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Abstract: Virus-specific cellular and humoral responses are major determinants for protection from
critical illness after SARS-CoV-2 infection. However, the magnitude of the contribution of each of
the components to viral clearance remains unclear. Here, we studied the timing of viral clearance in
relation to 122 immune parameters in 102 hospitalised patients with moderate and severe COVID-19
in a longitudinal design. Delayed viral clearance was associated with more severe disease and was
associated with higher levels of SARS-CoV-2-specific (neutralising) antibodies over time, increased
numbers of neutrophils, monocytes, basophils, and a range of pro-inflammatory cyto-/chemokines
illustrating ongoing, partially Th2 dominating, immune activation. In contrast, early viral clearance
and less critical illness correlated with the peak of neutralising antibodies, higher levels of CD4 T cells,
and in particular naïve CD4+ T cells, suggesting their role in early control of SARS-CoV-2 possibly
by proving appropriate B cell help. Higher counts of naïve CD4+ T cells also correlated with lower
levels of MIF, IL-9, and TNF-beta, suggesting an indirect role in averting prolonged virus-induced
tissue damage. Collectively, our data show that naïve CD4+ T cell play a critical role in rapid viral T
cell control, obviating aberrant antibody and cytokine profiles and disease deterioration. These data
may help in guiding risk stratification for severe COVID-19.
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1. Introduction

SARS-CoV-2 viral load is considered an important determinant of disease severity
and mortality [1–3]. Viral load peaks around symptom onset and declines afterwards, with
a slower rate of decline in older patients [4,5]. Disease severity is affected by extensive
pulmonary inflammation which plays a critical role in COVID-19 pathogenesis [6–8].
Though related, it remains to be established to what extent virus persistence drives ongoing
tissue damage [9]. Identification of accurate correlates of protection against SARS-CoV-2
infection remains a critical challenge, and most studies focused on the magnitude of spike-
specific antibody response or neutralising titer [10,11], supported by human challenge
experiments with seasonal coronavirus infections [6,12]. Much less attention has been
given to the magnitude or functional profile of cellular immune responses, in particular the
naïve cellular subset [13].

The anti-SARS-CoV-2 immune response involves a highly organised cellular sequence
of reactions in most individuals [13]. Shortly after infection the innate immune system
sends out a rapid antiviral response through type I interferons, cytokines (such as IL-1,
IL-18, and IL-6), and chemokines (such as CCL2 and CCL7) to inhibit virus replication [14].
Thereafter, adaptive immunity is activated. T lymphocytes play a crucial role in virus
clearance after virus infection, whereas B lymphocytes mainly play a role by producing
antibodies and neutralising viruses. T lymphocytes directly destroy infected cells to elimi-
nate viruses and secrete cytokines to enhance T lymphocytes’ immune response and other
immunocompetent cells, such as macrophages and B lymphocytes. Then, the body down-
regulates innate immunity to avoid nonspecific damage to the host. In some individuals,
such a productive adaptive T and B cell response is not sufficiently mounted, leading to
hyper inflammation mostly by innate immune cells, for instance local neutrophil invasion
into the lung interstitium.

To date, it remains insufficiently clear to what extend the anticipated correlates of
protection from infection after vaccination apply as correlates of SARS-CoV-2 clearance
once infected. An extensive set of over 100 immune parameters collected longitudinally
was studied in relation to timing to viral clearance. The timing of viral clearance was
analysed in relation to the peaks of the humoral and cellular responses, and all immune
parameters in this study were analysed in relation to each other. Based on these analyses, we
propose a key role for naïve CD4 T cells for averting pathophysiological and immunological
associations, in terms of mechanistic correlates of protection from severe clinical disease.

2. Materials and Methods
2.1. Experimental Design

To assess the relation of cellular, humoral, innate and adaptive immunological param-
eters with the timing of viral clearance, an integrated analysis was performed of viral and
122 immunological parameters in 102 hospitalised COVID-19 patients that were sampled
longitudinally. Correlation was analysed for all immune parameters in relation to each
other, and for the patient groups early versus delayed viral clearance.

2.2. Patients and Sample Collection

A total of 573 respiratory samples (thrice a week, nasopharyngeal swabs, and tracheal
aspirates from intubated patients) and 333 blood samples (twice a week) were obtained
from 102 COVID-19 patients with informed consent hospitalised in the Leiden University
Medical Center (LUMC), from March 2020 to December 2020 (Wuhan-like viruses circulat-
ing, < 1% alpha variant until Jan 2021 nationally). Inclusion criteria were: admission at the
LUMC, SARS-CoV-2 PCR positive, and minimum 18 years old. Exclusion criteria were: no
informed consent from the patient or a representative. All participants were unvaccinated.
From each patient the daily disease severity was scored. The severity score (range 0–17)
includes the following parameters: respiratory rate, peripheral oxygen saturation on room
air, P/F ratio2, oxygen flow, FiO2, Glasgow coma scale score, urea, and C reactive protein
(Supplementary Table S6). The study was approved by the Medical Ethical Committee Lei-
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den Delft Den Haag (NL73740.058.20) and registered in the Dutch Trial Registry (NL8589).
Due to practical restrictions based on the extensive nature and/or biosafety aspects of the
different immunoassays, subsets of patients were selected for the different types of analyses
based on more narrow windows of patient enrollment. No selection was performed based
on the duration of hospitalisation or time of symptom onset.

2.3. SARS-CoV-2 RT-PCR and Definition of Viral Clearance

In total 573 respiratory samples from 102 COVID-19 positive patients were tested by
PCR. After extraction of nucleic acids from 200 µl sample using a MagNa Pure 96 instrument
(Roche Diagnostics), ten microliters extract was used for SARS-CoV-2 E-gene detection by
real-time reverse-transcription PCR on a CFX96 PCR instrument (Bio-Rad, Hercules, US):
50 ◦C for 5 min, followed by 95 ◦C for 20 s and then 45 cycles of 95 ◦C for 3 s, 55 ◦C for
10 s, and 60 ◦C for 30 s using primers and probe described by Corman et al. (2020 [15]).
Viral clearance was defined as the last positive PCR available (Ct <= 40), either ≤ 21 or
> 21 days post onset of symptoms prior to admission, the latter was considered delayed
viral clearance [16]. Different thresholds for viral clearance were considered, 21 days was
found to be more discriminative in the current dataset with a relative high proportion
of ICU patients (see result section). The median difference between the last positive
PCR results and first (consistent) negative PCR result was 3 days. Excluded from viral
clearance analyses were patients with fatal outcome ≤ 21 days (n = 5), and patients that
were transferred to another hospital ≤ 21 days (n = 6), resulting in 91 patients with viral
clearance data available for statistical analyses.

