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ARTICLE INFO ABSTRACT

Keywords: Convalescent plasma (CP) has emerged as a treatment for COVID-19. However, the composition and mechanism
COVID-19 of action are not fully known. Therefore, we undertook a two-phase controlled study in which, first the
Convalescent plasma immunological and metabolomic status of recovered and severe patients were evaluated. Secondly, the 28-day
1&/[;::]3 12/escells effect of CP on the immune response in severe patients was assessed. Nineteen recovered COVID-19 patients,
Autoantibodies 18 hospitalized patients with severe disease, and 16 pre-pandemic controls were included. Patients with severe

disease were treated with CP transfusion and standard therapy (i.e., plasma recipients, n = 9) or standard therapy
alone (n = 9). Clinical and biological assessments were done on day 0 and during follow-up on days 4, 7, 14, and
28. Clinical parameters, viral load, total immunoglobulin (Ig) G and IgA anti-S1-SARS-CoV-2 antibodies,
neutralizing antibodies (NAbs), autoantibodies, cytokines, T and B cells, and metabolomic and lipidomic profiles
were examined. Total IgG and IgA anti-S1-SARS-CoV-2 antibodies were key factors for CP selection and corre-
lated with NAbs. In severe COVID-19 patients, mostly interleukin (IL)-6 (P = <0.0001), IL-10 (P = <0.0001), IP-
10 (P = <0.0001), fatty acyls and glycerophospholipids were higher than in recovered patients. Latent auto-
immunity and anti-IFN-a antibodies were observed in both recovered and severe patients. COVID-19 CP induced
an early but transient cytokine profile modification and increases IgG anti-S1-SARS-CoV-2 antibodies. At day 28
post-transfusion, a decrease in activated, effector and effector memory CD4" (P < 0.05) and activated and
effector CD8" (P < 0.01) T cells and naive B cells (P = 0.001), and an increase in non-classical memory B cells
(P=<0.0001) and central memory CD4" T cells (P = 0.0252) were observed. Moreover, IL-6/IFN-y (P = 0.0089)
and IL-6/IL-10 (P = 0.0180) ratios decreased in plasma recipients compared to those who received standard
therapy alone. These results may have therapeutic implications and justify further post-COVID-19 studies.
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Abbreviations

ACAs Anti-cardiolipin antibodies
B2GPI  Anti-p2glycoprotein antibodies
BMI Body mass index

CCP3 Anti-cyclic citrullinated peptide third-generation
antibodies

CD Cluster of differentiation

CE Cholesteryl

COVID-19 Coronavirus disease 2019

CP Convalescent plasma

CRP C reactive protein

DG Diacylglycerols

dsDNA  Anti-double-stranded DNA antibodies

ED Estimated difference

ESI Electrospray ionization

ESR Erythrocyte sedimentation rate

FA Fatty Acyls

Fi02 Fraction of inspired oxygen

FDA Food and Drug Administration

FDR False discovery rate

G-CSF  Granulocyte colony-stimulating factor

GL Global lipidomics

GLMMs Generalized linear mixed models

GM Global metabolomics

GM-CSF Granulocyte-macrophage colony-stimulating factor

HILIC Hydrophilic interaction liquid chromatography
HODE  Hydroxyoctadecadienoic acid

ICU Intensive care unit

IFN Interferon

Ig Immunoglobulin

IL Interleukin

IP-10 Interferon-y induced protein 10

IQR Interquartile range

JK Jack-knife confident interval
LDH -lactate dehydrogenase
LPA Lysophosphatidic acid

LPC Lysophosphatidylcholine
LPE Lysophosphatidylethanolamine
MCP-1  Monocyte chemotactic protein-1

NAbs Neutralizing antibodies
NSAIDS Non-steroidal anti-inflammatory drugs
OPLS-DA Orthogonal partial least-squares discriminant analysis

Pa02 Arterial partial pressure of oxygen

PC Phosphatidylcholine

PCA Principal-component analysis

PE Phosphatidylethanolamine

PRNT Plaque reduction neutralization test

PS Phosphoserine

RANTES Regulated on activation, normal T cell expressed and
secreted

RF Rheumatoid factor

RP-LC-QTOF-MS Reverse phase-liquid chromatography-quadrupole
time-of-flight mass spectrometry

RT-PCR Reverse transcriptase-polymerase chain reaction

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2

SD Standard deviation

SE Standard error

SOFA Sequential organ failure assessment score
Tg Anti-thyroglobulin antibodies

Th T helper

TNF Tumor necrosis factor

TPO Anti-thyroid peroxidase antibodies
Tregs Regulatory T cells

TXB2 Thromboxane B2

VIP Variance important in projection
WHO World Health Organization

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the
causal agent of coronavirus disease 2019 (COVID-19), has infected over
98 million people around the world (https://coronavirus.jhu.edu/map.
html) becoming a serious public health threat. Although most people
with COVID-19 are asymptomatic or have mild disease, about 20% may
present with severe illness [1,2].

Preventive and treatment options for COVID-19 remain under study.
Therefore, traditional interventions have re-emerged as a new thera-
peutic alternative. CP has been used for decades for the prevention or
treatment of infectious diseases when no specific treatment was avail-
able [3]. CP can provide passive immunity by transfusion of neutralizing
antibodies (NAbs) and other immune components from patients who
have recovered from an infection, to unexposed or infected individuals
in order to reduce the risk of disease or to lessen its clinical impact [4].
This strategy has been used for the treatment of several viral infections,
including Spanish influenza, parvovirus B19, HIN1, Ebola and other
coronaviruses. However, conclusive data from randomized and
controlled trials are lacking [5-8].

Passive immunization with plasma from recovered COVID-19 pa-
tients to SARS-CoV-2 infected patients could help to control the infection
before patients have generated a proper immune response [4]. The Food
and Drug Administration (FDA) authorized the use of CP in COVID-19
patients as an investigational new drug for the treatment of this dis-
ease [9]. Up to date, several studies have published some promising
benefits [10-13]. The early administration of CP containing high IgG
antibody titers against SARS-CoV-2 may not only decrease disease

severity, but may also decrease mortality [14]. However, due to a high
methodological variability in selection criteria for donors and recipients,
dosage, NAbs concentration, disease severity, outcomes, among others,
it is difficult to objectively assess the real therapeutic potential of CP
[15].

