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SARS-CoV-2 has infected more than 200 million people worldwide, with more than 4 million
associated deaths. Although more than 80% of infected people develop asymptomatic or mild
COVID-19, SARS-CoV-2 can induce a profound dysregulation of the immune system.
Therefore, it is important to investigate whether clinically recovered individuals present
immune sequelae. The potential presence of a long-term dysregulation of the immune
system could constitute a risk factor for re-infection and the development of other
pathologies. Here, we performed a deep analysis of the immune system in 35 COVID-19
recovered individuals previously infected with SARS-CoV-2 compared to 16 healthy donors, by
flow cytometry. Samples from COVID-19 individuals were analysed from 12 days to 305 days
post-infection. We observed that, 10 months post-infection, recovered COVID-19 patients
presented alterations in the values of some T-cell, B-cell, and innate cell subsets compared to
healthy controls. Moreover, we found in recovered COVID-19 individuals increased levels of
circulating follicular helper type 1 (cTth1), plasmablast/plasma cells, and follicular dendritic cells
(foDC), which could indicate that the Tth-B-foDC axis might be functional to produce specific
immunoglobulins 10 months post-infection. The presence of this axis and the immune system
alterations could constitute prognosis markers and could play an important role in potential
re-infection or the presence of long-term symptoms in some individuals.

Keywords: COVID-19, immune system, flow cytometry, unsupervised algorithms, immune dysregulation

INTRODUCTION

Up to now, the COVID-19 pandemic has affected more than 230 million people and has claimed the
lives of more than 4.8 million people worldwide. COVID-19 is induced by the Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Infected individuals range from asymptomatic
to presenting with severe symptoms, with a median fatality rate of 0.27% (1). After infection, the
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immune system manages to control it successfully in most cases,
generating an immunological memory. More than 80% of
infected people are asymptomatic or develop mild symptoms
(2). However, some of them suffer from long-term COVID-19-
associated symptoms after the infection is resolved (3). In some
cases, the virus triggers an exacerbated immune response that
goes from protecting to attacking the infected individual. During
the inflammatory response, an increase in pro-inflammatory
cytokines, T cell activation, and T cell exhaustion was observed
(4-6). At the same time, decreases in regulatory cells, T-cell
cytotoxicity, and T cells’ polyfunctionality were observed (5, 7-
9). Even when deeper dysregulation is linked to severe disease, it
was observed that COVID-19 individuals, even with mild
symptoms, also present immune dysregulation (10).

Due to the interest in the possible acquisition of strong
immune protection after natural infection, numerous studies
have analysed the immune-specific response against SARS-CoV-
2 in convalescent individuals. However, the impact of the
infection on the whole immune system after recovery has not
been studied. As a result of increasing evidence of long-term
COVID-19 symptoms after viral clearance (11-13), there is
growing interest in understanding whether immunologic
dysregulation may persist among convalescent individuals
versus uninfected healthy individuals. With more than 230
million COVID-19 cases documented worldwide, the long-
term COVID-19 individual numbers are growing every day,
and therefore, the health consequences of SARS-CoV-2
infection and their subsequent socioeconomic costs are far
beyond those of active infection alone.

Therefore, a deep understanding of the state of the immune
system after natural infection could give important information
about the duration of immune dysregulation or the immune
response to possible re-infection. Moreover, knowing the
immune status after infection, even in individuals who no
longer present symptoms, is necessary to determine the risks
and the sequelae that may remain.

We performed a deep analysis of innate and adaptive immune
cells in 35 COVID-19 convalescent individuals with previous
asymptomatic/mild symptoms and 16 non-infected individuals.
Our study revealed that various cellular subsets associated with
innate or adaptive compartments were differentially expressed
between the groups 10 months post-infection. More importantly,
some of them could be pivotal to fight future re-infection. These
results provide important insights into the potential immune
consequences that can mark the future health of previously
infected individuals.

MATERIALS AND METHODS

Patients and Blood Samples

Blood samples and data questionnaires of donor characteristics
during COVID-19 from SARS-CoV-2 convalescent donors were
collected from June to December 2020, and healthy controls were
collected from January to February 2021, at the General University
Hospital Gregorio Marafion, Spain. Informed consent was obtained
under the Declaration of Helsinki protocol. The study was approved

and performed according to local ethics committees (COV1-20-
007). SARS-CoV-2 infection was confirmed by PCR test after
nasopharyngeal swab. SARS-CoV-2 donor recruitment was
conducted in healthcare workers in the General University
Hospital Gregorio Marafon in Madrid, infected with SARS-CoV-
2 between March and December 2020. Sample collection was
performed at a single time point, between 12 days post-positive
PCR (P-PCR+) and 305 days P-PCR+. Detailed healthy and
recovered individuals’ characteristics are provided in Table 1.

Cell Surface Marker Staining

Whole blood was labelled for surface markers with the antibodies
and their fluorochromes distributed in four flow cytometry
panels named T-cell, B-cell, Tth-TYd cell, and innate immune
cell panels (Table S1). CD80 and CD86 are used with the same
fluorochrome in the aim to detect the activated B cells. After
surface labelling, red blood cells were lysed using RBC Lysis/
Fixation Solution (Bio-Legend, San Diego, CA, USA). Surface
markers were analysed by flow cytometry using a MACSQuant
Analyser 16 cytometer (Miltenyi Biotec, Bergisch Gladbach,
Germany). Whole blood was labelled within 2 h of the extraction.

Detection of Cytokine Levels in Plasma

Cytokine levels were measured in plasma samples employing the
automated immunoassay ELLA (Protein Simple, San Jose, CA,
USA). We used two different simple plex panels to study the
levels of IL-1 3, IL-6, IL-8, TNF- o, CCL2, IL-10, CXCL10, GM-
CSF, and IFNY. The determination of cytokine levels was done
using Simple Plex Runner v. 3.7.2.0 software (San Jose, CA,
USA). If any measurement was below or above the detection
range, we set the minimum or maximum detection limit as value.

Unsupervised Analysis of the Four Flow
Cytometry Panels

In addition to doing traditional manual gating from cytometry data,
as presented in the Supplementary Materials, we performed a
high-dimensional flow cytometric analysis in the four flow
cytometry panels using three different algorithms in Cytobank
(www.cytobank.org): viSNE, FlowSOM, and CITRUS. viSNE
(visualisation of t-distributed Stochastic Neighbour Embedding)
is an algorithm that reduces high-parameter data down to two
dimensions and allows for easy visualisation of all markers in each
cytometry panel and detects visual differences in specific cell
subsets. We used the following settings: 1,300,000 events were
analysed under proportional sampling between the individuals
from total events. Iteration: 7,000; perplexity: 30; theta: 0.5 with a
random seed. Onto the ViSNE reduced dimension, we ran
FlowSOM clustering (Self-Organizing Map from Flow
cytometry). FlowSOM is another algorithm to transform cell
clusters into higher-order metaclusters. We selected this
algorithm because it reveals cell subsets that could be overlooked
when using classical manual gating. FlowSOM settings randomly
selected 13 individuals in the COV group and the CT group, and the
sampling was done with equal event numbers between individuals.
Clustering method: hierarchical consensus; number of
metaclusters: 15; number of clusters: 100; iterations: 100 with a
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TABLE 1 | Demographic and clinical characteristics and comorbidities in healthy and recovered individuals.