2.4. Immune Parameter Analyses—SARS-CoV-2 Antibody Assays

In total 208 sera from 102 COVID-19 positive patients were tested for SARS-CoV-2-
specific antibodies, sample numbers available per assay are included in the figure legends.
Semi-quantitative detection of SARS-CoV-2 anti-nucleocapsid (N) protein IgG and anti-RBD
of the S protein IgM antibodies was performed on the Abbott Architect platform [17,18].
In this antibody chemiluminescent microparticle immunoassay (CMIA) test, the SARS-
CoV-2 antigen coated paramagnetic microparticles bind to the IgG, respectively, IgM
antibodies that attach to the viral nucleocapsid protein in human serum samples. The
Sample/Calibrator index values of chemiluminescence in relative light units (RLU) of
1.40 (IgG assay) respectively 1.00 (IgM assay) and above were considered as positive per
the manufacturer’s instructions.

SARS-CoV-2 IgG antibody responses against the N-terminal (N-NT, position amino
acids 1–246) and C-terminal (N-CT, position amino acids 181–419) antigen were analysed
in a microparticle immunoassay. N full-length of human coronavirus 229E was included
as a specificity control (N-229E). In brief, as previously described previously [19,20], viral
gene fragments (gBlocks; IDT, San Jose, CA, USA) were cloned into pGEX-5x-3 vector (GE
Healthcare Life Sciences, Chicago, IL, USA) expressed in E. coli and coupled to independent
colour-coded magnetic bead sets (Bio-rad Laboratories, Hercules, CA, USA), to allow
distinction between the antigens. Serum samples, 1:100 diluted, were pre-incubated with
the antigen bead-mix for 1 h in blocking buffer and subsequently incubated with the
antigen-coated bead sets for 1 h. For detection, biotinylated goat anti-human IgG (H+L)
was used, followed by streptavidin-R-phycoerythrin. The phycoerythrin signal on each
bead set was analysed in a Bioplex 200 analyser (Bio-Rad Laboratories, Hercules, CA, USA)
and expressed as median fluorescence intensity (MFI).

Quantitative detection of SARS-CoV-2 anti-S1/S2 IgG antibodies was performed using
the DiaSorin LIAISON platform. The CLIA assay consists of paramagnetic microparticles
coated with distally biotinylated S1 and S2 fragments of the viral surface spike protein.
RLUs proportional to the sample’s anti-S1/S2 IgG levels are converted to arbitrary units
(AU)/millilitre based on a standardised master curve.

Semi-quantitative detection of SARS-CoV-2 anti-RBD IgM antibodies was performed
using the Wantai IgM-ELISA (CE-IVD) kit (Sanbio, Tokyo, Japan) [21]. Briefly, the IgM
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u-chain capture method was used to detect IgM antibodies using a double-antigen sand-
wich immunoassay using mammalian cell-expressed recombinant antigens containing the
RBD of the spike protein of SARS-CoV-2 as the immobilised and horseradish peroxidase-
conjugated antigen. Sample/Cut-off index OD values of 1 and higher were considered
positive per the manufacturer’s instructions.

Semi-quantitative detection of SARS-CoV-2 anti-S1 IgA antibodies was performed
using the Euroimmun IgA 2-step ELISA [22]. Ratio values of 1.1 and higher were considered
positive per the manufacturer’s instructions.

2.5. Virus Neutralisation Assay

A selection of 52 sera from 102 COVID-19 positive patients were tested for virus
neutralising antibodies given the extensive nature and biosafety aspects of the assay. The
patients were included in an early phase of the study. Neutralisation assays against live
SARS-CoV-2 were performed using the microneutralisation assay previously described
by Algaissi and Hashem [23]. Vero-E6 cells [CRL-1580, American Type Culture Collection
(ATCC)] were grown in Eagle’s minimal essential medium (EMEM; Lonza) supplemented
with 8% foetal calf serum (FCS; Bodinco BV, Alkmaar, the Netherlands), 1% penicillin-
streptomycin (Sigma–Aldrich, St. Louis, MO, USA, P4458) and 2 mM L-glutamine (PAA).
Cells were maintained at 37 ◦C in a humidified atmosphere containing 5% CO2. Clinical
isolate SARS-CoV-2/human/NLD/Leiden-0008/2020 was isolated from a nasopharyngeal
sample and its characterisation will be described elsewhere (manuscript in preparation).
The next-generation sequencing derived sequence of this virus isolate is available under
GenBank accession number MT705206.1 (https://www.ncbi.nlm.nih.gov/nuccore/1864
563703, accessed on 1 January 2022) and shows one mutation in the Leiden-0008 virus
spike protein compared to the Wuhan spike protein sequence resulting in Asp > Gly at
position 614 (D614G) of the Spike protein. In addition, several non-silent (C12846U and
C18928U) and silent mutations (C241U, C3037U, and C1448U) in other genes were found.
Isolate Leiden-0008 was propagated and titrated in Vero-E6 cells using the tissue culture
infective dose 50 (TCID50) endpoint dilution method and the TCID50 was calculated by
the Spearman–Kärber algorithm as described [24]. All work with live SARS-CoV-2 was
performed in a biosafety level 3 facility at Leiden University Medical Centre.

