Clinical Immunology 272 (2025) 110429

Contents lists available at ScienceDirect

Cliical Immunology

o st o ey

Clinical Immunology

ELSEVIER journal homepage: www.elsevier.com/locate/yclim

Check for

The immune response to SARS-CoV-2 in COVID-19 as a recall response o
susceptible to immune imprinting: A prospective cohort study

a,*

Daniel Alvarez-Sierra® ', Ménica Martinez-Gallo *"¢, Adridn Sanchez-Montalva %",
Marco Fernandez-Sanmartin ®%, Roger Colobran *", Juan Espinosa-Pereiro -,

Elisabet Poyatos-Canton "*, Coral Zurera-Egea’, Alex Sanchez-Pla“, Concepcién Violan',
Rafael Parra™, Hammad Alzayat ®*, Ana Vivancos”, Francisco Morandeira-Rego ",

Blanca Urban-Vargas !, Eva Martinez-Caceres “", Manuel Hernandez-Gonzalez ",

Jordi Bas-Minguet ", Peter D. Katsikis °, Aina Teniente-Serra “"~/, Ricardo Pujol-Borrell »*"

2 Translational Immunology Research Group, Vall d’Hebron Research Institute (VHIR), Campus Vall d’Hebron, Barcelona, Spain

b Immunology Department, Hospital Universitari Vall d’Hebron, Campus Vall d’Hebron, Barcelona, Spain

¢ Department of Cell Biology, Physiology, and Immunology, Universitat Autonoma Barcelona, Campus Vall d’Hebron and Campus Bellaterra, Barcelona, Spain
9 Infectious Disease Department, Hospital Universitari Vall d’Hebron, Campus Vall d’Hebré, Barcelona, Spain

¢ International Health Program, Institut Catala de la Salut, Vall d’Hebron Research Institute (VHIR), Campus Vall d’'Hebron, Barcelona, Spain

f Centro de Investigacion Biomédica en Red de Enfermedades Infecciosas (CIBERINFEC), Instituto de Salud Carlos III, Campus Vall d’Hebron, Barcelona, Spain
8 Flow Cytometry Laboratory, Germans Trias i Pujol Research Institute (IGTP), Badalona, Barcelona, Spain

1 Immunology Division, Bellvitge University Hospital, Hospitalet de Llobregat, Barcelona, Spain

jImmunolugy Department, Hospital Universitari Germans Trias I Pujol, Barcelona, Spain

J Immunology and Inflammation Research Group, Germans Trias i Pujol Research Institute (IGTP), Badalona, Barcelona, Spain

X Bioinformatics and Statistics Group, University of Barcelona, Barcelona, Spain

! Unitat de Suport a la Recerca Metropolitana Nord, Institut Universitari d’Investigacié en Atencié Primaria Jordi Gol (IDIAP Jordi Gol), Matard, Barcelona, Spain
™ Banc de Sang i Teixits, Hospital Universitari Vall Hebron, Barcelona, Spain

" Tumor Immunology and Immunotherapy Group, Vall Hebron Institut Oncology (VHIO), Campus Vall d’Hebron, Barcelona, Spain

© Dept. of Immunology, Erasmus University Medical Center, Rotterdam, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: The antibody response to SARS-CoV-2 does not follow the immunoglobulin isotype pattern of primary responses,
SARS-CoV-2 conflicting with the current interpretation of COVID-19.

COVID-19

Methods: Prospective cohort study of 191 SARS-CoV-2 infection cases and 44 controls from the second wave of
COVID-19. The study stratified patients by severity and analyzed the trajectories of SARS-CoV-2 antibodies and
multiple immune variables.

Immune imprinting
Original antigenic sin

Plasmablast

<Tfh Results: Isotype-specific antibody time course profiles to SARS-CoV-2 revealed a pattern of recall response in 94.2
Spectral flow cytometry % of cases. The time course profiles of plasmablasts, B cells, cTth high-resolution subsets, and cytokines indicated
Antibody-dependent-enhancement a secondary response. The transcriptomic data showed that this cohort is strictly comparable to contemporary

cohorts.

Conclusions: In most cases, the immune response to SARS-CoV-2 is a recall response. This constitutes a favorable
scenario for most COVID-19 cases to be subjected to immune imprinting by endemic coronavirus, which, in turn,
can influence the immune response to SARS-CoV-2.
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1. Introduction

The COVID-19 pandemic has resulted in over 775 million confirmed
cases and 7 million reported deaths worldwide as of October 2024
(WHO dashboard). Despite extensive research, one remaining area of
uncertainty is the determinant of disease severity in COVID-19: whether
it is primarily due to direct virus cytopathic effects, immune-mediated
mechanisms, or a combination of both. A potential mechanism
contributing to immune-mediated pathology in COVID-19 is immune
imprinting (IP), also known as original antigenic sin. IP occurs when pre-
existing immunity to related viruses interferes with the immune
response to a new viral strain. In the case of SARS-CoV-2, this interfer-
ence may stem from prior exposure to endemic Common Cold Corona-
viruses (CCCoV).

Early reports on COVID-19 revealed an unexpected antibody
response pattern, with IgA and IgG antibodies to SARS-CoV-2 proteins
appearing simultaneously or even before IgM. [1,2] This observation
contrasts with the typical primary immune response, where IgM
consistently precedes IgG and IgA production. [3] A plausible explana-
tion for this phenomenon is the interference of pre-existing cross-reac-
tive immunity to endemic common cold coronaviruses (CCCoV) with the
immune response to SARS-CoV-2 proteins. [4] This explanation aligns
with evidence that many individuals unexposed to SARS-CoV-2 possess
immunity to its proteins, which make them susceptible to IP. [5-8]
While retrospective studies have supported a significant role of IP in
COVID-19 [4,9-11] definitely demonstrating IP and estimating its
prevalence requires comparing pre- and post-COVID-19 paired serology
samples and showing that the infection elicits a response to endemic
CCCoV rather than to SARS-CoV-2. The scarcity of such paired samples
in large prospective studies has limited investigations into this
phenomenon.

