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Background: The role of adaptive immune responses in long COVID remains poorly
understood, with contrasting hypotheses suggesting either an insufficient antiviral
response or an excessive immune response associated with inflammatory damage.
To address this issue, we set to characterize humoral and CD4+ T cell responses in
long COVID patients prior to SARS-CoV-2 vaccination.

Methods: Long COVID patients who were seropositive (LC+, n=28) or
seronegative (LC-, n=23) by spike ELISA assay were recruited based on (i) an
initial SARS-CoV-2 infection documented by PCR or the conjunction of three
major signs of COVID-19 and (ii) the persistence or resurgence of at least 3
symptoms for over 3 months. They were compared to COVID patients with
resolved symptoms (RE, n=29) and uninfected control individuals (HD, n=29).

Results: The spectrum of persistent symptoms proved similar in both long
COVID groups, with a trend for a higher number of symptoms in the
seronegative group (median=6 vs 4.5; P=0.01). The use a highly sensitive S-
flow assay enabled the detection of low levels of SARS-CoV-2 spike-specific IgG
in 22.7% of ELISA-seronegative long COVID (LC-) patients. In contrast, spike-
specific 1gG levels were uniformly high in the LC+ and RE groups. Multiplexed
antibody analyses to 30 different viral antigens showed that LC- patients had
defective antibody responses to all SARS-CoV-2 proteins tested but had in most
cases preserved responses to other viruses. A sensitive primary T cell line assay
revealed low but detectable SARS-CoV-2-specific CD4 responses in 39.1% of
LC- patients, while response frequencies were high in the LC+ and RE groups.
Correlation analyses showed overall strong associations between humoral and
cellular responses, with exceptions in the LC- group.

Conclusions: These findings provide evidence for two major types of antiviral
immune responses in long COVID. Seropositive patients showed coordinated
cellular and humoral responses at least as high as those of recovered patients. In
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contrast, ELISA-seronegative long COVID patients showed overall low antiviral
responses, with detectable specific CD4+ T cells and/or antibodies in close to
half of patients (52.2%). These divergent findings in patients sharing a comparable
spectrum of persistent symptoms raise the possibility of multiple etiologies in

long COVID.
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long COVID, T cell, humoral immune response, seronegative and seropositive, common
cold coronavirus, SARS-CoV-2

Introduction

A significant proportion of patients with COVID-19 experience
persisting symptoms more than two months after an initial
infection with SARS-CoV-2 (1). This post-viral syndrome is
termed long COVID, post-acute sequelae of SARS-CoV-2
infection (PASC), or post-COVID-19 condition, as defined by the
WHO (2). Long COVID is characterized by a diverse array of
symptoms, with a predominance of debilitating fatigue, difficulties
in memory and concentration, and dyspnea (3). Additional
symptoms include signs of autonomic dysfunction, such as
tachycardia and poor regulation of blood pressure, and may also
include digestive, renal, reproductive, vascular, and immunological
manifestations (4, 5). Early studies suggested a high frequency
(above 30%) of persisting symptoms in patients who had been
hospitalized for severe COVID-19 (6, 7). It is now clear, however,
that patients with an initially moderate or mild form of COVID-19
can also experience prolonged or resurgent symptoms that prevent
return to normal life (8, 9). Frequency estimates of long COVID
after mild/moderate infection are generally in the 5-20% range, and
tend to be higher in women (4, 10, 11). Long COVID also affects the
young, with 5 to 10% of infected adolescent reporting persisting
symptoms, even though the initial SARS-CoV-2 infection may have
been benign and not always associated with seroconversion (12).
Preexisting immunity induced by COVID vaccination decreases the
risk of long COVID occurrence in some but not all studies (13, 14).
Reinfection by SARS-CoV-2 is still associated with a risk of post-
acute sequelae, suggesting that the risk of long COVID is not
abolished in a highly preinfected population (15). Long COVID
symptoms tend to decrease over time, but close to 10% of COVID-
19 patients still experience at least one persisting symptom one year
after infection (4, 16, 17). Worryingly, long COVID symptoms may
persist for at least three years, with debilitating symptoms still
present in a subset of patients infected in the initial 2020 wave of the
pandemic (18). Considering the high cumulative incidence of
SARS-CoV-2 infection worldwide, long COVID is now
considered as a significant public health concern (19).

The etiology of long COVID remains poorly understood and is
currently the object of a major research effort. One major
hypothesis focuses on the persistence of a SARS-CoV-2 reservoir,
either in the form of hidden virus replicating at low levels in

sanctuary sites, or in the form of non-replicative viral remnants
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that would chronically stimulates the antiviral response. The
punctual detection of viral RNA and/or viral proteins in autopsy
material, olfactory mucosa, and gut biopsies months after the acute
infection stage supports the possibility of viral persistence (20-24).
The presence of viral material may in turn explain moderate but
persistent signs of chronic activation in long COVID, including
increased levels of circulating inflammatory mediators (25-30),
changed patterns of cytokine production by CD4+ T cells (31),
and induction of activation and exhaustion markers in CD8+ T cells
(32-35). A lack of viral control and ensuing chronic inflammation
may point to an intrinsically inefficient antiviral response to SARS-
CoV-2, a notion that we aimed to explore in the present study.
Intriguingly, long COVID has also been associated with the
reactivation of Epstein-Barr virus and other herpesviruses (31, 36,
37), highlighting the possibility of a relatively broad impairment of
antiviral responses. Conversely, excessive immune responses with
an autoimmune component have also been proposed to play a role
in long COVID. It is well documented that acute viral infections are
generally followed by a wave of bystander immune activation,
which can trigger undesirable immune responses against self-
antigens (38). Auto-antibodies to a variety of self-proteins,
including nuclear antigens and G-protein coupled surface
receptors, have been reported in a subset of long COVID patients
(36, 39), but no consistent autoantibody pattern has been associated
to long COVID so far (40). Paradoxically, autoantibodies to
chemokines were recently reported to be decreased, rather than
increased, in long COVID patients compared to patients who
recovered from COVID-19 (41), supporting the notion of a
moderate but detectable impairment of immune responses in
long COVID.

Alternative etiologies proposed for long COVID include
persistent tissue damage induced early during the acute stage of
infection (4, 42). The variety of organs targeted by SARS-CoV-2
(lungs, heart, gut, brain, kidneys) may help explain the
pleiomorphic nature of long COVID symptoms. A possible role
for endotheliopathy, leading to disseminated microvascular clots
and impaired vascular function, may also account for multiple
organ system involvement (43-45). An impairment of cellular
metabolism has been reported in the brain of long COVID
patients, which may help explain fatigue as well as dysautonomic
and cognitive signs of long COVID (21, 46-48). The abnormal
activation of mastocytes may also contribute to dysautonomia (30).
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These proposed mechanisms are not mutually exclusive, as for
instance impaired immunity may facilitate viral neuroinvasion and
metabolism dysregulation. Unsupervised analyses of electronic
heath record data suggest the occurrence of distinct subtypes of
long COVID, with predominant cardiac, respiratory, neurological,
or digestive symptoms (49). It is thus possible that distinct etiologies
underly the diverse array of symptoms in long COVID.

The role of T cell responses in protecting against severe COVID-19
has been clearly established, with an association between the rapid
induction of functional SARS-CoV-2-specific T cells in the acute stage
and rapid viral clearance (50, 51). Preexisting T cells induced by
common cold coronavirus and able to crossreact to SARS-CoV-2
antigens are thought to prevent COVID-19 in certain cases of abortive
seronegative infections (52). In contrast, the role of T cell responses in
long COVID remains unclear, with reports of exacerbated T cell
cytotoxicity and dysregulated cytokine secretion capacity (34) (32,
33), signs of abnormal T cell activation and exhaustion (31, 35, 36),
or, in certain cases, presence of weak or undetectable T cell responses
(53, 54). Whether altered T cell functions contribute to an
immunopathogenic process or to a failure at controlling viral
replication remains an open question. To address these issues, we set
to further explore the nature of T cell responses in long COVID, using a
primary CD4+ T cell line approach that can reveal weak responses that
may be missed in ex vivo T cell assays.

Long COVID patients were recruited from the observational
PERSICOR cohort established at the Hotel Dieu hospital at the
beginning of the pandemic (8). Importantly, patients were recruited
before vaccination, which enabled the study of endogenous SARS-
CoV-2-specific responses unperturbed by exogenous antigenic
stimulation. Early studies had shown that one third of the long
COVID patients in the PERSICOR cohort were seronegative by
spike ELISA assay, while their spectrum of symptoms was as severe
as that of seropositive patients (55, 56). This contrasted with the lower
rate of seronegative infection seen in the general population of COVID-
19 patients, which ranged from 2 to 24% depending on the study (57,
58). As seronegative patients represented a substantial part of the
cohort and had rarely been included in previous long COVID reports,
we chose to study this group in parallel to that of seropositive patients.
Using highly sensitive antibody and T cell assays, we could document
immunological signs of a previous SARS-CoV-2 infection in half of
ELISA-seronegative long COVID patients, suggesting the presence of
an insufficient antiviral adaptive response in this group. In contrast,
seropositive long COVID patients showed persistently high antibody
and CD4+ T cell responses, that did not differ in magnitude and
breadth from those of individuals who had recovered from COVID-19.
These findings provide evidence for divergent antiviral adaptive
responses in long COVID, pointing to distinct pathogenic
mechanisms underlying symptom persistence.

Methods
Patients recruitment

Study participants were recruited in 2021-2022 among patients
included in the observational long COVID cohort PERSICOR
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implemented at the Hotel Dieu hospital in Paris. Long COVID
patients (n=51) were included based on (1) an initial SARS-CoV-2
infection documented by PCR or the conjunction of 3 major
symptoms of acute COVID-19 and (2) the persistence or
resurgence of at least 3 long COVID symptoms for over 3
months. Blood samples were collected during the chronic phase
of long COVID, at least 3 months after the acute stage of infection
(median time: 15 months; min-max: 4-26 months). The list of major
COVID-19 symptoms and that of long COVID symptoms are
reported in Table 1. Long COVID patients were subdivided in a
seropositive (LC+ group, n=28) and seronegative (LC- group, n=23)
based on the results of the SARS-CoV-2 spike-specific ELISA
antibody assay performed at the hospital. Of note, SARS-CoV-2
infection was documented by PCR and/or ELISA for all patients in
the LC+ group, but for only a subset of patients in the LC- group, as
detailed in Table 2. Previous SARS-CoV-2 infection was probable in
the LC- group based on clinical criteria, but misdiagnosis could not
formally be ruled out, and analyses in this group were
considered exploratory.

