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Persistence of protective immunity for SARS-CoV-2 is important against reinfection.
Knowledge on SARS-CoV-2 immunity in pediatric patients is currently lacking. We opted
to assess the SARS-CoV-2 adaptive immunity in recovered children and adolescents,
addressing the pediatrics specific immunity towards COVID-19. Two independent assays
were performed to investigate humoral and cellular immunological memory in pediatric
convalescent COVID-19 patients. Specifically, RBD IgG, CD4+, and CD8+ T cell responses
were identified and quantified in recovered children and adolescents. SARS-CoV-2-specific
RBD IgG detected in recovered patients had a half-life of 121.6 days and estimated duration
of 7.9 months compared with baseline levels in controls. The specific T cell response was
shown to be independent of days after diagnosis. Both CD4+ and CD8+ T cells showed
robust responses not only to spike (S) peptides (amain target of vaccine platforms) but were
also similarly activated when stimulated by membrane (M) and nuclear (N) peptides.
Importantly, we found the differences in the adaptive responses were correlated with the
age of the recovered patients. The CD4+ T cell response to SARS-CoV-2 S peptide in
children aged <12 years correlated with higher SARS-CoV-2 RBD IgG levels, suggesting
org December 2021 | Volume 12 | Article 79791915
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the importance of a T cell-dependent humoral response in younger children under 12 years.
Both cellular and humoral immunity against SARS-CoV-2 infections can be induced in
pediatric patients. Our important findings provide fundamental knowledge on the immune
memory responses to SARS-CoV-2 in recovered pediatric patients.
Keywords: COVID-19, SARS-CoV-2, convalescence, children, adolescents, T cell response, SARS-CoV-2 RBD IgG
INTRODUCTION

At the end of 2019, a pneumonia outbreak with unknown
etiology was reported in Wuhan, China (1, 2). The World
Health Organization (WHO) officially named this disease
Coronavirus Disease-2019 (COVID-19), which was later
identified to be caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) (3). The worldwide
pandemic has significantly impacted public health and the
global economy (4). Preventive measures were enforced to
increase social distancing, including limited gatherings, school
closures, and restricted travel to reduce transmission (3, 5).

The clinical spectrum of COVID-19 ranges from asymptomatic
to fatal disease. Unfavorable outcomes were associated with the age
and comorbidities of patients (6, 7), particularly those older than 65
years and individuals with diabetes mellitus or renal disease (8–10).
Children infected with SARS-CoV-2 generally havemild symptoms
and a low mortality rate (11–13), with a lower likelihood of severe
symptoms in children than in adults (14–16). The SARS-CoV-2
viral-host response plays an important role in the pathogenesis of
the disease, including changes in the biological responses of
peripheral immune cells and the levels of proinflammatory
cytokines. Lymphopenia is a common clinical characteristic
symptom observed in COVID-19 patients, especially in critical
cases (2, 15–20), with up to 83.2% of patients showing lymphopenia
during admission (21). Moreover, symptomatic children with
COVID-19 were found to have higher viral load, lower total
lymphocyte count, lower lymphocyte subsets, and elevated
interleukin 6 (IL-6), IL-10, tumor necrosis factor-alpha (TNF-a),
and interferon-gamma (IFN-g) levels compared with asymptomatic
patients (22, 23). The data collectively suggest that altered immune
cell subsets could be a prognostic factor for COVID-19 (24),
especially in critical cases (25). There are knowledge gaps in
degree of host immune responses among patients in terms of age,
which could help to identify beneficial factors associated with lower
disease severity due to SARS-CoV-2 infections.

The long-term persistence of T cell memory is important in
mediating both cellular and humoral immunity against SARS-
CoV-2 reinfections (26, 27). Patients infected with SARS-CoV-2
virus show T cell memory along with neutralizing antibodies and
polyfunctional T cell responses (26, 28). This T cell memory is
capable of being reactivated in patients with mild symptoms up
to 8 months after recovery (29, 30). Epitope identification studies
of SARS-CoV-2 T cells have demonstrated that both CD4+ and
CD8+ T cells respond to a broad spectrum of structural and non-
structural proteins (NSP) of the SARS-CoV-2 virus. T cells
showed immunodominant responses to spike (S), membrane
(M), and nuclear (N) structural proteins, whereas B cells showed
org 26
sub-dominant responses to ORF-1 ab-encoded NSPs (31, 32).
However, current knowledge of SARS-CoV-2 immune responses
specific to pediatric patients is still lacking, such as the
immunodominance of SARS-CoV-2 epitopes and durability of
antibodies after an infection.

Given the fundamental differences in the immunity of adults
and children (33), we assessed the adaptive SARS-CoV-2-specific
immune responses in children and adolescents recovered from
COVID-19.
MATERIALS AND METHODS

Subject Recruitment
Children and adolescents under 18 years of age who had
recovered from COVID-19 were recruited to the study during
the clinical follow up visits. These subjects were admitted and
managed in the Paediatric Infectious Disease Centre, Princess
Margaret Hospital, Hong Kong, China. Patients were confirmed
to have COVID-19 by a positive SARS-CoV-2 RT-PCR test of
their nasopharyngeal swab (NPS). Patients were confirmed to
have recovered from COVID-19 by either two consecutives
negative NPS by SARS-CoV-2 RT-PCR or the seroconversion
of SARS-CoV-2 anti-NP antibody response. Details of the
admission and discharge criteria and the laboratory
investigations have been previously described (5, 23). Briefly,
all children and adolescents who were tested positive for SARS-
CoV-2 PCR were hospitalized. They were either asymptomatic
or had mild diseases (5). Details of the admission and discharge
criteria and the laboratory investigations have been previously
described (23). Their demographics, clinical symptoms during
the infection, and time since recovery were retrieved.

Uninfected controls were recruited from pediatric patients
admitted to the Queen Mary Hospital for follow up of other
medical conditions unrelated to COVID-19 or from healthy
individuals in the community (Table S1). Subjects below 18
years of age with no history of COVID-19 and a negative SARS-
CoV-2 RT-PCR on the day of recruitment were invited to
participate in the study. Exclusion criteria included participants
with other acute infections 2 weeks before recruitment, having
received any kind of COVID-19 vaccines, known underlying
primary or acquired immunodeficiency, and autoimmune
disease or other condition that required immunosuppressants.

Isolation of Peripheral Blood
Mononuclear Cells
Whole blood samples from recovered patients and controls were
collected in heparin-coated blood tubes. Peripheral blood
December 2021 | Volume 12 | Article 797919
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mononuclear cells (PBMCs) were isolated by Ficoll density
gradient centrifugation as previously described (34). Isolated
PBMCs were cryo-preserved in storage medium containing
90% heat-inactivated fetal bovine serum (FBS; Gibco, Thermo
Fisher Scientific, Inc., Waltham, MA) and 10% cell culture grade
DMSO (Sigma Aldrich, Merck, Germany). Samples were stored
in liquid nitrogen until batch recovery for the assays.

T Cell Stimulation Assay and SARS-CoV-2
Peptide Pools
In vitro T cell stimulation assays were carried out with spike (S),
membrane (M), and nuclear (N) structural proteins. Briefly,
viable cell numbers were determined in the thawed PBMCs by
staining with crystal violet and counting with a hemocytometer.
For the assays, 106 cells were resuspended in 100 mL RPMI 1640
medium (Gibco) supplemented with 10% heat-inactivated FBS
and 1% penicillin/streptomycin. The SARS-CoV-2 peptide pools
(Miltenyi Biotec, Germany) were prepared according to the
manufacturer’s recommendations. Next, 1 mg of peptide/mL
(0.6 nmol) separately or in a mixture was introduced to the T
cells. Along with the peptide pools, 0.1 mg/mL purified anti-
human CD28 (Miltenyi Biotec, Clone: REA612) and 0.1 mg/mL
purified anti-human CD49d (Miltenyi Biotec, Clone: MZ18-
24A9) as coactivators of T cells were also added to the wells
for the entire stimulation period. The T cells and peptide
mixtures were incubated at 37°C in 5% CO2 for 16 hours.
Brefeldin A (Biolegend, San Diego, CA) at a concentration of
0.1 mg/mL was added to the culture medium in the last 4 hours to
enhance intracellular cytokine staining signals. The negative
control was 10% DMSO and the positive control was an
activation cocktail (Biolegend) containing 8.1 nM phorbol-12-
myristate (PMA) and 1.3 mM ionomycin.

Flow Cytometry
Stimulated PBMCs were recovered from the culture plates and
resuspended in 100 mL PBS. Cell viability was assessed by staining
with Viobility™ Fixable Dyes (Miltenyi Biotec, Germany). Cells
were washed, fixed, permeabilized, and then stained with an
antibody cocktail containing Pacific Blue™ anti-human CD3
(Biolegend, clone: HIT3a), PE/Cyanine7 anti-human CD4
(Biolegend, clone:A161A1) and PerCP/Cyanine5.5 anti-human
CD8 (Biolegend, clone: SK1) for T cell identification; APC anti-
human CD69 (Biolegend, clone: FN50) and PE anti-human IFN-g
(Biolegend, clone:4S.B3) for the activation analysis; and FITC anti-
human CD14 (Biolegend, clone:HCD14) and FITC anti-human
CD20 (Biolegend, clone:2H7) for the exclusion of non-specific
signals and B cells. Fifty thousand events were analyzed by a BD
LSR-II flow cytometer. (BD Biosciences, San Jose, CA) The gates
applied for the quantificationof the stimulatedT cells are illustrated
in Figure S1.

SARS-CoV-2 RBD ELISA
Serum was isolated from whole blood samples obtained from
recovered patients and controls. The RBD IgG antibody level was
measured using an Euroimmun anti-SARS-CoV-2 ELISA assay
Frontiers in Immunology | www.frontiersin.org 37
(Lubeck, Germany) according to manufacturer’s protocol. Data
were expressed as semi-quantitative IgG ratios.

Quantification and Statistical Analysis
Data analyses were performed using FlowJo (version 10.1, BD
Bioscience, Ashland, OR). Statistical analyses were performed
using SPSS for Windows (version 26.0, SPSS Inc., Chicago, IL)
and Prism for Windows (version 8.0.1, GraphPad Software, San
Diego, CA). Data are expressed as mean ± standard deviation
(SD), and statistical details are provided in the respective figure
legends. Comparison analysis was carried out by two-tailed
Student’s t test with p<0.05 considered statistically significant.
The antigenicity effect size of the different SARS-CoV-2 peptides
on T cell activation was assessed by Cohen’s d (35).

To examine SARS-CoV-2-specific T cell response in
recovered patients, we measured the upregulation status of the
early activation marker CD69 and expression of intracellular
cytokine IFN-g, a functional T cell marker for protective
immunity and analyzed the double-positive status of CD69/
IFN-g in CD4+ and CD8+ T cells, normalized to DMSO
control (36–38). To estimate the half-life of SARS-CoV-2 RBD
IgG, we calculated t1/2 = Ao/2k, where Ao is the initial amount of
the antibody obtained from the y-intercept of the trendline and k
is the slope of the trendline obtained from the scattered plot of
RBD IgG ratio against days after diagnosis. The days after
diagnosis is defined as the time between the date of the
patient’s clinical diagnosis to the date of the blood sample
collections. To analyze the relationship between anti-RBD IgG
level and T cells response, we performed Spearman’s correlations
and expressed as correlation coefficient (r).

Ethics Approval
The study was approved by the Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong Kong West
Cluster (Reference: UW 20-292 and UW 21-157) and the
Kowloon West Cluster Research Ethics Committee [Reference:
KW/FR-20-086(148-10)]. Written consent was obtained from
parents or legal guardians of the subjects.
RESULTS

Subject Recruitment andClinical Characteristics
Between 1st December 2020 to 31st March 2021, 31 patients who
had recovered from COVID-19 were recruited from Princess
Margret Hospital, Hong Kong SAR. Fourteen (45.2%) were boys
and 17 (54.8%) were girls with a median age of 12 years (range
2.7-18 years). The age distribution of the recruited patients was
shown in Figure S2. Twenty age-matched uninfected controls
were also recruited from Queen Mary Hospital, Hong Kong SAR,
China and from the community. Subject demographics and
clinical characteristics are shown in Table 1. The majority of
subjects were Chinese (80.6%). Among the COVID-19 cases,
83.9% were domestic cases, 32.3% were asymptomatic, and the
remaining cases (67.7%) had mild disease. Blood samples were
collected at 29 to 219 days after recovery.
December 2021 | Volume 12 | Article 797919
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Quantification of SARS-CoV-2 RBD IgG
Level and Identification of SARS-CoV-2
Reactive T Cells in Recovered Children
and Adolescents
Wedetected the presence of SARS-CoV-2RBD IgGantibodies in 30/
31 recovered COVID-19 patients compared with the 20 healthy
unexposed cases (p<0.001), with 1 patient showed negative in the
RBD IgG antibodies test (Figure 1A). Stimulation of CD4+ and
CD8+ T cells with the mixed SARS-CoV-2 peptide pool (S +M +N
peptides, representing the reactiveepitopesof theSARS-CoV-2virus)
showed significantly highernumbers ofCD69+, IFN-g+, anddouble-
positive CD69+/IFN-g+ T cells in recovered patients compared with
controls.(Figure 1B) Significantly higher numbers of CD4+ and
CD8+ T cells responding to stimulations by mixed M, N and S
peptide pools were observed, with the exception of CD8+CD69
+IFN-g+ subsets that showed statistically marginal differences.
(Table 2) Overall, 29/31 and 28/31 demonstrated CD4+ and CD8+
T-cell response respectively to SARS-CoV-2 mixed-peptide
stimulations at a level above those of the controls. (Figure 1C)

Next, the reactivity of the CD4+ and CD8+ T cells towards
individual M, N, and S peptide pools were analyzed in
convalescent patients. (Figure 2) SARS-CoV-2 reactive CD4+
and CD8+ T cells were detectable towards each structural protein
in most of the patients’ samples (Figure 2A); 24/31 and 25/31
showed stronger CD4+ and CD8+ T cells response respectively
Frontiers in Immunology | www.frontiersin.org 48
to SARS-CoV-2 M peptide stimulation than control. Similar
response levels were also observed in CD4+ T cells stimulated by
SARS-CoV-2 S peptide and CD8+ T cells stimulated by
SARS-CoV-2 N peptide with 27/31 showed higher response
than control. However, relatively lower response was observed
in both S peptide stimulated CD8+ T cells and N peptide
stimulated CD4+ T cells with 11 patients showed similar
response to control. Overall summation analysis on the T cells
response towards SARS-CoV-2 peptides stimulation was
demonstrated. (Figure 2B) The CD4+ T cells responded more
strongly to stimulation by S peptide than to N (Cohen’s d=0.53)
or M peptides (Cohen’s d=0.34). On the other hand, CD8+ T
cells responded less strongly to stimulation by M peptides
compared with N peptides (Cohen’s d=-0.36) or S peptide
(Cohen’s d=-0.23), where the difference in CD8+ T cell
responses between S and N peptides was small (Cohen’s d=0.10).

The Dynamics of Humoral and Cellular
Immunity in Recovered Children and
Adolescents
SARS-CoV-2 specific humoral immunity was found to decay
over time, but not T cell immunity (Figure 3). Linear regression
analysis showed that the level of SARS-CoV-2 RBD IgG was
significantly associated with days after diagnosis (p=6.31e-07, R2 =
0.5808) (Figure 3A), but not with the specific CD4+ (p=0.783) or
TABLE 1 | Demographics and clinical characteristics of recovered pediatric COVID-19 patients and uninfected controls.

Children Recovered From COVID-19 (N = 31) Uninfected Controls (N = 20)

Median age in years 12 14
Age range 2.7-18 8-15
Sex (%)
Male 45.2 (14/31) 80.0 (16/20)
Female 54.8 (17/31) 20.0 (4/20)

Residence (%)
Hong Kong 100 100

Ethnicity (%)
Han Chinese 80.6 (25/31) 80.0 (16/20)
Others 19.4 (6/31) 20.0 (4/20)

Travel history (%)
Yes 16.1 (5/31) N/A
No 83.9 (26/31) N/A

Disease awareness (%)
Asymptomatic 32.3 (10/31) N/A
Symptomatic 67.7 (21/31) N/A

Signs/symptoms (%)
Fever 61.9 (13/21) N/A
Cough 47.6 (10/21) N/A
Runny nose 28.6 (6/21) N/A
Ageusia 19.0 (4/21) N/A
Vomit 14.3 (3/21) N/A
Anosmia 9.5 (2/21) N/A
Sputum 4.9 (1/21) N/A
Headache 4.9 (1/21) N/A

SARS-CoV-2 PCR positivity (%)
Positive 100 (31/31) N/A
Negative 0 (0/31) 100(20/20)

SARS-CoV-2 anti-NP IgG positivity (%) 100 N/A
Sample collection period Dec 2020 - March 2021
Days After Diagnosis 29-219 (Median=46.5) N/A
December 202
N/A, Not Applicable.
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CD8+ (p=0.915) T cell responses (Figure 3B). SARS-CoV-2 RBD
IgG had a fast decay rate (-0.0377 anti-RBD IgG ratio/day) while
CD4+ (-0.0022%/day) and CD8+ (-0.0001%/day) T cell responses
persist over time, including the patient with the longest follow-up
time at 219 days who had undetectable anti-RBD IgG but
persistent SARS-CoV-2 specific CD4+ and CD8+ T-cell
response. The average SARS-CoV-2 RBD IgG half-life (t1/2)
decay was 121.6 days, and the presence of antibodies was
estimated to last for 237.7 days or 7.9 months. The same
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estimation was not applicable to CD4+ and CD8+ T cell
responses because of the lack of association with time.

Age Is a Factor Associated With the
Measured RBD IgG Level and T Cell
Activation Magnitudes in Recovered
Children and Adolescents
Fifteen patients were younger than 12 years and 16 patients were
12 years or older. The results demonstrated differences in the
TABLE 2 | Comparison of SARS-CoV-2 specific T cells subsets in controls and recovered children and adolescents.

M (Mean ± SD) p-value N (Mean ± SD) p-value S (Mean ± SD) p-value Mixed (Mean ± SD) p-value

CD4 CD69+ Control 0.183 ± 0.177 <0.0001
***

0.193 ± 0.253 <0.0001
***

0.238 ± 0.212 <0.0001
***

0.241 ± 0.224 <0.0001
***Patients 1.039 ± 0.692 0.933 ± 0.573 1.295 ± 0.786 1.957 ± 1.084

IFN-g+ Control 0.036 ± 0.068 <0.0001
***

0.022 ± 0.038 <0.0001
***

0.085 ± 0.140 0.0023
**

0.015 ± 0.039 <0.0001
***Patients 0.252 ± 0.191 0.225 ± 0.183 0.232 ± 0.186 0.282 ± 0.217

CD69+/IFN-g+ Control 0.017 ± 0.027 0.0016
**

0.019 ± 0.029 <0.0001
***

0.030 ± 0.036 0.0001
***

0.021 ± 0.023 <0.0001
***Patients 0.070 ± 0.080 0.083 ± 0.058 0.108 ± 0.093 0.156 ± 0.136

CD8 CD69+ Control 0.073 ± 0.085 0.0001
***

0.118 ± 0.204 0.0009
***

0.091 ± 0.132 0.0001
***

0.136 ± 0.182 <0.0001
***Patients 0.392 ± 0.395 0.490 ± 0.523 0.468 ± 0.459 1.302 ± 0.775

IFN-g+ Control 0.046 ± 0.047 <0.0001
***

0.083 ± 0.152 0.0001
***

0.073 ± 0.145 0.0004
***

0.053 ± 0.088 <0.0001
***Patients 0.259 ± 0.186 0.341 ± 0.274 0.275 ± 0.237 0.378 ± 0.280

CD69+/IFN-g+ Control 0.012 ± 0.022 0.0050
**

0.012 ± 0.034 0.0263
*

0.028 ± 0.049 0.0517 0.011 ± 0.020 0.0060
**Patients 0.049 ± 0.065 0.097 ± 0.197 0.106 ± 0.209 0.159 ± 0.279
D
ecember 20
21 | Volume 12 | Article
Immunophenotyping of PBMCs for frequency of CD4+, CD8+, or CD69+ T cells, IFN-g+ cells, and CD69+/IFN-g+ double-positive cells from uninfected individuals (n=20) or convalescent
children and adolescents (n=31). Data are presented as mean ± SD and analyzed using two-sided Student’s t-test between control and patient groups. *p<0.05, **p<0.01, ***p<0.001
A

C i C ii

B

FIGURE 1 | Comparison of SARS-CoV-2 RBD-specific antibodies and SARS-CoV-2-specific T cell response in healthy controls and recovered children and
adolescents. (A) Serological responses to recombinant RBD protein in 31 recovered COVID-19 patients with median 46.5 recovery days and ranging 29-219 days
and 20 uninfected controls. Dash line indicated the anti-RBD IgG ratio reference obtained from uninfected controls. (B) Representative data of the T cell response
towards SARS-CoV-2 peptide pools in controls and recovered patients. (C) (i) CD4+ and (ii) CD8+ T cell responses to SARS-CoV-2 mixed peptides in the recovered
COVID-19 patients and uninfected controls. Dash line indicated the measured T cell responses reference obtained from the uninfected controls. Data are presented
as mean ± SD and analyzed using two-sided Student’s t-test between control and patient groups. ***p < 0.001.
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immune responses to SARS-CoV-2 between older and younger
children. In comparison to children older than 12 years, the
younger patients had a significantly higher level of SARS-CoV-2
RBD IgG ratio (p=0.041) (Figure 4A). While the frequency of
CD4+ T cells reactive to mixed M, N and S peptide pool was
similar between the age groups (Cohen’s d=0.071) [Figure 4B
(i)], the frequency of S-peptide specific CD4+ T cells was higher
in younger children (Cohen’s d=0.3058) [Figure 4B(ii)].
Correlative analysis showed that the four patients with highest
level of anti-RBD IgG and S-peptide specific CD4+ T cells were
all from the younger age group [Figure 4D(i)]. In contrast, no
difference was observed between the two age groups in SARS-
CoV-2 S-reactive CD8+ T cells (Cohen ’s d=0.03164)
[Figures 4C, 4D(ii)].
DISCUSSION

This study characterizes SARS-CoV-2-specific humoral and
cellular immunity in children recovered from COVID-19.
Frontiers in Immunology | www.frontiersin.org 610
There was acquired immunity observed in children with either
symptomatic or asymptomatic infections. Both SARS-CoV-2-
specific humoral and cellular immunity were detectable at
different time points during the recovery period. Detection of
SARS-CoV-2 RBD IgG and reactive CD4+ and CD8+ T cells
against the various peptide pools suggests broad humoral and
cellular immunity are present that can counter re-infections.

Our study showed that there were both CD4+ and CD8+ T
cell responses to SARS-CoV-2 S, N, and M proteins. The
observed up-regulated production of intracellular IFN-g in our
patients cohort was similar to previous published adults studies,
suggesting the protective cellular immunity elicited by the T cell
memory towards SARS-CoV-2 was also developed in children
and adolescents (26, 30, 39). A larger-scale study will be needed
to confirm our observations.

The persistence of humoral and cellular responses against the
SARS-CoV-2 virus is key to understanding the risk of re-
infections (40, 41). We observed a decline in humoral
immunity associated with days after diagnosis. The SARS-
CoV-2 RBD IgG antibody level lasted on average 7.9 months
A B i

B ii

FIGURE 2 | Measurement of SARS-CoV-2-specific T cell response in in healthy controls and recovered pediatrics patients. (A) Comparison of T cell responses
stimulated by SARS-CoV-2 Membrane (M), Nuclear (N), Spike (S) peptides in the recovered COVID-19 patients and uninfected controls. Dash line indicated the
measured T cell responses reference obtained from the uninfected controls. Data are presented as mean ± SD and analyzed using two-sided Student’s t-test
between control and patient groups. ***p < 0.001 (B) Total T cell responses towards SARS-CoV-2 M, N,S peptides and mixed peptide pools in stacked columns
representing the summation of different measured immune subsets in (i) CD4+ and (ii) CD8+ T cells after 16 hours of incubation of PBMCs from recovered patient.
Data are expressed as mean ± SD. Dash line in the stack columns indicated the corresponding reference CD4+ and CD8+ T cells response stimulated by different
SARS-CoV-2 peptide in uninfected controls group.
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with a half-life of 121.6 days, which is similar to other studies
across different age groups (42–47). There have only been a few
studies demonstrating the longevity of SARS-CoV-2 T cell
response in recovered pediatrics patients. Dan et al.,
demonstrated that approximately 92% and 50% of recovered
patients had specific CD4+ and CD8+ responses, respectively, up
to 8 months after the primary infection (30). Based on our
finding and the above study, the humoral immunity against
SARS-CoV-2 in recovered pediatrics patients can last up to 7-8
months after the primary infection, which seems shorter than
cellular immunity.

Ding et al., demonstrated an age-specific variation in
childhood CD4+ and CD8+ T cell subsets in healthy
Chinese, suggesting differences in immune composition
across pediatric age groups (48). Along with this finding, our
data demonstrated that the age of the pediatric patients is an
important factor influencing the level of SARS-CoV-2 RBD
IgG and the magnitude of the T cell response to SARS-CoV-2.
Recovered children younger than 12 years had higher SARS-
CoV-2 RBD IgG levels. There was also age-dependent CD4+ T
cell activity in the production of the RBD IgG antibody. Based
on our data, we demonstrated an unreported observation of
stronger SARS-CoV-2 S CD4+ T cells response correlated with
higher level of anti-RBD IgG ratio in younger children. Our
novel findings on the immune responses in convalescent
Frontiers in Immunology | www.frontiersin.org 711
pediatrics patients in younger age group underscored the
importance of SARS-CoV-2 S specific CD4+ dependent
humoral response in relations to the level of anti-RBD IgG
against reinfections, which warrant further larger-scale studies
to confirm the observations.

The study findings need to be interpreted with the following
caveats. First, the number of patients and controls was relatively
small. However, all the controls demonstrated negative immune
memory responses with undetectable SARS-CoV-2 anti-RBD
antibody titer, indicating immune protection against SARS-CoV-
2 in unvaccinated and undiagnosed children were minimal.
Second, the duration of follow-up was limited and unevenly
distributed, it may affect the correlation analysis in determining
the kinetics of SARS-CoV-2 anti-RBD decays in this study. Third,
only SARS-CoV-2 anti-RBD, which targeted the S1 domain of the
Spike protein, was investigated in this study. Other protective
neutralizing antibodies targeted to other parts of SARS-CoV-2
spike protein, such as fusion peptide and heptad repeats located in
S2 domain, were not evaluated. Last, the quantity of blood that can
be obtained from younger children is limited, hence, other subsets
of T cell responses to SARS-CoV-2 peptide pools were not
evaluated in this study. Future investigations should include
other T cell subsets such as regulatory T cells and T follicular
helper cells (Tfh) to draw a more comprehensive picture of the T
cell response against SARS-CoV-2 in children.
A

B

FIGURE 3 | SARS-CoV-2-specific RBD and T cell responses over time. (A) Regression analysis of the measured RBD IgG ratio in convalescent serum was
plotted against the days after diagnosis. The best fitting trendline is shown. The calculated t1/2 was 121.6 days and the estimated duration of antibodies was 7.9
months compared with the average basal level obtained from uninfected individuals. (B) Representative T cell subset frequencies in PBMC of recovered patients
were plotted against the post-infection period showing a flat slope for (i) CD4+ and (ii) CD8+, indicating a sustained T cell response to SARS-CoV-2 virus in
recovered pediatric patients.
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CONCLUSION

SARS-CoV-2 infection induces immune memory in recovered
pediatrics patients. The T cell reactivity upon stimulation by M,
N, S peptide pools in recovered pediatric patients were similar.
There were differences in the level of SARS-CoV-2 RBD IgG and
Frontiers in Immunology | www.frontiersin.org 812
the magnitude of T cell responses between younger and older
children. Our findings pave the way for large-scale studies, which
could help explain the differences in clinical findings between
children and adults with COVID-19. Our findings also have
important implications for the development of COVID-19
vaccines targeting younger children.
A

C i C ii

D i

D ii

B iiB i

FIGURE 4 | Age-dependent differences of SARS-CoV-2-specific S-RBD IgG level and SARS-CoV-2-specific T cell response in recovered children and
adolescents. The corresponding reference anti-RBD IgG ratio and T cell response obtained from uninfected control was indicated as a dash line in the figures.
(A) Serological analysis in 15 patients who were younger than 12 years and 16 patients who were 12 years or older. Data was adjusted by days after diagnosis
and comparisons analyzed by two-sided Student’s t-test *p<0.05. (B) Comparison analysis of the total measured CD4+ T cell responses to (i) mixed peptide
pools and (ii) S peptide between younger children and older children. (C) Comparison analysis of the total measured CD8+ T cell responses to (i) mixed peptide
pools and (ii) S peptide between younger children and older children. (D) Correlation analysis of anti-RBD IgG level against (i) CD4+ and (ii) CD8+ T cells
response in the recovery patients. Data was plotted as age-subgroups with color-labelled dots in the scattered plots. A trendline indicated the correlations
direction of the analysis parameters.
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Supplementary Figure 1 | Representative gating analysis by flow cytometry.
(A) Forward scatter height (FSC-H) versus forward scatter area (FSC-A) plot for
single cell inclusion. (B) Live cells were gated based on live/dead discrimination dye
staining. (C) Side scatter (SSC-A) versus Forward scatter area (FSC-A) plot for
lymphocyte identification. (D) T cells were gated based on specific CD3 expression,
excluding CD14 and CD20 expressing cells. (E, F) Subsets of T cells were gated
based on the high expression of CD4 and CD8, and were used in further marker
analysis. Floating gates on CD69, IFN-g, and double-positive CD69/IFN-g plots
were based on the corresponding expressions of the positive control cells.

Supplementary Figure 2 | Age distribution of the recovered COVID-19
pediatrics patients.
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SARS-CoV-2 has infected more than 200 million people worldwide, with more than 4 million
associateddeaths. Althoughmore than 80%of infectedpeople develop asymptomatic ormild
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 individualspreviously infectedwithSARS-CoV-2compared to16healthydonors,by
flow cytometry. Samples fromCOVID-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 (cTfh1), plasmablast/plasma cells, and follicular dendritic cells
(foDC), which could indicate that the Tfh-B-foDC axis might be functional to produce specific
immunoglobulins 10months 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
HospitalGregorioMarañón, Spain. Informed consentwas obtained
under theDeclarationofHelsinki protocol.The studywasapproved
Frontiers in Immunology | www.frontiersin.org 216
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 Marañón 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, Tfh–Tgd 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 b, IL-6, IL-8, TNF- a, CCL2, IL-10, CXCL10, GM-
CSF, and IFNg. 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 traditionalmanual gating fromcytometrydata,
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
selected13 individuals in theCOVgroup and theCTgroup, 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
January 2022 | Volume 12 | Article 793142
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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–Tgd cells panel, the
unsupervised analyses were done on CD3+ gated T-cells. For the
Frontiers in Immunology | www.frontiersin.org 317
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) andRBD (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 for30minat roomtemperature.Sampleswereacquiredusing
a FLEXMAP 3D® Luminex system (Toronto, Canada). Cut-off for
SARS-CoV-2 S1 and RBDwas 1000MFI and 5000MFI, respectively.
TABLE 1 | Demographic and clinical characteristics and comorbidities in healthy and recovered individuals.

Characteristics Healthy control (n = 16) Recovered COVID19 (n = 35) p-value

Age (years), median (range) 43,5 (23-59) 40 (25-62) 0.805
Gender, n (%) 0.753
Male 6 (37.5) 11 (31.4) –

Female 10 (62.5) 24 (68.6) –

Ethnicity, n (%) 0.543
Caucasian 16 (100) 32 (91.43) –

Latin American 0 (0.0) 3 (8.57) –

Comorbidities, n (%)
Current smoker/ex-smoker 2 (12.5)/3 (18.75) 3 (8.6)/4 (11.4) 0.671
Asthma 1 (6.25) 3 (8.6) 1.000
Obesity 1 (6.25) 1 (2.9) 1.000
Allergy 1 (6.25) 0 (0.0) 0.314
Heart disease 0 (0.0) 2 (5.7) 0.561
Hypertension 0 (0.0) 1 (2.9) 1.000
Epilepsy 0 (0.0) 1 (2.9) 1.000
Psoriasis 0 (0.0) 1 (2.9) 1.000
Sleep apnea 0 (0.0) 1 (2.9) 1.000
Fibromyalgia 0 (0.0) 1 (2.9) 1.000
Diabetes 0 (0.0) 0 (0.0) –

Kidney disease 0 (0.0) 0 (0.0) –

Liver disease 0 (0.0) 0 (0.0) –

Symptoms during COVID-19, n (%)
Fatigue – 19 (54.3)
Myalgia – 19 (54.3)
Anosmia – 16 (45.7)
Fever (≥38) – 14 (40.0)
Headache – 14 (40.0)
Ageusia – 13 (37.1)
Cough – 13 (37.1)
Diarrhea – 10 (28.6)
Dyspnea – 9 (25.7)
Arthralgia – 5 (14.3)
Nausea or vomiting – 5 (14.3)
Fever (<38) – 3 (8.6)
Pneumonia – 3 (8.6)
Dizziness – 3 (8.6)
Tachycardia – 3 (8.6)
Sore throat – 2 (5.7)
Conjunctivitis – 1 (2.9)
Congestion – 1 (2.9)
Skin rash – 1 (2.9)
January 2022 | Volume 12 | Article
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.
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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
Frontiers in Immunology | www.frontiersin.org 418
classification (15) (Table 1). They were healthcare workers at
General University Hospital Gregorio Marañón 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-1b, IL-8, TNF-a, CCL2, IL-10,
CXCL10, GM-CSF, and IFN-g) 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
A

B

FIGURE 1 | Cytokine levels in recovered COVID-19 and healthy individuals. (A) Cytokine levels of IL-6 and IFN-g 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-g 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.
Each symbol corresponds to an individual.
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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-g (r = –0.3732, p = 0.0297, Figure 1B). This
negative correlation might indicate that, the longer ago the
infection was, the less IFN-g 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/µL and 6.82 ± 0.748 cells/µL, 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 S2D), which
corresponds to the effector Th1 central memory subset. This subset
presented a significantly lowermean offluorescence intensity for the
CXCR3marker 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
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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 naïve 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 Th1 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 Th1 or naïve 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 Th1
central memory and naïve 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 (cTfh1
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 cTfh1 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 Th1 PD-1+ subset (Figure 3E and Figure S5B). Cluster 31
expressed CD4+ CD28+ CD45RAneg CD127+ CXCR3+, which
could be related to the memory Th1 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 Th1
memory subset and the expression of CD4+ CD28+ CD127+
CXCR3+ (Figure 3I and Figure S6), confirming the previous
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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 (I) was obtained through CITRUS analysis. One-way ANOVA with Benjamini–Hochberg adjustment for multiple testing.
Median ± SEM. *p < 0.05.
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FIGURE 3 | Manual gating and high-dimensional flow cytometry unsupervised analysis in Tfh–Tgd 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 Th1 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 cTfh1 subset (ICOS+ 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
cTfh1 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
S7). 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
Frontiers in Immunology | www.frontiersin.org 822
PD-1+ plasma cell subset was found to be positively correlated
with absolute counts of cTfh 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+
Tfh, 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 CD11cneg CD14neg
CD62L+ CD16+ CD123+ CD1cint (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.
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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.
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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
***p < 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.
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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.
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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 ‘live 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-g 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
FIGURE 6 | Summary of the results obtained in the present study. Orange and green individuals represent the recovered individuals after SARS-CoV-2 infection and
controls, respectively. Numbers represents the days post-PCR+ when the samples of the former COVID-19 individuals were analysed. Blue squares represent the
cellular subsets with altered levels observed in the periphery. Orange square represents the cellular subsets that could be potentially found in tissues or mucosa.
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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 CD11c expression, intermediate
expression of CD1c and high expression of CD16 and CD123.
CD123 is a general marker for plasmacytoid DC, and CD1c 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+ CD14+ 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, naïve, activated, and effector (Th1 or Th17) CD4+ T
cells can be associated with a remnant of lymphopenia already
Frontiers in Immunology | www.frontiersin.org 1226
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 Th1
memory and atypical naïve 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 naïve 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
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 CCR6neg CD27+ CXCR3+ CD127+ ! Th1 central memory Frequency
CD8+ CD127+ CD27+ CCR10+ CD45RA+ ! atypical naïve CD8 Frequency
CD4+ CXCR3+ CD127+ CD27+ CCR10+ ! atypical Th1 central memory Frequency
CD4+ CD28+ CXCR3+ PD-1+ ! Tfh1 PD-1+ Frequency
CD4+ CD28+ CD45RAneg 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
January 2022 | Volume 1
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.
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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.
Tfh 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 cTfh 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 cTfh cells (53). Here,
we show that the absolute numbers of cTfh 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 cTfh 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, cTfh 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 cTfh cells,
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among others. It was already observed that anti-SARS-CoV-2-S
IgG titers persist for 12 months (60, 61) along with cTfh 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 cTfh1
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-
Tfh-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 Tfh 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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39. Wollina U, Karadağ AS, Rowland-Payne C, Chiriac A, Lotti T. Cutaneous
Signs in COVID-19 Patients: A Review. Dermatol Ther (2020) 33(5):e13549.
doi: 10.1111/dth.13549
Frontiers in Immunology | www.frontiersin.org 1529
40. Menezes SM, Decanine D, Brassat D, Khouri R, Schnitman SV, Kruschewsky
R, et al. CD80+ and CD86+ B Cells as Biomarkers and Possible Therapeutic
Targets in HTLV-1 Associated Myelopathy/Tropical Spastic Paraparesis
and Multiple Sclerosis. J Neuroinflamm (2014) 11:18. doi: 10.1186/1742-
2094-11-18

41. Huang Y, Wei B, Gao X, Deng Y, WuW. Expression of CD80 and CD86 on B
Cells During Coxsackievirus B3-Induced Acute Myocarditis. Cent Eur J
Immunol (2019) 44(4):364–9. doi: 10.5114/ceji.2019.92786

42. Suvas S, Singh V, Sahdev S, Vohra H, Agrewala JN. Distinct Role of
CD80 and CD86 in the Regulation of the Activation of B Cell and B Cell
Lymphoma. J Biol Chem (2002) 277(10):7766–75. doi: 10.1074/jbc.
M105902200

43. Wang JH, Wu Q, Yang P, Li H, Li J, Mountz JD, et al. Type I Interferon-
Dependent CD86(high) Marginal Zone Precursor B Cells Are Potent T Cell
Costimulators in Mice. Arthritis Rheum (2011) 63(4):1054–64. doi: 10.1002/
art.30231

44. Wildner NH, Ahmadi P, Schulte S, Brauneck F, Kohsar M, Lütgehetmann M,
et al. B Cell Analysis in SARS-CoV-2 Versus Malaria: Increased Frequencies of
Plasmablasts and Atypical Memory B Cells in COVID-19. J Leukoc Biol (2021)
109(1):77–90. doi: 10.1002/JLB.5COVA0620-370RR

45. Thibult ML, Mamessier E, Gertner-Dardenne J, Pastor S, Just-Landi S, Xerri L,
et al. PD-1 is a Novel Regulator of Human B-Cell Activation. Int Immunol
(2013) 25(2):129–37. doi: 10.1093/intimm/dxs098

46. Beaudoin-Bussières G, Laumaea A, Anand SP, Prévost J, Gasser R, Goyette G,
et al. Decline of Humoral Responses Against SARS-CoV-2 Spike in
Convalescent Individuals. mBio (2020) 11(5):e02590–20. doi: 10.1128/
mBio.02590-20

47. Long QX, Liu BZ, Deng HJ, Wu GC, Deng K, Chen YK, et al. Antibody
Responses to SARS-CoV-2 in Patients With COVID-19. Nat Med (2020) 26
(6):845–8. doi: 10.1038/s41591-020-0897-1

48. Ogega CO, Skinner NE, Blair PW, Park HS, Littlefield K, Ganesan A, et al.
Durable SARS-CoV-2 B Cell Immunity After Mild or Severe Disease.medRxiv
(2020) 10.28.20220996. doi: 10.1101/2020.10.28.20220996

49. Denton AE, Linterman MA. Stromal Networking: Cellular Connections in the
Germinal Centre. Curr Opin Immunol (2017) 45:103–11. doi: 10.1016/
j.coi.2017.03.001

50. Oropallo MA, Cerutti A. Germinal Center Reaction: Antigen Affinity and
Presentation Explain it All. Trends Immunol (2014) 35(7):287–9. doi: 10.1016/
j.it.2014.06.001

51. Li X, Zhang Q, Zhang W, Ye G, Ma Y, Wen C, et al. Expanded Circulating
Follicular Dendritic Cells Facilitate Immune Responses in Chronic HBV
Infection. J Transl Med (2020) 18(1):417. doi: 10.1186/s12967-020-02584-6

52. Good-Jacobson KL, Szumilas CG, Chen L, Sharpe AH, Tomayko MM,
Shlomchik MJ. PD-1 Regulates Germinal Center B Cell Survival and the
Formation and Affinity of Long-Lived Plasma Cells. Nat Immunol (2010) 11
(6):535–42. doi: 10.1038/ni.1877

53. Juno JA, Tan HX, Lee WS, Reynaldi A, Kelly HG, Wragg K, et al. Humoral
and Circulating Follicular Helper T Cell Responses in Recovered Patients
With COVID-19. Nat Med (2020) 26(9):1428–34. doi: 10.1038/s41591-020-
0995-0

54. Gong F, Dai Y, Zheng T, Cheng L, Zhao D, Wang H, et al. Peripheral CD4+ T
Cell Subsets and Antibody Response in COVID-19 Convalescent Individuals.
J Clin Invest (2020) 130(12):6588–99. doi: 10.1172/JCI141054

55. Ni L, Ye F, Cheng ML, Feng Y, Deng YQ, Zhao H, et al. Detection of SARS-
CoV-2-Specific Humoral and Cellular Immunity in COVID-19 Convalescent
Individuals. Immunity (2020) 52(6):971–7.e3. doi: 10.1016/j.immuni.2020.
04.023

56. Long Y, Zhao X, Liu C, Xia C. Activated Inducible Co-Stimulator-Positive
Programmed Cell Death 1-Positive Follicular Helper T Cells Indicate Disease
Activity and Severity in Ulcerative Colitis Patients. Clin Exp Immunol (2020)
202(1):106–18. doi: 10.1111/cei.13485

57. Fan X, Jin T, Zhao S, Liu C, Han J, Jiang X, et al. Circulating CCR7+ICOS+
Memory T Follicular Helper Cells in Patients With Multiple Sclerosis. PloS
One (2015) 10(7):e0134523. doi: 10.1371/journal.pone.0134523

58. Kim JW, Lee J, Hong SM, Cho ML, Park SH. Circulating CCR7loPD-1hi
Follicular Helper T Cells Indicate Disease Activity and Glandular
Inflammation in Patients With Primary Sjögren’s Syndrome. Immune Netw
(2019) 19(4):e26. doi: 10.4110/in.2019.19.e26
January 2022 | Volume 12 | Article 793142

https://doi.org/10.1038/s41598-021-99027-z
https://doi.org/10.1016/j.pulmoe.2020.12.012
https://doi.org/10.1016/j.pulmoe.2020.12.012
https://doi.org/10.1111/imr.12269
https://doi.org/10.3389/fimmu.2021.707287
https://doi.org/10.3389/fimmu.2019.01088
https://doi.org/10.1189/jlb.3MA0117-037R
https://doi.org/10.1189/jlb.3MA0117-037R
https://doi.org/10.1182/blood-2012-08-447045
https://doi.org/10.1126/science.aah4573
https://doi.org/10.1111/imm.12888
https://doi.org/10.1016/s1074-7613(02)00393-x
https://doi.org/10.3389/fimmu.2020.596553
https://doi.org/10.1002/cti2.1339
https://doi.org/10.1038/s41598-021-92941-2
https://doi.org/10.1016/j.csbj.2021.01.034
https://doi.org/10.1038/s41392-020-0211-1
https://doi.org/10.1007/s10875-020-00839-x
https://doi.org/10.1016/j.virusres.2009.07.014
https://doi.org/10.1016/j.virusres.2009.07.014
https://doi.org/10.1016/j.jinf.2020.08.042
https://doi.org/10.1111/dth.13549
https://doi.org/10.1186/1742-2094-11-18
https://doi.org/10.1186/1742-2094-11-18
https://doi.org/10.5114/ceji.2019.92786
https://doi.org/10.1074/jbc.M105902200
https://doi.org/10.1074/jbc.M105902200
https://doi.org/10.1002/art.30231
https://doi.org/10.1002/art.30231
https://doi.org/10.1002/JLB.5COVA0620-370RR
https://doi.org/10.1093/intimm/dxs098
https://doi.org/10.1128/mBio.02590-20
https://doi.org/10.1128/mBio.02590-20
https://doi.org/10.1038/s41591-020-0897-1
https://doi.org/10.1101/2020.10.28.20220996
https://doi.org/10.1016/j.coi.2017.03.001
https://doi.org/10.1016/j.coi.2017.03.001
https://doi.org/10.1016/j.it.2014.06.001
https://doi.org/10.1016/j.it.2014.06.001
https://doi.org/10.1186/s12967-020-02584-6
https://doi.org/10.1038/ni.1877
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1038/s41591-020-0995-0
https://doi.org/10.1172/JCI141054
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1016/j.immuni.2020.04.023
https://doi.org/10.1111/cei.13485
https://doi.org/10.1371/journal.pone.0134523
https://doi.org/10.4110/in.2019.19.e26
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
59. Zhang J, Wu Q, Liu Z, Wang Q, Wu J, Hu Y, et al. Spike-Specific Circulating T
Follicular Helper Cell and Cross-Neutralizing Antibody Responses in
COVID-19-Convalescent Individuals. Nat Microbiol (2021) 6(1):51–8. doi:
10.1038/s41564-020-00824-5

60. De Giorgi V, West KA, Henning AN, Chen LN, Holbrook MR, Gross R, et al.
Naturally Acquired SARS-CoV-2 Immunity Persists for Up to 11 Months
Following Infection. J Infect Dis (2021) 224(8):1294–304. doi: 10.1093/infdis/
jiab295

61. Glöckner S, Hornung F, Baier M, Weis S, Pletz MW, Deinhardt-Emmer S,
et al. Robust Neutralizing Antibody Levels Detected After Either SARS-CoV-2
Vaccination or One Year After Infection. Viruses (2021) 13(10):2003. doi:
10.3390/v13102003

62. Sakharkar M, Rappazzo CG, Wieland-Alter WF, Hsieh CL, Wrapp D,
Esterman ES, et al. Prolonged Evolution of the Human B Cell Response to
SARS-CoV-2 Infection. Sci Immunol (2021) 6(56):eabg6916. doi: 10.1126/
sciimmunol.abg6916

63. Kaneko N, Kuo HH, Boucau J, Farmer JR, Allard-Chamard H, Mahajan VS,
et al. Loss of Bcl-6-Expressing T Follicular Helper Cells and Germinal Centers
in COVID-19. Cell (2020) 183(1):143–57.e13. doi: 10.1016/j.cell.2020.08.025

64. Duan YQ, Xia MH, Ren L, Zhang YF, Ao QL, Xu SP, et al. Deficiency of Tfh
Cells and Germinal Center in Deceased COVID-19 Patients. Curr Med Sci
(2020) 40(4):618–24. doi: 10.1007/s11596-020-2225-x

65. Gallais F, Gantner P, Bruel T, Velay A, Planas D, Wendling MJ, et al.
Evolution of Antibody Responses Up to 13 Months After SARS-CoV-2
Frontiers in Immunology | www.frontiersin.org 1630
Infection and Risk of Reinfection. EBioMedicine (2021) 71:103561. doi:
10.1016/j.ebiom.2021.103561
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Protection against pathogen re-infection is mediated, in large part, by two humoral cellular
compartments, namely, long-lived plasma cells and memory B cells. Recent data have
reinforced the importance of memory B cells, particularly in response to re-infection of
different viral subtypes or in response with viral escape mutants. In regard to memory B
cell generation, considerable advancements have been made in recent years in
elucidating its basic mechanism, which seems to well explain why the memory B cells
pool can deal with variant viruses. Despite such progress, efforts to develop vaccines that
induce broadly protective memory B cells to fight against rapidly mutating pathogens such
as influenza virus and HIV have not yet been successful. Here, we discuss recent
advances regarding the key signals and factors regulating germinal center-derived
memory B cell development and activation and highlight the challenges for successful
vaccine development.