Characteristics

Age (years), median (range) 43,5 (23-59)
Gender, n (%)
Male 6 (37.5)
Female 10 (62.5)
Ethnicity, n (%)
Caucasian 16 (100)
Latin American 0 (0.0)

Comorbidities, n (%)
Current smoker/ex-smoker
Asthma
Obesity
Allergy
Heart disease
Hypertension
Epilepsy
Psoriasis
Sleep apnea
Fibromyalgia
Diabetes
Kidney disease
Liver disease

Symptoms during COVID-19, n (%)
Fatigue -
Myalgia -
Anosmia -
Fever (=38) -
Headache -
Ageusia -
Cough -
Diarrhea -
Dyspnea -
Arthralgia -
Nausea or vomiting -
Fever (<38) -
Pneumonia -
Dizziness -
Tachycardia -
Sore throat -
Conjunctivitis -
Congestion -
Skin rash -

2 (12.5)/3 (18.75)

o 2 D
NN N
S99

Ooooooooo = =
O 00000000

LLeeeeeeee

Healthy control (n = 16)

Recovered COVID19 (n = 35) p-value
40 (25-62) 0.805
0.753
11 (31.4 -
24 (68. -
0.543
32 (91.43) -
3(8.57) -
3(8.6)/4 (11.4) 0.671
3(8.6) 1.000
1(2.9) 1.000
0(0.0) 0.314
2(5.7) 0.561
1.9 1.000
1.9 1.000
1(2.9) 1.000
1(2.9) 1.000
1.9 1.000
0(0.0) -
0(0.0) -
0(0.0) -
19 (54.3)
19 (64.3)
16 (45.7)
14 (40.0)
14 (40.0)
13 (37.1)
13 (37.1)
10 (28.6)
9(25.7)
5(14.9)
5(14.3)
3(8.6)
3(8.6)
3(8.6)
3(8.6)
2((5.7)
1.9
1(2.9)
1.9

Characteristics of the healthy controls (n = 16) and recovered COVID-19 patients (COV, n = 35). The total number of individuals is indicated for all the characteristics and symptoms, except
for age (years). A Mann-Whitney U test was performed to analyse age differences between groups. Fisher’s exact test was performed to analyze the rest of the characteristics.

random seed. CITRUS (cluster identification, characterisation, and
regression) was the third algorithm used and is designed for fully
automated discovery of statistically significant stratifying
biological signatures.

As for the analysis of FlowSOM, we randomly selected 13
individuals from the COV group and the CT group, and the
sampling was done with equal event numbers between
individuals. We ran two predictive association models: (i) the
Nearest Shrunken Centroid (PAMR) and (ii) the L1-Penalized
Regression (LASSO via GLMNET). Cluster characterization:
abundance, event sampling: equal; minimum cluster size: 1%;
cross-validation Folds: 13; false discovery rate; 1%. For the T-
cells panel, the unsupervised analyses were done on CD3+ T-
cells. For the B-cells panel, the unsupervised analyses were done
on CD19/CD20 gated B-cells. For the Tfh-Tyd cells panel, the
unsupervised analyses were done on CD3+ gated T-cells. For the

innate immune cell panel, the unsupervised analyses were done
on gated leukocytes.

Titration for SARS-CoV-2 Antibodies Using
Luminex Single-Antigen Beads

SARS-CoV-2 S1 (Abcam) and RBD (Sino Biological, Wayne, PA, US)
proteins were conjugated to Luminex beads using standard coupling
procedures (14). Coupling was confirmed using a rabbit IgG anti-
SARS-CoV-2 Spike monoclonal antibody (Sino Biological) and PE-
conjugated goat anti-rabbit IgG secondary antibody (Southern
Biotech). To detect SARS-CoV-2 antibodies, sera (25-fold dilution)
were incubated with Luminex beads for 30 min at room temperature,
washed, and then incubated with a 50-fold dilution of secondary
antibody for 30 min at room temperature. Samples were acquired using
a FLEXMAP 3D® Luminex system (Toronto, Canada). Cut-off for
SARS-CoV-2 S1 and RBD was 1000 MFI and 5000 MF], respectively.
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Software and Statistical Analysis

Flow cytometry data was analysed using Kaluza version 2.1 and
Cytobank algorithms (both from Beckman Coulter, Brea, CA,
USA). Data from flow cytometry is displayed as the mean with
standard error deviation (SEM). Data from the medians of
fluorescent intensity (MFI) is displayed as the median with
SEM. A description of the statistical tests used to evaluate the
experiments is provided within the respective figure legends.
Continuous data was tested for distribution, and individual
groups were tested using the Mann-Whitney U test. Spearman’s
rho (r) was calculated for the correlation between continuous data.
P-value significance levels were corrected using the Benjamini-
Hochberg method for multiple testing. Adjusted p-values of <0.05
were considered statistically significant. Graphs were plotted using
GraphPad Prism 7.0. Statistical analyses were conducted using
GraphPad Prism 7.0 (GraphPad, San Diego, CA, USA) and SPSS
(IBM, version 25, Armonk, NY, USA) software.

RESULTS

COVID-19 and Healthy Control Cohorts

We recruited 35 PCR-confirmed COVID-19 individuals; 4 were
asymptomatic, 29 presented with mild symptoms, and 2
presented with moderate symptoms according to the WHO

classification (15) (Table 1). They were healthcare workers at
General University Hospital Gregorio Marafion in Madrid,
infected by SARS-CoV-2 between March and December 2020.
Recovered subjects (COV) provided a blood sample at a single
time point, between 12 days post-PCR (P-PCR+) and 305 days
P-PCR+. Ninety-four percent of subjects were never hospitalised
for COVID-19; 6% were hospitalised (#n = 2), but none required
intensive care unit (ICU) care. Sixteen healthy individuals were
recruited and assessed as controls (CT). CT individuals never
presented COVID-19 symptoms and were negative for anti-
SARS-CoV-2 antibodies at the time of the sample extraction. No
difference in comorbidities between the groups was
observed (Table 1).

