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Immune dysfunction is a key factor in acute COVID-19 pathophysiology, with monocyte
abnormalities sustained during convalescence for at least 9 months following hospital discharge
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Results Monocyte alterations in acute COVID-19 patients included aberrant expression of leukocyte
migration molecules, continuing into convalescence (n=142) and corresponding with specific symptoms of
This article has an editorial long COVID. Long COVID patients with unresolved lung injury, indicated by sustained shortness of
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chemokine ligand 16 (CXCL16) (p<0.05), which is abundantly expressed in the lung. Monocyte CXCR6
and lung CXCL16 were heightened in patients with progressive fibrosing interstitial lung disease
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Received: 19 May 2022 (p<0.001), confirming a role for the CXCR6-CXCL16 axis in ongoing lung injury. Conversely,
Accepted: 16 Feb 2023 monocytes from long COVID patients with ongoing fatigue exhibited a sustained reduction of the
prostaglandin-generating enzyme cyclooxygenase 2 (p<0.01) and CXCR2 expression (p<0.05). These
monocyte changes were not present in respiratory syncytial virus or influenza A convalescence.
a @ @ @ Conclusions Our data define unique monocyte signatures that define subgroups of long COVID patients,
indicating a key role for monocyte migration in COVID-19 pathophysiology. Targeting these pathways
may provide novel therapeutic opportunities in COVID-19 patients with persistent morbidity.

Introduction

The COVID-19 pandemic has resulted in over 762 million infections and 6.8 million deaths worldwide, to
date [1]. COVID-19 manifests with a wide range of symptoms, from mild influenza-like symptoms to
life-threatening consequences of acute respiratory distress syndrome in severe disease [2]. There has been a
significant improvement in our understanding of COVID-19 pathology from research efforts detailing
changes in host immunity during SARS-CoV-2 infection, with key alterations in myeloid cells of the
innate immune system corresponding to disease severity, incidence of intensive care admission and
death [3-9].

Monocytes are released into the circulation from bone marrow and recruited to the lung during respiratory
infections, in keeping with our previous work demonstrating heightened systemic levels of
monocyte-chemoattractant protein 1 (MCP-1) in COVID-19 patients and enhanced Ki67 on monocytes
suggestive of rapid release from bone marrow [3]. Other early studies during the first wave of COVID-19
demonstrated enhanced monocyte infiltrates in the lungs, kidney, heart, spleen and muscle from deceased
COVID-19 patients [10-12], supporting a role for abnormal monocyte migration to peripheral tissues in
COVID-19. Indeed, subsequent studies indicate severe COVID-19-associated variants are linked to
chemokine receptor gene control in monocytes and macrophages [13]. A detailed understanding of the
migratory properties of monocytes in COVID-19 and how they correspond to disease severity and
intensive care admission would support the development of better, targeted clinical interventions.

There is now a wealth of evidence indicating that chronic morbidity persists in many COVID-19 patients
during convalescence, with common long-lasting symptoms including extreme fatigue, shortness of breath,
myalgia, brain fog, depression, fibrotic lung disease and pulmonary vascular disease (long COVID) [14-18].
Recent evidence demonstrates systemic inflammation is sustained in COVID-19 convalescence, with long
COVID symptoms remaining at 1-year follow-up [17] and long-term activation of the innate immune
system during convalescence even in patients with non-severe disease [19]. There are currently limited
treatment options for long COVID because the development of targeted therapeutic strategies requires an
in-depth understanding of the underlying immunological pathophysiology.

We sought to address whether monocyte migratory signatures corresponded to acute COVID-19 disease
severity and whether any persistent changes in immune profiles in convalescence were associated with
long COVID symptoms. We collected blood samples as part of the Coronavirus Immune Response and
Clinical Outcomes (CIRCO) study [3] based at four hospitals in Greater Manchester, UK, and identified
key monocyte migratory signatures in acute disease that persisted into convalescence up to 9 months after
hospital discharge. Unique monocyte profiles distinguished long COVID patients with shortness of breath
and unresolved lung injury from those with ongoing fatigue, and from asymptomatic patients. Our data
reveal sustained monocyte dysfunction as a key feature of acute and long COVID.

Methods

Study design

Between July 2020 and January 2021, two cohorts of COVID-19 patients (acute and convalescent) were
recruited from four hospitals across two trusts: Manchester University NHS Foundation Trust (MFT) and
Salford Royal NHS Foundation Trust (SRFT). Samples were collected through Manchester Allergy,
Respiratory and Thoracic Surgery (ManARTS) Biobank (study number M2020-88; MFT) or the Northern
Care Alliance Research Collection (NCARC) tissue biobank (study number NCA-009; SRFT). Ethical
approval was provided by the National Research Ethics Service (REC reference 15/NW/0409 for
ManARTS; 18/WA/0368 for NCARC). Informed consent was provided by all study participants.

Patient inclusion and exclusion criteria were the same as in our previous study [3]; demographics and
clinical information are provided in the supplementary material (supplementary figures S1 and S3).
Peripheral blood samples were collected within 7 days of hospital admission for acute patients, and at
follow-up appointments during outpatient clinics 3-9 months post discharge for convalescent patients.
Healthy blood samples were obtained from frontline workers at the University of Manchester and MFT and
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were examined alongside patient samples. All healthy controls tested negative for anti-Spike 1 receptor
binding domain antibodies (age range 35-71 years, median age 50.9 years, 52% male).

Quantitative computed tomography analysis

Computed tomography (CT) thorax scan images from symptomatic convalescent COVID-19 patients
(breathless and/or fatigued) taken at follow-up appointments at MFT (ManARTS study number
M2022-119) were analysed using Lung Density Analysis and Lung Texture Analysis programs (Imbio
Inc., Minneapolis, MN, USA) to generate quantitative CT reports. This generated quantitative scan
reports as shown in supplementary figure S5. Further information on this technology can be found
in the Imbio LDA+ user manual version 4.1.0 and the lung texture analysis user manual version 2.2.0
(https:/www.imbio.com/support-documentation/).

Isolation of peripheral blood mononuclear cells and serum

Peripheral blood mononuclear cells (PBMCs) and serum from whole blood samples were isolated as
previously described [3]. PBMCs were stained for flow cytometry, set up for microbial stimulation assays,
or stored in 10% DMSQO in fetal bovine serum (FBS) at —150°C.