COVID-19 is characterized by an overzealous activation of the innate
and adaptive immune system leading to hyper-inflammation that are
primarily a result of high levels of pro-inflammatory cytokines and cell
dysregulation [16]. In this regard, transfusion of CP to infected patients
may provide antibodies, cytokines, and other active factors that may
modulate the immune response against SARS-CoV-2, thus attenuating
the severe inflammatory response [3]. The main mechanism of action of
CP involves, among others, the presence of NAbs against SARS-CoV-2
protein S, which are correlated with total IgG and IgA antibody levels
[17]. Since its entire mechanisms of action are not fully understood, we
aimed to evaluate the composition of the CP in terms of SARS-CoV-2
antibodies, autoantibodies, cytokines and metabolites, as well as its ef-
fect on the immune response in patients with severe COVID-19, up to 28
days after treatment.

2. Methods

This was a two-phase controlled study in which, first CP composition
and the basal immunological and metabolomic status of recovered and
severe patients were evaluated. Secondly, its longitudinal effect at 28-
day follow-up period on the immune response in severe patients was
determined (Fig. 1A) (see section 2.7).
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2.1. Participants

The institutional review board at the Universidad del Rosario
approved the study design. Written informed consent was obtained from
all study participants. Participants were recruited from the following
three medical centers: (1) Clinica del Occidente; (2) Clinica CES; and (3)
Hospital Universitario Mayor Méderi in Colombia. Participants were
recruited from July 1, 2020 to August 25, 2020. Follow-up was
completed on September 22, 2020. Patients were selected using non-
probabilistic sampling (i.e., convenience selection). Plasma recipients
were selected from the CP pilot study (NCT04332380), whereas patients
who received exclusively standard therapy were selected from a ran-
domized controlled trial (NCT04332835). The latter group comprised
the first nine consecutive controls who were included in that study.
Consecutive inclusion of plasma donors was also performed.

Participants were divided into three groups, as follows: pre-
pandemic control group (n = 16); patients who recovered from SARS-
CoV-2 infection (n = 19), which included super-donors (n = 11) and
donors (n = 8) on the basis of their antibody titers (see below); and
patients who were hospitalized with severe COVID-19 (n = 18), whom
after day O were split into two groups: plasma recipient (n = 9) and
standard therapy (n = 9).

2.2. Procurement of convalescent plasma

Pre-donation process included the following steps/criteria: (1)
signed informed consent; (2) aged between 18 and 65 years; (3) subjects
with a laboratory-confirmed COVID-19 diagnosis by reverse
transcriptase-polymerase chain reaction (RT-PCR) having been hospi-
talized but not at the intensive care unit (ICU), discharged and recovered
between 14 and 30 days before the pre-donation assessment; (4) two
consecutive negative RT-PCR results from nasopharyngeal swabs within
48 h before donation; (5) women were only accepted if they did not have
pregnancy history or a current suspicion of pregnancy; (6) negativity for
HIV, hepatitis B and C virus, HTLV 1 and 2, syphilis, and Trypanosoma
cruzi infection. Potential donors were screened for IgG and IgA anti-
bodies, and classified as super-donors and donors according to antibody
levels. Subjects with IgG antibody titers >1:3200 and IgA antibody titers
>1:800 to SARS-CoV-2 were considered super-donors and were chosen
for plasmapheresis and further therapeutic transfusion. Subjects who did
not reach those titers were considered as donors, and were discard for
plasmapheresis, but its serum composition was analyzed in this study.
Approximately, 800 mL of plasma were collected from super-donors.
Prior freezing, pathogens inactivation with Riboflavin followed by UV
light exposure was performed [18].

2.3. Inclusion criteria for COVID-19 patients

Inclusion criteria were the following: (1) signed informed consent;
(2) aged at least 18 years; (3) COVID-19 diagnosis based on RT-PCR
testing; (4) hospitalized patients; (5) Sequential Organ Failure Assess-
ment score (SOFA) < 6; (6) severe cases according to Pneumonia
Diagnosis and Treatment Scheme for Novel Coronavirus Infection (Trial
Version 7). Severe COVID-19 was defined as respiratory distress (i.e.,
>30 breaths/min. in resting state, oxygen saturation of 90% or less on
room air; or arterial partial pressure of oxygen (PaO2)/fraction of
inspired oxygen (FiO2) of 300 or less). Subjects with life-threatening
COVID-19 were not included.

2.4. Exclusion criteria for COVID-19 patients

Exclusion criteria included the following: (1) pregnancy or breast
feeding; (2) patients with prior allergic reactions to transfusions; (3)
critically ill patients in ICU; (4) patients with surgical procedures in the
last 30 days; (5) subjects with active treatment for cancer (i.e., radio-
therapy or chemotherapy); (6) diagnosis of HIV in subjects with viral
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failure (i.e., detectable viral load > 1000 copies/ml), two consecutive
viral load measurements within a 3-month interval; (7) subjects with
other confirmed infection that explains clinical manifestations; (8) end-
stage kidney disease (i.e., glomerular filtration rate <15 ml/min/1.73
mz); (9) Child Pugh C stage liver cirrhosis; (10) high cardiac output
diseases; (11) autoimmune diseases or immunoglobulin A nephropathy;
(12) and subjects not willing to participate.

2.5. Convalescent plasma transfusion

Each transfusion dose of CP was 250 mL, patients received two doses
for a total of 500 mL within 48 h after study inclusion. Each CP unit was
kept separate from other super-donors’ units. The transfused CP ABO
type was compatible with the recipient’s ABO type in 8 out of 10
transfused patients. Each recipient received CP units from the same
super-donor. CP transfusion was administered at 3 mL/min with close
monitoring for the first 30 min, and regular monitoring over the
following 6 h.

2.6. Standard therapy

Standard treatment consisted of symptomatic control and supportive
care for COVID-19. This treatment was based upon recommendations
from the Colombian Association of Infectology and institutional pro-
tocols, which included management with antibiotics, corticosteroids,
oxygen, and anticoagulants [19]. Both plasma recipient and standard
therapy groups received this treatment.

2.7. Patient monitoring and evaluation

Sociodemographic and pathological factors were evaluated on day 0.
The biological baseline included cytokines, lymphocyte populations, IgA
and IgG antibodies for SARS-CoV-2, viral load, blood gases, laboratory
surrogate of possible thrombotic process (i.e., D-Dimer), hematological,
inflammatory, hepatic and renal parameters. These measurements were
repeated on days 4, 7, 14 and 28. In addition, the SOFA scale and the 4C
mortality score (i.e., score for prediction of mortality 28 days after
hospitalization) were evaluated on admission [20]. Clinical and para-
clinical parameters were obtained using a standardized form. The
former comprised all the variables that were included in the global
COVID-19 clinical platform from the World Health Organization
(WHO).