Keywords: memory B cell, germinal center, vaccine, broadly neutralizing antibody, BCR affinity
INTRODUCTION

Humoral immunological memory, the basis of antibody (Ab)-based vaccination, is critical for
protection against pathogen re-infection, which is largely mediated by two cellular compartments,
long-lived plasma cells and memory B cells. Early memory B cells emerge after the initial
immunization are primarily composed of IgM-expressing B cells harboring a small number of
somatic hypermutation (SHM), whereas subsequent memory B cell development occurs in the
germinal center (GC), the primary site in which iterative rounds of SHM and subsequent selection
of affinity-matured B cell clones take place (1–3).

Since long-lived plasma cells are producing highly-selected and high affinity Abs for the primary
antigen, such pre-existing Abs act as a first line of defense against reinfection by homologous
pathogens. On the other hand, selection for memory B cells is less stringent, therefore, it has been
predicted that memory B cells rather participate in defense against challenge by related pathogens or
variant pathogens that escape the long-lived plasma cell-mediated defense. Indeed, memory B cells
have been found to be differentiated from lower affinity precursor GC B cells, in contrast to long
lived plasma cells, which arise from highly selected and high affinity cells (4–7). This probably allows
memory B cells to maintain flexibility in their responsiveness to variant and related antigens.
Recently, the above prediction has been directly proven. First, studies using mouse infection models
(West Nile and influenza viruses) have provided clear evidence for involvement of memory B cells
org January 2022 | Volume 12 | Article 825813131
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in heterosubtypic immunity, i.e., cross-protection to a different
viral serotype than the ones in the primary infection (8, 9).
Second, in the case of pandemic 2009 H1N1 influenza
vaccination, individuals who had low levels of pre-existing Abs
to this novel vaccine could generate broadly reactive Abs from
memory B cells (10).

Given such importance of memory B cells, a vaccination
strategy involving iterative exposure to cross-reactive viral
antigens has been designed to elicit broadly reactive memory B
cells capable of mediating heterosubtypic immunity against
mutating pathogens. However, in the case of influenza
vaccination, its potential efficacy seems to be limited by the
inefficiency with which memory B cells enter the GC. For
instance, in the case of homotypic re-challenge, the secondary
GC response is largely derived from naïve, and not frommemory
B cells. This is likely one of the major reasons why vaccines
against influenza viruses have not yet been highly successful. In
this review, we first discuss recent advances in our understanding
of how GC responses take place and generate memory B cells.
Furthermore, mainly emphasizing the influenza system, we
discuss how broadly protective memory B cells are generated,
here particularly focusing on anti-stem Abs, why they cannot be
efficiently induced by the current vaccination method, and the
potential way to overcome these obstacles. Although we briefly
touch upon pre-GC processes, more thorough reviews of these
topics are available elsewhere (11, 12). Likewise, differentiation of
GC B cells to plasma cells has been extensively reviewed in recent
years (3, 13) and is beyond the scope of this article.
GC RESPONSES

A major challenge in understanding humoral immunity is to
decipher how affinity maturation takes place during responses to
Frontiers in Immunology | www.frontiersin.org 232
infections or vaccine antigens. While the emphasis on GC studies
has long been to understand how they support maturation
towards the highest affinity Abs, recent new findings have
made us realize that these GC responses also maintain a
diverse population of antigen-specific B cells. Thus, affinity
maturation does not necessarily involve radical loss of diversity
(2). This point is particularly important from the viewpoint of
development of broadly protective memory B cells during the
GC reaction. Hence, we first discuss positive selection of high-
affinity GC B cells, clonal diversity in the GC and memory B cell
differentiation mechanisms, mainly by using model antigens.

Positive Selection of High-Affinity
GC B Cells
Before entering the GC, activated B cells compete for follicular
helper T (Tfh) cell help at the T-B border based on the amount of
peptide-MHC class II (MHC-II) presented by the B cells to the Tfh
cells. Hence, the success of B cells competing for early Tfh help
depends on their frequency and their B cell receptor (BCR) affinity
for antigens (14–17). Rare B cells, such as broadly neutralizing
antibody (bnAb) precursor B cells with low affinity (18), may be
excluded from entering the GC at this early Tfh cell checkpoint.

After the B cells join the GC reaction, inter-clonal (between
clones with different V(D)J rearrangements harboring variable
epitope specificities and affinities) as well as intra-clonal
(between SHM variants originating from the same clone)
competition begins to take place. Previous model hapten
studies showed that hapten-driven GCs tend to become more
clonally homogeneous over time and reflect only the intra-clonal
competition; variable-sized expansions of particular SHM
variants of the one particular B cell clone (2).

A fundamental characteristic of the GC reaction is that GC B
cel ls constant ly migrate between microanatomica l
compartments (Figure 1). The GC is classically defined as the
FIGURE 1 | Overview of the GC selection and the factors for memory B cell fate. After antigen-activated B- and T cell contact at the T-B border in secondary lymphoid
organs, B cells enter into GC reaction. Clonal expansion and BCR diversification occur in the DZ, and affinity selection for the fate decision of B cell differentiation through
interaction with FDCs and Tfh cells takes place in the LZ. Strong T cell help due to high BCR affinity determines the plasma cell fate or the reentry to the DZ, whereas
weak T cell help due to low BCR affinity favors memory B cell fate. Suppression of mTORC1 activity and c-Myc expression mediated by high Bach2 expression, and a
provision of survival signals mediated by down-regulation of Bcl6 are the key drivers for GC B cells to adopt a memory B cell fate.
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dark zone (DZ) and light zone (LZ). SHM and subsequent
cellular selection occur in the DZ and the LZ, respectively. The
DZ consists primarily of highly proliferating B cells, expressing
high levels of AID and error-prone DNA polymerase h, while the
LZ is composed of GC B cells, follicular dendritic cells (FDCs),
and Tfh cells. Intravital photoactivation experiments revealed
that although the LZ is constantly being repopulated by massive
immigration from the DZ, at a rate of 50% of DZ cells
transitioning to the LZ over a period of 4 hrs, less than 10% of
LZ cells return to the DZ over a period of 6 hrs (19). Overall, in
contrast to the DZ to LZ transition, the LZ to DZ transition is a
highly selective process; only about 10% of B cells that arrive to
the LZ are selected to re-enter the DZ. A small population of the
LZ exits the GC as memory B cells and plasma cells, and the
majority of the remaining cells die by apoptosis. Thus, how these
re-entering cells are positively selected is one of the key points for
affinity maturation. B cells with damaged BCRs undergo
apoptosis in the DZ and cells failing to receive sufficient helper
signals in the LZ are also thought to undergo cell death
(discussed in detail below). The overall rate of cell death is
such that up to half of all GC B cells die every 6 hrs, suggesting
that GC B cells possess specific systems for provision of high
proliferation together with high apoptotic capabilities (20). Of
note, a recent study defined an additional group of proliferating
DZ cells enriched for G2/M phases of the cell cycle as gray zone
GC B cells (21).

In regard to antigen-based signals involved in affinity
maturation, the LZ GC B cells are well-equipped with two
sensing systems; one is through the BCR and the other is
delivered by cognate interaction with Tfh cells. The BCR
recognizes antigen, which is displayed on FDCs as antigen-Ab
complexes, through their binding to FcgRII and complement
receptor 2 on FDCs. The BCR recognizes the antigen on FDCs
and acts as a signal-transducing receptor as well as an endocytic
receptor. Therefore, GC B cells utilize the BCR to retrieve antigen
in an affinity-dependent manner, and present processed
peptides/MHC-II complexes to Tfh cells, thus providing a
mechanism by which Tfh cells can indirectly sense BCR
affinity (2). Then, Tfh cells provide T cell help, mainly CD40
and IL-4/IL-21 cytokine signals, to cognate GC B cells. Indeed,
recent studies suggested that progressive differentiation of Tfh
cells regulate the GC response through IL-4 and IL-21 secretion,
and Tfh-derived IL-4 plays a critical role in the expansion of rare
broadly neutralizing GC B cell clone (22, 23). Thus, the
importance of Tfh cell help in GC B cell selection is clear, but
it is not the only factor. GC B cells with MHC-II haplo-
insufficiency compete equivalently to wild type cells under
conditions of physiological antigen concentration (16). Thus,
both BCR signaling and Tfh cell help signals appear to be
integrated in GC B cells to determine survival and proliferation
(24). Different from naïve B cells, in the case of GC B cells,
CD40L-CD40 engagement triggers NF-kB, and BCR antigen
signaling engages PI3K signaling (25).

Antigen-loaded B cells in the LZ begin to achieve clonal
dominance through accelerated cell division and increased
biomass accumulation, which are c-Myc and mTORC1-
Frontiers in Immunology | www.frontiersin.org 333
dependent, respectively (26). For cell division, the strength of
the Tfh cell signal delivered in the LZ is directly proportional to
the levels of c-Myc and this then dictates the number of cell
divisions that occur in the DZ, supporting the previously
proposed “timer model” to explain how many times DZ GC B
cell could proliferate (27). In addition, a recent study has
demonstrated that cyclin D3 plays a specialized role in the GC
cell cycle transition from G1- to S-phase (28).

Clonal Diversity in the GC
As described above, previous studies using hapten-immunization
showed that the Ab responses are strongly focused on the hapten
and heavily dominated by stereotypical V genes (2, 29, 30). Apart
from this occasion, in the case of viral infection and vaccination,
many clones with distinct V(D)J rearrangements participate
initially and competition occurs among B cells derived from
various clones, too.

Two studies aimed to circumvent this hapten-related issue by
applying technologies that allow examination of the more diverse
GC responses to un-haptenated protein antigens (31, 32).
Although it was previously thought that only one or a few
clones participate in one GC, as demonstrated by employing
hapten conjugates, these new studies showed that tens-hundreds
of clones participate in one GC at the early phase. Among several
GCs formed after protein-immunization, rapid and massive
expansion of specific higher-affinity SHM variants, as observed
in the hapten model, leads to substantial loss of diversity in a
subset of GCs, while other GCs in the same lymphoid tissue
continue the affinity maturation process and still retain
substantial clonal diversity. Since individual GCs are spatially
separated, this model explains how GCs support a diversity of
antigen-specific clones against complex protein antigens (20).
Other mechanisms can be also envisaged. For instance, clonal
diversity may be promoted by antibody-mediated feedback (33–
35), as dominant GC clones with BCRs specific for a particular
antigen epitope give rise to plasma cells that secrete Ab. This Ab
then masks its own epitope, thereafter halting proliferation of the
already expanded clone, while enhancing the selection of other
clones that bind to different epitopes (Figure 2). Further
investigation of the mechanisms allowing sustained diversity in
GCs is important as they have wide implications, for example in
the context of efforts to generate bnAb responses by
iterative immunization.

Differentiation of GC B Cells Into
Memory B Cells
An early study in which transgenic overexpression of the anti-
apoptotic factor Bcl2 resulted in a marked increase of low affinity
B cells in both GC and memory compartments without
impairing the selection of high affinity plasma cells (36),
suggested that the differentiation of GC B cells to memory B
cells is a default process. However, this notion has been
challenged by recent studies employing mono-epitope hapten
or HEL antigens, which provided evidence for the existence of
instructive regulations in memory B cell selection from the GC
January 2022 | Volume 12 | Article 825813
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compartment (4, 6). First, contemporaneous comparison of
memory and GC B cells indicates that the memory B cell pool
arises predominantly from the low affinity cells. Second,
consistent with another study (5), the memory B cell pool is
generated early during an immune response. Considering that
affinity maturation in the GC is still continuing after stopping
memory cell generation, this would also contribute to the
observed accumulation of overall less SHM and the
preponderance of low affinity B cells in the memory B cell
compartment in the case of mono-epitope antigen. A recent
study employing poly-epitope protein antigens has also
reinforced these conclusions, except that in this case the
memory B cells are generated throughout the immune
response (7). A probable explanation for this difference is that,
unlike mono-epitope systems, in the case of a poly-epitope
system, some clones keep expanding in the late GC reaction,
thereby also generating memory B cells at later time point.
Furthermore, this study showed that, like in the case of
flavivirus-specific memory B cell generation (37), B cells with
low affinity germline BCRs are prone to be selected into memory
B cells. Given that the germline BCR of bnAbs usually has very
low affinity for the native antigens of influenza virus, this may be
one of the reasons why broadly reactive clones against influenza
virus can exist in the memory fraction (38).

The question then arises of what is the molecular nature of the
above instruction program for memory B cell generation. In
contrast to plasma cell precursors, memory B cell precursors
within the GC are no longer cycling (6, 39, 40). In addition, these
memory precursors reside at the edge of the LZ (41). Thus, at
least, three inter-connected processes seem to be required for the
transition from GC to memory B cells; i) stopping proliferation
in the DZ; ii) returning to the LZ and being in the process of
exiting the GC; iii) entering the quiescent (G0) stage with
acquisition of survival signals.

As mentioned above, once positively selected GC B cells
possessing high levels of c-Myc expression and mTORC1
activity reenter the DZ, they start proliferation, accompanied
Frontiers in Immunology | www.frontiersin.org 434
by a stepwise decline of the level of c-Myc and active mTORC1,
depending upon their proliferation numbers. Trafficking back to
the LZ requires decay of both mTORC1 activity and c-Myc
expression. Since rapamycin treatment downregulates Foxo1
expression (26), decay of mTORC1 activity is likely to
downregulate CXCR4, thereby promoting the return from the
DZ to the LZ. After their return to the LZ, memory B cell
precursors should maintain high Bach2 expression, because of
receiving low T cell help, and dampen mTORC1 activity and c-
Myc expression, which is thought to be one of the mandatory
steps for transition to memory B cells (Figure 1). In support of
this, Bach2-deficient GC B cells manifested constitutively active
mTORC1 and c-Myc expression, thereby resulting in hyper-
proliferation, and subsequent inability to generate memory B
cells (40). Conversely, impairment of the interaction of c-Myc
and MIZ1 skewed the system towards memory B cell generation
(42). c-Myc and MIZ1 form a transcriptional repressor complex
for MIZ1 target genes, such as cell cycle inhibitors. The absence
of the c-Myc-MIZ1 interaction releases this repression, resulting
in impaired cell cycle entry of positively selected GC B cells,
supporting the notion that the inhibition of the c-Myc activity
contributes to memory B cell generation.

The above anti-proliferative activity is required but appears
not to be sufficient for development of memory B cells. Since
low-affinity B cells receive low T cell help, it has been previously
thought that these GC B cells undergo apoptosis. Therefore, the
question arose of how such memory precursor cells with low
affinity are prevented from dying and are able to differentiate into
mature memory B cells. A recent detailed GC B cell analysis of
Bcl2 transgenic mice provided us a hint to answer this question.
In these mice, aberrant populations of seemingly quiescent cells
arise that express markers of memory precursor cells (CD38+

and CCR6+) (43). Hence, we speculated that, in physiological
settings, initiation of Bcl2 up-regulation might take place in these
precursor cells, thereby giving them a survival advantage. This
idea was directly tested, demonstrating that it is indeed the case
(40). Then, in regard to how to initiate Bcl2 expression, we
FIGURE 2 | Immunodominance and Ab feedback. In the primary GC, B cell clones specific for the immunodominant epitopes dominate and give rise to plasma cells
that secrete Ab. During the secondary GC response, this Ab masks its own epitope, which can suppress the expansion of immunodominant clones and enhance the
selection of clones specific for less accessible subdominant epitopes.
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considered that differentiation of GC B cells to memory B cells to
a large extent involves reversion to the gene expression profile
they possessed prior to differentiation into GC B cells. This
includes re-expression of genes, Ccr6, Gpr183 (EBI2), S1pr1, and
Bcl2, each of which is known to be directly repressed by Bcl6 (44–
46). Given that Il21 knockout mice showed down-regulated Bcl6
in GC B cells (47), it is likely that memory precursor cells limit
access to IL-21, which, in turn, begins the process of down-
regulation of Bcl6. Consequently, Bcl2 is up-regulated, thereby
providing survival signals. This Bcl6 down-regulation is further
augmented by a recently identified transcription factor Hhex
during the maturation processes in GC-mediated memory B cells
(48). Hence, we would propose the existence of two key drivers
for differentiation of GC B cells to memory cells; one is high
expression of Bach2, antagonizing the c-Myc and mTORC1
pathways, and the second is down-regulation of Bcl6, releasing
its repression of Bcl2 and providing survival signals. Importantly,
this model seems to well explain why memory precursor cells,
despite receiving low T cell help, acquire the survival
signal (Figure 1).
GENERATION OF BROADLY-
NEUTRALIZING MEMORY B CELLS
AND THEIR RECALL

Recent discoveries of bnAbs for HIV and influenza virus have
provided new outlooks in the vaccine field and highlighted the
need to understand how such bnAb precursors enter the GCs,
thereafter, creating memory B cells expressing high quality
bnAbs (18).

Abs against the influenza virus surface glycoprotein
hemagglutinin (HA) are a key correlate of protection (49). HA
is composed of head- and stem-regions; in contrast to the
structural changes in the head-region by antigenic drift and
shift, the stem-region is well conserved, thereby making it a good
target for generating cross-reactive bnAbs. However, in normal
immune settings, most Abs are generated against the HA head-
region, because of its immune dominance, while the stem-region
acts as an immune subdominant epitope. Three potential
mechanisms are thought to explain the subdominance of the
stem Ab response (18, 50, 51). First, most of the germline BCRs
of the stem Abs have very low affinity for the native antigen.
Second, overlapping with the first possibility, these Abs have
limited access to the stem epitope due to a steric hindrance.
Finally, many of the stem Abs are polyreactive towards dsDNA,
LPS, and insulin, potentially having inherent self-reactivity (52).

Nevertheless, it was observed that, upon vaccination with a
novel influenza virus, the 2009 pandemic H1N1, some, but not
all individuals generated broadly reactive HA stem-binding Abs
(10, 53). Considering that almost all the induced anti-stem
plasmablasts were mutated, these data indicate that, prior to
vaccination, anti-stem memory B cells existed in individuals
already exposed to previous infection of other types of influenza
viruses, and that these memory B cells got activated after novel
Frontiers in Immunology | www.frontiersin.org 535
pandemic H1N1 vaccination. The conclusions from human
vaccination data are further strengthened by a mouse infection
model (9). Infection of naïve mice with H1N1 Narita strain
influenza virus generated anti-stem memory B cells, but very low
levels of anti-stem Abs, reflecting the long-lived plasma cell
compartment, indicating a relative enrichment of anti-stem
clones in the memory B cell rather than long-lived plasma cell
compartment. Then, upon secondary infection with a drifted
virus (H1N1 PR8 strain), such anti-stem memory B cells were
promptly activated and differentiated to plasmablasts, thereby
contributing to protection against PR8 virus infection.
Furthermore, single cell Ab analysis showed that these anti-
stem memory B cells are generated through GC reactions during
primary Narita virus infection, thereby manifesting affinity-
maturation and breadth at least to some extent. Thus, it is
important to understand how GC-experienced (mature
mutated) anti-stem memory B cells can be generated in naïve
and recall conditions.
Generation of Anti-Stem Memory B Cells
Under Naïve Conditions
In the naïve state, the key to generating mature influenza anti-
stem bnAb memory B cells depend upon several aspects;
recruitment of appropriate naïve precursors into the GC;
positive selection of appropriate clones during the GC reaction;
exiting from the GC as long-lived memory B cells. Considering
that, during the GC processes, selection into memory B cells is
less stringent than that for long-lived plasma cells, major hurdles
seem to be the GC recruitment of rare anti-stem bnAb precursors
and the duration of rare bnAb B cells in the GC.

In regard to the recruitment to the GCs, difficulties are due to;
i) a very low affinity of the naïve anti-stem precursors for the
native HA antigen; ii) the subsequent problem in receiving
sufficient T cell help; iii) the possibly anergic state of these
precursor B cells because of poly-reactivity (54). In regard to
problem iii), studies using the model antigen HEL system
provided significant insight into how we can awaken such
anergic B cells (55, 56). The key to activating anergic B cells is
applying particulate type immunogens decorated with high
densities of a closely related foreign and higher affinity antigen.
In regard to point i), in the HIV case, it was shown that the
quantity and affinity of the precursor naïve B cells are important
for their entry into the GC. In addition, multimerization of
antigen increased GC recruitment of rare naïve precursors by
200- to 500-fold compared to the equivalent monomeric antigen
(15). Hence, like the immunogen in the HIV case, designing
immunogen variants with higher affinity for rare anti-stem
precursor Ab and their multimerization is one way to
overcome points i) and iii).

How can we tackle point ii)? Indeed, several HIV human
cohort data indicated the positive association between Tfh cells
and anti-HIV bnAbs; frequencies of PD-1+CXCR3-CXCR5+, or
PD-1loCXCR3+CXCR5+ CD4 T cells correlated with HIV
neutralization breadth (57, 58). This raised the question of
whether this is a simple correlation or a causal association.
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This issue has been approached in the mouse by employing BCR
(VRC01 germline version) knock-in B cells and transgenic TCR
T cells (59). Since, in the case of influenza and HIV bnAb
responses, immunodominance is one of the key issues, this study
was particularly designed to address whether increasing
accessibility to T cell help preferentially enhances the rare
immune-subdominant bnAb precursor B cell responses. GC
occupancy by rare bnAb precursor VRC01 B cells was
improved by increasing the quantity of HIV Env-specific CD4
T ce l l s , even in the presence of the endogenous
immunodominant B cell precursors. Moreover, the action
point of this T cell help seems to be on the recruitment of
VRC01 B cells into GCs. Because this study utilized modified
high affinity antigen for bnAb precursor B cells (KD value of ~ 0.1
mM), it was concluded that, as long as high affinity antigen for
bnAb precursor B cells is used, a high quantity of T cell help can
promote recruitment of these rare B cells into GCs. However, it
remains to be addressed what increasing T cell help does in
conditions of weaker affinity antigen for bnAb precursors.
Insufficient T cell help is also likely to occur in the case of
influenza anti-stem bnAb precursor B cell responses. In fact, in
mice, when employing only the stem region as an antigen,
recruitment of polyclonal anti-stem B cells into the GC was
very rare, whereas conjugation of this antigen to KLH, which
contains strong T cell epitopes, resulted in better recruitment
into the GC (60). Thus, conjugation of appropriate T cell
epitopes to a B cell antigen is worth considering. In addition to
antigen, development of good adjuvants for inducing Tfh cells is
also important. Indeed, lipid nanoparticles used for mRNA vaccines
have recently been shown to facilitate Tfh cell generation,
presumably through enhancing IL-6 production (37).

Given that it takes years for bnAbs to emerge during infection
(61), generation of rare high quality bnAb-producing clones may
require prolonged GC responses, which may simply reflect the
need for many rounds of SHM (3). Alternatively, it is also
possible that prolonged GCs include more clonally permissive
B cells over time. As discussed above, limited Tfh cell help or
epitope-masking by generated Abs may be redirected towards B
cell clones that bind non-dominant epitopes. In addition,
changing Tfh cell clones during GC responses also may
contribute to such redirection towards different B cell clones.
For maintaining GC responses, as proposed in the HIV
vaccination system, slow continuous delivery of native antigen
might be one approach (62). This delivery method directed the
response away from non-neutralizing Abs, which were
dominantly present on degraded HIV Env trimers, instead
towards a neutralizing Ab response. This method, in addition
to continuous provision of antigen, provides more of it in native
conformational form, therefore causing the observed biological
effects. In the case of influenza vaccination, recently developed
oil-in-water adjuvant (AS03) might utilize similar mechanisms,
thereby increasing cross-reactive anti-influenza Ab responses
(52, 63). This oil-in-water adjuvant functions to emulsify viral
antigens within the adjuvant, which may protect them from
degradation and may allow for the delivery of native antigens to
lymph nodes. Collectively, delivery of antigen in its native form
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seems to be one of the important factors for maintaining
GC reactions.

Behavior of Anti-Stem B Cells During
Recall Responses
Between yearly vaccination and seasonal infection, individuals
repeatedly mount an immune response against the influenza
virus. Hence, it is important to understand how such immune
history, formed by previous infection/vaccination, affects the
de novo immune response induced by the current vaccine.
Mouse studies traced the fate of HA-induced memory B cells
after repeated immunization with the same antigen and
demonstrated that more than 90% of B cells in the secondary
GCs have no prior GC experience; many of them are likely
derived from naïve B cells (64). Thus, memory B cell reentry into
GCs is rare upon repeated vaccination with the same antigen.

Then, the question became, what is the outcome when a
variant of the original antigen was used for the second
immunization, a situation similar to what occurs with annual
influenza vaccination. By using fine-needle aspiration for
obtaining human immune cells from lymph nodes, GCs were
analyzed from people immunized with the 2018-2019 influenza
seasonal vaccine (65). This analysis revealed that some of the GC
B cell repertoire was shared with that of the de novo generated
plasmablasts. This suggests that memory B cells, formed in
response to a different earlier influenza strain, proliferated in
response to the 2018-2019 vaccine, probably corresponding to a
new influenza strain to these individuals, and that the progeny
cells became plasmablasts or entered the GCs. In contrast, the
GC B cells that did not share the Ab repertoire with plasmablasts
were likely derived from naïve B cells. Importantly, the BCR
repertoire from the memory-derived GC cells was directed
toward cross-reactive epitopes, whereas those from naïve-
derived GC cells were strain-specific. Although it remains to be
determined whether cross-reactive and/or strain-specific GC B
cells joined the long-lived memory B cell compartment, these
human data suggest the encouraging possibility that once
memory B cells with bnAb are generated, they can be recruited
to secondary GCs. These 2018-2019 vaccination data appear to
be consistent with the aforementioned 2009 pandemic H1N1
vaccination cohort data indicating that pre-existing anti-stem
memory B cells are activated by vaccination with a novel type of
influenza virus (10). However, a previous longitudinal study after
vaccination with a current influenza revealed no overall increase
in SHM in memory B cells over time (66), suggesting either that,
despite entering the GCs, the entry efficiency is low, or that the
step from GC to memory B cells is limiting.

In regard to entering the GC, one key difference between
mouse and human data described above is vaccination with the
same or variant antigens, suggesting that the extent the second
antigen differs from the first is one of the key factors that dictates
which B cells are recalled by influenza vaccination and recruited
into the secondary GCs. Below we will discuss the
potential mechanisms.

It was previously thought that memory B cells have higher
affinity and are present at higher frequencies than naïve B cells
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specific for the same antigen. However, given the current view
that memory B cells possess a more diverse range of affinities, it
is possible that the numbers of memory B cells with higher
affinities than naïve B cells might be smaller than expected. In
addition, several functionally distinct memory B cell subsets are
generated, among which the CD80+CD273+ subset is more
prone to differentiate into plasmablasts rather than enter the
GC (67–69). Thus, the actual numbers of memory B cells that are
competent for entering the GC might be small. Such low
numbers of competent memory B cells might be one of the
reasons of why recruitment of memory B cells into secondary
GCs is unexpectedly low. In this case, as discussed in section 2-1,
affinity and multiplicity of the B cell antigen and T cell epitopes
should be carefully considered.

One of the big differences in the immune state between naïve
and memory cells is that due to already establishing long-lived
plasma cells upon primary vaccination/infection, high titer and
high affinity Abs for the primary antigen preexist prior to the
secondary vaccination. Among many effector functions of Abs,
the following three activities presumably affect subsequent recall
humoral responses; 1) rapid antigen clearance, e.g., via
macrophage Fc and complement receptors; 2) immune
complex formation (70) and subsequent antigen presentation
on FDCs; 3) epitope masking (71). Although the relative
involvement and importance of these three mechanisms in
recall responses have not been carefully addressed, epitope
masking is likely to occur, evidenced by recent data employing
malaria vaccination (72). Abs against Plasmodium falciparum
circumsporozoite protein (PfCSP) plateaued after two
immunizations with the same antigen and these Abs masked
the epitope, thereby limiting immunodominant B cell responses
upon the third immunization with the same antigen. They
allowed subdominant responses toward distinct epitopes,
thereby contributing to broadening the spectrum of vaccine-
induced Abs (Figure 2).

Assuming that, to simplify the model, influenza HA has five
dominant epitopes in the head, which change in variant viruses,
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and one conserved subdominant epitope in the stem (73), based
upon the epitope masking mechanism, the following scenario
can be envisaged (Figure 3). If the antigenic distance between
the virus (A) that the individual was initially exposed to and the
current exposure virus (B) is large, pre-existing anti-head Abs
against virus (A) cannot protect from the (B) virus. After
infection/vaccination with the virus (A), anti-stem memory B
cells are probably also generated but, as seen in the mouse
infection case (9), levels of anti-stem Abs are very low. In this
case, upon virus (B) infection, because there are no epitope
masking Abs for the stem epitope, anti-stem memory B cells are
activated. Simultaneously, GC and memory B cells directed
towards the unique head region of the new (B) virus are
generated from naïve B cells. The anti-stem memory B cells
swiftly produce plasmablasts, along with entering GCs and
subsequently generating more mature memory B cells. Thus,
this individual can be protected from (B) virus due to the de
novo promptly generated anti-stem Abs and will be prepared
for the subsequent variant virus (C) infection due to generating
more mature mutated anti-stem memory B cells by acquiring
further breadth in GCs. Once the further distant virus (C)
infects, even though the anti-stem Abs have declined, high
quality anti-stem memory B cells would play a significant role
in protection from the (C) virus. Validating this scenario needs
further study but, to make high quality anti-stem memory B
cells, limiting epitope masking by anti-stem Abs seems to be
another option.
CONCLUDING REMARK

Considerable advances have been made in elucidating the
cellular basis and key drivers regulating GC-derived memory B
cell differentiation and activation in recent years (74, 75), which
can explain the mechanism how the memory B cell pool can deal
with the variant viruses. Generation of high quality broadly
protective memory B cells against conserved viral epitopes
FIGURE 3 | Making high quality anti-stem memory B cell. Infection with the virus (A) results in generation of anti-stem memory B cells and low levels of anti-stem
Abs. In this case, as there are no stem epitope masking Abs, anti-stem memory B cells are activated upon virus (B) infection, quickly produce anti-stem Abs, along
with acquiring further breadth by entering GCs and subsequently generating more mature high quality memory B cells. Once the further distant virus (C) infects, high
quality anti-stem memory B cells would play a significant role in protection from the virus (C).
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remains a continuous challenge to provide long-lasting and
cross-protective immunological memory, but the recent
progress in this field will facilitate the development of better
Ab-based universal vaccine design strategies.
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(CDC-MoH), Phnom Penh, Cambodia, 5 Institut Pasteur, Université de Paris, CNRS UMR3569, Virus and Immunity Unit, Paris,
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The duration of humoral and cellular immune memory following SARS-CoV-2 infection in
populations in least developed countries remains understudied but is key to overcome the
current SARS-CoV-2 pandemic. Sixty-four Cambodian individuals with laboratory-
confirmed infection with asymptomatic or mild/moderate clinical presentation were
evaluated for Spike (S)-binding and neutralizing antibodies and antibody effector
functions during acute phase of infection and at 6-9 months follow-up. Antigen-specific
B cells, CD4+ and CD8+ T cells were characterized, and T cells were interrogated for
functionality at late convalescence. Anti-S antibody titers decreased over time, but effector
functions mediated by S-specific antibodies remained stable. S- and nucleocapsid (N)-
specific B cells could be detected in late convalescence in the activated memory B cell
compartment and are mostly IgG+. CD4+ and CD8+ T cell immune memory was
maintained to S and membrane (M) protein. Asymptomatic infection resulted in
decreased antibody-dependent cellular cytotoxicity (ADCC) and frequency of SARS-
CoV-2-specific CD4+ T cells at late convalescence. Whereas anti-S antibodies correlated
with S-specific B cells, there was no correlation between T cell response and humoral
immune memory. Hence, all aspects of a protective immune response are maintained up
to nine months after SARS-CoV-2 infection and in the absence of re-infection.

Keywords: SARS-CoV-2, B cell immunity, T cell immunity, antibody effector function, long term immune response
INTRODUCTION

In December 2019, a cluster of severe pneumonia of unknown cause was reported to the World
Health Organization. Investigation into the etiology revealed a novel betacoronavirus, subsequently
named Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of
Coronavirus Disease 2019 (COVID-19) (1–3).
org February 2022 | Volume 13 | Article 817905141

https://www.frontiersin.org/articles/10.3389/fimmu.2022.817905/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.817905/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.817905/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.817905/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:tineke.cantaert@pasteur.fr
https://doi.org/10.3389/fimmu.2022.817905
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.817905
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.817905&domain=pdf&date_stamp=2022-02-03


Vo et al. Adaptive Immunity to SARS-CoV-2
Upon infection with SARS-CoV-2, humans generate SARS-
CoV-2-specific antibodies, memory B cells, and CD4+ and CD8+ T
cells, which all have complementary functions in the clearance of
SARS-CoV-2 virions and infected cells (4–6). Mainly structural
proteins are targeted by the immune response, such as the
membrane (M) and spike (S) protein integrated in the virion
envelope, and the nucleoprotein (N), which protects the RNA
genome (7–9). The S protein consists of two domains. The S1
region contains the receptor binding domain (RBD) which
interacts with the host protein Angiotensin-converting enzyme 2
(ACE2) to mediate cell entry, whereas the S2 domain mediates
membrane fusion. The S1 domain with the RBD is a major target
of neutralizing antibodies (10, 11). Several studies show
correlation between antibodies targeting S and functional
neutralization (12–14). In animal models, these neutralizing
antibodies are protective against secondary infection (15, 16). In
humans, anti-S antibodies and neutralizing antibodies can be
detected up to one year post infection (17–19).

Besides neutralization, antibodies activate a variety of effector
functions mediated by their Fc domain. These include complement
activation, killing of infected cells and phagocytosis of viral particles
(20). Indeed, it has been shown that symptomatic and asymptomatic
SARS-CoV-2 infection elicit polyfunctional antibodies targeting
infected cells (21, 22) and Fc mediated effector activity of
antibodies correlates with reduced disease severity and mortality
after SARS-CoV-2 infection (23). However, the evolution of this
response over time requires further investigation (24, 25).

Persistence of serumantibodiesmaynot be the sole determinant
of long-lasting immune memory post infection or vaccination.
Anamnestic recall of memory T and B cell populations can also
reduce infectionordisease at re-exposure (4, 26, 27),with increasing
importance as antibody titerswane. Virus-specificmemoryT andB
cells can be detected in at least 50% of the individuals more than
eight months post infection (4, 27, 28). Several studies suggest that
increased severity of COVID-19 induces a stronger SARS-CoV-2-
specific CD4+ T cell response (28–30). However, the magnitude,
quality, and protective capacity of cellular responses against SARS-
CoV-2 requires further definition (31).

Kinetics and duration of the memory immune responses could
depend on a number of factors including disease severity, re-
infection, cross-reactivity with human seasonal coronaviruses
(hCoVs), ethnic background, age and length of antigenic
exposure [reviewed in (31)]. Other human betacoronaviruses,
such as hCoV OC43 and HKU1, and zoonotic viruses, such as
SARS-CoV−1 and Middle East respiratory syndrome-related
coronavirus (MERS-CoV), show waning antibody levels as soon
as three months post infection. In contrast, T cell responses are
detectable up to 17 years later (32, 33).

Most studies analyzing the evolution of the adaptive immune
response to SARS-CoV-2 are conducted in Caucasian
populations (31). In South-East Asia, very few studies have
been performed, which mainly focused on antibody responses
(18, 34–36). Paucity of data from at risk areas and populations
can hamper global mitigation and vaccination efforts.

We comprehensively characterized long-lived immune memory
in 64 Cambodian individuals with laboratory-confirmed infection
Frontiers in Immunology | www.frontiersin.org 242
experiencing mild/moderate or asymptomatic clinical outcome.
Cambodia remained almost completely COVID-19-free in 2020
(37), hence additional exposure to SARS-CoV-2 in this cohort
during the follow-up period is highly unlikely.
RESULTS

Long-Term Follow-Up of SARS-CoV-2
Imported Cases
Sixty-four individuals with confirmed SARS-CoV-2 were included
and re-assessed 6-9 months after infection. SARS-CoV-2 infection
was confirmed by positive molecular diagnosis as part of the
national surveillance system. Since Cambodia had minimal
detection of SARS-CoV-2 during the follow-up period, the
probability of re-exposure to SARS-CoV-2 was minimal (37) in
2020. For 33 individuals, we obtained a blood sample 2-9 days
after laboratory confirmed infection (Figure S1A). For all 64 study
participants, between 1 to 15 follow-up nasopharyngeal/
oropharyngeal (NP/OP) swab samplings assessed the duration
of SARS-CoV-2 RNA shedding during the acute phase of infection
via RT-PCR (38). Based on the duration of SARS-CoV-2 RNA
shedding, 53% of individuals were considered “long shedders”
with detection of viral RNA in NP/OP swabs for ≥10 days (Figure
S1B). Overall, 70% of the patients displayed mild or moderate
symptoms, and 30% remained asymptomatic (Table S1). For all
assays, samples were selected based on availability and quality.

Asymptomatic and Mild/Moderate
Infection Induces a Persisting Anti-Spike
Antibody Response
The presence of S-binding antibodies was measured using the S-
Flow assay, which sensitively and quantitatively measures anti-S
IgG, IgA, and IgM by flow cytometry (21, 39) (Figure 1A). The
National Institute for Biological Standards and Control (NIBSC)
references were utilized to validate the assays and pre-pandemic
samples obtained from nineteen individuals were measured to set
the cutoff for each assay (Figure S2). Anti-S IgM, IgG, and IgA titers
decreased significantly between acute phase and late convalescence
(p=0.02, p<0.0001, p<0.0001, respectively) (Figure 1B). Within the
total S-binding antibodies, the percentage of anti-S IgM and IgA
decreased whereas anti-S IgG increased over time (p=0.03,
Figure 1C). The detection of neutralizing antibodies was achieved
by foci reduction neutralization test using a Cambodian SARS-
CoV-2 isolate. There was no difference in the titers of SARS-CoV-2
neutralizing antibodies between the acute and convalescent phase,
even though titers tended to decrease over time (Figure 1D). Over
time, the percentage of individuals positive for anti-S IgM
(p<0.0001) and anti-S IgA (p<0.0001) decreased (Figure 1E). In
the acute phase, 91% of individuals were positive for anti-S IgG, and
only 70% of the individuals were positive for neutralizing antibody
titers. Up to nine months post infection, the frequency of
individuals positive for anti-S IgG remained stable (88%) whereas
the frequency of individuals with neutralizing titers decreased to
56% (p=0.055) (Figure 1E). Analyzing only individuals with paired
February 2022 | Volume 13 | Article 817905
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samples available, revealed similar results as the whole cohort
(Figures S3A, B). Taken together, these data show that despite
decreases in antibody titers over time, the percentage of individuals
positive for anti-S IgG remains stable.

Functional Antibody Response Changes
Over Time Post SARS-CoV-2 Infection
Besides neutralization, antibodies can mediate Fc-effector
functions, such as complement activation, killing of virus-
infected cells and phagocytosis of viral particles (20). To
further define the humoral response in these individuals, we
assessed antibody effector functions in vitro. The NIBSC
references were utilized to validate the assays and nineteen
pre-pandemic samples were measured to set the cutoff for each
assay. Antibody-dependent cellular phagocytosis (ADCP) assay
Frontiers in Immunology | www.frontiersin.org 343
measures the engulfment of neutravidin beads coated with
SARS-CoV-2 derived S1 by THP-1 cells (Figures 2A, S4). A
decrease in ADCP can be observed between the acute and late
convalescent phase (p=0.005, Figures 2B, C). The percentage of
subjects with ADCP activity decreased from 73% to 55% over
time. However, when calculating the proportion of ADCP within
the total anti-S IgG, we observed a significant increase of the
proportion of ADCP over time (p=0.003, Figure 2D).