Long COVID patients were compared to convalescent
individuals with resolved COVID-19 symptoms (RE group,
n=29), who volunteered to participate to the study. Inclusion
criteria for the RE group included a previous SARS-CoV-2
infection documented by PCR, a lack of COVID-19 sequelae, a
lack of SARS-CoV-2 IgM, and a negative SARS-CoV-2 PCR test
within 72h before blood sampling to limit the possibility of
reinfection. None of the patients recruited in the study were
hospitalized during the acute stage of COVID-19, except for one
patient in the LC- group, who did not receive oxygen
supplementation. The acute COVID-19 infection was thus
considered mild to moderate for all patients studied. The study
also included uninfected control individuals (HD group, n=29) who
were recruited as volunteer blood donors at the Hotel Dieu Hospital
(n=16; median age 30.0 yrs; min - max: 20.7 - 50.8 yrs; % females:
71.4%) or as anonymous volunteers blood donors at Etablissement
Frangais du Sang during the prepandemic period (n=13). All study
participants were recruited prior to receiving a SARS-CoV-2
vaccine, so that immune responses to SARS-CoV-2 could be
studied in the absence of antigenic restimulation. Because the
study was launched in 2021 while the COVID vaccination
campaign was ongoing in France, patients had to be recruited
rapidly before they were vaccinated, which precluded a matching
for age, sex, and infection duration between the LC groups and the
RE group. The PERSICOT (PERsistent Symptoms In COvid - T cell
responses) study was promoted by the ESPOIRS association and
approved by the Person Protection Committee CPP Sud-Ouest et
Outre-Mer 1 under number CPP 1-21-042 ID 12400. All
participants gave written informed consent prior to inclusion in
the study.

S-flow assay
IgG and IgA antibodies specific to the SARS-CoV-2 spike were

detected by the S-flow assay, which measures antibody binding to
spike-expressing HEK 293T cell, as previously described (59). This

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1221961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kervevan et al. 10.3389/fimmu.2023.1221961

TABLE 1 Clinical characteristics of patients recruited in the PERSICOT study.

Patients with

Seronegative long  Seropositive long resolved COVID p-value LC- p-value p-value LC
COVID (LC-)* COVID (LC+)* (3 vs LC+*  LC-vs RE*  +vsRE*
Enrolled participants: n 23 28 29
Age in years: median (range) 44.1 (23.0 - 54.2) 48.8 (33.2 - 60.7) 31.00 (19.3 - 64.6) 0.5429 0.1032 0.0008
Sex: M / F (%F) 1/ 22 (95.65%) 6 /22 (78.57%) 12/ 17 (58.62%) 0.4691 0.0059 0.236
Ez;et}f:z:d};:qus::g:)met " 13(4-20 15G-19 6 (3-17) >0.9999 <0.0001 <0.0001
/S:ﬁnf‘zzziiii; positive 4720 (20.00%) 13 / 16 (81.25%) 22/ 24 (82.76%) 0.0004 00001 0999
p-value LC-vs  p-value LC- p-value LC+
Acute stage symptoms LC+* vs RE* vs RE?
Anosmia/ageusia: n (%) 9 (39.13%) 19 (67.86%) 13 (44.83%) 0.1272 >0.9999 0.2519
Fever: n (%) 13 (56.52%) 18 (64.29%) 13 (44.83%) >0.9999 >0.9999 0.4271
Fatigue: n (%) 12 (52.17%) 19 (67.86%) 21 (72.41%) 0.7368 0.3929 >0.9999
Odynophagia: n (%) 10 (43.48%) 7 (25.00%) 3 (10.34%) 0.3955 0.0194 0.6129
Myalgia: n (%) 6 (26.09%) 6 (21.43%) 6 (20.69%) >0.9999 >0.9999 >0.9999
Cough: n (%) 16 (69.57%) 12 (42.86%) 14 (48.28%) 0.1768 0.3876 >0.9999
Dyspnea: n (%) 13 (56.52%) 11 (39.29%) 5 (17.24%) 0.6164 0.0109 0.2563
Thoracic pain: n (%) 9 (39.13%) 5 (17.86%) 6 (20.69%) 0.2483 0.3888 >0.9999
Diarrhea: n (%) 8 (34.78%) 3 (10.71%) 9 (31.03%) 0.149 >0.9999 0.2352
Headache: n (%) 10 (43.48%) 13 (46.43%) 17 (58.62%) >0.9999 0.8433 >0.9999
Number of acute stage
symptoms: median (range) 4(33-9) 52-7) 4(0-11) >0.9999 0.7091 0.4706
p-value LC- vs
Long Covid symtoms LC+H
Neurological signs: n (%) 22 (95.75%) 26 (92.86%) >0.9999
Cardiothoracic signs: n (%) 22 (95.75%) 25 (89.29%) 0.6173
Fatigue: n (%) 15 (65.22%) 25 (89.29%) 0.0477
ENT (ear, nose, and throat)
signs: n (%) 16 (69.57%° 17 (60.71%) 0.5671

Cutaneo-mucous and vascular
12 (42.86%)

signs: n (%) 17 (73.91%) 0.0458
Digestive signs: n (%) 15 (65.22%) 12 (42.86%) 0.1602
Myalgia: n (%) 15 (65.22%) 11 (39.29%) 0.0929
Ophalmological signs: n (%) 9 (39.13%) 5 (17.86%) 0.1202

Arthralgia / Enthesiopathy: n

(%) 8 (34.78%) 8 (28.57%) 0.764
Fever: n (%) 8 (34.78%) 1 (3.57%) 0.0071
Chills: n (%) 5 (21.74%) 0 (0%) 0.0143

Number of Long Covid

symptoms: median (range) 6 (3 -10) 452 -9) 0.0109

p-value LC-vs  p-value LC- p-value LC+
Past medical history LC+* vs RE* vs RE?
Allergy: n (%) 13 (56.52%) 15 (53.57%) 6 (20.69%) >0.9999 0.0297 0.0378

(Continued)
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TABLE 1 Continued

Seronegative long
COVID (LC-)*

COVID (LC+)*

Seropositive long

10.3389/fimmu.2023.1221961

Patients with
resolved COVID
(RE)

p-value LC-
vs LC+*

p-value
LC- vs RE*

p-value LC
+ vs RE*

Obesity: n (%) 3 (13.04%) 8 (28.57%) 6 (20.69%) 0.5403 >0.9999 >0.9999
Anxiety / depression: n (%) 4 (17.39%) 5 (17.86%) 1 (3.45%) >0.9999 0.4005 0.3067
Asthma / COPD: n (%) 3 (13.04%) 3 (10.71%) 2 (6.90%) >0.9999 >0.9999 >0.9999
Chronic heart disease: n (%) 2 (8.70%) 4 (14.29%) 0 (0%) >0.9999 0.7200 0.1258
Diabetes: n (%) 0 (0%) 1 (3.57%) 0 (0%) 0.769 >0.9999 0.6838
Cancer / Immunosuppression:

n (%) 0 (0%) 2 (7.14%) 0 (0%) 0.3186 >0.9999 0.2585

Clinical characteristics are reported for patients in the following groups: seronegative long COVID.

(LC-), seropositive long COVID (LC+), and patients with resolved COVID (RE).
*Seropositivity for SARS-CoV-2 was determined with a Spike-specific ELISA assay.
“Kruskal-Wallis test with Dunn’s correction for multiple comparisons.
*Mann-Whitney U test.

significant P values (<0.05) are reported in bold values.

assay was shown to have a 100% specificity (95% confidence interval
[CI], 98.5%-100%) and 99.2% sensitivity (95% CI, 97.69%-99.78%)
for COVID-19 patient sera, and to outperform ELISA assays (60).

The spike-expressing cells (293T-S) were generated by
transducing HEK 293T cells (ATCC® CRL—3216TM) with a
lentivector expressing a codon-optimized Wuhan SARS-CoV- 2
spike protein (GenBank: QHD43416.1). Control 293T cells were
transduced with an empty lentivector to assess background staining.
The transduced cells were selected with 2.5 ug/mL of puromycin. To
perform the S-flow assay, 5 x 104 293T-S cells were plated in a 96-
well round bottom plate. 50 UL of patient serum diluted 1:300 in
MACS buffer (Miltenyi Biotech) was added to the cells, and the mix
was incubated for 1 hour at 4°C. The cells were then washed in PBS
and stained with a mix of secondary antibodies anti-human IgG-Fc-
AF647 (1:600) and anti-human IgA-Alpha-Chain-AF488 (1:200)
(Thermo Fisher Scientific) for 30 min at 4°C. Cells were fixed for
10 min in 4% paraformaldehyde and were acquired on an Attune
NxT flow cytometer (Life Technologies). Results were analyzed with
the FlowJo 10.7.1 software (Becton Dickinson). The background
signal was measured in control 293T cells lacking S and subtracted
to define the specific signal. The cut-off for antibody positivity was
set at 40% IgG+ cells and 20% IgA+ cells, based on previous
comparisons in cohorts of SARS-CoV-2 infected and uninfected
individuals (60, 61). The mean fluorescence intensity (MFI) of IgG
and IgA binding was also reported, as it was found to provide a
quantitative measurement of the levels of SARS-CoV-2 specific
antibodies (60).

Luminex antibody assay

A previously described 9-plex bead-based assay (62) was
extended to detect antibodies to 30 antigens in 1 UL serum
samples. This assay allowed simultaneous detection of antibodies
to 30 antigens, including stabilized trimeric Spike ectodomain,
receptor binding domain (RBD) of the spike, Nucleocapsid
protein (NP), and a Membrane-Envelope fusion protein (ME).

Frontiers in Immunology

The trimeric Spike ectodomains antigens were produced as
recombinant proteins for four SARS-CoV-2 variants, namely of
the Wuhan ancestral lineage, Alpha, Beta, and Delta variants. We
included 8 antigens of 4 seasonal coronaviruses (Spike ectodomain
and NP of NL63, 229E, HKU1, OC43). Also included were 6
antigens of other common viruses,which were obtained from
Native Antigen (Oxford, United Kingdom): influenza A (HA
from the A/Puerto Rico/8/1934 HINI1 strain), measles
(nucleoprotein), mumps (nucleoprotein), rubella (virus like
particles), adenovirus 5 (hexon protein) and adenovirus 40
(hexon protein).

ME and Spike Sub-unit-2 (S2) SARS-CoV-2 antigens were
purchased from Native Antigen (Oxford, United Kingdom) and
all other antigens were produced as recombinant proteins at Institut
Pasteur. The mass of proteins coupled on beads was optimized to
generate a log-linear standard curve with a pool of 27 positive sera
prepared from patients with PCR-confirmed SARS-CoV-2
infection. The levels of specific immunoglobulin G (IgG) for each
sample were measured in two separate assays.