Vero-E6 cells were seeded at 12,000 cells/well in 96-well tissue culture plates 1 day
prior to infection. Heat-inactivated (30 min at 56 ◦C) serum samples were analysed in
duplicate. The panel of sera were two-fold serially diluted in duplicate, with an initial
dilution of 1:10 and a final dilution of 1:1280 in 60 µL EMEM medium supplemented with
penicillin, streptomycin, 2 mM L-glutamine and 2% FCS. Diluted sera were mixed with
equal volumes of 120 TCID50/60 µL Leiden-0001 virus and incubated for 1 h at 37 ◦C. The
virus-serum mixtures were then added onto Vero-E6 cell monolayers and incubated at 37 ◦C
in a humidified atmosphere with 5% CO2. Cells either unexposed to the virus or mixed with
120 TCID50/60 µL SARS-CoV-2 were used as negative (uninfected) and positive (infected)
controls, respectively. At 3 days post-infection, cells were fixed and inactivated with 40 µL
37% formaldehyde/PBS solution/well overnight at 4 ◦C. The fixative was removed from
cells and the clusters were stained with 50 µL/well crystal violet solution, incubated for
10 min and rinsed with water. Dried plates were evaluated for viral cytopathic effect.
Neutralisation titer was calculated by dividing the number of positive wells with complete
inhibition of the virus-induced cytopathogenic effect, by the number of replicates, and
adding 2.5 to stabilise the calculated ratio. The neutralising antibody titer was defined
as the log2 reciprocal of this value. A SARS-CoV-2 back-titration was included with each
assay run to confirm that the dose of the used inoculum was within the acceptable range of
30 to 300 TCID50.

2.6. Circulating Leukocyte Counts by Flow Cytometry

In total 133 blood samples from 102 COVID-19 positive patients were available for
flow cytometry analyses. Absolute counts of the main circulating leukocyte subsets
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(Supplementary Figure S4) were obtained based on an adapted standard protocol for pe-
ripheral blood sample processing for flow cytometry measurement (for detailed protocol
see www.EuroFlow.org (accessed on 1 January 2020) [25]) using an optimised combina-
tion of markers for surface staining (Primary Immunodeficiency Orientation Tube: PI-
DOT, Cytognos, Salamanca, Spain, https://www.cytognos.com/products/pidot-primary-
immunodeficiency-orientation-tube (accessed on 1 January 2022) [26,27]).

For a better separation of the circulating plasmablasts, CD38 was added to the PIDOT
combination (Supplementary Table S7 for details of antibody clones used). In summary, the
procedure consisted in the bulk lysis of erythrocytes in fresh (same day) peripheral blood
samples and staining of 2.5 × 106 leukocytes with reconstituted PIDOT lyophilised antibody
cocktail (containing CD8 FITC, IgD FITC, CD16 PE, CD56 PE, CD4PerCPCy5.5, CD19 PeCy7,
TCRgd PE-Cy7, CD3 APC, CD56 APC-C750) and drop in antibody cocktail (containing
per test: 2 µL CD27 BV421, 2,5 µL CD45RA BV510, 2 µL CD38 BV605, 0,6 µL pure CD38)
(Supplementary Table S7) in a final 100 µL staining volume. The data (at least 1 million
events) were acquired on a 3-laser Cytek®Aurora instrument (Cytek Biosciences, Fremont,
CA, USA) at the Flow cytometry Core Facility (FCF) of Leiden University Medical Center
(LUMC) in Leiden, Netherlands (https://www.lumc.nl/research/facilities/fcf, accessed on
1 January 2022). For data analysis, the Infinicyt software (Cytognos SL, Salamanca, Spain)
was used. The cell subtypes identified and their expression profiles reflecting the gating
strategy used are presented in Supplementary Figure S4. The absolute counts per µL fresh
blood were determined by a double platform approach, using the absolute fresh leukocyte
counts determined prior sample processing with hematological analyser (Sysmex) to the
Statistics Configure tool of the Infinicyt software.

2.7. SARS-CoV-2-Specific T Cells

In total 132 blood samples from 102 COVID-19 positive patients were available for
analyses of SARS-CoV-2-specific T cells. Blood was collected in CPT tubes (BD Biosciences,
cat#362753) from which PBMCs were isolated using Ficoll-Isopaque. After cryopreser-
vation, 1 × 106 PBMCs were cultured in IMDM (Lonza, Basel, Switzerland, cat#BE12-
722F) supplemented with 10% FCS (Sigma–Aldrich, cat#F7524), 1.4% L-glutamine (Lonza,
cat#BE17-605E), and 1% Pen/Strep (Lonza, cat#DE17-602E). T cells were stimulated with
1 µg/mL SARS-CoV-2 peptide pool covering nucleocapsid (Miltenyi, Solothurn, Switzer-
land, cat#130-126-699), membrane (Miltenyi, cat#130-126-703), and immunodominant
regions of the spike protein (Miltenyi, cat#130-126-701). Either 1% DMSO (Merck, Darm-
stadt, Germany, cat#1029311000) or 1 µg/mL CMV pp65 peptide pool were used as neg-
ative and positive control, respectively. After one hour incubation, 5 µg/mL Brefeldin A
(Sigma–Aldrich) was added and after 16-hour incubation, the PBMCs were stained using
Zombie-Red (Biolegend, San Diego, CA, USA, cat#423110), CD4-Pe-Cy7 (Beckman Coulter,
Brea, CA, US, cat#737660), and CD8-APC-H7 (BD Biosciences, Haryana, India, cat#560179)
for 30 min at 4 ◦C. This step was followed by an 8-minute 1% paraformaldehyde fixation
at room temperature and subsequent ermeabilization with 0.1% saponin (Sigma–Aldrich)
for 20 min at 4 ◦C. Intracellular staining was performed with an antibody mix containing
the following antibodies: CD137-APC (BD Pharmingen, cat#550890), CD154-Pacific Blue
(Biolegend, cat#310820), and IFNγ-BV711 (BD Biosciences, cat#564039) in 0.1% saponin
for 30 min at 4 ◦C. After staining, the cells were resuspended in 0.1% saponin and mea-
sured on a 5-laser Cytek Aurora. The analysis was performed using FlowJo V10.7.1. (BD
Biosiences, Haryana, India), in short: the lymphocytes were gated based on FSC-A and
FSC-H. Zombie-Red negative cells were considered alive and T cell subsets were defined by
expression of CD4 or CD8. Finally, activated CD4+ and CD8+ T cells were gated based on
CD154+CD137+ of total CD4+ and CD137+IFNγ+ of total CD8+ T cells. SARS-CoV-2 CD4+
or CD8+ frequencies were calculated by subtracting the background (DMSO) and taking
the sum of the three stimulations (= (activated in S% − activated in DMSO%) + (activated
in M% − activated in DMSO%) + (activated in N% − activated in DMSO%)).