2.8. Biological parameters

2.8.1. Viral load
The viral load was measured using the Ampliphi ® RT-qPCR SARS-
CoV-2 Viral Load Kit (www.ampliphi.co).

2.8.2. Antibody detection against SARS-CoV-2

The Euroimmun anti-SARS-CoV-2 ELISA (Euroimmun, Luebeck,
Germany) was used for serological detection of human IgG and IgA
antibodies against the SARS-CoV-2 S1 structural protein, in accordance
with the manufacturer’s instructions. The ratio interpretation was <0.8
= negative, >0.8 to <1.1 = borderline, > 1.1 = positive [17,21,22].
Antibody titration was performed using serial dilutions of serum sam-
ples from 1:100 to 1:1,638,400.

2.8.3. Autoantibodies

Detection of IgM rheumatoid factor (RF), IgG anti-cyclic citrullinated
peptide third-generation (CCP3), IgM and IgG anti-cardiolipin anti-
bodies (ACAs), IgM and IgG anti-p2glycoprotein (32GPI) antibodies, IgG
anti-double-stranded DNA (dsDNA) antibodies, IgG anti-thyroglobulin
(Tg) antibodies and anti-thyroid peroxidase (TPO) antibodies were
quantified by ELISA as previously reported [23]. In addition,
anti-nuclear antibodies were detected by IMTEC-ANA-LIA Maxx
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Fig. 1. Immunological features of recovered and COVID-19 patients. A, Study summary flow diagram. Clinical analyses were done (see text for details, section
2.7). B, Strong Spearman correlation of IgA and IgG anti-SARS-CoV-2 titers by ELISA and neutralizing antibodies by PRNTs in recovered patients. C, Analysis of
cytokines by PCA shows that pre-pandemic controls, donors, and super-donors aggregate, whereas COVID-19 patient data segregates as an independent group. Color
shows the data grouping. D, Heatmap of cytokine analysis among pre-pandemic controls, the recovered group, and COVID-19 patients. The color of the heatmap
varies from blue, which indicates under-expression, to purple, which indicates over-expression. Row clustering was performed using the ward agglomeration method.
The log-transformed cytokine concentration was used to construct the heatmap. The heatmap reflects the z scores of cytokines across groups, and it does not represent
statistical significance. E, Representative box plots of cytokines that were plotted as log-transformed concentrations. Statistical analysis was performed using
generalized linear mixed models that were adjusted for group, age, and sex. Abbreviations: G-CSF: Granulocyte colony-stimulating factor; GM -CSF: Granulocyte-
macrophage colony stimulating factor; IFN: Interferon; Ig: Inmunoglobulin; IL: Interleukin; IP-10: interferon-y induced protein 10; MCP-1: Monocyte chemotactic
protein-1; RANTES: Regulated on activation, normal T cell expressed and secreted; PCA, principal-component analysis; PRNT, plaque reduction neutralization test;

TNF-a: Tumor necrosis factor-alpha.

(Human Diagnostics Magdeburg, Germany) [24]. Assessment of anti-
-IFN-a antibodies was done by ELISA (Thermo Fisher Scientific, Wal-
tham, MA) following manufacturer’s specifications.

2.8.4. Plaque reduction neutralization test

A plaque reduction neutralization test (PRNTs5p) for SARS-CoV-2 was
performed using Vero cells [17], with serum samples diluted from 1:16
to 1:4096.

2.8.5. Cytokine assay

Concentration of 20 human cytokines IL-2, IL-1p, IL-4, IL-5, IL-6, IL-
7, IL-8, IL-9, IL-10, IL-12p70, IL-13, IL-17A, granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-stimu-
lating factor (GM-CSF), regulated on activation, normal T cell expressed
and secreted (RANTES), monocyte chemotactic protein-1 (MCP-1), IFN-
a, IFN-y, tumor necrosis factor (TNF)-a, and interferon-y induced protein
10 (IP-10) in serum samples from patients were assessed using the
Cytometric Bead Array (BD Biosciences™, Franklin Lakes, New Jersey,
U.S.) in a FACSCanto II"™ flow cytometer (BD Biosciences™) [25].

2.8.6. Untargeted metabolomic and lipidomic analysis

To increase the metabolite coverage, serum samples were analyzed
using an untargeted multiplatform metabolomic and lipidomic
approach. The metabolomic analysis was performed using reverse
phase-liquid chromatography-quadrupole time-of-flight mass spec-
trometry (RP-LC-QTOF-MS) with positive and negative modes electro-
spray ionization (ESI) and hydrophilic interaction liquid
chromatography (HILIC)-LC-QTOF-MS with negative-ion mode ESI
[26-28]. The significant features were selected by keeping only the
variables that fulfilled: 1) UVA (p-value with a Benjamin-Hochberg False
Discovery Rate (FDR) post hoc correction < 0.05); 2) multivariate
analysis criteria (variance important in projection (VIP) > 2 with a
Jack-knife confidence interval (JK) that did not include the zero value
from orthogonal partial least-squares discriminant analysis (OPLS-DA)
with CV-ANOVA < 0.05); and 3) percent change >50% (Supplementary
methods).

2.8.7. Lymphocytes immunophenotype

For a detailed analysis of the cell phenotype, peripheral blood
mononuclear cells were stained with fluorescent antibodies. A minimum
of 100,000 lymphocytes per sample were acquired on a FACSCanto II™
flow cytometer (BD Biosciences™). Thirty cell subsets (Supplementary
Table 1) were analyzed with FlowJo software version 9 (BD
Biosciences™).

2.9. Statistical analyses

Briefly, in the univariate analysis, categorical variables were
analyzed using frequencies, and quantitative continuous variables were
expressed as the mean and standard deviation (SD) or the median and
interquartile range (IQR). The Mann-Whitney U test, the chi-squared or
the Fisher exact tests were used based on the results. Correlations among
variables of interest were performed using the Spearman correlation
test, and when necessary, corrected for multiple inference using Holm’s

method. Generalized linear mixed models (GLMMs) that were adjusted
for age and sex were used to evaluate intergroup differences between
pre-pandemic controls, donors, super-donors, and COVID-19 patients.
Additionally, GLMMs were used to evaluate longitudinal changes in
antibody ratios, cytokine delta, and lymphocyte population delta. A P
value of <0.05 was set as significant. Analyses were performed using
SAS Studio© (SAS® University Edition, Cary, North Carolina, U.S.) and
R version 4.0.1.