Cell culture

Fresh PBMCs were stimulated with 100 ng'-mL™" lipopolysaccharide (LPS) (Sigma) in the presence of
Protein Transport Inhibitor Cocktail (eBioscience) in RPMI containing 10% FBS, L-glutamine,
nonessential amino acids, HEPES, streptomycin and penicillin (complete media) for 3h at 37°C.
Following stimulation, cells were washed and stained for flow cytometric analysis to determine intracellular
levels of the enzyme cyclooxygenase 2 (COX-2) and the cytokines tumour necrosis factor oo (TNF-o) and
interleukin 18 (IL-1B).

Transwell migration assay

Frozen PBMCs from healthy controls and from breathless and non-breathless convalescent COVID-19
patients were thawed, washed and resuspended in complete media. PBMCs were incubated at 37°C for
18 h. PBMCs (2x10° cells) were then plated in the upper wells of a 98-well cell migration/chemotaxis
plate with Boyden chamber (5pm membrane; Abcam). The lower wells contained C-X-C motif
chemokine ligand 16 (CXCL16) (0.1, 0.5 or 1 pg-mL™") or media only (negative control). PBMCs were
left to migrate for 4 h at 37°C. Migrated cells were counted manually using a haemocytometer.

Flow cytometry

For surface stains (migration markers), samples were fixed with BD Cytofix (BD Biosciences) following
antibody staining, prior to acquisition. For intracellular stains (TNF-o, IL-1B, COX-2), the FoxP3/Transcription
Factor Staining Buffer Set (eBioscience) was used. Antibodies used are listed in supplementary table S1.
All samples were acquired on an LSRFortessa flow cytometer (BD Biosciences) and analysed using
FlowJo (Tree Star).

Luminex assay
Leukocyte migration markers were measured in serum using Luminex assays (R&D Systems) according to
manufacturer’s instructions.

Statistics

Normality tests were performed on all datasets, and statistical analyses were carried out using Prism 9
Software (Graphpad Software Inc.). Information on statistical tests used is detailed in figure legends. In all
cases, a p-value of <0.05 was considered significant. Where no statistical difference is shown on graphs,
there were no significant differences.

Results

Clinical characteristics during acute COVID-19

Between 6 July and 5 November 2020, 71 patients with acute disease were recruited during their inpatient
stay for COVID-19 within 7 days of admission. All patients were stratified for maximum disease severity
based on supplemental oxygen requirements (<28% inspiratory oxygen fraction (Fjp,) for mild disease,
28-60% F;o, for moderate disease and >60% Fjo, or noninvasive/mechanical ventilation for severe
disease). Additionally, the use of acute noninvasive ventilation in non-chronic obstructive pulmonary
disease (COPD) patients, invasive ventilation and admission to intensive care automatically led to a
classification of severe disease. The most frequent comorbidities were hypertension, ischaemic heart
disease, diabetes, asthma and other chronic pulmonary disease, although only diabetes correlated with
disease severity (55% of patients with severe COVID-19 were diabetic). 45% of severe cases of COVID-19
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resulted in death within 30 days, with 30-day mortality, C-reactive protein and length of hospital stay all
positively associated with COVID-19 disease severity (supplementary figure S1).

Abnormal migratory signature in monocytes during acute COVID-19 defines disease severity

Following recruitment to sites of inflammation, monocytes contribute significantly to inflammatory disease
directly or via differentiation into macrophages or dendritic cells in peripheral tissues [20, 21].
Monocyte-derived macrophages predominate in the bronchoalveolar lavage (BAL) of patients with severe
COVID-19 [8], contributing to the inflammatory environment. We examined circulating monocytes for
altered expression of a range of molecules involved in leukocyte migration, and for function based on their
capacity to produce inflammatory mediators (summarised in supplementary figure S2a).

By combining these differential analyses, we generated an overview of severity-specific monocyte
signatures (figure 1). Severe COVID-19 was characterised by reduced proportions of CD14" classical
monocytes (gating strategy: supplementary figure S2b) expressing the prostaglandin-generating enzyme
COX-2 and the chemokine receptor C-X-C motif chemokine receptor 2 (CXCR2) (figures 1 and 2a, b),
alongside enhanced expression of adhesion molecule CD62L (figures 1 and 2c) and the gut-homing
integrin B7 (Itg-B7) (figures 1 and 2d). Patients with mild disease and a quicker recovery from COVID-19
displayed a distinctive signature and were characterised by heightened production of TNF-o (figures 1
and 2e) and enhanced expression of chemokine receptor C-C motif chemokine receptor 8 (CCR8) on
monocytes (figures 1 and 2f). Chemokine receptor CXCR6, adhesion molecule P-selectin glycoprotein
ligand-1 (PSGL-1) and chemokine C-C motif chemokine ligand 2 (CCL2) on monocytes were aberrantly
increased in COVID-19 patients overall but did not stratify with disease severity (figures 1 and 2g,
supplementary figure S2c).

There was a trend towards increased proportions of monocytes expressing the chemokine receptor associated
with lymph node homing, CCR7, in acute COVID-19 but this did not reach statistical significance (figure 2g).
There was no change in monocyte expression of chemokine receptor CXCR1 or integrin very late antigen-4
(VLA-4) (used for adhesion to activated endothelium [22, 23]) between COVID-19 patients and healthy
controls (supplementary figure S2d). Levels of CD31 (used for migration through the endothelium [24]) and
CXCR4 were assessed rather than proportion of monocytes due to 100% of circulating monocytes expressing
these molecules; there were no differences between COVID-19 patients and healthy controls. There was also
no difference in monocyte production of IL-1f (supplementary figure S2d).

These data indicate abnormal monocyte migration as a key factor in COVID-19 pathophysiology.

Defined soluble mediators involved in leukocyte migration are dysregulated in acute COVID-19

We, and others, have previously observed aberrant expression of soluble inflammatory mediators in serum
from patients with acute COVID-19, in particular cytokines IL-6 and IL-10 and chemokines MCP-1 and
CXCL10, which were dominant in severe COVID-19 [2, 3, 25-27]. Here, we extended our analyses of
serum proteins using a Luminex bead array targeted for leukocyte migration.