Each assay was performed in a 96-well, non-binding microtiter
plate, where 50 pL of protein-conjugated magnetic beads (250/
region/well) and 50 pL of serum diluted 1:100 were mixed and
incubated for 30 min at room temperature on a plate shaker. All
dilutions were made in phosphate buffered saline containing 1%
bovine serum albumin and 0.05% (v/v) Tween-20 (denoted as PBT).
Following incubation, the magnetic beads were separated using a
magnetic plate separator (Luminex®) for 60 seconds and washed
thrice with 100 pl PBT. The washed magnetic beads were incubated
for 15 minutes with the detector secondary antibody at room
temperature on a plate shaker, washed thrice with 100 ul PBT
and finally resuspended in 100 UL of PBT. R-Phycoerythrin- (R-PE)
conjugated goat or donkey anti-human IgG antibody was used as
detector antibody at 1:120 dilution. A positive control pool of serum
used in two-fold serial dilutions from 1:50 to 1:102,400 was included
on each 96-well plate. Plates were read using a Luminex®
MAGPIX® system, which provides a reading of median
fluorescence intensity (MFI) for each of the antigens tested.
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TABLE 2 Immunological, virological, and clinical criteria available to document SARS-CoV-2 infection in seronegative long COVID patients.
Seronegative # peptides % lgG+ % IgA+ | Immunologically PCR con- Clinically proba- Probable SARS-
long COVID recognized cells in cells in probable firmed ble SARS-CoV-2 CoV-2 infection
patient ID by CD4 S-flow S-flow infection infection infection (any criterion)
CL2 0 1.3 0.2 - yes - yes
CL4 1 6.0 0.5 - - - -

CL5 0 63.9 1.3 yes - yes ‘ yes
CL6 0 7.5 0.6 - - - -
CL7 2 7.1 0.5 yes - yes ‘ yes
CL11 0 36.7 1.4 - - - -
CL12 0 51 0.7 - - yes yes
CL13 0 8.2 0.0 - - yes yes
CL15 ‘ 2 2.4 1.1 yes - - yes
CL16 0 0.9 0.2 - yes - yes
CL17 ‘ 2 1.0 1.0 yes - - yes
CL21 0 4.1 25.2 yes - yes yes
CL23 1 335 1.3 - - yes yes
CL37 ‘ 3 88.8 65.2 yes - - yes
CL48 0 2.9 14 - yes - yes
CL53 0 12.1 2.7 - - yes yes
CL56 4 93.2 7.6 yes - - yes
CL57 2 9.6 2.3 yes - - yes
CL59 0 66.3 1.2 yes - yes yes
CL60 0 0.7 2.0 - - - -
CL65 5 92.6 76.8 yes yes yes yes
CL66 4 ND ND yes - - yes
CL68 5 1.8 0.5 yes - - yes
Number of LC- Criterion 1: Criterion 2:  Criterion 3: Criteria Criterion 4: Criterion Si = acAute Criteria
patients: 23 peptides >2 1gG+>40% IgA+>20% lor2or3 PCR+ sympto@s 1nclu§1ng lor2or3or4or5
a.nosmla/ageusm
M S : 4 : .
% patient fulfilling
criterion 39.1% 22.7% 13.6% 52.2% 17.4% 39.1% 82.6%

Criterion 1: a peptide is considered recognized if the CD4+ T cell line IFN-y or TNF-o response has a stimulation index >2 and is above the limit of sensitivity defined in HD.
Criterion 2: serum concentration of SARS-CoV-2-specific IgG measured in the S-flow assay is >40% labeled spike-HEK cells. ND, not done.

Criterion 3: serum concentration of SARS-CoV-2-specific IgA measured in the S-flow assay is >20% labeled spike-HEK cells.

Criterion 4: positive SARS-CoV-2 PCR assay performed on nasopharyngeal swab or nasal slits.
Criterion 5: At least 3 symptoms including anosmia/ageusia during the acute COVID stage.Total % of patients with probable SARS-CoV-2 infection are reported in bold values.
The shading in highlights means the patients with immunologically and/or clinically confirmed SARS-CoV-2 infection.

Primary CD4+ T cell line response assay

PBMC from patients and healthy donors were depleted of CD8+
cells using CD8 magnetic microbeads (StemCell) and were then
plated at 2x10° cells per well in 24-well plates, and cultured in RPMI
1640 medium supplemented with 10% human AB serum, 2 mM L-
glutamine, 10 mM HEPES, 100 ug/ml penicillin/streptomycin, and 5
ng/mL recombinant IL-7 (Miltenyi Biotech). To generate SARS-
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CoV-2-specific primary CD4+ T cell lines, the CD8-depleted
PBMC were stimulated with mini-pools of SARS-CoV-2
immunodominant peptides and further grown for 14 days. Each
mini-pool consisted in 3 highly purified 20-mers peptides (>99%
purity; ProteoGenix) derived from the SARS-CoV-2 N (N104, N221,
N328), S (S166, S235, S751) and M (M86, M141, M176) proteins. The
sequence of each peptide is reported in Supplementary Table 1. These
peptides were chosen based on their reported immunodominance in
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SARS-CoV-2 infected patients and their limited cross-reactivity
against common cold coronaviruses (63-66).

For stimulation, each peptide in the minipool was added at a final
concentration of 2 pg/mL. Recombinant IL-2 (Proteogenix) was
added at a concentration 100 U/ml 2 days after peptide
stimulation, and every 2-3 days afterwards. At day 14, cells were
restimulated for 6 hours with each individual peptide in the presence
of 1 pg/mL Brefeldin-A and 2 uM Monensin (BioLegend). Positive
controls were generated by stimulating the cell lines with a mix of
superantigens. To measure intracellular cytokine production in
specific CD4+ T cells, cells were washed, treated with FcR Blocker,
and stained for surface antigens with antibodies CD3 BV510
(UCHT1, 1:200), CD4 PE-CF594 (RPA-T4, 1:200), CD8 BV786
(SK1, 1:200), all from Biolegend, and with the Live-dead Fixable
Near-IR viability dye (Thermo Fisher Scientific). Cells were fixed and
permeabilized using the CytoFix/Cytoperm kit (BD Biosciences)
before staining for intracellular cytokines with antibodies IFN-y
PerCP-Cy5.5 (B27, 1:100) and TNF-o. PE-Cy7 (Mabll, 1:100)
from BioLegend. Fluorescence was acquired on a Attune NxT flow
cytometer, and analyzed with the FlowJo 10.7.1 software. Intracellular
cytokine production was evaluated in the live CD3+ CD4+ CD8-
lymphocyte gate, and the percentage of cytokine-producing cells was
determined after subtracting the percentage of cytokine-positive
events in unstimulated control cultures. The limit of sensitivity of
the assay (LOS) was defined as 2 x SD, with SD being the standard
deviation of the percentage of cytokine+ cells in the control HD
group. The stimulation index (SI) was defined as the percentage of
cytokine+ cells divided by the mean percentage of cytokine+ cells in
the HD group, as described in (66).

Statistical analyses

All statistical analyses were carried out with the GraphPad Prism
v9.5 software. Comparisons between two groups were made with the
non-parametric Mann-Whitney U test. Comparisons between three
groups or more were made with the non-parametric Kruskal-Wallis
tests with Dunn’s correction for multiple comparisons. All statistical
tests were two-sided. Correlations between two parameters were
analyzed by simple linear regression. Correlation matrices report
Spearman’s R coefficients between all pairs of continuous variables. P
values lower than 0.05 were considered statistically significant, with
symbols as follows: * P<0.05; ** P<0.01; ** P<0.001; **** P<0.0001.
The nature of statistical tests used is reported in the figure legends.

Results

Similar clinical signs in seronegative and
seropositive long COVID patients

Patients included in the seronegative long COVID group (LC-,
n=23) and the seropositive long COVID group (LC+, n=28) were
predominantly female and had persisting symptoms for a median
time of 13 and 15 months, respectively (Table 1). Patients in the LC-
and LC+ groups did not significantly differ in age nor in time since

Frontiers in Immunology

10.3389/fimmu.2023.1221961

symptom onset, but were more frequently detected as SARS-CoV-2
PCR-positive at time of diagnosis in the LC+ group (81.25% in LC+
5 20.00% in LC-, P=0.0004). The number of COVID-19 symptoms
during acute infection was comparable in both groups, with a
median number of symptoms ranging from 4 to 5 (Table 1). The
spectrum of long COVID symptoms was overall similar in both
groups, though the number of persistent symptoms tended to be
higher in the seronegative group, with a median of 6 symptoms in
LC- vs. 45 symptoms in LC+ (P=0.01). Considering individual
symptoms, the most marked difference was the persistence of fever
episodes in about one third of seronegative long COVID patients
and in only one seropositive long COVID patient (34.78% vs 3.57%,
P=0.007). Past medical history did not appear to differ between the
LC- and LC+ groups (Table 1). Taken together, the analysis of
clinical parameters showed that manifestations of long COVID
were as durable and as severe in the seronegative than in the
seropositive group, supporting the rationale to include
seronegative long COVID patients in the study.

The group of recovered patients (RE, n=29) had a more
balanced sex ratio and tended to be younger than patients in the
two long COVID groups (Table 1). Patients in the RE group also
had a shorter time since symptom onset (median time = 6 months,
P<0.0001 compared to both LC- and LC+), and were all recruited
before they received a COVID vaccine. This enabled the study of
antibody and T cell responses specific to the SARS-CoV-2 virus,
without perturbations associated to vaccine-induced anamnestic
responses. The median number of acute COVID-19 symptoms was
4 in the RE group, which did not differ significantly from the
numbers observed in long COVID groups. A detailed analysis of
symptoms showed a less frequent occurrence of odynophagia and
dyspnea in the RE group compared to the LC- group (P=0.0194 and
P=0.0109, respectively), pointing to possibly less severe respiratory
symptoms in recovered patients. Of note, antecedents of allergies
were more frequent in long COVID patients than in recovered
patients (56.52% and 53.57% in LC- and LC+, respectively, vs
20.69% in RE; P<0.05 for both comparisons), consistent with a
high frequency atopy previously reported in a long COVID
study (67).

The S-flow assay reveals low but
detectable antibody responses in a subset
of seronegative long COVID patients

Patients in the LC- group had initially been classified as
seronegative based on the SARS-CoV-2 spike ELISA assay used in
the clinic. We asked whether a more sensitive antibody detection
assay may reveal spike-specific antibody responses in these patients.
To this goal, patient sera were analyzed by S-flow, an assay that
measures the amount of serum antibodies able to bind HEK 293-T
cells stably expressing the Wuhan strain spike protein at their
surface (Figure 1). This assay has the advantage of measuring
antibody binding to the spike in its native conformation and was
demonstrated to be more specific and sensitive than classic spike
ELISA assays (59, 60). Measuring the frequency of IgG bound spike-
expressing 293T cells (IgG+ cells) by flow cytometry showed a
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negative response in healthy donors (HD) and a strongly positive
response in recovered patients, as expected (Figure 1A). The
frequency of IgG+ cells was as high in the LC+ group as in the
RE group, pointing to the persistence of strong spike-specific IgG
responses in seropositive long COVID patients. Interestingly, the
frequency of IgG+ cells was below the 40% detection threshold for
most but not all the seronegative long COVID patients, with 5 LC-
patients (22.7%) showing detectable spike-specific IgG, and 2
additional patients having responses just below the detection
threshold. These observations were confirmed by an analysis of
the mean fluorescence intensity (MFI) of bound IgG, which showed
intermediate values in the LC- group, and equivalently high values
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in the LC+ and RE groups (Figure 1B). For consistency, we kept the
denomination “seronegative” for all the patients who were included
in the LC- group on the basis of a negative ELISA test, even though
spike-specific antibodies could be detected by the more sensitive S-
flow assay in a subset of these patients.