3. Results
3.1. Composition of convalescent plasma

To establish the differential biological composition of CP from
recovered COVID-19 patients, we compared the plasma of the following
groups: samples collected prior to 2020 pandemic from healthy people
(pre-pandemic controls n = 16); a second group consisted in hospital-
ized patients with severe COVID-19 who had confirmed SARS-CoV-2
infection (COVID-19 n = 18), and a third group consisted in 19 recov-
ered patients of SARS-CoV-2 infection (super-donors n = 11 and donors
n = 8) (Fig. 1A).

The mean age in the super-donor and donor groups was 42.18 years
(SD, 6.71) and 39.63 years (SD, 12.08) respectively (Mann-Whitney U
test, P = 0.3012). There were ten (90.9%) and seven (87.5%) men in the
super-donor and donor groups, respectively (Chi-square, P = 0.8111).
PRNT5( from both groups strongly correlated with total anti-SARS-CoV-
2 S1 1gG (r = 0.72; P = 0.0185) and IgA titers (r = 0.79; P = 0.0066)
(Fig. 1B). All super-donors had a PRNTsg >1:256. This guaranteed that
super-donors exhibited higher neutralization capacity than donors
which justified its therapeutic use.

Given the recent evidence of the autoimmune response in COVID-19,
we evaluated whether recovered (i.e., donors and super-donors), hos-
pitalized patients and pre-pandemic controls exhibited positivity for
autoantibodies. This analysis revealed that recovered patients did not
show an increased prevalence of autoimmunity as compared with pre-
pandemic controls or hospitalized COVID-19 patients. However, some
of them showed positivity for TPO antibodies, RF, anti-IFN-a, and
ACAs. Antibodies against IFN-a were observed in 26.3% of recovered
patients (Table 1). In patients transfused with CP containing autoanti-
bodies including anti-IFN—u neither adverse events nor mortality was
observed. On the other hand, two recipients positive for anti-IFN-o
antibodies prior to transfusion deceased.

Next, a panel of 20 cytokines was evaluated. This is of interest since
transfusion of pro-inflammatory or anti-inflammatory mediators could
influence the recipient response. Cytokines were gathered using
principal-component analysis (PCA) (Fig. 1C). This analysis revealed,
that the only difference between donors and super-donors relied on anti-
SARS-CoV-2 S1 levels. Thus, since both donors and super-donors dis-
closed a similar cytokine profile, it was appropriate to combine the data
of these two groups as a unique recovered group for subsequent
analyses.

The heatmap analysis of cytokines suggest a different profile among
groups (Fig. 1D). G-CSF (ED = 1.7871; P = 0.0002), IL-6 (ED = 3.2240;
P = <0.0001), IL-7 (ED = 1.9736; P = 0.0004), IL-10 (ED = 1.3119;
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Table 1
Autoantibodies in patients with COVID-19.
Autoantibodies  Pre-Pandemic Recovered (n: COVID-19 P
Controls (n: 8") 19) (n: 18) value®
TPO 1 (12.5%) 9 (47.4%) 6 (33.3%) 0.2558
RF 2 (25.0%) 7 (36.8%) 4 (22.2%) 0.6879
IFN-a 0 (0.0%) 5 (26.3%) 3 (16.7%) 0.3494
ACA IgM 0 (0.0%) 5 (26.3%) 2 (11.1%) 0.3082
p2GPI IgM 1 (12.5%) 2 (10.5%) 1 (5.6%) 0.8244
TG 0 (0.0%) 2 (10.5%) 0 (0.0%) 0.6545
La 0 (0.0%) 2 (10.5%) 0 (0.0%) 0.6545
dsDNA 0 (0.0%) 1 (5.3%) 0 (0.0%) 1.0000
ACA IgG 0 (0.0%) 1 (5.3%) 0 (0.0%) 1.0000
CENP-B 0 (0.0%) 0 (0.0%) 1 (5.6%) 0.5778
B2GPI IgG 1 (12.5%) 0 (0.0%) 0 (0.0%) 0.1778
CCP3 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Ro60 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Ro52 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Nucleosomes 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Histones 0 (0.0%) 0 (0.0%) 0 (0.0%) -
SmD1 0 (0.0%) 0 (0.0%) 0 (0.0%) -
PCNA 0 (0.0%) 0 (0.0%) 0 (0.0%) -
PO 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Scl70 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Ul-snRNP 0 (0.0%) 0 (0.0%) 0 (0.0%) -
AMA-M2 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Jol 0 (0.0%) 0 (0.0%) 0 (0.0%) -
PM-Scl 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Mi-2 0 (0.0%) 0 (0.0%) 0 (0.0%) -
Ku 0 (0.0%) 0 (0.0%) 0 (0.0%) -

When all the patients were taken together as a group (i.e., recovered and COVID-
19) significant differences between this last group and pre-pandemic controls
were not found.
Abbreviations: ACAs: anti-cardiolipin antibodies; p2GPI: anti-f2glycoprotein
antibodies; CCP3: anti-cyclic citrullinated peptide third-generation; dsDNA:
anti-double-stranded DNA antibodies; IFN: Interferon; Ig: Inmunoglobulin; RF:
Rheumatoid factor; RNP: ribonucleoprotein; Sm: Smith; Tg: anti-thyroglobulin.
? Only 8 samples were available for autoantibody evaluation.
b p value by Fisher exact test.

P=<0.0001), and IP-10 (ED = 2.9264; P=<0.0001) levels were higher
in COVID-19 than in recovered patients (Fig. 1E). Although IL-4, IL-8,
TNF-a and IFN-y z-score was slightly increased in recovered patients
(Fig. 1D), no differences were found at the statistical level.

Non-targeted metabolomic and lipidomic profile was evaluated to
assess additional components of CP. The total coverage of molecular
features from the global metabolomics (GM) and lipidomics (GL) after
data processing and filtering comprised 845, 651, 452, and 542 features
by GM-RP-LC-QTOF-MS(+), GM-RP-LC-QTOF-MS(—), GM-HILIC-LC-
QTOF-MS(-), and GL-LC-QTOF-MS(+), respectively. PCA and OPLS-DA
models showed that there was no separation between donors and super-
donors on all platforms (Fig. 2A-D). This confirmed that donors and
super-donors were only distinguished based on anti-SARS-CoV-2 S1
levels and therefore were gathered again as a single recovered group for
all subsequent OPLS-DA models.