Serum levels of chemokines CCL5 (recruits leukocytes to sites of inflammation), CXCL2 (myeloid cell
chemoattractant) and CXCL16 (binding partner for CXCR6 that is increased on monocytes in COVID-19
in figure 2g) were increased in patients with acute moderate/severe COVID-19 (figure 3a). Soluble CD31,
which inhibits CD31-mediated transendothelial migration [28], was reduced in COVID-19 patients, further
supporting a role for heightened leukocyte migration into peripheral tissues in COVID-19 (figure 3b).
Adhesion molecule vascular adhesion molecule 1 (VCAM-1) and chemokines CXCL1 and CXCL10 were
also elevated (figure 3c) but did not stratify with disease severity (data not shown). Serum levels of matrix
metalloprotease 1 (MMP-1), which mediates interactions between monocytes and vascular endothelial cells
[29], were also heightened in patients with moderate/severe COVID-19 (figure 3d).

These data further support a role for abnormal leukocyte migration into peripheral tissues in COVID-19,
suggesting abnormal interactions of monocytes with blood vessel endothelial cells.

Clinical characteristics during COVID-19 convalescence

Alongside recruitment of patients with acute COVID-19, between 14 July and 3 December 2020,
142 patients attending outpatient follow-up after inpatient admission for COVID-19 were recruited as
convalescent COVID-19 patients (follow-up mean: 151 days; range: 63-246 days after discharge). At
outpatient review patients were asked whether they were experiencing breathlessness or fatigue, and
whether this was new since SARS-CoV-2 infection. If the symptom was pre-existing, patients were asked
if it was better, stable or worse since SARS-CoV-2 (quantified using Medical Research Council dyspnoea
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Acute COVID-19

Healthy Mild Moderate Severe
COX-2
Decreased with
severity
CXCR2
CD62L )
Increased with
severity
Itg-B7
TNF-a .
Increased in
mild COVID-19
CCR8
CCR7
PSGL-1 Increased in
COVID-19
regardless of
CXCRé severity
CCL2
CXCR1
CD31
IL-1B No change
VLA-4
CXCR4

-1.0 -0.5 0 0.5

FIGURE 1 Summary of distinct monocyte profiles in patients with acute COVID-19. Heatmap of indicated
immune parameters by row. Each column represents average (mean) Z-scores for each parameter calculated
from individual values of expression by monocytes from healthy individuals or patients with mild, moderate or
severe COVID-19 as separate groups. Heatmap was generated as a visual guide, using a subset of individuals
from each group to include all individuals per group with results for every immune parameter analysed
(i.e. individuals where samples were used for surface staining for all migration molecules, and microbial
stimulation assays for cytokine and COX-2 readouts). Healthy individuals, n=25; mild COVID-19, n=13; moderate
COVID-19, n=14; severe COVID-19, n=T7.

scale for breathlessness). Further clinical tests, e.g. echocardiograms, sleep studies and blood panels, were
performed by reviewing specialist respiratory physicians where indicated for shortness of breath and
fatigue to exclude alternate pathologies. If on review patient symptoms were felt to be attributable to other
pathologies, they were excluded from the analysis.

At outpatient follow-up, 31% of patients continued to display abnormalities on chest radiology attributed to
COVID-19 (supplementary figure S3). Shortness of breath was the most common symptom of long
COVID and indicates unresolved lung injury (48% of all convalescent patients; supplementary figure S3).
Here, we used the combination of abnormal chest radiology with shortness of breath to confirm unresolved
lung injury, and indeed there was a significant association between these two parameters (supplementary
figure S3). Fatigue was also a predominant symptom of long COVID (44% of all convalescent patients;
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FIGURE 2 Monocyte profiles of patients with acute COVID-19. Summary graphs showing data from healthy individuals and all COVID-19 patients.
Patients with COVID-19 were also stratified into mild, moderate and severe disease groups. a) Frequencies of CD14" monocytes expressing COX-2
following lipopolysaccharide (LPS) stimulation, from healthy individuals (n=32) and all patients with acute COVID-19 (n=56). Disease stratification:
mild (n=23), moderate (n=20) and severe (n=10). b) Frequencies of CD14" monocytes expressing CXCR2 from healthy individuals (n=34) and all
patients with acute COVID-19 (n=66). Disease stratification: mild (n=22), moderate (n=23) and severe (n=17). c) CD14" monocyte L-selectin (CD62L)
expression levels as determined by mean fluorescence intensity (MFI) in healthy individuals (n=33) and all patients with acute COVID-19 (n=65).
Disease stratification: mild (n=22), moderate (n=22) and severe (n=17). d) Frequencies of CD14" monocytes expressing integrin B7 (Itg-B7) from
healthy individuals (n=35) and all patients with acute COVID-19 (n=67). Disease stratification: mild (n=23), moderate (n=23) and severe (n=16).
e) Frequencies of CD14" monocytes producing TNF-o following LPS stimulation, from healthy individuals (n=34) and all patients with acute
COVID-19 (n=55). Disease stratification: mild (n=23), moderate (n=20) and severe (n=10). f) Frequencies of CD14" monocytes expressing CCR8 from
healthy individuals (n=33) and all patients with acute COVID-19 (n=66). Disease stratification: mild (n=22), moderate (n=23) and severe (n=17).
g) CD14" monocyte expression levels of PSGL-1 and frequencies of monocytes expressing CXCR6, CCL2 and CCR7 in healthy individuals (PSGL-1:
n=35; CXCR6: n=35; CCL2: n=33; CCR7: n=31) and all patients with acute COVID-19 (PSGL-1: n=66; CXCR6: n=60; CCL2: n=57; CCR7: n=66). Graphs
show individual patient data with bar representing meanzsem (a, c, €) or mediantinterquartile range (b, d, f, g). Comparison of groups was carried
out using unpaired t-test (a, c, e: healthy versus COVID-19), Mann-Whitney test (b, d, f, g: healthy versus COVID-19), one-way ANOVA with
Holm-Sidak post hoc test (a, c, e: COVID-19 severity) or Kruskal-Wallis with Dunn’s post hoc test (b, d, f: COVID-19 severity). *: p<0.05; **: p<0.01;

***: p<0.001; ****: p<0.0001.

supplementary figure S3). Critically, shortness of breath and fatigue in convalescence did not correspond
to initial disease severity during acute admission; thus, in this cohort, COVID-19 severity did not explain
persisting symptoms during convalescence. This information is important to consider in light of long
COVID remaining a major public health issue worldwide at the time of publication, despite the emergence
of milder strains of SARS-CoV-2 and vaccination leading to a reduced risk of severe disease and
hospitalisation.

