnet
v1.5.6’and ‘qgraph v1.9.8’packages.

To determine whether differences in protein levels between men
and women related to hormonal differences, we divided each symp-
tom group into premenopausal and postmenopausal groups using
anage cutoff of 50 years old. Differences between sexes in each group
were determined using the Wilcoxon signed-rank test. Tounderstand
whether antigen persistence contributed toinflammationinadults with
LC, the median viral antigen concentration from sputum/BALF samples
and cytokine concentrations fromnasal samples were compared using
the Wilcoxon signed-rank test. All tests were two-tailed and statistical
significance was defined as a P value < 0.05 after adjustment for FDR
(g-value of 0.05). Analyses were performed in R version 4.2.0 using
‘bootnet v1.5.6’ and ‘qgraph v1.9.8’ packages.

Extended Data Fig. 10 was made using Biorender, accessed at
www.biorender.com.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Thisisanopenaccess article under the CCBY 4.0 license.

The PHOSP-COVID protocol, consent form, definition and derivation
of clinical characteristics and outcomes, training materials, regulatory
documents, information about requests for data access, and other
relevant study materials are available online at ref. 76. Access to these
materials can be granted by contacting phosp@leicester.ac.uk and
Phospcontracts@leicester.ac.uk.

The ISARIC4C protocol, data sharing and publication policy are
available at https://isaric4c.net. ISARIC4C’s Independent Data and
Material Access Committee welcomes applications for access to data
and materials (https://isaric4c.net).

The datasets used in the study contain extensive clinical information
at anindividual level that prevent them from being deposited in an
public depository due to data protection policies of the study. Study
datacanonlybeaccessed viathe ODAP, a protected research environ-
ment. All data used in this study are available within ODAP and acces-
sible under reasonable request. Data access criteria and information
about how to request access is available online at ref. 76. If criteria are
met and a request is made, access can be gained by signing the eDRIS
user agreement.

Code availability

Codewaswrittenwithin the ODAP, using Rv4.2.0 and publicly available
packages (‘data.table v1.14.2’, ‘EnvStats v2.7.0’, ‘tidyverse v1.3.2’, ‘Ime4
v1.1-32’, ‘caret v6.0-93’, ‘glmnet v4.1-6’, ‘mdatools v0.14.0’, ‘ggpubbr
v0.4.0’, ‘ggplot2 v3.3.6’, ‘bootnet v1.5.6’ and ‘qgraph v1.9.8” pack-
ages). No new algorithms or functions were created and code used
in-built functions in listed packages available on CRAN. The code
used to generate data and to analyze data is publicly available at
https://github.com/isaric4c/wiki/wiki/ISARIC; https://github.com/
Surgicallnformatics/cocin_cc and https://github.com/ClaudiaEfstath/
PHOSP_Olink_NatImm.
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Extended Data Fig. 2| Associations with long COVID symptoms in full
study cohort. (a) Fibrinogen levels at 6 months were compared between

represent the number of patients in each symptom group: Cardiorespiratory
(Cardio_Resp), Fatigue, Cognitive, Gastrointestinal (GI) and Anxiety/Depression
(Anx_Dep). Vertical black bars represent the number of patients in each

pooled LC cases (n =295) and Recovered (n = 233) and between the Cognitive
symptom combination group. To prevent patient identification, where less than

group (n=41) and Recovered (n =233). Box plot centre line represent the
Median and boundaries of the box represent interquartile range (IQR), the
whisker length represents 1.5xIQR, any outliers beyond the whisker range are
shownasindividual dots. Median differences were compared using two-sided
Wilcoxon signed-rank test *=p < 0-05, **=p < 0-01, **=p < 0-001, ***=p < 0-0001.
Unadjusted p-values are reported. b) Distribution of time from COVID-19

5 patients belong to acombination group, this has been represented as ‘<5’ The
Recovered group (n =250) were used as controls. Forest plots show Olink protein
concentrations (NPX) associated with (d) Cardio_Resp (n=398), (e) Fatigue
(n=342), (f) Anx_Dep (n=219), (g) Gl (n =134), and (h) Cognitive (n = 65). Error

bars represent the median accuracy of the model.
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Extended Data Fig. 4 | Univariate analysis of proteins associated with each two-sided Wilcoxon signed-rank test. *=p < 0-05,**=p < 0-01, **=p < 0-001,
symptom. Olink measured plasma protein levels (NPX) compared between LC ***++=p < 0-0001 after FDR adjustment. Box plot centre line represent the Median
groups (Cardio_Resp, n =398, Fatigue n = 384, Anxiety/Depression, n =202, GlI, and boundaries of the box represent interquartile range (IQR), the whisker
n=132and Cognitive, n = 60) and Recovered (n = 233). Proteins identified by length represents 1.5xIQR, any outliers beyond the whisker range are shown as
PLR were compared between groups. Median differences were compared using individual dots.
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between men and women using two-sided Wilcoxon signed-rank test. Box plot