Next, to evaluate the contribution of anti-S antibodies to
complement dependent cytotoxicity (CDC), we assessed cell
death in Raji cells engineered to express S protein in the
presence of normal human serum as source of complement
(Figure 2E, S5) (21). No differences in CDC activity was
observed between the acute and late convalescent phase, where
60% and 56% of the subjects showed CDC activity, respectively
A

B

D E

C

FIGURE 1 | Comparison of antibody response in SARS-CoV-2-infected individuals during the acute phase and 6-9 months post infection. Non-infected samples
obtained before the pandemic (pre), and SARS-Cov-2 infected individuals were sampled 2-9 days post laboratory confirmation and 6-9 months later. (A) Schematic
model of the S-Flow assay. (B) Amount of antibodies against spike protein were reported as percentage of spike-expressing 293T cells bound by IgM, IgG, IgA in
the S-Flow assay. (C) Pie charts show the proportion of anti-S IgM, IgG and IgA antibodies. (D) SARS-CoV-2 neutralizing activity was calculated as FRNT50 titer in
foci reduction neutralization test (FRNT). (E) Comparison of the percentage of individuals positive for anti-S IgM, IgG, IgA and FRNT50. Statistical comparisons were
performed by Mann Whitney test (B, D) and Chi-square test (C, E). The dashed line indicates the cutoff for positivity based on values calculated following formula:
cut-off = % mean positive cells from 19 pre-pandemic samples + 3x standard deviation. Each dot represents the result from a single individual. Lines represent
median and IQR. *p < 0.05 and ****p < 0.0001. Pre-pandemic n=19, acute n=33, 6-9 months n=64.
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(Figures 2F, G). The proportion of CDC-mediating antibodies
within the total anti-S IgG fraction significantly increased
between acute and late convalescence (p=0.0002, Figure 2H).

Killing of virus-infected cells can also be mediated by activated
NK cells, after binding of immunocomplexes to CD16 (20).
Therefore, antibody-dependent cellular cytotoxicity (ADCC)
activity was measured using S-expressing 293T cells as target cells
with degranulation measured by CD107a staining in primary NK
cells as a readout forADCC(Figures 2I, S6). ADCCactivity didnot
change between the acute and late convalescent phase (Figures 2J,
K). At both time points, 59% - 66% of individuals showed anti-S
mediated ADCC activity. However, similar to ADCP andCDC, the
proportion of ADCC-mediating antibodies within the fraction of
anti-S IgG increased significantly over time (p<0.0001, Figure 2L).
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Analyzing only individuals with paired samples available, revealed
similar results as the cohort as a whole (Figures S3C–H). Overall,
these data show that antibody effector functions mediated by S-
specific antibodies remain stable over time and that the proportion
of the functional antibody response within the total anti-S
antibodies increases over time.
SARS-CoV-2 Infection Induces a
Sustained Memory B Cell Compartment
Reacting Against Spike and Nucleocapsid
Protein 6–9 Months After Infection
Upon re-infection, memory B cells are rapidly activated to
differentiate into antibody-producing plasmablasts and/or re-
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FIGURE 2 | Comparison of effector function profiles of plasma from SARS-CoV-2-infected individuals during the acute phase and 6-9 months post infection. Non-
infected samples obtained before the pandemic (pre), and SARS-Cov-2 infected individuals were sampled 2-9 days post laboratory confirmation and 6-9 months
later. (A) Schematic representation of the antibody-dependent cellular phagocytosis (ADCP) assay. (B) Comparison of ADCP activity in pre-pandemic samples,
SARS-CoV-2-infected individuals in the acute phase of infection and 6-9 months later. (C) Percentage of individuals with ADCP above the cutoff for positivity.
(D) Ratio of ADCP to anti-spike IgG measured by S-Flow. (E) Schematic representation of complement-dependent cytotoxicity (CDC) assay. (F) Comparison of CDC
activity in pre-pandemic samples, SARS-CoV-2-infected individuals in the acute phase of infection and 6-9 months later. (G) Percentage of individuals with CDC
above the cutoff for positivity. (H) Ratio of CDC to anti-spike IgG as measured by S-Flow. (I) Schematic representation of antibody-dependent cellular cytotoxicity
(ADCC). SARS-CoV-2 plasma induced NK degranulation as measured by CD107a staining using spike-expressing 293T cells as target cells. NK cells were isolated
from healthy donors. (J) Comparison of ADCC activity in pre-pandemic samples, SARS-CoV-2-infected individuals in the acute phase of infection and 6-9 months
later. (K) Percentage of individuals with ADCC above the cutoff for positivity. (L) Ratio of ADCC to anti-spike IgG as measured by S-Flow. Statistical comparisons
were performed by Mann Whitney test. The dashed line indicates the cutoff for positivity set based on values calculated following formula: cut-off = % mean positive
cells from 19 pre-pandemic samples + 3x standard deviation. Each dot represents result from a single individual. Lines represent median and IQR. **p < 0.01,
***p < 0.001, and ****p < 0.0001. Pre-pandemic: n=19, acute ADCP and CDC: n=30, acute ADCC: n=32, 6-9 months ADCP, CDC and ADCC: n=64.
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initiate germinal centers in the case of secondary heterologous
infection with antigenically similar pathogens (40). Therefore,
they may play an important role in long-term immune memory
to SARS-CoV-2 and their evolving variants. We assessed the
phenotype and frequency of antigen-specific memory B cells
from 40 SARS-CoV-2 infected individuals in the cohort by
staining with site-specific biotinylated recombinant S1 and N
protein (Figures 3A, S7A, B). At late convalescence, 0.10% of
median of the total CD27+ B cells are S1-specific, whereas 0.66%
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of median are N-specific (p<0.0001, Figure 3B). We observed the
highest frequencies of S1-specific and N-specific B cells in the
activated memory B cell compartment (CD27+CD38+)
compared to plasma blast (CD27+CD38hi) and resting memory
compartments (CD27+CD38-) (Figures 3C, D) (41, 42). The
proportion of CD27+CD38+ S1-specific B cells (median=75%,
IQR=30%) is significantly increased compared to the proportion
of CD27+CD38+ N-specific B cells (median=39%, IQR=26%,
Mann-Whitney Test, p<0.0001) (Figure 3E). Moreover, the
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FIGURE 3 | Characterization of antigen-specific memory B cells in the peripheral blood of individuals infected with SARS-CoV-2 6-9 months after infection.
(A) Schematic representation of the memory B cell assay. (B) Comparison of percentages of S1-specific or N-specific memory B cells (CD19+CD27+). (C, D)
Percentages of S1- and N-specific B cells among resting memory B cells (CD38-), activated memory B cells (CD38+) or plasmablasts within the CD27+ memory B
cell population. (E, F) Proportion of S1-specific and N-specific CD27+CD19+ B cell subsets for each individual and the whole cohort (G, H) Percentages of S1- and
N-specific cells in non-class-switched B cells (IgD-IgM+) or class-switched B cells (IgD-IgA+ or IgD-IgG+). (I, J) Proportion of S1-specific and N-specific switched and
unswitched CD19+ B cells for each individual and for the whole cohort. Statistical comparisons were performed by Mann-Whitney test (B), Wilcoxon Rank Sum test
(C, D, G, H) or Chi-square test (F, J). Each dot represents result from a single individual. Lines represent median and IQR (n=40). *p < 0.05, ***p < 0.001, and
****p < 0.0001. n = 40. S1, subunit 1 of spike protein; N, Nucleocapsid protein.
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proportion of S1- versus N-specific B cells varies within each
CD27+Bcell subset (p<0.0001,Figure3F).Wenext analyzedS1- and
N-specific B cells within the unswitched (IgD-IgM+) and switched
(IgD-IgG+ and IgD-IgA+) B cell compartments (Figure S7A). S1-
specific B cellsweremainly IgD-IgG+,whereasN-specificB cellswere
either IgD-IgM+ or IgD-IgG+ (Figures 3G, H). The proportion of
IgD-IgG+ S1-specific B cells (median=75%, IQR=24%) was
significantly increased compared to the proportion of IgD-IgG+ N-
specific B cells (median=37%, IQR=17%) (p<0.0001) (Figure 3I).
Therefore, within each switched B cell subset, the proportion of S1-
versus N-specific B cells was different (p<0.0001) (Figure 3J). Taken
together, SARS-CoV-2 infection induces a robust memory B cell
response targeting both S and N.
SARS-CoV-2 Infection Induces Mainly Spike
and Membrane Protein-Specific Memory
CD4+ and CD8+ T Cells That Are Maintained
Up to 6–9 Months After Infection
In addition to humoral immune memory, the generation and
maintenance of virus-specific cellular immune responses is
critical to help prevent reinfection. Long-term maintenance and
phenotypes of SARS-CoV-2-specific memory T cell responses are
still under investigation (4, 43, 44). SARS-CoV-2-specificCD4+ and
CD8+Tcellswere assessed in 33 individuals at late convalescenceby
incubating PBMCs with peptide pools covering immunodominant
sequences of the viral S1, M and N protein (Figure 4A). Post
incubation, activation induced marker (AIM) assays identified
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CD4+ antigen-specific cells using OX40+CD137+ combined with
phenotypic markers to measure different memory and T helper
(Th) subsets (Figures S8A–D). Percentages of both S1- and M-
specific CD4+ T cells were significantly increased compared to the
percentage of N-specific cells (p<0.0001, p=0.0002), Figure 4B).
Phenotypically, 42% of virus-specific T cells displayed an effector
memoryphenotype (CD45RA-CCR7+) and87%of the cells showed
a Th1-skewed phenotype (CXCR3+CCR6-) (Figures 4C, D).
Comparing the memory phenotype of S1-, M- and N-specific
cells, we observed that a lower proportion of S1-specific cells
displayed an effector memory phenotype (23%) compared to M-
specific cells (41%, p=0.0457) and N-specific cells (58%, p<0.0001)
(Figure S9A). Moreover, 97% of M-specific cells showed a Th1-
skewed phenotype compared to only 65% (p<0.0001) of the S1-
specific cells and 71% (p=0.0130) of the N-specific cells (Figure
S9B). In eight individuals, sufficient cell numbers were available to
assess functionality by cytokine production after peptide
stimulation using a multi-parameter ex vivo intracellular cytokine
staining (ICS) assay (Figure S8E). SARS-CoV-2-specific CD4+ T
cells produced Interleukin (IL)-2 (36%) or IL-6 (28%) after peptide
stimulation, and were polyfunctional (Figures 4E, F). Percentages
of IL-2+ and IL-17+ cells were significantly higher after S1
stimulation compared to M stimulation (p=0.046, p=0.017)
(Figure S9C).

Next, we assessed the frequency and phenotype of cytotoxic
CD8+ T cells by AIM assay using CD69+CD137+ to identify
antigen-specific CD8+ T cells. Frequency of total SARS-CoV-2-
specific CD8+ cells is 0.44% (median) (Figure 5A) with 61% of
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FIGURE 4 | SARS-CoV-2-specific CD4+ T cells 6-9 months post-infection. (A) Schematic representation of the CD4+ T cell assay (B) Frequency (percentage of
CD4+ T cells) of total SARS-CoV-2-specific CD4+ T cells after overnight stimulation with S, M and N peptide pools as assessed by induced expression of OX40 and
CD137. Each dot represents result from a single individual (n=33). Lines represent median and IQR. (B) Distribution of SARS-CoV-2–specific CD4+ T cells among
central memory, effector memory, and terminally differentiated effector memory cells (TEMRA). (C) Frequencies of SARS-CoV-2-specific CD4+ T helper (Th) subset.
(D) Cytokine production and (E) pie chart representing the multifunctional SARS-CoV-2-specific CD4+ T cell response assessed by intracellular cytokine staining after
incubation with SARS-CoV-2 peptides compared to unstimulated control, n=8. SARS-CoV-2 specific activation and cytokine production were calculated by
subtracted the unstimulated control from the SARS-CoV-2 peptide stimulated condition. Statistical comparisons were performed by Kruskal-Wallis test (B) and
Wilcoxon Rank Sum test (F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. S1, subunit 1 of spike protein; M, membrane protein; N, nucleocapsid protein.
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these SARS-CoV-2-specific CD8+ T cells being terminally
differentiated effector memory cells (TEMRA, CD45RA+CCR7-)
(Figures 5B, S9D). No differences were observed between S1-, M-
and N-specific CD8+ T cells. Similar to antigen-specific CD4+ T
cells, SARS-CoV-2-specific CD8+ T cells produced either IL-2
(56%) or IL-6 (16%) after peptide stimulation, and were
polyfunctional (Figures 5C, D), (Figure S9E). Interestingly, 2/33
(6%) individuals displayed no CD4+ T cell reactivity, and 6/33
(19%) individuals lacked a CD8+ T cell response after stimulation.
In summary, sustained and functional CD4+ and CD8+ T cell
responses are detected in the study participants, even after
experiencing only mild or asymptomatic SARS-CoV-2 infection.
These data suggest that SARS-CoV-2 can induce a long-lived
cellular immune response, which could confer protection after
reinfection or could be reactivated with vaccination.

Symptomatic Infection Is Associated With
Increased ADCC Activity and Increased
Frequency of SARS-CoV-2-Specific CD4+

T Cells Observed 6–9 Months After
Infection
In order to assess if symptomatic disease is associated to altered
immune memory formation, we compared the functional immune
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response between asymptomatic and symptomatic patients with
mild/moderate clinical presentation. Overall, no differences
occurred in the titers of anti-S IgM, IgA, IgG, neutralization or
antibody-effector functions assessed in the acute phase of infection
(Figures 6A, S10). At late convalescence, symptomatic disease
resulted in increased ADCC activity compared to asymptomatic
individuals (p=0.0034) (Figure 6A). Other Fc-mediated effector
functions, such as ADCP and CDC and neutralizing titers were not
different between the patients (FigureS10). Percentages ofN-specific
CD27+ B cells, but not S1-specific, were increased in asymptomatic
individuals versus patients who were symptomatic (p=0.051)
(Figure 6B). Symptomatic disease resulted in increased percentage
of SARS-CoV-2-specific CD4+ T cells (p=0.0018) with a central
memory phenotype (p=0.0498) (Figures 6C, D), but no differences
were observed in the CD8+ T cell compartment (Figure S10).

These data suggest that the outcome of acute infection has an
imprint on the memory immune response with implications for
response to subsequent infection or vaccination.

Correlations Between Various Aspects of
the Functional Anti-Viral Memory Response
In order to assess the relation between antibody titers, functional
humoral immune memory, and the cellular T and B cell
A B
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FIGURE 5 | SARS-CoV-2-specific CD8+ T cells 6-9 months post-infection. (A) Frequency (percentage of CD8+ T cells) of total SARS-CoV-2-specific CD8+ T cells
after overnight stimulation with S, M and N peptide pools as assessed by induced expression of CD69 and CD137. Each dot represents result of a single individual
(n=33). Lines represent median and IQR. (B) Distribution of SARS-CoV-2-specific CD8+ T cells among central memory, effector memory, and terminally differentiated
effector memory cells (TEMRA). (C) Cytokine production and (D) pie chart representing the multifunctional CD8+ T of SARS-Cov-2-specific T cells assessed by
intracellular cytokine staining after incubation with SARS-CoV-2 peptides compared to unstimulated control, n=8. SARS-CoV-2 specific activation and cytokine
production were calculated by subtracted the unstimulated control from the SARS-CoV-2 peptide stimulated condition. (A) Kruskal-Wallis test and (D) Wilcoxon
Rank Sum test. *p < 0.05. S1, subunit 1 of spike protein; M, membrane protein; N, nucleocapsid protein.
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compartment we performed extensive correlation analysis
(Figure 7A). Age correlated to anti-S antibody titers and S1-
specific CD19+IgD-IgG+ and CD19+CD27+B cells. In the acute
phase of infection, anti-S IgG, IgM and IgA titers, functionality,
measured by seroneutralization, and effector functions correlated.
Seroneutralization, anti-S IgA, and ADCC correlated over time,
albeit not very strong. Of note, viral shedding did not correlate with
anti-SARS-CoV-2 immunity (Figure 7A), and subdividing
individuals into short or long viral RNA shedding using an
arbitrary cut-off of 10 days did not yield any differences in SARS-
CoV-2 specific immune responses (Figure S11).

At late convalescence, anti-S IgG correlated with all three
effector functions, but not with neutralizing capacity. Within the
B cell compartment, N-specific IgD-IgG+, IgD-IgA+ and CD27+

B cells correlated to one another, as did S1-specific IgD-IgG+,
IgD-IgA+ and CD27+ B cells. No correlation was identified
between S1- and N-specific B cells. Anti-S IgG titers, ADCP,
and CDC correlated with S1-specific IgD-IgG+ and CD27+ B
cells. The S-specific CD4+ T cell responses correlated with S-
specific CD8+ T cell responses, but did not correlate to antibody
titers nor to effector functions or to S1-specific B cells.

Next, we assessed in more detail the relationship between the
different effector functions at late convalescence. We included 56
individuals with measurable anti-S IgG above the cutoff based on
the pre-pandemic samples (Figures 1, 7B). We found that
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plasma from each individual could induce neutralization or at
least one antibody-effector function (ADCP, CDC and ADCC).
In 11 out of the 56 individuals (19.6%), both neutralization titers
and all antibody-effector functions could be measured. Eighteen
out of the 56 individuals (32,1%) had measurable antibody-
effector functions, but no neutralizing titers, while in 4 out of the
56 (7.1%) individuals only neutralizing titers were
detected (Figure 7B).

We further detailed if individuals showed measurable
immune responses in one or multiple immune compartments
at 6-9 months post infection. In twenty individuals we assessed in
parallell anti-S IgG, S1-specific B cells and S-specific T cells. We
set an arbitrary cutoff for positive B and T cell responses at 0.1%
of S-specific CD27+ B, CD4+ T and CD8+ T cells. Four out of the
20 individuals (20.0%) had responses in all compartments. Three
individuals (15.0%) showed only measurable anti-S IgG titers.
Moreover, 7 individuals (35.0%) had anti-S IgG titers and
detectable S1-specific CD27+ B cells but no S-specific T cell
responses. In contrast, 9 (45.0%) individuals had measurable S-
specific T cell responses, but no S1-specific B cell responses or
anti-S antibody titers (Figure 7C).

Overall, different aspects of a functional immune memory
response do not fully correlate with one another and require
separate evaluation when considering long-term immune
memory to SARS-CoV-2.
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FIGURE 6 | Comparison of adaptive immune memory in asymptomatic and symptomatic individuals. (A). Comparisons of ADCC activity in asymptomatic (asymp;
n=12) versus symptomatic (symp; n=20) individuals in the acute phase and 6-9 months after confirmed infection using 293T-spike cells as target cell. Percentage of
CD107a positive cells is measured as readout for ADCC. (B) Comparison of percentages of S1-specific or N-specific memory B cells (CD19+CD27+) between 11
asymptomatic individuals and 29 symptomatic individuals. (C) Frequency (percentage of CD4+ T cells) of total SARS-CoV-2-specific CD4+ T cells after overnight
stimulation with peptide pools comparing asymptomatic individuals (asymp; n=11) with symptomatic patients (symp; n=22). (D) Comparison of CD4+ T cell memory
phenotype between asymptomatic individuals (asymp; n=11) and symptomatic patients (symp; n=22). Statistical comparisons were performed by (A–C) Mann
Whitney tests and (D) Chi-square test for trend *p < 0.05, **p < 0.01.
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DISCUSSION

In this study, we investigated a partially asymptomatic cohort of
Cambodian individuals in the acute and late convalescent phase for
anti-S antibody titers, neutralization and effector functions, as well as
SARS-CoV-2-specific B and T cell responses. As Cambodia was
relatively COVID-19-free throughout 2020 (45), it is highly unlikely
Frontiers in Immunology | www.frontiersin.org 949
this cohort had additional exposure events after inclusion in this
study, that couldhave boosted their immunememory to SARS-CoV-
2. One limitation is the uncertainty of the exact timing of exposure/
infection, as infections were identified by screening at entry into
Cambodia rather than in a direct surveillance or community cohort.

Studies assessing long-term immune memory to SARS-CoV-
2 in Asian populations are scarce (18, 34–36, 46). Historically,
A

B C

FIGURE 7 | Correlation of the functional anti-SARS-CoV-2 immune responses. (A) Spearman correlation matrix showing humoral immune memory and effector
functions measured in the acute phase and 6-9 months post infection were correlated to each other and to frequencies of antigen-specific B and T cells measured
6-9 months after infection. Red represents a negative correlation between two variables and blue indicates a positive correlation. The size of the dot represents the
magnitude of the correlation coefficient. Statistical analysis was performed with spearman correlation test. *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.001. IgM:
anti-S IgM titers, IgG: anti-S IgG titers, IgA: anti-S IgA titers, Neut: FRNT50 titers, CD4: total SARS-CoV-2 specific CD4+ T cells, S1.CD4: S-specific CD4+ T cells,
N.CD4: N-specific CD4+ T cells, CD8: total SARS-CoV-2 specific CD8+ T cells, S1.CD8: S-specific CD8+ T cells, N.CD8: N-specific CD8+ T cells, S1.IgA: S1-specific
IgD-IgA+ B cells, N.IgA: N-specific IgD-IgA+ B cells, S1. IgG: S1-specific IgD-IgG+ B cells, N.IgG: N-specific IgD-IgG+ B cells, S1.CD27: S1-specific CD27+ B cells,
N.CD27: N-specific CD27+ B cells. (B) Venn diagram showing the relation of anti-S humoral immune responses at late convalescence. All individuals with detectable
anti-S IgG titers are included (n=56). (C) Venn diagram showing the relation of anti-S IgG, S1-specific CD27+ B cells and S1-specific T cells at late convalescence.
The cutoffs for S1-specific CD27+ B cell response and S-specific CD4+ and CD8+ T cell responses were arbitrarily set above 0.1% (n =20).
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the population in East Asia seems to be more exposed to
coronavirus-like viruses as only East Asian population show
genetic adaptation to coronaviruses (47). The main natural
reservoir of SARS-related coronaviruses is believed to be
Horseshoe bats (genus Rhinolophus), which are endemic to
Southeast Asia and China (48–51). Whether possible cross-
reactivity to other coronavirus-like viruses or hCoVs may have
influenced the adaptive immune response to SARS-CoV-2 in
Southeast Asian populations remained to be investigated.

As shown in previous studies anti-S IgM, IgG and IgA titers
declined over time and anti-S IgG becomes the major isotype at
late convalescence (4, 52, 53). In this study, IgA titers were the
most affected over time. The formation of anti-S IgA is shown to
be dependent on local lung inflammation (6, 54, 55) hence titers
decline the strongest in asymptomatic/mild patients. Titers of
neutralizing antibodies are reported to reach their maximum
within the first month after infection and then decay, but mostly
remain detectable six months and even up to one year after
infection (4, 12). A relatively low rate of individuals retained
neutralizing antibodies at late convalescence in this cohort (56%)
as most longitudinal studies found 76-98% of individuals
remaining positive (4, 21). This might be attributed to the
absence of possible re-exposure and/or the consequence of
asymptomatic/mild infection (12, 27, 43, 53). One caveat is
that it is possible that the humoral responses for some donors
were still on the rise and had not peaked by the detection at the
acute timepoint.

In contrast with other papers, neutralizing titers did not
correlate to anti-S IgG antibodies at late convalescence. This
might be due to the genetic background or previous immunity to
other hCoVs of the participants inducing antibodies binding to
different viral epitopes, or could be due to the different technique
to measure anti-S binding and neutralizing antibodies (56, 57).

Fc-mediated effector functions contribute to clearance of
virus-infected cells but are often critically overlooked. SARS-
CoV-2 infection induces Fc-mediated effector functions
irrespective of disease outcome (21–23). Antibody effector
functions develop rapidly after infection and correlate with
anti-S IgG and neutralizing titers in the acute phase and at late
convalescence (21, 22). In this current study, we assessed three
antibody effector functions using cell-based assays. Between 55-
66% of individuals showed antibody effector function activity up
to nine months after infection. Also, ADCC persisted in a higher
percentage of individuals compared to neutralization or other
effector functions (24, 25). We report here the maintenance of
CDC over time suggesting that both ADCC and CDC can
contribute to protection from re-infection. ADCP levels
decreased over time which could have consequences for
antigen presentation and macrophage activation upon re-
infection (58). Interestingly, the ratio of S-mediated effector
functions over total anti-S IgG increases over time. Together
with reports showing the evolution of the BCR repertoire over
time (27, 59, 60), these data indicate ongoing affinity maturation
and evolution of the antibody response to a more functional
response. Therefore, measurement of only S-binding antibodies
at late convalescence does not reflect their function.
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S-, RBD- and N-specific memory B cells are maintained more
than six months post symptom onset and their frequency increased
over time (4, 61, 62). In this cohort, S1-and N-specific memory B
cells persisted up to 6-9 months post infection with some variability
between individuals. One of the caveats of this study is that the cut-
off for positive staining in antigen-specific B/T cells is arbitrary,
which may lead to over-estimate the true number. The percentage
of S1-specific IgG B cells correlated with S-specific IgG antibodies,
and S1-specific B cells displayed an activated phenotype. This
suggests that these B cells could be recruited after secondary
exposure with SARS-CoV-2 and might confer some level of
protection against infection with new variants or could be re-
activated after vaccination via additional diversification trough
germinal center responses (40, 63).

Anti-SARS-CoV-2 T cell immune memory was assessed by
AIM, which is a sensitive assay that provides a broader picture of
the overall antigen-specific T cell response, compared to
cytokine-detection based assays (8, 64). Persistence of
functional memory T cells after SARS-CoV-2 infection has
been reported, also after asymptomatic infection (4, 65).
Similar to other reports, virus-specific memory CD4+ T cells
were skewed to a Th1 or Th1/Th17 profile and displayed mainly
an effector memory (CD45RA-CCR7-) phenotype (28, 65, 66).
Virus-specific CD8+ T cells consisted mostly of cells with a
TEMRA phenotype, a compartment of cytotoxic CD8+ T with
limited proliferative potential (66). Polyfunctional virus-specific
CD4+ and CD8+ T cells could be detected, mainly secreting IL-2
(18, 43), albeit we could only include few individuals in this
analysis. Similar to other long-term cohorts, virus-specific CD4+

and CD8+ cells can be detected in up to 90% - 70% of the
individuals, respectively (31). Hence, cellular immune responses
might confer protection after reinfection with variants of
concern (67).

Differences in frequency and phenotype of N- and S-specific
B and T cells has been reported before (4, 5, 28, 43). This might
be due to the difference in antigen availability, persistence, and
immunological context. Together with other envelope proteins, S
proteins cover the surface of the virus and bind to the host cell,
while the N protein underlies viral packaging and hence is less
accessible (68). The N protein is more conserved among
coronaviruses (68), whereas S protein and especially the RBD-
bearing S1 subunit are more prone for acquiring mutations (69,
70). Consequently, anti-N IgG rather than anti-S1 IgG can be
found in individuals not exposed to SARS-CoV-2 (68, 71, 72).
This might explain the observed higher frequency of N-specific B
cells in our study.

Correlations between CD4+ T cells and humoral responses
can be observed in some long-term cohorts (28, 30, 73, 74) but
not all (4). In this study, there was no correlation between the S-
specific cellular and humoral immune compartment at late
convalescence. Importantly, in 45% of the individuals anti-S
CD4+ and CD8+ T cell responses could be detected but their anti-
S antibody titers were below the pre-pandemic detection
threshold. Therefore, neither anti-S IgG nor neutralizing
antibodies are a good proxy to determine the cellular response
to SARS-CoV-2. Interestingly, we showed that 32% of the
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individuals had measurable antibody-effector functions, but no
neutralizing titers, while in 7% of the individuals only
neutralizing titers were detected. Hence, subtle differences in
anti-S antibody titers, neutralization and Fc-related functions
might lead to a different disease outcome upon re-exposure.
Therefore, serological testing alone might not be sufficient to
understand the full spectrum of long-term immune memory
generated after SARS-CoV-2 infection.

In this cohort, the duration of SARS-CoV-2 RNA shedding did
not correlate with the magnitude of anti-SARS-CoV-2 immunity,
eithermeasured in the acute phase or at late convalescence,which is
in contrast toprevious studies (12, 34, 75) and couldbe explainedby
the inclusion of mainly asymptomatic and mild cases.

The development, characteristics and functionality of the
totality of long-term immune memory in asymptomatic infected
individuals remains to be further characterized. We observed an
increase of ADCC at late convalescence in patients who had mild/
moderate disease compared to asymptomatic individuals. This
observation is in line with studies showing increased anti-S IgG
afucosylation in severe patients compared to mild and
asymptomatic cases (76, 77). Indeed, afucosylated monoclonal
antibodies can cause elevated ADCC though increased IgG-
FcgRIIIa affinity (78, 79). More severe COVID-19 induced a
stronger SARS-CoV-2-specific CD4+ T cell response (28, 29). We
confirm and extend these data as we observed lower levels of virus-
specific CD4+ T cells in asymptomatic individuals compared to
mild/moderate cases. These data suggest that different disease
outcome after infection results in altered long-term immune
memory, which could shape the response to subsequent infection
or vaccination.

Taken together, our work shows additional evidence of long-
term and persistent immune memory after asymptomatic and
mild SARS-CoV-2 infection. Furthermore, this cohort describes
the immune response in individuals of Asian origin and in the
absence of re-exposure to SARS-CoV-2. We show the persistence
of humoral immune memory, antibody effector functions, and
virus-specific memory T and B cells 6-9 months after infection,
which do not correlate to each other. These data enhance our
understanding of long-term functional immune memory.
MATERIALS AND METHODS

Human Subjects
Ethical approval for the study was obtained from the National
Ethics Committee of Health Research of Cambodia. Written
informed consent was obtained from all participants prior to
inclusion in the study. Pre-pandemic blood samples were
obtained from clinically healthy individuals included in the
dengue vaccine initiative study in 2015-2016. Clinically healthy
adult volunteers who presented at the International Vaccination
Centre, Institut Pasteur du Cambodge before the onset of the
pandemic were included to validate the antigen-specific B and T
cell staining. Acute SARS-CoV-2 infected patients were identified
via screening of imported cases in Cambodia between 6thMarch to
Frontiers in Immunology | www.frontiersin.org 1151
12th August 2020. All laboratory confirmed cases are quarantined
and monitored for symptoms. Moreover, 1-15 follow-up
nasopharyngeal/oropharyngeal swab samplings for SARS-CoV-2
detection were conducted to assess SARS-CoV-2 RNA shedding.
Patients were only discharged after two consecutive negative RT-
PCR tests within 48h. Symptomatic patients displayed mild/
moderate symptoms such as running nose, cough, fever and
difficult to breath. In total, we included 64 individuals for follow
up. In33 individuals, 2-9days after laboratory confirmation, a blood
sample was obtained. A second blood sample was obtained 6-9
months later from all 64 study participants. Participant
characteristics and clinical signs are summarized in Table S1.
Plasma was collected and stored at -80°C, The PBMCs were
isolated via Ficoll-Paque separation, cryopreserved in 10%
DMSO/FBS and stored in liquid nitrogen until analysis. The
National Institute for Biological Standards and Control (NIBSC)
20/130 (research reagent) and 20/118 (reference panel) have been
obtained from WHO Solidarity II, the global serologic study for
COVID-19.
SARS-CoV-2 Detection
Molecular detection of SARS-CoV-2 in combined nasopharyngeal/
oropharyngeal swabs was performed as previously described (38).
Briefly, RNA was extracted with the QIAamp Viral RNA Mini Kit
(Qiagen) and real-time RT-PCR assays for SARS-CoV-2 RNA
detection were performed in using primers/probes from Charité
Virologie [Berlin, Germany (80)] to detect both E and RdRp genes.
Virus Neutralization Assay
The detection of neutralizing antibodies was achieved by foci
reduction neutralization test (FRNT) similar as described before
(81) and adapted to SARS-CoV-2. Briefly, serial diluted, heat-
treated plasma samples were incubated with a Cambodian SARS-
CoV-2 isolate (ancestral strain; GISAID: EPI_ISL_956384 (38);)
for 30min at 37°C and 5% CO2. The mixtures were distributed on
African green monkey kidney cells (VeroE6; ATCC CRL-1586)
and incubated again for 30min 37°C and 5% CO2. Afterwards,
the mixtures were replaced by an overlay medium containing 2%
carboxymethyl cellulose (Sigma-Aldrich) in Dulbecco’s modified
Eagle medium (DMEM; Sigma-Aldrich) supplemented with 3%
FBS (Gibco) and 100 U/mL penicillin-streptomycin (Gibco).
Infection was visualized 16-18h after inoculation by staining of
infected cells with a SARS-CoV-2-specific antibody (rabbit,
antibodies-online GmbH), targeting the S2 subunit of the viral
spike protein, and afterwards with antibody anti-rabbit IgG HRP
conjugate (goat; antibodies-online GmbH). Finally, cells were
incubated with TrueBlue TMB substrate (KPL), and infection
events appear as stained foci and were counted with an ELISPOT
reader (AID Autoimmune Diagnostika GmbH, Strassberg,
Germany). The amount of neutralizing antibodies is expressed
as the reciprocal serum dilution that induces 50% reduction of
infection (FRNT50) compared to the positive control (virus
only) and is calculated by log probit regression analysis (SPSS
for Windows, Version 16.0, SPSS Inc., Chicago, IL, USA).
FRNT50 titers below 10 are considered negative.
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S-Expressing Cell Lines
Transfected cell lines, Raji (ATCC® CCL‐86™) and 293T
(ATCC® CRL‐3216™), with SARS-Cov-2 spike plasmid or a
control plasmid using Lipofectamine 2000 (Life technologies)
are kind gifts from Olivier Schwartz, Institut Pasteur, Paris,
France (21). Spike-expressing Raji cells and Raji control cells
were cultured at 37°C, 5% CO2 in RPMI medium while 293T-
spike cells and 293T control cells were cultured in DMEM
medium. All media were completed with 10% FBS (Gibco, MT,
USA), 1% L glutamine (Gibco), 1% penicillin/streptomycin and
puromycin (1 mg/mL, Gibo™) for cell selection during
the culture.
S-Flow Assay
The S-Flow assay was performed as previously described (39).
Briefly, plasma samples were diluted (1:200) in 1xPBS with
2mM EDTA and 0.5% BSA (PBS/BSA/EDTA) and incubated
with 293T-spike cells (80000 cells/100µl) for 30 minutes on ice.
The cells were washed with PBS/BSA/EDTA and stained either
with anti-IgM PE (dilution 1:100, Biolegend) and anti-IgG
Alexa Fluor™ 647 (dilution 1:600, Thermo Fisher) or anti-
IgA Alexa Fluor 647 (dilution 1:800, Jakson ImmunoResearch)
for 30 minutes on ice. The cells were washed with 1xPBS and
fixed using buffer of the True-Nuclear Transcription Factor
Staining kit (Biolegend). After fixing, the cells were washed and
resuspended in 1xPBS. The results were acquired using FACS
Canto II, BD Biosciences. The gating strategy for anti-IgM,
anti-IgG or anti-IgA positive cells was based on the 293T
control cells incubated with negative SARS-CoV-2 reference
plasma. The data were reported as percentage of positive cells
for anti-IgM, anti-IgG or anti-IgA. The NIBSC Research
Reagent (20/130) and panel (20/118) (WHO Solidarity II)
was utilized to set the cutoff for positivity based on the
background staining of the negative SARS-CoV-2 plasma and
calculated following formula: cut-off= % positive cells + 2x
standard deviation.
Antibody Dependent Cellular Phagocytosis
(ADCP) Assay
THP-1 cells (ATCC® TIB-202™) were used as phagocytic cells.
For this, 1 µg of biotinylated S1 protein (Genscripts) was used to
saturate the binding sites on 1 µl of FluoroSphere neutravidin
beads (Thermo Fisher) overnight at 4°C. Excess protein was
removed by washing the pelleted beads. The protein-coated
beads were incubated with 40 µl heated-inactivated plasma
diluted in complete RPMI (1:40) for 15 minutes at room
temperature. Then, 5x104 THP-1 cells suspended in 50 µl
complete RPMI were added to the complex and incubated for
16 hours at 37°C, 5% CO2. After incubation, the cells were
washed with 1xPBS and fixed using buffer in True-Nuclear
Transcription Factor Staining kit (Biolegend). After fixing, the
cells were washed and resuspended in 1xPBS. The samples were
analyzed using FACS Canto II, BD Biosciences. Phagocytosis
activity was scored by the integrate mean fluorescence intensity
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(iMFI) value (% positive fluorescence THP-1 cells x MFI of the
positive fluorescence THP-1 cells).

Complement Dependent Cytotoxicity
(CDC) Assay
The assay used spike-expressing Raji cells as target cells, pooled
serum (4 healthy donors) as complement source and heated-
inactivated patient plasma as antibody source. In short, 50 µl of
heated-inactivated plasma (1:50) were incubated with Raji-spike
cells for 30 minutes at 37°C, 5% CO2. Afterward, 50 µl of
complete RPMI containing 15% of pooled serum was added
into the cells and incubated at 37°C, 5% CO2 for 14 hours. The
cells were washed with PBS and stained with Zombie Aqua
viability dye (BioLegend) for 20 minutes on ice and then stained
anti-APC C3/C3b/iC3b antibody (Cedarlane) for 30 minutes on
ice. The cells were fixed with fixation buffer in True-Nuclear
Transcription Factor Staining kit (Biolegend) for 20 minutes on
ice. After fixing, the cells were washed and resuspended in
1xPBS. The samples were acquired using FACS Canto II, BD
Biosciences. The results were reported as percentage of cell death
and MFI of C3 deposition on the cells.
Antibody-Dependent Cellular Cytotoxicity
(ADCC) Assay
The assay used 293T-spike cells as a target cell and purified NK
cells from healthy donor PMBCs as effector cells. First, 293T-
spike cells were incubated with heated-inactivated patient plasma
diluted in complete DMEM medium (1:50) at 37°C, 5% CO2 for
30 minutes. The NK cells were enriched by magnetic negative
selection (Miltenyi) according to manufactor’s instruction. The
293T-spike cells were washed five times with complete RPMI
medium. The NK cells were mixed with 293T-spike cells at a
ratio 1:1 at final volume of 100 µl complete RPMI. Anti-CD107a
and Monensin (Biolegend) 1:1000 dilution were added to the
suspension and incubated at 37°C, 5% CO2 for 6 hours. The cells
were washed with 1xPBS and stained with Zombie Aqua viability
dye (BioLegend) for 20 minutes on ice. Then the cells were
stained with anti-CD3 and anti-CD56 for 30 minutes on ice. The
cells were washed and fixed/permeabilized using True-Nuclear
Transcription Factor Staining kit (Biolegend) for 20 minutes on
ice. After staining, the cells were washed and resuspended in
1xPBS. The samples were acquired using FACS Canto II,
BD Biosciences.
Detection of Antigen-Specific Memory
B Cells
Biotinylated SARS-CoV-2 S1 protein and biotinylated
SARS-CoV-2 N protein were purchased from GenScript. The
biotinylated proteins were combined with different streptavidin
(SA) fluorophore conjugates, BUV496 (BD Biosciences) and PE
(Biolegend), respectively, at 1:1 molar ratio. Briefly, each SA
was added gradually (3 times, every 20 minutes) to 20 µl of each
biotinylated protein (1 µM) on ice. The reaction was quenched
with D-biotin (GeneCopeia) at 50:1 molar ratio to SA for a total
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probe volume of 30 µl for 30 minutes on ice. Probes were then
used immediately for staining. Each staining used 5 µl of probe.
Shortly, patient PBMCs was washed with 1xPBS and stained
with Zombie Aqua viability dye (BioLegend) for 10 minutes on
ice. The cells were stained with the probes. Then the cells were
washed and stained with anti-IgG antibody, for 30 minutes on
ice. After that, the cells were washed and stained with master
mix containing of anti-CD3, anti-CD19, anti-CD27, anti-
CD38, anti-IgD, anti-IgM and anti-IgA antibodies for 30
minutes on ice Antibodies are listed in Table S2. After
staining, the cells were washed and resuspended in 1xPBS
with 2% FBS. The samples were analyzed using FACS Aria,
BD Biosciences. The flow cytometry gating strategy to classify
memory B cell subsets and switched B cells is shown in Figure
S7. Overall, 40 samples were of sufficient quality and were
included in the analysis.

Activation-Induced Markers (AIM)
T Cell Assay
Antigen-specific CD4+ and CD8+ T cells, as well as memory T
cells and T helper subsets were assessed by Activation-Induced
Marker (AIM) assay (4, 8). Cells were cultured at 37°C, 5% CO2,
in the presence of SARS-CoV-2-specific S1, M and N protein
pools [1 µg/mL] (PepTivator® SARS-CoV-2 regents; Miltenyi
Biotec) in 96-well U-bottom plates at 0,5-1x106 PBMCs per well.
After 24 hours, cells were washed in 1xPBS supplemented with
0.5% bovine serum albumin (BSA) and 2 mM EDTA (FACS
buffer) and stained with Zombie Aqua Fixable Viability kit
(Biolegend) and incubated for 20 min at 4°C followed by
surface staining for 30 min at 4°C. Stained cells were washed
and resuspended in FACS buffer and analyzed using a FACSAria
Fusion (BD Biosciences). Antibodies are listed in Table S2.
Negative controls without peptide stimulation were included
for each donor. Antigen-specific CD4+ and CD8+ T cells were
measured subtracting the background (unstimulated control)
from the peptide-stimulated sample. Negative results were set
to zero. Data were analyzed with FlowJo software version 10.7.1
(FlowJo LLC). Overall, 33 samples were of sufficient quality and
were included in the analysis.

Intracellular Staining (ICS) Assay
Functional SARS-CoV-2-specific CD4+ and CD8+ T cells were
assessed by surface and intracellular staining in a subset of
individuals if sufficient amount of PBMCs were obtained
(n=8). Cells were cultured at 37°C, 5% CO2, in the presence of
SARS-CoV-2-specific S1, M and N protein pools separately [1
µg/mL each] (PepTivator® SARS-CoV-2 reagents; Miltenyi
Biotec), Monensin (Biolegend) 1:1000 dilution and anti-
Human CD28/CD49d purified [100 µg/mL] (BD Bioscience) in
96-well U-bottom plates at 0,5-1x106 PBMCs per well. After 6
hours, cells were washed in FACS buffer and stained using a
Zombie Aqua Fixable Viability kit (Biolegend) and incubated for
20 minutes at 4°C. Cells were then washed in PBS and fixed/
permeabilized with True-Nuclear™ Transcription Factor Buffer
Set (Biolegend). Surface (CD3, CD4 and CD8) and intracellular
markers (IFN-g, IL-2, IL-4, IL-6 and IL-17) were detected via the
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subsequent addition of directly conjugated antibodies incubating
for 30 minutes at 4°C. Antibodies are listed in Table S2. Stained
cells were finally washed and resuspended in FACS buffer and
analyzed using a FACSAria Fusion (BD Biosciences). Antigen-
specific CD4+ and CD8+ T cells were measured subtracting the
background (unstimulated control) from the peptide-stimulated
sample. Negative results were set to zero. Data were analyzed
with FlowJo software version 10.7.1 (FlowJo LLC).