Residual Plasmatic Inflammation

Observed in Recovery Individuals

We measured a wide range of pro-inflammatory cytokines in
plasma samples related to COVID-19 infection in the infected
individuals at the time of the samples extraction. We did not find
any differences in cytokines (IL-1f, IL-8, TNF-o, CCL2, IL-10,
CXCL10, GM-CSF, and IFN-y) between recovered and healthy
individuals, except for IL-6 levels (Figure 1A). Recovered
individuals showed slightly higher IL-6 mean levels than those
of healthy controls (1.83 + 0.203 pg/mL; 1.20 = 0.19 pg/mL,
respectively; p = 0.012). Because samples from recovered patients

Days P-PCR+

Each symbol corresponds to an individual.

A IL-6
p=0.0120 IFNy
8- o e
- -
6 34 5
E [ =
2 47 - §2- .
2 ... : .0 .:
B 14 ® "o —
0 e 0
cr cov cr cov
B
8- IL-6 p=0.4329 4- IFN-y r =-0.3732
° ° p= 0.0297
64 34 A
= & o=
§,4-< ° g,l’- @
a a a -
L]
2 2 e 14 °®
—°
Lt S "7:;#' $% o ° JWo—
0 T T T T T T 0 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Days P-PCR+

FIGURE 1 | Cytokine levels in recovered COVID-19 and healthy individuals. (A) Cytokine levels of IL-6 and IFN-y in healthy (CT) and recovered individuals (COV).
Mean + SEM. Pairwise comparisons were performed by a Mann-Whitney U-test corrected using the Benjamini-Hochberg method for multiple testing. (B) Correlation
between days P-PCR+ and IL-6 and IFN-vy levels. A linear regression curve is represented in each graph. Correlations were done using Spearman’s rank-order
correlation test; r = Spearman’s rank correlation coefficient. P = p-value, adjusted by the Benjamini-Hochberg adjustment method for multiple testing. *p < 0.05.
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were analysed 12 to 305 days post-PCR+ (P-PCR+), we also
investigated possible changes in cytokine levels as time passed.
We observed no correlation between days P-PCR+ and IL-6
levels (p = 0.4329) and one negative correlation between days P-
PCR+ and IFN-y (r = -0.3732, p = 0.0297, Figure 1B). This
negative correlation might indicate that, the longer ago the
infection was, the less IFN-y patients have in their plasma,
reaching a basal non-inflammatory level of this cytokine (1
pg/mL).

Activation of T-Cell Subsets in Recovered
COVID-19 Individuals

We studied T-cell subsets, using traditional manual gating
(Figure S1), and found that the absolute number of the
activated CD4+ HLA-DR+ CD38+ T cells subset was
significantly different between the groups (Figure 2A and
Figure S1), being lower in the COV group than in the CT
group (Figure 2B; CD4+ HLA-DR+ CD38+ T cells 4.38 + 0.412
cells/uL and 6.82 + 0.748 cells/pL, absolute number mean + SEM,
respectively, in the COV and CT groups).

Because the samples were extracted from 12 to 305 days P-
PCR+, we investigated possible changes in subsets regarding the
time P-PCR+. No significant correlation was observed in terms
of the distribution of the absolute numbers of CD4+ HLA-DR+
CD38+ as time passed (Figure 2C). We also observed that, even
if no difference was seen between the groups, the frequency of
CD4 effector memory (EM) decreased significantly as time
passed from infection (Figure 2D), indicating a diminution in
the frequency of differentiated CD4+ T cells.

We then applied a high-dimensional flow cytometry analysis
to explore lymphocyte activation and differentiation between
recovered COVID-19 and healthy individuals. Using the
unsupervised algorithms (viSNE), we detected only a few
variations in the distribution of cellular populations between
the CT and COV groups (data not shown). Using the viSNE
results, we ran a Self-Organising Map from flow cytometry
(FlowSOM), which permits clustering cells that can reveal how
all markers are behaving in all cells. All 35 recovered COVID-19
individuals were analysed independently of the time post-
infection. From the 15 metaclusters generated, one showed a
significant difference in abundance between the groups
(metacluster 12, Figure 2E), being more abundant in the CT
group than in the COV group. Metacluster 12 was composed of
22 clusters (Figure S2A), but only one of them (cluster 67,
Figure S2B) was significantly different between the COV and CT
groups (Figure S2C). We observed that the phenotype of this
metacluster was CD4+ CD45RAneg CCR4neg CCR10neg CD27+
CCR6neg CXCR3+ CD127+ (Figure 2F and Figure $2D), which
corresponds to the effector Thl central memory subset. This subset
presented a significantly lower mean of fluorescence intensity for the
CXCR3 marker in the COV group than in the CT group; as well as a
trafficking marker that promotes Th1 response, and CCR10, a skin-
homing marker (Figure 2F).

After the viSNE analysis, we ran the CITRUS algorithm
(cluster identification, characterisation, and regression), which
is designed for the automated discovery of statistically significant

biological signatures within datasets (CT versus COV). Two
clusters were discovered to have higher abundance in the CT
than in the COV group (Figure 2G). Regarding the fluorescence
intensity of each panel’s markers, the first cluster (Figure 2H—
cluster A, and Figure S3) was defined as CD8+ CD127+ CD27+
CCR10+ CD45RA+, which may correspond to the naive CD8+ T
cell subset. The second cluster (Figure 2I—cluster B) was defined
as CD4+ CXCR3+ CCR6neg CCR4neg CD127+ CD27+ CCR10+
(Figure S3), related to the Thl central memory, confirming the
results obtained by the FlowSOM analysis. Surprisingly, both
subsets expressed the CCR10 marker that is generally associated
with skin or mucosal-resident T-cells (16, 17). This marker is
generally not associated with Th1l or naive CD8+ T cells.

In summary, recovered COVID-19 individuals presented
sustained lower counts of activated CD4+ T cells than healthy
controls. The unsupervised analyses permitted us to detect that
CT group individuals presented a higher abundance of Thl
central memory and naive CD8+ T cells, both expressing the
mucosal homing receptor CCR10. This diminution is likely due
to residual lymphopenia, but it cannot be ruled out that these
cells expressing CCR10 could also be still present in tissues instead
of recirculating in the periphery in convalescent individuals.

The Type-1 T Follicular Helper Subset Is
More Frequent in Recovered Than in
Healthy Individuals

Functional T cells such as pro-inflammatory and senescent T
cells were also analysed. Using the traditional manual gating
strategy (Figure S4A), we observed that the frequency of the
peripheral or circular T follicular helper type-1 subset (cTthl
ICOS+ PD-1+) was significantly higher in the COV group than
in the CT group (Figures 3A, B). Moreover, even if not
significant, the frequency of the c¢Tthl ICOS+ PD-1+ subset
was higher in individuals with early infection than in individuals
with a longer time post-infection (Figure 3C).