There was a general decrease in all lung function parameters measured in convalescent COVID-19 patients
overall, compared with predicted values [30] of the healthy population (supplementary figure S4).
Reductions in forced vital capacity (FVC), forced expiratory volume in 1 s (FEV;) and diffusion capacity
of the lungs for carbon monoxide (Dyco) compared to healthy populations (% predicted) are expected due
to comorbidities associated with hospitalisation for COVID-19. For example, high body mass index may
reduce lung volumes (FVC) and asthma may affect air flow (FEV,), whilst COPD and emphysema can
affect the alveolar capillary membrane and alveolar volume (D co).

Breathless convalescent patients had lower FEV; than non-breathless convalescent patients, which may
indicate patients within this group were experiencing greater airflow obstruction secondary to inflammation
after SARS-CoV-2 infection (supplementary figure S4). The small reduction in Dy o in all convalescent
COVID-19 patients indicates a reduced capacity to transport oxygen into the bloodstream from the lungs.
There was a strong trend towards a greater reduction in Dyco (% predicted) in patients with persisting
abnormal radiology at follow-up (supplementary figure S4), which may have been due to the contribution
of persisting lung injury. This study was not sufficiently powered to explore the relationship between lung
function measures. It is therefore unknown whether FEV, and Dy o findings represent a single or separate
mechanisms of breathlessness. The high prevalence of radiological abnormalities in breathless (44.4%) and
fatigued (38.2%) compared to asymptomatic (25.2%) patients (supplementary figure S3) is also suggestive
of ongoing lung damage or incomplete repair contributing to long COVID. Indeed, recent evidence
indicates inflammatory mediators of tissue damage and repair in plasma are associated with the severity of
long COVID symptoms [17].

Other studies have indicated enhanced detection of lung abnormalities in COVID-19 using non-standard
imaging techniques, e.g. hyperpolarised xenon-129 magnetic resonance imaging [31]. To assess whether
we may have missed any ongoing lung abnormalities using conventional radiology approaches, we carried
out quantitative CT analysis using Lung Density Analysis and Lung Texture Analysis programs (Imbio Inc.) to
generate quantitative CT reports of the lungs of a subset of symptomatic convalescent COVID-19 patients
who displayed ongoing symptoms of breathlessness and/or fatigue at follow-up (supplementary figure S5).
CT scans were generated and assessed in sagittal, coronal and transverse planes for satisfactory scan
quality prior to segmentation and mapping of the lungs (supplementary figure S5a). This automated
computer analysis of lung texture provided detailed information regarding different types of lung damage
such as hyperlucency, ground glass changes, reticulations and honeycombing (supplementary figure S5b).
This analysis also provided detailed information regarding lung damage in the context of lung density
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FIGURE 3 Serum profiles of patients with acute COVID-19. Levels of systemic a) CCL5, CXCL2, CXCL16; b) soluble CD31 (sCD31); c) VCAM-1, CXCL1,
CXCL10; and d) MMP-1 were measured in the serum from healthy individuals (n=13) and COVID-19 patients (n=24) using Luminex assays.
a, d) Patients with COVID-19 were also stratified into mild (n=11) and moderate/severe disease (n=13). Graphs show individual patient data with
bars representing meantsem. Comparison of groups was carried out using unpaired t-test (b, c: healthy versus COVID-19) or one-way ANOVA with
Holm-Sidak post hoc test (a, d: COVID-19 severity). *: p<0.05; **: p<0.01; ***: p<0.001.

analysis, with high density representing inflammation and ground glass changes and very high density
representing dense areas of inflammation or infection (supplementary figure S5c).

Whilst this approach is previously untested in COVID-19 convalescence, it has predictive value for
severity and outcome in acute COVID-19 [32]. Only 62.5% of our COVID-19 convalescent patients
exhibited abnormal radiological findings using standard testing (supplementary figure S6a), but
quantitative CT analysis detected lung abnormalities in all of these assessed symptomatic patients, with the
most common abnormalities being ground glass changes and reticulations (supplementary figure S6b),
which are commonly associated with inflammatory processes. These results indicate that ongoing lung
damage may be occurring in the majority of symptomatic COVID-19 patients during convalescence. We
next assessed whether innate immune dysfunction corresponded to ongoing lung damage and symptoms of
long COVID.

Abnormal monocyte migratory profile persists in COVID-19 convalescence and corresponds to
symptoms of long COVID

The mechanisms by which monocytes may be involved in exacerbation versus resolution of lung injury are
unclear, despite the key role of monocytes in the development of pulmonary fibrosis arising from failure of
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lung injury resolution [33]. Indeed, pro-fibrotic monocyte-derived macrophages accumulate in the lungs of
patients with severe COVID-19 with the same hallmarks of those in patients with idiopathic pulmonary
fibrosis [34]. Here, we focused on shortness of breath alongside abnormal chest radiology indicative of
unresolved lung injury and investigated whether sustained monocyte dysregulation corresponds to
resolution of lung injury and long COVID.

Having shown that monocyte expression of chemokine receptor CXCR6 and adhesion molecule PSGL-1
were increased in acute COVID-19, we show here that these changes are sustained into convalescence, in
particular in patients with ongoing symptoms of breathlessness. Furthermore, expression of these molecules
was also highest in patients with abnormal chest radiology (assessed by conventional methods; figure 4a, f).
Thus, increased CXCR6 and PSGL-1 on monocytes in breathless convalescent patients may be due to active
monocyte recruitment in response to ongoing inflammation and injury in the lung. Indeed, CXCR6 directs
migration towards chemokine CXCL16, which is expressed in the lung [35], with PSGL-1 mediating
tethering and rolling on activated endothelium to facilitate migration into tissues from the bloodstream [36].

CXCR6 expression on monocytes in COVID-19 convalescence remained high, in particular in patients
who had severe COVID-19 during acute admission (figure 4b), but initial acute disease severity had no
impact on PSGL-1 expression in COVID-19 convalescence (figure 4g). Linear regression analysis
comparing CXCR6 and PSGL-1 expression against time (days post hospital discharge) revealed that
convalescent COVID-19 patients showed no reduction of monocyte CXCR6 expression back to healthy
control levels during the maximum time studied post hospital discharge (9 months; figure 4c). However,
there was a trend towards a very gradual decline in PSGL-1 levels over time (figure 4h).