www.EuroFlow.org
https://www.cytognos.com/products/pidot-primary-immunodeficiency-orientation-tube
https://www.cytognos.com/products/pidot-primary-immunodeficiency-orientation-tube
https://www.lumc.nl/research/facilities/fcf


Cells 2022, 11, 2743 6 of 22

2.8. Cytokine/Chemokine Measurements

In total 333 sera from 102 COVID-19 positive patients were available for cytokine/chemokine
measurements. Cytokines and chemokines were measured in serum by bead based multi-
plex assays using the BioPLex 100 system (Bio-Rad, Hercules, CA, USA) for acquisition as
previously described [28]. Standard curves were provided with kits and a pooled sample
of 4 COVID-19 patients was included as internal reference in all assays. Four commercially
available kits were used Bio-Plex Pro™ Human Cytokine Screening Panel 48-plex; Bio-Plex
Protm Human Chemokine Panel 40-Plex; Bio-Plex Protm Human Inflammation Panel 1,
37-Plex; Bio-Plex Protm Human Th17 panel (IL-17F, IL-21, IL-23, IL-25, IL-31, IL-33) (all
from Bio-Rad, Veenendaal, The Netherlands).

2.9. Statistical Analysis

Median with inter-quartiles range (IQR) were used to report continuous variables
visualised in violine plots. Groups (early versus late clearance, non-ICU versus ICU) were
compared with non-parametric Mann–Whitney U test. Correlations were analysed using
Spearman’s rank correlation coefficient rho for potential non-linear correlations. Imputation
for missing data (death or transfer within 21 days) was not performed, cases discharged
to home within 21 days were considered early clearance and included in rank correlation
analyses. Semiparametric regression of longitudinal data presented in this project was
performed using R package mgcv, cubic spline were used with basis dimension value 8.
Comparison of nonlinear regressions for groups of data was performed with gam.grptest
R package (N.boot = 2000, m = 255) an interval of 100 days was used for comparing
splines [29,30]. In spline figures, per-group trends were calculated using spline regression
with bootstrap confidence intervals.

Tests with p-values ≤ 0.05 were considered statistically significant. Hierarchical
clustering of correlation values were produced for all immune parameters (maximum level
per patient) in relation to each other, and for the groups early versus delayed viral clearance,
using Pearson’s correlation coefficient. Multiple testing correction of confidence values
was performed using false discovery rate (FDR, Benjamini–Hochberg correction [31]).
Statistical analyses were performed using statistical libraries of R (Spearman’s rank and
Pearson correlation coefficients, heatmaps with hierarchical clustering, violine plots) and
Perl (Mann–Whitney U test).

3. Results
3.1. Viral Clearance Preceded Critical Illness

To understand the relationship between disease severity, viral clearance, and concomi-
tant immune responses, a prospective study was performed enrolling 102 hospitalised
patients with moderate to severe COVID-19, of whom in total 91 had PCR data available
to estimate viral clearance (see methods). Using a longitudinal follow-up, we analysed
an extensive set of virological, immunological, and clinical parameters including a daily
disease severity score (see method section). Both magnitude and timing of disease severity
were studied in relation to the viral clearance from the respiratory tract, defined as the
time from the onset of symptoms prior to admission to the last positive SARS-CoV-2 PCR
result, available for 91 patients. Patients were median 67 years of age, 76% were male, the
majority were ICU admitted (ratio ICU/non-ICU of 54 versus 37 patients, 60%), and the
median time to viral clearance was 17 days (IQR 11–26 days). Demographics and underly-
ing illness are listed in Supplementary Table S1. Time to viral clearance was significantly
correlated with overall disease severity. Patients with delayed viral clearance, defined as
viral clearance requiring > 21 days post onset of symptoms [16], had significantly higher
maximum daily severity scores (Figure 1a,b). In the majority of the patients, episodes of
most critical illness were observed after viral clearance occurred (Figure 1c). Since critical
illness could be related to pulmonary and non-pulmonary factors, the PO2/FiO2 ratio was
analysed here as well, with the same result: pulmonary illness persisted after SARS-CoV-2
had been cleared, possibly reflecting ongoing immune pathology at this stage of the disease.
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A comparable result was found when the ratio of arterial oxygen pressure to fractional
inspired oxygen (PO2/FiO2) was used as a discriminating parameter for pulmonary illness
in ventilated patients.
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in days, per patient per groups with rapid: ≤ 21 days (blue lines/dots) and delayed: > 21 days
viral clearance (red lines/dots). Lines indicate non-linear group trends. Spline regression with
bootstrap confidence intervals, 39.9 kPa stands for the minimum disease severity. (b). The maximum
(max.) daily clinical severity score and P/F ratio per patient in relation to time to viral clearance
(days), defined as the last positive PCR. Spearman’s rank correlation (rho), and Mann–Whitney U test
(violin plots). (c). Viral clearance precedes critical illness. Number of days between viral clearance
(vertical line, day 0) in relation to the maximum severity scores and to P/F ratio, respectively. Viral
clearance ≤ 21 days (blue lines/dots)/> 21 days (red lines/dot). Spearman’s rank correlation (rho),
n = 91 patients.

As anticipated, lower SARS-CoV-2 PCR Ct-values (higher viral loads) at day 10–14
after onset of symptoms was significantly associated with time to viral clearance, but also
with ICU admission and fatality (Figure 2).
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Figure 2. Higher SARS-CoV-2 loads, over time are associated with ICU admission and fatality.
(a). kinetics in relation to the time post onset of symptoms (days), per patient per groups with rapid:
≤ 21 days (blue lines/dots) and delayed: > 21 days viral clearance (red lines/dots), ICU admission,
and fatality. Lines indicate non-linear group trends. Spline regression with bootstrap confidence
intervals. (b). Mean datapoints at day 10–14 data per patient, grouped according to the time to viral
clearance ≤ 21 days (blue)/> 21 days (red), ICU admittance, and fatality, respectively. n = 91 patients.
Mann–Whitney U test.
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3.2. Apparent Paradoxical Higher Neutralising Antibody Titers in Cases with Delayed Clearance