The FlowSOM algorithm was run on a viSNE analysis, and
one metacluster (metacluster 6) was significantly more
represented in the CT than in the COV group (Figure S4B),
with a clear expression of CD4 and no expression of CD25
(Figure S4C). This metacluster comprises three clusters (clusters
13, 31, and 52, Figure S5A) and was significantly more abundant
in the CT group than in the COV group (Figure 3D). Cluster 13
expressed CD4+ CD28+ CXCR3+ PD-1+, which could be related
to a Thl PD-1+ subset (Figure 3E and Figure S5B). Cluster 31
expressed CD4+ CD28+ CD45RAneg CD127+ CXCR3+, which
could be related to the memory Thl subset (Figure 3F and
Figure S5B), and the cluster 52 expressing CD4+ CD28+
CD127+ CCR6+ CXCR3+ could be related to the memory
Th1/Th17 subsets (Figure 3G and Figure S5B).

To confirm these results, we used the second clustering
algorithm, CITRUS, which permitted us to discover statistically
significant biological signatures between COV and CT. One
cluster was significantly less represented in the COV group
(Figure 3H, cluster C). Cluster C was related to the Thl
memory subset and the expression of CD4+ CD28+ CD127+
CXCR3+ (Figure 3I and Figure S6), confirming the previous

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 793142


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al.

Convalescent COVID-19 Individuals’ Immune System

Lymphocytes
ik {:‘Ds

CD4

CD 4 Naive
cD4CM [

CD4 EM
CD4 TemRA [

Act

CD4 HLA-DR+CD38+

Act CD8
CD8 HLA-DR+CD38+

CD4+EM o CT
4 p=0.0040 -= COV*

COV versus CT

-2

-3

%

AbsN

% of cells (on CD4 T cells)

0 100 200 300
Days P-PCR+

Cluster 67
0

positive marker- CT
positive marker- COV
negative marker- CT
e negative marker- COV

CCR10
cDasrA | J=mm

Median Cluster-A

= Naive CD8+ T cells

g
g

MFI (Median)

il

cp127

FIGURE 2 | Manual gating and high-dimensional flow cytometry unsupervised analysis in T-cell panel. (A) Heat map of the pairwise comparison between recovered
COVID-19 (COV) and healthy control (CT) individuals of results obtained by classical manual flow cytometry gating. Statistical analysis was performed with the Mann-
Whitney U test. The colour scale represents the Z-score on the right Y-axis. Immune population names are represented on the left Y-axis. The left column represents
the z-score from the pairwise comparison for the cellular population’s percentage (%), and the right column represents the z-score from the pairwise comparison for
the absolute numbers (cells/ul, AbsN). The p-value was corrected using the Benjamini-Hochberg method for multiple testing. (B) AbsN of CD4+ HLA-DR+ CD38+
in CT and COV individuals. Pairwise comparisons were performed using a Mann-Whitney U-test corrected using the Benjamini-Hochberg method for multiple
testing; mean + SEM. (C) Correlation between days P-PCR+ and CD4+ HLA-DR+ CD38+ AbsN. Spearman’s rank-order correlation test with Benjamini-Hochberg
adjustment for multiple testing. (D) Correlation between days P-PCR+ and frequency of CD4+ effector memory (EM). Spearman’s rank-order correlation test with
Benjamini-Hochberg adjustment for multiple testing. (E) The metaclusters’ abundance was obtained through FlowSOM analysis. Two-way ANOVA with Benjamini—
Hochberg adjustment for multiple testing. Median + SEM. (F) The median of fluorescence (MFI) of cluster 67 was obtained through a FlowSOM analysis. One-way
ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (G) The clusters’ abundance was significantly different between COV and CT
individuals obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (H) The median of
fluorescence (MFI) of cluster A or cluster B (l) was obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing.

Median + SEM. *p < 0.05.

8

cp27

2
o
o

CCR10

§
3
I

CD45RA

159} ) ASUlyW-UUBA| Ul 8403S-7

MFI (Median)

e
>

Abundance
°

o
°

e
W

e
N

100 c004+ HLADR+CD38+
p= .0;
i *
3
S 10
=
2
<
1 .
< 5N
S &
e CT
CD4+ HLA-DR+CD38+ -= COV
':; .
-
2 L]
o 104 o 3
3 E—a |
- [ ]
Mmoo
e v -
0 100 200 300
Days P-PCR+
mm CT
Metaclusters . CovV

N R RIS

Abundance

0.00:

4
3

o
e
1

BN

Abundance Clusters

Median Cluster-B
=Tht

cpa

CCR4

cD38
CXCR3
cp127
CcCcRé
cp27
cp2s
CD45RA

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 793142


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al. Convalescent COVID-19 Individuals’ Immune System

B _
COV versus CT 2 S05 Tfh1 ICOS+ PD-1+

p=0.0422 5

Tir

Thh

T

T2

Th17

Tfh ICOS+PD1+
Tfh1 ICOS+PD1+
Tfh2 ICOS+PD1+
Th7 ICOS+PD1+
CD4 Tys

CD8 5
CD4+CD8+ T/5
CD4-CD8-CD3+ Ty5
CD8+ CD28-

CD4+ PD1+

CD8+ PD1+
CD4+CD8+ PD1+
CD4.CD8-CD3+ PD1+

159} ) ASUNYM-UUBIA] U] B10S-7
o

© 0.0
o = 0 100 200 300
%  AbsN Days P-PCR+

0.025 Metacluster 6 = cr st

cov cluster 13= Th1 PD-1+

600000

400000

MFI (median)

200000

Clusters' number

cluster 31= Th1 memory mn_l cluster 52= Th1/Th17

M

i

MFI (Median)

SRR

S ———— 7
icos 3

ﬂ‘m i

b4 ~ e " o . ® -~ 8% 3
§ 8 ikegigd BBEEEIEERERE
8 °o¢g 5 8 g 88 kX g
H 1 > positive marker- CT
Abundance Clusters @ positive marker- COV
» negative marker- CT
004, . 20000, 3
. negative marker- COV
L s L
 0.03 ) T sot000-
2 == g
g 0 3
T 0.02 So¥ £ 4000
H * &
a . =
<001 . gm»
3 il g :
“ S
o O 0 ® 0N TN Q % n 0
S & EREREE R R RN
4 Qg o g
o & © gogygxo g

FIGURE 3 | Manual gating and high-dimensional flow cytometry unsupervised analysis in Tfh-Ty3 cells panel. (A) Heat map of the pairwise comparison between
recovered COVID-19 (COV) and healthy control (CT) individuals of cellular subsets obtained by classical manual flow cytometry gating. Analysis was performed with
the Mann-Whitney U test. The colour scale represents Z-score on the right Y-axis. Immune population names are represented on the left Y-axis. The left column
represents the z-score from the pairwise comparison for the cellular population’s percentage (%), and the right column represents the z-score from the pairwise
comparison for the absolute numbers (cells/uL, AbsN). p-value was adjusted by the Benjamini-Hochberg adjustment method for multiple testing, “p < 0.05.