Spike-specific IgA were also measured by S-flow, as IgA
immunoglobulins likely play an important role in controlling
SARS-CoV-2 infection in respiratory mucosae. The levels of spike-
specific IgA proved more variable and generally lower than that of
spike-specific IgG, both in terms of the frequency and the MFI of
antibody-bound cells (Figures 1C, D). However, a generally similar
pattern was observed, with equivalent detection of spike-specific IgA
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Spike-specific antibodies distinguish two groups of long COVID patients. Antibodies specific to the Wuhan SARS-CoV-2 spike were measured in the
S-flow assay. (A) Percentage of spike-expressing 293T cells (293T-S) bound by serum IgG. (B) Mean fluorescent intensity (MFI) of IgG bound to
293T-S cells. (C) Percentage of 293T-S bound by serum IgA. (D) MFI of IgA bound to 293T-S cells. HD, healthy donors; LC-, seronegative long
COVID patients; LC+, seropositive long COVID patients; RE, recovered patients. Horizontal bars represent medians. Differences between groups
were evaluated with the Kruskal-Wallis statistical test with Dunn'’s correction for multiple comparisons. ****P<0.0001
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in the LC+ and RE groups, and detection of a few patients (13.6%)
with positive IgA responses above the detection threshold in the LC-
group. Thus, the use of a sensitive antibody detection assay revealed
the presence of detectable spike-specific antibodies in a subset of
seronegative long COVID patients, pointing to the possibility of
attenuated humoral responses in this group.

Divergent antibody responses to multiple
SARS-CoV-2 proteins in the two groups of
long COVID patients

We asked whether the distinction between seropositive and
seronegative long COVID patients was valid for antibodies directed
to SARS-CoV-2 proteins other than the spike. To this goal, we used
a multiplexed Luminex assay developed to measure antibodies to
multiple viral proteins simultaneously (62). Analysis of antibodies
to the SARS-CoV-2 nucleocapsid (NP) in patient sera showed low
responses in the LC- group and strong responses in the LC+ group
(Figure 2A), indicating that multiple viral proteins induced
divergent antibody responses in long COVID. This notion was
further confirmed by the detection of low antibody responses to the
matrix and envelope (ME) and to the spike S2 subunit in the LC-
group, while responses in the LC+ group did not significantly differ

10.3389/fimmu.2023.1221961

from those in recovered patients (Figures 2B, C). Further, antibody
responses to NP, ME, and S2 showed a strong correlation with
antibodies to the Wuhan trimeric Spike measured in the same
Luminex assay (Figures 2D, F), with correlation coefficients
comprised between 0.7 and 0.9 (P<0.0001 in all cases). Again, a
few patients from the LC- group showed antibodies to NP, ME, and
S2 above those of healthy donors, highlighting the presence of low
but detectable antibody responses in a subset of seronegative long
COVID patients.

We then verified that the low antibody responses detected in the
LC- group were not resulting from a lack of cross-reactivity to
antigens of the original Wuhan strain. To this goal, we analyzed
responses to spikes derived from the main SARS-CoV-2 VOCs
present before and during the patient recruitment period (2020 to
early 2022). Antibody measurements to the Wuhan, Alpha, Beta,
Delta, Gamma, and Omicron BA.1 spikes showed overall the same
patterns in the Luminex assay (Supplementary Figure S1). We
noted a trend for lower antibody responses directed to the
Omicron BA.1 spike in all patient groups, consistent with
the notion that most studied patients had been infected prior to
the Omicron wave. Taken together, measurements of SARS-CoV-2
specific antibodies consistently showed low or undetectable
responses to multiple viral proteins in the LC- group, validating
the distinction between the two groups of long COVID patients.
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Antibody responses to multiple SARS-CoV-2 proteins distinguish the two groups of long COVID patients. (A-C) IgG responses to the nucleoprotein
(NP), the M and E proteins (ME), and the S2 spike subunit (52) from SARS-CoV-2 were measured based on MFl in a multiplexed Luminex assay.
Horizontal bars represent medians. Differences between groups were measured with the Kruskal-Wallis test with Dunn'’s correction for multiple
comparisons. **P<0.01; ***P<0.001; ****P<0.001. (D-F) Correlation between antibody responses to different SARS-CoV-2 proteins: NP and Spike
(D); ME and Spike (E); and S2 and Spike (F). The linear regression on log-transformed MFI values measured in the Luminex assay is indicated by a
straight full line. The linear correlation coefficient R and the P value are reported on each graph. The dashed line represents the threshold for
seropositivity estimated by spike antibody measurements in the Luminex assay.
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Similar antibody reactivity to common cold
coronaviruses in the two groups of long
COVID patients

The preexistence of cross-reactive antibody responses to
common cold coronaviruses (CCC) has been proposed to play a
protective role against the acquisition or the severity of SARS-CoV-
2 infection (52). It was therefore of interest to determine whether
long COVID patients differed from recovered patients in their
humoral responses to CCC. To this goal, we included the spike
and NP antigens of the four known human CCC (namely OC43,
HKUI, 229E, and NL63) in the Luminex antibody assay (Figure 3).
Overall, humoral responses to CCC did not show marked
differences between the 3 patient groups, suggesting that a strong
protective effect of CCC-specific antibodies against long COVID
was unlikely. It was however interesting to note that recovered
patients had higher antibody responses to OC43 NP (P<0.05),
0OC43 S (P<0.01), and HKU1 NP (P<0.05) proteins than patients
in the LC- group (Figures 3A, B, E). These observations may simply
reflect the lower SARS-CoV-2 specific antibody responses in the
LC- group, resulting in lower cross-reactivity to CCC antigens, but
do not rule out the possibility of an intrinsically inefficient humoral
response to several human coronaviruses in seronegative long
COVID patients.

To examine whether seronegative long COVID patients may
mount poor humoral responses to viruses in general, we measured
antibody responses to 6 antigens derived from diverse viruses
(Supplementary Figure S2). Antibody responses to influenza virus
A, adenovirus 5 and adenovirus 40 did not differ between the 4
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groups, suggesting that long COVID was not associated to a
generally lower humoral response to respiratory viruses
(Supplementary Figures S2A-C). Antibody responses to measles
virus and rubella virus antigens did not differ between patient
groups but tended to be higher than in healthy controls
(Supplementary Figures S2D, E), possibly reflecting a degree of
persisting bystander activation after SARS-CoV-2 infection.
Intriguingly, the LC- group showed lower antibody responses to
the mumps nucleoprotein than LC+ and RE groups (P<0.01 and
P<0.05, respectively; Supplementary Figure S2F).

Divergent CD4+ T cell responses in the
two groups of long COVID patients

We next set to evaluate T cell responses to immunodominant
epitopes from the SARS-CoV-2 M, N, and S proteins in patient and
control groups. We focused on CD4+ T cell responses as they
involved in the maturation of the B cell response and may help
explain lack of seroconversion. We relied on the generation of
primary CD4+ T cells lines, as this approach provides a higher
sensitivity of specific T cell detection compared to ex vivo T cell
analyses. Patient PBMC stimulated by minipools of 3
immunodominant peptides per protein were grown for 14 days,
and then restimulated by individual peptides before evaluation by
intracellular cytokine staining (ICS). The representative examples
provided Figure 4 shows that after restimulation with the matrix
MI141 peptide, responses were undetectable in a healthy donor,
while a seropositive long COVID patient and a recovered patient
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Similar antibody reactivity to common cold coronaviruses in the two long COVID groups. (A-D) IgG responses to the nucleoprotein (NP) of the four
common cold coronaviruses OC43 (A), HKU1 (B), 229E (C) and NL63 (D) were measured based on MFI in a multiplexed Luminex assay. (E-H) Antibody
responses to the spike (S) of the four common cold coronaviruses. Horizontal bars represent medians. Differences between groups were measured with the
Kruskal-Wallis test with Dunn'’s correction for multiple comparisons. *P<0.05; **P<0.01; **** P<0.0001.
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showed a strong production of both the IFN-yand TNF-o cytokines
(>15% IFN-y+ TNF-o0u+ cells). Interestingly, a weaker but detectable
response (0.9% IFN-y+ TNF-a+ cells) was detected for a
seronegative long COVID patient.

Analysis of TNF-ou responses (Figure 5A) revealed that a
majority of patients from the LC+ and RE groups responded to
two immunodominant peptides in matrix, M141 and M176, while
responses to the third matrix peptide M86 were minimal. Responses
to matrix peptides were low in the LC- group, though a few patients
(n=4) had responses to M141 above those of heathy donors.
Responses to the nucleocapsid and spike peptides were less
frequent than those to matrix peptides but showed overall the
same pattern, with an equivalent magnitude of responses in the LC+
and RE groups. Again, responses to the nucleocapsid and spike
peptides were low in the LC- group, but with responses above those
of healthy donors in a subset of patients.

Of note, positive ICS responses were also detected for some
individuals in the HD group, likely due to cross-reactivity of CCC-
specific CD4+ T cells with SARS-CoV-2 derived peptides (68).
However, the strategy of screening CD4+ T cell lines against
individual peptides rather than a peptide pool enabled the
identification of peptides with a low degree of cross-reactivity in
the HD group, such as M141 and N104, supporting the notion that
a subset of LC- patients had SARS-CoV-2-specific rather than
cross-reactive CD4+ T cell responses. Analyses of IFN-y
production in CD4+ T cell lines showed low levels of responses
in the HD group (Figure 5B), thus confirming the presence of
SARS-CoV-2-specific CD4+ T cells in a few LC- patients. Overall,
IFN-y responses were of lower magnitude than TNF-o. responses
but followed the same pattern. A trend for higher IFN-y response to

HD LC-
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M141 was noted in the LC+ group compared to the RE group,
though it did not reach statistical significance.

We then computed the frequency of individuals with a detectable
CD4+ T cell response to each of the immunodominant peptide tested
(Figure 6A). A responder was defined as an individual for whom the
percentage of IFN-y+ or TNF-a+ CD4+ T cells was above the limit of
sensitivity (LOS) of the assay and had a stimulation index (SI) >2 for
the considered peptide (66). Overall, the frequency of responders was
higher in the LC+ and RE group than in the HD group (P<0.01 in
both cases), while the LC- group showed intermediate response
frequencies that were not significantly different from those in other
groups. Responses to the matrix M141 peptide appeared the most
discriminant between groups, with 92.9% responders in LC+, 72.4%
in RE, 27.3% in LC-, and 3.5% in HD. Analyzing the sum of TNF-o.
or IFN-y responses for the 9 peptides studied (Figures 6B, C) showed
a similar hierarchy, with strong responses in the LC- and RE groups,
intermediate or low responses in the LC- group, and low responses in
the HD group. Taken together, these analyses provided evidence for
divergent CD4+ T cell responses in the two groups of long COVID
patients, with high magnitude responses in seropositive patients, and
low but at times detectable responses in seronegative patients.