We first assessed to what extent anti-SARS-CoV-2-specific IgG and neutralising anti-
bodies were correlated with viral clearance and protection from critical illness. Therefore,
the kinetics and magnitude of SARS-CoV-2 IgG, IgA, and IgM responses to anti-spike (S),
anti-receptor binding domain (RBD) of spike, and anti-nucleocapsid (N) proteins were
analysed in relation to viral clearance (Figure 3 and Figure S1). Over time, the highest
maximum levels of anti-N IgG, anti-S1/2 IgG, anti-RBD IgM, anti-S1 IgA, and also neu-
tralising antibodies were observed in patients with delayed viral clearance (> 21 days) and
more critical illness, which was confirmative of previous findings by others. No differences
were found between the viral clearance groups for the negative control anti-HCoV-229E
IgG levels.
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Figure 3. Apparent paradoxical higher (neutralising) antibody titers in cases with delayed clear-
ance, ICU admittance, and fatality. Anti-HCOV-229E IgG was included as negative control (see
Supplementary Figure S1). (a). Median values per patient grouped by the time to viral clearance:
≤ 21 (blue)/> 21 (red) days, ICU admittance, and fatality. Mann–Whitney U test. (b,c). Maximum
values, grouped by the time to viral clearance: ≤21 (blue)/>21 (red) days, and ICU admittance.
C-term./C-t.; C-terminal, N-term/N-t.; N-terminal. Neutralisation titer; 20 patients, 50 samples.
Anti-S1/2 IgG; 58 patients, 158 samples. Anti-N IgG 82 patients, 196 samples. Anti-N(N/C terminus
IgG and anti-N229 IgG; 84 patients, 187 samples. Mann–Whitney U test.
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3.3. Viral Clearance Dependent on (Naïve) T and B Cell Subsets

Cellular immune responses to SARS-CoV-2 have been subject of study [13] but the
magnitude of deviation of both indirect and direct effects of the different cellular compo-
nents resulting in delayed SARS-CoV-2 clearance are still incompletely understood. To
study the correlation between different T and B cell subsets with viral clearance and disease
severity, subsets of immune cells over the disease course were analysed in correlation with
the magnitude and timing of viral clearance (Figure 4 and Figure S2). We observed that
delayed viral clearance was associated with reduced CD4+ T cell counts (Figure 4a,b),
including CD4+ T cells, naïve CD4+ T cells (p 0.022), B cells, unswitched memory B cells,
post-GC B cells, switched memory B cells, and plasmablasts. Patients with lower numbers
of CD8+ T effector cells at day 10–14 post onset of symptoms had a higher risk of being
admitted to ICU (Figure 4). These findings illustrate that both naïve and effector T and B
cells are involved in early control of SARS-CoV-2.
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Figure 4. (a). Low density of circulating CD4+ T cell compartment in a patient with delayed viral 
clearance (right). Representative illustration of CD4+ T cell compartment in the peripheral blood 
samples of a patient with rapid (left: duration of positive PCR—1 day) or delayed viral clearance 
(right: duration of positive PCR—29 days). CM = central memory; TM = transitional memory; EM = 
effector memory; TD = effector, terminally differentiated; data analysis performed with Infinicyt 
software (Cytognos, Salamanca, Spain), each diagram is a representation of automated population 
separator (APS). One sample for each of the two patients. (b). Reduced circulating (naïve) CD4+ T 
cells, post-GC B cells, and memory B cell count over time corresponds with delayed viral clear-
ance. Kinetics of absolute counts of circulating leukocyte subsets (measured as cells/μL) in relation 
to the time to viral clearance, a selection of subsets based on p-values (see Supplementary Figure 
S2). Groups with rapid: ≤ 21 days (blue lines/dots) and delayed: > 21 days viral clearance (red 
lines/dots). Lines indicate non-linear group trends. Spline regression with bootstrap confidence in-
tervals. (c). Reduced CD8+ effector T cell count at day 10–14 corresponds with ICU admission. 
Mean values at day 10–14 grouped by non-ICU (blue)/ICU (red) patients, and median values per 
patient. T CD4+ c/tr.m; T cells CD4+ central/transitional memory, T CD4+ eff.m; T cells CD4+ effector 
memory, td; terminally differentiated, pre-GC; pre germinal center B cells; circulating naïve B cells 
[32]. n = 41 patients, 128 samples. Mann–Whitney U test. 

3.4. Delayed Viral Clearance Corresponds with Significant Innate Cell Expansion 
In contrast to the adaptive cellular responses, eosinophil counts were significantly 

increased in patients with delayed viral clearance (Figure 4b). Additionally, increased 
neutrophil, eosinophil, basophil, and CD16+ monocyte counts at day 10–14 were associ-
ated with ICU admission (Figure 4c). Despite these high innate cellular responses, SARS-
CoV-2 infection could not be controlled in these patients at an early stage. 

3.5. SARS-CoV-2-Specific CD4+ T Cell Fraction of Importance for Rapid Clearance 
When analysing the proportion of circulating SARS-CoV-2-specific CD4+ and CD8+ 
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a higher proportion of SARS-CoV-2-specific CD4+ T cells was found in patients with rapid 
viral clearance and lower severity score (Figure 5). This effect was not detected for specific 

Figure 4. (a). Low density of circulating CD4+ T cell compartment in a patient with delayed
viral clearance (right). Representative illustration of CD4+ T cell compartment in the peripheral
blood samples of a patient with rapid (left: duration of positive PCR—1 day) or delayed viral clear-
ance (right: duration of positive PCR—29 days). CM = central memory; TM = transitional memory;
EM = effector memory; TD = effector, terminally differentiated; data analysis performed with Infini-
cyt software (Cytognos, Salamanca, Spain), each diagram is a representation of automated population
separator (APS). One sample for each of the two patients. (b). Reduced circulating (naïve) CD4+
T cells, post-GC B cells, and memory B cell count over time corresponds with delayed viral clear-
ance. Kinetics of absolute counts of circulating leukocyte subsets (measured as cells/µL) in relation
to the time to viral clearance, a selection of subsets based on p-values (see Supplementary Figure
S2). Groups with rapid: ≤ 21 days (blue lines/dots) and delayed: > 21 days viral clearance (red
lines/dots). Lines indicate non-linear group trends. Spline regression with bootstrap confidence
intervals. (c). Reduced CD8+ effector T cell count at day 10–14 corresponds with ICU admission.
Mean values at day 10–14 grouped by non-ICU (blue)/ICU (red) patients, and median values per
patient. T CD4+ c/tr.m; T cells CD4+ central/transitional memory, T CD4+ eff.m; T cells CD4+
effector memory, td; terminally differentiated, pre-GC; pre germinal center B cells; circulating naïve B
cells [32]. n = 41 patients, 128 samples. Mann–Whitney U test.