To determine whether enhanced monocyte CXCR6 expression featured in convalescence following
hospitalisation with other respiratory viruses, we assessed CXCR6 expression on monocytes isolated from
patients at outpatient follow-up after inpatient admission with respiratory syncytial virus (RSV) or
influenza A (flu) with comparable mean follow-up times (COVID-19: 151 days; RSV/flu: 155 days). All
RSV and flu patients had pneumonitis upon hospital admission and five of 10 (50%) remained breathless
at follow-up (supplementary figure S7, showing clinical characteristics and lung function). Compared to
age-matched controls, there were no significant differences in post-RSV/flu patients for monocyte
expression of CXCR6, nor were there indications of heightened CXCR6 in those who remained short of
breath at follow-up (figure 4d). As a positive control for unresolved lung injury, we assessed CXCR6
expression on monocytes from patients with progressive fibrosing interstitial lung disease (PFILD) who
had severe ongoing lung inflammation and injury (supplementary figure S7). Monocytes from PFILD
patients expressed heightened levels of CXCRG6 (figure 4d), akin to convalescent COVID-19 patients with
unresolved lung injury. However, PSGL-1 levels on monocytes were unchanged in post flu/RSV patients
and PFILD patients (supplementary figure S8a).

To further interrogate the CXCR6-CXCL16 axis during ongoing lung injury, we characterised expression
of the CXCR6 ligand CXCL16 on lung tissue sections from PFILD patients. Alongside clear evidence of
structural damage and disorder, CXCL16 levels were visibly heightened in PFILD sections compared to
healthy lung tissue, with expression localised to PFILD-damaged alveolar epithelial cells and infiltrating
immune cells (figure 4e). Thus, heightened monocyte CXCR®6 is a feature of ongoing lung injury with
clear evidence for dysregulated CXCR6-CXCL16 signalling. Nonetheless, the increased monocyte
CXCRG6 expression in the context of respiratory infections was only detected in COVID-19 patients.

Next, we ascertained whether the increased expression of CXCR6 on monocytes of convalescent
COVID-19 patients with unresolved lung injury was functionally relevant to leukocyte migratory capacity.
To do so, we performed a transwell migration assay to reveal the migratory potential of PBMCs towards
CXCR6 ligand CXCL16 (expressed at high levels in the lung). PBMCs from convalescent breathless
COVID-19 patients demonstrated an enhanced capacity to migrate towards CXCL16 compared to their
non-breathless convalescent counterparts and healthy controls (figure 4i). Upon flow cytometric analysis of
the cellular components within the migrated cells from the highest CXCL16 concentration, there was
heightened monocyte migration from convalescent COVID-19 patients who were breathless (figure 4j).

These data strongly implicate abnormal monocyte migration in long COVID pathology, in particular in
those with unresolved lung injury and the most common symptom of long COVID, i.e. shortness of breath.

Defined soluble mediators involved in leukocyte migration are dysregulated in convalescent COVID-19

Having shown that several soluble inflammatory mediators were increased in the serum of patients with
acute COVID-19, we now show that two of these serum proteins, MMP-1 (which is involved in
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FIGURE 4 Monocyte migratory profiles of patients with long COVID with unresolved lung injury. a) Frequencies of CD14" monocytes expressing
CXCR6 from healthy individuals (n=35) and all convalescent COVID-19 patients (Conv C-19) (n=127). Patients with convalescent COVID-19 were also
stratified into breathless (n=52), not breathless (n=71), normal radiology (n=91) and abnormal radiology (n=33). b) Patients with convalescent
COVID-19 were also stratified into mild (n=28), moderate (n=43) or severe (n=56) disease referring to their acute COVID-19 severity during previous
hospital admission. c) Correlation of CXCR6 (percentage of monocytes expressing CXCR6) with number of days since hospital discharge in all
convalescent COVID-19 patients (n=122). d) Frequencies of CD14" monocytes expressing CXCR6 in a different cohort of healthy individuals (n=19),
all convalescent influenza A (flu)/respiratory syncytial virus (RSV) patients (n=10) and all progressive fibrosing interstitial lung disease (PFILD)
patients (n=14). Patients with convalescent flu/RSV were stratified into breathless (n=5, filled circles) and not breathless (n=5, open circles) within
the same group. e) Human lung tissue sections. Healthy human lung (left): alveoli can be seen with occasional CXCL16-expressing immune cells
(black arrows) proximal to capillaries (dashed lines). Right shows human idiopathic pulmonary fibrosis lung, with extracellular matrix replacing
normal lung architecture. CXCL16-expressing immune cells are present within blood vessels (black arrows). CXCL16 is also seen in the epithelium of
damaged alveoli and stromal cells. Counterstained with toluidine blue. Scale bars: 50 pm. ALV: alveoli; CAP: capillary. f) CD14" monocyte
expression level of PSGL-1 as determined by mean fluorescence intensity (MFI) from healthy individuals (n=35) and all convalescent COVID-19
patients (n=130). Patients with convalescent COVID-19 were also stratified into breathless (n=54), not breathless (n=74), normal radiology (n=95)
and abnormal radiology (n=32). g) Patients with convalescent COVID-19 were also stratified into mild (n=30), moderate (n=43) or severe (n=57)
disease, referring to their acute COVID-19 severity during previous hospital admission. h) Correlation of PSGL-1 (levels of expression as determined
by MFI) with number of days since hospital discharge in all convalescent COVID-19 patients (n=130). i) Numbers of migrated peripheral blood
mononuclear cells (PBMCs) as counted in the bottom of a Boyden chamber in media only (negative control), 0.1 ug:-mL™ CXCL16 (CXCL16"),
0.5 ug'mL™' CXCL16 (CXCL16™%) and 1 pg'mL™' CXCL16 (CXCL16™) following 4 h incubation, starting with 2x10° cells in the top chamber in all
cases (healthy controls: n=10; breathless convalescent COVID-19: n=10; not breathless convalescent COVID-19: n=10). Graph shows combined
patient data with meanzsem of each group, under each condition. j) Numbers of migrated monocytes identified by flow cytometry as CD45" live
CD197CD3CD66b~HLA-DR'CD64°CD14* from migrated cells in the bottom of a Boyden chamber in CXCL16" conditions (1 ugrmL™ CXCL16)
(healthy controls: n=7; breathless convalescent COVID-19: n=10; not breathless convalescent COVID-19: n=8). All graphs other than c and i show
individual patient data with bars representing mediantinterquartile range. Comparison of groups was carried out using Mann-Whitney test (a, f: healthy
versus convalescent COVID-19), Kruskal-Wallis with Dunn’s post hoc test (a, b, d, f, g, j), Spearman’s rank correlation coefficient test (c, h) or one-way
ANOVA with repeated measures and Holm-Sidak post hoc test (i). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