centre line represent the Median and boundaries represent interquartile range
(IQR), the whisker length represents 1.5xIQR.
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'After hospital discharge patients >18 years old who had no co-morbidity resulting in a prognosis of less than 6 months, who
had been hospitalised for COVID-19 were recruited to the PHOSP-COVID study. Patients that had been hospitalised between
February 2020 and January 2021 were recruited. Both sexes were recruited and gender was self-reported. Written informed
consent was obtained from all patients.'

'Clinical data and plasma samples were prospectively collected from adult cases of COVID-19 approximately 6 months after
hospitalisation, via the PHOSP-COVID multicentre UK study.'

'Data relating to patient demographics and the acute admission were collected via the ISARIC4C study. Adults hospitalised
during the SARS-CoV-2 pandemic were systematically recruited into the International Severe Acute Respiratory and Emerging
Infection Consortium (ISARIC) World Health Organization Clinical Characterisation Protocol UK (IRAS260007 and IRAS126600).
Written informed consent was obtained from all patients.'

Citations are provided in the text to the papers which fully detail recruitment and population characteristics: Methods,
Reference number 15,14,16,96

Ethics oversight From the manuscript:
'Ethical approvals for the PHOSP-COVID study were given by Leeds West Research Ethics Committee (20/YH/0225).'

'Adults hospitalised during the SARS-CoV-2 pandemic were systematically recruited into the International Severe Acute
Respiratory and Emerging Infection Consortium (ISARIC) World Health Organization Clinical Characterisation Protocol UK
(IRAS260007 and IRAS126600). Written informed consent was obtained from all patients. Ethical approval was given by the
South Central—-Oxford C Research Ethics Committee in England (reference: 13/SC/0149), Scotland A Research Ethics
Committee (20/55/0028) and World Health Organization Ethics Review Committee (RPC571 and RPC572l; 25 April 2013)."

'Written consent was obtained for all individuals and ethical approvals were given by London-Harrow Research Ethics
Committee (13/L0O/1899) for the collection of nasal samples and the Health Research Authority London—Fulham Research
Ethics Committee (IRAS Project ID 154109; references 14/L0/1023, 10/H0711/94, and 11/L0/1826) for BALF samples.'

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

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

Sample size

Data exclusions

Replication

Randomization

Blinding

This was an exploratory observational study set up early in the pandemic to understand long term healthcomes after COVID-19. As such, UK
patients were systematically recruited to understand sequelae and biological mechanisms at population level. As such, power calculations
were not performed. Given the limited understanding of long COVID as a disease entity at the start of the study, power calculations and
meaningful effect sizes are challenging to derive. However previous work published by the PHOSP-COVID consortium has indicated the this
study size is sufficient to detect changes in inflammatory profiles 6 months after hospitalisation:

Evans, R. A. et al. Clinical characteristics with inflammation profiling of long COVID and association with 1-year recovery following
hospitalisation in the UK: a prospective observational study. Lancet Respir Med 10, 761-775 (2022).

Furthermore, recent studies using Olink data in sample sizes substantially smaller than ours indicate our sample size is sufficient to detect
meaningful proteomic differences between symptom groups:

Woodruff, M. C. et al. Chronic inflammation, neutrophil activity, and autoreactivity splits long COVID. Nat Commun 14, 4201 (2023).

Individuals were excluded from the PLR analysis if covariate or symptom outcome or covariate data was missing. Olink data from analytes that
did not pass QC measures were excluded.

To ensure the validity of results, samples were run in a single batch with use of negative controls, plate controls in triplicate, and repeated
measurement of patient samples between plates in duplicate. Samples were randomized between plates according to site and sample
collection date. Randomization between plates was blind to long COVID/ recovered outcome. Data were first normalized to an internal
extension control that was included in each sample well. Plates were standardized by normalizing to inter-plate controls, run in triplicate on
each plate. Each plate contained a minimum of 4 patient samples which were duplicates on another plate, these duplicate pairs allowed any
plate to be linked to any other through the duplicates. Data were then intensity normalized across all cohort samples. Finally, Olink results
underwent QC processing and samples or analytes that did not reach QC standards were excluded. Final normalized relative protein quantities
were reported as log2 normalized protein expression (NPX) values. (Methods)

The QC and normalisation methods are according to best practice guidance which can be found here: https://www.olink.com/content/
uploads/2022/04/white-paper-data-normalization-v2.1.pdf

A nested cross-validation was used to choose the optimal model for analysis and assess the stability of the model. The results of this have
been reported in the manuscript (supplemental p3 and Extended Data Fig 9). Furthermore we validated our findings through repeated
analysis restricted by Long COVID definition (Extended Data Fig 1) as well as through application of different models, unadjusted and non-
regularised models and univariate analyses (Extended Data Fig 1-4, Supplementary Table 2).