3.4. Delayed Viral Clearance Corresponds with Significant Innate Cell Expansion

In contrast to the adaptive cellular responses, eosinophil counts were significantly
increased in patients with delayed viral clearance (Figure 4b). Additionally, increased
neutrophil, eosinophil, basophil, and CD16+ monocyte counts at day 10–14 were associated
with ICU admission (Figure 4c). Despite these high innate cellular responses, SARS-CoV-2
infection could not be controlled in these patients at an early stage.

3.5. SARS-CoV-2-Specific CD4+ T Cell Fraction of Importance for Rapid Clearance

When analysing the proportion of circulating SARS-CoV-2-specific CD4+ and CD8+ T
cells, a significant inverse association was found with the average daily severity score: a
higher proportion of SARS-CoV-2-specific CD4+ T cells was found in patients with rapid
viral clearance and lower severity score (Figure 5). This effect was not detected for specific
IFNγ+ CD8+ T cells though the number of samples available for this specific assay was low.
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Figure 5. Lower SARS-CoV-2-specific CD4+ T cell counts correspond with higher disease severity.
(a). Kinetics of circulating CD4+ and CD8+ T-cells specific to SARS-CoV-2 spike, nucleocapsid, and
membrane peptides, in relation to the day of viral clearance. (b). Maximum values grouped by the
time to viral clearance: ≤ 21 (blue)/> 21 (red) days. Lines indicate non-linear group trends. Spline
regression with bootstrap confidence intervals. (c). Maximum values and average daily severity
scores per patient, grouped by the time to viral clearance: ≤ 21 (blue)/> 21 (red) days. (d). Maximum
values grouped by non-ICU (blue)/ICU (red) patients. SARS-CoV-2 CD4+ (%) = percentage of
CD154+CD137+ out of total CD4+ T cells, SARS-CoV-2 CD8+ (%) = percentage of CD137+IFNg+ out
of total CD8+ T cells. S.CoV-2; SARS-CoV-2. n = 34 patients, 130 samples. Mann–Whitney U test.

3.6. Cytokine and Chemokine ‘Storms’ in Patients with Delayed Viral Clearance

A large set of 83 cytokines and chemokines (Supplementary Table S2) was analysed in
relation to the time to viral clearance (Figure 6). Twenty-eight cyto-/chemokines correlated
significantly and positively with delayed viral clearance, markers with the strongest corre-
lations (R > 0.4) included: IL-4, IL-6, sIL-6Rbeta, LIF, HGF, SCGF-beta, and sCD163. The
strongest correlation was observed with SCF and CXCL16 (Supplementary Table S3). These
cyto-/chemokines have mainly pro-inflammatory effects, indicating active inflammation.
Macrophages and neutrophils are known to be among their main producing cells, corre-
sponding with the increased number of neutrophil cells detected. Many of these cytokines
and chemokines have been associated with chronic inflammatory conditions and extensive
tissue remodelling including those related to the lung, but also with diseases associated
with vascular abnormalities.

3.7. Timing of Rapid Clearance Coincides with T and B Cell Subsets Peaks

Subsequently, the timing of viral clearance was studied in relation to the kinetics of
humoral and cellular immune responses by adjustment of the time scale to the time of
viral clearance (set at day 0) (Figure 7). We reasoned that if the peak of protective immune
parameters would coincide with the timing of viral clearance, the association with viral
clearance would be direct, as opposed to indirect. The timing of the peak levels of naïve
CD4+ T cells, naïve CD8+ T cells, post GC and memory B cells, and anti-spike IgG coincided
with the time of clearance, indicating a more direct role in virus control. Thus, timing of
the peak (Figure 7), but not the absolute level of neutralising antibody levels (Figure 3)
coincided with viral clearance (see above). These findings are supported by previous data
suggesting that despite a critical role for virus neutralisation, viral spread by cell-to-cell
contact may be resistant to antibody neutralisation [13,33].
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Figure 6. Higher levels of pro-inflammatory cyto/chemokines correspond with delayed viral clear-
ance. Volcano plot: cytokines and chemokines (maximum levels) correlated with the time to viral
clearance, a selection based on p-value ≤ 0.05, with R ≥ 0.4 in bold. An overview of all cytokines and
chemokines assessed is listed in Supplementary Table S2. n = 51 patients, 321 samples. Spearman’s
rank correlation (rho).
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Figure 7. Peak levels of naïve CD4+ T cells, naïve CD8+ T cells, post GC and memory B cells, and anti-
spike IgG coincide with rapid viral clearance. Kinetics of humoral and cellular immune parameters
adjusted to the timing of viral clearance (day 0). A selection of humoral and cellular parameters
was made based on findings described above. Blue: viral clearance ≤ 21 days, red: > 21 days. Lines
indicate non-linear group trends. Spline regression with bootstrap confidence intervals.



Cells 2022, 11, 2743 13 of 22

3.8. Overall Matrix of Immune Parameters in Relation with Viral Clearance

We hypothesised that immune parameters could be associated with each other due
to related underlying biology, and, more specifically, that decreased numbers of CD4+ T
cell subset counts would be inversely correlated with higher innate cell responses and cyto-
chemokine levels in the patients with delayed clearance. This was assessed in a maximal
broad exploration that was hypothesis-free and thus open for detection of any types of
interactions by correlating the maximum levels of all immune parameters measured for
all patients in a matrix (Figure 8, Supplementary Table S4). CD4+ T cell subset counts
were associated with each other, such as naïve CD4+ T cell counts with total CD4+ T
cell counts. When focussing on comparisons between immune parameters from different
sub-compartments (cellular, humoral, soluble), significant positive correlations were ob-
served between the proportion of SARS-CoV-2-specific CD8+ T cells and IL7/TNFSF13B.
Additionally, matrices were designed separately for patients with delayed and rapid viral
clearance (Supplementary Figure S3) and subsequently, the differences in R-values between
these two groups were visualised (Figure 8, Supplementary Table S5). Differences detected
between the clearance groups with significant p-values included a negative correlation
for CD4+ T cells with IL-9/TNF-beta in the group with delayed clearance in contrast to
a positive correlation with clearance ≤ 21 days. Similarly, in patients with delayed viral
clearance, lower numbers of naïve CD4+ T cells were associated with higher concentrations
of inflammatory cytokine macrophage inhibitory factor (MIF), a critical upstream mediator
of innate immunity.
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Figure 8. CD4+ T cell subset counts inversely correlate with proinflammatory cytokines: naïve 
CD4 T cells with MIF, and CD4+ T cells with IL-9/TNFbeta, in patients with rapid viral clearance. 
Correlation heatmaps of the maximum level of immune parameters in individual patients, for the 
differences between the patient groups with viral clearance > 21 days and clearance ≤ 21 days. MIF; 
macrophage migration inhibitory factor. Pearson’s correlation coefficient. 