monocyte—endothelial cell interactions) and adhesion molecule VCAM-1, remain elevated in COVID-19
convalescent patients with breathlessness (figure 5a, b). Furthermore, having demonstrated that PSGL-1
is increased on monocytes in breathless convalescent patients with unresolved lung injury (figure 4d),
we found that serum levels of the PSGL-1 binding partner E-selectin, which binds PSGL-1 to facilitate
leukocyte—endothelial interactions, were enhanced in breathless COVID-19 convalescent patients
(figure 5c).

These data reveal that the dysregulated serum levels of specific mediators involved in leukocyte migration
in acute COVID-19 remain elevated during COVID-19 convalescence and highlight their role in long
COVID, in particular in shortness of breath. Together, these data so far suggest that targeting leukocyte
migration and monocyte—endothelial interactions may be of therapeutic value in long COVID.

TNF-o. production by monocytes persists in COVID-19 convalescence and corresponds to resolved lung
injury

We have demonstrated in previous studies during the first wave of COVID-19 that heightened TNF-o.
production is prominent during hospitalisation in patients with mild COVID-19 who recovered quickly [2].
Having replicated this finding in this study (samples taken during the second wave of COVID-19 in the
UK), we now demonstrate that heightened monocyte production of TNF-o. is sustained into COVID-19
convalescence, and again corresponds to good outcome in terms of lung injury. Convalescent COVID-19
patients continued to produce aberrantly high levels of cytokine TNF-q, in particular those patients with no
symptoms of shortness of breath (figure 6a). In keeping with increased TNF-o production in patients with
resolved lung injury, TNF-o. was significantly increased in patients with normal chest radiology during
COVID-19 convalescence (figure 6a). TNF-o. production in monocytes during convalescence did not
correlate with initial disease severity during acute admission (figure 6b), and significantly decreased over
time, indicative of a return back to healthy control levels (figure 6c).

To determine whether altered TNF-oo production by monocytes featured in convalescence following
hospitalisation with other respiratory viruses, we assessed TNF-o. production by monocytes isolated from
convalescent flu and RSV patients. There were no significant differences between controls and
post-RSV/flu patients in monocyte production of TNF-o (figure 6d). To determine whether differences in
TNF-o levels were a general feature of resolved/unresolved lung injury, we assessed TNF-o production
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FIGURE 5 Serum profiles of patients with long COVID with unresolved lung injury. Levels of systemic a) MMP-1, b) VCAM-1 and c) E-selectin were
measured in the serum from healthy individuals (n=12) and convalescent COVID-19 (Conv C-19) patients (n=48) using Luminex assays. Patients with
convalescent COVID-19 were also stratified into breathless (MMP-1: n=19; VCAM-1: n=21; E-selectin: n=21) and not breathless (MMP-1: n=26; VCAM-1:
n=28; E-selectin: n=26). Graphs show individual patient data with bars representing meanzsem (c) or mediantinterquartile range (a, b). Comparison
of groups was carried out using unpaired t-test (c: healthy versus convalescent COVID-19), Mann-Whitney test (a, b: healthy versus convalescent
COVID-19), one-way ANOVA with Holm-Sidak post hoc test (c: breathlessness) or Kruskal-Wallis with Dunn’s post hoc test (a, b: breathlessness).
*: p<0.05; **: p<0.01.

from monocytes in PFILD patients with severe ongoing lung inflammation and injury. In keeping with a
role for TNF-o in resolving lung injury, monocytes from PFILD patients produced significantly lower
levels of TNF-o. (figure 6d).

The capacity of monocytes to produce cytokine IL-1B was also significantly higher in non-breathless
compared to breathless patients during COVID-19 convalescence, although there was no change compared
to healthy controls and no associations between IL-13 production and chest radiology findings (figure 6e).
There was no correlation between IL-1f production from monocytes and acute disease severity (figure 6f)
and there was a gradual decrease of IL-1f production from monocytes in COVID-19 convalescence over
time (figure 6g).

These data indicate that the capacity of monocytes to produce the cytokine TNF-o correspond to good
outcome in terms of resolved lung injury (normal chest radiology and no shortness of breath). This
information highlights the importance of considering cytokines individually for their use in
anti-cytokine-targeted therapies in COVID-19, because not all cytokines traditionally associated with
inflammation may be contributing to pathology.
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FIGURE 6 Monocyte cytokine profiles of patients with long COVID-19 with unresolved lung injury. a) Frequencies of CD14" monocytes producing
TNF-o from healthy individuals (n=33) and all convalescent (Conv C-19) COVID-19 patients (n=122). Patients with convalescent COVID-19 were also
stratified into breathless (n=49), not breathless (n=67), normal radiology (n=87) and abnormal radiology (n=35). b) Patients with convalescent
COVID-19 were also stratified into mild (n=26), moderate (n=44) or severe disease (n=52), referring to their acute COVID-19 severity during previous
hospital admission. c) Correlation of TNF-a. (percentage of monocytes producing TNF-o) with number of days since hospital discharge in all
convalescent COVID-19 patients (n=117). d) Frequencies of CD14" monocytes producing TNF-o. in a different cohort of healthy individuals (n=19), all
convalescent influenza A (flu)/respiratory syncytial virus (RSV) patients (n=10) and all progressive fibrosing interstitial lung disease (PFILD) patients
(n=14). Patients with convalescent flu/RSV were stratified into breathless (n=5, filled circles) and not breathless (n=5, open circles) within the same
group. e) Frequencies of CD14" monocytes producing IL-1B from healthy individuals (n=34) and all convalescent COVID-19 patients (n=122). Patients
with convalescent COVID-19 were also stratified into breathless (n=49), not breathless (n=68), normal radiology (n=87) and abnormal radiology
(n=34). f) Patients with convalescent COVID-19 were also stratified into mild (n=26), moderate (n=44) or severe (n=52) disease, referring to their
acute COVID-19 severity during previous hospital admission. g) Correlation of IL-1B (percentage of monocytes producing IL-1B) with number of days
since hospital discharge in all convalescent COVID-19 patients (n=118). All graphs show individual patient data with bars representing meanzsem
(a, b) or medianzinterquartile range (e, f). Comparison of groups was carried out using unpaired t-test (a: healthy versus convalescent COVID-19),
Mann-Whitney test (e: healthy versus convalescent COVID-19), one-way ANOVA with Holm-Sidak post hoc test (a, b), Kruskal-Wallis with Dunn’s
post hoc test (d, e, ), Pearson correlation coefficient test (c) or Spearman’s rank correlation coefficient test (g). *: p<0.05; **: p<0.01; ***: p<0.001.