In our comprehensive analysis of the immune response to SARS-CoV-
2 conducted in a prospective cohort of unvaccinated COVID-19 patients
during the second wave in the Barcelona metropolitan area, we found
that approximately 95 % of patients had serological and cellular profiles
typical of a recall immune response. Notably, these features were more
pronounced in hospitalized cases compared to asymptomatic and mild
cases. Given that IP occurs exclusively within the context of recall im-
mune responses, our results suggest a potentially high prevalence of IP
among COVID-19 patients.

2. Methods
2.1. Patients

The cohort of patients participating in the study was recruited at the
participating hospitals (Hospital Universitari Bellvitge (HUB), Hospital
Universitari Germans Trias i Pujol, (HUGTP) and Hospital Universitari
Vall d’Hebron (HUVH) upon admission or at primary care centers at the
first contact. In the latter scenario, health workers visited patients’
homes to collect clinical and blood samples. Detected asymptomatic
household sharing cases were recruited. Controls were selected among
the Catalonian Blood and Tissue Bank (www.bst.cat) blood donors with
a similar age and sex composition as the COVID-19 patients. All par-
ticipants were informed of the project’s objectives and signed the con-
sent forms. Blood samples were collected into citrate, EDTA, sera
separation, and Tempus® tubes (Becton-Dickinson Inc., NJ, USA).

A Research Electronic Data Capture (REDCap) database was gener-
ated to collect clinical and laboratory data. Information was introduced
in 182 fields, including demographics, medical treatment history,
comorbidities, Charlson’s and SOFA indexes, initial symptoms, vital
signs, physical examination, follow-up including oxygen requirements
and therapy, and clinical chemistry data. The clinical data and blood
samples were collected at the beginning and at two more time points.
For all patients, the date of symptom onset was recorded and used to
calculate “days from symptom onset” (DFSO) for each observation. The
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length of hospital stays (LOHS), ICU stay, oxygen supplementation, and
ventilation support were also recorded.

Clinical severity categories were determined by the highest score
during the follow-up period using the World Health Organization
(WHO) 8-point COVID-19 disease clinical progression score. [12] The
scores correspond to phenotypic categories: O no clinical or virological
evidence of infection, 1: no limitation of activities, 2: limitation of ac-
tivities, not requiring hospitalization, 3: hospitalized without oxygen
requirement, 4: oxygen administered via a mask or nasal prongs, 5: non-
invasive ventilation or high-flow oxygen, 6: intubation and mechanical
ventilation, 7: ventilation and additional organ support and 8: deceased.
In most analyses, patient classification was simplified as asymptomatic
(score 1), mild (score 2), moderate (score 3—-4), and severe (score of 5 to
8). Moderate and severe patients were all hospitalized.

2.2. Clinical laboratory and immunological tests

SARS-CoV-2 was detected by a real-time multiplex RT-PCR assay
(Laplet 2019-nCoV Assay, Seegene, South Korea) in samples from nasal
or pharyngeal swabs. Microbiological and clinical chemistry samples
were processed by automatic analyzers integrated into continuous lines
with automatic cold storage that ensured sample integrity. The levels of
CCL2, CXCL10, GM-CSF, IFN-a, IFN-y, IL-2, IL-4, IL-6, IL-7, IL-10, IL-
12p70, IL-13, IL-15, IL-17 A, TGF-f1, TNF-a, granzyme-B and IL-1RA
were measured in sera using the ELLA microfluidic platform (Bio-
techne®, Minneapolis, MN, USA). Calprotectin was measured by CLIA
(Quantaflash®, Werfen, Barcelona, Spain).

Antibodies of the three immunoglobulin isotypes IgM, IgG, and IgA
against SARS-CoV-2 main protease (M), nucleocapsid (NP), Spike (S)
protein, and the RBD portion of the Spike protein were measured in
serum samples using a commercial kit (SARS-COV-2 MULTIPLEX®,
IMMUNOSTEP, Salamanca, Spain). [13] In some analyses, the sum of
antibody levels for each isotype to Mpro, NP, and S proteins were used to
score each individual’s overall isotype-restricted response to SARS-CoV-
2, annotated as SARS-CoV-2 IgA, SARS-CoV-2 IgG, and SARS-CoV-2 IgM.
For type 1 IFN autoantibody measurement, ELISA was performed as
previously described. [14] Positive controls and blanks were used as
internal quality controls.

Whole blood was processed for high-dimensional flow cytometry, as
reported. [15] Freshly obtained samples were stained with a 36-colour
antibody panel (Supplemental Table 1) and analyzed using a 5-laser
Aurora spectral flow cytometer (Cytek Biosciences). Unsupervised sta-
tistical inferences of the data were computed by OMIQ software (www.
omiq.ai). UMAP was used for dimensionality reduction, and flowSOM
was used for clustering.

For transcriptomic profiling, 250 ng of total RNA from PBMC,
quantified using the NanoDrop 2000 (Thermo Scientific), was directly
hybridized (at 65 °C for 18 h) with a mixture of biotinylated capture
probes and fluorescently labeled reporter probes complementary to
target sequences., Gene expression values were first normalized to the
positive controls and then normalized according to the nCounter
Expression Data Analysis Guide (mAN-C0011-02). The nCounter®
Human Immunology Host Response Panel was used for this study (htt
ps://nanostring.com/products/ncounter-assays-panels/immunology/h
ost-response).

2.3. Statistical analysis

Analysis was conducted in the R environment version 4.3.2 and R
Studio. The distribution of variables was determined to apply the
appropriate type of test. All tests considered two-tailed distributions to
calculate the p-value, adjusted by Bonferroni except where otherwise
stated; p values <0.05 were considered significant. In LOESS regression
curves, 95 % CI are represented unless otherwise noted. Sex as a bio-
logical variable was considered in every statistical analysis but reported
separately only when significant differences were detected. The study
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was carried out or supervised by the bioinformatic and statistical anal-
ysis unit of Vall d’Hebron Research Institute (VHIR) (https://vhir.vallh
ebron.com/ca/suport-la-recerca/unitat-destadistica-i-bioinformatica
-ueb).

2.4. Ethical

The institutional ethics board approved this project of the in-
stitutions (HUB: 120/20; HUGTP: ImmuneProfile-COVID19 REF.CEI PI-
20-218 and HUVH: Protocol number VH, PR(AG)242/2020).