For recovered and pre-pandemic controls, 50 metabolites were found
to be statistically significant (Supplementary Table 2). The heatmaps
showed that the proportion of most statistically significant metabolite
levels were lower in recovered patients, which corresponds to fatty acyls
and glycerophospholipids (Fig. 2E). When the COVID-19 group was
compared with the pre-pandemic control and recovered groups (Sup-
plementary Table 3), the largest class of differential metabolites corre-
sponded to a dysregulation in fatty acids, glycerophospholipids, and
glycerolipids, and in a lower proportion of sterol lipids and sphingoli-
pids (Fig. 2F). However, the phenotype of recovered patients did not
return to a similar phenotype of pre-pandemic controls, and it was
characterized by continued altered levels of unsaturated fatty acids,
such as arachidonic and linoleic acid (Fig. 2).
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3.2. (linical and immunological features of COVID-19 patients

3.2.1. Clinical characteristics

After the evaluation of CP composition, we aimed to evaluate the
immune response in hospitalized patients with COVID-19. Inter-group
analysis revealed that plasma recipients and standard therapy patients
were similar in age, sex, WHO scale, SOFA score, 4C score, PaO2-FiO2,
and viral load on inclusion. In addition, comorbidities and body mass
index were similar between groups. Patients who underwent plasma
transfusion received CP within the first 72 h after hospitalization. None
of the patients presented adverse reactions nor acute exacerbation of the
disease after CP transfusion (Table 2).

3.2.2. Immune response in COVID-19

To characterize the T- and B-cell signature in COVID-19 patients’
prior transfusion, a cellular analysis was performed before plasma or
standard therapy treatment. PCA of 30 cell subsets clearly distinguished
between COVID-19 patients and pre-pandemic controls (Fig. 3A).
Marked lymphopenia in COVID-19 patients was accompanied by higher
activated CD4" (ED = 1.1861; P = 0.0144) and CD8" (ED = 1.6467; P =
0.0002) T cell levels. Within CD4™ Th cells, Th17 (ED = 1.5658; P =
0.0056) and Th22 (ED = 2.6618; P = 0.0399) subsets were higher in
COVID-19 patients. For B cells, memory (ED = 1.0325; P = 0.0345),
classical memory (ED = 0.8466; P = 0.0187), and non-classical memory
B (ED = 1.6689; P = 0.0108) cell levels were higher in COVID-19 pa-
tients. Additionally, naive B cell levels were lower in COVID-19
compared to pre-pandemic controls (ED = —1.7522; P = 0.0006)
(Fig. 3B).

3.2.3. Immunological and clinical correlates in COVID-19

A correlation matrix among clinical and biological parameters was
constructed (Fig. 3C). Negative correlations between erythrocyte sedi-
mentation rate (ESR) with Th1 cells (r = —0.56; P = 0.0201); ferritin and
creatinine with transitional B cells (r = —0.52; P = 0.0316; r = —0.52; P
= 0.0273, respectively) and bilirubin with classical memory B cells (r =
—0.49; P = 0.0377) were observed. Moreover, PaO2/FiO2 and ESR were
positively correlated with viral load (r = 0.51; P = 0.0322; r = 0.56; P =
0.0163, respectively). Furthermore, the following positive correlations
were observed: between ferritin and IL-6 (r = 0.61; P = 0.0093) and IP-
10 (r = 0.58; P = 0.0140); between bilirubin and IL-6 (r = 0.58; P =
0.0121); between C reactive protein and IP-10 (r = 0.78; P = 0.0001),
between D-dimer and IL-7 (r = 0.55; P = 0.0182); between lactate de-
hydrogenase and IL-10 (r = 0.51; P = 0.0311), and between procalci-
tonin and IP-10 (r = 0.61; P = 0.0093). ESR was negatively correlated
with IL-6 (r = —0.35; P = 0.0289) and IL-10 (r = —0.7; P = 0.0019)
(Supplementary Table 4).

Prior longitudinal analysis, a baseline analysis (i.e., Day 0) between
the plasma receptor group (i.e., recipients) and the standard therapy
group looking for cytokines and immune cell signature was performed.
Since this analysis revealed differences for some cell populations (Sup-
plementary Table 5) and cytokines (Supplementary Table 6), we con-
ducted a longitudinal analysis [delta (A) changes] to evaluate the effect
of CP.

3.3. Longitudinal changes on immune response after CP transfusion

Based on the results of the previous section, we evaluated the im-
mune response induced by CP through longitudinal follow-up in patients
with COVID-19 after treatment with CP or standard therapy. No sig-
nificant differences in clinical outcomes or viral load were found be-
tween groups during the follow-up (Fig. 4A, Table 2). However, the IgG
anti-S1-SARS-CoV-2 ratio value was higher on day 4 in the plasma
recipient group (dilution 1:200 Binter = 1.3301; P = 0.0371) (Fig. 4B,
Supplementary Table 7). This difference was observed from a titer of
1:200 to 1:800. No significant differences were observed in IgA anti-
bodies between groups.
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Fig. 2. PCA score plots for global lipidomics (GL) and metabolomics (GM) and heatmaps of significant metabolites. A, GL by RP-LC-QTOF-MS (+): R2 (cum):
0.92, Q2 (cum): 0.798. B, GM by LC-QTOF-MS (+): R2 (cum): 0.832, Q2 (cum): 0.72. C, GM by LC-QTOF-MS (—): R2 (cum): 0.697, Q2 (cum): 0.475. D, GM by HILIC-
LC-QTOF-MS (-): R2 (cum): 0.704, Q2 (cum): 0.444. Color shows the data grouping. COVID-19 (n = 8); donors (n = 8); super-donors (n = 8); and pre-pandemic
controls (n = 8). E, Heatmap of recovered vs. pre-pandemic controls comparison. F, Heatmap of COVID-19 vs. recovered and pre-pandemic controls comparison. The
significant features were selected by: 1) UVA (p-value with a Benjamin-Hochberg false discovery rate (FDR) post hoc correction < 0.05); and 2) multivariate analysis
(MVA) criteria VIP>2 with JK not including the zero value from orthogonal partial least-squares discriminant analysis (OPLS-DA) with CV-ANOVA < 0.05); and 3)
Percent change >50%. Abbreviations: CE: Cholesteryl; DG: Diacylglycerols; FA: Fatty acyls; GM: Global metabolomics; GL: Global lipidomics; HILIC: Hydrophilic
interaction liquid chromatography; LPA: Lysophosphatidic acid; LPC: Lysophosphatidylcholine; LPE: Lysophosphatidylethanolamine; PC: Phosphatidylcholine; PE:
Phosphatidylethanolamine; PS: Phosphoserine; TXB2: Thromboxane B2. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

The plasma recipient group had a different cytokine profile over time
than the standard therapy group. CP transfusion induced an early but
transient increase in AD4 to D7 for TNF-a (Binter = 1.8174; P = 0.0176),
IL-8 (Binter = 1.0210; P = 0.0032), IL-17A (Binter = 1.8041; P = 0.0148),
GM-CSF (Binter = 1.7074; P = 0.0039), and IFN-y (Binter = 1.5836; P =
0.0020). For IFN-y the change was persistent, since was also higher in
AD14 to D28 (Binter = 1.2757; P = 0.0159) (Fig. 4C). On day 28, the
ratios IL-6/IFN-y (Binter = —0.8536; P = 0.0089) and IL-6/IL-10 (Binter =
—0.5105; P = 0.0180) decreased in the plasma recipient group
compared with the standard therapy group (Supplementary Table 7).