This was an observational, non-interventional study and symptom data was collected prospectively. To avoid bias introduced by assay error,
non-specific binding or batch effects, samples were randomized between plates and run in a single batch blinded for long COVID/ recovered
outcome. Randomization of samples across Olink assay plates is described in 'Replication'.

Assays were run blinded to symptom outcome. Samples were randomized between plates with blinding for long COVID/ recovered outcome.
Exclusion of data according to missingness or QC measures occured prior to primary analysis, without knowledge of clinical data, symptom
outcome or individual analyte results.

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies IZ D ChiIP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

D Palaeontology and archaeology IZ D MRI-based neuroimaging

|:| Animals and other organisms
Clinical data

D Dual use research of concern

XOXXX[ s

Antibodies

Antibodies used Antibodies used were in the form of commercial ELISA, MSD and Luminex assays (details in online methods and supplementary page
1):
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Biotechne: Human Luminex Discovery Assay, configuration Ubdal728; CAT NO: LXSAHM-15
MSD: V-PLEX Proinflammatory Panell (human) Kit (1 Plate); CAT NO: K15049D-1

MSD:

R-PLEX Human TFF2 Antibody Set ; CAT NO: F21ACM-3

R-PLEX Human TGF-a Antibody Set ; CAT NO: F21ACN-3
R-PLEX Human tPA Antibody Set ; CAT NO: F21ACZ-3

R-PLEX IL1R2 Antibody set; CAT No: K151ANVR-2

U-plex GCSF and IL2 custom multiplex kit; CAT No: K15067M-1

Abcam: IL3RA Elisa kit, CAT No: ab300317

Olink antibodies were selected in a 3 stage validation process:

1. Screening against an Olink designed antigen (Ag) pool developed over many years to detect unspecific binding.

2. After removal of poorly performing antibodies, a second screen was performed using a second Ag pool (n=92 Ags)

3. Validation of final product design was then performed against a pool of carefully selected proteins with documented high
homology within their protein families (n=96 Ags).

Using these methods (details available: https://olink.com/content/uploads/2022/10/olink-explore-validation-data.pdf) Olink have
demonstrated that 99.7% of Olink explore protein assays do not show any cross-reactivity or non-specific binding. The specific
proteins that we found to be associated with Long COVID have all shown inter- and intra-CVs < 10, demonstrating very high precision.
The full list of analytes in the Olink Explore inflammation panel and their associated precision can be found here: https://olink.com/
content/uploads/2023/07/olink-explore-3072-validation-data-results.xlsx.

Validation validation details are available from the MSD website as follows:

"MSD’s validated assay kits meet the Clinical Laboratory Standards Institute guidelines for consistency, sensitivity, precision, and
robustness. Validation testing is conducted through a design-control process according to the principles outlined in “Fit-for-Purpose
Method Development and Validation for Successful Biomarker Measurement” by Lee, J.W. et al." Available from: https://
www.mesoscale.com/en/support/product_information/search_coa/~/link.aspx?_id=C6380BC0OC4514064875E4382146EC6B1& z=2

Validation of Luminex cytokine assays has been published: dupont NC, Wang K, Wadhwa PD, Culhane JF, Nelson EL. Validation and
comparison of luminex multiplex cytokine analysis kits with ELISA: determinations of a panel of nine cytokines in clinical sample
culture supernatants. J Reprod Immunol. 2005 Aug;66(2):175-91. doi: 10.1016/j.jri.2005.03.005. PMID: 16029895; PMCID:
PMC5738327.

The Olink Explore assays have been validated internally through a 3 stage process (see above). The full methods used are publicly
available: https://olink.com/content/uploads/2022/10/olink-explore-validation-data.pdf

and

https://olink.com/content/uploads/2023/07/olink-explore-3072-validation-data-results.xlsx.

Using these methods, Olink have demonstrated that 99.7% of Olink explore protein assays do not show any cross-reactivity or non-
specific binding. The specific proteins that we found to be associated with Long COVID have all shown inter- and intra-CVs < 10,
demonstrating very high precision. The full list of analytes in the Olink Explore inflammation panel and their associated precision can
be found here: https://olink.com/content/uploads/2023/07/olink-explore-3072-validation-data-results.xIsx.