(B) Frequency of Tfh1 ICOS+ PD-1+ in CT and COV individuals. Pairwise comparisons were performed using a Man-Whitney U-test with Benjamini-Hochberg
adjustment for multiple testing. Mean + SEM. (C) Correlation between days P-PCR+ and frequency of Tfh ICOS+ PD-1+. Spearman’s rank-order correlation test with
Benjamini-Hochberg adjustment for multiple testing. (D) The abundance of the three metaclusters was obtained through FlowSOM analysis. One-way ANOVA with
Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (E) Medians of fluorescence (MFI) of clusters 13, 31 (F), and 52 (G) were obtained through
FlowSOM analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (H) The abundance of the cluster was significantly
different between CT and COV individuals, as obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median
+ SEM. (I) MFI of cluster C was obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. *p < 0.05.
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discovery by FlowSOM analysis (Figure 3F). Moreover, the MFI
of CD28 and CXCR3 were diminished in the COV group
compared to the CT group (Figure 3I). Therefore, the
difference between the groups was due, not only to the cell
abundance, but also to the markers’ expression intensity.

Summing up, we confirmed in this panel that Thl and Th1/
Th17 were differentially represented in both groups, with greater
abundance in the CT than in the COV group, likely due to
remnant lymphopenia. Furthermore, COV individuals presented
higher frequencies of the activated cTth1 subset 1ICOS+ PD-1+)
in the COV group than in the CT group, independent of the
sampling time, which are implicated in the B-cell response
during the infection.

B Cell Activation in Recovered COVID-19
Individuals

cTthl is related to B cell response and immunoglobulin
secretion; therefore, we analysed the B-cell differentiation and
activation phenotypes using a classical gating strategy (Figure
§7). A significant difference in the frequency and absolute
numbers of activated B cells (CD80/CD86+, Figure 4A) was
observed, with a higher frequency (Figure 4B) and AbsN
(Figure 4C) in the COV group than in the CT group.
However, the frequencies and AbsN of CD80+ CD86+ B cells
(Figure 4D, right panel) were not correlated with the sampling
time, showing that the higher frequencies and AbsN of activated
B cells persist. In future studies, it will be essential to discriminate
CD80+ and CD86+ B cells, and not only the combination of
CD80/CD86 since CD80 and CD86 are not only activation
markers, but they might also be differentially expressed on B
cells. Therefore, CD80 and CD86 markers can represent B cells
with different function.

The unsupervised FlowSOM analysis permitted us to detect
one metacluster (metacluster 13) with a significantly higher
abundance in the COV group than in the CT group, even if this
cluster represented a minority subset (Figure S8A). Metacluster 13
was related to PD-1+-expressing plasmablasts since it presented
CD19+ CD20+ CD80/CD86+ CD38+ markers (Figure 4E and
Figure S8B). It was already described that pre-plasmablasts and
plasmablasts could express CD80 and CD86 (18). Because of the
intermediary expression of CD138 in these cells, one can assume
that they were plasmablasts differentiating into plasma cells.
Moreover, in the CITRUS algorithm applied to the two groups
of individuals, only one cluster was defined as predictively different
between CT and COV, with a higher abundance in COV than in
the CT group (Figure 4F). This cluster was expressing CD80/
CD86+ CD27+ CD38+ CD138+ PD-1+ in the surface of the cells
—all markers that could be related to PD-1+ plasma cells
(Figure 4G and Figure S9). Moreover, the CD138 MFI was
significantly higher in the COV group than in the CT group
(417,290 + 11,410 and 382,224 + 9505, MFI + SEM, respectively,
p = 0.0479). Therefore, from two different unsupervised analyses,
we found that individuals in the COV group presented more
PD-1+ plasmablasts and PD-1+ plasma cells than in the CT group,
showing that immunoglobulin-producing cells were present
in recovered individuals. Interestingly, the abundance of the

PD-1+ plasma cell subset was found to be positively correlated
with absolute counts of ¢Tth ICOS+ PD-1+ (p= 0.00508) in the
COV group but not in the CT group (p= 0.7392, Figure 4H). In
summary, COV group individuals presented a sustained activated
B-cell compartment with higher abundance of PD-1+ plasma cells
and plasmablast subsets than healthy controls, likely due to a
remnant of the viral infection. Antigen-activated B cells interact
with follicular helper T cells to produce strong anti-antigen-
specific immunoglobulins, and the ability of B cells to produce
anti-SARS-CoV-2 specific immunoglobulins is essential to fight
viral infection. Indeed, we observed that the abundance of PD-1+
plasma cells was correlated with the numbers of ICOS+ PD-1+
Tth, which could evidence that the COVID-19 recovered
individuals still have a solid Tfh-B cell axis 10 months
post-infection.

Innate Immunity in Recovered COVID-19
Individuals

Innate immunity is also crucial for developing a solid immune
response, and patients with mild symptoms also presented
dysregulation of innate immunity (19). Using the traditional
manual gating strategy (Figure S10), we detected a significant
difference in frequencies and AbsN for several cellular subsets,
such as eosinophils, neutrophils, and follicular DCs (foDCs)
(Figure 5A), with an increased frequency of eosinophils and
foDC in the COV group compared to the CT group (Figures 5B,
C), but a decreased frequency of neutrophils in the COV group
in comparison to the CT group (Figure 5D). At 10 months post-
infection, there were no correlations between eosinophils and
foDC frequencies and time P-PCR+ and both subsets showed
sustained high frequencies as time passed post-infection
(Figures 5E, F).

The CITRUS analysis detected three clusters that were
significantly more abundant in the COV group than in the CT
group (Figure 5G). Clusters E and F (Figures 5H, I) presented
almost the same phenotype, CD14+ CD3+ CD62L+,
representing an unconventional CD14+ CD3+ double-positive
subset that was already associated with immune dysregulation
(20) (Figure S11). We did not determine CD14+ CD3+ doublet
since our analysis was done in the singlet gate, and therefore, we
cannot conclude whether this double positive subset is a real
subset expressing both markers or if it was composed by T-cell:
monocyte complexes, as observed in the ref 20.

Cluster G expressed HLA-DRneg CD1lcneg CDI4neg
CD62L+ CD16+ CD123+ CDlcint (Figure 5J). While CD16
and CD1c are markers for myeloid dendritic cells (CD1c+ mDC
and CD16+ mDC), CD123 is a marker for plasmacytoid
dendritic cells. More surprisingly, HLA-DR and CD11c were
not expressed in this cluster. Both markers are generally used
during the first step for the total DC gating strategy. Therefore,
this cluster could also represent an atypical DC subset that has
not been detected by manual gating.

In summary, this panel demonstrated that innate immune
dysregulation was still observed 10 months post-infection with
atypical DC subsets associated with recovered COVID-
19 individuals.

Frontiers in Immunology | www.frontiersin.org

January 2022 | Volume 12 | Article 793142


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al.