For cellular sub-phenotypes, most of the between-group differences
were observed at AD14 to D28. Plasma recipients showed a positive
Achange in central memory CD4™ T cells (Bjnter = 0.1270; P = 0.0252), B
cells (Binter = 0.1790; P = 0.0026), and non-classical memory B cells
(Binter = 0.3425; P=<0.0001), whereas negative Achange were observed
for activated, effector and effector memory CD4" (Bjper = —0.0614; P =
0.0444; Binter = —0.0156; P = 0.0239; Pinter = —0.1189; P = 0.0441,
respectively), and activated and effector CD8" (Binter = —0.2099; P =
0.0063; Pinter = —0.1238; P = 0.0004, respectively) T cells, as well as
naive B cells (Binter = —0.2249; P = 0.0010) (Fig. 4D).

4. Discussion

Our study showed an ongoing and dynamic immune response dif-
ferential between treatments. Although antibody-independent mecha-
nisms of action have been proposed to explain the effect of CP [3], no
difference between donors and super-donors in terms of cytokines and
metabolomic profile was observed. Super-donors had NAbs titers
>1:256, which exceeded the FDA recommendation of >1:160 [9,29].
Thus, the main difference between super-donors and donors was in their
antibody levels, which highly correlated with NAbs [17].

We found a differential metabolomic profile of recovered COVID-19
patients compared with pre-pandemic controls and severe COVID-19
patients. Consistent with previous reports, ours confirmed that COVID-
19 patients are characterized by lipid dysregulation in fatty acids,
glycerophospholipids, glycerolipids, and sphingolipids, which has been
associated with dyslipidemia and oxidative stress [30,31]. Recovered
patients regulated the most prominent metabolic perturbations that
were associated with SARS-CoV-2 infection on metabolic function, such
as a decrease in lipid levels, along with an increase in ketone bodies.
However, the phenotype of recovered patients did not return to a similar
phenotype of pre-pandemic controls, and it was characterized by
continued altered levels of unsaturated fatty acids, such as arachidonic
and linoleic acid.

COVID-19 patients disclose latent rheumatologic, thyroid and anti-
phospholipid autoimmunity (Table 1) [32]. Several emerging reports
have shown that SARS-CoV-2 can lead to autoimmune and
auto-inflammatory diseases [33-35]. The pathogenic mechanisms
shared between these diseases suggest that SARS-CoV-2 could act as a
triggering factor for the development of autoimmune phenomena in
susceptible individuals [16,36]. Post-COVID-19 long-term studies are
warranted to determine whether this latent autoimmunity persists and
may evolve towards overt autoimmunity (i.e., clinical disease) [37].
Furthermore, anti-IFN-a antibodies were confirmed in COVID-19 pa-
tients. A recent study, showed that some infected individuals with

SARS-CoV-2, mainly men produce autoantibodies against IFN-a due to
inborn errors of type I IFN immunity [38]. These autoantibodies are
associated with high risk of developing life-threatening pneumonia
[39]. However, in this small study, clinical worsening following CP
transfusion containing such antibodies was not observed, suggesting
that allogenic antibodies anti-IFN-a do not influence clinical outcomes.

We observed that transfusion of CP with high NAbs titers did not
significantly modify viral load kinetics. Although early administration of
CP to hospitalized COVID-19 patients could reduce severity and mor-
tality [14], this phenomenon is not exclusively attributable to viral load
reduction. Severe COVID-19 patients exhibit a higher viral shedding in a
variety of tissues for 20-40 days after onset of disease than mildly ill
patients, indicating that severity of illness influences viral load kinetics
[40]. All together, data indicate that the level of antibodies does not
guarantee viral clearance.

Patients with COVID-19 showed a correlation between hematologi-
cal and clinical parameters and pro-inflammatory cytokines, as previ-
ously reported for SARS-CoV-2 infection [41-44]. COVID-19 patients
showed a hyper-inflammatory response that was characterized by high
levels of IP-10, GM-CSF, G-CSF, MCP-1, IFN-q, IL-6, IL-7, IL-8, and IL-10
(Fig. 5). Accumulating evidence indicate that the severity of COVID-19
is associated with an increased level of inflammatory mediators
including the cytokines and chemokines mentioned above [45-47].
Among these cytokines, IL-6 is one of the key factors associated with
lethal complications of COVID-19 patients [48]. IL-6 amplifier is acti-
vated by coactivation of nuclear factor (NF)-kB and STAT3, which are
potential regulators of the COVID-19-mediated cytokine storm [47].
High IFN-a levels were observed in COVID-19 patients, as previously
shown [46]. However, opposite results for IFN-o have been published
[38,39,49]. Cytokines release in COVID-19 is influenced by disease
duration and severity, sex, age, genetic background including ancestry,
and autoimmune phenomena [38,39,50].

High levels of IL-6 and IL-10 can directly block the expansion of
lymphoid  progenitors  [48,51], causing lymphopenia. The
hyper-inflammatory state (i.e., cytokine storm syndrome) drives the
exhaustion of T cell subsets, characterized by perpetuated activation of
CD4" and CD8" T cells [52-55]. IL-6 also induces Th17 and Th22 dif-
ferentiation and favors inflammation [56].

The inflammatory profile of cytokines in COVID-19 differed from
that of recovered patients. CP transfusion early regulates the inflam-
matory balance among the cytokines evaluated in this study, which have
been associated with COVID-19 severity [57]. An increase in IL-8 was
observed in recovered patients compared to pre-pandemic controls.
Similar results were reported by Hahnel et al. [58], who observed a
slight increase in IL-8 in plasma donors, indicating that some
pro-inflammatory cytokines may still be present in the plasma of
recovered COVID-19 patients.