4. Discussion 

Figure 8. CD4+ T cell subset counts inversely correlate with proinflammatory cytokines: naïve
CD4 T cells with MIF, and CD4+ T cells with IL-9/TNFbeta, in patients with rapid viral clearance.
Correlation heatmaps of the maximum level of immune parameters in individual patients, for the
differences between the patient groups with viral clearance > 21 days and clearance ≤ 21 days. MIF;
macrophage migration inhibitory factor. Pearson’s correlation coefficient.
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4. Discussion

Here, we describe the clearance of SARS-CoV-2 infection by using integrated analysis
of longitudinal datasets including viral load data and > 100 immune parameters represent-
ing a plethora of adaptive and innate components of the immune system. This approach
enabled analysis of the kinetics of immune parameters in parallel, in relation to the timing
of viral clearance. Similarity matrices of the studied immune parameters in relation to each
other allowed maximal broad and hypothesis-free identification of parameters that differed
between cases with delayed viral clearance in comparison with clearance within 21 days.

Our data suggest that inefficient virus control is linked to impaired levels of several
B and T cell subsets, with important associations for CD4+ effector cells and naïve CD4+
T cells. Previous studies have focused on T cell responses in hospitalised COVID-19
patients [34–38] but studies on naïve CD4 and CD8 T cells are scarce [39–41]. Neo-antigen-
specific responses depend on the pool of naïve lymphocytes, and a small starting pool
of naïve T cells may limit the likelihood of priming a fast or robust virus-specific T cell
response due to the reduced starting repertoire in a limited naïve pool [39]. In future studies,
the size of the naïve TCR repertoire which correlates with the pool size of CD4 T cells would
be an interesting parameter to measure in COVID-19 clinical studies. Consistently, elderly
individuals, who have a smaller naïve T cell pool, have decreased immune repertoires [42],
making it harder to quickly mount an effective adaptive immune response to a neo-antigen
such as SARS-CoV-2. Future studies may address specific details of the overall picture
drawn in this paper, by zooming in on more specific interactions at higher resolution using
more advanced statistical models and measures of TCR repertoire.

Delayed viral clearance was associated with increased disease severity which is in
line with other reports [3], even though the highest level of critical illness usually occurred
after patients had cleared SARS-CoV-2, illustrative of (lung) tissue damage-related im-
munopathology as the underlying mechanism in this phase of critical illness as opposed to
ongoing viral replication-related tissue damage. This underscores the importance of rapid
viral control, given the apparent association of delayed viral clearance with later disease
severity. Since analysis of SARS-CoV-2 loads in patients in general is largely influenced by
the time points analysed [3], we selected the time to viral clearance from onset of symptoms
for the analyses of levels of immune parameters potentially involved.

Apparent paradoxically, delayed viral clearance and disease severity were associated
with higher maximum levels of SARS-CoV-2 neutralising antibodies over time. These
findings are in line with other studies including patients and asymptomatic SARS-CoV-2
positive individuals, with the latter group having the lowest or even negative antibody
titers, being at the other end of the spectrum of the disease [34,43–46]. This phenomenon
‘cellular sensitisation without seroconversion’ indicates a potential role for the cellular T cell-
mediated immune system in clearing infection before it is fully established [13]. In contrast,
patients with delayed viral clearance have prolonged exposure to viral antigens which can
result in prolonged antibody responses until the cellular component is effective to clear the
virus [34]. In addition, viral loads in prolonged infections are higher (as shown in this study)
which in itself may trigger more intense B cellular responses. Moreover, once produced,
antibodies may accumulate simply due to their half-life. It is of importance to realise that
the analyses of the magnitude and timing of the peak of responses, and seropositivity early
after onset [47] will give an incomplete picture when assessed as single variables, as can be
seen in our neutralising antibody data: the peak coincides with clearance but the highest
peaks are seen in cases with delayed clearance. While correlates of protection prior to viral
infection in general are typically defined as cut-off levels for effective immune parameters,
our findings suggest that these levels may not hold as predictors of viral clearance in
infected patients. This may be explained by viral persistence as a driving force for the
ongoing production and accumulation of antibodies, after the initial failure of rapid T and
B cell control, early after infection (Figure 9).
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Figure 9. Hypothesis-generated drawing including all immune parameters in this study found
to be associated with (delayed) viral clearance. Pre-GC; pre germinal center B cells; circulating
naïve B cells [32]. Adapted from “Coronavirus Replication Cycle”, by BioRender.com, accessed
1 January 2022.

These data were complemented by data on concomitant immunological responses and
we observed a significant increase in cells and soluble mediators involved in innate immu-
nity: neutrophils, monocytes, basophils, and the pro-inflammatory cyto-/chemokines Il-4,
-6, sIL-6Rbeta, LIF, HGF, and SCGF-beta were all increased in patients with delayed viral
clearance and, in most cases, with more severe illness. Some of these soluble components
have been suggested by others as predictors of disease severity and fatal outcome [48–50], in
line with our data. Our findings support the postulation that severe COVID-19 is preceded
by an inefficient virus control by adaptive immunity, causing prolonged virus-induced
(lung) tissue damage, which necessitates enhanced responses of the innate immune system
to control and resolve the tissue damage. Clearly, such extensive innate responses are
not sufficiently effective in all cases with severe COVID-19 disease courses. The antibody
data in the current study are limited to measurement of systemic responses. Though nasal
antibodies have been strongly correlated with serum antibodies in COVID-19 patients, this
correlation was weaker for the mucosal antibody type IgA. Previous work showed that
an early and higher nasal antibody response, in particular of the IgM and IgA type, was
associated with lower viral loads [51]. Tissue localisation of specific isotypes of antibodies
may explain a lack of association with clearance when measuring systemic responses only.