Positive association between CD4+ T cell
responses and antibody responses to
SARS-CoV-2

To evaluate associations between antiviral cellular and humoral
responses, we chose in first intent to compare IFN-y responses to
the M141 peptide and S-flow IgG MFI readings, as these were the

LC+
0.012
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TNF--PE-Cy7
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CoV-2
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IFN-y-PerCP-Cy5.5

FIGURE 4

Analysis of SARS-CoV-2 peptide-specific CD4+ T cell responses in primary T cell lines. CD4+ T cell lines restimulated with the matrix M141 peptide
(bottom row) or not restimulated (NS, top row), were fixed, permeabilized, and analyzed by flow cytometry in the viable CD3+ CD4+ gate for the
intracellular production of IFN-y (x axis) and TNF-a (y axis). Representative examples of responses are shown for one pre-pandemic healthy donor
(HD), one seronegative long COVID patient (LC-), one seropositive long COVID patient (LC+), and one recovered patient (RE).
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Divergent CD4+ T cell responses in seronegative and seropositive long COVID patients. The frequency of CD4+ T cells producing TNF-a (A) and
IFN-y (B) in primary T cell lines stimulated with the indicated peptide is reported. Peptides are designated by the viral protein (M: matrix, N:
nucleocapsid; S spike) and the position of the first a.a. in that protein. Horizontal bars represent medians. Differences between groups were
evaluated with the Kruskal-Wallis statistical test with Dunn’s correction for multiple comparisons. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

parameters that provided the best discrimination between groups
(Figure 6D). Comparison between these two parameters revealed a
positive correlation (R=0.670, P<0.0001), indicating a coordination
of the two arms of the antiviral response directed at SARS-CoV-2.
We noted however the presence of a few patients of the LC- group
with low spike-specific IgG but clearly positive M141 CD4
responses, raising the possibility of a disjunction of cellular and
humoral responses in seronegative long COVID. Analysis of the
association between IFN-y responses to M141 and spike-specific
IgA supported these observations (Figure 6E).

We then visualized the matrix of correlation coefficients between
all the clinical and immunological parameters analyzed in the study,
considering all the patients and controls included in the study as a
single population (Supplementary Figure S3). The most apparent
feature was the strong correlation between SARS-CoV-2 specific
antibodies and SARS-CoV-2-specific CD4 responses. The Spearman
correlation coefficients were strongest between antibodies responses
and CD4 responses to the two immunodominant matrix peptides or
to the summed cytokine responses per viral protein. This analysis also
highlighted a negative association between the frequency of long
COVID symptoms and SARS-CoV-2 specific responses (humoral
and cellular), possibly explained by the presence of low antiviral
responses in the seronegative long COVID group. We also noted
positive associations between antibody levels to the different CCC
proteins. The strongest correlation was observed between antibodies
to the NL63 and 229E nucleocapsids, which may be explained by the
genetic relatedness of these two alphacoronaviruses, leading to a high
frequency of cross-reactive antibodies. The more modest but
detectable associations between antibodies to SARS-CoV-2 and to
CCC may reflect a moderate degree of antibody cross-reactivity.
Similarly, the moderate association between SARS-CoV-2 specific
CD4 responses and antibodies of CCC proteins (in particular to the
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OC43 spike) may reflect antigenic cross-reactivity, though individual
variability in the intrinsic capacity to mount responses to human
coronaviruses is not ruled out. Last, we noted an unexplained positive
association between humoral and cellular responses to SARS-CoV-2
and antibody responses to measles and mumps. Taken together, the
global correlation analyses (Supplementary Figure S3) confirmed the
positive association between the cellular and humoral arms of the
antiviral response directed at SARS-CoV-2. However, detailed
examination of immune responses within groups (Figure 6B)
showed instances of poorly correlated cellular and humoral
responses among seronegative long COVID patients.

Immunological signs of SARS-CoV-2
infection are present in half of
seronegative long COVID patients

A detailed analysis of immunological findings was carried out in
the LC- group, to assess whether the T cell and antibody assays
implemented in the study could help document a previous SARS-
CoV-2 infection in seronegative long COVID patients (Table 2).
Patients were considered to have a detectable CD4+ T cell response
if they responded to at least 2 SARS-CoV-2 peptides, using the
response criteria defined in Figure 6A (% of cytokine+ cells >LOS
and SI >2). Patients were considered to have a spike-specific IgG
response if their serum gave a reading above threshold in the S-flow
assay (%IgG+ cells >40%), taking into consideration that the 40%
threshold is conservative and has been validated in large cohorts of
SARS-CoV-2 infected patients (59, 60). Similarly, patients were
considered to have a spike-specific IgA response if their serum
resulted in a %IgA+ cells >20% (61). Based on these criteria, 39.1%
patients in the LC- group had a detectable CD4 response, 22.7% had
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FIGURE 6

M141 resp: log (% IFN-g+)

Positive correlation between the CD4+ T cell response and the antibody responses to SARS-CoV-2. (A) The percentage of individuals with a CD4+ T
cell response to each of the 9 immunodominant peptides tested is reported. A responder is an individual for whom the % TNF-o+ or % IFN-y+ cells
in CD4+ T cells is above the limit of sensitivity (LOS = 2 x SD for the HD group) and has a stimulation index SI >2 for the considered peptide.
Peptides derived from the matrix (M), nucleoprotein (N) and spike (S) are color-coded in blue, red, and orange, respectively. (B, C) The summed
frequency of CD4+ T cells producing TNF-o (A) and IFN-v (B) in response to the 9 peptides tested is reported. (A-C) Horizontal bars represent
medians. Differences between groups were evaluated with the Kruskal-Wallis statistical test with Dunn’s correction for multiple comparisons.
**P<0.01; ***P<0.001; ****P<0.0001. (D, E) Linear regression between the CD4+ T cell response to the M141 peptide, measured by the % of IFN-y+
cells, and the antibody response, measured in the S-flow assay by the MFI of spike-cells bound by serum IgG (D) or IgA (E). The linear regression
coefficient R and the P value for the slope of the regression line being different from zero are reported.

spike-specific IgG, and 13.6% had spike-specific IgA (Table 2, last
line). There was not a complete overlap between the subsets of LC-
patients having detectable CD4 and antibody responses, pointing to
a lower degree of coordination between cellular and humoral
responses in this group. Considering all the three response
criteria (CD4, IgG, and IgA), the analysis showed that 52.2% of
patients in the LC- group had an immunological sign of a previous
SARS-CoV-2 infection.

We next included diagnostic and clinical criteria generally used
to document SARS-CoV-2 infection. A limited subset of LC-
patients (17.4%) had an infection documented by PCR. In
addition, 39.1% of LC- patients fulfilled the definition of having a
clinically probable SARS-CoV-2 infection, based on the occurrence
of at least 3 listed symptoms including anosmia/ageusia during the
acute COVID-19 stage (69). Combining all 5 criteria (CD4, IgG,
IgA, PCR, and clinical) showed that 82.6% of patients in the LC-
group had signs of a probable SARS-CoV-2 infection (Table 2, right
column). Taken together, this analysis showed that a majority of
seronegative long COVID patients were likely to have been infected
by SARS-CoV-2, highlighting the relevance of studying virally
induced pathogenic mechanisms in this group.
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Discussion

This study provides evidence for two major types of antiviral
immune responses in long COVID patients. The seropositive group
showed well coordinated cellular and humoral responses directed at
SARS-CoV-2, with levels of specific CD4+ T cells and antibodies
that were at least as high as those of recovered patients. In contrast,
the group of seronegative long COVID patients showed overall low
antiviral responses, with detectable specific CD4+ T cells and/or
antibodies in only half of patients. These divergent findings in
patients sharing a comparable spectrum of persistent symptoms
raise the possibility of multiple etiologies in Long COVID.

The use of highly sensitive immunological assays, namely the S-
flow antibody assay and the primary CD4+ T cell line assay, were
instrumental in detecting the moderate adaptive responses present
in the group of seronegative patients. Combining this
immunological evaluation with PCR testing and clinical
evaluation helped document a probable SARS-CoV-2 infection in
over 80% of these patients. These findings support the idea that a
majority of seronegative long COVID patients had previously been
infected by SARS-CoV-2, though we cannot entirely rule out other
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causes for persisting symptoms, such as somatic causes or a post-
infectious syndrome due to an unrelated pathogen. Interestingly, a
recent study based on a fluorospot assay with enhanced sensitivity
reported the presence of detectable T cell responses in close to half
of seronegative long COVID patients (54), which appears
compatible with our findings, and supports the idea that a subset
of long COVID patients have attenuated but detectable responses to
SARS-CoV-2. Such attenuated antiviral responses may be
insufficient to clear the virus and may promote a degree of viral
persistence, which could in turn underly continuous tissue damage
and prolonged symptoms. Whether seronegative long COVID
patients are more prone to viral persistence remains to be
established. In this respect, it was interesting to note that the only
notable difference in symptoms between the two long COVID
groups was the more frequent occurrence of fever episodes in the
seronegative group (34.78% in LC- vs 3.57% in LC+). Fever may be
a sign of inflammation induced by residual viral replication, viral
antigen persistence, or viral reactivation, a notion that deserves
further investigation.

It is intriguing to note that a frequent reactivation of herpes
viruses has been reported in long COVID (31, 36, 37). These reports
raise the possibility that long COVID patients may have inefficient
adaptive responses to a variety of viruses, and not only to SARS-
CoV-2. In this respect, we noted that patients in the LC- group had
lower antibody levels than recovered patients to several CCC
proteins, including OC43 NP, HKU1 NP, and OC43S. These
observations may point to generally inefficient responses to
human coronaviruses, though they may also reflect the lower
levels of SARS-CoV-2 specific antibodies in LC- patients,
resulting fewer cross-reactive responses to CCC proteins. An
evaluation of antibodies to specific CCC epitopes that would not
be shared with SARS-CoV-2 may help clarify this issue. Antibody
titers to a variety of other viral antigens derived from adenoviruses
or influenza, measles and rubella viruses did not differ between the
three patient groups. However, antibodies to the mumps viral
antigen were significantly lower in seronegative long COVID
patients than in the two other groups. These intriguing
observations raise the possibility of selectively deficient responses
to particular viruses in seronegative long COVID. Of note, a high
propensity to allergy was noted in long COVID patients, in the
present study (antecedents of allergy in 50% or more of patients in
the LC- and LC+ groups, compared to 20% in the RE group) as well
as in a previous report (67). A predisposition to allergy may reflect
an intrinsic bias in immune responses, which may antagonize the
development of interferon-dependent antiviral responses (70), and
may thus contribute to long COVID development. Studies of
genetic polymorphisms known to influence antiviral immune
responses may thus shed light on the mechanisms underlying
long COVID.

Antibody and CD4+ T cell responses to SARS-CoV-2 appeared
overall well coordinated, with high correlation coefficients between
the multiple humoral and cellular parameters measured. However,
detailed examination of these parameters in seronegative long
COVID patients (Table 2) showed a lower degree of coordination
in this group, with a frequent disconnect between the detection of
IgG, IgA, and CD4+ T cells specific to SARS-CoV-2. One reason
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may be the low magnitude of these responses, which may be close to
the detection threshold of the assays used. However, a few
seronegative patients had clearly positive CD4+ T cell responses
in the absence of detectable antibodies, raising the possibility that
available specific CD4+ T cell had inefficient B cell helper function,
and hence could not trigger the maturation of specific antibodies. It
may be relevant that a low degree of coordination between cellular
and humoral immune responses has been associated with an
increased disease severity in acute COVID-19 (51). Further, a
longitudinal study showed that lower levels of SARS-CoV-2
specific IgG at 1 to 2 months after COVID-19 onset was
associated with a higher rate of persisting symptoms the 4 and 7
months time points (71). Thus, the limited development of the
antiviral antibody response may have contributed to the
establishment of long COVID in the subset of seronegative patients.