Convalescent COVID-19 Individuals’ Immune System

>
o

COV versus

B cells 4

Immature B cells
Naive B cells
Germinal Center B cells
Memory B cells
Non Switch Memory B cells
Classic Switch Memory B cells
Mature B cells
IgD"'QCDN"WMemory B cells
Naive/Follicular B cells
Transitional B cells 2

Plasmablast

Plasma B cells

Breg

PD-1+ B cells

CD25+ B cells
cD80'CD86’B cells -3

PD-1" Memory B cells

| 2103s-73

1591 N ASunym-uue u
o)

% AbsN
D - CcT
. _CD80+CD86+ B cells - cov
o ]
t e
. .
o 80 ]
c s L}
w0 :\—.L
PaNH .- s
N '
0 20 . .
.~ L
°
B3 ' '
o 100 200 300
Days P-PCR+
E F
Metacluster 13 = = CT
PD-1+ PI bl = COV
— 800000
c
8
'g 600000
£
= 400000
[
=

200000

positive marker- CT
® positive marker- COV

negative marker- CT
® negative marker- COV

Cluster-D

ressee

coseicone
co27

oo

cose

% of cells (on B cells)

AbsN (Cells/pl)

®
s

»

»

CD80+CD86+ B cells
p=0.0005 "

CD80+CD86+ B cells
p=0.00321

ICOS+ PD-1+ Tfh AbsN (Cells/pl)

AbsN (Cells/pl)

=="CT
CD80+CD86+ B cells - cov
p=0.6018

Days P-PCR+

Cluster-D

Abundance cluster

—_—

—fgles
Lryvan

- CT p=0.7392

- COV p= 0.00508

0.01 0.02 0.03 0.04 0.05
PD-1+ Plasma Cell subset (Abundance)

FIGURE 4 | Manual gating and high-dimensional flow cytometry unsupervised analysis in B-cell panel. (A) Heat map of the pairwise comparison between recovered
COVID-19 (COV) and healthy control (CT) individuals of cellular subsets obtained by classical flow cytometry analysis. Analysis was performed with the Mann-Whitney U
test. The colour scale represents the Z-score on the right Y-axis. Immune population names are represented on the left Y-axis. The left column represents the z-score
from the pairwise comparison of the cellular population’s percentage (%), and the right column represents the z-score from the pairwise comparison of the absolute
numbers (cells/ul, AbsN). The p-value was adjusted by the Benjamini-Hochberg adjustment method for multiple testing. (B) Frequency or AbsN (C) of CD80/CD86+ B-
cells in CT and COV individuals. Pairwise comparisons were performed using a Mann-Whitney U-test with Benjamini-Hochberg adjustment for multiple testing. Mean +
SEM. (D) Correlation between days P-PCR+ and frequency of CD80/CD86+ (left panel) and AbsN of CD80/CD86+ B cells (right panel). Spearman’s rank-order
correlation test with Benjamini-Hochberg adjustment for multiple testing. (E) MFI of cluster 13 was obtained through FlowSOM analysis. One-way ANOVA with
Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (F) The abundance of cluster D was significantly different between COV and CT individuals and was
obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (G) MFI of cluster D obtained through
CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for multiple testing. Median + SEM. (H) Correlation between AbsN of ICOS+ PD-1+ Tfh and the
abundance of PD-1+ plasma cells. Spearman’s rank-order correlation test with Benjamini-Hochberg adjustment for multiple testing. “p < 0.05 and *p < 0.01.

Frontiers in Immunology | www.frontiersin.org 9

January 2022 | Volume 12 | Article 793142


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al. Convalescent COVID-19 Individuals’ Immune System

A 3 B
Leukocytes 7
Granul 2 1004 Eosinophils
s
B, 2 {p<0.0001
i 2
N g
! s
Banded a I
Se%ment e s
D62L ] <
(D62 2. £
CD62L"CD16 2 5 3
i 5
Classic yt § 2
Intermediate )
Non Classic 3
T
=
= (]
4 35 1004 Follicular DC
(] _ §p=0.0351
< (%)
a
c c
-+ e
o 2
& 3
-
3
=
6
% AbsN
D E F
= - CT - CT
8 110. Neutrophils gmn Eosinophils & cov 100, Follicular DC = COV
B <0000t g z
2 3 5 L I
e 2 .
Em g1 ;- o g 1o Tl—.ﬂ"—'—. :
s . ol E 2 *, ] § s [ '
s 8 2 L H I -
S w an = W] 1. $
2 . 2 u ] N
8 . g H 5 1 .
S s - = ®
s - . S 04 : : , 044 : : ;
= (1‘ Ky = 0 100 200 300 0 100 200 300
0° Days P-PCR+ Days P-PCR+
G H
positive marker- CT
“ 008 800000¢ Cluster E o positive marker- COV
k] L ° negal[vemar#el-g](')v
fud -
5 0.06 * ° = 600000 © negative marker-
o
® 4 oo ° T
g oo PYY % . £ 100
°
T C s
5 0.02 e . = 200000
o o® o
< ® e (XY
0.00 e L~ ] 0
o> > > e~ L
Q o Q 8 Q 8 T Jd M T O K O © 0 m M
waE = 2 2 3 538=88%953ax:¢% 8
33 5 = 5 2 e o Qo 8 00 <00 3 8
5 s ° 3
! J

positive marker- (C)'([)
ositive marker- CT positive marker- COV

gosiﬁve marker- COV 10000001 Cluster G > negative marker- CT

negative marker- COV

800000+ Cluster F

o negative marker- CT
® negative marker- COV

MFI (median)
G
E E &
g =3 =3
MFI (median)

o

FIGURE 5 | Manual gating and high-dimensional flow cytometry unsupervised analysis in innate cells panel. (A) Heat map of the pairwise comparison between
recovered COVID-19 (COV) and healthy control (CT) individuals of cellular subsets obtained by classical flow cytometry analysis. The analysis was performed with the
Mann-Whitney U test. The colour scale represents the Z-score on the right Y-axis. Immune population names are represented on the left Y-axis. The left column
represents the z-score from the pairwise comparison of the cellular population’s percentage (%), and the right column represents the z-score from the pairwise
comparison of the absolute numbers (cells/uL, AbsN). The p-value was adjusted by the Benjamini-Hochberg adjustment method for multiple testing. “p < 0.05, and
***n < 0.001. (B) Frequency of eosinophils and (C) follicular DC in CT and COV individuals. Pairwise comparisons were performed by Mann-Whitney U-test with
Benjamini-Hochberg adjustment for multiple testing. Mean + SEM. (D) Frequency of neutrophils in CT and COV individuals. Pairwise comparisons were performed
using Mann-Whitney U-test with Benjamini-Hochberg adjustment for multiple testing. Mean + SEM. (E) Correlation between days P-PCR+ and frequency of
eosinophils or (F) follicular DC. Spearman’s rank-order correlation test with Benjamini-Hochberg adjustment for multiple testing. (G) The abundance of clusters was
significantly different between CT and COV individuals and was obtained through CITRUS analysis. One-way ANOVA with Benjamini-Hochberg adjustment for
multiple testing. Median + SEM. (H) MFI of cluster E, (I) cluster F, and (J) cluster G were obtained through CITRUS analysis. One-way ANOVA with Benjamini—
Hochberg adjustment for multiple testing. Median + SEM. *p < 0.05.