CP decreased the IL-6/IL-10 and IL-6/IFN-y ratios on day 28 post-
transfusion. Recent reports have shown that an increase in the IL-6/IL-
10 ratio is related to a poor prognosis in COVID-19 [59]. IL-10 is an
immunoregulatory cytokine that can attenuate inflammatory responses
through its Th2 activity and by blocking NF-kB, which negatively reg-
ulates IL-6 production [60,61]. However, a large amount of IL-10 in-
hibits immune cell function and proliferation, which delays viral
clearance and can consequently cause lung damage [62]. The decrease
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Table 2
General characteristics of patients with COVID-19.
Variable Standard therapy (n Plasma recipients (n P
=9) =9) value

Sex (%) 0.3428
Female 5 (55.6%) 3(33.3%)
Male 4 (44.4%) 6 (66.7%)

Age (Mean - SD) 53.667 (6.708) 47.889 (9.688) 0.0768

BMI (Mean - SD) 29.284 (3.926) 31.351 (4.841) 0.4015

WHO scale (%) 1.0000
4 points 7 (77.8%) 7 (77.8%)
5 points 2 (22.2%) 2 (22.2%)

Therapy (%)
Antimalarials 0 (0%) 0 (0%) 1.0000
Corticosteroids 8 (88.9%) 4 (44.4%) 0.0455
Antibiotics 7 (77.8%) 9 (100.0%) 0.1336
NSAIDs 0 (0%) 0 (0%) 1.0000
Heparin 6 (66.7%) 9 (100.0%) 0.0578

Log viral load (Mean - 11.70 (2.05) 13.75 (1.94) 0.9993
SE)

4C Mortality score 6.889 (2.028) 5.667 (2.500) 0.2647
(Mean - SD)

SOFA on inclusion 2(2-2) 2(2-2) 0.6535
(Median - IQR)

Pa02-FiO2 on inclusion 199.55 289.6 (197.9-293.3)  0.3862
(Median - IQR) (128.375-258.35)

Time from symptoms 7.000 (2.398) 7.667 (2.693) 0.4939
onset to inclusion
(Days - Mean - SD)

Time from symptoms - 8.667 (2.693) -
onset to plasma
transfusion (Days -
Mean - SD)

Time from hospital - 2.333 (0.707) -
admission to plasma
transfusion (Days -
Mean - SD)

Total days of 17.222 (10.244) 9.333 (3.937) 0.1953
hospitalization (Days -
Mean - SD)

ICU admission (%) 4 (44.4%) 2 (22.2%) 0.3173

ICU total days of 12.250 (3.594) 6.500 (7.778) 0.3545
management (Mean -
SD)

Requirement of 3 (33.3%) 2 (22.2%) 0.5987
mechanical
ventilation (%)

Days on mechanical 11.667 (6.110) 6.500 (7.778) 0.2482
ventilation (Mean -
SD)

Mortality (%) 1(11.1%) 2 (22.2%) 0.5271

Comorbidities (%)
Hypertension 1(11.1%) 1(11.1%) 1.0000
Dyslipidemia 5 (55.6%) 1(11.1%) 0.0455
Asthma 0 (0.0%) 1(11.1%) 0.3035
CKD 1 (11.1%) 0 (0.0%) 0.3035
Acid peptic disease 5 (55.6%) 1(11.1%) 0.0455
Diabetes 3 (33.3%) 0 (0.0%) 0.0578
Current smoker 0 (0.0%) 1(11.1%) 0.3035
Former smoker 4 (44.4%) 2 (22.2%) 0.3173

Admission laboratories (Median - IQR)
Platelets 225,000 207,000 0.6911

(180,000-266,000) (186,000-228,000)

Leucocytes 9480 (8110-13,950) 8830 (5990-9110) 0.2004
Lymphocytes 790 (580-1100) 800 (680 -1370) 0.5078
Neutrophils 7670 (7230-12,830) 7110 (4640-7820) 0.1451
C reactive protein 123.100 229.150 0.7573
(mg/L) (78.21-166.69) (83.54-255.04)
Erythrocyte 25.000 (8-39) 28.500 (20-38.25) 0.5309
sedimentation rate
(mm/hr)
Albumin (g/dL) 3.500 (3.32-3.9) 3.505 (3.482-3.598)  1.0000
Total bilirubin (pmol/  0.470 (0.36-0.62) 0.550 (0.43-0.73) 0.5074
L)
Urea (mg/dL) 14.2 (11-17.8) 13.7 (11.7-14.4) 0.5363
Creatinine (mg/dL) 0.7 (0.63-0.89) 0.86 (0.75-0.98) 0.3538
Creatine kinase (U/L) 133 (80-656) 78 (64-105) 0.1331

Journal of Autoimmunity 118 (2021) 102598

Table 2 (continued)

Variable Standard therapy (n Plasma recipients (n P
=9) =9) value

D dimer (mg/L) 1.490 (1.13-1.94) 0.420 (0.33-0.68) 0.0170
Ferritin (ng/mL) 1199 (634.8-1921) 1193 (798.6-1548) 0.9233
Lactate 360 (308-490) 337 (305-367) 0.5660
dehydrogenase (U/L)

Procalcitonin (ng/mL) 0.219 (0.086-0.33) 0.112 (0.073-0.226) 0.4414
Troponin T (ng/mL) 0.006 (0.006-0.008)  0.004 (0.003-0.005)  0.0308

Abbreviations: BMI: Body mass index; ICU: Intensive care unit; NSAIDs: Non-
steroidal anti-inflammatory drugs; SD: Standard deviation; SE: Standard error;
SOFA: Sequential organ failure assessment; WHO: World health organization.

in the IL-6/IFN-y ratio in the plasma recipient group indicates another
mechanism of action of CP. Lagunas-Rangel et al. [63], showed that an
increase in this ratio could be associated with COVID-19 severity.
Interaction between these two cytokines contributes to the recruitment
and adequate elimination of neutrophils which favors the timely reso-
lution of the infection and prompt transition between innate and
adaptive immunity [64,65]. Moreover, CP induced an early but transient
increase of TNF-a, IL-8, IL-17A, GM-CSF, and IFN-y, although the latter
was persistently increased at day 28. The understanding of the inflam-
matory profiles in COVID-19 have demonstrated a dual role of IFN-y.
Some have shown increased IFN-y in severe COVID-19 patients [66],
while others have shown opposite results [67]. Our results indicated that
CP induces a temporary increase in inflammatory cytokines (e.g., IFN-y
and TNF-a) that counteracts the infection by controlling the cytokine
storm syndrome, as observed in the decrease in the IL-6/IL-10 and
IL-6/IFN-y ratios.