Distinct monocyte signatures during COVID-19 convalescence differentiate long COVID patients with
chronic fatigue from those with unresolved lung injury

Shortness of breath and fatigue are the most commonly reported symptoms of long COVID, with two
distinct clusters of long COVID patients showing respiratory symptoms in one cluster and fatigue in the
other [37]. We show here that convalescent COVID-19 patients with ongoing fatigue were distinct from
those with shortness of breath, displaying a different immune signature. To define a fatigue-specific
immune signature, we removed long COVID patients with overlapping symptoms of both shortness of
breath and fatigue from these analyses. Thus, we compared asymptomatic patients with long COVID
patients experiencing shortness of breath only (no fatigue) and with patients with ongoing
COVID-19-induced fatigue (no shortness of breath) to generate an overview of monocyte signatures
corresponding to specific features of long COVID (figure 7).

Having shown earlier that reduced monocyte expression of the prostaglandin-generating enzyme COX-2
and chemokine receptor CXCR2 was a feature of severe COVID-19 during acute disease, lowest in those
requiring intensive therapy unit care, we show here that these abnormal monocyte features were sustained
into convalescence but specifically in patients with ongoing fatigue (figures 7 and 8a—d). Interestingly,
there was no correlation of either COX-2 or CXCR2 expression in convalescence with initial acute disease
severity (figure 8a—d). COX-2 expression on monocytes gradually increased over time (figure 8b) at a
slow rate whilst CXCR2 levels were not restored back to normal levels (figure 8d), suggesting long-term
monocyte dysfunction in long COVID patients with fatigue. Despite indications of a trend towards
decreased monocyte expression of chemokine receptor CXCR1 in patients with fatigue (figure 7), there
were no significant differences in monocyte expression of CXCR1 between healthy controls and
convalescent COVID-19 patients (fatigue or no fatigue; supplementary figure S8b).

This differential analysis of fewer patients based on the specific symptoms of breathlessness only versus
fatigue only again confirms that heightened TNF-o. production by monocytes in convalescence was
restricted to patients with resolved lung injury (i.e. not breathless; figure 8e). Monocyte production of
IL-1B was higher in asymptomatic patients than in those who were breathless (without fatigue; figure 8f).
These data support earlier data inclusive of all convalescent patients, demonstrating cytokine production by
monocytes (TNF-o in particular) is associated with good outcome in terms of resolution of lung injury
(figure 6a). However, it is noteworthy that heightened monocyte production of TNF-o in patients with
resolved lung injury included those with ongoing fatigue (figure 8e), raising the possibility that heightened
TNF-a could be involved in the pathology in long COVID patients with ongoing fatigue. These data also
clearly elucidate that heightened CXCR6 and PSGL-1 in convalescent COVID-19 patients with unresolved
lung injury (figure 4a, f) is specific to breathlessness rather than fatigue (figures 7 and 8g, h).

In summary, we show for the first time, that dysregulated monocyte migration corresponds to COVID-19
severity, both during the acute phase and convalescence. Features of monocyte dysfunction in acute
COVID-19 were sustained into convalescence, with distinct monocyte signatures corresponding to the two
most commonly reported symptoms of long COVID, shortness of breath and fatigue (summarised in
supplementary figure S8c).
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Convalescence: immune signatures heatmap

Convalescent COVID-19
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FIGURE 7 Summary of distinct monocyte profiles in subsets of patients with long COVID. Heatmap of indicated
immune parameters by row. Each column represents average (mean) Z-scores for each parameter calculated
from individual values of expression by monocytes from healthy individuals or convalescent COVID-19 patients
without breathlessness or fatigue (asymptomatic), with breathlessness but not fatigue (breathless) and with
fatigue but not breathlessness (fatigue) as separate groups. Heatmap was generated as a visual guide, using a
subset of individuals from each group to include all individuals per group with results for every immune
parameter analysed (i.e. individuals where samples were used for surface staining for all migration molecules,
and microbial stimulation assays for cytokine and COX-2 readouts). Healthy individuals (n=25), asymptomatic
(n=29), breathless (n=13), fatigue (n=16).