Frontiers in Immunology | www.frontiersin.org 10 January 2022 | Volume 12 | Article 793142


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Gil-Manso et al.

Convalescent COVID-19 Individuals’ Immune System

The results of the four cytometry panels are recapitulated
in Figure 6.

DISCUSSION

The great majority of COVID-19 individuals present mild
symptoms or are asymptomatic, but little is known about the
status of the immune system in COVID-19 individuals after
asymptomatic/mild disease. In this study, we performed
comprehensive immune profiling in COVID-19 recovered
patients using a traditional gating strategy and different
unsupervised algorithms. We compared the results with healthy
individuals with no SARS-CoV-2 antecedent to determine possible
immune subsets dysregulated due to past infection. The detection
and identification of these subsets could help us better understand
the immune system after SARS-CoV-2 infection and determine
which individuals could be prone to reinfection. In addition, this
study can help us understand the long-term symptoms that some
recovered COVID-19 individuals may suffer. The results are
summarised in Table 2 and Figure 6.

We found only a few dysregulated immune cell subsets in
recovered patients compared to healthy controls. Some of them
were atypical subsets that could be key to understanding the
infection, such as the double-positive CD14+CD3+ subset
observed within the Tive singlet’ events gate, a T-cell/monocyte
complex described in diseases where the immune system is
disturbed (20). Indeed, Burel JG. et al. have also demonstrated
that the T-cell/monocyte complexes are observed in the living
singlet gate. These complexes are formed due to an increase of
adhesion molecules at their surface leading to a higher constant
of association between both T (cells) and monocyte subsets.
These complexes were observed essentially during the acute
phase of active tuberculosis or acute dengue fever infection
(20). Acute tuberculosis and dengue fever present similarities
with SARS-CoV-2-associated symptoms (21, 22) and the three
pathogens were also able to increase peripheral cytokines’ levels
such as IFN-y and thus, dysregulate the innate and adaptive
immune system (23, 24). Even though we have not determined if
the CD14+ CD3+ subset observed in our study is related to those
complexes, there are associated with former COVID-19
individuals who presented immune system inflammation and
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TABLE 2 | Summary of the principal cellular subsets significantly and differentially abundant between COV and CT group individuals.

Inferior in COV-Group compared to CT-group

Cellular subsets Frequency/AbsN
CD4+ HLADR+ CD38+ — activated CD4+ T cells AbsN

CD4+ CD45RAneg CCR4neg CCR10neg CCRBneg CD27+ CXCR3+ CD127+ — Th1 central memory Frequency

CD8+ CD127+ CD27+ CCR10+ CD45RA+ — atypical naive CD8 Frequency

CD4+ CXCR3+ CD127+ CD27+ CCR10+ — atypical Th1 central memory Frequency

CD4+ CD28+ CXCR3+ PD-1+ — Tfh1 PD-1+ Frequency

CD4+ CD28+ CD45RANneg CD127+ CXCR3+ — memory Th1 Frequency

CD4+ CD28+ CD45RAneg CD127+ CXCR3+ CCR6+ — memory Th1/Th17 Frequency
Neutrophils Frequency
Superior in COV-Group compared to CT-group

Cellular subsets Frequency/AbsN
Tfh1 ICOS+ PD-1+ — cTfh1 ICOS+ PD-1+ Frequency
CD80+/CD86+ B cells — activated B cells Frequency/AbsN
CD80/CD86+ CD38+ CD27int CD138int B cells — plasmablasts Frequency
CD80/CD86+ CD27+ CD138+ CD38+ PD-1+ B cells — PD-1+ plasma cells Frequency
Eosinophils Frequency/AbsN
Follicular DC Frequency/AbsN
CD14+ CD3+ CD62L+ — unconventional double positive Frequency
CD3neg CD14neg CD62L+ CD16+ CD123+ CD1c int — atypical DC Frequency

At the top of the table are the cell subsets with a frequency or AbsN lower in the COV group compared to the CT group, while the bottom part of the table has the subsets with a frequency
or AbsN greater in the COV group compared to the CT group. The left column gives the cellular subsets and their most representative markers. The right column indicates if a difference

between groups was observed in terms of subsets’ frequency or absolute numbers.

dysregulation. Therefore, this CD14+ CD3+ subset could surge
from the activation of the immune system during SARS-CoV-2
infection, but its role in the disease progression or viral clearance
is not known and further studies will be needed to determine
their possible implication in reinfection protection.

It was also observed an atypical DC subset characterised by
the low HLA-DR and CDllc expression, intermediate
expression of CD1c and high expression of CD16 and CD123.
CD123 is a general marker for plasmacytoid DC, and CDl1c or
CD16 are markers for myeloid DC. Therefore, this subset
presents some DC characteristics, but it has not yet been
described to our knowledge. A rare DC subset named CD16+
slanDC presenting CD14neg CD1c+ with high CD16 expression
and low expression of HLA-DR in their immature form has
already been observed (25-27). However, we cannot determine if
this subset could be related to immature CD16+ slanDC since the
expression of CD123 on these cells was not described.
Nevertheless, it was reported that precursor myeloid cells could
express CD123 (28, 29). Therefore, one can hypothesise that the
atypical DC subset determined in our study was related to a
precursor or an immature state of CD16+ DC. This subset was
depicted to be a pro-inflammatory DC subset (30) and could
explain why they are found in recovered COVID-19 instead of
healthy individuals.

The role of the CD3+ CDI14+ and atypical DC subsets is
unknown, and we cannot conclude that these subsets are a
consequence of the inflammation after SARS-CoV-2 infection
or if they could have helped during the viral clearance. Therefore,
further studies will be needed to determine their possible
implication in reinfection, protection or disease severity.