A distinct pathogenic mechanism may be at work in
seropositive long COVID patients. We did not detect major
differences in the magnitude and breadth of humoral and cellular
responses when comparing seropositive long COVID patients to
recovered patients. We however noted a trend for a higher
frequency of responder patients to the two immunodominant
matrix peptides in the LC+ group. Considering that the duration
of infection was on average longer in the LC+ group than in the RE
group, and that SARS-CoV-2 specific T cell responses are known to
progressively decline over time (72), these observations may suggest
the presence of relatively strong or persistent T cell responses in
seropositive long COVID patients. This would be compatible with
previous reports of persistently high T cell responses in Long
COVID (34) (32, 33), accompanied in some studies with signs of
abnormal T cell activation and T cell exhaustion (31, 35, 36). A
limitation of the present study is that we did not evaluate the
exhaustion status of specific effector T cells, as we focused on
amplifying specific T cells in culture to maximize detection
sensitivity. Thus, we do not rule out the possibility of a lower
efficiency of effector T cells in long COVID. The presence of
numerous but inefficient effector T cells may fail to entirely clear
residual infected cells or viral antigen depots, leading to deleterious
effects associated to chronic immune activation and persistent
inflammation. One may note that chronic immune activation
may not only be driven by residual SARS-CoV-2 antigens. A
recent study has shown that even mild uncomplicated COVID-19
can impact the basal activation status of the immune system up to
five months after the onset of SARS-CoV-2 infection through non-
specific bystander mechanisms (73). The phenomenon of bystander
activation may for instance explain the increased levels of measles
and rubella virus-specific IgG detected in all three patient groups as
compared to uninfected controls. It is conceivable that bystander
activation may be particularly strong in seropositive long COVID
patients, leading to persistent inflammation and/or autoimmunity.
This notion is supported by reports of persistently elevated levels of
inflammatory markers such as IL-6 in long COVID, suggestive of
inflammatory imprinting (25, 26, 35).

Taken together, this study provides evidence for divergent immune
responses in long COVID, with one group characterized by low and
poorly coordinated humoral and cellular responses, and a second
group characterized by strong and persistent responses. These
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findings raise the possibility of multiple etiologies in long COVID, with
persisting symptoms enabled by a deficient antiviral response in
seronegative patients, and by immunopathogenic mechanisms that
remain to be defined in seropositive patients. The study also highlights
the interest of implementing highly sensitive immunological assays to
document signs of a previous SARS-CoV-2 infection in seronegative
individuals. Seronegative long COVID patients have rarely been
included in clinical trials and physiopathological studies thus far, due
to the difficulty in documenting their infection by SARS-CoV-2. This
may have limited our understanding of long COVID pathogenesis, by
excluding a population that represents up to one third of patients.
Further, patients without a laboratory documented infection often
encounter difficulties in having their condition recognized and treated.
This represents a public health concern, as the clinical severity of
seronegative long COVID appears as high if not higher as that of the
seropositive form, with a higher number of persisting symptoms
recorded in the present study. Thus, further development and
validation of highly sensitive immunological assays for SARS-CoV-2
is warranted, to help document infection in seronegative long COVID
patients and facilitate their access to medical care.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving human participants were reviewed and
approved by the Person Protection Committee CPP Sud-Ouest et
Outre-Mer 1 and approved under number CPP 1-21-042 ID 12400.
The patients/participants provided their written informed consent
to participate in this study.

Author contributions

Protocol design and clinical management: DS-C, FB, DS, M-PP,
WLB, MAT; Experimental design and procedures: JK, IS, RJ-M, FD,
DP, RR, LC; Visualization: JK, MW, LC; Supervision and funding
acquisition: LC, DS-C, MW; Writing — original draft: LC; Writing -
review & editing: DS-C, JK, MW, IS; All authors contributed to the
article and approved the submitted version.

References

1. Choutka J, Jansari V, Hornig M, Iwasaki A. Unexplained post-acute infection
syndromes. Nat Med (2022) 28(5):911-23. doi: 10.1038/s41591-022-01810-6

2. Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. Condition
WHOCCDWGoP-c-. a clinical case definition of post-COVID-19 condition by a

Frontiers in Immunology

15

10.3389/fimmu.2023.1221961

Funding

This work was supported by: The ESPOIRS Association (DS-C);
the Urgence COVID-19 Fundraising Campaign of Institut Pasteur
(PFR4 project; LC); the Agence Nationale de Recherche sur le SIDA et
les Maladies Infectieuses Emergentes (ANRS-MIE) (ECTZ213626
project; LC.); Fondation pour la Recherche Meédicale (CorPopImm),
the French Government’s Laboratoire d’Excellence “Integrative Biology
of Emerging Infectious Diseases” (Investissement d’Avenir grant n°
ANR-10-LABX-62-IBEID), and INCEPTION programs
(Investissement d’Avenir grant ANR-16-CONV-0005) to MW. JK
was the recipient of an ANRS-MIE fellowship.

Acknowledgments

We thank Sophie Novault, at the Flow Cytometry Platform of
Institut Pasteur, for advice on cytometry data acquisition; Valerie
Lebaut, at the Department of Infectious Medicine and Immunology
of the Hotel Dieu hospital, for patient monitoring; Alain
Trautmann (Institut Cochin) for critical reading of the
manuscript; and the volunteers who participated to the study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221961/
full#supplementary-material

Delphi consensus. Lancet Infect Dis (2022) 22(4):¢102-¢7. doi: 10.1016/S1473-3099
(21)00703-9

3. Gottlieb M, Wang R, Yu H, Spatz ES, Montoy JC, Rodriguez R, et al. Severe
fatigue and persistent symptoms at three months following SARS-CoV-2 infections

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221961/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1221961/full#supplementary-material
https://doi.org/10.1038/s41591-022-01810-6
https://doi.org/10.1016/S1473-3099(21)00703-9
https://doi.org/10.1016/S1473-3099(21)00703-9
https://doi.org/10.3389/fimmu.2023.1221961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kervevan et al.

during the pre-delta, delta, and omicron time periods: a multicenter prospective cohort
study. Clin Infect Dis (2023) 76:1930-1941. doi: 10.1093/cid/ciad045

4. Davis HE, McCorkell L, Vogel JM, Topol EJ. Long COVID: major findings,
mechanisms and recommendations. Nat Rev Microbiol (2023) 21(3):133-46. doi:
10.1038/s41579-022-00846-2

5. Sherif ZA, Gomez CR, Connors TJ, Henrich TJ, Reeves WB. Pathogenic
mechanisms of post-acute sequelae of SARS-CoV-2 infection (PASC). Elife (2023)
12:€86014. doi: 10.7554/eLife.86002

6. Carfi A, Bernabei R, Landi F, Gemelli Against C-P-ACSG. Persistent symptoms in
patients after acute COVID-19. JAMA (2020) 324(6):603-5. doi: 10.1001/
jama.2020.12603

7. Groff D, Sun A, Ssentongo AE, Ba DM, Parsons N, Poudel GR, et al. Short-term
and long-term rates of postacute sequelae of SARS-CoV-2 infection: a systematic
review. JAMA Netw Open (2021) 4(10):e2128568. doi: 10.1001/
jamanetworkopen.2021.28568

8. Salmon-Ceron D, Slama D, De Broucker T, Karmochkine M, Pavie J, Sorbets E,
et al. Clinical, virological and imaging profile in patients with prolonged forms of
COVID-19: a cross-sectional study. J Infect (2021) 82(2):el-4. doi: 10.1016/
jjinf.2020.12.002

9. Boyton RJ, Altmann DM. The immunology of asymptomatic SARS-CoV-2
infection: what are the key questions? Nat Rev Immunol (2021) 21(12):762-8. doi:
10.1038/s41577-021-00631-x

10. Bliddal S, Banasik K, Pedersen OB, Nissen ], Cantwell L, Schwinn M, et al. Acute
and persistent symptoms in non-hospitalized PCR-confirmed COVID-19 patients. Sci
Rep (2021) 11(1):13153. doi: 10.1038/s41598-021-92045-x

11. Tsampasian V, Elghazaly H, Chattopadhyay R, Debski M, Naing TKP, Garg P,
et al. Risk factors associated with post-COVID-19 condition: a systematic review and
meta-analysis. JAMA Intern Med (2023) 183(6):566-80. doi: 10.1001/
jamainternmed.2023.0750

12. Dumont R, Richard V, Lorthe E, Loizeau A, Pennacchio F, Zaballa ME, et al. A
population-based serological study of post-COVID syndrome prevalence and risk
factors in children and adolescents. Nat Commun (2022) 13(1):7086. doi: 10.1038/
541467-022-34616-8

13. Antonelli M, Penfold RS, Merino J, Sudre CH, Molteni E, Berry S, et al. Risk
factors and disease profile of post-vaccination SARS-CoV-2 infection in UK users of the
COVID symptom study app: a prospective, community-based, nested, case-control
study. Lancet Infect Dis (2021) 22:43-55. doi: 10.1016/S1473-3099(21)00460-6

14. Taquet M, Dercon Q, Harrison PJ. Six-month sequelae of post-vaccination
SARS-CoV-2 infection: a retrospective cohort study of 10,024 breakthrough infections.
Brain Behav Immun (2022) 103:154-62. doi: 10.1016/j.bbi.2022.04.013

15. Bowe B, Xie Y, Al-Aly Z. Acute and postacute sequelae associated with SARS-CoV-
2 reinfection. Nat Med (2022) 28(11):2398-405. doi: 10.1038/s41591-022-02051-3

16. Robineau O, Zins M, Touvier M, Wiernik E, Lemogne C, de Lamballerie X, et al.
Long-lasting symptoms after an acute COVID-19 infection and factors associated with
their resolution. JAMA Netw Open (2022) 5(11):e2240985. doi: 10.1001/
jamanetworkopen.2022.40985

17. Peter RS, Nieters A, Krausslich HG, Brockmann SO, Gopel S, Kindle G, et al.
Post-acute sequelae of covid-19 six to 12 months after infection: population based
study. BMJ (2022) 379:¢071050. doi: 10.1136/bm;j-2022-071050

18. Kahlert CR, Strahm C, Giisewell S, Cusini A, Brucher A, Goppel S, et al. Post-
acute sequelae after SARS-CoV-2 infection by viral variant and vaccination status: a
multicenter cross-sectional study. Clin Infect Dis (2023), ciad143. doi: 10.1093/cid/
ciad143

19. Wise J. Long covid: WHO calls on countries to offer patients more
rehabilitation. Bmj (2021) 372:n405. doi: 10.1136/bmj.n405