Our findings also demonstrate that the use of CP attenuates the
exhausted phenotype observed in patients before transfusion, since CP
decreases activated and effector CD4" and CD8™ T cells (Fig. 5). Kal-
faoglu et al. [68], demonstrated in patients with severe disease that
hyperactivated T cells differentiate into multiple effector T cell lineages.
These hyperactivated T cells secrete proteins (e.g., furin) that facilitate
viral entry and damage to the lung. In addition, CP induces immune
memory through an increase in central memory CD4" T cells and
memory B cells, specifically non-classical memory B cells. Rodda et al.
[69], found that SARS-CoV-2-specific memory lymphocytes have anti-
viral function: memory T cells produce cytokines and expand upon an-
tigen re-encounter, while memory B cells express receptors capable of
neutralizing the virus. Previous reports have shown that recovery is
associated with the increase of T cell memory as suggested by the lack of
central memory in severe COVID-19 patients [70]. Likewise, the fre-
quency of memory B cells is a critical indicator of the resolution of the
disease in SARS-CoV-2 [71]. CP induces a robust CD4" and CD8™" T cell
response, along with a memory T and B phenotype that could provide
long-term immunity.

5. Strengths and limitations

Our study has several strengths. We included patients in the first 72 h
of admission, and in the first 14 days after symptoms onset, which
allowed to evaluate the effects of CP in the early stages of disease. The
timing of inclusion guaranteed the comparability in clinical progression
and staging of disease. All included patients fulfilled the definition for
severe COVID-19. In addition, transfused patients received high quality
CP that surpassed the FDA NAbs recommendation. None of the included
patients received experimental treatments that may had influenced the
immune response.

Limitations must be acknowledged. A longitudinal analysis of the
effect of CP on metabolic profiles and NAbs was not done, which would
have been informative and complementary to the immunological
assessment. A broader panel of B and T cells, as well as their functional
analyses was not possible owing to the small number of cells. Genetic
evaluation was not investigated. Another potential limitation of the
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Fig. 3. Cellular immune profile and correlation between biological and clinical parameters in COVID-19. A, Principal component analysis of 30 cell subsets
that were analyzed in pre-pandemic controls and COVID-19 patients. Color shows the data grouping for pre-pandemic controls (n = 8) and COVID-19 (n = 18). B,
Significant differences in immune cell subsets between pre-pandemic controls and COVID-19 patients are plotted as percentages. Each dot represents a subject. For all
box plots, the center is the median of the measurement, and the lower and upper lines of the box correspond to the first and third percentiles. Statistical analysis was
performed using generalized linear mixed models adjusted for group, age, and sex. C, Correlation matrix of cytokines, cell subsets, and clinical features of COVID-19
patients at day 0. Spearman correlation coefficient is visualized by color intensity. Only significant correlations (P < 0.05) and those adjusted by Holm'’s correction
are presented with an asterisk. Abbreviations: CD: Cluster of differentiation; CRP: C reactive protein; ESR: Erythrocyte sedimentation rate; G-CSF: Granulocyte
colony-stimulating factor; GM-CSF: Granulocyte-macrophage colony stimulating factor; IFN: Interferon; IL: Interleukin; IP-10: interferon-y induced protein 10; LDH:
Lactate dehydrogenase; MCP-1: Monocyte chemotactic protein-1; RANTES: Regulated on activation, normal T cell expressed and secreted; SOFA: Sequential organ
failure assessment; Th: T helper; TNF- a: Tumor necrosis factor-alpha; Tregs: Regulatory T cells. (For interpretation of the references to color in this figure legend, the
Eeader is referred to the Web version of this article.)
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Fig. 4. Longitudinal immune profile of standard therapy vs. convalescent plasma recipients. A, Temporal delta changes in the viral load were plotted as log
RNA copies per swab against days of follow-up for standard therapy (n = 9) and plasma recipient (n = 9) groups. B, Dynamics of the SARS-CoV-2 antibody response
and the change in anti-SARS-CoV-2 IgA and IgG ratios (OD sample/OD calibrator) were plotted against days of follow-up. Estimated ratios from generalized linear
mixed models are presented. C, Estimated delta of significant cytokine concentrations in standard therapy vs. the plasma recipient group. D, Estimated delta of all the
lymphocyte subsets in standard therapy vs. the plasma recipient group. All significant p interactions for delta change in day x therapy are depicted with an asterisk.
Abbreviations: CD: Cluster of differentiation; GM-CSF: Granulocyte-macrophage colony stimulating factor; IFN: Interferon; Ig: Inmunoglobulin; IL: Interleukin; Th: T
}‘1elper; TNF- o: Tumor necrosis factor-alpha; Tregs: Regulatory T cells.
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Fig. 5. Possible mechanisms of action of convalescent plasma in severe COVID-19 patients. Upon infection with SARS-CoV-2, T cells are activated by viral
proteins presented by B cells, then they undergo clonal expansion. Enrichment of activated CD38" HLA-DR + CD4" and CD8™ T cells leads to dysfunctional effector
cells with an ineffective state of differentiation, preceding T cell exhaustion. Th17 and Th22 perpetuates inflammation. CP blocks the hyperactivation of CD4" and
CD8™ T cells, and decreases effector T cells. Most effector T cells die, but a subset persists, transitioning to memory T cells. CP decreases IL-6 and increases IFN-y and
IL-10, and increases central memory CD4 " T cells, which can be located in secondary lymphoid tissues, to be reactivated by exposure to antigen. CP also increases B
and memory B cells, which can differentiate into long-lived plasma cells to maintain long-term antibody production. Black lines indicate the effect induced by SARS-
CoV-2 infection. Blue lines indicate the stimulation effect generated by the CP. Red lines indicate the inhibitory effect generated by CP. Abbreviations: CCR: C-C
chemokine receptor; CD: Cluster of differentiation; CP: Convalescent plasma; HLA: human leukocyte antigen, Ig: Immunoglobulin; IL: Interleukin; IP-10: interferon-y
induced protein 10; IFN: Interferon; G-CSF: Granulocyte colony-stimulating factor; GM-CSF: Granulocyte-macrophage colony stimulating factor; MCP-1: Monocyte
Chemotactic Protein-1; Th: T helper. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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