As expected, diminished frequencies and absolute counts of
leukocytes, naive, activated, and effector (Th1l or Th17) CD4+ T
cells can be associated with a remnant of lymphopenia already

observed in the majority of COVID-19 individuals (9, 10, 31) and
recovered individuals (32). However, the lower abundance in the
COV group compared to the CT group of the atypical Thl
memory and atypical naive CD8 T-cells, both expressing CCR10,
could have one other explanation. Indeed, CCR10 is a skin- and
mucosal-homing marker (16, 17). Therefore, one can assume
that these subsets can still be found in the airways, mucosa, and/
or inflamed tissues in recovered individuals. Indeed, SARS-CoV-
2 infects the epithelial airways, and local inflammation occurs. It
was shown that SARS-CoV-2 ORF7 could induce the expression
of CCL27, one of the CCR10 ligands (33). Moreover, CCL27 and
CCL28 serum levels are high during SARS-CoV-2 infection (34-
36) and were shown to be upregulated in the lungs during the late
stages of SARS infection (37). COVID-19 individuals often have
lung and other organ damage where high concentrations of the
CCR10 ligands have been described (38, 39). Therefore, one can
suppose that CCL27 and/or CCL28 could be expressed in the
lung and that CCR10-expressing cells could be attracted to the
inflammatory site, diminishing their frequency in the periphery.

Another key observation is that after 10 months post-
infection, the frequency and absolute counts of activated B
cells (CD80+/CD86+) were higher in convalescent individuals.
CD80 and CD86 are two markers expressed on naive B cells
upon stimulation. In this study, these markers were labelled with
the same fluorochrome to determine such activation. Therefore,
it was not possible to distinguish between CD80+-B cells and
CD86+-B cells. Further studies will be needed to distinguish both
B-cell subsets into COVID-19 individuals since it was
demonstrated that both could have differential functions in
different pathologies (40-42). Indeed, CD80 was associated
with pro-inflammatory cytokine stimulation, while CD86 could
play a protective role mediated through anti-inflammatory
cytokines in APC. More importantly, CD86 was highly
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expressed after type-I-IFN stimulation in the marginal zone of
the lymph node where they could promote autoimmune
response and participate in the co-stimulation of CD4 T cells
(43). Therefore, the level of CD80+- and CD86+-B cells in
recovered COVID-19 should be studied to determine if those
cells have a role in protecting the individuals from reinfection.
In the total B cell subset, PD-1+ plasmablasts and plasma cells
were more abundant in recovered COVID-19 individuals than in
healthy controls. Plasmablasts are the precursor subset of plasma
cells. They are recognisable for their ability to secrete large
numbers of antibodies. An increase in the number of atypical
memory B cells and plasma cells had already been observed in
COVID-19 individuals (44). In our work, the immunoglobulin-
producing subsets expressed the immunomodulatory markers
PD-1+ at high levels. PD-1 was described as a negative regulator
of B-cell activation (45). Indeed, a diminution of anti-SARS-
CoV-2 and neutralising antibodies had already been observed
over time in convalescent individuals, even though a potential
long-lasting humoral B-cell memory subset was detected (32, 46—
48). Therefore, it is not clear if these PD-1+ plasmablasts/plasma
cells could produce a sustained level of anti-SARS-CoV-2
immunoglobulins. Further studies are necessary to elucidate
the protective role of PD-1+ plasma cells in in the long term.
FoDC are non-migratory DC subtypes and are generally
found in the secondary lymph nodes. The formation of the
functional GC requires an architecture composed of different
sorts of leukocytes, especially foDC (49). FoDC intervenes in
specific B-cell response generation after forming the germinal
center (GC), where the B cells are differentiated into plasma cells
to produce protective high-affinity antibodies (50). Circulating
foDC have been described in patients with chronic hepatitis B
virus infection (51), and their frequencies positively correlate
with plasma cells; foDC could contribute to the efficient immune
responses against the pathogen. In this work, we also found
higher circulating foDC frequencies in the peripheral blood of
recovered COVID-19 individuals compared to healthy controls.
Tth are also essential for germinal centre formation, as well as in
regulation and B cell differentiation into plasma cell producers of
high-affinity antibodies. The expression of ICOS and PD-1
points to activated cTth cells and plays an essential role in
regulating germinal centre formation, B-cell survival, and B-
cell differentiation into long-lived plasma cells (52). It is already
described that after SARS-CoV-2 infection, there is a production
of S-specific antibodies, memory B cells and cTth cells (53). Here,
we show that the absolute numbers of ¢Tth ICOS+ PD-1+ are
positively correlated with the abundance of the PD-1+ plasma
subset, as already described (54, 55). ICOS and PD-1 expression
in cTth is reported to be increased in several immune-related
diseases, such as ulcerative colitis (56) and multiple sclerosis (57),
or associated with disease severity in such conditions as Primary
Sjogren’s Syndrome (58). Thus, the ICOS+PD-1+ cTfh subset
presence in recovered individuals could be related to past
inflammation during infection. Also, cTth cells have been
related to the production of neutralising antibody titers in
COVID-19 convalescent individuals (59), which may indicate
that the durability of the antibody titers is due to the cTth cells,

among others. It was already observed that anti-SARS-CoV-2-S
IgG titers persist for 12 months (60, 61) along with cTth cells for
at least 6 months after SARS-CoV-2 infection (62). The fact that
absolute numbers of this subset are correlated with the
abundance of the PD-1+ plasma cell subset in recovered
COVID-19 individuals, could indicate that the past-
inflammation was related to a plasma B cell response in
individuals who were presenting mild/moderate symptoms and
thus raises hope for long-lasting COVID-19 immunity.

Therefore, besides PD-1+ plasma cells and activated B-cells, the
presence of sustained high frequencies or absolute counts of cTth1
ICOS+PD-1+ and circulating foDC could also be explained by the
destructuring of the germinal centre in the lymphoid organs due to
inflammation, as already observed during fatal COVID-19 (63,
64). In our work, we study individuals with asymptomatic/mild
COVID-19; thus, it is unlikely that these individuals will present a
deficiency in germinal centre organisation. Therefore, their
presence is likely due to sustain residual activation of the
immune system, which could be the hallmark of a solid foDC-
Tth-B cells axis at 10 months post-infection, which could
effectively produce specific anti-SARS-CoV-2 antibodies after
reactivation. Consequently, one can hypothesise that these
patients would be protected from possible reinfection, as already
proposed (65, 66).

It would be interesting to understand the function of these rare
population (double-positive CD3+ CD14+, CCR10-Th1/CCR10-
CD8+ T cells and atypical DC), and perform functional assays or
deep sequencing to study their implication in convalescent
individuals after SARS-CoV-2 infection. However, this is a
limitation of this study since more than 95% of the health
workers have been vaccinated, therefore the recruitment of the
volunteers with or without previous infection is challenging.
Indeed, we cannot affirm that these subsets have not been
altered or are even present in those vaccinated individuals. Since
most healthcare workers are vaccinated, another limitation of the
study is the number of individuals analysed, and the difficulty to
recruit more individuals to strengthen the findings of this work.
Therefore, further studies are urgently needed to determine the
exact role of circulating foDC and Tth during and after SARS-
CoV-2 infection, and the assessment of the presence of GC and
foDC in lymphoid organs is highly desirable since GC formation is
critical for long-lived memory or high-affinity B cells.
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