3. Results
3.1. Features of the Barcelona COVID second-wave cohort

The final cohort included 191 COVID-19 cases and 44 blood donors
as controls recruited in 2020, during the second wave of COVID-19 in
Barcelona, before the vaccination campaign started in January 2021.
[16] Of the patients, 38 were asymptomatic, 49 mild, 64 moderate, and
40 severe. The study’s design is depicted in Fig. 1. The inclusion criteria
were being above 18 years of age, having a confirmed virological
diagnosis of SARS-CoV-2 by PCR, and agreeing to participate. In the case
of healthy blood donors, cases with a history of clinical COVID-19 or a
positive serological test in our assay were excluded.

Table 1 and 2 show the details of cases by period, severity, samples,
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and tests. For the analysis of results, we have considered three periods
based on the days from symptoms onset (DFSO), DFSO1 0-7 days,
DFSO2 8-20 days, and DFSO3 21-107 days. The number of patients per
period was 101, 128, and 60, and the number of samples per period was
139, 188, and 65, respectively. Of the 483 samples, only 13 (2.7 %) were
collected at DFSO >60. Due to financial constraints, cytokines were
measured in 67 %, and RNA profiles (Nanostring®) in 15 % of the
samples, which were selected to represent each severity and period
group.

Out of the 106 hospitalized patients, 31 (29.2 %) required admission
to the ICU, and the median length of stay in the hospital (LOSH) was 15
days [7-25]. Their ICU stays averaged 14 days [7-27]. The de-
mographic, clinical, and laboratory data are in Table 1, 2, 3 and 4. The
overall mortality during the follow-up period was 6/191 (3.1 %).

4. Analysis of the antibody response to the SARS-CoV-2 proteins

4.1. The time course profiles correspond to a recall immune response and
are associated with severity but not with the presence of Type-1 IFN
autoantibodies

We analyzed the serological response to Mpro, NP, Spike (S), and
Spike RBD (RBD) in 473 samples from 190 patients and 44 controls. The
values were standardized using the control group’s IQR3.

In period DFSO1, the antibody response showed significant
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Fig. 1. Study design and patient flow chart. The figure summarizes the patient groups, the timeline, and the number of variables measured in each group. Clinical
data were available from all 235 individuals, but due to financial limitations, cytokine and Nanostring tests were applied to 67 % and 15 % of the samples,
respectively (see text). DFSO, days from symptoms onset; Asympt, asymptomatic cases. Large colored boxes, patient numbers; small pale blue boxes, sample numbers;
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 3
Summary of demographic and clinical data.
Healthy Asympt Mild Moderate Severe All p among groups
Demographic N (%) N (%) N (%) N (%) N (%) N (%)
44 (18.7) 38 (16.2) 49 (20.9) 64 (27.2) 40 (17.0) 235
Blood Bank 44 (100) NA NA NA NA 44 (18.7) NA
Primary Care 0 (0) 38 (100) 47 (95.9) 5(7.8) 1(2.5) 91 (38.7) NA
HUB NA NA 0 (0) 20 (31.3) 18 (45.0) 38 (16.2) NA
HUGTP NA NA 1(2.0) 22 (34.49) 9 (22.5) 32(13.6) NA
HIUVH NA NA 2(4.1) 18 (28.2) 10 (26.3) 30 (12.8) NA
Age (median IQR) 50 [45-59] 41 [36-56] 48 [35-62] 53 [44-60] 68 [55-73] 54 [41-69] 2.12e-06
Age, severe vs other groups, p values (Wilcox) 3.41e-06 1.42e-04 3.90e-04 7.00e-03 NA NA
Sex
Male 18 (40.9) 24 (63.2) 28 (57.1) 22 (34.49) 10 (25.0) 102 (43.4) 0.003
Female 26 (59.1) 14 (36.8) 22 (44.9) 43 (70.0) 28 (70.0) 133 (56.6)
Toxic Habits
Smoker 0 4 (10.5) 48 1(1.6) 2 (5.0) 11 (5.8) 0.257
Alcohol 0 1(2.6) 1(2) 5(7.8) 1(2.5) 8(4.3) 0.447
Comorbidities
Psychiatric disease 0 3(7.9) 7 (14.3) 5(7.8) 4 (10.0) 19 (9.9) 0.674
Diabetes 0 2 (5.3) 3(6.1) 15 (23.4) 9 (22.5) 29 (15.2) 0.010
Immunosuppression 0 0(0) 0(0) 2(3.1) 4 (10.0) 6 (3.1) 0.594
Solid Cancer 0 2 (5.3) 1(2) 7 (10.9) 5(12.5) 15 (7.9) 0.197
Active Cancer 0 0 (0) 0 (0) 0 (0) 2 (5.0) 2(1.0) 0.052
Hypertension 0 8(21.1) 6(12.2) 23 (35.9) 16 (40.0) 53 (27.7) 0.006
Heart failure 0 0 (0) 0 (0) 4(6.3) 2(5.0) 6(3.1) 0.151
Lung Disease 0 0 (0) 2(4.1) 10 (15.6) 6 (15.0) 18 (9.4) 0.019
Chronic Kidney Failure 0 1 (2.6) 0 (0) 5(7.8) 3(7.5) 9(4.7) 0.183
Liver Cirrhosis 0 0(0) 0 (0) 0(0) 1(2.6) 1 (0.5) 0.284
Neurologic Disease 0 0 (0) 12 1(1.6) 1(2.5) 3(1.6) 0.192
Charlson’s Score NA 0 [0, 1.8] 0 [0,2] 1[0,3] 2.5 [2, 4] 1[0,3] 3.90e-06
Prior Medication
Anticoagulants NA 0(0) 2(4.1) 34.7) 2(5.0) 7 (3.7) 0.150
Corticosteroids NA 0 (0) 0 (0) 34.7) 3(7.5) 6(3.1) 0.029
Immunosuppression NA 0 (0) 0 (0) 1(1.6) 1(2.5) 2(1.0) 0.029
Statins NA 3(7.9) 1(2.0) 31 (48.4) 11 (27.5) 46 (24.1) 0.002
Angiotensin convertase inhibitors NA 4(10.5) 4(8.2) 11 (17.2) 4(10.0) 23(12.0) 0.469
Angiotensin receptor II blockers NA 5(13.1) 4(8.2) 34.7) 10(25.0) 22(11.5) 0.013
Clinical Presentation
Fever NO 0 (0) 12 (24.4) 52 (81.2) 31 (77.5) 31 (16.2) 6.336e-19
Weight loss NO 0 (0) 1(2.04) 3 (4.68) 0 (0) 4(2.1) 0.288
Malaise NO 1 (100) 38 (77.5) 29 (45.3) 20 (50) 88 (46.1) 1.535e-10
Cough NO 0 (0) 26 (53.0) 42 (65.6) 21 (52.5) 89 (46.6) 1.622e-09
Dyspnoea NO 0 (0) 0 (0) 27 (42.1) 24 (60) 51 (26.7) 1.995e-13
Expectoration NO 0(0) 0 (0) 2(3.12) 1(2.5) 3(1.6) 0.455
Haemoptysis NO 0 (0) 0 (0) 1 (1.56) 0 (0) 1(0.5) 0.573
Pleuritic Chest Pain NO 0 (0) 0 (0) 2(3.12) 3(7.5) 5(2.6) 0.105
Rhinorrhoea NO 0(0) 2 (4.08) 1 (1.56) 0(0) 3(1.6) 0.356
Anosmia NO 1(2.63) 8(16.3) 16 (25) 6 (15) 30 (15.7) 0.032
Cacosmia NO 0 (0) 0 (0) 1 (1.56) 2(5) 3(1.6) 0.219
Odynophagia NO 0(0) 0 (0) 7 (10.9) 2(5) 9(4.7) 0.020
Myalgia NO 0(0) 2 (4.08) 15 (23.4) 12 (30) 29 (15.2) 7.54e-05
Nausea NO 0 (0) 1(2.09) 9 (14.0) 6 (15) 16 (8.4) 0.012
Vomits NO 0 (0) 0 (0) 8 (12.5) 1(2.5) 94.7) 0.004
Diarrhoea NO 0 (0) 1(2.04) 16 (25) 12 (30) 29 (15.2) 1.557e-05
Confusion NO 0 (0) 0 (0) 0(0) 3(7.5) 3(1.6) 0.009
Sp0O2/Fi02, median IQR NA NA 466 [461-471] 442 [340-461] 361 [271-457] 277 [165-339] 0.028