20. Stein SR, Ramelli SC, Grazioli A, Chung JY, Singh M, Yinda CK, et al. SARS-
CoV-2 infection and persistence in the human body and brain at autopsy. Nature
(2022) 612(7941):758-63. doi: 10.1038/541586-022-05542-y

21. de Melo GD, Lazarini F, Levallois S, Hautefort C, Michel V, Larrous F, et al.
COVID-19-related anosmia is associated with viral persistence and inflammation in
human olfactory epithelium and brain infection in hamsters. Sci Transl Med (2021) 13
(596):eabf8396. doi: 10.1126/scitranslmed.abf8396

22. Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C, Mothes R, et al. Olfactory
transmucosal SARS-CoV-2 invasion as a port of central nervous system entry in individuals
with COVID-19. Nat Neurosci (2020) 24:168-75. doi: 10.1101/2020.06.04.135012

23. Cheung CCL, Goh D, Lim X, Tien TZ, Lim JCT, Lee JN, et al. Residual SARS-
CoV-2 viral antigens detected in GI and hepatic tissues from five recovered patients
with COVID-19. Gut (2021) 71(1):226-29. doi: 10.1101/2020.10.28.20219014

24. Zollner A, Koch R, Jukic A, Pfister A, Meyer M, Rossler A, et al. Postacute
COVID-19 is characterized by gut viral antigen persistence in inflammatory bowel
diseases. Gastroenterology (2022) 163(2):495-506 e8. doi: 10.1053/j.gastro.2022.04.037

25. Peluso MJ, Lu S, Tang AF, Durstenfeld MS, Ho HE, Goldberg SA, et al. Markers
of immune activation and inflammation in individuals with postacute sequelae of
severe acute respiratory syndrome coronavirus 2 infection. J Infect Dis (2021) 224
(11):1839-48. doi: 10.1093/infdis/jiab490

26. Acosta-Ampudia Y, Monsalve DM, Rojas M, Rodriguez Y, Zapata E, Ramirez-
Santana C, et al. Persistent autoimmune activation and proinflammatory state in post-

Frontiers in Immunology

16

10.3389/fimmu.2023.1221961

coronavirus disease 2019 syndrome. J Infect Dis (2022) 225(12):2155-62. doi: 10.1093/
infdis/jiac017

27. Ong SWX, Fong SW, Young BE, Chan YH, Lee B, Amrun SN, et al. Persistent
symptoms and association with inflammatory cytokine signatures in recovered
coronavirus disease 2019 patients. Open Forum Infect Dis (2021) 8(6): ofab156. doi:
10.1093/0fid/ofab156

28. Schultheiss C, Willscher E, Paschold L, Gottschick C, Klee B, Henkes SS, et al.
The IL-1beta, IL-6, and TNF cytokine triad is associated with post-acute sequelae of
COVID-19. Cell Rep Med (2022) 3(6):100663. doi: 10.1016/j.xcrm.2022.100663

29. Phetsouphanh C, Darley DR, Wilson DB, Howe A, Munier CML, Patel SK, et al.
Immunological dysfunction persists for 8 months following initial mild-to-moderate
SARS-CoV-2 infection. Nat Immunol (2022) 23(2):210-6. doi: 10.1038/s41590-021-
01113-x

30. Weinstock LB, Brook JB, Walters AS, Goris A, Afrin LB, Molderings GJ. Mast
cell activation symptoms are prevalent in long-COVID. Int ] Infect Dis (2021) 112:217—
26. doi: 10.1016/}.ijid.2021.09.043

31. Klein J, Wood J, Jaycox J, Lu P, Dhodapkar RM, Gehlhausen JR, et al.
Distinguishing features of long COVID identified through immune profiling.
medRxiv (2022). doi: 10.1101/2022.08.09.22278592

32. Cheon IS, Li C, Son YM, Goplen NP, Wu Y, Cassmann T, et al. Immune
signatures underlying post-acute COVID-19 lung sequelae. Sci Immunol (2021) 6(65):
eabk1741. doi: 10.1126/sciimmunol.abk1741

33. Galan M, Vigon L, Fuertes D, Murciano-Anton MA, Casado-Fernandez G,
Dominguez-Mateos S, et al. Persistent overactive cytotoxic immune response in a
Spanish cohort of individuals with long-COVID: identification of diagnostic
biomarkers. Front Immunol (2022) 13:848886. doi: 10.3389/fimmu.2022.848886

34. Files JK, Sarkar S, Fram TR, Boppana S, Sterrett S, Qin K, et al. Duration of post-
COVID-19 symptoms is associated with sustained SARS-CoV-2-specific immune
responses. JCI Insight (2021) 6(15):e151544. doi: 10.1172/jci.insight.151544

35. Yin K, Peluso MJ, Thomas R, Shin M-G, Neidleman J, Luo X, et al. Long COVID
manifests with T cell dysregulation, inflammation, and an uncoordinated adaptive
immune response to SARS-CoV-2. bioRxiv (2023). 2023.02.09.527892. doi: 10.1101/
2023.02.09.527892

36. Su'Y, Yuan D, Chen DG, Ng RH, Wang K, Choi J, et al. Multiple early factors
anticipate post-acute COVID-19 sequelae. Cell (2022) 185(5):881-95.€20. doi: 10.1016/
j.cell.2022.01.014

37. Peluso MJ, Deveau TM, Munter SE, Ryder D, Buck A, Beck-Engeser G, et al.
Chronic viral coinfections differentially affect the likelihood of developing long COVID.
J Clin Invest (2023) 133(3):e163669. doi: 10.1172/JCI163669

38. Getts DR, Chastain EM, Terry RL, Miller SD. Virus infection, antiviral
immunity, and autoimmunity. Immunol Rev (2013) 255(1):197-209. doi: 10.1111/
imr.12091

39. Wallukat G, Hohberger B, Wenzel K, Furst ], Schulze-Rothe S, Wallukat A, et al.
Functional autoantibodies against G-protein coupled receptors in patients with
persistent long-COVID-19 symptoms. ] Transl Autoimmun (2021) 4:100100. doi:
10.1016/j.jtauto.2021.100100

40. Merad M, Blish CA, Sallusto F, Iwasaki A. The immunology and
immunopathology of COVID-19. Science (2022) 375(6585):1122-7. doi: 10.1126/
science.abm8108

41. MuriJ, Cecchinato V, Cavalli A, Shanbhag AA, Matkovic M, Biggiogero M, et al.
Autoantibodies against chemokines post-SARS-CoV-2 infection correlate with disease
course. Nat Immunol (2023) 24(4):604-11. doi: 10.1038/s41590-023-01445-w

42. Crook H, Raza S, Nowell ], Young M, Edison P. Long covid-mechanisms, risk
factors, and management. Bmj (2021) 374:n1648. doi: 10.1136/bmj.n1648

43. Wenzel J, Lampe ], Muller-Fielitz H, Schuster R, Zille M, Muller K, et al. The
SARS-CoV-2 main protease m(pro) causes microvascular brain pathology by cleaving
NEMO in brain endothelial cells. Nat Neurosci (2021) 24(11):1522-33. doi: 10.1038/
§41593-021-00926-1

44. Layne SP, Walters KA, Kash JC, Taubenberger JK. More autopsy studies are
needed to understand the pathogenesis of severe COVID-19. Nat Med (2022) 28
(3):427-8. doi: 10.1038/s41591-022-01684-8

45. Grobbelaar LM, Venter C, Vlok M, Ngoepe M, Laubscher GJ, Lourens PJ, et al.
SARS-CoV-2 spike protein S1 induces fibrin(ogen) resistant to fibrinolysis:
implications for microclot formation in COVID-19. Biosci Rep (2021) 41(8):
BSR20210611. doi: 10.1042/BSR20210611

46. Dani M, Dirksen A, Taraborrelli P, Torocastro M, Panagopoulos D, Sutton R,
et al. Autonomic dysfunction in 'long COVID': rationale, physiology and management
strategies. Clin Med (Lond) (2020) 21(1):e63-7. doi: 10.7861/clinmed.2020-0896

47. Guedj E, Campion JY, Dudouet P, Kaphan E, Bregeon F, Tissot-Dupont H, et al.
(18)F-FDG brain PET hypometabolism in patients with long COVID. Eur ] Nucl Med
Mol Imaging. (2021) 48(9):2823-33. doi: 10.1007/s00259-021-05215-4

48. Paul BD, Lemle MD, Komaroff AL, Snyder SH. Redox imbalance links COVID-
19 and myalgic encephalomyelitis/chronic fatigue syndrome. Proc Natl Acad Sci USA
(2021) 118(34):62024358118. doi: 10.1073/pnas.2024358118

49. ZhangH, Zang C, Xu Z, Zhang Y, Xu J, Bian J, et al. Data-driven identification of
post-acute SARS-CoV-2 infection subphenotypes. Nat Med (2023) 29(1):226-35. doi:
10.1038/s41591-022-02116-3

frontiersin.org


https://doi.org/10.1093/cid/ciad045
https://doi.org/10.1038/s41579-022-00846-2
https://doi.org/10.7554/eLife.86002
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1001/jama.2020.12603
https://doi.org/10.1001/jamanetworkopen.2021.28568
https://doi.org/10.1001/jamanetworkopen.2021.28568
https://doi.org/10.1016/j.jinf.2020.12.002
https://doi.org/10.1016/j.jinf.2020.12.002
https://doi.org/10.1038/s41577-021-00631-x
https://doi.org/10.1038/s41598-021-92045-x
https://doi.org/10.1001/jamainternmed.2023.0750
https://doi.org/10.1001/jamainternmed.2023.0750
https://doi.org/10.1038/s41467-022-34616-8
https://doi.org/10.1038/s41467-022-34616-8
https://doi.org/10.1016/S1473-3099(21)00460-6
https://doi.org/10.1016/j.bbi.2022.04.013
https://doi.org/10.1038/s41591-022-02051-3
https://doi.org/10.1001/jamanetworkopen.2022.40985
https://doi.org/10.1001/jamanetworkopen.2022.40985
https://doi.org/10.1136/bmj-2022-071050
https://doi.org/10.1093/cid/ciad143
https://doi.org/10.1093/cid/ciad143
https://doi.org/10.1136/bmj.n405
https://doi.org/10.1038/s41586-022-05542-y
https://doi.org/10.1126/scitranslmed.abf8396
https://doi.org/10.1101/2020.06.04.135012
https://doi.org/10.1101/2020.10.28.20219014
https://doi.org/10.1053/j.gastro.2022.04.037
https://doi.org/10.1093/infdis/jiab490
https://doi.org/10.1093/infdis/jiac017
https://doi.org/10.1093/infdis/jiac017
https://doi.org/10.1093/ofid/ofab156
https://doi.org/10.1016/j.xcrm.2022.100663
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1038/s41590-021-01113-x
https://doi.org/10.1016/j.ijid.2021.09.043
https://doi.org/10.1101/2022.08.09.22278592
https://doi.org/10.1126/sciimmunol.abk1741
https://doi.org/10.3389/fimmu.2022.848886
https://doi.org/10.1172/jci.insight.151544
https://doi.org/10.1101/2023.02.09.527892
https://doi.org/10.1101/2023.02.09.527892
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1016/j.cell.2022.01.014
https://doi.org/10.1172/JCI163669
https://doi.org/10.1111/imr.12091
https://doi.org/10.1111/imr.12091
https://doi.org/10.1016/j.jtauto.2021.100100
https://doi.org/10.1126/science.abm8108
https://doi.org/10.1126/science.abm8108
https://doi.org/10.1038/s41590-023-01445-w
https://doi.org/10.1136/bmj.n1648
https://doi.org/10.1038/s41593-021-00926-1
https://doi.org/10.1038/s41593-021-00926-1
https://doi.org/10.1038/s41591-022-01684-8
https://doi.org/10.1042/BSR20210611
https://doi.org/10.7861/clinmed.2020-0896
https://doi.org/10.1007/s00259-021-05215-4
https://doi.org/10.1073/pnas.2024358118
https://doi.org/10.1038/s41591-022-02116-3
https://doi.org/10.3389/fimmu.2023.1221961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kervevan et al.