Statistical Analysis
Calculations, figures and statistics were made using Prism 9
(GraphPad Software) or RStudio (Version 1.2.1335). The data
were tested for statistical normality before applying the
appropriate statistical tests. All information about sample sizes
and statistical tests performed were shown in the figure legends.
Spearman correlation plot was calculated and visualized with the
following packages: FactoMineR, factoextra (https://cran.r-
project.org/web/packages/factoextra/index.html) and corrplot
(https://github.com/taiyun/corrplot) in R (Version 3.6.1) and
RStudio (Version 1.2.1335).
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74. Pusňik J, Richter E, Schulte B, Dolscheid-Pommerich R, Bode C, Putensen C,
et al. Memory B Cells Targeting SARS-CoV-2 Spike Protein and Their
Dependence on CD4(+) T Cell Help. Cell Rep (2021) 34(13):109320. doi:
10.1016/j.celrep.2021.109320

75. Vibholm LK, Nielsen SSF, Pahus MH, Frattari GS, Olesen R, Andersen R, et al.
SARS-CoV-2 Persistence is Associated With Antigen-Specific CD8 T-Cell
Responses. EBioMedicine (2021) 64:103230. doi: 10.1016/j.ebiom.2021.103230

76. Chakraborty S, Gonzalez J, Edwards K, Mallajosyula V, Buzzanco AS,
Sherwood R, et al. Proinflammatory IgG Fc Structures in Patients With
Severe COVID-19. Nat Immunol (2021) 22:67–73. doi: 10.1038/s41590-020-
00828-7

77. Larsen MD, de Graaf EL, Sonneveld ME, Plomp HR, Nouta J, Hoepel W, et al.
Afucosylated IgG Characterizes Enveloped Viral Responses and Correlates
With COVID-19 Severity. Science (2021) 371:eabc8378. doi: 10.1126/
science.abc8378
Frontiers in Immunology | www.frontiersin.org 1656
78. Shields RL, Lai J, Keck R, O'Connell LY, Hong K, Meng YG, et al. Lack of
Fucose on Human IgG1 N-Linked Oligosaccharide Improves Binding to
Human Fcgamma RIII and Antibody-Dependent Cellular Toxicity. J Biol
Chem (2002) 277:26733–40. doi: 10.1074/jbc.M202069200

79. Pereira NA, Chan KF, Lin PC, Song Z. The "Less-is-More" in Therapeutic
Antibodies: Afucosylated Anti-Cancer Antibodies With Enhanced Antibody-
Dependent Cellular Cytotoxicity. MAbs (2018) 10:693–711. doi: 10.1080/
19420862.2018.1466767

80. Corman VM, Landt O, Kaiser M, Molenkamp R, Meijer A, Chu DK, et al.
Detection of 2019 Novel Coronavirus (2019-Ncov) by Real-Time RT-PCR.
Euro Surveill (2020) 25:2000045. doi: 10.2807/1560-7917.ES.2020.25.3.
2000045

81. Auerswald H, Boussioux C, In S, Mao S, Ong S, Huy R, et al. Broad and Long-
Lasting Immune Protection Against Various Chikungunya Genotypes
Demonstrated by Participants in a Cross-Sectional Study in a Cambodian
Rural Community. Emerg Microbes Infect (2018) 7:13. doi: 10.1038/s41426-
017-0010-0

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

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

Copyright © 2022 Vo, Maestri, Auerswald, Sorn, Lay, Heng, Sann, Ya, Pean, Dussart,
Schwartz, Ly, Bruel, Ly, Duong, Karlsson and Cantaert. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
February 2022 | Volume 13 | Article 817905

https://doi.org/10.1038/s41467-021-21953-3
https://doi.org/10.1038/s41467-021-21953-3
https://doi.org/10.1016/j.meegid.2020.104445
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1016/j.cell.2020.06.043
https://doi.org/10.1126/science.abe1107
https://doi.org/10.1038/s41467-021-23074-3
https://doi.org/10.1038/s41467-021-21336-8
https://doi.org/10.1016/j.celrep.2021.109320
https://doi.org/10.1016/j.ebiom.2021.103230
https://doi.org/10.1038/s41590-020-00828-7
https://doi.org/10.1038/s41590-020-00828-7
https://doi.org/10.1126/science.abc8378
https://doi.org/10.1126/science.abc8378
https://doi.org/10.1074/jbc.M202069200
https://doi.org/10.1080/19420862.2018.1466767
https://doi.org/10.1080/19420862.2018.1466767
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.2807/1560-7917.ES.2020.25.3.2000045
https://doi.org/10.1038/s41426-017-0010-0
https://doi.org/10.1038/s41426-017-0010-0
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Jin-Hwan Han,

Merck, United States

Reviewed by:
Russell Kabir,

Anglia Ruskin University,
United Kingdom

*Correspondence:
Shailendra K. Saxena

shailen@kgmcindia.edu

†These authors have contributed
equally to this work and share

first authorship

Specialty section:
This article was submitted to

T Cell Biology,
a section of the journal

Frontiers in Immunology

Received: 29 October 2021
Accepted: 13 December 2021
Published: 17 February 2022

Citation:
Kumar S, Saxena SK,

Maurya VK and Tripathi AK (2022)
Progress and Challenges Toward
Generation and Maintenance of

Long-Lived Memory T Lymphocyte
Responses During COVID-19.
Front. Immunol. 12:804808.

doi: 10.3389/fimmu.2021.804808

MINI REVIEW
published: 17 February 2022

doi: 10.3389/fimmu.2021.804808
Progress and Challenges Toward
Generation and Maintenance of
Long-Lived Memory T Lymphocyte
Responses During COVID-19
Swatantra Kumar†, Shailendra K. Saxena*†, Vimal K. Maurya and Anil K. Tripathi

Centre for Advanced Research (CFAR), Faculty of Medicine, King George’s Medical University (KGMU), Lucknow, India

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) causing the coronavirus
disease 2019 (COVID-19) pandemic is a serious global threat until we identify the effective
preventive and therapeutic strategies. SARS-CoV-2 infection is characterized by various
immunopathological consequences including lymphocyte activation and dysfunction,
lymphopenia, cytokine storm, increased level of neutrophils, and depletion and
exhaustion of lymphocytes. Considering the low level of antibody-mediated protection
during coronavirus infection, understanding the role of T cell for long-term protection is
decisive. Both CD4+ and CD8+ T cell response is imperative for cell-mediated immune
response during COVID-19. However, the level of CD8+ T cell response reduced to almost
half as compared to CD4+ after 6 months of infection. The long-term protection is
mediated via generation of immunological memory response during COVID-19. The
presence of memory CD4+ T cells in all the severely infected and recovered individuals
shows that the memory response is predominated by CD4+ T cells. Prominently, the
antigen-specific CD4+ and CD8+ T cells are specifically observed during day 0 to day 28 in
COVID-19-vaccinated individuals. However, level of antigen-specific T memory cells in
COVID-19-vaccinated individuals defines the long-term protection against forthcoming
outbreaks of SARS-CoV-2.

Keywords: SARS-CoV-2, COVID-19, T cell response, B cell response, immunopathogenesis, cytokine storm,
memory T cell response
INTRODUCTION

The global emergence of Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused
the pandemic coronavirus disease (COVID-19), affecting at least 243 million cases with 4.9 million
deaths (1). SARS-CoV-2 belongs to Coronaviridae which is a family of diverse enveloped RNA
viruses of positive sense (2). SARS-CoV-2 is primarily transmitted via direct, indirect, or close
contact with respiratory droplets generated by infected individuals through sneezing, coughing,
talking, or singing. However, other possible routes of transmission occur via fomite, blood-borne,
org February 2022 | Volume 12 | Article 804808157
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fecal–oral, mother-to-child, and animal-to-human transmission
(3). Among the coronaviruses (CoVs), SARS-CoV-2 is the
seventh coronavirus that infected humans. The size of the
SARS-CoV-2 genome ranges from 27 to 32 kb which
comprises of 6–11 open reading frames (ORFs). Among all the
ORFs, the replicase (ORF1a/ORF1b), spike (S), membrane (M),
envelope (E), and nucleocapsid (N) are the six functional ORFs,
whereas seven putative ORFs encode for accessory proteins,
which are interspersed in between the structural genes. The
replicase gene encompasses 67% of the genome that encodes
for a large polyprotein (pp1ab) that gets processed into 16 non-
structural proteins (nsps) (4, 5). SARS-CoV-2 infection initiates
upon attachment of spike glycoprotein with the ACE2 receptor
and consequent priming of spike protein through host cell serine
protease TMPRSS2 (6). Following entry, viral RNA is released
into the cytoplasm which instantly undergoes translation to
generate ORF1a and ORF1b (7). Crystal structures of crucial
SARS-CoV-2 proteins have been resolved which are crucial for
the designing of effective therapeutic strategies (8–11). However,
understanding of SARS-CoV-2 immunopathology and immune
response is crucial for designing effective vaccines and
immunotherapeutics (12). Importantly, understating of effector
T and B cell response is vital for controlling SARS-CoV-2
infection and crucial to providing long-lasting protection via
generation of antigen-specific immunological memory response
(13, 14). This strategy may help us to implement more effective
vaccines in the mass population for reducing the burden of
COVID-19 (15, 16).
IMMUNOPATHOLOGY OF SARS-CoV-2
INFECTION

COVID‐19 represents a complex profile with heterogeneous
clinical manifestations (17). Most of the SARS-CoV-2
infections are asymptomatic and may present mild to
moderate clinical symptoms of upper respiratory tract whereas
around 15% of the cases result in severe pneumonia and
approximately 5% of the cases result in acute respiratory
distress syndrome (ARDS) or multiple-organ dysfunction due
to septic shock (18). Severe patients are identified with bilateral
lung involvement where 80% of the severe cases necessitate
oxygenation, of which 30%–40% need mechanical ventilation.
Importantly, 80%–90% of the severe cases of mechanical
ventilation is the prime cause of COVID-19-associated
mortality (19). Critically ill or severe COVID-19 patients are
characterized as lymphocyte activation identified as increased
levels of CD38, CD69, and CD44 T cell activation markers and
exhaustion of T cells identified as the increased expression of T
cell immunoglobulin domain and mucin domain-3 (TIM3),
programmed cell death protein-1 (PD1), and killer cell lectin-
like receptor subfamily C member 1 (NKG2A) (20). Therefore,
lymphopenia or lymphocytopenia has been found as a decisive
feature of severe cases of COVID-19 (21). In addition, the level of
neutrophils is strikingly higher whereas the levels of monocytes,
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eosinophils, and basophiles have been found to be reduced (22).
Importantly, severe cases of COVID-19 are identified as
uncontrolled inflammatory response known as cytokine storm
where IL-6, IL-1b, IL-10, and IFN-g have been found to be
significantly higher (23). Moreover, patients are identified with
the higher level of immunoglobulin G (IgG) and total antibodies
(24). Non-survivors are identified as elevated levels of C-reactive
proteins, serum ferritin, lactate dehydrogenase, and serum IL-6
as compared with survivors (25). Analysis of the postmortem
samples showed the infiltration of lymphocytes and
macrophages in the lungs as well as hemophagocytosis in
reticuloendothelial organs and bone marrow (26). The SARS-
CoV-2-induced lung injury is characterized by diffuse alveolar
damages in the pulmonary vessels identified as platelet fibrin
microthrombi (27, 28). Altogether, this hyperinflammatory
response during COVID-19 suggests the involvement of
diverse COVID-19 immunopathologies and host immune
responses. Classification of the severity of the disease is crucial
for the gradient-based treatment of COVID-19. So far, the
radiological imaging of pulmonary systems and other auxiliary
examinations are exhibited for the classification of the disease
severity (29). However, the blood profiling of the patients is a
cost-effective examination of the severe cases.
CYTOKINE STORM DURING COVID-19

In addition to T and B cell response, elevated levels of cytokines are
associated with the disease severity and mortality during SARS-
CoV-2 infection (30). Activation of coagulation pathways as an
immune response mechanism against SARS-CoV-2 infection is
associated with the hyperactivation of proinflammatory cytokine
production and multi organ failures (31). Importantly, some of the
crucial cytokines such as CCL7, CXCL10, and IL-1 receptor
antagonist are associated with the increased viral load, pulmonary
dysfunction and damage, and mortality (32, 33). Severe COVID-19
patients have been shown to exhibit higher levels of IL-2, IL-6, IL-
10, IL-1, GSCF, MCP-1, TNF-a, and MIP1A (34, 35). Interestingly,
the peak plasma levels of IL-6 have been shown to be less as
compared with the patients with hyperinflammatory ARDS,
cytokine release syndrome, and sepsis (Figure 1) (36).
T CELL RESPONSE DURING COVID-19

Similar to other respiratory viral infections, lymphocyte
response is crucial during SARS-CoV-2 infection. Response of
lymphocytes specifically T cells is vital since the cellular
immune response is exhibited via T cells which are involved
in the direct killing of the virus-infected cells via cytotoxic T
lymphocyte CD8+ T cells and CD4+ T cell-mediated CD8+ T
cell priming and induction of B cell differentiation into plasma
cells to produce virus-specific antibodies (37). Response of both
T and B cells during SARS-CoV-2 infection has been detected
in the blood approximately 1 week after the onset of
February 2022 | Volume 12 | Article 804808

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


Kumar et al. Memory T Cell Response During COVID-19
symptoms (38). Studies are suggesting that the activation of
CD8+ T cells is greater than the CD4+ T cell response which was
observed by the higher expression of activation markers HLA-
DR and CD38 (39). Response of a high magnitude of CD8+ T
cells was observed in the mild cases of COVID-19 which may
define the protective role of these cells (40). However, severe
cases of COVID-19 have been shown to exhibit the terminally
differentiated or exhausted CD8+ T cells with an increased
expression of inhibitory receptors including TIM3, PD1,
CTLA4, LAG3, CD39, and NKG2A showing the characteristic
of T cell dysfunction. However, some reports are suggesting
that SARS-CoV-2-infected individuals exhibit functional CD8+

T cells identified by PD-1 (41). These data also suggest the
hyperactivation of antigen-specific CD8+ T cells might be the
cause of disease severity (42). Interestingly, CD4+ T cell
response has been observed against spike glycoprotein in the
recovered patients (43) whereas CD8+ T cell response was
specifically attributed toward the internal proteins of SARS-
CoV-2 (44). The six predominant epitopes have been identified
to be involved in the T cell response where three epitopes are
from spike and two from membrane proteins and one is from
nucleocapsid (45). In addition, a significant CD4+ T cell
response was found to be specific against spike, nsp3, nsp4,
ORF3s, ORF7a, nsp12, and ORF8 (46).
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B CELL RESPONSE DURING COVID-19

In patients of COVID-19, B cell response has been found to be
elicited against nucleocapsid protein which concomitantly
exhibited with T follicular helper cell response after 1 week of
onset of symptoms (47). Strikingly, antibody response against
spike glycoprotein was observed 4–8 days after the onset of
symptoms (38, 48). Neutralizing antibody response against spike
glycoprotein was found to be generated after 2 to 3 weeks (49). A
subset of individuals has been found to be incapable of
developing long-lasting antibody response and therefore might
be prone to the reinfections (50, 51). Importantly, SARS-CoV-2
infection has been shown to be involved in antibody-dependent
enhancement of infection mediated by IgG receptors FcgRIIA
and FcgRIIIA (52). Strikingly, despite of the presence of the anti-
SARS-CoV-2 RBD antibody of serum neutralization activity,
effector B cell response is linked with poor clinical outcome and
disease severity of the COVID-19 patients (53). The B cell
response during SARS-CoV-2 infection mimic the patients
reported with active autoimmune processes and human
systemic lupus erythematosus (54). In spite of productive
humoral response marked by higher antibody-secreting cells
(ASCs), expansion was associated with the more severe
infections in a subset of COVID-19 patients; neutralizing
FIGURE 1 | Immunopathogenesis of SARS-COV-2 infection. Severe COVID-19 is identified with infiltration of lymphocytes and macrophages in the lungs,
lymphopenia or lymphocytopenia where reduction in the number of CD4+, CD8+ T cells, B cells and NK cells occurs. SARS-CoV-2 infection is identified with the
lymphocyte activation with increased expression of CD38, CD69 and CD44 activation markers and T cell exhaustion identified as T cell immunoglobulin domain and
mucin domain-3 (TIM3), programmed cell death protein-1 (PD1), and killer cell lectin-like receptor subfamily C member 1 (NKG2A) markers. Level of neutrophils is
strikingly higher whereas the level of monocytes, eosinophils and basophiles has been found to be reduced. Severe COVID-19 patients have been shown to exhibits
higher levels of IL-2, IL-6, IL-10, IL-1, GSCF, MCP-1, TNF-a, MIP1A, IFN-g, IL-1 and GM-CSF.
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antibodies were found to provide ineffective protection against
SARS-CoV-2 infection (55).
LYMPHOPENIA IN SEVERE COVID-19

Lymphopenia or lymphocytopenia has been found as the key
immunopathological characteristic of severe COVID-19 cases
where 20% of the severe cases showed a low T cell count (56).
More specifically, CD8+ T cells remains low as a result of
COVID-19-associated lymphopenia (57). In addition, the level
of memory TH cells identified as triple-positive cells (CD3+CD4+

and CD45RO+) has been found to be reduced (58). The probable
reason for the lymphopenia has been suggested via four ways,
namely, SARS-CoV-2 directly infecting the lymphocytes causing
lymphocyte programmed cell death, damage to the lymphoid
organs, hyperinflammation-mediated lymphocyte dysfunction
probably via TNF-a and IL-6, and metabolic molecule-
mediated lymphocyte dysfunction (59). All of the probable
mechanisms result in lymphopenia, and therefore, admitted
patients may be immediately subjected to T cell count which
suggests the severity of the case (60).
MEMORY T CELL RESPONSE DURING
SARS-COV-2 INFECTION

Although neutralizing antibody response is important for
protection against SARS-CoV-2 infection, long-term protection
is required from the onset of infection during reexposure of
infection and therefore is crucial for designing effective vaccine
candidates for COVID-19 which aims to generate robust
memory response upon reexposure. Memory T and B cell
responses are the most vital immunological responses, which
provide long-term protection against any infections. Recovered
COVID-19 patients have been shown to exhibit robust and
broad memory CD4+ and CD8+ T cell responses (45, 61).
Human peripheral CD4+ T cells can be classified based on
their activity during antigen reexposure where naïve cells can
be characterized as CCR7+ and CD45RA+ cells, and central and
effector memory cells are characterized as CCR7+ CD45RA- and
CCR7- CD45RA-, respectively. Recovered convalescent patients
who were recently discharged from the hospital and 2 to 4 weeks
after being declared virus-free have been shown to exhibit
persistent memory CD4+ T cell response as well as effector
memory-circulating T follicular helper (cTfh) cells (47, 62).
Unlike SARS-CoV infection, where memory CD8+ T cell
response was found to be higher as compared with the
memory CD4+ T cell response which persists for more than 6
years (63, 64), SARS-CoV-2-infected recovered patients showed
memory CD4+ T cells in all patients where memory CD8+ T cells
are present in 70% individuals, suggesting that memory response
in severe cases is predominated by CD4+ Tm cells (45). In
addition, all memory T cell responses have been observed
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against structural proteins of SARS-CoV after 9 and 11 years
of recovery (65).
GENERATION OF ANTIGEN-PRIMED
T CELLS DURING NATURAL COVID-19
INFECTION

Antigen-primed T cells are crucial to effectively countering the
SARS-CoV-2 infection mediated by both CD4+ and CD8+ Teff
cells (66). T cell response investigated against nucleocapsid (N)
protein has been shown to exhibit robust IFN-g response after 17
years of SARS-CoV infection against N peptides. Interestingly,
PBMCs collected from these individuals elicited a similar
response against N peptides from SARS-CoV-2. SARS-CoV-2-
infected individuals exhibit N protein-specific T cell repertoires
which are the part of individuals with a history of SARS-CoV
infection (67). Prominently, T cell response has been investigated
in COVID-19 patients 6 months after the infection. IFN-g
ELISPOT analysis revealed the presence of predominant
antigen-specific CD4+ T cells with robust IL-2 expression (68).
However, CD8+ response was found to be half as compared to
the CD4+ T cell response which is mostly seen against non-spike
proteins (68, 69). The level of T cell response can be strongly
correlated with the magnitude of peak antibody level specific
against spike and RBD (68). These data suggest that infection
with betacoronaviruses induces long-lasting T cell-mediated
immunity that will prevent COVID-19 survivors to be infected
from forthcoming severe infections.
LYMPHOCYTE RESPONSE AGAINST
COVID-19-VACCINATED INDIVIDUALS

Considering the crucial role of T cell-mediated immunity during
SARS-CoV-2 infection, it is imperative to understand the T cell
response during COVID-19 vaccination. A replication-deficient
simian adenoviral vector-based vaccine, ChAdOx1 nCoV-19
(AZD1222), has been shown to induce discrete clusters of
populations of lymphocyte (70). These clusters were identified
as Ki-67+ as proliferating population and CD69+ as activated
population for both CD4+ and CD8+ T cells. Interestingly,
terminally differentiating T cells identified as CD57+ and
KLRG1+ were not detected showing a reduced low cytotoxicity
response upon AZD1222 vaccination. Upon vaccination, anti-
SARS-CoV-2 spike IgG1 and IgG3 responses have been detected
at day 14 that further increased by day 28. However, by day 56,
these responses were found to be similar to those by day 14.
Importantly, IgG1 responses were detected in half, whereas IgG3
was detected in almost all the recruited vaccinated individuals
(71). Similar to the COVID-19 patients, T cell responses were
measured in AZD1222-vaccinated individuals using IFN-g
ELISpot assay which was peaked at day 14. Spike-specific
cytokine response measured by intracellular cytokine staining
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(ICS) showed that CD4+ T cell response is heavily responsive
toward secretion of Th1 cytokines specifically IL-2 and IFN-g
(Figure 2). Assessment of combination of cytokines shows that
these responses are primarily dominated by monofunctional
IFN-g CD8+ T cells (71).

Considering the emergence of newer SARS-CoV-2 variants
including Omicron, the efficacy of COVID-19 vaccines is crucial
to be explored (72). Prominently, sera collected from the second
dose of BNT162b2-vaccinated individuals show neutralizing Abs
response against several of the emerging SARS-CoV-2 variants
(73). Importantly, detection of IFN-g, IL-12p70, and IL-2 but not
IL-4 or IL-5 showed the promising TH1 response along with the
absence of deleterious TH2 immune response (74). Likewise, the
mRNA-1273 vaccine has been shown to elicit strong CD4
cytokine response specifically type 1 helper T cells (75).
Importantly, no correlation of T cell response has been found
in these vaccinated individuals toward common cold
coronaviruses (CCCs). These vaccines show enhanced T cell
response toward peptides derived from SARS-CoV-2 spike as
well as toward HCoV-NL63 spike peptides (76).
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CONCLUSIONS

Severe COVID-19 cases are associated with the macrophage and
lymphocyte infiltration to the lungs, which results in lung injury
via activation of lymphocytes and hyperinflammatory responses.
The T cell response is crucial as compared with the B cell
response due to inability of antibody-mediated neutralization
of SARS-CoV-2 and its level of reduction in long-term
protection. Memory CD4+ T cell response is higher as
compared with the memory CD8+ T cell response which might
be linked with the compromised long-lasting protection.
Considering the presence of memory T cell responses against
structural proteins of SARS-CoV after 9 and 11 years of recovery,
long-term protection against COVID-19 depends upon the
presence of antigen-specific memory T cell response against
SARS-CoV-2 which is predominated by CD4+ T cells.
However, lymphopenia has been also reported in various
severe infections, which results in compromised immune
response and death. COVID-19-vaccinated individuals show
presence of antigen-specific CD4+ and CD8+ T cells observed
FIGURE 2 | T cell response during COVID-19 and vaccinated individuals. Both CD4+ (marked by IL-2 expression) and CD8+ T (marked by IFN-g expression) cell
response are peaked at 14 days from the onset of infection. However, after 6 months of COVID-19 infection CD8+ T cell response becomes half of the CD4+ T cell
response. SARS-CoV specific T cell response is seen after 17 years that may suggests the persistence of antigen specific memory T cells. Similarly, T cell response
are seen in COVID-19 vaccinated individuals which are prominently observed in day 0 to day 28.
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on day 0 to day 28. However, the level of these cells in COVID-
19-vaccinated individuals defines the long-term protection
against forthcoming outbreaks of SARS-CoV-2.
FUTURE PERSPECTIVES

The number of SARS-CoV-2 infection is continuously rising
with the emergence of more mutant strains. A comprehensive
understanding of immunological response is crucial for the
development of effective immunotherapy and vaccines.
Considering the inability of complete protection mediated by
antibody response, understanding of memory cell response
during SARS-CoV-2 infection is crucial for developing the
effective vaccine for long-term protection. Therefore, more
clinical studies are required that focus on the memory T cell
response during COVID-19 and its associated pathophysiology
in natural infection and vaccinated individuals. Therefore, it is
really important to look at the specificity of the currently
developed vaccine candidates for its effectiveness and
protection. Majority of the currently developed vaccines are
based on the spike glycoprotein; however, we should also focus
on the importance of other structural and non-structural
proteins for the development of effective COVID-19 vaccine.
Emergence of SARS-CoV-2 variants imposes imperative
Frontiers in Immunology | www.frontiersin.org 662
concerns for COVID-19 vaccination due to their vaccine
breakthrough cases. Therefore, the ideal vaccine may focus on
the protection against various predominant SARS-CoV-2
variants and be able to induce effective memory T cell
generation for long-term protection.
AUTHOR CONTRIBUTIONS

SS and SK conceived the idea. SK, VM, and SS collected the data,
devised the initial draft, and reviewed the final draft. SS, SK, VM,
and AT finalized the draft for submission. All authors
contributed to the article and approved the submitted version.
ACKNOWLEDGMENTS

The authors are grateful to the Vice Chancellor, King George’s
Medical University (KGMU) Lucknow, for the encouragement
for this work. The authors have no other relevant affiliations or
financial involvement with any organization or entity with a
financial interest in or financial conflict with the subject
matter or materials discussed in the manuscript apart from
those disclosed.
REFERENCES
1. Coronavirus Disease (COVID-19) Pandemic. World Health Organization

(WHO). Available at: https://www.who.int/emergencies/diseases/novel-
coronavirus-2019 (Accessed on 27 Oct 2021).

2. Gorbalenya AE, Baker SC, Baric RS, de Groot RJ, Drosten C, Gulyaeva AA,
et al. (Coronaviridae Study Group of the International Committee on
Taxonomy of Viruses). The Species Severe Acute Respiratory Syndrome-
Related Coronavirus: Classifying 2019-Ncov and Naming it SARS-CoV-2.
Nat Microbiol (2020) 5(4):536–44. doi: 10.1038/s41564-020-0695-z

3. Transmission of SARS-CoV-2: Implications for Infection Prevention
Precautions. World Health Organization (WHO). Available at: https://
www.who.int/news-room/commentaries/detail/transmission-of-sars-cov-2-
implications-for-infection-prevention-precautions (Accessed on 27 Oct
2021).

4. Kumar S, Saxena SK. Structural and Molecular Perspectives of SARS-CoV-2.
Methods (2021) 195:23–8. doi: 10.1016/j.ymeth.2021.03.007

5. Kumar S, Nyodu R, Maurya VK, Saxena SK. Morphology, Genome
Organization, Replication, and Pathogenesis of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2). Coronavirus Dis 2019 (COVID-19)
(2020) 30:23–31. doi: 10.1007/978-981-15-4814-7_3

6. Hoffmann M, Kleine-Weber H, Schroeder S, Krüger N, Herrler T, Erichsen S,
et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is
Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181(2):271–
80.e8. doi: 10.1016/j.cell.2020.02.052

7. V’kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus Biology and
Replication: Implications for SARS-CoV-2. Nat Rev Microbiol (2021) 19
(3):155–70. doi: 10.1038/s41579-020-00468-6

8. Yan R, Zhang Y, Li Y, Xia L, Guo Y, Zhou Q. Structural Basis for the
Recognition of SARS-CoV-2 by Full-Length Human ACE2. Science (2020)
367(6485):1444–8. doi: 10.1126/science.abb2762

9. Zhang L, Lin D, Sun X, Curth U, Drosten C, Sauerhering L, et al. Crystal
Structure of SARS-CoV-2 Main Protease Provides a Basis for Design of
Improved a-Ketoamide Inhibitors. Science (2020) 368(6489):409–12. doi:
10.1126/science.abb3405
10. Kang S, Yang M, Hong Z, Zhang L, Huang Z, Chen X, et al. Crystal Structure
of SARS-CoV-2 Nucleocapsid Protein RNA Binding Domain Reveals
Potential Unique Drug Targeting Sites. Acta Pharm Sin B (2020) 10
(7):1228–38. doi: 10.1016/j.apsb.2020.04.009

11. Krafcikova P, Silhan J, Nencka R, Boura E. Structural Analysis of the SARS-
CoV-2 Methyltransferase Complex Involved in RNA Cap Creation Bound
to Sinefungin. Nat Commun (2020) 11(1):3717. doi: 10.1038/s41467-020-
17495-9

12. Wheatley AK, Juno JA,Wang JJ, Selva KJ, Reynaldi A, Tan HX, et al. Evolution
of Immune Responses to SARS-CoV-2 in Mild-Moderate COVID-19. Nat
Commun (2021) 12(1):1162. doi: 10.1038/s41467-021-21444-5

13. Cox RJ, Brokstad KA. Not Just Antibodies: B Cells and T Cells Mediate
Immunity to COVID-19. Nat Rev Immunol (2020) 20(10):581–2. doi:
10.1038/s41577-020-00436-4

14. Sherina N, Piralla A, Du L, Wan H, Kumagai-Braesch M, Andréll J, et al.
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Jonas Herzberg1*†, Bastian Fischer2†, Christopher Lindenkamp2, Heiko Becher3,
Ann-Kristin Becker4, Human Honarpisheh1, Salman Yousuf Guraya5,
Tim Strate1 and Cornelius Knabbe2

1 Department of Surgery, Krankenhaus Reinbek St. Adolf-Stift, Reinbek, Germany, 2 Institut für Laboratoriums- und
Transfusionsmedizin, Herz- und Diabeteszentrum Nordrhein-Westfalen, Universitätsklinik der Ruhr-Universität Bochum, Bad
Oeynhausen, Germany, 3 Institute of Medical Biometry and Epidemiology, University Medical Center Hamburg-Eppendorf,
Hamburg, Germany, 4 Asklepios Klinik Harburg, Abteilung für Psychiatrie und Psychotherapie, Hamburg, Germany, 5 Clinical
Sciences Department, College of Medicine, University of Sharjah, Sharjah, United Arab Emirates

Background: The mRNA-based vaccine BNT162b2 of BioNTech/Pfizer has shown high
efficacy against SARS-CoV-2 infection and a severe course of the COVID-19 disease.
However, little is known about the long-term durability of the induced immune response
resulting from the vaccination.

Methods: In a longitudinal observational study in employees at a German hospital we
compared the humoral and cellular immune response in 184 participants after two doses
of the BioNTech/Pfizer vaccine (BNT162b2) with a mid-term follow-up after 9 months.
Anti-SARS-CoV-2 binding antibodies were determined using both a quantitative and a
semi-quantitative assay. For a qualitative assessment of the humoral immune response,
we additionally measured neutralizing antibodies. Cellular immune response was
evaluated by measuring Interferon-gamma release after stimulating blood-cells with
SARS-CoV-2 specific peptides using a commercial assay.

Results: In the first analysis, a 100% humoral response rate was described after two
doses of BNT162b2 vaccine with a mean antibody ratio of 8.01 ± 1.00. 9 months after the
second dose of BNT162b2, serological testing showed a significant decreased mean
antibody ratio of 3.84 ± 1.69 (p < 0.001). Neutralizing antibodies were still detectable in
96% of all participants, showing an average binding inhibition value of 68.20% ± 18.87%.
Older age (p < 0.001) and obesity (p = 0.01) had a negative effect on the antibody
persistence. SARS-CoV-2 specific cellular immune response was proven in 75% of
individuals (mean Interferon-gamma release: 579.68 mlU/ml ± 705.56 mlU/ml).

Conclusion: Our data shows a declining immune response 9 months after the second dose
of BNT162b2, supporting the potentially beneficial effect of booster vaccinations, the negative
effect of obesity and age stresses the need of booster doses especially in these groups.

Keywords: SARS-CoV-2, humoral and cellular immunity, health care worker, immunological memory,
vaccination, BNT162b2
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INTRODUCTION

In order to fight the global coronavirus disease 2019 (COVID-
19) pandemic, a variety of vaccines were applied worldwide,
beginning in December 2020, and were felt to be the pivoting
point in this pandemic situation. The mRNA vaccines, provided
by BioNTech/Pfizer (BNT162b2) and Moderna (Spikevax) have
shown high efficacy in clinical trials and real-world-data (1, 2).
Until now, real-world-data regarding the persistence of the
induced humoral and especially cellular immune response
post-vaccination are rare.

Even in short-term studies, elderly people were reported to
have a less intense immune response after two doses of the
BioNTech/Pfizer vaccine BNT162b2 (3, 4). This was also seen in
patients under immunosuppression, such as after organ
transplantation (5).

Initial studies reported a decrease in antibodies after 6 months
(4, 6) or a correlating increased number of infections after
complete vaccination (7); but data regarding the longitudinal
serological dynamics of immunization after BNT162b2 vaccine
is limited.

In this trial we report the mid-term dynamics of immune
response, 9 months after second dose of BNT162b2, by
determining anti-SARS-CoV-2-immunglobulin G (IgG)
antibodies, T-cell-response and neutralizing antibodies. The
study cohort consisted of a well-defined group of health care
employees, known to be under a higher risk for COVID-19.
METHODS

Study Design
In April 2020 we initiated a longitudinal study in health care
workers measuring sero-epidemiological data during the
COVID-19 pandemic (8). All employees of the secondary care
hospital located in the province of Schleswig-Holstein near the
border of the city of Hamburg in Northern Germany were
invited to participate. All employees were offered vaccination
against SARS-CoV-2 starting in December 2020. In April 2021,
all participants were invited to provide a blood specimen to
evaluate the antibody prevalence after vaccination or
infection (9).

For this study, an additional analysis of all participants
around 9 months after second dose of BioNTech/Pfizer vaccine
was made to evaluate the longitudinal persistence of the vaccine-
induced immune response.

All blood samples were collected on November 13th – 14th

2021 and all participants were asked to complete an additional
questionnaire, regarding post-vaccination reactions and previous
SARS-CoV-2 infections.

All participants provided written and informed consent prior
to enrolment. This study was prospectively registered at the
German Clinical Trial Register (DRKS00021270) after approval
by the Ethics Committee of the Medical Association Schleswig-
Holstein. All study activities were conducted in accordance with
the Declaration of Helsinki.
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Anti-SARS-CoV-2-IgG Antibodies
The fully automated semiquantitative anti-SARS-CoV-2-ELISA
(IgG) from Euroimmun (Lübeck, Germany) was used to detect
the S1 domain of the SARS-CoV-2 spike-protein. In accordance
to the manufacturer this test shows a specificity of 99.0% and
sensitivity of 93.8% (10). As this was the same test used within
the previous analyses, a longitudinal comparability was ensured.
This ELISA calculates a ratio of the extinction of patient sample
over the extinction of the calibrator and therefor no unit is used.
A ratio below 0.8 was considered negative, a ratio ≥ 0.8 to < 1.1
was considered equivocal, and a ratio ≥ 1.1 was considered
positive as defined by the manufacturer.

In addition, a fully automated quantitative anti-SARS-CoV-2-
assay (IgG) from Abbott (Chicago, USA) was performed. In
keeping with theWHO-standard, data were expressed in Binding
Antibody Units per ml (BAU/ml). Samples were marked
seronegative below 7.1 BAU/ml whereas values above 7.1
BAU/ml were determined to be positive, as mentioned by
the manufacturer.

Neutralizing Antibodies Against
SARS-CoV-2
All samples were analyzed for neutralizing anti-SARS-CoV-2
antibodies using the NeutraLISA™ SARS-CoV-2 Neutralization
Antibody Detection KIT (Euroimmun, Lübeck, Germany) in
accordance to the manufacturer’s instructions. Binding
inhibition values above 35% were considered positive, whereas
values between 20% and 35% were considered equivocal.

T-Cell-Response
Cellular immunity to SARS-CoV-2 was assessed by using an
Interferon (IFN)-gamma release assay (IGRA) from Euroimmun
(Quan-T-cell SARS-CoV-2 kit). The assay was performed
according to manufacturer´s instructions. In brief, 500 µl of
heparinized blood was stimulated with SARS-CoV-2 specific
peptides covering regions of the viral S1-domain. After
incubating the tubes (37°C, 22 h), plasma was collected and
tested for Interferon-gamma release using an ELISA-assay (Quan
T-cell ELISA, Euroimmun). Background IFN-gamma values
were assessed by incubating blood without prior peptide-
stimulation. As a positive control, blood cells were stimulated
with mitogen, resulting in a broad and unspecific IFN-gamma
secretion. IFN-gamma concentration was expressed as mIU/ml.
Values >200 mIU/ml were considered positive, whereas values
between 100-200 mIU/ml were considered equivocal.

Statistical Analysis
IBM SPSS Statistics Version 25 (IBM Co., Armonk, NY, USA)
was used for statistical analysis. Graphics were elaborated using
IBM SPSS Statistics Version 25 (IBM Co., Armonk, NY, USA)
and GraphPad Prism 9.

All variables are presented as means with standard deviation.
Categorical variables are shown as numbers with percentages.
Fisher’s exact test or chi-square test was used to determine
relationships between categorical variables depending on size
of groups. Exact 95% confidence intervals were provided where
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appropriate. Differences between groups were analyzed using
Wilcoxon test. Inter-group differences were analyzed using Mann-
Whitney-U test or Kruskal-Wallis-test. A linear regression analysis
was done to investigate the joint effect of age, sex, body mass index
and current smoking on antibody and t-cell response using the
backward selection method. The t-cell response had a skewed
distribution and was logarithmized for the regression analysis. A
p-value < 0.05 was considered statistically significant.
RESULTS

A total of 184 participants provided a blood sample 9 months
(range 7-9 months) after receiving their second dose of
BioNTech/Pfizer. This meant a follow-up rate of 58.41%
compared to the analysis after the second dose of vaccine (315
participants in April 2021) (9).

In this follow-up, the study characteristics did not differ
significant to the previous follow-ups with 73.4% female and
26.6% male and a mean age of 46.32 ± 10.91 years. 3 participants
reported a previous SARS-CoV-2 infection. Of these, 1 was
reported prior to vaccination, and 2 cases occurred between
the second dose of vaccine and this follow-up (Table 1). These
participants are included in the following analysis.

Anti-SARS-CoV-2-IgG
In the previous analysis, all participants showed a positive
antibody-ratio after two doses of BioNTech/Pfizer, whereas
two participants seroconverted to an equivocal result in this
follow-up after 9 months. The antibody-ratio was significantly
lower in the follow-up analysis after 9 months (8.01 ± 1.00. vs.
3.84 ± 1.69; p < 0.001) (Figure 1).

The mean reduction of the IgG antibody-ratio was
53.11% ± 17.95%.

In order to further improve the assessment of the humoral
immune response, quantification of anti-SARS-CoV-2 antibodies
was performed according to WHO standards (BAU/ml). All
participants showed antibody levels above the manufacturer’s
cutoff (mean: 124.67 ± 104.41 BAU/ml) (Figure 2).

Neutralizing Antibodies
Overall, 96% of study-participants showed neutralizing antibodies
against SARS-CoV-2. Our data show a mean binding inhibition
capability of 68.20% ± 18.87% 9 months after the second
vaccination using BioNTech/Pfizer vaccine (Figure 3).
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T-Cell Response
9 months after the second dose of the BioNTech/Pfizer vaccine,
73.4% of participants had a detectable T-cell-immune response.
There was no significant correlation of the positivity in relation
to the sex, obesity or smoking behavior. The mean IFN-gamma
concentration was 579.68 mlU/ml ± 705.56 mlU/ml within this
study cohort (Figure 4).

We identified several factors associated with a lower T-cell
response and a lower level of neutralizing antibodies (Table 2). A
BMI above 30 (p = 0.004) and smoking (p = 0.034) was
associated with a reduced level of neutralizing antibodies. The
distribution of sex (p = 0.656) and age (p = 0.135) did not differ
significantly in the group of obese participants. This was also
seen for the group of smoking participants with a mean age of
46.36 ± 10.80 years (sex: p = 0.854; age: p = 0.739). Male
participants showed a lower T-cell response at this timepoint,
whereas this difference remained insignificant following the
Mann-Whitney-U-test.

During the 9 months follow-up period, the antibody-ratio
showed a significant decrease in older participants (p = 0.003
following the Kruskal-Wallis-test) (Figure 5A).

There was also a statistically significant decrease in neutralizing
antibodies (p = 0.001) (Figure 5B), but the reduction in INF-
gamma-level remained statistically insignificant (p = 0.218).

Comparing the cellular and humoral immune response, we
could not find a significant correlation between these
two (Figure 6).

The additionally performed linear regression analysis
confirmed the univariate analyses regarding the differences in
persisting immune response after 9 months. A significant
negative effect on antibody persistence was observed for older
(p < 0.001) and obese (p = 0.01) participants. Smoking had also a
negative effect, with p-value slightly above the limit (p = 0.08)
Table 3 gives the regression estimates and the corresponding p-
values and 95% confidence intervals. Sex had no effect. The same
result was also found for neutralizing antibodies as dependent
variable. Table 4 gives the corresponding results. Thus, the
estimated neutralizing antibodies value for a nonsmoker, age
50 and BMI 25 is 68.705%.
DISCUSSION

This study analyzes the persistence of the humoral and cellular
response, including neutralizing antibodies, to BioNTech/Pfizer
TABLE 1 | Immune status of previously infected and vaccinated participants in comparison to the mean values of the study cohort.

Participant Time since infection [months] Anti-SARS-CoV-2-IgG [BAU/ml] Neutralizing antibodies [%] Interferon-gamma [mlU/ml]

A 17.5 314.40 97.26 645.60
B 8.5 304.30 96.87 170.00
C 6.5 26.90 39.12 1216.20
Study cohort Anti-SARS-CoV-2-IgG [BAU/ml] (mean ± SD) Neutralizing antibodies [%]

(mean ± SD)
Interferon-gamma [mlU/ml]

(mean ± SD)
n = 184 —— 124.67 ± 104.41 68.20 ± 18.87 579.68 ± 705.56
March 2022
SD, standard deviation.
| Volume 13 | Article 839922

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


Herzberg et al. Immunological Memory After BNT162b2 Vaccination
vaccine in a well-defined group of hospital employees as part of a
longitudinal evaluation.

Up until now, little is known about the persistence of the
immune response after vaccination with BioNTech/Pfizer. This
study reveals a significant antibody decrease in a mid-term-
follow-up in all subgroups, affecting especially older people and
people with a high BMI.

Immune Response After 9 Months
Currently there is minimal data about the long-lasting effect
following active immunization with mRNA vaccines.

In our cohort, the antibody ratio decreased in the 9-month
follow-up to about the half of the initial value. This was not
Frontiers in Immunology | www.frontiersin.org 468
surprising, as first half-year follow-ups showed a decrease during
that timeframe (4), and it is well known, that not all plasmablasts
commit as memory plasma cells (11, 12).

The decreased antibody ratio is also detected in the decreased
neutralization capacity. Several studies found this decrease to
begin as early as 3 months after vaccination (4, 13).