NA, not applicable; p among groups: Kruskal-Wallis test; significant values in bold. HUB, Hospital Universitari Bellvitge, Hospital Universitari Germans Trias i Pujol,

Hospital Universitari Vall d’Hebron.

response distinct from the response to other SARS-CoV-2 proteins.

A reported observation is that in COVID-19, the antibody response
titer correlates positively with the disease’s severity. In our cohort,
maximal antibody titers were indeed associated with severity on the
five-point scale (control, asymptomatic, mild, moderate, and severe,
Fig. 3a and b). This correlation was also found when stratified by WHO
scores (Supplemental Fig. S4a and b). The interpretation of the associ-
ation of severity with the serological response is that antibodies do not
protect against severity during the early stages of COVID-19,

notwithstanding their protective role as RBD-neutralizing antibodies
against re-infection. [17]

As anti-type I IFN autoantibodies have been associated with the
severity of COVID-19 [14], we measured anti-IFN-alpha and anti-IFN-
omega autoantibodies. Only 10 of the 232 (4.9 %) COVID-19 cases
and two of the 44 controls (4.5 %) were positive. Of these ten positive
cases, one was asymptomatic, three moderate, three severe, and one
deceased; three were female, and four were males (including the
deceased). This small number of positive cases indicated that anti-type I
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Table 4
Summary of laboratory data.
Control Asymptomatic Mild Moderate Severe
Patients 44 38 49 64 40
Clinical chemistry Median [IQR] Median [IQR] Median [IQR] Median [IQR] Median [IQR] p-
adjusted
Hb 15.00 [13.50, 14.30 [13.62, 15.07] 14.20 [13.35, 14.95] 13.35 [12.35, 14.70] 13.20 [12.10, 14.22] 4.33E-05
16.02]
WBC 6.30 [5.16, 7.77] 5.65 [4.55, 6.47] 4.50 [3.70, 5.90] 5.28 [4.10, 6.62] 7.45 [6.07, 12.66] 1.90E-07
Basophils 10e9/L 0.00 [0.00, 0.10] 0.00 [0.00, 0.00] 0.00 [0.00, 0.00] 0.00 [0.00, 0.01] 0.00 [0.00, 0.02] 6.14E-03
Basophils % 0.70 [0.50, 0.92] 0.50 [0.30, 0.70] 0.50 [0.30, 0.60] 0.30 [0.20, 0.50] 0.20 [0.10, 0.30] 1.90E-07
Eosinophils 10e9/L 0.10 [0.10, 0.20] 0.10 [0.00, 0.10] 0.10 [0.00, 0.10] 0.00 [0.00, 0.02] 0.00 [0.00, 0.01] 1.90E-07
Eosinophils % 2.05 [1.67, 3.20] 1.45 [0.83, 2.30] 1.20 [0.55, 1.85] 0.20 [0.00, 0.70] 0.00 [0.00, 0.10] 1.90E-07
Lymphocytes 10e9/L 1.90 [1.50, 2.42] 1.95 [1.40, 2.38] 1.60 [1.30, 1.85] 1.00 [0.86, 1.42] 0.86 [0.50, 1.20] 1.90E-07
Lymphocytes % 30.40 [25.65, 35.70 [30.65, 41.08] 34.70 [28.00, 41.90] 21.30 [13.10, 26.20] 9.40 [5.25, 16.95] 1.90E-07
33.95]
Monocytes 10e9/L 0.50 [0.40, 0.60] 0.50 [0.32, 0.70] 0.50 [0.40, 0.60] 0.45 [0.30, 0.60] 0.40 [0.30, 0.62] 2.79E-01
Monocytes % 7.80 [6.97, 9.05] 8.45 [7.30, 11.42] 10.20 [8.90, 13.35] 8.80 [5.55, 11.10] 5.05 [3.77, 7.82] 1.90E-07
Neutrophils 10e9/L 3.40 [2.95, 4.85] 2.75 [2.20, 3.50] 2.30 [1.80, 3.00] 3.54 [2.69, 4.72] 7.50 [4.56, 11.44] 1.90E-07
Neutrophils % 58.50 [53.48, 50.80 [46.10, 57.95] 49.40 [44.60, 58.50] 68.85 [58.68, 80.03] 82.75 [78.05, 89.25] 1.90E-07
62.30]
Platelets 10e9/L 218.50 [188.50, 197.50 [172.50, 197.00 [169.50, 214.00 [164.50, 236.00 [181.25, 2.42E-02
255.25] 234.75] 214.50] 278.25] 327.00]
C Reactive protein mg/dL ND 0.23 [0.15, 0.95] 0.39 [0.20, 1.46] 6.18 [2.41, 10.76] 11.91 [7.55, 19.55] 1.90E-07
(0.03-0.5 mg/dL)
Calprotectin ND 1.50 [0.90, 1.96] 1.17 [0.91, 1.78] 4.80 [3.01, 9.00] 9.78 [6.14, 22.76] 1.90E-07
D-dimer (0-243 ng/mL) ND 306.00 [251.00, 326.00 [213.00, 309.00 [250.00, 417.00 [266.50, 1.53E-01
408.00] 517.00] 612.00] 958.25]