50. Tan AT, Linster M, Tan CW, Le Bert N, Chia WN, Kunasegaran K, et al. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral
clearance and mild disease in COVID-19 patients. Cell Rep (2021) 34(6):108728. doi:
10.1016/j.celrep.2021.108728

51. Rydyznski Moderbacher C, Ramirez SI, Dan JM, Grifoni A, Hastie KM, Weiskopf D,
et al. Antigen-specific adaptive immunity to SARS-CoV-2 in acute COVID-19 and
associations with age and disease severity. Cell (2020) 183(4):996-1012.e19. doi: 10.1016/
j.cell.2020.09.038

52. Swadling L, Diniz MO, Schmidt NM, Amin OE, Chandran A, Shaw E, et al. Pre-
existing polymerase-specific T cells expand in abortive seronegative SARS-CoV-2.
Nature (2021) 601(7891):110-7. doi: 10.1101/2021.06.26.21259239

53. Scherlinger M, Lemogne C, Felten R, Sibilia J. Excess of post-acute sequelae of
COVID-19 after the first wave of the pandemic. Infect Dis Ther (2022) 11(6):2279-85.
doi: 10.1007/s40121-022-00698-6

54. Krishna BA, Lim EY, Mactavous L, Team NB, Lyons PA, Doffinger R, et al.
Evidence of previous SARS-CoV-2 infection in seronegative patients with long COVID.
EBioMedicine (2022) 81:104129. doi: 10.1016/j.ebiom.2022.104129

55. Salmon D, Slama D, Linard F, Dumesges N, Lebaut V, Hakim F, et al. Factors
associated with release relief of long COVID symptoms at 12-months and their impact
on daily life. medRxiv (2022). 2022.11.18.22282459. doi: 10.1101/2022.11.18.22282459

56. Slama D, Ben Azaiez M, Robineau O, Le Baut V, de Broucker T, Hautefort C,
et al. Présentation clinique des patients présentant des symptomes persistants aprés un
épisode documenté ou non documenteé d’infection par le SARS-CoV-2. Infect Dis Now
(2021) 51(5 Supplement):S72.

57. Wei ], Matthews PC, Stoesser N, Maddox T, Lorenzi L, Studley R, et al. Anti-
spike antibody response to natural SARS-CoV-2 infection in the general population.
Nat Commun (2021) 12(1):6250. doi: 10.1038/s41467-021-26479-2

58. Johannesen CK, Rezahosseini O, Gybel-Brask M, Kristensen JH, Hasselbalch
RB, Pries-Heje MM, et al. Risk factors for being seronegative following SARS-CoV-2
infection in a Large cohort of health care workers in Denmark. Microbiol Spectr. (2021)
9(2):e0090421. doi: 10.1128/Spectrum.00904-21

59. Grzelak L, Velay A, Madec Y, Gallais F, Staropoli I, Schmidt-Mutter C, et al. Sex
differences in the evolution of neutralizing antibodies to severe acute respiratory
syndrome coronavirus 2. J Infect Dis (2021) 224(6):983-8. doi: 10.1093/infdis/jiab127

60. Grzelak L, Temmam S, Planchais C, Demeret C, Tondeur L, Huon C, et al. A
comparison of four serological assays for detecting anti-SARS-CoV-2 antibodies in
human serum samples from different populations. Sci Transl Med (2020) 12(559):
eabc3103. doi: 10.1126/scitranslmed.abc3103

61. Smith N, Goncalves P, Charbit B, Grzelak L, Beretta M, Planchais C, et al.
Distinct systemic and mucosal immune responses during acute SARS-CoV-2 infection.
Nat Immunol (2021) 22(11):1428-39. doi: 10.1038/s41590-021-01028-7

62. Pelleau S, Woudenberg T, Rosado J, Donnadieu F, Garcia L, Obadia T, et al.
Kinetics of the severe acute respiratory syndrome coronavirus 2 antibody response and

Frontiers in Immunology

17

10.3389/fimmu.2023.1221961

serological estimation of time since infection. J Infect Dis (2021) 224(9):1489-99. doi:
10.1093/infdis/jiab375

63. Grifoni A, Sidney J, Vita R, Peters B, Crotty S, Weiskopf D, et al. SARS-CoV-2
human T cell epitopes: adaptive immune response against COVID-19. Cell Host
Microbe (2021) 29(7):1076-92. doi: 10.1016/j.chom.2021.05.010

64. Le Bert N, Tan AT, Kunasegaran K, Tham CYL, Hafezi M, Chia A, et al. SARS-
CoV-2-specific T cell immunity in cases of COVID-19 and SARS, and uninfected
controls. Nature (2020) 584(7821):457-62. doi: 10.1038/s41586-020-2550-z

65. Heide ], Schulte S, Kohsar M, Brehm TT, Herrmann M, Karsten H, et al. Broadly
directed SARS-CoV-2-specific CD4+ T cell response includes frequently detected
peptide specificities within the membrane and nucleoprotein in patients with acute
and resolved COVID-19. PloS Pathog (2021) 17(9):e1009842. doi: 10.1371/
journal.ppat.1009842

66. Tarke A, Sidney J, Kidd CK, Dan JM, Ramirez SI, Yu ED, et al. Comprehensive
analysis of T cell immunodominance and immunoprevalence of SARS-CoV-2
epitopes in COVID-19 cases. Cell Rep Med (2021) 2(2):100204. doi: 10.1016/
jxcrm.2021.100204

67. Glynne P, Tahmasebi N, Gant V, Gupta R. Long COVID following mild SARS-
CoV-2 infection: characteristic T cell alterations and response to antihistamines. J
Investig Med (2022) 70(1):61-7. doi: 10.1136/jim-2021-002051

68. Murray SM, Ansari AM, Frater J, Klenerman P, Dunachie S, Barnes E, et al.
The impact of pre-existing cross-reactive immunity on SARS-CoV-2 infection and
vaccine responses. Nat Rev Immunol (2022) 23:304-16. doi: 10.1038/s41577-022-
00809-x

69. Sudre CH, Keshet A, Graham MS, Joshi AD, Shilo S, Rossman H, et al. Anosmia,
ageusia, and other COVID-19-like symptoms in association with a positive SARS-CoV-
2 test, across six national digital surveillance platforms: an observational study. Lancet
Digit Health (2021) 3(9):e577-¢86. doi: 10.1016/S2589-7500(21)00115-1

70. Edwards MR, Strong K, Cameron A, Walton RP, Jackson DJ, Johnston SL. Viral
infections in allergy and immunology: how allergic inflammation influences viral
infections and illness. J Allergy Clin Immunol (2017) 140(4):909-20. doi: 10.1016/
jjaci.2017.07.025

71. Augustin M, Schommers P, Stecher M, Dewald F, Gieselmann L, Gruell H, et al.
Post-COVID syndrome in non-hospitalised patients with COVID-19: a longitudinal
prospective cohort study. Lancet Reg Health Eur (2021) 6:100122. doi: 10.1016/
jlanepe.2021.100122

72. Dan JM, Mateus J, Kato Y, Hastie KM, Yu ED, Faliti CE, et al. Immunological
memory to SARS-CoV-2 assessed for up to 8 months after infection. Science (2021) 371
(6529):eabf4063. doi: 10.1126/science.abf4063

73. Sparks R, Lau WW, Liu C, Han KL, Vrindten KL, Sun G, et al. Influenza
vaccination reveals sex dimorphic imprints of prior mild COVID-19. Nature (2023)
614(7949):752-61. doi: 10.1038/s41586-022-05670-5

frontiersin.org


https://doi.org/10.1016/j.celrep.2021.108728
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1016/j.cell.2020.09.038
https://doi.org/10.1101/2021.06.26.21259239
https://doi.org/10.1007/s40121-022-00698-6
https://doi.org/10.1016/j.ebiom.2022.104129
https://doi.org/10.1101/2022.11.18.22282459
https://doi.org/10.1038/s41467-021-26479-2
https://doi.org/10.1128/Spectrum.00904-21
https://doi.org/10.1093/infdis/jiab127
https://doi.org/10.1126/scitranslmed.abc3103
https://doi.org/10.1038/s41590-021-01028-7
https://doi.org/10.1093/infdis/jiab375
https://doi.org/10.1016/j.chom.2021.05.010
https://doi.org/10.1038/s41586-020-2550-z
https://doi.org/10.1371/journal.ppat.1009842
https://doi.org/10.1371/journal.ppat.1009842
https://doi.org/10.1016/j.xcrm.2021.100204
https://doi.org/10.1016/j.xcrm.2021.100204
https://doi.org/10.1136/jim-2021-002051
https://doi.org/10.1038/s41577-022-00809-x
https://doi.org/10.1038/s41577-022-00809-x
https://doi.org/10.1016/S2589-7500(21)00115-1
https://doi.org/10.1016/j.jaci.2017.07.025
https://doi.org/10.1016/j.jaci.2017.07.025
https://doi.org/10.1016/j.lanepe.2021.100122
https://doi.org/10.1016/j.lanepe.2021.100122
https://doi.org/10.1126/science.abf4063
https://doi.org/10.1038/s41586-022-05670-5
https://doi.org/10.3389/fimmu.2023.1221961
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Divergent adaptive immune responses define two types of long COVID
	Introduction
	Methods
	Patients recruitment
	S-flow assay
	Luminex antibody assay
	Primary CD4+ T cell line response assay
	Statistical analyses

	Results
	Similar clinical signs in seronegative and seropositive long COVID patients
	The S-flow assay reveals low but detectable antibody responses in a subset of seronegative long COVID patients
	Divergent antibody responses to multiple SARS-CoV-2 proteins in the two groups of long COVID patients
	Similar antibody reactivity to common cold coronaviruses in the two groups of long COVID patients
	Divergent CD4+ T cell responses in the two groups of long COVID patients
	Positive association between CD4+ T cell responses and antibody responses to SARS-CoV-2
	Immunological signs of SARS-CoV-2 infection are present in half of seronegative long COVID patients

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