Discussing the long-lasting effect of mRNA vaccines (such as
the one from BioNTech/Pfizer) in protecting against COVID-19
disease, the role of cellular immunity in addition to humoral
response might be important but is often disregarded due to
elaborate assays, which are not feasible in standard-laboratories.
We determined cellular immunity in a simplified approach by
FIGURE 1 | Comparing anti-SARS-CoV-2-IgG ratios 2 months after second
BNT162b2-dose (t1) and a mid-term follow-up 9 months after second dose
(t2) (n = 184). The fully automated anti-SARS-CoV-2-ELISA from Euroimmun
was used to determine semiquantitative IgG-antibody ratios. As defined by
the manufacturer, ratios ≥ 1.1 were considered positive (horizontal black
dotted line). Ratios ≥ 0.8 < 1.1 were considered equivocal (horizontal gray
dotted line).
FIGURE 2 | Quantitative determination of anti-SARS-CoV-2-IgG antibodies 9
months after second dose of BNT162b2 (n = 184). Anti-SARS-CoV-2-IgG
antibodies were determined using a quantitative assay from Abbott. In
keeping with the WHO-standard, data were expressed in Binding Antibody
Units per ml (BAU/ml). Samples were marked seronegative below 7.1 BAU/ml
whereas values above 7.1 BAU/ml were determined to be positive (horizontal
black dotted line), as mentioned by the manufacturer. Red line marks the
mean. The dashed gray line marks the positive cutoff specified by the
manufacturer.
FIGURE 3 | Binding inhibition capability of neutralizing antibodies 9 months
after vaccination with BioNTech/Pfizer vaccine BNT162b2. Neutralizing anti-

SARS-CoV-2 antibodies were determined using the NeutraLISA™ SARS-
CoV-2 Neutralization Antibody Detection KIT from Euroimmun. According to
the manufacturer, binding inhibition values above 35% were considered
positive (horizontal black dotted line), whereas values between 20% and 35%
were considered equivocal (horizontal gray dotted line). Red line marks the
mean. The dashed lines show the positive (light gray)- and equivocal (dark
gray) cutoffs specified by the manufacturer.
FIGURE 4 | T-cell-response assessed by measuring IFN-gamma release 9
months after second dose of BNT162b2. Cellular immunity to SARS-CoV-2
was assessed by using an Interferon (IFN)-gamma release assay (IGRA) from
Euroimmun (Quan-T-cell SARS-CoV-2 kit). Values > 200 mIU/ml were
considered positive (horizontal black dotted line), whereas values between
100-200 mIU/ml were considered equivocal (horizontal gray dotted line). Red
line marks the mean. The dashed lines show the positive (light gray)- and
equivocal (dark gray) cutoffs specified by the manufacturer.
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IFN-gamma release after stimulation of blood-cells with specific
SARS-CoV-2 peptides.

Inour cohort, 73.40%showedadetectableT-cell response even9
months after vaccination. This is in line with data presented by
Naaber et al. for their 6-months follow-up (4), and in keeping with
the initial phase I/II trial showing an activation of T-cells after using
mRNA vaccines (14).

Compared to our data, Tober-Lau et al. determined a
higher median IFN-gamma release six months after
BNT162b2-vaccination within their HCW-cohort using the
Frontiers in Immunology | www.frontiersin.org 569
same IGRA-assay (1198.0 mIU/ml vs. 412.0 mIU/ml) (15). In
addition, binding inhibition capability of neutralizing
antibodies was considerably lower within our cohort (88.1%
vs. 68.2%). Reasons for this may be the different time points
of examination after second vaccination (9 vs. 6 months) and
the higher average age of our cohort (46 vs 35 years).
Referring to the same kits used the decreasing immune
response was also seen in reconvalescent patients, whereas
the authors only have reported the positivity rate instead of
the values measured (16).
TABLE 2 | Participants 9 months after second dose of BioNTech/Pfizer vaccine (n = 184).

Antibody ratio after 9
months, M ± SD

p-
value

Reduction of initial antibody
response (%), M ± SD

p-
value

T-cell
response, M ±

SD

p-
value

Neutralizing antibodies
(%), M ± SD

p-
value

All (n = 184) 3.84 ±1.69 53.11 ± 17.95 579.68 ± 705.56 68.20 ± 18.87
Sex
Male (n = 49) 3.84 ± 1.71 0.938a 52.32 ± 17.98 0.712a 492.17 ± 528.48 0.146a 66.98 ± 20.93 0.805a

Female (n = 135) 3.84 ± 1.68 53.39 ± 18.00 611.44 ± 758.94 68.65 ± 18.12
Smoking
Yes (n = 52)+ 3.45 ± 1.56 0.062a 56.80 ± 16.25 0.120a 512.60 ± 726.06 0.162a 63.59 ± 18.84 0.034a

No (n = 132) 3.99 ± 1.72 51.65 ± 18.43 606.10 ± 698.35 70.03 ± 18.64
Obesity
Yes (n = 30)# 3.19 ± 1.70 0.012a 59.16 ± 18.82 0.020a 451.80 ± 475.61 0.306a 58.68 ± 20.20 0.004a

No (n = 154) 3.96 ± 1.66 51.92 ± 17.60 604.58 ± 740.75 70.07 ± 18.09
Age groups
<30 (n = 13) 4.92 ± 1.95 0.003b 42.86 ± 21.82 0.008b 465.95 ± 523.68 0.216b 78.60 ± 19.89 0.001b

31-39 (n = 40) 4.45 ± 1.66 46.99 ± 18.08 753.12 ± 980.72 74.37 ± 18.62
40-49 (n = 57) 3.77 ± 1.47 53.58 ± 16.17 568.40 ± 678.75 69.32 ± 15.95
50-59 (n = 47) 3.36 ± 1.61 57.65 ± 16.80 468.27 ± 565.18 62.07 ± 20.29
>60 (n = 27) 3.36 ± 1.75 58.19 ± 17.89 595.19 ± 549.00 62.13 ± 17.48
March 2
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M, mean.
SD, standard deviation.
aMann-Whitney-U-test.
bKruskal-Wallis-Test.
+Including 9 male and 21 female participants.
#Including 13 male and 39 female participants.
Obesity is defined as a Body mass index above 30.
A B

FIGURE 5 | Age dependent anti-SARS-CoV-2-IgG binding antibodies (A) and neutralizing antibodies (B) 9 months after second dose of BioNTech/Pfizer vaccine with both,
significantly reduced in older participants (p = 0.003 and p = 0.001, respectively). Anti-SARS-CoV-2-IgG antibodies were determined using a quantitative assay from Abbott.
In keeping with the WHO-standard, data were expressed in Binding Antibody Units per ml (BAU/ml). Samples were marked seronegative below 7.1 BAU/ml whereas values
above 7.1 BAU/ml were determined to be positive (horizontal black dotted line), as mentioned by the manufacturer. Neutralizing anti-SARS-CoV-2 antibodies were

determined using the NeutraLISA™ SARS-CoV-2 Neutralization Antibody Detection KIT from Euroimmun. According to the manufacturer, binding inhibition values above
35% were considered positive (horizontal black dotted line), whereas values between 20% and 35% were considered equivocal (horizontal gray dotted line). Cohorts were
grouped as follows (in years): <30 (n = 13), 31-39 (n = 40), 40-49 (n = 57), 50-59 (n = 47), >60 (n = 27). *p < 0.05; **p < 0.01 (Mann-Whitney U-test).
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Factors Associated With a Reduced
Immune Response to SARS-CoV-2
In our follow-up study, we found a correlation between age,
obesity and smoking with respect to almost all considered
immune responses.

As shown in previous studies, we confirmed the negative
correlation between antibody responses and the age of
vaccinated individuals (3, 4). In addition to the reduced
antibody response after vaccination older people are known to
have a faster decrease after vaccination (4). Interestingly, obese
participants with a BMI higher than 30 showed a significantly
higher decrease in the antibody ratio and also significantly lower
neutralizing antibodies not only in the univariate analysis but
also following the regression analysis. This effect was first
described by Watanabe et al. (17) and seen by Malavazos et al.
(18) in the first months after vaccination.
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The effect of smoking immediately after vaccination was already
discussed (9, 17) and is reported to influence the effectiveness of
other vaccines due to a general immunosuppression caused by
smoking (17, 19). In this 9-month evaluation, for the only
significant difference was with respect to neutralizing antibodies.

These findings are important as obese people and elderly are
known to have a higher risk not only for SARS-CoV-2 infection,
but especially for a severe course of COVID-19 (20, 21). Further
studies are needed to evaluate the longitudinal course of cellular
and humoral immune response not only after two doses of
BioNTech/Pfizer but also after a third dose.

Limitation
The major limitation of this trial is its single-center design. Due
to the inclusion of hospital employees, women are relatively
overrepresented and other groups with a higher risk are
underrepresented. Especially elderly participants, with an age
over 70 years, are not included in this study.

It cannot be excluded that there were asymptomatic,
undetected SARS-CoV-2 infections among the participants
during the 9 months after second vaccination, which may lead
to a slight bias in the results.

Further differentiations concerning the humoral immune
response (such as IgG subclasses or antibody glycosylation
patterns) or the cellular immune response (e.g. distinguishing
between CD4 and CD8 T-cells) could provide further important
aspects. However, these analyses should be carried out by
specialized working groups.

Due to the use of different methods, it was not possible to
compare the absolute values of antibody concentrations, T-cell
responses or neutralizing antibodies over the follow-up-period.
Therefore, a convincing calculation of the half-life of the immune
response is not possible.

Further evaluations of antibody response after vaccination are
needed, to investigate the longitudinal persistence of antibodies
and the possible need for further booster vaccinations.
FIGURE 6 | Correlation between humoral (anti-SARS-CoV-2-IgG antibodies)-
and cellular (Interferon-gamma release) immunity. No correlation between
humoral and cellular immunity values could be shown (R2 = 0.02), based on
the data shown before.
TABLE 3 | Linear regression for Anti-SARS-CoV-2 antibody ratio as dependent variable and smoking, age and BMI as covariable.

Variable Parameter Estimate p-value 95% CI

(Intercept) a 1.249 <0.001 (1.168, 1.329)
BMI -25* b1 -0.0182 0.01 (-0.032, -0.0043)
Current smoking (yes) b2 -0.128 0.08 (-0.273, 0.017)
Age -50* b3 -0.0115 <0.001 (-0.0175, -0.00544)
March 2022 | Volume
CI, confidence interval; BMI, body mass index.
R2 = 0.13
*linear transformation of BMI (minus 25) and Age (minus 50).
TABLE 4 | Linear regression for neutralizing antibodies as dependent variable and smoking, age and BMI as covariable.

Variable Parameter Estimate p-value 95% CI

(Intercept) a 68.705 <0.001 (65.47, 71.94)
BMI -25* b1 -0.687 0.02 (-1.24, -0.13)
Current smoking (yes) b2 -5.51 0.06 (-11.32, 0.303)
Age -50* b3 -0.423 <0.001 (-0.665, -0.180)
13
CI, confidence interval; BMI, body mass index.
R2 = 0.13.
*linear transformation of BMI (minus 25) and Age (minus 50).
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CONCLUSION

This study showed an age-dependent decrease of vaccine-
induced anti-SARS-CoV-2-IgG antibodies in a midterm-
follow-up after 9 months. People with a higher risk for a
severe COVID-19-disease course, such as elderly or obese
people, showed a reduced immune response at this timepoint
after vaccination. These results encourage the use, and need, of
so-called booster doses 6 months after the second dose of the
BioNTech/Pfizer vaccine BNT162b2, especially in vulnerable
individuals such as elderly or obese people.
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Respiratory Syncytial Virus (RSV) is ubiquitous and re-infection with both subtypes (RSV/A
and RSV/B) is common. The fusion (F) protein of RSV is antigenically conserved, induces
neutralizing antibodies, and is a primary target of vaccine development. Insight into the
breadth and durability of RSV-specific adaptive immune response, particularly to the F
protein, may shed light on susceptibility to re-infection. We prospectively enrolled healthy
adult subjects (n = 19) and collected serum and peripheral blood mononuclear cells
(PBMCs) during the 2018–2019 RSV season. Previously, we described their RSV-specific
antibody responses and identified three distinct antibody kinetic profiles associated with
infection status: uninfected (n = 12), acutely infected (n = 4), and recently infected (n = 3). In
this study, we measured the longevity of RSV-specific memory T cell responses to the F
protein following natural RSV infection. We stimulated PBMCs with overlapping 15-mer
peptide libraries spanning the F protein derived from either RSV/A or RSV/B and found
that memory T cell responses mimic the antibody responses for all three groups. The
uninfected group had stable, robust memory T cell responses and polyfunctionality. The
acutely infected group had reduced polyfunctionality of memory T cell response at
enrollment compared to the uninfected group, but these returned to comparable levels
by end-of-season. The recently infected group, who were unable to maintain high levels of
RSV-specific antibody following infection, similarly had decreased memory T cell
responses and polyfunctionality during the RSV season. We observed subtype-specific
differences in memory T cell responses and polyfunctionality, with RSV/A stimulating
stronger memory T cell responses with higher polyfunctionality even though RSV/B was
the dominant subtype in circulation. A subset of individuals demonstrated an overall
deficiency in the generation of a durable RSV-specific adaptive immune response.
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Because memory T cell polyfunctionality may be associated with protection against re-
infection, this latter group would likely be at greater risk of re-infection. Overall, these
results expand our understanding of the longevity of the adaptive immune response to the
RSV fusion protein and should be considered in future vaccine development efforts.
Keywords: respiratory syncytial virus (RSV), infection, fusion protein, peptide library, memory T cell,
polyfunctionality, viral immunity
INTRODUCTION

RSV is a major global health burden as it is a leading cause of
acute lower respiratory infection (ALRI) in young children and
the elderly (1). RSV causes approximately 22% of all severe ALRI
worldwide resulting in over 30 million annual cases and 3 million
hospitalizations. These hospitalizations result in 55,000–199,000
deaths, 50,000–75,000 of which are in-hospital deaths in children
under the age of 5 years (1, 2). In addition to infants and young
children, RSV causes significant morbidity and mortality in older
adults and immunocompromised individuals, with a similar
disease burden to influenza (3–6).

Immune responses to the initial and subsequent RSV
exposures are non-sterilizing, as evidenced by re-infection
throughout life (6, 7). This inadequate immune response is not
caused by the viral evasion of the immune system seen with other
respiratory viruses, including influenza, and is most notable in
human challenge studies showing that individuals can be re-
infected within two months with identical viral inoculum (7).
Why or how the primary immune response fails to protect from
subsequent RSV exposure remains unclear. RSV-specific serum
antibody, particularly neutralizing antibody, increases protection
against re-infection and reduces severe disease in young children,
young adults, and the elderly (8–13). Maternal-infant cord blood
demonstrates that neutralizing activity correlates with protection
of infants from severe disease (14). However, older adults
hospitalized with RSV have levels of neutralizing antibody that
are considered protective in young children (15), implying that
either their repertoire of neutralizing antibodies are less effective
or there are other more critical mediators of protection in this
population. Therefore, the pathogenesis of disease in re-infection
in older adults is likely to require immune mechanisms of
protection that are different from that required for the initial
infection in infants and young children. Fatal infant cases of RSV
demonstrate an almost complete absence of T cells and NK cells
in the lungs, illustrating a critical role for these immune cells in
controlling viral replication and clearance (16). Conversely, T
cells have been implicated in the disease pathogenesis of RSV by
causing rampant inflammation (17–19). The longevity and
durability of the T cell response following natural RSV-
infection in RSV-primed individuals and its role in providing
protection from re-infection or severe disease remains unclear.

The F protein, which mediates fusion between the viral and
host cell membranes, is the primary focus of the neutralizing
antibody response (20). It is also largely conserved between the
two subtypes, RSV/A and RSV/B (21), making it a primary target
of vaccination efforts (22). An enhanced understanding of the
org 274
range and longevity of the RSV-specific adaptive immune
response, particularly to the F protein, may shed light on the
susceptibility to re-infection throughout life. In this study, we
evaluated the RSV-specific memory T cell responses to the F
protein in healthy adult subjects over the course of a single RSV
season and found that memory T cell responses followed the
three distinct antibody kinetic profiles that are associated with
their RSV infection status: uninfected, acutely infected, and
recently infected (23).
MATERIALS AND METHODS

Study Design
Healthy adults were eligible for enrollment into a longitudinal
prospective study during the 2018–2019 RSV season in Houston,
Texas, United States, as described previously (23). The
Institutional Review Board at Baylor College of Medicine
approved the study protocol prior to initiation of the study.
Written informed consent was obtained from all enrolled
participants prior to any study related procedures. Briefly,
nineteen healthy adults were enrolled and completed the study.
Blood samples were collected at three time points (Visits 1, 2, and
3), which occurred in November 2018, January 2019, and May
2019, respectively. RSV infection status was determined by
changes in RSV neutralizing antibody titers using four
qualified microneutralization assays (24) utilizing prototypic
(RSV/A/Tracy and RSV/B/18537) and contemporaneous (RSV/
A/Ontario and RSV/B/Buenos Aires) isolates. Volunteers with
less than a four-fold change in RSV neutralizing antibody activity
over the course of the season by all four assays were defined as
uninfected; those with four-fold or greater increases between two
consecutive study visits by one or more assay were defined as
having an acute RSV infection; and those with a four-fold or
greater decrease in neutralizing antibody titer at their second
visit by one or more assay were defined as having a recent
infection prior to enrollment, indicating we missed the baseline
titer prior to RSV infection (23).

Peripheral Blood Mononuclear
Cell Isolation
Blood was collected in sodium citrate CPT tubes (BD Vacutainer,
Cat. #62761) and processed within four hours of collection.
PBMCs were isolated by centrifugation for 30 minutes at 1800
x g (RCF) at room temperature (21°C). Cells were washed 3 times
in phosphate buffered saline (PBS) with centrifugation at 300 x g
(RCF) for 10 minutes at room temperature (21°C). Cells were
March 2022 | Volume 13 | Article 823652
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frozen in 10% dimethyl sulfoxide (DMSO) in fetal bovine serum
(FBS) and stored in liquid nitrogen.

Fusion Protein Peptide Library Generation
Overlapping peptide libraries of the full-length RSV F0 protein
derived from RSV/A/Ontario (GenBank ID: AZQ19478.1) was
custom ordered (Genentech, San Francisco, CA) and RSV/B/B1
(Swiss-Prot ID: O36634) was obtained from JPT (Berlin, Cat.
#PM-HRSVB-FGF0). Each library contained 141 15-mer
peptides with an 11 amino acid overlap (25, 26). Each peptide
library was reconstituted in DMSO and stored at -80°C in single
use aliquots.

In Vitro Stimulation and Multiparametric
Flow Cytometry
PBMCs were rapidly thawed in a 37°C water bath and added
dropwise into pre-warmed R10 medium (RPMI 1640 + 10%
FBS). Cells were washed in R10 medium to remove excess
DMSO, and viable cells were counted using trypan blue
exclusion. Cells were resuspended at 1.5 x 106 cells/mL in 5
mL of R10 medium in 50 mL conical tubes and rested overnight
at 37°C in 5% CO2. Tubes were placed at a 5° angle, and the cap
loosened to allow for maximum oxygenation (27). After resting
overnight, samples were plated into 96-well round bottom plates.
Cells were stimulated with either R10 medium alone (negative
unstimulated control), PMA/ionomycin (positive control), the
RSV/A/Ontario F (RSV FA) protein peptide library, or the RSV/
B/B1 F (RSV FB) protein peptide library. Both RSV FA and RSV
FB protein peptide library contained anti-CD28 and anti-CD49d
co-stimulatory agents (Becton-Dickinson Biosciences, Franklin
Lakes, NJ Cat. #347690) with brefeldin A, monensin, and anti-
CD107a antibody. Stimulation was for 6 hours at 37°C in 5%
CO2 (28, 29). Following stimulation, cells were washed in PBS
(without Ca++ or Mg++), and viability dye (ThermoFisher
Scientific, Waltham, NJ) was added to enable gating out any
non-viable cells. Fc-blocking was performed to reduce non-
specific binding of antibodies using 5% FBS in PBS.
Extracellular antibodies were then added and incubated for 20
minutes in the dark at room temperature. Following washing,
cells were fixed and permeabilized (BD Cyto Fixation/
Permeabilization kit, Cat #554714) for 20 minutes in the dark
at 4°C. Cells were washed twice with BD CytoWash solution (BD
Cyto Fixation/Permeabilization kit, Cat #554714). Antibodies for
intracellular markers were then added for intracellular staining
and incubated for 30 minutes in the dark at 4°C. Cells were
washed twice in BD CytoWash solution and then cells were
resuspended in 1% paraformaldehyde prior to acquisition. In
total, samples were stained with a pool of fluorescence-
conjugated antibodies for CD45, CD56, CD16, CD3, CD4,
CD8, CD45RO, CD107a, TNFa, IFNg, and PD-1. Cells were
analyzed on an LSRII-Fortessa flow cytometer running DiVa
software (Becton-Dickinson Biosciences, Franklin Lakes, NJ),
and data were analyzed using FlowJo (version 10.7.1; TreeStar,
OR) and Simplified Presentation of Incredibly Complex
Evaluations (SPICE; National Institute of Health, Bethesda,
MD) software. Viable lymphocytes were identified by forward-
Frontiers in Immunology | www.frontiersin.org 375
and side-scatter, single-cell discrimination, live/dead
measurements using viability dye exclusion, and expression of
the pan-lymphocyte marker CD45.

Uniform Manifold Approximation
and Projection Visualization of
Flow Cytometric Data
Contour plots were generated using ‘contour’ visualization in
FlowJo (using equal probability contouring). For uniform
manifold approximation and projection (UMAP) analysis, all
samples were down-sampled to 5,000 cells using the
DownSample plugin (v3.3) available on FlowJo Exchange. All
samples were concatenated to create a single, 1,140,000 cell
composite, and a UMAP algorithm for dimensionality
reduction was applied using the UMAP plugin (v3.1) available
on FlowJo Exchange (30, 31). The composite sample was then re-
gated as indicated for all primary and secondary populations to
aid in visual overlays in exploration of the UMAP projections.
Density plots representing 90% of the total gated cells by RSV
infection status or stimulation were superimposed upon UMAP
projections to visualize differences by study visit.

Simplified Presentation of Incredibly
Complex Evaluation Analysis
Simplified Presentation of Incredibly Complex Evaluation
(SPICE) is a software that can be used to analyze multivariate
data sets for which a series of nominal measurements and a
single continuous measurement is available. We employed
SPICE software in our study as a means to visually inspect and
represent the polyfunctionality of T cell subsets in response to
stimulation with either RSV FA or RSV FB protein peptide
libraries (32). SPICE analysis is largely qualitative rather than
quantitative and is used to provide an overall commentary of the
trends in the data. No statistical conclusions were drawn from
the SPICE data and we do not refer to any differences in
polyfunctional responses as “significant” since other methods
were used to determine statistical significance throughout
the manuscript.

High Resolution Human Leukocyte
Antigen-Typing
Blood was collected in Acid Citrate Dextrose tubes (Becton-
Dickinson Biosciences, Franklin Lakes, NJ) and DNA was
extracted from whole blood using the Qiagen EZ1® DNA
Blood 350 µl Kit (Qiagen, Hilden, Germany) with the EZ1
Advanced system. After extraction, DNA concentration and
qual i ty were measured with the Qiagen Qiexper t
spectrophotometer. Next generation sequencing (NGS) human
leukocyte antigen (HLA)-typing for HLA-A, -B, -C, -DRB1,
-DRB3/4/5, -DQB1, -DQA1, -DPB1, and -DPA1 was done
using MIA FORA kit (Immucor, Norcross, GA), according to
the manufacturer’s instructions. Briefly, after long-range PCR
amplification of each HLA gene, DNA fragments (500–900 bp)
were selected, amplified, cleaned, and sequenced on a MiSeq
using MiSeq Reagent Kits v2 (300 cycles) (Illumina, San Diego,
CA). Samples were analyzed using MIA FORA NGS software.
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Prediction of RSV/A and RSV/B F Protein
T Cell Epitopes
T cell epitopes within the RSV FA and RSV FB protein peptide
libraries were predicted using the Immune Epitope Database and
Analysis Resource (IEDB, National Institute of Allergy and
Infectious Disease, Bethesda, MD) major histocompatibility
complex (MHC)-I and MHC-II binding algorithms (33, 34).
Only HLA alleles from our cohort were included in the
predictions and allele-specific percentile ranks of all algorithms
queried by the IEDB tool were utilized (35). A percentile rank is
generated by comparing the predicted binding affinity of a
selected peptide against that of a large set of similarly sized
peptides randomly selected from the SWISS-PROT database
(36). Percentile rank provides a uniform scale allowing
comparisons across different predictors. A lower percentile
rank indicates higher affinity. Predicted hits were further
refined to those specifically within our peptide libraries
utilizing a threshold of <5% for both MHC-I and MHC-II.

Statistical Analysis
A repeated measures mixed model analysis was performed to
assess differences in expression of each functional marker among
the three RSV infection status groups and three study visits. The
covariance structure and diagnostic plots of the residuals were
examined to assess the validity of the model assumptions for a
repeated measures analysis of variance approach. The analysis first
determined whether the visit by infection status interaction term
in the model was significant by the omnibus F-test. Pairwise
comparisons were conducted only of the mean percentage
difference between the visits within each infection status group
for a total of nine a priori comparisons per functional marker.
Statistical significance was indicated for P values ≤ 0.05. No
correction was made for multiple comparisons. T cell and
neutralizing antibody scores were calculated by quartile ranking
responses, where the top quartile received a score of 4 and the
lowest quartile received a score of 1. Populations of T cells that
received scores included: total T cells, CD4+ memory T cells, CD8+

memory T cells and CD4+/CD8+ memory T cells which were
summed for each individual to create a composite score with a
range of 4–16. Separate T cell composite scores were calculated for
responses to the RSV FA and RSV FB protein peptide libraries.
Neutralizing antibody score was calculated by quartile ranking
neutralizing antibody titers to RSV/A/Tracy, RSV/B/18537, RSV/
A/Ontario, and RSV/B/Buenos Aires which were summed for
each individual to create a composite score with a range of 4–16.
Pearson’s correlation coefficients were calculated between T cell
scores to each peptide library and corresponding neutralizing
antibody scores. Statistical analyses were performed using Stata
14 (Stata Corp, College Station, Texas).
RESULTS

Demographics
Healthy adults under the age of 65 with no underlying conditions
were enrolled during the 2018–2019 RSV season, where RSV/B
Frontiers in Immunology | www.frontiersin.org 476
was the dominant circulating subtype, as described previously
(23). There were three RSV infection status groups, which were
defined by changes in neutralizing antibody titer: uninfected
(n=12), acutely infected (n=4), and recently infected (n=3).
Volunteers with less than a four-fold change in RSV
neutralizing antibody activity over the course of the season by
all four assays were defined as uninfected; those with four-fold or
greater increases between two consecutive study visits by one or
more assay were defined as having an acute RSV infection; and
those with a four-fold or greater decrease in neutralizing
antibody titer at their second visit by one or more assay were
defined as having a recent infection prior to enrollment,
indicating we missed the baseline titer prior to RSV infection.
Ages ranged from 23–59, with no discernable difference detected
among age, gender, or ethnicity across infection status (23).

Total T Cell Responses to RSV F Protein
Peptide Libraries
To compare functional responses of T cells among the three
infection status groups, we first analyzed the total T cell
response (CD3+,CD56-; Figure 1) by measuring the expression
of four functional markers: CD107a, IFNg, TNFa, and PD-1 using
the antibody panel shown in Supplementary Table 1. A
representative gating strategy is shown in Supplementary
Figure 1A. All gates were set from fluorescence minus one
(FMO) controls (Supplementary Figure 1B). CD107a (also
known as LAMP-1) is a marker of degranulation of cytolytic T
cells, whereas IFNg and TNFa are pro-inflammatory cytokines,
and PD-1 is a surface protein that negatively regulates immune
responses, which serves as a marker of T cell exhaustion (37–39).
In addition to analyzing single expression of these four markers,
we also analyzed the polyfunctionality of the T cell response since
the magnitude of a T-cell response as measured by a single
parameter does not fully reflect its functional potential (40).
Higher polyfunctionality can indicate a higher quality anti-viral
immune response and is often used to evaluate the quality of
vaccine-induced immune responses. Several studies have provided
compelling evidence that the quality of the T cell response is a
crucial factor in defining a protective T cell response (40–48).
Consistent with the stability of their neutralizing antibody
response (23), the uninfected group had a stable total T cell
response over the course of the RSV season as measured by
either single functional marker expression (Figures 1A–D) or
polyfunctionality (as defined by dark blue and yellow pie slices) of
activation markers CD107a, IFNg, and TNFa (Figure 1E). The
acutely infected group had minimal changes in single activation
marker expression throughout the season but had significantly
higher PD-1 expression at enrollment (Visit 1; Figures 1A–E).
The T cells from the acutely infected group also displayed less
polyfunctionality at enrollment compared to the uninfected group
but regained polyfunctionality, comparable to the levels in the
uninfected group by Visit 3. This pattern is similar to that
observed with the neutralizing antibody responses for the
acutely infected and uninfected groups (Figure 1E) (23). The
total T cell response of the recently infected group followed a
pattern similar to their neutralizing antibody response. There was
March 2022 | Volume 13 | Article 823652
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a significant decline in CD107a and TNFa expression over the
course of the season (Figures 2A, C), as well as a reduction of
polyfunctionality, although polyfunctionality remained low in
comparison to the uninfected group at Visit 3 (Figure 2E).
Total polyfunctional profiles with combinations of all four
functional markers (CD107a, IFNg, TNFa, and PD-1) followed
similar patterns as described for the polyfunctional profiles of the
three activation markers (Supplementary Figure 2). Additionally,
Frontiers in Immunology | www.frontiersin.org 577
all trends observed with the RSV FA protein peptide library were
also observed following stimulation with the RSV FB F protein
peptide library (data not shown).

Uniform Manifold Approximation and
Projection Analysis
We next wanted to consider whether there were global
differences in T cells by RSV infection status or by RSV
A B

C

E

D

FIGURE 1 | Total T cell responses to the RSV F protein peptide libraries as a function of RSV infection status and study visit. (A–D) Individual functional marker
expression following stimulation with the RSV/A F (RSV FA) protein peptide library by RSV infection status: uninfected (n = 12), acutely infected (n = 4), and recently
infected (n = 3). PBMCs from adult volunteers were stimulated with the RSV FA protein peptide library and the expression of CD107a, IFNg, TNFa, and PD-1 were
measured relative to the unstimulated controls by flow cytometry. These values are reported as percent positive of total CD3+ T cells. Each symbol represents the
response from a single individual. The thick horizontal bar indicates the mean of all responses within each group at that visit. A significant pairwise comparison of
mean percentage difference between visits within a group is denoted by a thin horizontal bar with *P ≤ 0.05, **P ≤ 0.01. (E) Polyfunctional T cell responses to RSV
FA protein peptide library by RSV infection status. Simplified Presentation of Incredibly Complex Evaluations (SPICE) software was used for the identification of total
T cells expressing the various activation markers. Pie charts show the frequency in which PBMCs produced the various combinations of the activation markers
CD107a, IFNg, and TNFa; or expressed PD-1 alone. Background (determined from the media-stimulated negative controls) was subtracted from all samples and
negative values were set to zero. Surrounding arcs denote the specific markers produced by the cells in each pie segment. Representative negative and positive
controls across all study visits are boxed.
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FIGURE 2 | CD4+ Memory T cell responses to the RSV F protein peptide libraries by RSV infection status and study visit. (A–D) Individual functional marker expression by
RSV infection status: uninfected (n = 12), acutely infected (n = 4), and recently infected (n = 3). PBMCs were stimulated in vitrowith RSV FA (A, B) or RSV FB (C, D) F protein
peptide libraries. Marker expression is shown as percentage of total CD4+ memory T cells. symbol represents the response from a single individual. The thick horizontal bar
indicates the mean of all responses within each group at that visit. A significant pairwise comparison of mean percentage difference between visits within a group is denoted
by a thin horizontal bar with *P ≤ 0.05. (E, F) Polyfunctional CD4+ memory T cell responses to RSV FA or RSV FB protein peptide libraries as a function of RSV infection status
and study visit. Simplified Presentation of Incredibly Complex Evaluations (SPICE) analysis was performed for the identification of CD4+ memory T cells expressing multiple
activation markers. Pie charts show the frequency in which PBMCs produced the various combinations of the activation markers CD107a, IFNg, and TNFa; or expressed
PD-1 alone. Background (determined from the media-stimulated negative controls) was subtracted from all samples and negative values were set to zero. Surrounding arcs
denote the specific markers produced by the cells in each pie segment. Representative negative and positive controls across all study visits are boxed.
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subtype. To aid in exploration of the dataset, we created a
composite sample by representative down-sampling (5,000 cells
per sample) flow cytometry results obtained from each study
subject at each study visit using the DownSample plugin (v3.3)
available on FlowJo Exchange. A sample UMAP algorithm for
dimensionality reduction was applied to gated live T
lymphocytes (CD45+CD3+CD56-) composite sample and
assessed all additional fluorescence markers (Supplementary
Figure 3). Cells from the composite sample were mapped in
Cartesian space (Supplementary Figure 3A). Gating on T cell
subsets following the strategy outlined in Supplementary
Figure 1, confirmed that UMAP analysis clustered distinct cell
phenotypes (Supplementary Figure 3B). We compared UMAP
clustering among infection status groups to understand whether
there are global differences in T cell populations in response to
stimulation with the RSV F protein peptide libraries that could
explain, at least in part, the different antibody kinetic profiles of
our cohort (Supplementary Figure 3C).

We found that whereas there were variations within each
infection status group at the various study visits, there were no
variations associated with infection status (Supplementary
Figure 3C). To assess whether there were RSV subtype-specific
differences, we compared T cell responses following stimulation
with the two different RSV F protein peptide libraries
(Supplementary Figure 3D) and found that there was no
difference. Virus-specific T cell responses are rare events.
Therefore, these results were not surprising and indicate that
any differences in responses among the subject groups or RSV
virus-subtypes were based upon functionality rather than broad
T cell phenotype.

CD4+ Memory T Cell Responses to RSV F
Protein Peptide Libraries
We evaluated CD4+ memory T cell (CD45RO+CD4+ T cells)
responses (Figure 2 and Supplementary Figure 4). CD107a and
PD-1 expression did not change significantly within any of the
groups following stimulation with either the RSV FA or RSV FB
protein peptide library and are therefore not shown. As observed
with the total T cell response, the uninfected group had a very
stable CD4+ memory T cell response to both F protein
peptide libraries over the course of the RSV season as
measured by single functional marker expression (Figures 2A–
D) or by polyfunctionality of the activation markers (Figures 2E,
F). The acutely infected group also had a very stable CD4+

memory T cell response by single functional marker analysis
(Figures 2A–D), but polyfunctional analyses revealed a distinct
profile to that of the uninfected group with changes in
polyfunctionality over the study duration when stimulated
with either RSV FA or RSV FB protein peptide libraries
(Figures 2E, F) . The acutely infected group had a
polyfunctional profile driven by increased PD-1 expression and
reduced polyfunctionality compared to the uninfected group at
enrollment (Visit 1). Polyfunctionality increased over the RSV
season in the acutely infected group and more closely resembles
that of the uninfected group by Visit 3. The recently infected
Frontiers in Immunology | www.frontiersin.org 779
group had significant decreases in CD4+ memory T cell single
marker expression of IFNg, and TNFa over the course of the
season but had only subtle changes in polyfunctionality over the
RSV season (Figures 2B, C). The recently infected group had an
increased double functionality (co-expression of two activation
markers, indicated by yellow pie slice) and reduced triple
functionality (co-expression of all 3 activation markers,
indicated by dark blue) compared to the uninfected group at
Visit 1. By Visit 3, however, the polyfunctional profile of CD4+

memory T cells was comparable to that of the uninfected group.

CD8+ Memory T Cell Responses to RSV F
Protein Peptide Libraries
We then evaluated CD8+ memory T cell (CD45RO+CD8+ T
cells) responses (Figure 3, and Supplementary Figures 5, 6).
The expression of single functional markers by CD8+ memory T
cells remained the same for each infection status for the duration
of the study (Supplementary Figure 5). Although the expression
of single functional markers was both low and stable, the
polyfunctional profiles were distinct among the three groups
(Figure 3 and Supplementary Figure 6). Like the other subsets,
the polyfunctionality of the CD8+ memory T cell response in the
uninfected group was consistent across the three study visits to
both RSV F protein peptide libraries (Figures 3A, B). In the
acutely infected group, there was a lack of triple functionality
toward the RSV FA protein peptide library at enrollment (Visit 1;
Figure 3A). Polyfunctionality in the acutely infected group
expanded following infection at Visit 2 but retracted by Visit 3
to levels slightly lower than the uninfected group.
Polyfunctionality of CD8+ memory T cells toward the RSV FB
protein peptide library in the acutely infected group was nearly
absent over the study period (Figure 3B). The CD8+ memory T
cell response of the recently infected group was distinct from that
of the uninfected or acutely infected group and displayed very
little polyfunctionality toward either peptide library. This distinct
profile is quite notable, particularly at Visit 1, when
combinations of all four functional markers were analyzed
(Supplementary Figure 6).

CD4+/CD8+ Memory T Cell Responses to
RSV F Protein Peptide Libraries
CD4+/CD8+ double positive T cells make up a low frequency of
total T cells and can express memory markers such as CD45RO.
Their role in viral immunity and cancer is hotly debated, though
there is evidence they may have enhanced anti-viral capabilities
(49–52). We therefore analyzed the CD4+/CD8+ memory T cell
response among the infection status groups and found that the
trends mimic those of the canonical CD4+ or CD8+ memory T
cell response (Supplementary Figure 7). Similar to the other
subsets of T cells, the uninfected group had very consistent levels
of CD4+/CD8+ memory T cell response over the RSV season to
both RSV F protein peptide libraries. The acutely infected group
had a significant decrease in TNFa expression following
infection, but by Visit 3 TNFa expression had returned to
levels observed at enrollment. The recently infected group had
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a significant decrease in CD107a expression over the RSV season.
Taken altogether, responses of all T cell subsets, as measured by
both the magnitude of single parameters and polyfunctionality,
closely mimics that observed in the antibody kinetic profiles by
RSV infection status (23).

Subtype-Specific Differences
in T Cell Responses to RSV F
Protein Peptide Libraries
Because we observed differences between the responses to the
RSV FA and RSV FB protein peptide libraries across all infection
groups and T cell subsets, we combined these data for all 19
adults at each timepoint to assess viral subtype-specific
differences in T cell responses. In total T cells, the RSV FA
protein peptide library induced higher expression of each
individual activation marker (CD107a, IFNg, and TNFa) than
Frontiers in Immunology | www.frontiersin.org 880
the RSV FB protein peptide library (Figures 4A–D). Whereas
this trend is only significant at Visit 3 for IFNg and TNFa
expression, the trend was consistent at every timepoint for these
three activation markers. PD-1 expression, however, was similar
between the two peptide libraries, indicating that stimulation
with the RSV FB peptide library is not simply exhausting the T
cells. There was also decreased polyfunctionality of the total T
cell response when stimulated with the RSV FB protein peptide
library compared to the RSV FA library at all three timepoints
(Figures 4E, F).

We tested whether a specific compartment of the T cell
response is driving these RSV subtype-specific differences.
CD4+ memory T cells demonstrated significantly higher
CD107a, IFNg, and TNFa expression at most time points
when stimulated with RSV FA versus RSV FB protein peptide
library (Figures 5A–D). There was also a subtle increased
A

B

FIGURE 3 | CD8+ Memory T cell responses to RSV F protein peptide libraries as a function of RSV infection status and study visit. Polyfunctional CD8+ Memory T cell
responses to (A) RSV FA or (B) RSV FB protein peptide libraries by RSV infection status: uninfected (n = 12), acutely infected (n = 4), and recently infected (n = 3).
Simplified Presentation of Incredibly Complex Evaluations (SPICE) analysis was performed for the identification of CD8+ memory T cells expressing multiple cytokines. Pie
charts show the frequency in which PBMCs produced the various combinations of the activation markers CD107a, IFNg, and TNFa; or expressed PD-1 alone.
Background (determined from the media-stimulated negative controls) was subtracted from all samples and negative values were set to zero. Surrounding arcs denote
the specific markers produced by the cells in each pie segment. Representative negative and positive controls across all study visits are boxed.
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FIGURE 4 | RSV subtype-specific differences in total T cell responses to RSV F protein peptide libraries for all study subjects. (A–D) Individual functional marker
expression following stimulation with either peptide library (n = 19). PBMCs were stimulated with either RSV FA or RSV FB peptide library and expression of CD107a,
IFNg, TNFa, and PD-1 were measured by flow cytometry and reported as a percentage of total T cells. Each symbol represents the response from a single
individual. The thick horizontal bar indicates the mean of all responses within each group at that visit. A significant pairwise comparison of mean percentage
difference between visits within a group is denoted by a thin horizontal bar with *P ≤ 0.05, **P ≤ 0.01. V1, Visit 1; V2, Visit 2; V3, Visit 3. (E) Polyfunctionality of
activation markers in total T cell responses as a function of stimulation type and study visit. Pie charts show the frequency in which PBMCs produced the various
combinations of the activation markers CD107a, IFNg, and TNFa; or expressed PD-1 alone. Background (determined from the media-stimulated negative controls)
was subtracted from all samples and negative values were set to zero. Surrounding arcs denote the specific markers produced by the cells in each pie segment.
Representative negative and positive controls across all study visits are boxed. (F) Total polyfunctionality of total T cells by stimulation and study visit. Pie segments
indicate frequency of cells producing combinations of all four functional markers CD107a, IFNg, and TNFa and PD-1. Background (determined from the media-only
negative controls) was subtracted from all samples and negative values were set to zero.
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polyfunctionality of CD4+ memory T cells stimulated with the
RSV FA library (Figures 5E, F). CD8+ memory T cells displayed
subtle differences in single marker expression between the two F
protein peptide libraries, with significantly higher expression of
CD107a at Visit 1 and IFNg at Visit 2 (Figures 6A–D). There was
a marked reduction in polyfunctionality of CD8+ memory T cells
when stimulated with RSV FB protein peptide library compared
with the RSV FA protein peptide library (Figures 6E, F).
Therefore, memory T cells from both major subsets (CD4+ and
CD8+), drive these RSV subtype-specific differences in responses.

RSV-Subtype Specific Differences
in T Cell Responses Are Not Due
to HLA-Haplotypes
Although the RSV/A/Ontario and RSV/B/B1 F protein sequences
utilized to construct the F protein peptide libraries are very
highly conserved (91% sequence homology), even small amino
acid changes can lead to alternative T cell epitope recognition by
individuals with specific HLA genotypes, which could potentially
explain the RSV subtype-related differences in the T cell
responses we observed. To test whether these subtype-specific
differences are due to alternate epitope recognition originating
from the HLA-restriction of the subjects in our cohort, we
performed high resolution HLA-typing on all subjects in the
study. We then predicted HLA-restricted epitopes within the
RSV F protein (RSV/A/Ontario and RSV/B/B1) utilizing MHC
class I and class II predictive algorithms (data not shown). We
mapped these potential epitopes along the RSV F protein
sequences to identify potential epitope ‘hotspots’ within each
peptide library (data not shown). We found similar hotspots by
subtype where the highest T cell epitope predictions (lowest rank
scores) for MHC class II are consistently near the N terminus
and between aa 150–250. The list of potential epitopes was
refined by utilizing only those contained within both peptide
libraries. Both subtypes had similar predicted epitopes within the
15mer peptide libraries (data not shown), indicating the RSV
subtype-specific differences in T cell response do not stem from
an inability of the adults in our cohort to respond to the peptide
libraries because of antigen presentation.