Ferritin (25-400 ng/mL) ND 120.50 [36.75, 173.00 [66.50, 415.00 [215.50, 738.00 [508.50, 1.90E-07
283.50] 316.75] 1130.00] 1383.75]
LDH (120-246 IU/L) ND 171.00 [157.25, 174.00 [158.50, 250.00 [197.50, 389.00 [304.50, 1.90E-07
199.25] 201.25] 331.50] 480.00]
ALT 10-49 IU/L) ND 20.00 [14.00, 32.00] 21.00 [15.00, 33.00] 36.00 [17.00, 61.50] 35.00 [21.75, 49.25] 1.13E-03
AST (8-34 1U/L) ND 23.00 [18.25, 27.75] 25.00 [21.00, 32.25] 39.00 [24.50, 55.00] 39.00 [31.50, 55.00] 1.90E-07
Total Bilirubin (0.3-1.2 mg/dL ND 0.42 [0.31, 0.53] 0.46 [0.36, 0.62] 0.50 [0.41, 0.70] 0.53 [0.36, 0.58] 1.99E-02
Triglycerides (43-200 mg/dL) ND 85.00 [69.50, 107.00 [74.00, 131.00 [100.00, 134.50 [89.75, 201.75] 3.88E-04
121.25] 133.00] 158.50]
Creatinine (0,67-1.17 mg/dL) ND 0.82 [0.71, 1.02] 0.82 [0.69, 0.99] 0.81 [0.67, 0.94] 0.82 [0.71, 0.94] 9.60E-01
Urea (17-42 mg/dL) ND 29.40 [25.35, 35.70] 30.00 [25.80, 36.60] 33.00 [26.38, 48.45] 48.90 [39.90, 57.50] 1.90E-07
Fibrinogen ((2.39-6.1 g/L) ND 4.63 [3.96, 5.26] 4.47 [3.91, 4.95] 6.00 [4.00, 7.00] 6.00 [5.00, 7.00] 3.54E-06
Prothrombin Time INR ND 1.10 [1.04, 1.13] 1.10 [1.05, 1.16] 1.02 [0.98, 1.12] 1.07 [1.00, 1.13] 4.82E-02
Anti-SARS-CoV-2 Serology
Anti-SARS-CoV-2 Mpro IgM 33.26 [22.03, 39.10 [24.23, 58.06] 33.31 [25.12, 68.87] 76.69 [28.52, 202.40] 71.48 [27.81, 246.80] 1.35E-03
47.63]
Anti-SARS-CoV-2 NP IgM 19.79 [10.30, 22.87 [12.06, 40.19] 20.17 [11.95, 52.20] 49.58 [17.15, 153.28] 44.92 [19.82, 191.47] 5.66E-04
36.46]
Anti-SARS-CoV-2 Spike IgM 11.26 [7.73, 16.63] 18.14 [11.35, 23.69] 18.27 [10.64, 50.39] 195.79 [32.00, 419.62] 166.40 [19.37, 597.09] 1.90E-07
Anti-SARS-CoV-2 RBD IgM 28.30 [18.08, 31.68 [18.74, 51.56] 34.24 [22.47, 57.83] 27.30 [18.18, 56.10] 28.44 [13.35, 67.82] 6.45E-01
50.42]
Anti-SARS-CoV-2 Mpro IgG 104.62 [79.80, 131.61 [98.43, 141.66 [103.37, 2366.32 [218.92, 3802.74 [255.20, 1.90E-07
140.57] 213.75] 251.88] 8961.47] 17,061.04]
Anti-SARS-CoV-2 NP IgG 87.82 [52.94, 108.90 [67.80, 119.68 [65.33, 1523.34 [213.28, 1675.92 [198.03, 1.90E-07
147.42] 299.94] 219.93] 6132.72] 14,891.76]
Anti-SARS-CoV-2 Spike IgG 352.43 [172.59, 482.34 [413.13, 363.83 [287.60, 1182.96 [479.80, 1409.81 [675.78, 1.90E-07
519.99] 781.45] 674.92] 2882.23] 3069.88]
Anti-SARS-CoV-2 RBD IgG 151.80 [99.39, 166.19 [141.64, 169.66 [127.47, 174.49 [124.02, 206.29 [150.35, 2.09E-02
189.06] 197.79] 230.83] 258.31] 267.33]
Anti-SARS-CoV-2 Mpro IgA 63.42 [53.66, 73.47 [52.11, 82.32 [53.31, 1863.08 [141.85, 1950.15 [170.74, 1.90E-07
78.82] 156.64] 147.56] 7094.48] 21,127.41]
Anti-SARS-CoV-2 NP IgA 47.75 [38.01, 60.97 [37.51, 65.71 [39.42, 2233.86 [139.40, 1494.22 [165.56, 1.90E-07
66.72] 128.13] 145.72] 8282.62] 22,643.54]
Anti-SARS-CoV-2 Spike IgA 89.72 [71.30, 99.82 [64.31, 219.47 [88.11, 2401.77 [267.93, 3780.36 [478.96, 1.90E-07
133.01] 290.57] 307.64] 10,810.81] 9936.22]
Anti-SARS-CoV-2 RBD IgA 97.75 [89.98, 101.33 [83.12, 101.37 [91.10, 108.62 [89.57, 152.74] 101.66 [89.19, 148.74] 2.96E-01
110.80] 117.93] 122.64]
Cytokines and chemokines
IFN-alpha 0.00 [0.00, 0.20] 3.52 [0.30, 25.55] 15.75 [2.17, 37.62] 15.25 [2.63, 33.75] 2.05 [0.05, 15.85] 8.68E-07
IFN-gamma 0.79 [0.64, 0.97] 2.28 [1.08, 6.73] 3.04 [1.69, 5.01] 9.61 [3.04, 24.89] 3.50 [2.10, 9.84] 1.90E-07
TNF-alpha 12.41 [9.91, 15.28] 20.95 [16.53, 24.30] 21.94 [18.42, 27.83] 21.30 [16.84, 30.80] 21.57 [18.75, 27.06] 1.90E-07
IL-6 pg/ml 3.06 [2.33, 4.46] 3.44 [2.67, 9.15] 5.12 [3.46, 15.40] 33.85[19.82, 56.38] 37.20 [16.10, 107.02] 1.90E-07
IL-1RA pg/ml 365.02 [269.41, 581.58 [443.75, 940.33 [539.00, 1727.37 [1281.84, 2190.32 [1377.82, 1.90E-07