Discussion

The COVID-19 pandemic continues to cause devastating global disease as a result of inflammatory
pathology from acute disease and persistent immune dysfunction during convalescence, contributing to
long COVID, which remains a worldwide public health issue. It is now widely established that many
patients develop long-term chronic symptoms following SARS-CoV-2 infection. Our data implicate
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FIGURE 8 Monocyte profiles of patients with long COVID with fatigue. Summary graphs showing data from healthy individuals and all convalescent
COVID-19 patients. a) Frequencies of CD14" monocytes expressing COX-2 from healthy individuals (n=32) and all convalescent COVID-19 (Conv C-19)
patients (n=121). Patients with convalescent COVID-19 were also stratified into asymptomatic (no breathlessness or fatigue: n=45), breathless only
(breathless but not fatigued: n=15) or fatigue only (fatigued but not breathless: n=22) and into mild (n=26), moderate (n=44) or severe (n=52)
disease, referring to acute COVID-19 severity during previous hospital admission (for all convalescent patients). b) Correlation of COX-2 (percentage
of monocytes expressing COX-2) with number of days since hospital discharge, in all convalescent COVID-19 patients (n=122). c) Frequencies of
CD14" monocytes expressing CXCR2 from healthy individuals (n=34) and all convalescent COVID-19 patients (n=133). Patients with convalescent
COVID-19 were also stratified into asymptomatic (n=51), breathless only (n=18) or fatigue only (n=25) and into mild (n=30), moderate (n=44) or
severe (n=59) disease, referring to acute COVID-19 severity during previous hospital admission (for all convalescent patients). d) Correlation of
CXCR2 (percentage of monocytes expressing CXCR2) with number of days since hospital discharge in all convalescent COVID-19 patients (n=128).
e) Frequency of CD14" monocytes producing TNF-o. in healthy individuals (n=33) and convalescent COVID-19 patients stratified into asymptomatic
(n=45), breathless only (n=15) or fatigue only (n=23). f) Frequency of CD14" monocytes producing IL-1B in healthy individuals (n=34) and
convalescent COVID-19 patients stratified into asymptomatic (n=45), breathless only (n=15) or fatigue only (n=23). g) Frequency of CD14" monocytes
expressing CXCR6 in healthy individuals (n=35) and convalescent COVID-19 patients stratified into asymptomatic (n=45), breathless only (n=19) or
fatigue only (n=22). h) CD14" monocyte levels of expression of PSGL-1 as determined by mean fluorescence intensity (MFI) in healthy individuals
(n=35) and convalescent COVID-19 patients stratified into asymptomatic (n=50), breathless only (n=18) or fatigue only (n=24). All graphs show
individual patient data with bars representing meanzsem. Comparison of groups was carried out using unpaired t-test (a, c: healthy versus
convalescent COVID-19), one-way ANOVA with Holm-Sidak post hoc test (a, c, e-h: long COVID symptoms, original severity) or Pearson correlation
coefficient test (b, d). *: p<0.05; **: p<0.01; ***: p<0.001; ****: p<0.0001.

dysregulated monocyte migration in COVID-19 pathophysiology and we show that monocyte dysfunction
persists into convalescence even up to 9 months following hospital discharge, with differential monocyte
signatures corresponding to specific aspects of long COVID (shortness of breath and fatigue).

We show a wide range of molecules involved in leukocyte migration are aberrantly expressed on
monocytes in acute and convalescent COVID-19, several of which are associated with transendothelial
migration to allow egress from blood vessels into peripheral tissues. We show increased VCAM-1 and
E-selectin levels in serum in long COVID patients with breathlessness, amongst other chemokines, further
implicating involvement of the pulmonary endothelium and supporting previous studies showing increased
levels of VCAM-1 and E-selectin in acute COVID-19 [38].

The heightened expression of monocyte CXCR6 through convalescence is functionally relevant, with
monocytes from breathless convalescent patients preferentially migrating towards the CXCR6 ligand CXCL16
in vitro and CXCL16 expressed at high levels in the lung [35]. The enhanced expression of CXCR6 on
monocytes from PFILD patients and clear evidence for CXCL16 involvement in these patients is supportive
of a key role for the CXCR6-CXCL16 axis in ongoing lung injury. The lack of heightened monocyte
CXCR6 expression in RSV or flu convalescence may reflect the difference in immune responses generated
by the different respiratory viruses or the different disease aetiology and severity in patients admitted for acute
COVID-19, RSV and flu. Further studies with larger cohorts of follow-up flu and RSV patients are necessary
to fully define the differences in immune responses generated by these different viruses.

Our data show two distinct immune signatures corresponding to specific features of long COVID-19:
breathlessness and fatigue. Whilst heightened monocyte CXCR6 and PSGL-1 expression defined
breathless patients, reduced expression of COX-2 and CXCR2 defined those with ongoing fatigue. Our
data are in keeping with studies identifying two distinct clusters of long COVID patients in a large UK
cohort of 500000, with fatigue predominating in one and respiratory symptoms in the other [37].
Importantly, changes in prostaglandin E2 levels (generated by COX-2 from conversion of arachidonic acid)
have been associated with chronic fatigue syndrome [39] and targeting this eicosanoid pathway may have
therapeutic benefit. Our data demonstrating low levels of CXCR2 associated with severe disease during
acute COVID-19 and ongoing fatigue during convalescence support a protective role for CXCR2 in
inflammation, in keeping with CXCR2 deficiency inducing an exaggerated inflammatory response
associated with increased macrophage accumulation at inflamed sites [40].

The heightened production of the monocyte TNF-o in patients with mild acute disease and resolved lung
injury during convalescence supports the results of studies indicating a role for TNF-o in a good outcome
in mouse models, in which it is thought to resolve lung injury by accelerating resolution of pulmonary
fibrosis [41]. Indeed, we show here that TNF-o production was reduced in PFILD patients who have
severe, sustained, ongoing lung injury. Furthermore, increased responsiveness to toll-like receptor ligation
in monocytes and subsequent inflammatory cytokine production is a feature of patients who have
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recovered from COVID-19 [42]. This heightened TNF-o production in convalescence appeared specific to
COVID-19, with no change in convalescent RSV or flu patients. The heightened TNF-o. production in
long COVID patients with resolved lung injury, however, included those with ongoing fatigue. Whilst it is
unclear how TNF-o. may contribute to fatigue pathology, our data support recent studies implicating a role
for TNF-o. in COVID-19-associated fatigue during convalescence [43].

In summary, we have identified abnormal features of circulating monocytes in COVID-19 with profound
implications for our understanding of long COVID. Our data support studies demonstrating prolonged
changes in innate immunity during COVID-19 convalescence [19, 42, 44, 45] and indicate abnormal
monocyte migration as a key factor in COVID-19 pathophysiology during both acute disease and
convalescence. Some of these molecules, e.g. CXCR6, indicated no return back to healthy control levels
over time. These findings have direct relevance for the Omicron era due to the persistence of long COVID,
despite milder infections and the introduction of vaccination programmes worldwide. Whilst new variants
may cause different degrees of antibody neutralisation and memory T-cell responses due to different
epitopes, we describe changes in innate rather than adaptive immunity that correspond to ongoing
symptoms of long COVID. With the underlying pathophysiology essentially unchanged, our data are
highly likely to be relevant for Omicron and any future variants and subvariants. Furthermore, our PFILD
data reveal changes to the CXCR6-CXCL16 axis as a broadly applicable mechanism important to the
pathophysiology of ongoing lung injury that remains a feature of long COVID patients with breathlessness
today. These data provide novel opportunities for therapeutic targeting in COVID-19 patients with
persistent morbidity.
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