RSV-Specific T Cell and Neutralizing
Antibody Responses Are Correlated
Finally, we tested the relationship between T cell and neutralizing
antibody responses among RSV infection status or RSV subtype
(Figure 7 and Supplementary Figure 8). We were interested in
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determining if individuals with higher RSV-specific T cell
activity also had higher RSV-specific neutralizing antibody
levels. We used quartile-ranking of T cell and neutralizing
antibody responses to test this hypothesis. We found that T
cell and antibody scores were not correlated at Visit 1 or 2 but
were highly correlated at Visit 3 for both RSV subtypes
(Figure 7A and Supplementary Figure 8A). We found that
the uninfected group was distributed evenly among the quartiles
at Visits 1 and 2 (Figure 7B and Supplementary Figure 8B). At
Visit 3 there was a significant correlation of the RSV FA T cell
score and neutralizing antibody score in the uninfected group.
There are, however, individuals with low quartile scores in the
uninfected group, suggesting a small subset of this group may
now be susceptible to re-infection. The acutely infected group
had scores in the low quartile ranges for both antibody and T cell
scores at Visit 1 but, following re-infection, these individuals
ended in the high quartiles for both responses, suggesting
protection from re-infection. Although not statistically
significant, both RSV FA and RSV FB T cell scores nonetheless
were highly correlated at Visit 3 (RSV FA: r = 0.730; RSV FB: r =
0.880). At enrollment, the recently infected group was in the high
quartiles, but dropped to the low quartiles by Visit 2. The
correlation coefficient for the recently infected group is
undefined at Visit 3, suggesting no relationship between T cell
and antibody responses. Therefore, by Visit 3, individuals who
were high T cell responders were also high neutralizing antibody
responders and those with low T cell responses had low
neutralizing antibody responses.
DISCUSSION

In this study we analyzed the memory T cell response to RSV F
protein peptide libraries in a cohort of healthy adults with three
distinct antibody kinetic profiles corresponding to their RSV
infection status. We found that memory T cell responses mimic
previously published antibody responses observed for the three
distinct RSV infection status groups (23). Both the acutely and
recently infected groups had reduced T cell polyfunctionality
compared to the uninfected group at enrollment (Visit 1: early in
the RSV season), indicating that higher RSV-specific memory T
cell polyfunctionality may protect against re-infection. T cells
from the acutely infected group displayed higher PD-1
expression, particularly at enrollment and even without
stimulation, suggesting that these individuals’ T cells may have
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FIGURE 5 | RSV subtype-specific differences in CD4+ Memory T cell responses to RSV F protein peptide libraries for all study participants. (A–D) Individual
functional marker expression. PBMCs were stimulated in vitro with RSV FA (A, B) or RSV FB (C, D) peptide libraries (n = 19). Expression of CD107a, IFNg, TNFa,
and PD-1 was measured by flow cytometry and reported as a percentage of CD4+ memory T cells. Each symbol represents the response from a single individual.
The thick horizontal bar indicates the mean of all responses within each group at that visit. A significant pairwise comparison of mean percentage difference between
visits within a group is denoted by a thin horizontal bar with *P ≤ 0.05. V1, Visit 1; V2, Visit 2; V3, Visit 3. (E) Polyfunctionality of activation markers in CD4+ memory
T cell responses by stimulation and study visit. Pie charts represent the mean frequencies of responding CD4+CD45RO+ T cells following stimulation with RSV FA or
RSV FB protein peptide library. Pie charts indicate frequency of cells producing combinations of the activation markers CD107a, IFNg, and TNFa or expressing PD-1
alone. Background (determined from the media-only negative controls) was subtracted from all samples and negative values were set to zero. (F) Total
polyfunctionality of CD4+ memory T cells by stimulation and study visit. Pie segments indicate frequency of cells producing combinations of all four functional
markers CD107a, IFNg, and TNFa and PD-1. Background (determined from the media-only negative controls) was subtracted from all samples and negative values
were set to zero.
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been exhausted prior to infection, which may predispose them to
RSV re-infection. Higher expression of PD-1 may also play an
inhibitory role during the CD8+ T effector cell transition to
impair T cell differentiation and subsequent viral clearance
during acute infection (38, 39). Additional studies with a larger
cohort are warranted to test whether polyfunctionality of
memory T cells can be used as a correlate of infection in the
adult population.

Increased individual functional marker expression and
increased polyfunctionality across all T cell subsets to the RSV
FA F protein peptide library rather than the RSV FB protein
peptide library was unexpected, as RSV/B was the dominant
circulating subtype during the study period (23). Additionally,
the highest fold changes in neutralizing antibody were detected
to a prototypic B strain (RSV/B/18537), which is analogous to the
RSV/B/B1 strain used for generating the F protein peptide library
used in this study, and the lowest fold changes were detected to a
contemporaneous RSV/A strain (RSV/A/ON) (23). Although the
reason for this is unknown, the difference in subtype-specific T
cell responses raises several interesting questions. Is this higher T
cell response to the RSV FA protein peptide library characteristic
of adults in general? If so, do the elderly consistently have a
stronger T cell response to RSV/A F protein? Do these lower T
cell responses to the RSV FB protein peptide library make adults
more susceptible to RSV/B than RSV/A infections? Or is this
difference in response reflective of what these particular adults
were primed with in prior respiratory seasons? Additional
studies testing the T cell responses of older adults, particularly
with emphasis on polyfunctionality, as well as the frequency and
severity of re-infection by subtype in this population, are
warranted. These subtype-related differences have implications
for vaccine development, as most vaccine candidates are derived
from a single RSV/A strain (prototypic GA1). Our data indicate
that adults may need additional protection from RSV/B, so
bivalent vaccines containing both RSV subtypes may be
warranted, at least for the older adult population.

The recently infected group had a significant decrease in
memory T cell single marker expression over the RSV season and
marked reduction of polyfunctionality of memory T cells in
comparison with the uninfected group at Visit 3, implying these
individuals have a lower overall quality of RSV-specific T cell
response. Taken together with the antibody response profiles of
these individuals (23), these results suggest an overall inability to
sustain long-lived memory from both B and T cell responses. The
rapid decay of antibody observed in the recently infected group
Frontiers in Immunology | www.frontiersin.org 1284
closely resembles the natural decay of immunoglobulin in the
absence of newly generated antibody (53, 54). This decay
indicates that the antibody response in these individuals could
be driven primarily by short-lived circulating plasma blasts that
can secrete large amounts of antibody rapidly following infection
rather than long-lived plasma cells that typically reside in bone
marrow and maintain high levels of antibody long-term (55).
Short-lived circulating plasma blasts are typically derived from
an extrafollicular response unlike long-lived plasma cells, which
are thought to be generated primarily through germinal center
responses (55). We hypothesize that individuals in the recently
infected group are predisposed to elicit primarily an
extrafollicular rather than germinal center response to RSV
infection. Predisposition toward an extrafollicular-dominant T
cell response may have arisen during the primary exposure in
infancy or, more likely, during multiple re-infection events
throughout life.

The short-lived antibody response may not be limited to RSV
but may hold true for other seasonal respiratory viruses. Indeed,
we observed a rapid loss of hMPV-specific antibody responses
within this cohort (23). Mechanistic studies aimed at elucidating
the underlying cause of these various infection kinetic profiles of
long-term memory will have significant impact on vaccine
development for respiratory pathogens at large.

Whether or not there is a relationship between the T cell
response and a known correlate of protection, neutralizing
antibody, is unclear. By the end of our study period, we saw a
significant correlation between T cell response scores (to both
RSV subtypes) and neutralizing antibody scores. This correlation
indicates that individuals with high neutralizing antibody
responses are likely to have strong T cell responses (and vice
versa). It is not surprising that the highest correlation is at Visit 3
compared to earlier study visits, as a limitation of the study is the
timing of sample collections to capture the kinetics of T cell
responses immediately following infection. As infections were
defined using fold-changes in neutralizing antibody rather than
PCR, the exact timing of RSV infection in the infected groups is
unknown. Therefore, we are best able to detect a relationship at
Visit 3, when all subjects have reached a steady-state in their
RSV-specific immune response. A relationship between
neutralizing antibody and T cell responses suggests that
including T cell scores and using them in conjunction with
neutralizing antibody responses may strengthen the ability to use
them as a correlate of infection and help to identify individuals at
higher risk for re-infection. Furthermore, there are differences in
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FIGURE 6 | RSV subtype-specific differences in CD8+ Memory T cell responses to RSV F protein peptide libraries for all study participants. (A–D) Individual
functional marker expression. PBMCs were stimulated in vitro with RSV FA (A, B) or RSV FB (C, D) peptide libraries (n = 19). Expression of CD107a, IFNg, TNFa,
and PD-1 was measured by ICS and reported as a percentage of CD8+ memory T cells. Each symbol represents the response from a single individual. The thick
horizontal bar indicates the mean of all responses within each group at that visit. A significant pairwise comparison of mean percentage difference between visits
within a group is denoted by a thin horizontal bar with *P ≤ 0.05. V1, Visit 1; V2, Visit 2; V3, Visit 3. (E) Polyfunctionality of activation markers in CD8+ memory T
cell responses by stimulation and study visit. Pie charts represent the mean frequencies of responding CD8+CD45RO+ T cells following stimulation with RSV FA
or RSV FB peptide library. Pie charts indicate frequency of cells producing combinations of the activation markers CD107a, IFNg, and TNFa or expressing PD-1
alone. Background (determined from the media-only negative controls) was subtracted from all samples and negative values were set to zero. (F) Total
polyfunctionality of CD8+ memory T cells by stimulation and study visit. Pie segments indicate frequency of cells producing combinations of all four functional
markers CD107a, IFNg, and TNFa and PD-1. Background (determined from the media-only negative controls) was subtracted from all samples and negative
values were set to zero.
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the scores by RSV infection status. The two infection groups have
opposite patterns in that, the acutely infected group starts within
the lowest quartile scores for both T cell and antibody responses,
but by the end of the season have the highest for both. The
recently infected group starts with high scores for both
responses, but by the end of the season there is no relationship
between scores. Together, these results strengthen the hypothesis
that combined use of T cell scores and neutralizing antibody
scores can be used as a correlate of infection.
Frontiers in Immunology | www.frontiersin.org 1486
In summary, we identified three distinct T cell immune
responses to the RSV F protein peptide libraries that reflect
three distinct antibody kinetic profiles. This increased
understanding of how long RSV-subtype specific memory T
cell responses persist and how this longevity relates to antibody
responses increases our knowledge of how some adults become
susceptible to re-infection. This knowledge is vital for developing
an efficacious RSV vaccine, particularly in older adult
populations where pre-existing immunity may need to be ‘re-
A

B

FIGURE 7 | Correlation between RSV FA T cell and neutralizing antibody responses. A significant linear relationship between T cell score and neutralizing antibody
score is denoted by a correlation coefficient (r) with *P ≤ 0.05. (A) Correlation between RSV FA T cell score with neutralizing antibody score by study visit (n = 19).
(B) Correlation between RSV FA T cell scores with neutralizing antibody score by RSV infection status and study visit. Uninfected (n = 12), acutely infected (n = 4), or
recently infected (n = 3) individuals are shown.
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trained’ for establishing an optimal and durable immune
response upon vaccination.
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In an ongoingmultinational trial, we obtained blood samples from 365 volunteers vaccinated
with mRNA vaccines (Moderna, BioNTech), viral DNA-vectored vaccines (AstraZeneca,
Sputnik-V, and Johnson and Johnson), or the attenuated virus vaccine from Sinopharm.
After collecting reactogenicity data, the expression of S-Protein binding IgG and IgA was
analyzed using an automated sandwich ELISA system. Serum neutralizing potentials were
then investigated using an ACE-2-RBD neutralizing assay. Moderna’s vaccine induced the
highest amounts of SARS-CoV-2 specific neutralizing antibodies compared to the other
groups. In contrast, Sinopharm and Johnson and Johnson’s vaccinees presented the
lowest SARS-CoV-2-specific antibody titers. Interestingly, moderate to high negative
correlations between age and virus-specific IgG expression were observed in the
Johnson and Johnson (r =-0.3936) and Sinopharm (r =-0.6977) groups according to
Spearman’s rank correlation analysis. A negative correlation was seen between age and IgA
expression in the Sputnik-V group (r =-0.3917). The analysis of virus neutralization
potentials in age categories demonstrated that no significant neutralization potential was
observed in older vaccinees (61and 80 years old) in the Sputnik-V Johnson and Johnson
and Sinopharm vaccinees’ groups. In contrast, neutralization potentials in sera of Moderna,
BioNTech, and AstraZeneca vaccinees were statistically comparable in all age categories.
Furthermore, while the AstraZeneca vaccine alone induced moderate IgG and IgA
expression, the combination with Moderna or BioNTech mRNA vaccines induced
significantly higher antibody levels than a double dose of AstraZeneca and similar IgG
expression and neutralization potential compared to Moderna or BioNTech vaccines used
alone. These results suggest that mRNA vaccines are the most immunogenic after two
doses. DNA vectored vaccines from AstraZeneca and Sputnik-V presented lower but
significant antibody expression and virus neutralizing properties after two doses. The lowest
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antibody and neutralization potential were observed in the Sinopharm or Johnson and
Johnson vaccinees. Especially elderly over 60 presented no significant increase in
neutralizing antibodies after vaccination. The data also indicate that heterologous
vaccination strategies combining the AstraZeneca DNA vectored vaccines and mRNA
vaccines are more effective in the induction of neutralizing antibodies compared to their
homologous counterparts.
Keywords: SARS-CoV-2, COVID-19 vaccines, neutralizing antibodies, ELISA, IgA, IgG
INTRODUCTION

Since it began in November 2019, the COVID-19 pandemic has
caused significant morbidity and mortality worldwide and major
social, educational, and economic disruptions. It is the most
serious global health crisis ever experienced in modern history
(1). Seniors and persons with comorbidities are at the highest
risk for COVID-19 complications (2). Globally, as of April 8th,

2022, there have been 494 587 638 confirmed cases of COVID-
19, including 6 170 283 deaths, reported to the WHO (3). Recent
data indicate increasing SARS-CoV-2 infection rates and
COVID-19 in younger adults due to the occurrence of new
virus variants (4, 5). In this context, vaccine rollout represents a
tool of choice to fight the pandemic. Several groups developed
vaccines to prevent the infection and control the pandemic. The
amount of resources and the extraordinary speed of vaccine
development against COVID-19 are unique in human history
(6). While the WHO declared COVID-19 a pandemic in March
2020, less than nine months later, more than 60 vaccines entered
clinical trials, with 13 in Phase III clinical trials at the end of 2020
(7). New technologies, accumulated expertise during
the development of vaccines against related viruses like MERS-
CoV or SARS-CoV-1, as well as existing production platforms
have made this fulminant acceleration possible (8). As of April
5th, 2022, a total of 11 250 782 214 vaccine doses have been
administered worldwide (3). Currently available vaccines against
COVID-19 include Messenger ribonucleic acid (mRNA)
vaccines like Moderna’s Spikevax and Pfizer-BioNTech’s
Comirnaty, recombinant adenovirus vectored vaccines such as
Vaxzevria from Oxford-AstraZeneca, Janssen from Johnson &
Johnson Pharm, and Sputnik-V from the Gamaleya Research
Center in Russia. The Chinese pharmaceutical firm Sinopharm
opted for a more classical approach using inactivated viruses and
proposed the BIBP COVID-19-vaccine, also known as BBIBP-
CorV. All these vaccine candidates have been authorized for
human use in many countries (9). The approval of these vaccines
offers a highly effective tool for the global control of the COVID-
19 pandemic. While the high-speed vaccine development is
undoubtedly a scientific and technological success, it has also
raised concerns about safety and efficacy in the global population
(10). In this context, independent evaluations of the safety and
effectiveness of these vaccines are highly needed.

Humoral immune responses and particularly neutralizing
antibodies are key elements of the adaptive immunity against
acutely cytopathic viruses such as the SARS-CoV-2 (11–13).
Gamma (IgG) and alpha (IgA) immunoglobulins are the first
org 291
and second most abundant immunoglobins in human serum,
respectively (14). There is increasing evidence that neutralizing
responses correlate with protection against COVID-19 (15).
Both IgG and IgA were reported to mediate viral
neutralization in COVID-19 patients, and their neutralization
potential is the key mechanism supporting the efficacy of
convalescent plasma in the treatment of severe COVID-19
patients (16–19). While IgG is the main antibody in the blood
and most tissues, IgA is the most abundant antibody on mucosal
surfaces (14, 20), including the respiratory mucosa, main entry,
and replication site of SARS-CoV-2 in the human body (20–23).
Investigations in influenza and SARS-CoV-2 infections
suggested higher antiviral properties for IgA in comparison to
IgG (24, 25), suggesting a key role for IgA in protective immunity
against SARS-CoV-2. However, limited data exist on IgG and
IgA responses after COVID-19 vaccinations. In the present
study, we compared SARS-CoV-2 spike antigen-specific serum
IgA and IgG expression as well as virus neutralization potential
in individuals vaccinated with five different COVID-19 vaccines,
including mRNA vaccines from Pfizer-BioNTech and Moderna,
viral DNA vectored vaccines from Johnson & Johnson, Oxford-
AstraZeneca, and Sputnik-V, as well as the inactivated virus
vaccine from Sinopharm (BIBP COVID-19-vaccine). In the
present study, we investigated the humoral immune response
in blood samples from volunteers vaccinated with mRNA
vaccines (Moderna, BioNTech), viral DNA-vectored vaccines
(AstraZeneca, Sputnik-V, and Johnson and Johnson), or the
inactivated virus vaccine from Sinopharm.
MATERIAL AND METHODS

Participants, Sample Collection,
and Ethics
The study was conducted between January 2021 and October
2021 at the Institute of Medical Microbiology, Immunology and
Parasitology (IMMIP) of the University Hospital of Bonn and is
part of an ongoing survey. Volunteers were recruited in Bonn
(Germany), in Sremska Kamenica (Serbia), and in Banja Luka
(Bosnia and Herzegovina). A total of 365 (122 men and 243
women) were included in the study. Each volunteer recruited
for the study gave informed consent to participate. Ethics
approval for the study was obtained from the ethical boards
of the University Hospital Bonn (Lfd.Nr.439/20) and the
Faculty of Medicine of the University of Novi Sad (FN.198/02).
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Epidemiological and clinical characteristics of study participants
are summarized in Table 1. Venous blood was collected 14-
30 days after the last vaccination dose using the S-Monovette
SERUM GEL blood collection system (Sarstedt AG, Nümbrecht,
Germany). Characteristics of all vaccines investigated during the
study are listed in Table 2. Donors with immune deficiency or
using immunosuppressive treatment were excluded from
the analyses.

Reactogenicity Analysis
Reactogenicity investigations were done using questionnaires
designed by the investigators and delivered to the participants.
The survey was done 2 to 3 weeks after each vaccine shot.
Participants who agreed to participate gave written consent and
filled a form with their demographics, including sex, age, earlier
infection with SARS-CoV-2, and the observed side effects. All
responses were included anonymously.

Enzyme-Linked Immunosorbent Assay
(ELISA) for the Detection of SARS-COV-2
Specific IgG and IgA
To detect the levels of SARS-CoV-2 specific antibodies, the
Euroimmun SARS-CoV-2 IgG/IgA ELISA kit (Euroimmun,
Lübeck, Germany) was used, according to the manufacturer’s
instructions. Serum samples were diluted 1:101 in the provided
sample buffer and incubated at 37° C for 60 min in a 96-well
microtiter plate. Washings and incubation cycles were performed
automatically using the predesigned program of Euroimmun’s
Analyzer I automate. Optical densities (OD) were measured at
450 nm. SARS-CoV-2 specific immunoglobulin G and A
expressions were calculated, and results were interpreted as per
the manufacturer’s protocol.

Neutralizing Antibody Level
To test the neutralizing potential of SARS-CoV-2 specific
antibodies in the sera of vaccinated individuals, SARS-CoV-2
antibody neutralizing immunoassay kits (ThermoFisher
Scientific) were used according to the manufacturer’s
instructions. Briefly, 100 µL of controls and 1:5 diluted sera
from fully vaccinated or unvaccinated individuals were added to
the wells of microplates pre-coated with SARS-CoV-2 receptor-
binding domain (RBD) protein. The plates were then incubated
Frontiers in Immunology | www.frontiersin.org 392
for 1 hour to allow neutralizing antibodies present in the samples
to bind to RBD specifically. After 3 washes with the provided
wash solution, 100 µL of biotinylated 1x ACE2 and samples were
incubated for an additional 1h. After incubation, samples were
washed 3 times, and 100 µL of 1x Streptavidin-HRP was added to
each well. Plates were then incubated for an additional 30 min,
and 50µL of stop solution containing 2N H2SO4 was added to
stop the reaction. Signal development is indirectly proportional
to the amount of specific neutralizing antibodies present. Plates
were measured at 450 nm with the SpectraMax Pro plate reader
(Molecular Devices), and neutralization potential was calculated
according to the provided controls.

Statistics
Descriptive demographic and clinical data analyses are presented
as mean ± SD when continuous and as proportions (%) when
categorical. All graphs were generated using GraphPad Prism 8
(La Jolla, CA, USA). p values were calculated using the Kruskal
Wallis test. Dunnett’s multiple comparison test was used to
compare all settings to the control (Unvaccinated), and Dunn’s
post hoc test was used to compare all groups. Significance is
accepted if p <0.05.
RESULTS

Lowest Systemic Reactogenicity After
Vaccination With Sinopharm’s BIBP
COVID-19 Vaccine
We first analyzed the reactogenicity of the different vaccines
using an appropriate questionnaire. The most common local
symptoms were pain at the site of injection and skin rash. Minor
systemic side effects were seen in all groups. More severe
systemic effects, including musculoskeletal symptoms, fever,
and headache for more than 3 days, were observed in the
Moderna (10%), AstraZeneca (11%), Johnson and Johnson
(5.9%), and Sputnik-V (7.2%) groups. No severe systemic effect
was reported in the BioNTech group. Sinopharm’s BIBP
COVID-19 vaccinees presented the lowest percentage of
adverse reactions. Indeed, 93.2% % of the participants who
received this vaccine declared having experienced no systemic
side effects (Figure 1).
TABLE 1 | Epidemiological and clinical characteristics of study participants.

Moderna BioNTech/
Pfizer

AstraZeneca Johnson and
Johnson

Sputnik-V Sinopharm AstraZeneca+
Moderna

AstraZeneca+
BioNtech

Total
vaccinated

Controls

Sample size (N=) 41 92 52 34 35 28 43 40 365 30
Mean age
(Min-Max, Mean
±SD) in years

18-85
(42.1 ±
15.8)

20-88
(44.3 ±
18.5)

20-82
(42.9. ± 16.9)

20-71
(35.5 ± 15.6)

18-78
(36.0 ±
10.7)

26-74
(33.6 ±
15.0)

20-6
(42.1. ± 20.2)

20-98
(45.9. ± 25.2)

18-98
(45.7. ±
17.7)

18-78
(33.9 ±
25.3)

Sex (M/F) 13/28 37/55 14/38 23/11 11/24 11/17 6/37 7/33 12/18
Hypertension (N=) 5 25 8 5 3 4 2 6 58 3
BMI (Mean±SD) 24.4±4.6 26.7±7.5 26.4±5.0 25.2 ±6.2 25.6±4.5 26.5±4.5 22.7±6.2 25.6±5.7 25.3±5.9 25.4±
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Higher Expression of SARS-CoV-2-
Specific IgG and IgA in mRNA Vaccinated
Individuals
To investigate the levels of SARS-CoV-2 specific antibody
expression in the different groups of vaccinees, we analyzed S-
protein specific IgG and IgA in the sera of vaccinated individuals
Frontiers in Immunology | www.frontiersin.org 493
3-6 weeks after full vaccination. The results indicate that mRNA
vaccines generally induced the highest amounts of SARS-CoV-2-
reactive IgG and IgA. The Moderna vaccine induced slightly
more IgG and IgA compared to the BioNTech vaccine.
AstraZeneca and Sputnik-V induced comparable amounts of
SARS-CoV-2 specific IgG. However, IgA expression was higher
A B C

D E F

FIGURE 1 | Level of reported systemic adverse reactions. Graphs represent the proportion of individuals presenting side effects in Moderna (A), BioNTech (B),
AstraZeneca (C), Johnson and Johnson (D), Sputnik-V (E), and Sinopharm (F) vaccinees. The white parts of the histograms indicate the percentage of persons with
no systemic side effects. The grey portions represent the percentage of people with mild side effects, while the dark parts indicate the percentages of individuals with
severe side effects.
TABLE 2 | Characteristics of investigated vaccines.

Vaccine
Name

Manufacturers Active
component
First dose

Active
component
Second
dose

Type References

mRNA-1273 Moderna,
Massachusetts,
USA

100 mg
mRNA

100 mg
mRNA

mRNA-
based

Baden LR, El Sahly HM, Essink B, Kotloff K, Frey S, Novak R, et al. Efficacy and
Safety of the Mrna-1273 Sars-Cov-2 Vaccine. N Engl J Med (2021) 384(5):403-16.
Epub 20201230. doi: 10.1056/NEJMoa2035389.

Comirnaty BioNTech SE, Mainz
Germany
Pfizer Inc, New
York, USA

30 µg mRNA 30 µg mRNA mRNA-
based

Polack FP, Thomas SJ, Kitchin N, Absalon J, Gurtman A, Lockhart S, et al. Safety
and Efficacy of the Bnt162b2 Mrna Covid-19 Vaccine. N Engl J Med (2020) 383
(27):2603-15. Epub 20201210. doi: 10.1056/NEJMoa2034577.

Vaxzevria AstraZeneca
Corporation,
Cambridge, UK

5×1010 viral
particles

5×1010 viral
particles

Adenovirus-
vectored

Falsey AR, Sobieszczyk ME, Hirsch I, Sproule S, Robb ML, Corey L, et al. Phase 3
Safety and Efficacy of Azd1222 (Chadox1 Ncov-19) Covid-19 Vaccine. N Engl J
Med (2021) 385(25):2348-60. Epub 20210929. doi: 10.1056/NEJMoa2105290.

Ad26.COV2.S Johnson &
Johnson, New
Jersey, USA

5×1010 viral
particles

– Adenovirus-
vectored

Sadoff J, Gray G, Vandebosch A, Cardenas V, Shukarev G, Grinsztejn B, et al.
Safety and Efficacy of Single-Dose Ad26.Cov2.S Vaccine against Covid-19. N Engl J
Med (2021) 384(23):2187-201. Epub 20210421. doi: 10.1056/NEJMoa2101544.

Gam-COVID-
Vac

Gamaleya National
Research Centre for
Epidemiology and
Microbiology,
Moscow, Russia

(1.0±0.5) x
1011 viral
particles

(1.0±0.5) x
1011 viral
particles

Adenovirus-
vectored

Logunov DY, Dolzhikova IV, Shcheblyakov DV, Tukhvatulin AI, Zubkova OV,
Dzharullaeva AS, et al. Safety and Efficacy of an Rad26 and Rad5 Vector-Based
Heterologous Prime-Boost Covid-19 Vaccine: An Interim Analysis of a Randomised
Controlled Phase 3 Trial in Russia. Lancet (2021) 397(10275):671-81. Epub
20210202. doi: 10.1016/S0140-6736(21)00234-8.

BBIBP-CorV Sinopharm, Beijing,
China

6.5 U (4 mg)
of inactivated
SARS-CoV-2
antigens

6.5 U (4 mg)
of inactivated
SARS-CoV-2
antigens

Inactivated
virus

WHO. Background Document on the Inactivated Covid-19 Vaccine Bibp Developed
by China National Biotec Group (Cnbg), Sinopharm, 7 May 2021. (2021).
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in the Sputnik-V group compared to the AstraZeneca group.
The IgG expression in these two groups was significantly higher
compared to the unvaccinated controls but lower compared to
both mRNA vaccines. In contrast, the amount of SARS-CoV-2-
specific IgG in the Johnson and Johnson and Sinopharm groups
was moderately increased compared to the unvaccinated control
group. However, differences to the control group were
statist ically not significant (p> 0.999 and p=0.860,
respectively). However, while SARS-CoV-2 specific IgA was
significant in the Johnson & Johnson group (p=0.004), no
statistical difference was seen between Sinopharm and the
control groups (p= 0.2287) in regard to SARS-CoV-2-specific
IgA expression (Figure 2).

Low Level of SARS-CoV-2-Specific
Neutralizing Antibodies in Sera of
Sinopharm and Johnson and Johnson
Vaccinated Individuals
Next, we determined the level of SARS-CoV-2-specific
neutralizing antibodies in sera of vaccinated individuals. The
data suggest Moderna and BioNTech groups exhibited the
Frontiers in Immunology | www.frontiersin.org 594
highest neutralization potential compared to the unvaccinated
controls and all other groups. These data confirmed that mRNA
COVID-19 vaccines induce antibodies with the highest
neutralizing potential. In line with their antibody levels,
AstraZeneca and Sputnik-V groups exhibited similar and
significant neutralization potential compared to the
unvaccinated controls. In contrast, no significant difference
was seen between the Johnson and Johnson and Sinopharm
groups and the control group in terms of SARS-CoV-2
neutralization potential (Figure 3).

Negative Correlation Between Age and
IgG Production in Johnson and Johnson
and Sinopharm Vaccinees
To determine the impact of age on vaccine induced antibody
production, Spearman’s correlation test was used to investigate
the relationship between the age of the vaccinees and the
amplitude of SARS-CoV-2 specific IgA and IgG expression
after vaccination with Moderna, BioNTech, AstraZeneca,
Johnson, and Johnson, Sputnik-V and Sinopharm vaccines. No
correlation was seen between age and SARS-CoV-2 specific
A B

FIGURE 2 | Higher expression of SARS-CoV-2 reactive IgG and IgA after immunization mRNA vaccines. Graphs represent the expression SARS-CoV-2 spike-
protein binding IgG (A) and IgA (B) in arbitrary binding units (ABU). Each symbol represents individual donors. Indicated p values were calculated using the Kruskal-
Wallis test followed by Dunnett’s post hoc to compare each group to the controls before vaccination. Bars represent the median antibody expression in each group.
Significance is accepted if p <0.05.
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antibody expression in the Moderna, BioNTech, and
AstraZeneca groups (Figures 4A–F). In sera of Sputnik-V
vaccinees, a moderate negative antibody-age correlation was
Frontiers in Immunology | www.frontiersin.org 695
observed for IgA (r = -0.3917), whereas a trend was visible for
IgG (r = -0.2540) (Figures 4G, H). In the Johnson and Johnson
group, a moderate negative correlation was seen for IgG
(r = -g0.3936) was seen between age and SARS-CoV-2-
specific IgG expression (Figures 4I, J). A stronger negative
correlation was seen between the expression SARS-CoV-2-
specific IgG and age in the Sinopharm group (r = -0.6977)
(Figures 4K, L).

Low SARS-CoV-2 Specific Antibody
Expression and Neutralizing Potential in
Older Johnson and Johnson and
Sinopharm Vaccinees
The strongest negative correlations between age and antibody
expression were observed in the Sputnik-V, Johnson and
Johnson, and Sinopharm groups. To further investigate the
impact of age on the humoral immune response in these
groups, the relative expression of neutralizing antibodies was
analyzed in 3 different age categories: 18-40, 41-60, and 61-80+.
For Sputnik-V, Johnson and Johnson, and Sinopharm groups, no
significant neutralization potential was observed in the elderly
between 61and 80 years old. Low to moderate neutralization
potentials were measured in the age categories of 41 to 60 years
old. Differences to the control group were significant in the age
category of 18-40 years old in all groups of vaccinees and in the
category of 41-60 years old for Johnson and Johnson and
Sinopharm vaccinees. In contrast, a trend was seen for
Sputnik-V in this age category (Figures 5A–C). In contrast,
neutralization potentials were statistically comparable in the
different age categories in sera of Moderna, BioNTech, and
AstraZeneca vaccinees (Figures 5D–F).

Robust Antibody Production and
Neutralization Potential After
AstraZeneca-mRNA Vaccine
Combinations
We next compared the antibody responses with a double shot of
AstraZeneca, Moderna, and BioNTech with the combinations
AstraZeneca/Moderna or AstraZeneca/BioNTech. Our data
showed that the combinations of AstraZeneca with a second
dose of Moderna or BioNTech are significantly more effective at
inducing SARS-CoV-2 specific IgG and IgA compared to 2 doses
of AstraZeneca. In addition, IgA levels were higher in the
homologous Moderna group compared to the AstraZeneca-
Moderna group. No significant difference was seen between
the AstraZeneca-BioNTech group and the homologous
BioNTech group (Figures 6A, B). These results were
also reflected by the neutralization data. Indeed, neutralization
potentials in sera of AstraZeneca/Modern and AstraZeneca/
BioNTech groups were significantly higher compared to the
groups who received 2 doses of AstraZeneca. In addition,
while few individuals of the BioNTech group presented
neutralization potentials lower than 70% in the AstraZeneca
and BioNTech groups, all tested volunteers exhibited in the
AstraZeneca/BioNTech group neutralizing potentials above
95% (Figure 6C).
FIGURE 3 | Higher neutralizing potential of mRNA vaccines in mRNA-
vaccinated individuals. The graph represents the relative neutralizing antibody
expression observed using sera from each vaccination group. Each symbol
represents individual donors. Indicated p values were calculated using
Kruskal-Wallis ‘test followed by Dunn’s comparison post hoc to compare all
groups. Bars represent the mean ± SEM percentage of relative neutralizing
antibody expression in each group. Significance is accepted if p <0.05.
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A B
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FIGURE 4 | Strong age-dependent decrease of vaccine-induced antibody decrease in Sputnik-V, Johnson and Johnson, and Sinopharm vaccinees. Graphs
represent the correlation of SARS-CoV-2 specific spike-protein binding IgG and IgA with age in Moderna (A, B), BioNTech (C, D), AstraZeneca (E, F), Sputnik-V (G,
H), Johnson and Johnson (I, J), and Sinopharm (K, L) vaccinees. Dots represent individual donors. Indicated r values were calculated using Spearman’s rank-order
analysis.
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DISCUSSION

In this study based on 365 vaccinated participants, we showed
that post-vaccine anti-spike IgG responses significantly vary
according to the vaccine type. mRNA vaccines from Moderna
and BioNTech induced the highest amount of spike-specific IgG
and IgA antibodies and a high serum neutralization potential.
High antibody levels in mRNA vaccinees were also observed in
other studies (26). The data suggest a high seroconversion and
antibody-mediated virus neutralization potential in mRNA-
vaccinated individuals.

Comparatively, DNA vectored vaccines Sputnik-V and
AstraZeneca induced similar amounts of SARS-CoV-2 specific
Frontiers in Immunology | www.frontiersin.org 897
IgG. Interestingly, higher IgA expression was seen in the Sputnik-
V group compared to the AstraZeneca group. Both groups,
however, presented similar levels of neutralizing antibodies.
These data can be explained by the fact that Sputnik-V and the
AstraZeneca vaccine are very similar in their conception and
principle of action. For both vaccines, the gene coding for the
SARS-CoV-2 spike protein is introduced into an adenovirus
vector. The main difference between these two vector vaccines is
that Sputnik-V uses two different vectors, the rAd26 for priming
and Ad5 in the booster dose (27), while AstraZeneca includes the
spike protein gene in the ChAdOx1 viral vector (28, 29).

Our results clearly showed a weaker performance for the
Johnson and Johnson vaccine compared to mRNA and the other
A B C

D E F

FIGURE 5 | Low neutralizing antibody response in older vaccinees of Sputnik-V, Johnson and Johnson, and Sinopharm groups. Graphs represent the relative
expression of neutralizing antibodies observed using sera from Sputnik-V (A), Johnson and Johnson (B), Sinopharm (C), Moderna (D), BioNTech (E), and
AstraZeneca (F) vaccinees in 3 different age categories: 18-40, 41-60, and 61-80+ years old. Each symbol represents individual donors. Indicated p values were
calculated using Kruskal-Wallis ‘test followed by Dunn’s comparison post hoc to compare all groups. Bars represent the mean percentages of relative neutralizing
antibody expression ± SEM. Significance is accepted if p <0.05.
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DNA vectored vaccines. Indeed, the Johnson and Johnson vaccine
induced relatively low spike-specific IgG, and the sera of vaccinees
from this group exhibit no significant neutralizing potential
compared to the unvaccinated controls. Similar findings were
obtained in a larger survey by Self et al., where postvaccination
anti-spike and anti-RBD IgG levels were seen to be significantly
lower in persons vaccinated with Johnson and Johnson than
Moderna or Pfizer-BioNTech vaccines (26). This weak
performance can be explained by the fact that the Johnson and
Johnson vaccine required only one dose. In line with our data, the
American Food and Drug Administration (FDA) has recently
amended the Emergency Use Authorizations (EUA) for the
Janssen COVID-19 vaccine to include the use of a booster dose
to be administrated to all recipients of the Johnson and Johnson
vaccine. They may choose to receive either an additional full dose
of Janssen’s vaccine or a full dose of an mRNA vaccine (30).

An even weaker performance was observed for the Sinopharm
vaccine. In line with our data, a recent study in Bahrain showed
that in a group of 22 persons vaccinated with a double dose of the
Sinopharm vaccine, 20 were infected with SARS-CoV-2 (31).
Saeed et al., after analyzing the expression of spike-specific
antibody levels in 2868 COVID-19 vaccinated individuals with
the Sinopharm vaccine in Iran, came to the conclusion that two
doses of Sinopharm may not be adequate to provide long-lasting
immunity against SARS-CoV-2 (32).
Frontiers in Immunology | www.frontiersin.org 998
It is, however, noticeable that the Sinopharm vaccine used
whole inactivated SARS-CoV-2 viral particles (33) so that our
analyses of spike protein reactivity may miss the full extent of
immune reactions to this vaccine. Further investigations are
required to explore the responses to other viral proteins.
Interestingly, despite its weak performance in terms of
neutralizing antibody induction, our data indicate that the
Sinopharm vaccine has the mildest side effects compared to the
other vaccines. These data align with recent findings suggesting
that both doses of the Sinopharm COVID-19 vaccine induce
mild and common side effects (34, 35).

Nonetheless, correlation analyses of antigen-specific antibody
expression with the age of the vaccinees revealed negative
correlations between age and antibody expression, especially in
Sputnik-V, Johnson and Johnson, and Sinopharm groups.
Further analyses revealed that younger vaccinees with 18-40
years in these groups exhibit significant antibody and
neutralizing potential compared to older vaccinees. In the age
group of 41–60-year-olds, the antibody expression and
neutralizing activity were lower but still significant compared
to the unvaccinated controls. Thus, while neutralization potential
in 18-60 years old Johnson and Johnson and Sinopharm
vaccinees was significant, no significance was seen when
considering older adults (60-80+ years). Our results on the
Sinopharm vaccine are in line with recent data by Ferenci
A B C

FIGURE 6 | High neutralizing antibody expression in AstraZeneca- mRNA vaccine combinations. Graphs represent the expression of SARS-CoV-2 specific spike-
protein binding IgG (A), IgA (B), and neutralizing antibody expression (C) observed in the sera of people that received homologous (AstraZeneca, Moderna, or
BioNTech) ‘s COVID-19 vaccines or heterologous vaccine doses (AstraZeneca-Moderna or AstraZeneca-BioNTech). Each symbol represents individual donors.
Indicated p values were calculated using Kruskal-Wallis ‘test followed by Dunn’s comparison post hoc to compare all groups. Bars represent the median (A, B) of
SARS-CoV-2 spike protein-specific antibody expression in each group in arbitrary binding units (ABU) or the means ± SEM percentages of relative neutralizing
antibody expression (C). Significance is accepted if p <0.05.
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et al., indicating that antibody production after BBIBP-CorV
vaccination was strongly reduced with increasing age (35).

Our data also suggest a higher risk of post-vaccination
COVID-19 infection in this age category after Sputnik-V,
Johnson and Johnson, and Sinopharm vaccines. This finding,
together with the emergence of new virus variants, is very
worrying since this very same population of the elderly is
considered at high risk of developing severe forms of COVID-
19. The negative impact of immune senescence on vaccine
efficacy is well known in both human and animal models (36, 37).
In Influenza vaccination, for example, it was shown that age-
dependent reduction of the expression of critical regulators of B cell
maturation and class switch recombination such as Blimp-1, E47, and
AID, leads to the production of fewer functional antibodies in the
elderly (38). However, such an age-dependent reduction of B cell
functions alone is insufficient to explain the weaker SARS-CoV-2
specific antibody induction in older DNA-vectored vaccinees. Indeed,
in our investigation, mRNA vaccinees seem to be unaffected.
Additional mechanisms inherent to the dose and type of vaccines
may contribute to this weak performance in older DNA vectored
vaccinees. One factor could be the adenovirus vectors themselves.
Indeed, emerging data suggest that immune responses to proteins
encoded by the adenovirus vectors reduce antibody responses to the
spike protein (39). It may be assumed that older vaccinees who have
probably experienced several adenovirus infections might be more
likely to exhibit cross-reactive immune responses against adenovirus
vectors. To minimize this risk, manufacturers have used different
strategies. Johnson & Johnson and AstraZeneca vaccines employed
adenoviral strains (ChAd26 and ChAdY25, respectively) exclusively
found in chimpanzees (40, 41). In contrast, the Sputnik V vaccine was
developed using two different human adenoviral vectors for the first
(rAd26) and the second (rAd5) vaccine dose (42). Despite these
preventive measures, anti-vector immunity may at least partially
contribute to the weaker performance of adenovirus-vectored
vaccines, particularly observed in older vaccinees. Further
investigations are required to fully elucidate the underlying
mechanisms of the observed lower antibody response in this group
of vaccinees. Implications for the millions of people who received
these vaccines worldwide also need to be addressed. Booster doses
with the more effective mRNA vaccines should be considered.

During our survey, the German Standing Vaccination
Committee (STIKO), taking into account concerns after several
reports of rare but serious blood clots in young adults (43, 44),
recommended after AstraZeneca a second dose of one of the 2
available mRNA vaccines to individuals that received the first dose
of AstraZeneca. We therefore also analyzed the antibody responses
after this mixed vaccination strategy. The data clearly suggest a
more robust SARS-CoV-2 specific IgG and IgA expression after
this vaccination schedule. Similar data were found in Spain, where
preliminary data on 600 AstraZeneca primed vaccinees
demonstrated that a BioNTech second dose remarkably boosted
antibody responses (45). Our data further confirmed that the mix-
and-match COVID-19 vaccination strategy triggered a stronger
antibody production than two doses of a single vaccine. Noticeable
was, however, that Moderna vaccinees conserved the highest
SARS-CoV-2 specific IgA expression compared to all other groups.
Frontiers in Immunology | www.frontiersin.org 1099
The findings in this report are subject to three major limitations.
First, antibody specificity and neutralization potential were not
tested against emerging variants of concern. Indeed, an increasing
concern is whether the vaccines currently available can protect
against emerging SARS-CoV-2 variants (46–48). The study was
largely performed before the predominance of the Delta (B.1.617.2)
and the emergence of the Omicron variants in Europe (5). Further
investigations are required to analyze in-depth the antibody
responses to different SARS-CoV-2 variants. Second, the present
study did not investigate the durability of neutralizing antibody
expression after full vaccination with the different vaccines and
vaccine combinations. Emerging lines of evidence suggest that
antibody levels after COVID-19 vaccination may drop at different
rates depending on various factors, including the type of vaccine,
infection before or after vaccination, age, sex, T-cell response, and
the interval between vaccine injections (49, 50). Therefore,
additional investigations are required to better define the stability
of immune effectors after COVID-19 vaccination. Third, while our
data focus on antibody responses, T cell reactivity and T cell
memory might represent another important mechanism for long-
lasting vaccine-induced protection.

The present study compared the efficacy of the 6 major
COVID-19 vaccines currently available (Moderna, BioNTech,
AstraZeneca, Johnson and Johnson, Sputnik-V, and Sinopharm’s
COVID-19 vaccines). Our findings suggest that mRNA vaccines
induced the highest titers of SARS-CoV-2 specific neutralizing
antibodies. While all 6 vaccines have moderate reactogenicity
and induce functional neutralizing antibodies in vaccinees, low
antibody-mediated protection is seen in the elderly vaccinated
with DNA-vectored vaccines. Our data also demonstrated that
heterologous vaccination strategies using priming with the
AstraZeneca followed by a boost with an mRNA vaccine induced
more robust antibody expression and virus neutralization potential
compared to their homologous counterparts.
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In recent years, fungal vaccine research emanated significant findings in the

field of antifungal T-cell immunity. The generation of effector T cells is essential

to combat many mucosal and systemic fungal infections. The development of

antifungal memory T cells is integral for controlling or preventing fungal

infections, and understanding the factors, regulators, and modifiers that

dictate the generation of such T cells is necessary. Despite the deficiency in

the clear understanding of antifungal memory T-cell longevity and attributes, in

this review, we will compile some of the existing literature on antifungal T-cell

immunity in the context of memory T-cell development against

fungal infections.