504.56]

922.75]

1548.07]

2839.75]

3004.16]

(continued on next page)
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Control Asymptomatic Mild Moderate Severe

Patients 44 38 49 64 40

Clinical chemistry Median [IQR] Median [IQR] Median [IQR] Median [IQR] Median [IQR] p-

adjusted

IL-7 pg/ml 13.89 [10.13, 14.15 [10.70, 18.85] 15.57 [10.61, 18.24] ~ 21.90 [13.12, 32.41] 39.30 [25.55, 55.57] 3.58E-07
16.30]

1L-12p70 pg/ml 1.16 [0.29, 2.75] 2.45 [1.68, 2.84] 2.13 [1.18, 2.93] 1.77 [1.24, 2.11] 1.60 [1.05, 2.15] 2.03E-02

IL-10 pg/ml 2.98 [1.85, 3.43] 4.46 [3.80, 8.32] 5.48 [3.63, 8.25] 12.10 [8.74, 17.90] 19.20 [11.75, 23.15] 1.90E-07

IL-13 pg/ml 6.74 [4.06, 11.20] 8.60 [3.32, 16.40] 9.33 [6.43, 15.65] 7.20 [5.62, 18.62] 8.75 [5.18, 15.72] 2.95E-01

IL-15 pg/ml 2.83 [2.09, 4.00] 3.53 [2.87, 4.98] 4.98 [3.50, 6.39] 5.35 [4.19, 7.35] 5.52 [4.61, 6.79] 3.58E-07

IL-17 A pg/ml 1.17 [0.69, 2.00] 2.41 [1.71, 3.14] 2.76 [2.03, 3.90] 2.57 [2.10, 4.54] 2.58 [1.57, 3.91] 6.67E-05

IL-2 pg/ml 0.15 [0.08, 0.30] 0.30 [0.22, 0.45] 0.44 [0.32, 0.64] 0.84 [0.51, 2.04] 0.76 [0.48, 1.03] 1.90E-07

IL-4 pg/ml 0.66 [0.53, 0.78] 0.50 [0.35, 0.61] 0.58 [0.45, 0.79] 0.72 [0.47, 1.04] 0.70 [0.57, 0.86] 2.42E-02

GM-CSF pg/ml 1.62 [1.26, 2.04] 3.10 [2.29, 3.71] 2.32 [1.45, 3.04] 2.13 [1.58, 3.37] 2.98 [1.71, 4.07] 4.38E-04

TGF beta-1 pg/ml 114.50 [73.12, 163.00 [104.00, 169.50 [133.00, 125.00 [47.15, 172.50] 188.00 [103.50, 3.52E-03
151.25] 196.75] 229.25] 289.50]

CCL2 pg/ml 438.01 [338.12, 542.00 [423.25, 613.00 [488.55, 653.00 [486.65, 883.00 [489.00, 1.19E-03
556.64] 675.00] 919.00] 866.25] 1576.64]

CXCL10 pg/ml 133.50 [119.94, 466.00 [290.50, 878.00 [584.75, 1742.91 [1177.00, 2371.00 [1645.33, 1.90E-07
165.00] 930.00] 1478.25] 2278.00] 3604.50]

GRANB pg/ml 15.60 [11.30, 33.30 [26.35, 46.75] 42.20 [26.92, 64.93]  43.35 [26.00, 65.07] 36.60 [27.55, 51.55] 1.90E-07
18.80]

IFN autoantibodies were not an essential determinant of severity in this
cohort and did not interfere significantly with the analysis and its
interpretation.

4.2. Cytokine time course profiles are consistent with a recall immune
response to SARS-CoV-2

To identify which cytokines were driving the humoral response, we
analyzed the correlations of cytokines with the antibody titers at each
period and severity group. The most interesting observation is the sig-
nificant negative correlation of IFN-y, especially with the serological
response in moderate patients at DFSO2; it is known that there is a
mutual inhibitory effect of IFN-y/IL-2 and IL-4/IL-13 in the initial po-
larization of the immune response, which may explain these results [18]
(Supplemental Fig. S5). The positive correlation of IL-7 with antibody
titers in severe and moderate patients is probably due to its secretion to
compensate for lymphopenia, which correlates negatively with anti-
bodies to SARS-CoV-2. [19] Overall, the pattern of cytokines with peaks
at DFSO2 for mild and at DFSO3 for moderate and severe cases suggest a
mixture of early and late secondary immune responses.