A caveat on the interpretation of these data is the fact that we only had access to
peripheral blood to analyse the cellular response. It is possible that the mucosal immune
responses in the upper respiratory tract and lungs were more robust in patients with early
viral clearance. It is possible that the mucosal immune responses in the upper respiratory
tract and lungs were more robust in patients with early viral clearance. An indication that
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this mucosal response in the nose is different from peripheral responses that can be readily
measured was recently reported [52] as there was no T lymphopenia in the nasal scrapes
compared to peripheral blood. Yet these local responses are generated from naïve T cells,
therefore we interpret the finding of lower naïve T cell numbers in more severely ill patients
reported here, coupled with the lower number of SARS-specific CD4+ T cells, as biologically
meaningful. This lower number of naïve T cells indicates a smaller naïve repertoire (none
of these patients had been vaccinated because vaccines were not yet available during the
time patients were recruited) and therefore a lower change of having a perfectly fitting TCR.
It would be very interesting to investigate if formal TCR repertoire analyses would yield a
more complete picture of a presumed smaller repertoire pool in more severely ill patients.

Another caveat of the study is the unavailability of data on viral clearance of patients
that were lost to follow up within 21 days: fatal and discharged cases, which were excluded
from analysis. Though the number of fatal cases excluded was relatively small (5 out of
102 patients), this may have resulted in bias towards less critical illness in the delayed
clearance group and less discriminative power.

Higher maximum neutralisation titers correlated with higher levels of pro-inflammatory
cytokines and chemokines in our integrated analysis. In patients with delayed viral clear-
ance, levels of activated CD4+ T cells and IL-9 were inversely correlated as opposed to the
positive correlation in patients with earlier clearance. Future studies are needed to address
a direct or indirect interaction between these two and the role of an IL-9 secreting T cell
subset known as Th9 cells.

In some reports, the increased proportion of SARS-CoV-2-specific CD4+ and CD8+
T cells seemed to correlate with disease severity whereas other reports do not see this
correlation [12,46,53]. Although this pro-inflammatory profile may be an aggravating factor
promoting immunopathogenesis, CD4+ T cells have also been demonstrated to control
SARS, as depletion of these cells in mice resulted in delayed clearance of the virus, and
more severe lung inflammation [7,54]. Here, we demonstrate that the proportion of SARS-
CoV-2-specific CD4+ T cells is higher in patients that better control the virus, and that the
peak of both SARS-CoV-2-specific CD4+ and CD8+ T cells correlated with the time of viral
clearance, indicating a more direct role in virus control. As argued elsewhere [55], multiple
high affinity antibodies are likely needed to block SARS-CoV-2 binding to ACE2 in the
respiratory tract. For such antibody responses to occur, CD4+ T cell help is required to
induce somatic hypermutation for increased affinity as well as class switch recombination
to IgA antibodies, capable of crossing epithelial barriers. In some studies, late-responders
were evaluated at a later stage after exposure, thus allowing more time to induce T cell
memory [56]; indeed, in our study the highest numbers of SARS-CoV-2-specific CD8+ cells
tended to be detected > 60 days after onset of symptoms, though this was not statistically
significant. It may be that cytotoxic responses against SARS-CoV-2 infected epithelial cells,
although clearing viral infection, also lead to local lung epithelial damage contributing to
disease symptoms.

In conclusion, our data suggest that delayed viral clearance is associated with failure
of rapid T and B cell control, possibly due to a more narrow repertoire of naïve CD4+ T cells,
followed by prolonged viral exposure causing enhanced (lung) tissue damage, requiring
enhanced responses of neutralising antibodies, chemokines, cytokines, and innate immune
cells. Logically, progressive immunosenescence during aging explains why elderly are more
vulnerable to infections with new microorganisms, that require control by an adaptive
immune system with a highly diverse Ig and TCR repertoire. Our data suggest that
correlates of protection from infection after vaccination [11] might be quantitatively distinct
from correlates of clearance once infected, and can guide early risk stratification of patients
and treatment strategies.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11172743/s1, Figure S1. Kinetics of SARS-CoV-2-specific
(neutralising) antibody responses in hospitalised patients in relation to the time post onset of symp-
toms, per patient, with anti-HCOV-229E IgG as control. Blue: viral clearance ≤ 21 days, red > 21 days.
C-term./C-t.; C-terminal, N-term/N-t.; N-terminal. Figure S2. Kinetics of absolute counts of cir-
culating leukocyte subsets (measured as cells/µL) in relation to the time post onset of symptoms,
per patient. Blue: viral clearance ≤ 21 days, red: > 21 days. Figure S3. Correlation heatmaps of the
max. level of immune parameters in individual patients, per group: a, viral clearance ≤ 21 days and
b, viral clearance > 21 days. Figure S4. Leukocyte subtypes identified by flow cytometry and their
expression profiles reflecting the gating strategy used. A: APS (Automatic Population Separator)
plots that use the information from all the parameters included in the file; B: Bi-parameter plots
reflecting the expression profile for each of the markers used (Far-left: major leukocyte subsets,
middle-left: major lymphocyte subsets, middle right: main T cell subsets; far-right: main B cell
sunsets; DCs = dendritic cells, EM = effector memory cells, Eff = terminally differentiated effector
cells, NK = natural killer, TM = transitional memory cells. Table S1. Demographic and underlying
illness from the 91 hospitalised SARS-CoV-2 patients with viral clearance data available. Table S2.
List of immune parameters measured in this study. Table S3. List of cytokines significantly (p < 0.05)
related to time to viral clearance after adjustment for multiple testing. Table S4. List of significant
correlations (R > 0.7) between the maximum level of all immune parameters with each other (all
patients). Table S5. List of differences between the correlations of the max. level of the immune
parameters of the group’s viral clearance ≤21 days and >21 days. A selection is made for differences
between R values of the clearance groups of >0.5, and with significant p-values for both variables.
Table S6. Daily severity score parameters. Table S7. List of reagents used for the identification of B
and T cell subsets; NA—not applicable.
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