Lc0c Y21o

Olink has also been validated against other assays and this data has been published (wik et al., 2021, https://doi.org/10.1016/
j.mcpro.2021.100168; references 88-93 in manuscript, Discussion).

We further internally validated the assay using conventional MSD and ELISA kits (Extended Data Fig.8)




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

Study protocol

Data collection

Outcomes

NA. This was not a clinical trial.

The PHOSP-COVID protocol, consent form, definition and derivation of clinical characteristics and outcomes, training materials,
regulatory documents, information about requests for data access, and other relevant study materials are available online: https://
phosp.org/resource/. Access to these materials can be granted by contacting phosp@leicester.ac.uk and
Phospcontracts@Ileicester.ac.uk.

Clinical data and plasma samples were prospectively collected from adult cases of COVID-19 approximately 6 months after
hospitalisation, via the PHOSP-COVID multicentre UK study (see Methods).

The definition and derivation of clinical characteristics and outcomes can be accessed here: https://phosp.org/resource/. Access to
these materials can be granted by contacting phosp@Ieicester.ac.uk and Phospcontracts@leicester.ac.uk.

Clinical data were collected through patient symptom questionnaires and validated clinical scores. The methods of clinical data
collection have been extensively outlined and published and the references from the manuscript are included below:

14. Elneima, O. et al. Cohort Profile: Post-hospitalisation COVID-19 study (PHOSP-COVID). medRxiv 2023.05.08.23289442 (2023)
doi:10.1101/2023.05.08.23289442.

15. Evans, R. A. et al. Clinical characteristics with inflammation profiling of long COVID and association with 1-year recovery following
hospitalisation in the UK: a prospective observational study. Lancet Respir Med 10, 761775 (2022).

Prospectively collected outcome and covariate data used are detailed in the manuscript 'Methods' section:

"Symptom data and samples were prospectively collected from individuals approximately 6 months after hospitalisation (Fig. 1A), via
the PHOSP-COVID multicentre UK study... Clinical data were used to place patients into 6 categories: ‘Recovered’, ‘Gl’,
‘Cardiorespiratory’, ‘Fatigue’, ‘Cognitive impairment’ and ‘Anxiety/depression’ (Supplementary Table 5). Patient reported symptoms
and validated clinical scores were used including: MRC breathlessness score, dyspnoea-12 score, FACIT score, PHQ-9 and GAD-7.
Responses to symptom questionnaires about chest pain and palpitations were also used. Cognitive impairment was defined as a
Montreal Cognitive Assessment (MoCA) score <26. Gl symptoms were defined as answering ‘Yes’ to the presence of at least two of
the listed symptoms. ‘Recovered’ was defined by self-reporting. Patients were placed in multiple groups if they experienced a
combination of symptoms."

Additional covariate data were also collected and analysed:

"Data were collected to account for variables affecting symptom outcome, via hospital records and self-reporting. Acute disease
severity was classified according to the WHO Clinical Progression score: Class 3-4 required no oxygen, Class 5 required oxygen
therapy, Class 6 required non-invasive ventilation or high-flow nasal oxygen), Class 7-9 were managed in critical care... Age, sex, acute
disease severity and pre-existing comorbidities were included as covariates in the PLR analysis (Supplementary Table 1,2)"

This was a cross-sectional analysis of clinical data collected. No single individual provided repeated measures in the cohort that we
analysed.

The primary outcome of this study was inflammatory profiles associated with symptoms occurring approximately 6 months after
COVID-19 hospitalisation. We used nested controls within our cohort by using a group of individuals that reported feeling recovered.
We compared inflammatory profiles in patients with symptoms and compared them to recovered controls within the cohort. The
range of time-points at which this data was collected relative to acute infection is shown in Figure 1 A. This was a cross-sectional
analysis of clinical data collected. No single individual provided repeated measures in the cohort that we analysed.

The full list of clinical outcomes measured by PHOSP-COVID and questionnaires used are publicly available (and this has been cited in
the manuscript):

14. Elneima, O. et al. Cohort Profile: Post-hospitalisation COVID-19 study (PHOSP-COVID). medRxiv 2023.05.08.23289442 (2023)
doi:10.1101/2023.05.08.23289442.

The specific variables used to define symptom outcomes in our study are detailed in Supplementary table 5, and described in
Methods (see Excerpt above).

The primary outcome measure was analysed via the Olink Explore inflammatory panel using best practice methods (Methods). The
association between inflammatory profiles and methods were measured using a penalised logistic regression model (Methods and
Supplementary, page 2).
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