5. Blood cell populations in COVID-19

As reported, neutrophils were relatively expanded in COVID-19 pa-
tients, and lymphocytes were reduced. [20] To better analyze B and T
cell populations, we have used both the absolute number and the pro-
portion of a subset within each lymphocyte’s main compartment. The
most striking change was in plasma/plasmablast cells, which increased
in all severity categories (Supplemental Fig. S6). The spectral flow
cytometric analysis of total blood resolved 46 populations further split
into 197 clusters. For the interpretation, three degrees of resolution were
considered: low (7 subsets), medium (46 subsets), and high (197 clus-
ters). Only those contributing to discern between a primary and a recall
response are included in this report.

5.1. Time course profiles of plasmablast subsets show features of a recall
response

Plasmablasts and plasma cells, from here on PBs, as defined by CD38
+, CD27+, HLA-DR++, slg, and variable CD19, were split into four
main clusters: IgA+, IgG+, IgM+, and sIg™ and three low-abundance
clusters: IgM + IgA+, IgM + IgG +, and long-life plasma cells (LLPC),
according to the UMAP (Fig. 4a and b). The number of PBs rose rapidly

in moderate and severe patients, surpassing at DFSO1 day three the
maximal levels of mild patients at day seven; their peak exceeded the
peak in mild patients by a factor of two and three, respectively (Fig. 4c).
In some severe patients, PBs made up to 60 % of lymphocytes (Supple-
mental Fig. S7a).

From the trajectories, it is inferred that IgA+ PB was the dominant
subset during the incubation period and was replaced by sIg- PB on
DFSO day 3 (Fig. 4d and e). The parallelism of total PB cells and anti-
body titer trajectories suggests that PBs cells are the source of at least
some of these antibodies (Supplemental Fig. S7b). A negative correlation
of PBs with Thl cytokines IFN-gamma and IL-2 and a positive correla-
tion with IL-10 and IL-7 is expected in an immune response (Supple-
mental Fig. S8).

5.1.1. Interpretation

The first IgA wave of plasmablasts originates from memory B in
upper airway mucosa secondary lymphoid organs (SLO) that cross-react
with CCCoV rather than from a primary response. [21]

5.2. Time course profiles of the B lymphocyte subset in COVID-19 patients
are consistent with a recall response

Flow cytometry identified 32 clusters of B lymphocytes summarized
in 13 subsets and eight unclassified minor clusters (Fig. 5 and Supple-
mental Fig. S9). The total B cell trajectory differs from that of leukocytes
and T cells; still, with time, their shifts show parallelism (Fig. 5b). Subset
trajectories are very variable (Fig. 5d-h). Switched and memory subset
trajectories differed markedly among severity groups and also when
compared by period and severity (Supplemental Table 2).

The B cell subset correlation analysis with the serological response
revealed a distinct pattern. In mild patients, the correlations are positive
and significant during the initial eight days (DFSO1) for B cell subsets
involved in the early phase of the response, i.e., transitional, naive
activated, IgM-only memory, and CD24++ immature IgG memory
(Fig.6a and Supplemental Fig. S10). Consistently, the trajectories of
memory and switched subsets show a delay (Fig. 6b & c).

5.2.1. Interpretation

The capture of cross-reactive antigens by CCCoV-specific memory B
cells would delay the recruitment of naive B cells in moderate and severe
cases. A fresh, specific response to SARS-CoV-2 would be initiated only
when a large amount of antigen reaches the SLO. The B cell trajectories
point to a predominant recall response.
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Fig. 2. Time course profiles of SARS-CoV-2 antibody levels. (a) The peak levels of the 88 cases from which we collected three samples during the initial 60 days are
plotted against time. There’s a noticeable delayed peak for moderate and severe cases compared to mild cases. Median + IQR. (b) A heatmap summarizes the
significance level of the comparisons, highlighting clustering in the IgG category and the comparison between mild vs. severe and mild vs. moderate cases. (c) LOESS
regression curves with 95 % confidence intervals of the normalized antibody titers of 392 samples from 190 COVID-19 cases are shown. The vertical dotted lines
represent the maximal titer, and the horizontal lines represent the established normal level for data normalization. In the red box inset, the time scale has been
zoomed to visualize the trajectories during the initial 20 days. It is evident that the first response is IgA, followed by IgG and IgM. The responses have already started
to decrease at DFSO 13-15 days. The rise of the IgM antibody regression curve never precedes the other isotype curves in moderate or severe patients. The maximal
IgG titer is reached between 43 and 47 days for moderate and severe patients. It’s also noteworthy that the predominant antigen for IgM isotype antibodies is Spike,
while IgA, NP, Mpro, and NP predominate over Spike for IgG. Responses to RBD were predominantly IgG. (d) Representative patients for primary and secondary
responses; only responses to Spike have been represented. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

5.3. Time course profiles of cTfh cells in COVID-19 patients are consistent
with a recall response

Circulating Tfh (cTfh) reflects the activity of Tfh cells in the SLO.
[22] It correlates with antibody response, but their trajectory differs
from total T cells or typical effector memory CD8 cells (Fig. 7a). cTfh can
be classified as cTfh-naive, cTfh1, cTfh17, cTfh2, and cTfhl activated,
[22] identified in the corresponding UMAP (Fig. 7b). All cTfh clusters
were significantly higher in asymptomatic and mild than in moderate
and severe (Fig. 7c). The association of low cTfh with severity was not
explained by age or sex in the multivariate model. Notably, despite the
low number of cTfh cells, the rise in antibodies to SARS-CoV-2 was
earlier and faster in moderate and severe hospitalized patients than in
mild not-hospitalized patients, suggesting that these antibodies are
produced by memory B cells that do not require Tth (Supplemental Fig.
S1la and b).

5.3.1. Interpretation

The overall pattern of the cTth response indicates that in hospitalized
patients, the antibody response is dominated by memory B cells that do
not require Tfh. In asymptomatic and mild Tfh, Tfh activates naive B
cells that generate new antibodies.

5.4. Nanostring transcriptomic signature

Seventy samples from 33 patients, representative in terms of age, sex,
and severity, were selected for transcriptomic profiling. The results were
stratified for the analysis in 60 gene groups.