KEYWORDS

CD4+ T cells, CD8+ T cells, memory, fungal, vaccination, infection, immunity
Introduction

An increasing global burden of fungal diseases due to increasing immunocompromised

individuals has heightened the need for effective preventive and therapeutic strategies.

Fungi are one of the large biome classes, but only a handful of them are pathogenic to

humans, causing a significant case fatality of up to 90%. More than 150 million severe cases

and over 1.5 million succumb to fungal infections annually, despite the use of antifungal

drugs (1–3). Some existing antifungals are effective but cause serious side effects and are

liable to the growing drug-resistant fungal pathogens. With expanding knowledge on host–

fungal pathogen interactions, there is a tremendous leap in the thrust to develop fungal

vaccines. The pan-fungal vaccine is highly desirable, but the features of different fungal

pathogenesis and elicitation of distinct immune responses require a clear understanding of

the fungus–immune system interface, i.e., vaccine immunity and the potential to develop

immunological memory. This review gives an overview of antifungal memory T cells.

Although there is a good amount of evidence of antibody-mediated immunity (4),

adaptive immune cell responses against pathogenic fungi are mainly mediated by T cells, and
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genetic or acquired T-cell deficiency leads to a higher incidence of

opportunistic infections (1, 5, 6). Antifungal defensemechanisms by

CD4+ T cells, a major class of T cells, involve the secretion of

proinflammatory cytokines and cell–cell interactions to activate

innate immune cells, help CD8+ T cells, and provide help for the

generation of antibodies from B cells (7). The antifungal CD4+ T-

cell immunity involves the expression of IFNg, TNFa, GM-CSF,

and IL-17A cytokines, which are differentially produced in a

fungus- and tissue-specific manner. For example, IFNg, TNFa,
and GM-CSF are predominantly induced during histoplasmosis,

aspergillosis, cryptococcosis, paracoccidioidomycosis,

pneumocystosis, and talaromycosis, whereas type 17 cytokines,

IL-17A/F, and IL-22 are mainly induced during candidiasis,

coccidioidomycosis, blastomycosis, and mucormycosis (reviewed

here). Nonetheless, it is common to see both types of responses with

variable degrees in most fungal infections. These secreted cytokines

generate an inflammatory milieu and act on other cells for innate

cell recruitment, activation, secretion of antimicrobial peptides, and

killing of fungi (8–10). In contrast, the antifungal T cell-mediated

immunity is compromised if their cytokine signature yields

regulatory or unprotective cytokines that can lead to severe

disseminated infections (11, 12). Despite the need for CD4+ T-cell

help for CD8+ T-cell activation and memory maintenance in viral

and bacterial infection scenarios, using mouse models of fungal

infections against Pneumocystis, Histoplasma, and Blastomyces, the

studies have shown that antifungal CD8+ T cells can be induced,

retained as long-lasting memory, and recalled upon the challenge to

provide immunity independent of the T-cell help during mouse

models of Pneumocystis, Histoplasma, and Blastomyces infections

(8, 13–16). Antifungal activity of CD8+ T cells involves cell

cytotoxicity (17) and secretion of proinflammatory cytokines; the

latter often mimics CD4+ T-cell antifungal cytokine functions.

The host’s first response to fungal invasion starts with innate

immunity, which then engages the adaptive immune arm to

mount antigen-specific responses to control or clear fungal

infection (18). The pattern recognition receptors (PRRs) are

critical for innate immune responses for initial fungal control,

and their mutations are associated with higher susceptibility (6,

19–21). The activation of innate immune cells and generation of

apt inflammatory milieu facilitate dendritic cell priming of naïve

T cells to become effectors, which eventually differentiate to form

antifungal memory T cells (22). Thus, the innate immunity

dictated by fungal recognition shapes adaptive T-cell immunity

and immunological memory.

Fungal recognition by the
immune system: Bridging innate to
adaptive immunity

Among innate cells, dendritic cells are essential for priming

naïve T cells (23). The activated dendritic cells process and

present the antigens to CD4+ and CD8+ T cells through MHC-II
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and MHC-I molecules, respectively. Along with antigen

presentation, dendritic cells provide costimulatory signals for

T-cell responses (24). Thus, the functions of dendritic cell

maturation and activation are a critical step toward bridging

innate with adaptive immunity, and such events are mainly

mediated by PRR signals. PRRs are a category of host cell

receptors that sense specific molecules/patterns, the pathogen-

associated molecular patterns (PAMPs) such as b-glucans and
mannans of pathogenic fungi, and this recognition is key for

innate immune cell activation to provide a primary antifungal

defense. The PRRs are mainly classified as Toll-like receptors

(TLRs), C-type lectin receptors (CLRs), retinoic acid-inducible

gene I-like receptors (RLRs), and NOD-like receptors (NLRs),

which can directly bind to the PAMPs of fungi, whereas damage-

associated molecular patterns (DAMPs) can bind to PRRs and

their canonical DAMP-sensing receptors such as P2X

purinoceptor 7 (P2XR7), triggering receptor expressed on

myeloid cells 1/2 (TREM1/2), and receptor for advanced

glycation end products (RAGE) (25–28). Several of PAMPs of

fungi, including b-glucans, mannans, glycoprotein A, and

glyceroglycolipids, have been identified for their functions

using their PRRs in the host (29–32). There are excellent

reviews on PRRs and fungal immunity elsewhere. Here, we

highlight how PRRs can influence the innate immune cells to

guide adaptive T-cell immunity.

Although negative signaling is noted with few PRRs, many are

associated with their positive signaling to promote activation,

phagocytosis, and antigen presentation by dendritic cells to T

cells. The activated innate immune cells generate an

inflammatory micro milieu conducive to the recruitment,

activation, differentiation, and expansion of fungal-specific T cells

by secreting cytokines and chemokines. Among PRRs, fungal-

recognizing CLRs are instrumental in driving innate immune cell

responses. Due to structural differences, different fungi show

differential CLR binding properties leading to diverse host cell

responses. The prototypic member of this family, the Dectin-1

receptor, expressed on innate immune cells including macrophages,

neutrophils, and dendritic cells (DCs), recognizes b1-3-glucans of
the fungal cell wall. The interference of Dectin-1 interaction with b-
glucans by a soluble dectin-Fc fusion protein dampened the

expression of inflammatory cytokines, TNFa, IL-1, IL-6, MIP-2,

CCL3, G-CSF, and GM-CSF, expression in vivo, and increased

fungal burden during aspergillosis (33). Ablation of Dectin-1

resulted in decreased reactive oxygen species (ROS) production

by neutrophils and the ability to kill Aspergillus in vitro.

Additionally, alveolar macrophages of Dectin-1−/− mice had

defective production of proinflammatory cytokines and

chemokines, including IL-1a, IL-1b, and TNFa. The Dectin-1

recognition of Aspergillus seems important for IL-17A

production, and neutralization of IL-17A led to impaired

Aspergillus fumigatus clearance and higher mortality of infected

mice (34). Dectin-1 promoted the survival of antigen-specific CD4+

T cells, not the CD8+ T cells, specifically in GI-associated lymphoid
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tissues following systemic Candida infection, and ablation of

Dectin-1 reduced the tissue-specific dendritic cells and increased

activation of CD4+ T cells leading to higher susceptibility to

Candida-induced colitis (35). During systemic Candida infection,

the protective role of Dectin-1 was fungal strain-specific, possibly

due to variable adaptation of Candida albicans strains in vivo,

including the changes in the microbiota of mice due to different

mouse facilities, with changes in the cell wall components and high

chitin in the cell wall masks the dependability on Dectin-1

recognition (36). Further, pathogenic fungi can avoid host

Dectin-1 recognition of b-(1,3)-glucan by masking with a-(1,3)-
glucan, phosphatidylserine, capsule, rodlet layer/melanin, and

mannans or trimming to reduce the exposure in the cell wall,

thus increasing immune evasion in vivo (37–40). However, Dectin-

1 was dispensable for controlling infections from Blastomyces,

Cryptococcus, certain strains or species of Candida, or Candida

colonization (36, 41–45), suggesting the differential requirement of

CLRs for fungal immunity.

Unlike the Dectin-1 receptor, cytoplasmic domains of Dectin-2

and Mincle receptors lack their own ITAM motifs and associate

with FcRg immunoreceptor harboring cytoplasmic ITAMmotif for

signaling (46, 47). Dectin-2 and Mincle have been shown to be

important for immunity against blastomycosis (48), aspergillosis

(49), histoplasmosis (44), chromoblastomycosis (50), disseminated

candidiasis (51, 52), and species-specific candidiasis (45). Dectin-2

signals through the Syk-CARD9 pathway and promote Th17 cell

responses (51) by inducing the expression of IL-1 and IL-23

cytokines (53). Despite that Dectin-2 and Mincle share their

signaling through FcRg immunoreceptors, their role in activation,

expansion, and differentiation of antigen-specific CD4+ T-cell

responses may differ. While Dectin-2 was essential for enhancing

Th17 cell differentiation, Mincle recognition suppressed Th17

polarization during chromoblastomycosis (50).

In addition to CLRs, TLRs expressed by innate cells are

involved in the control of fungal infection. Myeloid

differentiation primary response protein 88 (MyD88), an

adaptor molecule for many TLRs signaling, has been shown to

play a role in antifungal immunity against Blastomyces

dermatitidis, Paracoccidioides brasiliensis, A. fumigatus,

Cryptococcus neoformans, and C. albicans (54–56). TLR2 plays

a significant role in conferring protective immunity against

Candida infection at mucosal sites, including gastrointestinal

and reproductive tracts by inducing Th17 differentiation

through MyD88 signaling (57, 58). However, the role of TLR2

in controlling systemic candidiasis seems to be fungal strain

specific (59, 60). Additionally, IL-1R/MyD88 signaling pathway

is necessary for host resistance against Candida, and TLR4/

MyD88 pathways mediate protection against Aspergillus

infection by regulating Th1 and Th2 response (54, 61). TLR3

in DCs senses fungal RNA derived from dying cells and

potentiates the cross-presentation to activate CD8+ T cells

during aspergillosis (62). Nevertheless, compared to those of
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CLRs, the functions of many TLRs in the context of antifungal

immunity seem to be modest or redundant.

NLRs function against fungal defense mainly involved the

activation of inflammasomes, which leads to caspase-dependent

production of functional IL-1b and IL-18 cytokines. Both of

these cytokines have been shown to exert antifungal host defense

in an NLRP3-dependent manner (63). NLRC4 negatively

regulates NLRP3 inflammasome activity, suppressing early IL-

1b and late IL-18-mediated antifungal CD8+ T-cell responses

during pneumocystosis (64). Thus, some PRRs of the non-CLR

class play a role in immunity against fungal infections (26).

Genetic polymorphisms are associated with susceptibility or

resistance to infections. The genetic TLR polymorphisms related

to fungal disease susceptibility in humans undergoing allogenic

stem cell transplants seem to be modest or minimal (65, 66). The

genetic predisposition due to PRR polymorphisms to fungal

infections is variable and depends on the pathogen or the degree

of inflammation. For example, TLR4 polymorphism D299G is

associated with increased susceptibility to Candida bloodstream

infection, possibly due to higher immunosuppressive cytokine

IL-10 production. However, such susceptibility was not seen in

urogenital Candida infection (67). Similarly, the TLR4

polymorphisms (D299G/T399I), despite the normal

colonization of the fungus, are associated with mitigating the

hyperinflammation and tissue damage during aspergillosis (66).

Similarly, genetic polymorphisms of CLRs have been associated

with susceptibility to fungal infections. Dectin-1 single-

nucleotide polymorphisms (SNPs), rs3901533 and rs7309123,

enhanced the susceptibility to invasive pulmonary aspergillosis

(68). Dectin-1 polymorphism of Y238X led to decreased

receptor signaling and increased susceptibility to invasive

aspergillosis and recurrent vulvovaginitis caused by Candida

(69, 70). Alternative splicing leading to truncated Dectin-1 seen

in the C57BL/6 strain, compared to the DBA/2 mouse strain,

increased the susceptibility to coccidioidomycosis (71). Thus, it

is essential to decipher gene polymorphisms in humans to

understand the susceptibility to fungal infections.

T cells can also express several PRRs to respond to PAMPs

during fungal infections. Engagement of the cell-intrinsic PRR

pathway is one of the non-classical T-cell signaling routes to

enhance the activation, effector function, and memory

formation of T cells as proposed originally by Janeway (72).

Important PRRs on T cells that detect fungal PAMPs are TLRs,

NLRs, and damage-associated molecular pattern-sensing

receptors. TLRs can function as co-stimulatory receptors that

complement TCR-induced signals to enhance effector T-cell

proliferation, survival, and cytokine production (73). T cells

expressing TLRs, including TLR2 and TLR4, can directly sense

pathogens and modulate T-cell responses. Naïve CD4+ T cells

do not express significant levels of TLR2/TLR4 mRNA and

proteins, but activated and memory T cells express high levels

of membrane-bound TLR2 and TLR4 (74, 75). TLR2 signaling
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in T cells can be modulated by TCR and IL-2-induced mTOR

signals (76). Intrinsic MyD88 signaling can modulate the T-cell

functions during fungal infections. MyD88 signaling, both

extrinsic, non-CD4+ T cell-mediated (77) and intrinsic, CD8+

T cell-mediated (78), fosters fungal vaccine immunity by T

cells by regulating the survival and proliferation of effector T

cells. MyD88 promoted the sustained Tc17 cell proliferation by

activating mTOR via Akt1, and cell-intrinsic IL-1R and TLR2

signaling, but not IL-18R, were required for MyD88-dependent

Tc17 responses (78). MyD88 deletion in FoxP3+ regulatory T

cells increased the fungal burden and immunopathology

during oral C. albicans infection in mice, coinciding with

reduced IL-17A expressing FoxP3+ T cells (Treg17) and

increased dysfunctional IFNg+/FoxP3+ cells (IFNg+ Treg).

This dysregulated IL-1b-mTOR-Treg17 axis contributes to

overt inflammation during mucosal infections in elderly

individuals in a model of oral candidiasis (79). NLRP3, a

member of the NLR family, can indirectly sense danger

signals. In a murine model of disseminated talaromycosis,

compared to wild-type mice, Casp-1 and Nlrp3 global KO

mice displayed higher mortality rates and fungal load, which

correlated with impaired CD4+ T-cell recruitment into

granulomas (80). Although this study did not look into T-cell

intrinsic effect, NLRP3 signaling in CD4+ T cells has been

shown to augment Th1 immunity (81). Further studies are

needed to dissect the T-cell intrinsic PRR functions against

fungal infections. Interestingly, PRR has been used to generate

modified TCR of T cells. Dectin-1-chimeric antigen receptor

(D-CAR) was bioengineered using the extracellular domain of

Dectin-1 to redirect T-cell specificity toward fungal b-glucan
moieties for immunity (82). D-CAR+ T cells could inhibit A.

fumigatus hyphae formation in vitro and reduce pulmonary

fungal burden in vivo. In this study, chimeric CD8+ T cells kill

the fungi directly by pumping out cytolysins onto yeast/hyphae

of Aspergillus and indirectly by secreting IFNg that can

potentiate the killing of yeasts by neutrophils (83).
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Antifungal T cells

CD4+ T cells, also called helper T cells, are instrumental in

controlling fungal infections, and their deficiency leads to severe

disseminated infections by opportunistic fungal pathogens. As

the name suggests, the helper cells bolster innate immune cell

functions, aid in the generation of productive B-cell responses,

help CD8+ T-cell responses, and control autoimmunity. Based

on their cytokine secretion and functions during fungal

infections (84, 85), T cells are classified into Th1 (IFNg, GM-

CSF, and TNFa), Th17 (IL-17A/F), Th22 (IL-22), Th2 (IL-4 and
IL-13), Th9 (IL-9 and IL-10), Treg (IL-10 and TGFb), and Tr1

(IL-10). The cytokines produced by T cells have a multifaceted

role in controlling or regulating the pathogenesis during

infections, including fungal infections (86). Although a

mixture of different cytokine-producing T cells is often found

during fungal infections, the predominant subset of T-cell

responses is associated with the type of pathogen, infection, or

tissue location (Table 1). Here, we will highlight some of the

roles of these T cells for immunity against different pathogenic

fungi with a focus on memory phenotypic cells.
Pathogen-specific antifungal T cells

Candida

Anti-Candida memory T-cell responses are studied in the

context of mucosal infections, vaccine-induced responses, and

commensal-specific/pre-exposed T cells in healthy donors.

Candida is a commensal but opportunistic fungal pathogen

that causes disseminated infection under compromised

immunity. In a mouse model of oropharyngeal candidiasis

(OPC), after resting for 6 weeks following primary infection,

the memory CD4+ conferred immunity to secondary infection

by producing antigen-specific IL-17A responses (91). However,
TABLE 1 Major T-cell subsets elicited and shown to be protective against fungal pathogens.

Pathogenic fungi Mechanism(s) of protection References

Aspergillus spp. Th1 (circulation), Th17 (lungs) Tc1 (87–89)

Blastomyces spp. Th1, Th17 Tc1, Tc17 Tc1 (EM/CM)
Tc17 (EM)

(56, 90)

Candida spp. Th1, Th17 Tc1, Tc17 TRM (91–94)

Cryptococcus spp. Th1, Th17? Tc1 TRM (95, 96)

Coccidioides spp. Th1, Th17, Th2 Tc1 TEM (97–99)

Histoplasma spp. Th1, Th17 Tc1 (100)

Paracoccidioides spp. Th1, Th17 Tc1 (101)

Pneumocystis spp. Th1? Tc1 (102)

Talaromyces spp. Th1, Th17 (103, 104)
fr
Different subsets of CD4+ T helper cells and CD8+ T cells have been shown to participate in immunity against different pathogenic fungi. In some of the pathogenic fungi, different types of
memory T-cell development have been documented.
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depletion of CD4+ T cells did not cause OPC, possibly

compensated by developed residual IL-17A expressing

memory CD8+ T cells and CD3+CD4−CD8− cells. In a mouse

model of C. albicans skin infection, IL-17+ CD4+ T cells were

enriched in the skin, which transitioned into sessile CD69+/

CD103+ tissue-resident memory T cells (TRM) within 90 days.

This suggests that the long-lasting antifungal memory Th17 cells

are generated in the non-lymphoid organ, such as the skin (105).

Importantly, these TRM cells provided better immunity than

migratory Th17 cells following infectious challenges. In a mouse

model of vulvovaginal candidiasis, Th17 cells persisted even after

the clearance of the yeast but in low numbers by day 30 (106).

The vaginal washes showed the presence of IL-17A, IL-23, and

b-defensins. Nevertheless, this study did not examine the long-

term maintenance of effector/memory CD4+ T cells.

The C. albicans hypha-specific surface protein antigen,

agglutinin-like sequence (Als3)-based NDV-3A vaccine was

used for active immunization in a mouse model that

prevented Candida colonization at vein catheterization site

(107), and the mechanisms involve the induction of high levels

of anti-rAls3p-N antibodies. Here, the antibody titers persisted

15 days post-boost, interfered with Candida colonization at the

catheter site, and reduced the fungal burdens in the kidneys.

Although the elicitation of CD4+ T-cell responses or their

persistence was not evaluated in this study, the blocking/

inhibitory ability of the antibodies may suggest their potential.

In another study, where the NDV-3 vaccine was used in a mouse

model of vaccine immunity to vulvovaginal candidiasis, robust

antibody responses and immunity were dependent on both T

and B cells (108). However, the immunity was assessed 2 weeks

following the boost, which may not give a clear understanding of

long-lasting memory CD4+ T-cell development. Nevertheless, in

a human study, intramuscular NDV-3 vaccination of the

volunteers induced the durable serum and cervicovaginal

antibody titer (anti-Als3) for up to 1 year and provided

significant immunity against recurrent vulvovaginal candidiasis

(109). This study found significantly higher numbers of Als3-

specific cytokine (IFNg and IL-17A) secreting peripheral blood

mononuclear cells (PBMCs) even after day 90 of vaccination.

Although this trial evaluated an immunotherapeutic vaccine,

whether the vaccination induces the antigen-free (Candida

reexposure-free) persistence of long-lasting “memory adaptive

(T and B) cells” needs to be assessed.

Candida-specific memory CD4+ T cells in healthy blood

donors produced IL-17A and IFNg, but not IL-10, following
restimulation (110). The human Candida-specific memory Th17

cells preferentially expressed phenotypic markers, CCR6 and

CCR4 (92), which suggests the generation of long-lived anti-

Candidamemory T cells in humans, possibly due to stimulations

from commensal microorganisms. Notably, human Candida-

specific memory CD4+ T cells are heterogeneous, produce

multiple cytokines, and have unique and shared clonotypes

among memory subsets (111). C. albicans-specific TRM cells
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prevented the fungal overgrowth in human skin and oral mucosa

by producing IL-17A (105, 112). Similarly, Candida-specific IL-

9-producing CD4+ T cells, Th9, were found enriched in the skin

of healthy donors (suggesting their memory phenotype) and

have the ability to amplify IFNg, IL-9, IL-13, and IL-17 by skin-

tropic T cells (113). However, gut Th9 cells protect against

Candida reinfection and mitigate associated pathology (114).

Another Candida-specific subset of CD4+ T cells expressing IL-

22 (Th22) is found in humans as memory cells and is increased

following infection (115). Further, Th22 seems to provide

defense against recurrent vulvovaginitis caused by Candida in

humans (116), suggesting the formation of mucosal memory

Th22 cells. In this line, defective Th22 responses are associated

with chronic mucocutaneous candidiasis (117). Although little is

known about the fate of pre-existing antifungal memory T cells

during co-infection, a recent study suggests the impaired T-cell

responses to Candida following COVID-19 infection that was

associated with diminished inflammatory cytokines

release (118).

In the mouse models of mucosal candidiasis, studies have

shown that Tc17 cells play a role in both oral and vaginal

infections (91, 119). Oral immunization of mice with C. albicans

under B-cell deficiency induced systemic memory of CD8+ T

cells and provided protection following the challenge (120). The

screening of Candida-specific memory CD8+ T cells in healthy

human blood donors showed a non-classical cytotoxic molecules

expression profile, i.e., secretion of granulysin and granzyme K

rather than perforin/granzyme B (121). The CD8+ T cells were

reactive to C. albicans, Candida glabrata, and Sporothrix and

expressed lysosomal degranulation markers, CD107a/b, and

secreted IFNg and TNFa, following ex vivo stimulation with

yeast-loaded dendritic cells.

In one study, the various phylogenetically closer and distant

yeast-specific T-cell responses were assessed using PBMCs of

humans and found a predominant presence of IFNg-expressing
effector memory CD8+ T cells (122). Interestingly, in this study,

enriched CD8+ T cells were more reactive to filamentous form

than the unicellular form of Candida. In HIV+ patients, the

Candida-specific activated memory CD8+ T cells were

accumulated within the oropharyngeal candidiasis (OPC)

lesions at the lamina propria–epithelium interface (123).

Similarly, C. albicans-specific CD8+ T cells were found in the

blood and nasal mucosa of chronic rhinosinusitis patients,

suggesting a possible persistent T cell-mediated mucosal

inflammation (124), which may be due to repeated exposure

to the antigen.
Aspergillus

Aspergillus, a globally prevalent opportunistic fungal

pathogen, causes pulmonary and invasive mycoses following

inhalation of spores. Immunity to aspergillosis is primarily
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associated with the development of memory Th1 cells, while

biased Th2 or regulatory responses are linked to exacerbated

disease (125–127). Experimental vaccination of mice with

conidia, hyphae, crude culture filtrate antigens, or adjuvanted

(CpG ODN1862) cell wall glucanase Crf1 protein strongly

induced Th1 (IFNg and IL-2) responses, formed effector or

memory T cells, and conferred immunity following the

challenge (87, 128–131). In line with the protective role of Th1

responses, IL-4 seems to play a negative role following A.

fumigatus challenge (127). In chronic rhinosinusitis with nasal

polyposis patients, the mycology culture showed the presence of

Aspergillus flavus, and PBMCs stimulated with aspergillus

antigens showed an increased ratio of aspergillus-specific Th17

cells over Tregs, suggesting prior sensitization (132). Further,

stimulated PBMC culture supernatant showed elevated levels of

IL-17 and IL-10 with reduced TGFb levels, suggesting the

possible associated pathology in these patients. Prior work has

shown the negative effect of IL-10 for control of experimental

lethal systemic aspergillosis (133), and its overexpression, due to

genetic polymorphisms, predisposes to invasive aspergillosis

possibly by inhibiting TNFa secretion in hematopoietic stem

cell recipients or hematological patients (134, 135). However, IL-

10 seems to be protective in regulating exaggerated immune

responses and inflammation in allergic bronchopulmonary

aspergillosis (136), suggesting that the regulatory role of IL-10

depends on the disease context. In many healthy individuals

(10%–30%), multi-Aspergillus-specific T cells were found,

suggesting their memory potential and feasibility to expand,

store, and be used for self-adoptive transfers following

hematopoietic stem cell transplantation (137–139).

Hematopoietic stem cell transplant patients undergo a period

of immunocompromised state, enhancing vulnerability to many

opportunistic fungal infections, including aspergillosis. Thus,

rapid preventive or therapeutic reconstitution of the functional

adaptive immune system is beneficial. Adoptive immunotherapy

using either donor-derived (139) or partially HLA-matched

antigen-specific T cells can be used to prevent or treat

opportunistic fungal infections (140). In a preclinical study, in

vitro expanded yeast-specific cytokine-producing Th cells have

been used to reduce the severity of pulmonary and cerebral

forms of aspergillus infections in mice (141).

Although the role of Th17 cells in pulmonary aspergillosis is

debated, a recent study suggests the presence of aspergillus-

specific Th17 cells that correlated with protective immunity (88),

and possible mechanisms may include the formation of

inducible bronchus-associated lymphoid tissue (iBALT)

structures and development of TRM cells (142). With the use

of recombinant aspergillus proteins (Asp f proteins), a study

investigated the presence of yeast-specific CD4+ and CD8+ T

cells in healthy non-atopic donors (143). In these individuals, the

cytokine production signature suggested the presence of

aspergillus-specific memory T cells expressing IFNg, IL-17A,
and to some extent IL-4, possibly due to prior exposure.
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Importantly, this study showed the presence of Aspergillus-

reactive IFNg+ T cells for up to 6 months of follow-up

observations. However, the persistence of diverse cytokine-

expressing T cells as memory in humans needs to be evaluated

for the i r ro le in immuni ty or immunopatho logy

following infection.
Pneumocystis

Pneumocystis is another opportunistic fungus that causes

infection under immunodeficiency, especially of CD4+ T cells

and B cells. It is believed that Pneumocystis may persist in

individuals upon early age exposure without any apparent

symptoms, akin to toxoplasma. The reactivation occurs when

an individual becomes immunodeficient or severely

immunosuppressed, suggesting an active role of memory or

effector adaptive immunity to keep the fungus at bay.

However, recent studies suggest the possibility of reinfection in

immunocompromised individuals (144). Murine models have

been valuable in understanding the host–Pneumocystis interface

for adaptive immunity and recapitulating human primary

immune disorders (145). Increasing evidence suggests that B-

cell responses are important in the control of Pneumocystis.

Anti-CD20 mAb therapy in humans enhanced the susceptibility

to pneumocystosis, suggesting a critical role of B cells (146). Of

note, the CD20 mAb therapy does not deplete mature

plasma cells (147), raising questions on mature long-lived

plasma cell generation against Pneumocystis. It is possible that

anti-CD20 mAb therapy leads to functional impairment

of antibody-secreting cells. However, in a murine model of

pneumocystosis, neither the memory CD4+ T cells nor B cells

are required for clearance of infection (146). Here, convalescent

Pneumocystis-specific IgGs were enough to provide immunity.

Interestingly, B cells are required for elicitation of antigen-

specific CD4+ T-cell responses to Pneumocystis (148, 149),

suggesting a potential cross-talk between these two subsets for

immunity against pneumocystosis. Notably, in the simian model

of vaccination with Pneumocystis jirovecii protease kexin

(KEX1), once the B cells are primed, induction of CD4+ T-cell

deficiency with SHIV infection did not prevent antibody-

dependent control of infection, suggesting the persistence of

“memory” plasma cells or threshold levels of Ab titers (150). In a

murine model, memory CD4+ T cells were dispensable for

pneumocystosis control, whereas memory CD8+ T cells,

alveolar macrophages, and Pneumocystis-specific IgG

contributed to secondary immunity (102). Here, the IgG

antibody enhanced the macrophage killing of yeast, while

macrophages helped CD8+ T-cell recall responses in IFNg
production. IFNg-stimulated CD8+ T cells, in turn, can be

potent antifungal cytotoxic cells (13). However, interestingly,

CD8+ T cells seem to help CD4+ T cells with their IFNg
responses. Memory CD4+ T cells can indirectly potentiate NK
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cell functions against infection caused by Pneumocystis murina,

and depletion of CD4+ T cells significantly reduced the

accumulation of NK cells and NK-cell mediated immunity

(151). In a mouse model of vaccine immunity, immunization

with a recombinant fusion protein containing N-terminal 544-aa

Pneumocystis cross-reactive antigen-1 and trigger factor (TF)

induced protective and cross-reactive antibody responses that

provided immunity even after memory CD4+ T cells were

depleted at the time of challenge infection (152). Thus, CD4+

T cells seem to have functional duality against Pneumocystis

infection, first by helping B cells and CD8+ T cells to become

protective differentiated memory cells and second by secreting

proinflammatory cytokines to control the primary infection.
Cryptococcus

C. neoformans is a facultative intracellular opportunistic

pathogen commonly associated with AIDS patients due to

severe CD4+ T-cell deficiency. The CD4+ T-cell immunity to

cryptococcosis is mainly dependent on Th1 cytokines. Models of

vaccination and infection suggested the role of CD4+ T cells and

their Th1 cytokine profile. Cryptococcus-activated CD4+ T cells

recruited other immune cells, enhanced the phagocytosis, and

killed infected cells by CD8+ T cells, akin to intracellular

bacterial infections (153). Striking effects of Th1-derived

cytokines for immunity against cryptococcosis are noticed

when genetically engineered C. neoformans strain H99

expressing IFNg (H99-g) was experimentally used in mice

(154). Here, the “vaccinated” mice cleared the infection that

was associated with a large influx of leukocytes, enhanced T-cell

recruitment, and increased Th1 and decreased Th2-type

cytokines following challenge infection. The use of a

recombinant strain of C. neoformans (H99-g) as a vaccine

strain induced memory CD8+ T cells to mediate immunity

under CD4+ T-cell deficiency, suggesting that antifungal CD8+

T cells can compensate CD4+ T cells (155). Notably, there was

the development of memory T cells and enhanced secondary

responses following the challenge. C. neoformans chitin

deacetylase 2 peptide (Cda2-Pep1) delivered in glucan particle

(GP)-based vaccination robustly protected the mice following

the challenge, and the immunity was correlated with their MHC-

II binding affinity (156). Similarly, multi-epitope vaccine/s may

be useful in controlling cryptococcosis (157). In an experimental

model, immunization with either cell wall or cytoplasmic protein

preparation from Cryptococcus gattii induced vaccine immunity

after challenge and protection that was associated with enhanced

Th1 responses and antigen-specific serum IgG (158).

Nevertheless, in such vaccination platforms, the development

of memory T cells is not clear. However, Cryptococcus antigen-

pulsed dendritic cell-based systemic vaccination elicited long-

lived memory Th17 cells in the lungs (95). Interestingly, these

cells were lung resident TRM cells, produced IL-17A but not
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IFNg, and mediated protection against C. gattii challenge.

Pulmonary infection with C. neoformans elicited strong CD8+

T-cell responses to control the infection independent of CD4+ T

cells (15). In this line, immunization with the genetically mutant

Cryptococcus strain (Dsgl1) that accumulates steryl glucosides

led to induction of protective immunity that required either

CD8+ or CD4+ T cells (159). However, these studies did not

show memory T-cell development or persistence. In HIV-

associated Cryptococcus meningitis patients, the clearance of

infection was strongly correlated with Th1, not Th2 or Th17,

cytokines (IFNg or TNFa). In contrast, their defective

expression led to higher mortality (160), suggesting an

importance of type I immunity. Lower frequency of cytokine-

producing memory CD8+ and CD4+ T cells was found in HIV-

infected patients with Cryptococcus meningitis (CM), but their

numbers were increased with more polyfunctional IL-2+/IL-17+

CD4+ T cells and IL-2+ CD8+ T cells following antiretroviral

therapy (ART) in CM-associated immune reconstitution

inflammatory syndrome (CM-IRIS) (161) patients, suggesting

the pathological role of cryptococcal memory T cells under

certain conditions.
Blastomyces

Mouse models of immunity to blastomycosis suggest that

CD4+ T cells are essential for controlling primary pulmonary

infections. An experimental mouse model of vaccination

suggested that Th17 cells expressing IL-17A are the main

driver for immunity against pulmonary blastomycosis by

activating macrophages and neutrophils (56). A Blastomyces-

specific fungal antigen, Calnexin, was found to be conserved

among multiple fungal pathogens, and vaccination with

Adjuplex adjuvant or encapsulated glucan mannan particles

seems to induce robust CD4+ T-cell responses and immunity

(162, 163). Identification of such conserved antigens may help

the design of pan-fungal vaccines (164). Although homeostasis

of memory CD4+ T cells was not studied, the fungal-specific

CD4+ T cells persisted for 8 weeks and the adoptive transfer of

vaccine-induced effector CD4+ T cells mediated the immunity

following the lethal challenge even after 10 weeks of rest (162),

suggesting their potential to become memory. Interestingly,

intranasal delivery of vaccine-candidate Blastomyces

endonuclease-2 (Bl-Eng2) induced TRM cells in the lungs but

failed to provide proactive immunity, unlike systemic vaccine-

induced migratory CD4+ T cells (165). Importantly, Bl-Eng2 is a

glycoprotein antigen that has mannose residues that bind to

Dectin-2 and a protein backbone with protective CD4 T-cell

epitope/peptide (165, 166), thus a vaccine candidate with

intrinsic adjuvanticity property. Admixing adjuvants, especially

TLR9 (CpG55.2) and Aldeltin (formulation with alum OH) with

fungal antigen (Bl-Eng2 peptide) potentiated the vaccine

immunity against blastomycosis, which was dependent on type
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1 and type 17 cytokine-producing migratory and lung-resident T

cells (167). In the mouse model of vaccination under CD4+ T-

cell deficiency, CD8+ T cells could mount sterilizing immunity to

lethal pulmonary infection. Immunity was predominantly

mediated by IL-17A+ CD8+ (Tc17) cells (90) with disparate

dependency on the type I cytokines (by Tc1 cells), IFNg, TNFa,
and GM-CSF (168); i.e., deficiency of one Tc1 cytokine was

compensated by other Tc1 cytokines. Notably, antifungal

memory CD8+ T cells were long-lasting and persisted stably

without plasticity in the absence of vaccine antigen or CD4+ T-

cell help (16, 169). These memory CD8+ T-cell precursors

portrayed stem cell-like phenotype and can be fine-tuned by

MyD88-Akt-mTOR signaling (78). Additionally, targeting the

negative regulator of the TCR signaling molecule, Cblb, could

enhance memory CD8+ T-cell responses of both Tc1 and Tc17

responses to inactivated vaccine and potentiate immunity

following lethal pulmonary challenge (170). Memory Tc17

cells predominantly expressed GM-CSF, and these co-

expressing cells potentiated the fungal vaccine immunity

without precipitating pathology (171).
Histoplasma

Histoplasma is an opportunistic fungal pathogen and causes

disseminated infection in severely immunocompromised

patients. Incidentally, most people living in the Ohio-

Mississippi river valley endemic regions were reactive to

Histoplasma (172), suggesting memory T-cell persistence.

Memory CD4+ T cells contributed to immunity following the

secondary infection, and depletion of both CD4+ and CD8+ T-

cell subsets enhanced the infection and decreased survivability

(173). The deficiency of IL-10 conferred salutary effects on

memory T ce l l -mediated protect ion to secondary

histoplasmosis (174). The immunity was dependent on T cell-

derived TNFa or IFNg, and the protection conferred by T cells

generated under IL-10 deficiency was robust. Although memory

responses of IL-17+ T cells are not clear, induction of their

effector type and immunity has been noticed following

vaccination or infection with Histoplasma (56, 90, 170, 175).

In a model of histoplasmosis, CD8+ T cells could compensate for

the loss of CD4+ T cells for vaccine immunity (176), and

the depletion of CD8+ T cells compromised the primary

immune responses (177). Immunity to histoplasmosis

was perforin-dependent and perforin- independent ,

which included cytokine-mediated (IFNg or TNa)
mechanisms (178). The antigen cross-presentation by dendritic

cells seems to be critical for the elicitation of protective

antifungal CD8+ T-cell responses (14). Although the above

studies do not evaluate memory homeostasis, memory

responses to histoplasmosis were bolstered by IL-10

neutralization, where fewer CD8+ T cells were enough to

mediate immunity (174).
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Coccidioides

Coccidioidomycosis or Valley Fever is caused by species of

dimorphic fungus,Coccidioides, a major cause of mycosis endemic

to the southwestern United States. Immunity to Valley Fever is

primarily associated with T cells expressing both type 1 and type

17 cytokines (Th1/Th17) (179, 180). The regulatory T cells were

associated with persistent coccidioidomycosis in the pediatric

population that was recapitulated in resistant vs. susceptible

mice (181, 182). Cytokine IL-10 plays a negative role in

memory Th1 and Th17 recall responses and immunity

following Coccidioides infection, but not for the development of

memory T cells. Coccidioidomycosis immune donors had

polyfunctional T cells composed of both effector and central

memory phenotypic cells (183), suggesting their long-term

immune role. In a human vaccine study using formaldehyde-

killed sperules of Coccidioides immitis, no statistical differences in

susceptibility to infection were found between placebo and

vaccination groups (184). However, the memory T-cell

development or their functions between these groups were not

clear. Nevertheless, there is an active attempt to improve the

vaccine efficacy using a multivalent vaccine against Coccidioides

infection that required mixed Th1 and Th17 cell-mediated

immunity (185, 186). In a mouse model of vaccine immunity

using a temperature-sensitive, auxotrophic mutant of C. immitis,

the adoptive transfers of either CD4+ or CD8+ T cells from

vaccinated mice to recipient mice infected with lethal strain

conferred protection, and the immunity was mediated through

TNFa (97). In this study, although effector CD8+ T cells (2 weeks

post-immunization) were used to show protective immunity, the

mice were monitored for 50 days following the challenge,

suggesting the effector cells’ persistence and possible conversion

into memory cells.
Paracoccidioides

Immunity to paracoccidioidomycosis depends on the CD4+ T

cells expressing Th1 cytokines, IFNg, TNFa, and IL-2 (187). The

type of T-cell response determines the nature of the disease or the

susceptibility, with Th2-dominant responses being non-protective

and a mix of Th17/Th22 and Th1/Th2 providing the intermediate

protection (188). Experimental vaccination with P10 antigen (of

gp43 protein) in Montanide ISA 720, CFA, flagellin, and DODAB

adjuvants induced Th1 response and protected against intratracheal

challenge infection (189, 190). Here, both effector and central

memory phenotypic cells were found to be successfully recalled

into the lungs after infection. Similarly, fungal-specific memory

CD4+ and CD8+ T cells were seen in the patients, and low numbers

of memory CD4+ T cells were associated with relapse of the disease

(191). In the model of pulmonary paracoccidioidomycosis, CD8+ T

cells were induced to control the fungi in the absence of CD4+ T

cells by secretion of type 1 cytokines (IFNg and IL-2), and the
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depletion of CD8+ T cells increased the fungal burden with a

concomitant increase of non-protective IL-4 and IL-5 cytokines

(101). Nitric oxide helps control Paracoccidioides infection, and

deficiency of NO and CD8+ T cells seems to be detrimental to

immunity. Interestingly, CD8+ T cells enhance the recruitment of

TNFa/IFNg-producing CD4+ T cells and the influx of

inflammatory cells (192). However, the maintenance of such a

response as memory is unclear.
Cross-reactive antifungal T cells

Cross-reactivity, the recognition of two or more peptides by

the same TCR, of T cells has been documented. Cross-reactive

antifungal T cells are useful, and identifying the antigens helps in

the generation of a pan-fungal T-cell vaccine (193). C. albicans

existence as a commensal microbe induces memory CD4+ T

cells. Incidentally, these C. albicans-specific cells can cross-react

with airborne fungi, like Aspergillus, and exacerbate acute

inflammatory lung pathologies (194, 195). Similarly,

A. fumigatus antigen-induced memory Th1 cells were cross-

reactive to C. albicans (130). T cells specific to A. fumigatus were

cross-reacted to induce protective immune responses against

Aspergillus and Mucorales sp. infections (138). A. fumigatus-

specific T cells, in culture, exhibited cross-reactivity with lysates

derived from other fungi, including non-fumigatus Aspergillus,

C. albicans, Penicillium spp., and Scedosporium apiospermum

but not with Aspergillus terreus, C. glabrata, Fusarium spp., and

Mucor spp. (196). Although such distantly related fungi have

cross-reactive T cells, high cross-reactivity of T cells was noticed

between phylogenetical ly related Scedosporium and

Lomentospora species, but not with A. fumigatus (197). The

cross-reactivity by adaptive immunity across kingdoms, i.e.,

fungus and bacteria, is noticed and exploited for vaccination

against Candida and Staphylococcus aureus (198), including

emerging multidrug-resistant Candida auris infection (199).

Similarly, pan-fungal vaccines can be developed and used

against different pathogenic fungi if the shared antigen is

identified (163). Although the mechanism of cross-reactivity of

fungal T cells is mainly due to shared epitope sequence (163), the

broad cross-reactivity of the CD4+ T cells may be due to the

nature of TCR binding with peptide-MHC class II that allows

multiple anchor residues with greater flexibility of amino acid

variation (200, 201). The bystander activation via TCR-

independent mechanisms (202) may also be involved.
Mechanisms of T cell-mediated
fungal control

T cell-mediated control of fungal infections involves

mechanisms that are chiefly mediated through the effectual

functions of the cytokines they secrete. Additionally, cytotoxic
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functions, independent of cytokines, of CD8+ T have been

documented during fungal infections. Here we highlight some

of the actions of cytokines/cytotoxic molecules for

fungal control.

IL-17A and GM-CSF cytokines at the site of infection

protected against fungal pathogens in part by enhancing the

neutrophil recruitment to the site of infection (9). Further, these

cytokines can activate recruited neutrophils and macrophages to

bolster their ability to kill fungal cells. Activated neutrophils and

macrophages may exert direct fungicidal activity via

phagocytosis, degranulation, ROS production, and neutrophil

extracellular trap (NET) formation (203). Different granules

(primary azurophilic, secondary specific, and tertiary

gelatinase) in neutrophils contain different cytolytic molecules

(17). The role of the IL-17 axis and neutrophils during

dimorphic fungal infections has been reviewed elsewhere

(204). IL-17 and IL-22 act on cells to promote STAT3

activation, upregulate Reg proteins, and secrete antimicrobial

peptides (AMPs), S100 proteins, and b-defensins from epithelial

cells and keratinocytes that destroy the fungal pathogen (205).

Further, IL-22 signaling helps in the regeneration of oral

epithelial cells and “licenses” IL-17 signaling for resistance

against oral mucosal candidiasis (206). AMPs secreted by

epithelial cells induce cell wall permeabilization, mitochondrial

dysfunction, and osmotic dysregulation in fungi to elicit

fungicidal and fungistatic activity (207). Conversely, IL-17A

may drive allergic outcomes by enhancing eosinophil

recruitment following repeated exposure to A. fumigatus

conidia (208).

IFNg, GM-CSF, and TNFa enhance macrophage functions

by promoting phagocyte maturation, polarization of

macrophages to M1 type, and fungus-killing ability. IFNg is

known to strongly activate phagocytes and their functions

against fungi (209). Both IFNg and TNF induce ROS

production from macrophages, which is fungistatic to

intracellular fungal pathogens Histoplasma capsulatum and C.

immitis (210, 211). Furthermore, IFNg promotes rapid

acidification of phagolysosomes in macrophages (212),

upregulation of MHC-II molecules, and antigen presentation

by APCs to elicit T-cell immunity (213). GM-CSF enhances

macrophage ROS production and limits intracellular yeast

growth by sequestration of zinc (214). GM-CSF deficiency

impairs the production of TNFa and IFNg (215), which are

important for the control of intracellular fungal infections.