The strong BCR signaling signatures in asymptomatic patients are of
interest because other techniques detected only slight changes in this
group (Supplemental Fig. 12). In the immune memory panel, the
stronger signal for CD45RA in asymptomatic and mild patients with the
differential pattern in the lymphocyte trafficking highlights the different
regulation of the immune responses in asymptomatic and mild vs the
hospitalized moderate and severe. It is also remarkable that there is an
interferon response signature in the asymptomatic and some mild cases.
The results are consistent with an immune response, mainly recall in
moderate and severe patients but with more elements of a primary
response in asymptomatic and mild.

The panels of genes associated with myeloid and monocyte cell
activation and the expected IL-1 signaling pathway show some of the
main differences related to severity (Supplemental Fig. S13).

These results are similar to many transcriptomic profiles of COVID-
19 patients and indicate that our cohort is representative of COVID-
19. [23]

6. Discussion

At the beginning of the COVID-19 pandemic (early 2020), over 50 %
of hospitalized patients developed pneumonia, with many requiring
oxygen therapy and intensive care unit admission. The mortality rate
among these patients was in our hospitals 16.1 %. [20]. We, like others,
attempted to develop predictive algorithms based on immunological
variables to help triage the patients. We identified different response

immunotypes [24], but the algorithms had to include clinical severity
data to be clinically helpful. [20,25] These shortcomings highlighted the
limitations of available tools for identifying the immunological de-
terminants of disease severity.

One possible immunological factor of severity that escaped then our
analysis was the occurrence of immune imprinting (IP) that can interfere
with the immune response [26] This possibility has been discussed in
several studies [6,27,28] since evidence that many individuals possessed
antibodies and memory T cells to CCCoV that cross-react with SARS-
CoV-2 proteins was produced early in the pandemic. [6,29] A recent
study established a link between pre-existing immunity to CCCoV and
COVID-19 severity. [10] Despite this evidence, IP has not been incor-
porated into the central paradigm to explain severe COVID-19. [17,30]
Our research addresses this gap by investigating whether the immune
response in COVID-19 patients exhibits characteristics of a recall
response, which is a prerequisite for IP. Our analysis was triggered by
the simple observation that, in our cohort, the IgM response to SARS-
CoV-2 antigens did not precede the IgA and IgG responses as ex-
pected, and by the lack of coordination of the responses to the different
SARS-CoV-2 antigens. The first of these anomalies was already detected
in the 2020 reports of antibody response to SARS-CoV-2, but the focus
was then on applying serology to diagnosis. [1,2,31,32]

In this paper, we report that the time course profiles of antibody
responses to SARS-CoV2, when analyzed in depth, together with the
clinical course and the shifts in plasmablasts, B cell, and cTfh sub-
populations indicate that in most cases, the immune response to SARS-
CoV-2 is a recall response. Interestingly, the features of recall response
were more evident in the two categories of patients that required hos-
pitalization. This constitutes a favorable scenario for IP but does not
demonstrate the expansion of endemic coronavirus reactive memory B
cells that would constitute robust evidence of IP.

Our study is prospective. The clinical data of all cases were curated
by their physicians; patients were from the same geographical, received
health care from a single health provider (Institut Catala de la Salut,
(ICS, https://ics.gencat.cat), and all immunological methodologies had
been previously validated; all these aspects make the data of this study
particularly robust.

A close analysis of the antibody response trajectories by SARS-CoV2
protein and isotype, stratified by patients’ severity, offers additional
evidence of a recall immune response. The fast and dominant IgA re-
sponses to the Mpro, NP, and Spike suggest a mucosal origin from
memory resident T and B. [33-35] That the IgM response, even if
weaker, is dominated by the response to Spike, whose sequence is more
distant from that of CCCoV, suggests that the recruitment of naive cells,
even if late, does contribute to mounting the response to SARS-CoV-2
specific epitopes. This vigorous late IgG response may originate from
lymph nodes draining the lower respiratory airways.

The main limitation of our study is that we did not measure anti-
bodies to endemic coronavirus in samples obtained before and after the
COVID-19 episode as required to demonstrate immune imprinting.
However, since a study in a simultaneous cohort from Barcelona showed
a strong back-boosting effect to conserved but not variable regions of
0C43 and HKU1 beta coronaviruses spike proteins when comparing pre-
and post-COVID-19 samples, we consider that most probably the same
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results could be extrapolated to our cohort. [8] In their article, Aydillo
et al. consider their data evidence for IP [8]. Another limitation is that
we did not test the sera for neutralizing SARS-CoV-2 antibodies, but it
has been repeatedly shown that they correlate closely with anti-RBD
antibodies. [36]

IP may be highly deleterious to the host, which is why it is also
known as original antigenic sin [26]. The predominant immune
response is directed to the dominant epitopes of the original immunizing
virus, and the effectors generated, both antibodies and CD8 T cells,
having low affinity for the new epitopes, are inefficient, resulting in a
more severe infection. The conceptual cellular and molecular basis is
well understood; memory B and T cells recognize/capture the cross-
reactive protein/peptide, and as they have a lower threshold for acti-
vation, they dominate the response, preventing the activation of naive
cells that may carry more specific receptors for the new epitopes.
However, because cross-reactive antibodies and T cells may have some
protective effect, IP does not always determine a severe infection. [37]
In addition, as the amount of viral antigens reaching the lymph nodes
increases with time, a primary specific response eventually takes off and
leads to the control of the infection. Besides interfering with the primary
response, IP can be associated with antibody-dependent enhancement
[26]. Observed in some viral infections, e.g., dengue, and occasionally
after vaccination, its occurrence of in COVID-19 has been discussed, and
it has been a concern for developing the SARS-CoV-2 vaccines.

In conclusion, our analysis of the trajectories of a broad selection of
immunological variables in a prospective cohort of the second wave of
COVID-19 indicates that, in most cases, the immune response to SARS-
CoV-2 functions as a recall response. While this does not constitute
direct evidence of IP, it underscores the possibility that IP is an impor-
tant immunological determinant influencing disease severity.

Data sharing

Supplemental tables contain the additional data required to re-
analyze the data: the xIsx file with the transcriptomic data will be
made available on request.
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