Similarly, TNFa signaling enhances the activation,

phagocytosis, and ROS-producing ability of innate immune

cells for antifungal functions. Interestingly, early TNFa
expression during C. neoformans infection increased the fungal

burden, reduced mature dendritic cells, and increased Th2

responses (216). TNFa was needed for the maturation and

recruitment of DC and the production of IL-12 and IFNg.
However, TNFa prevented biofilm development by C. albicans

(217), and TNF blockade can enhance opportunistic infections.
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Cytotoxic functions of T cells are well documented for CD8+

T cells. Antifungal CD8+ T cells deploy several antimicrobial

granules (mainly granulysin and granzyme K) (121) for direct

cytotoxic activity against the fungal pathogen or fungus-infected

cells (218, 219). Granzymes can mediate cell death by induction

of active caspases, generation of ROS, and mitochondrial

damage, while perforin may facilitate their release from the

endosomes (220). Although this review focuses on T cells and

their memory, antifungal NK cell development is not well

documented. NK cells, like CD8+ T cells, can produce

cytotoxic molecules to kill fungi. The binding of NK cell

receptors NKp46 and NCR1 to surface glycans of Candida led

to degranulation and death of the yeast (221). Similar

observations were made with human NK activating receptor

NKp30 for the direct killing of Cryptococcus and Candida (222).

Interestingly, “cytotoxic” CD4+ T cells can also produce

granulysin to mediate the killing of C. neoformans (223), and

this function was dysregulated in HIV-infected patients.
CD4+ T-cell help for antifungal
CD8+ T cells

Most fungal infections are caused by opportunistic fungal

pathogens under compromised CD4+ T cells or their functions.

Unlike viral or bacterial models, effector and memory CD8+ T-

cell homeostasis in fungal infections is poorly understood, and

the studies have been done using animal models of fungal

vaccine immunity. Attempts have been made to understand

the role of antifungal CD8+ T cells in the absence of CD4+ T

cells, a potential avenue to exploit residual immunity for

preventive and therapeutic purposes for individuals with CD4+

T-cell lymphopenia. Because optimal programming leads to the

generation of long-lasting memory CD8+ T cells (224, 225) and

contributes to fungal vaccine immunity (8), we reason that a

potent fungal vaccination can “license” dendritic cells for CD8+

T-cell priming independent of CD4+ T-cell help. Fungi are

decorated, including some secretory, with several potential

PAMPs that can bolster the dendritic cell activation and

functions (226–228). Therefore, the CD8+ T-cell memory

imprinting and memory homeostasis following fungal

vaccination can be independent of CD4+ T-cell help (16, 169).

However, evidence from viral and bacterial infections suggests

that CD4+ T-cell help is essential for eliciting CD8+ T-cell

responses (229). The mechanisms of CD4+ T cells help CD8+

T cells involve optimal activation of dendritic cells, enhancement

of their phagocytosis, potentiation of antigen processing and

presentation, upregulation of costimulatory ligands, and

generation of an apt inflammatory micro milieu by dendritic

cells for naïve CD8+ T-cell priming and programming (230,

231). The direct mechanisms of CD4+ T cells help involve

providing IL-2 for the proliferation of differentiating CD8+ T

cells and lending co-stimulation through CD40L-CD40 (7).
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Further, CD4+ T cells may help recruit memory CD8+ T cells

into mucosal surfaces (232). Well-primed CD8+ T cells can

produce IL-2 (169) and get help in an autocrine manner (233).

We also found chemokine receptor-mediated recruitment of

effector CD8+ T cells into the lungs, which was independent of

CD4+ T cells following pulmonary challenge in a mouse model

of vaccine immunity to pulmonary blastomycosis (90). Recent

evidence suggests that the requirement of help from CD4+ T

cells to CD8+ T cells largely depends on their distinct

interactions with the dendritic cells during their activation

(230, 234). Thus, well-programmed CD8+ T cells, endowed

with intrinsic memory capacity, can independently bestow

their recall responses and immunity (235, 236). Further studies

are needed to understand the fungal antigens and the role of

dendritic cells in CD8+ T-cell priming.
Memory T cells: An overview

The development of immunological memory is the hallmark

of vaccination. Following infection or vaccination, the first

responders, innate immune cells, exert broadly specific

immunity to limit pathogen growth and initiate adaptive T-

cell immunity. T-cell recognition is highly antigen-specific and

binds to processed antigens/epitopes loaded onto MHC

molecules, resulting in their activation, differentiation, and

proliferation during the first phase of T-cell response, which is

the expansion phase (237). In the ensuing contraction phase,

mostly coinciding with the elimination of pathogen or antigen,

~90%–95% of effector T cells [short-lived effector cells (SLECs)]

undergo attrition by apoptosis, and the remaining 5%–10% of

cells [memory precursor effector cells (MPECs)] differentiate to

become long-lived, quickly and robustly responding, memory

cells (238) in the memory phase (Figure 1). The central

paradigm of vaccination is to generate qualitatively superior

threshold numbers of memory T cells (237, 239, 240).

Memory T cells are unique and often behave like stem cells

in their homeostasis and longevity. Many models of memory T-

cell generation are proposed, and one of them suggests that

memory programming or imprinting can happen as early as the

first antigen encounter (241, 242). Others suggested dynamic

and progressive imprinting of memory from a subset of effector

cells. In the absence of cognate antigen, memory T cells are

quiescent and slow dividing and share many features with naïve

T cells (243, 244). However, they are uniquely programmed for

stem cell potential and balanced cell apoptosis and proliferation

for their steady homeostasis (240, 245), chiefly controlled by

cytokines IL-7 and IL-15 (246). Naïve, effector, and memory T

cells are differentiated based on their expression of surface and

intracellular markers (241, 247–249), which endorse their

homing and functional attributes. Memory T cells are a

heterogeneous pool of cells derived from multiple clones and

fates of polarization and differentiation based on the “one cell
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multiple fate theory” (250, 251). Hence, these features are

imprinted in memory T-cell heterogeneity in homeostatic

turnover, effector function, location, and trafficking properties

(111, 248, 252).

Classically, memory T cells were divided into two groups, TEM

and TCM, based on their lymph node homing properties with

distinct proliferative renewal and functional properties (240, 241).

With the advancement of our understanding and discovery of new

markers, memory cells are classified into many groups in both

humans and mice. Based on the markers, memory cells are broadly

classified as central memory T (TCM), effector memory T (TEM),

tissue-resident memory T (TRM), and stem cell memory T (TSCM)

cells (241, 253–255). Effector memory T cells (TEM),

CD45RA−CD127+CD122+CD27−/+CD62L−/CCR7−, can migrate

into peripheral tissues and exhibit immediate higher effector

function with limited proliferation potential during the

reinfection. TCM cells, CD45RA−CD127+CD122+CD27+CD62L+/

CCR7+, are housed in secondary lymphoid organs with high

proliferative potential but weaker effector properties as compared

to TEM cells (255, 256). The dogma is that TCM cells are reservoirs or
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seeders of TEM cells in need. The property of CD62Llo/CCR7lo

defines the TEM cell exclusion from lymph nodes and migration to

peripheral tissues to rapidly exude effector molecules upon antigen

encounter. In contrast, TCM cells are CD62Lhi/CCR7hi, allowing

them to be preferentially home to lymph nodes (257). Both types of

memory cells endow memory homeostasis properties where TCM

mediates secondary immune responses for long-term protection

and TEM offers instant protection (258). Nevertheless, as alluded

earlier, the homeostatic proliferative potential of TEM and TCM cells

varies (259).

A newly emerging T-cell memory subset, tissue-resident

memory (TRM), is restricted to a particular tissue and is

identified based on the expression of CD103+/−, CD49a, and

CD69 (260). The main feature of TRM is their restriction to the

tissue (261), possibly due to the expression of CD69 that

suppresses the S1P receptor function for lymph node homing

(262). Further, TGFb signaling in these T cells augments the

CD103 expression that facilitates latching onto epithelial cells

(263, 264). Given the strategic position, TRM cells offer immediate

local tissue immunity against invading pathogens (265).
FIGURE 1

Differentiation and generation of memory T-cell subsets. Following recognition of fungal PAMPs by PRRs, activated antigen-presenting cells
(APCs) process the antigen from phagocytosed fungus to load onto MHC molecule. MHC–peptide complex is recognized by cognate TCR of
naïve T cells leading to TCR signaling, activation, and differentiation of T cells into different subsets directed by different cytokine milieus. The
differentiated T cells accompanied by proliferation during expansion phase secrete inflammatory cytokines to aid in fungal killing. Fungal
clearance usually coincides with initiation of T-cell contraction phase where 90% of effector cells die by apoptosis. The remaining cells
differentiate to become long-lived memory cells. Memory T cells express unique phenotypic attributes and transcription factors, some of which
dictate homing to lymphoid organs (CCR7/CD62L). Tissue-resident memory T cells (TRM) continue to reside in tissue of responses. The effector
memory T cells (TEM) continue to invigilate the pathogen by recirculation between peripheral tissues and blood. Self-renewing central memory
(TCM) and central memory stem T cells (TSCM) are preferentially home to secondary lymphoid organs and serve as “seeders” of secondary
effector and memory T cells when needed. PAMPs, pathogen-associated molecular patterns; PRR, pattern recognition receptors; Th, helper T
cell; Tc, cytotoxic T cell (CD8+ T cell); TSCM, stem memory T cells; TCM, central memory T cell; TEM, effector memory T cell.
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The memory stem T cell (TSCM) subset, unique and often

considered closest to naïve T cells, exhibits stem cell-like

properties with higher self-renewal capacity. Unlike

conventional memory T-cell subsets, the TSCM subset

maintains a naïve cell phenotype with multipotency and serves

as a reservoir of memory T cells for a lifetime (266, 267).

However, the identity of such unique memory T cells that are

fungal-specific is lacking despite the description of antifungal

memory cells in humans (111). Further studies are required to

reveal the existence of antifungal TSCM in mice and humans.

With our understanding of memory T-cell differentiation

and function, the memory cells can be classified in many ways,

may depend on the infection or model system, and may be

largely due to graded responses during the early programming of

effector cells (254, 268–270). Unlike an acute viral infection, in

chronic viral infection, the central memory phenotypic T cells

poorly develop (271), and high antigen levels induce an

exhausted phenotype (272). It should be noted that antifungal

memory T-cell homeostasis is poorly defined and not

well understood.
Factors influencing generation of
antifungal memory T cells

Our understanding of memory T-cell generation suggests

that their attributes are bestowed by early programming during

the expansion phase. However, the inflammatory milieu and the

antigen persistence can affect their fate. The graded imprinting

and epigenetic changes during the effector phase determine the

memory T cell fate and the type. Naïve T cells must recognize

cognate antigens portrayed on MHC molecules (Signal 1) of

dendritic cells. Studies have shown that degree of antigen

recognition by naïve or effector cells and antigen persistence

(chronic and persistent infections) has a greater impact (273–

275). However, this feature can be valuable during vaccine

formulations where the antigen is delivered to the site of T-cell

activation gradually to enhance the magnitude of their

differentiation and expansion. Not surprisingly, booster doses

are often given to augment adaptive immune responses,

especially with subunit or inactivated vaccines. The

costimulatory signal/s (Signal 2) is essential to break the TCR

signaling threshold or tolerance to activate the T cells. The role

of the classical costimulatory molecule, CD28, in recognizing B7

ligands on antigen-presenting cells is well defined, including

during fungal vaccine immunity (276). However, other

costimulatory molecules may influence memory T cells’

qualitative and quantitative traits (277), including fungal

immunity (278–282). Interestingly, CD28 may play a negative

role in Th17 subset differentiation (283), but in the absence of

CD28, the differentiation required proinflammatory cytokine

signaling (284). Nevertheless, for subunit or less potent vaccine
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antigen formulations, engaging multiple costimulatory

molecules may help potentiate the T-cell responses and

eventual memory formation (167, 226). The inflammatory

milieu generated by proinflammatory cytokines (Signal 3) is

instrumental for effector T-cell differentiation and memory

feature imprinting (285). Immunity to different fungal

infections needs distinct cytokines produced by T-cell subsets

(4), and the deviation from protective T-cell subsets may lead to

enhanced pathology and disseminated infections (286–289).

Immunity to different fungal pathogens predominantly

requires either T cell-derived type I cytokines (IFNg, GM-CSF,

and TNFa) or type 17 (IL-17A/F) responses (80, 290) mainly at

systemic and mucosal surfaces, respectively. Nevertheless,

following fungal vaccination or infections, both types of

subsets are induced at different magnitudes and found to

contribute to immunity at variable degrees (8, 22, 168, 291–

294). Future studies are necessary to understand the elements of

memory T-cell differentiation, homeostasis, and their recall

responses for immunity following infection or vaccination.
Co-stimulatory and coinhibitory
molecules influencing antifungal
potential memory T cells

Co-stimulatory and coinhibitory receptor molecules present

in T cells can fine-tune immune responses to fungal vaccines and

infections. While co-stimulation leads to the potentiation of cell

signaling, inhibitory signals deliver opposite effects during T-cell

activation, thus inhibiting T-cell responses (295). Similarly,

coinhibitory receptors present on memory T cells restrict

recall responses but preserve memory cells by inhibiting

terminal differentiation (296). Interestingly, the expression of

coinhibitory molecules on resident memory CD8+ T cells (Trm)

is an intrinsic property present in their core gene signature (297,

298). Compared to circulatory memory T cells, resident memory

T cells expressing high amounts of coinhibitory receptors (2B4,

CTLA-4, LAG3, PD-1, and Tim-3) were able to undergo local

proliferation following secondary rechallenge (299). Here, we

highlight a few studies where the co-stimulatory or inhibitory

molecules modulate antifungal T-cell responses.

PD-1 is a coinhibitory molecule expressed in T cells

associated with dysfunction, and blocking PD-1 enhances the

T-cell functions. Hence, anti-PD-1 mAb administration

improved the fungal clearance in a model of persistent

cryptococcosis (297). Interestingly, the effect was independent

of effector cell numbers and myeloid cell activation, but reduced

expression of IL-5 and IL-10 by lung leukocytes and enhanced

sustained expression of OX40, a costimulatory molecule, on T

cells. Similarly, the blockade of PD-1 and CTLA-4 improves

survival during primary and secondary fungal sepsis (300)

associated with improved T-cell functions. Signaling
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lymphocyte activation molecule (SLAM) family members act as

co-receptors for T cells fine-tuning immune homeostasis during

infections (301). Mutation in SLAM-associated protein (SAP),

required for SLAM signal ing , resul ts in X-l inked

lymphoproliferative disease (XLP). A recent study showed that

SLAMF1, a member of the SLAM family, was dispensable for T-

cell activation and expansion following fungal vaccination, but

the fungal immunity was severely compromised (302). This

study of vaccine immunity against lethal fungal pneumonia

implied that SLAMF1 is mainly important for innate host

control of lung fungal overgrowth as well as inflammation,

recruitment, or expansion of fungal-specific effector CD4+ T

cells. Another molecule, CD43, also called sialophorin, is a

membrane-bound receptor that exists in two forms with one

highly glycosylated on T cells (303, 304). CD43 can be co-

stimulatory and inhibitory, and depending on the context, it is

known to promote T-cell contraction and reduced memory

(305). In the context of cell-to-cell interactions, studies showed

that CD43 deficiency led to enhanced homotypic binding of T

cells through ligands such as ICAM-1 and fibronectin while

augmenting the T-cell proliferation (306, 307). In other studies,

pre-activation of CD43 with a mAb reduced the TCR signaling

threshold, enhanced the degradation of Cbl, prolonged the TCR

signaling, and augmented the T-cell response (308). Our recent

study showed the indispensable role of CD43 for Tc17 responses

and vaccine immunity to pulmonary fungal infection (309).

T cells typically express one or more co-stimulatory receptors.

Thus, understanding the role of their signaling helps design

vaccines to bolster qualitatively superior antifungal memory T

cells and potentiate their functions for immunotherapeutics.

Further, formulations of vaccines for fungal infections should

account for the type of T-cell responses desired. Nevertheless,

additional studies are warranted to delineate the role of co-

stimulatory molecules during fungal infections. Adjuvants in

vaccines act to enhance the T-cell stimulatory signals and

proinflammatory cytokine production that polarize the T-cell

responses (310). Different adjuvants have different characteristics

in biasing T-cell response/s. For example, Alum potentiates Th2

responses, while Monophosphoryl lipid A (MPL)/CpG1018

bolsters Th1 responses. For controlling some fungal infections,

especially those that are dependent on IL-17 responses, novel

adjuvants are necessary.
Conclusions and future directions

Immunological memory of fungal infections is poorly defined,

but their existence and longevity are documented in preclinical

and clinical studies. Most studies on T-cell memory came from

preclinical model systems of fungal vaccine immunity. It is

increasingly evident that T cells play a dominant role in fungal

immunity, although other immune elements, including B cells and

antibodies, cannot be overlooked. Although the innate cell
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inflammatory micro milieu is key for defining T-cell lineages

and their functions for fungal immunity, the direct

costimulatory signals or blockade of inhibitory signals delivered

to T cells can regulate their effectors and memory cells. Non-

canonical T cells such as natural T helper, MAIT, and NKT cell’s

role in some fungal infections have been documented, but their

persistence as memory cells is not clear (32). Harnessing non-

canonical T cells for vaccine immunity can be a new avenue for

controlling fungal infections.

The mechanisms of the generation of antifungal memory T

cells are not well understood and need in-depth investigations. The

studies will be particularly relevant for the development and

application of vaccine platforms. As with many different bacterial

and viral defense mechanisms, the protective T-cell effectors vary

depending on the pathogenic fungi, so the memory T-cell

development mechanisms. Further, fungal co-infections and the

disease outcomes need thorough studies, such as mucormycosis in

COVID-19 patients. Novel findings on the use of fungal PAMPs as

adjuvants for vaccines call for an understanding of adjuvanticity

properties and their role in the programming of immunological

memory. The new concept-based emergence of chimeric antigen

receptor T (CAR-T) cells for immunotherapy to treat fungal

infections is attractive, and its efficiency or utility needs

attention. The plasticity of antifungal T cells has not been clearly

understood, and its bases for immunopathology during recall

responses and immunity need further evaluation. Further, the

identification of phenotypic and functional markers of protective

immunological memory T cells would be useful in designing and

assessing the potency and efficacy of fungal vaccines.
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Contribution of TLR2 pathway in the pathogenesis of vulvovaginal candidiasis.
Pathog Dis (2017) 75(7). doi: 10.1093/femspd/ftx096

59. Netea MG, Sutmuller R, Hermann C, van der Graaf CA, van der Meer JW,
Van Krieken JH, et al. Toll-like receptor 2 suppresses immunity against candida
albicans through induction of IL-10 and regulatory T cells. J Immunol (2004)
172:3712–8. doi: 10.4049/jimmunol.172.6.3712

60. Villamon E, Gozalbo D, Roig P, O’connor JE, Fradelizi D, Gil ML. Toll-like
receptor-2 is essential in murine defenses against candida albicans infections.
Microbes Infect (2004) 6:1–7. doi: 10.1016/j.micinf.2003.09.020

61. Dubourdeau M, Athman R, Balloy V, Huerre M, Chignard M, Philpott DJ,
et al. Aspergillus fumigatus induces innate immune responses in alveolar
macrophages through the MAPK pathway independently of TLR2 and TLR4. J
Immunol (2006) 177:3994–4001. doi: 10.4049/jimmunol.177.6.3994

62. Carvalho A, De Luca A, Bozza S, Cunha C, D’angelo C, Moretti S, et al.
TLR3 essentially promotes protective class I–restricted memory CD8+ T-cell
responses to aspergillus fumigatus in hematopoietic transplanted patients. Blood
(2012) 119:967–77. doi: 10.1182/blood-2011-06-362582

63. Van De Veerdonk FL, Joosten LA, Netea MG. The interplay between
inflammasome activation and antifungal host defense. Immunol Rev (2015)
265:172–80. doi: 10.1111/imr.12280
Frontiers in Immunology 15
116
64. Souza COS, Ketelut-Carneiro N, Milanezi CM, Faccioli LH, Gardinassi LG,
Silva JS. NLRC4 inhibits NLRP3 inflammasome and abrogates effective antifungal
CD8+ T cell responses. iScience (2021) 24:102548. doi: 10.1016/j.isci.2021.102548

65. Bochud PY, Chien JW, Marr KA, Leisenring WM, Upton A, Janer M, et al.
Toll-like receptor 4 polymorphisms and aspergillosis in stem-cell transplantation.
N Engl J Med (2008) 359:1766–77. doi: 10.1056/NEJMoa0802629

66. Carvalho A, Cunha C, Carotti A, Aloisi T, Guarrera O, Di Ianni M, et al.
Polymorphisms in toll-like receptor genes and susceptibility to infections in
allogeneic stem cell transplantation. Exp Hematol (2009) 37:1022–9. doi:
10.1016/j.exphem.2009.06.004

67. Morre SA, Murillo LS, Spaargaren J, Fennema HS, Pena AS. Role of the toll-
like receptor 4 Asp299Gly polymorphism in susceptibility to candida albicans
infection. J Infect Dis (2002) 186:1377–1379; author reply 1379. doi: 10.1086/
344328

68. Sainz J, Perez E, Hassan L, Moratalla A, Romero A, Collado MD, et al.
Variable number of tandem repeats of TNF receptor type 2 promoter as genetic
biomarker of susceptibility to develop invasive pulmonary aspergillosis. Hum
Immunol (2007) 68:41–50. doi: 10.1016/j.humimm.2006.10.011

69. Plantinga TS, van der Velden WJ, Ferwerda B, Van Spriel AB, Adema G,
Feuth T, et al. Early stop polymorphism in human DECTIN-1 is associated with
increased candida colonization in hematopoietic stem cell transplant recipients.
Clin Infect Dis (2009) 49:724–32. doi: 10.1086/604714

70. Cunha C, Di Ianni M, Bozza S, Giovannini G, Zagarella S, Zelante T, et al.
Dectin-1 Y238X polymorphism associates with susceptibility to invasive
aspergillosis in hematopoietic transplantation through impairment of both
recipient- and donor-dependent mechanisms of antifungal immunity. Blood
(2010) 116:5394–402. doi: 10.1182/blood-2010-04-279307

71. Del Pilar Jimenez AM, Viriyakosol S, Walls L, Datta SK, Kirkland T,
Heinsbroek SE, et al. Susceptibility to coccidioides species in C57BL/6 mice is
associated with expression of a truncated splice variant of dectin-1 (Clec7a). Genes
Immun (2008) 9:338–48. doi: 10.1038/gene.2008.23

72. Janeway CAJr. Approaching the asymptote? Evolution and revolution in
immunology. Cold Spring Harb Symp Quant Biol (1989) 54 Pt 1:1–13. doi: 10.1101/
SQB.1989.054.01.003

73. Rahman AH, Taylor DK, Turka LA. The contribution of direct TLR
signaling to T cell responses. Immunol Res (2009) 45:25–36. doi: 10.1007/
s12026-009-8113-x

74. Komai-Koma M, Jones L, Ogg GS, Xu D, Liew FY. TLR2 is expressed on
activated T cells as a costimulatory receptor. Proc Natl Acad Sci (2004) 101:3029–
34. doi: 10.1073/pnas.0400171101

75. Imanishi T, Hara H, Suzuki S, Suzuki N, Akira S, Saito T. Cutting edge:
TLR2 directly triggers Th1 effector functions. J Immunol (2007) 178:6715–9. doi:
10.4049/jimmunol.178.11.6715

76. Imanishi T, Unno M, Kobayashi W, Yoneda N, Akira S, Saito T. mTORC1
signaling controls TLR2-mediated T-cell activation by inducing TIRAP expression.
Cell Rep (2020) 32:107911. doi: 10.1016/j.celrep.2020.107911

77. Wang H, Li M, Hung CY, Sinha M, Lee LM, Wiesner DL, et al. MyD88
shapes vaccine immunity by extrinsically regulating survival of CD4+ T cells
during the contraction phase. PloS Pathog (2016) 12:e1005787. doi: 10.1371/
journal.ppat.1005787

78. Nanjappa SG, Hernandez-Santos N, Galles K, Wuthrich M, Suresh M, Klein
BS. Intrinsic MyD88-Akt1-mTOR signaling coordinates disparate Tc17 and Tc1
responses during vaccine immunity against fungal pneumonia. PloS Pathog (2015)
11:e1005161. doi: 10.1371/journal.ppat.1005161

79. Bhaskaran N, Faddoul F, Paes Da Silva A, Jayaraman S, Schneider E,
Mamileti P, et al. Il-1b-Myd88-Mtor axis promotes immune-protective IL-17a+
Foxp3+ cells during mucosal infection and is dysregulated with aging. Front
Immunol (2020) 11:2818. doi: 10.3389/fimmu.2020.595936

80. Ma H, Chan JFW, Tan YP, Kui L, Tsang CC, Pei SLC, et al. NLRP3
inflammasome contributes to host defense against talaromyces marneffei infection.
Front Immunol (2021) 12:760095. doi: 10.3389/fimmu.2021.760095

81. Arbore G, West EE, Spolski R, Robertson A, Klos A, Rheinheimer C, et al. T
Helper 1 immunity requires complement-driven NLRP3 inflammasome activity in
CD4(+) T cells. Science (2016) 352:aad1210. doi: 10.1126/science.aad1210

82. Kumaresan PR, Manuri PR, Albert ND, Maiti S, Singh H, Mi T, et al.
Bioengineering T cells to target carbohydrate to treat opportunistic fungal infection.
Proc Natl Acad Sci U.S.A. (2014) 111:10660–5. doi: 10.1073/pnas.1312789111

83. Roilides E, Uhlig K, Venzon D, Pizzo PA, Walsh TJ. Enhancement of
oxidative response and damage caused by human neutrophils to aspergillus
fumigatus hyphae by granulocyte colony-stimulating factor and gamma
interferon. Infect Immun (1993) 61:1185–93. doi: 10.1128/iai.61.4.1185-1193.1993

84. Borghi M, Renga G, Puccetti M, Oikonomou V, Palmieri M, Galosi C, et al.
Antifungal Th immunity: Growing up in family. Front Immunol (2014) 5:506. doi:
10.3389/fimmu.2014.00506
frontiersin.org

https://doi.org/10.1128/IAI.00559-12
https://doi.org/10.1128/IAI.00559-12
https://doi.org/10.4049/jimmunol.1302314
https://doi.org/10.4049/jimmunol.1302314
https://doi.org/10.3389/fmicb.2021.633229
https://doi.org/10.3389/fmicb.2021.633229
https://doi.org/10.1074/jbc.M606542200
https://doi.org/10.1016/j.cyto.2009.07.010
https://doi.org/10.1371/journal.ppat.1006568
https://doi.org/10.1371/journal.ppat.1006568
https://doi.org/10.1371/journal.ppat.1004643
https://doi.org/10.1002/eji.201545591
https://doi.org/10.1016/j.immuni.2010.05.001
https://doi.org/10.1089/jir.2015.0040
https://doi.org/10.1093/intimm/dxr046
https://doi.org/10.4049/jimmunol.172.5.3059
https://doi.org/10.1111/j.1574-695X.2008.00378.x
https://doi.org/10.1172/JCI43984
https://doi.org/10.1016/j.micinf.2016.05.005
https://doi.org/10.1093/femspd/ftx096
https://doi.org/10.4049/jimmunol.172.6.3712
https://doi.org/10.1016/j.micinf.2003.09.020
https://doi.org/10.4049/jimmunol.177.6.3994
https://doi.org/10.1182/blood-2011-06-362582
https://doi.org/10.1111/imr.12280
https://doi.org/10.1016/j.isci.2021.102548
https://doi.org/10.1056/NEJMoa0802629
https://doi.org/10.1016/j.exphem.2009.06.004
https://doi.org/10.1086/344328
https://doi.org/10.1086/344328
https://doi.org/10.1016/j.humimm.2006.10.011
https://doi.org/10.1086/604714
https://doi.org/10.1182/blood-2010-04-279307
https://doi.org/10.1038/gene.2008.23
https://doi.org/10.1101/SQB.1989.054.01.003
https://doi.org/10.1101/SQB.1989.054.01.003
https://doi.org/10.1007/s12026-009-8113-x
https://doi.org/10.1007/s12026-009-8113-x
https://doi.org/10.1073/pnas.0400171101
https://doi.org/10.4049/jimmunol.178.11.6715
https://doi.org/10.1016/j.celrep.2020.107911
https://doi.org/10.1371/journal.ppat.1005787
https://doi.org/10.1371/journal.ppat.1005787
https://doi.org/10.1371/journal.ppat.1005161
https://doi.org/10.3389/fimmu.2020.595936
https://doi.org/10.3389/fimmu.2021.760095
https://doi.org/10.1126/science.aad1210
https://doi.org/10.1073/pnas.1312789111
https://doi.org/10.1128/iai.61.4.1185-1193.1993
https://doi.org/10.3389/fimmu.2014.00506
https://doi.org/10.3389/fimmu.2022.905867
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Sharma et al. 10.3389/fimmu.2022.905867
85. Mcdermott AJ, Klein BS. Helper T-cell responses and pulmonary fungal
infections. Immunology (2018) 155:155–63. doi: 10.1111/imm.12953

86. Gray JI, Westerhof LM, Macleod MKL. The roles of resident, central and
effector memory CD4 T-cells in protective immunity following infection or
vaccination. Immunology (2018) 154(4):574–581. doi: 10.1111/imm.12929

87. Cenci E, Mencacci A, Bacci A, Bistoni F, Kurup VP, Romani L. T Cell
vaccination in mice with invasive pulmonary aspergillosis. J Immunol (2000)
165:381–8. doi: 10.4049/jimmunol.165.1.381

88. Jolink H, De Boer R, Hombrink P, Jonkers RE, Van Dissel JT, Falkenburg
JH, et al. Pulmonary immune responses against aspergillus fumigatus are
characterized by high frequencies of IL-17 producing T-cells. J Infect (2017)
74:81–8. doi: 10.1016/j.jinf.2016.10.010

89. Jolink H, Hagedoorn RS, Lagendijk EL, Drijfhout JW, Van Dissel JT,
Falkenburg JH, et al. Induction of a. Fumigatus-specific CD4-positive T cells in
patients recovering from invasive aspergillosis. Haematologica (2014) 99:1255–63.
doi: 10.3324/haematol.2013.098830

90. Nanjappa SG, Heninger E, Wuthrich M, Gasper DJ, Klein BS. Tc17 cells
mediate vaccine immunity against lethal fungal pneumonia in immune deficient
hosts lacking CD4+ T cells. PloS Pathog (2012) 8:e1002771. doi: 10.1371/
journal.ppat.1002771

91. Hernandez-Santos N, Huppler AR, Peterson AC, Khader SA, Mckenna KC,
Gaffen SL. Th17 cells confer long-term adaptive immunity to oral mucosal candida
albicans infections. Mucosal Immunol (2013) 6:900–10. doi: 10.1038/mi.2012.128

92. Acosta-Rodriguez EV, Rivino L, Geginat J, Jarrossay D, Gattorno M,
Lanzavecchia A, et al. Surface phenotype and antigenic specificity of human
interleukin 17-producing T helper memory cells. Nat Immunol (2007) 8:639–46.
doi: 10.1038/ni1467

93. Iannitti RG, Carvalho A, Romani L. From memory to antifungal vaccine
design. Trends Immunol (2012) 33:467–74. doi: 10.1016/j.it.2012.04.008

94. Kirchner FR, Leibundgut-Landmann S. Tissue-resident memory Th17 cells
maintain stable fungal commensalism in the oral mucosa.Mucosal Immunol (2021)
14:455–67. doi: 10.1038/s41385-020-0327-1

95. Ueno K, Urai M, Sadamoto S, Shinozaki M, Takatsuka S, Abe M, et al. A
dendritic cell-based systemic vaccine induces long-lived lung-resident memory
Th17 cells and ameliorates pulmonary mycosis. Mucosal Immunol (2019) 12:265–
76. doi: 10.1038/s41385-018-0094-4

96. Ueno K, Kinjo Y, Okubo Y, Aki K, Urai M, Kaneko Y, et al. Dendritic
cell-based immunization ameliorates pulmonary infection with highly virulent
cryptococcus gattii. Infect Immun (2015) 83:1577–86. doi: 10.1128/
IAI.02827-14

97. Fierer J, Waters C, Walls L. Both CD4+ and CD8+ T cells can mediate
vaccine-induced protection against coccidioides immitis infection in mice. J Infect
Dis (2006) 193:1323–31. doi: 10.1086/502972

98. Hung CY, Castro-Lopez N, Cole GT. Vaccinated C57BL/6 mice develop
protective and memory T cell responses to coccidioides posadasii infection in the
absence of interleukin-10. Infect Immun (2014) 82:903–13. doi: 10.1128/IAI.01148-13

99. Diep AL, Hoyer KK. Host response to coccidioides infection: Fungal
immunity. Front Cell Infect Microbiol (2020) 10:581101. doi: 10.3389/
fcimb.2020.581101

100. Deepe JGS, Buesing WR, Ostroff GR, Abraham A, Specht CA, Huang H,
et al. Vaccination with an alkaline extract of histoplasma capsulatum packaged in
glucan particles confers protective immunity in mice. Vaccine (2018) 36:3359–67.
doi: 10.1016/j.vaccine.2018.04.047

101. Chiarella AP, Arruda C, Pina A, Costa TA, Ferreira RC, Calich VL. The
relative importance of CD4+ and CD8+T cells in immunity to pulmonary
paracoccidioidomycosis. Microbes Infect (2007) 9:1078–88. doi: 10.1016/
j.micinf.2007.04.016

102. De La Rua NM, Samuelson DR, Charles TP, Welsh DA, Shellito JE. CD4+
T-cell-independent secondary immune responses to pneumocystis pneumonia.
Front Immunol (2016) 7:178.
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The Xbp1-regulated
transcription factor Mist1
restricts antibody secretion
by restraining Blimp1
expression in plasma cells

Miriam Wöhner1‡, Theresa Pinter1‡, Peter Bönelt1†,
Astrid Hagelkruys2, Daniela Kostanova-Poliakova1,
Johannes Stadlmann2†, Stephen F. Konieczny3, Maria Fischer1,
Markus Jaritz1 and Meinrad Busslinger1*

1Research Institute of Molecular Pathology (IMP), Vienna Biocenter (VBC), Vienna, Austria, 2Institute of
Molecular Biotechnology of the Austrian Academy of Sciences (IMBA), Vienna Biocenter (VBC),
Vienna, Austria, 3Department of Biological Science, Purdue University, West Lafayette, IN, United States
Antibody secretion by plasma cells provides acute and long-term protection

against pathogens. The high secretion potential of plasma cells depends on the

unfolded protein response, which is controlled by the transcription factor Xbp1.

Here, we analyzed the Xbp1-dependent gene expression program of plasma

cells and identified Bhlha15 (Mist1) as the most strongly activated Xbp1 target

gene. As Mist1 plays an important role in other secretory cell types, we analyzed

in detail the phenotype of Mist1-deficient plasma cells in Cd23-Cre Bhlha15fl/fl

mice under steady-state condition or upon NP-KLH immunization. Under both

conditions, Mist1-deficient plasma cells were 1.4-fold reduced in number and

exhibited increased IgM production and antibody secretion compared to

control plasma cells. At the molecular level, Mist1 regulated a largely different

set of target genes compared with Xbp1. Notably, expression of the Blimp1

protein, which is known to activate immunoglobulin gene expression and to

contribute to antibody secretion, was 1.3-fold upregulated in Mist1-deficient

plasma cells, which led to a moderate downregulation of most Blimp1-

repressed target genes in the absence of Mist1. Importantly, a 2-fold

reduction of Blimp1 (Prdm1) expression was sufficient to restore the cell

number and antibody expression of plasma cells in Prdm1Gfp/+ Cd23-Cre

Bhlha15fl/fl mice to the same level seen in control mice. Together, these data

indicate that Mist1 restricts antibody secretion by restraining Blimp1 expression,

which likely contributes to the viability of plasma cells.

KEYWORDS

Mist1 (Bhlha15), Blimp1 (Prdm1), XBP1, plasma cell differentiation, antibody secretion,
unfolded protein response (UPR), gene regulation
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Introduction

Plasma cells (PCs) provide protection of the host against

infection by secreting high-affinity antibodies that recognize an

almost unlimited number of pathogens (1). Activation of mature

B cells in peripheral lymphoid organs leads to the differentiation

of short-lived, antibody-secreting plasmablasts (PBs) and PCs,

which can subsequently develop into quiescent long-lived PCs

upon migration to survival niches in the bone marrow (1). The

differentiation of mature B cells to PBs is associated with

substantial changes in gene expression and cell morphology (1,

2). While the expression of B cell-specific regulators, like Pax5

and Ebf1, which maintain the B cell gene expression program, is

downregulated during PB formation (2, 3), the increased

expression of Irf4 and Blimp1 (Prdm1) promotes PB

differentiation by activating PC-specific genes and repressing

the B cell gene expression program (4–6). During the process of

PB differentiation, the rearranged antigen receptor loci encoding

the immunoglobulin heavy chain (Igh) and light chain (Igk and

Igl) genes are strongly activated, and the Igh gene transcripts

furthermore undergo a posttranscriptional expression switch

from the membrane-bound form to the secreted form of the Ig

heavy chain, which results in the production and secretion of

large amounts of antibodies (1, 3). The PBs and PCs thereby

undergo a massive change in morphology by enlarging their

endoplasmic reticulum (ER), which promotes efficient antibody

secretion and ensures their cell survival (1, 7).

The morphological change of PBs and PCs is a direct

consequence of the unfolded protein response (UPR), which is

induced by protein overloading of the ER and restores the

folding, processing and export of proteins that pass through

the ER (8). The essential UPR pathway of PBs and PCs is under

the control of the ER-resident transmembrane protein Ire1a
(Ern1), which is normally inactivated by the inhibitory Hsp70-

type chaperone BiP (Hsp5) inside of the ER (8). Upon

accumulation of unfolded proteins in the ER, BiP dissociates

from Ire1a, which in turn activates the endoribonuclease activity
of Ire1a that splices out 26 nucleotides from the cytoplasmic

Xbp1 mRNA, thus leading to a frameshift mediating translation

of the transcriptionally active regulator Xbp1s (9, 10). Xbp1s

activates the UPR gene expression program, thus resulting in a

massive expansion of the ER and secretory protein apparatus (7).

Consequently, antibody secretion is severely impaired upon

inactivation of Xbp1 in PBs and PCs (11–13). Xbp1 is,

however, not essential for the generation of PBs and PCs (12),

and its gene-regulatory function in these antibody-secreting cells

has not yet been fully explored.

Our investigation of the Xbp1-dependent gene expression

program in PBs by ChIP- and RNA-seq analyses revealed that the

most strongly activated Xbp1 target gene is Bhlha15 coding for the

transcription factor Mist1 (14). Mist1 was previously shown to

play an important role in other secretory cell types by inducing

andmaintaining their secretory cell architecture (14–18). Here, we
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used conditional gene inactivation combined with RNA- and

ChIP-seq analyses to systematically investigate the role of Mist1

in PCs. Mist1-deficient PCs were decreased in the spleen and bone

marrow under steady-state condition and upon immunization.

Moreover, the antibody secretion was increased in Mist1-deficient

PCs, in marked contrast to Xbp1-deficient PCs, as previously

shown (12, 13). At the molecular level, Xbp1 and Mist1 regulated

a largely different set of target genes. Notably, the PC-specific

regulator Blimp1 was upregulated in Mist1-deficient PCs, which

resulted in a moderate downregulation of most Blimp1-repressed

target genes. Importantly, a two-fold reduction of Blimp1

expression in Mist1-deficient PCs rescued PC numbers and

reduced antibody secretion to the same level observed in control

PCs. Hence, these data indicate that Mist1 largely mediates its

effects on plasma cells by restricting antibody secretion through

restraining Blimp1 expression, which likely imparts PC viability.
Results

Analysis of the Xbp1-regulated gene
expression program in plasmablasts

To identify regulated Xbp1 target genes contributing to

antibody secretion in PBs and PCs, we performed RNA-seq

and ChIP-seq analyses with in vitro generated PBs. To this end,

we cultured splenic CD43– B cells for 8 days in the iGB system

on 40LB feeder cells (19). In this system, which mimics T cell

help, naïve B cells are initially stimulated with BAFF, CD40

ligand and IL-4 for 4 days, followed by 4 days of stimulation with

BAFF, CD40 ligand and IL-21, which promotes PB

differentiation (19).

For conditional inactivation of the floxed (fl) Xbp1 allele

(20), we used the Cd23-Cre line, which initiates Cre-mediated

deletion in immature B cells and leads to efficient deletion in

mature B cells of the spleen (21). B cells from the spleen of Cd23-

Cre Xbp1fl/fl and control Xbp1fl/fl mice were differentiated in the

iGB system to PBs, which were sorted as CD19+CD138+CD23–

cells for RNA-seq analysis (Supplementary Figures 1A, B). We

identified 197 Xbp1-activated and 29 Xbp1-repressed genes,

which were selected for an expression difference of > 3-fold,

an adjusted P value of < 0.05 and an expression value of > 5

transcripts per million (TPM) in Xbp1fl/fl PBs (activated genes)

or Cd23-Cre Xbp1fl/fl PBs (repressed genes), respectively

(Figure 1A and Supplementary Table 1). The 197 Xbp1-

activated genes were annotated and grouped according to their

function. The two largest functional groups consisted of 46 genes

involved in UPR or ER function and 33 genes implicated in

metabolism (Figures 1B, C), which is consistent with a critical

role of Xbp1 in orchestrating antibody synthesis, modification

and secretion as well as metabolic reprogramming of PBs (7).

We next compared the identified Xbp1-activated genes by gene

set enrichment analysis (GSEA) with a published dataset
frontiersin.org
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FIGURE 1

Xbp1-dependent gene expression program in plasmablasts. (A) Scatter plot of gene expression differences between Cd23-Cre Xbp1fl/fl and Xbp1fl/fl

PBs that were sorted as CD19+CD138+CD23–cells after stimulation in the iGB system for 4 days with IL-4 followed by 4 days with IL-21. Two
independent RNA-seq experiments were performed with PBs of each genotype. Each dot corresponds to one gene, whose expression is plotted
as normalized log10 (norm rlog) expression value. Genes with an expression difference of > 3-fold, an adjusted P value of < 0.05, a transcripts per
million (TPM) expression value of > 5 (at least in one sample) are colored in blue or red corresponding to activation or repression by Xbp1,
respectively. (B) Functional classification and quantification (number) of proteins encoded by Xbp1-activated and Xbp1-repressed genes. (C)
Expression of genes involved in UPR or ER function, shown as mean TPM values of two RNA-seq experiments of Cd23-Cre Xbp1fl/fl or Xbp1fl/fl

PBs, respectively. (D) Presence of Xbp1 peaks in distal regions, gene bodies and promoter (TSS) regions. Splenic B cells from Xbp1Bio/Bio

Rosa26BirA/+ mice were stimulated for 4 days with LPS followed by Bio-ChIP-seq analysis. The Xbp1 peaks were assigned to genes as described
(22). (E) Consensus Xbp1-binding motif identified with an E-value of 1 x 10-87 by the de novo motif-discovery program MEME-Chip. (F) The
number of regulated target genes is shown for the indicated fold-change of gene expression between Cd23-Cre Xbp1fl/fl and Xbp1fl/fl PBs. Grey
bars indicated activated or repressed genes with less than a 3-fold expression change. (G) Expression of Xbp1-activated transcription factor genes
in Cd23-Cre Xbp1fl/fl and Xbp1fl/fl PBs, shown as mean TPM values of two RNA-seq experiments per genotype. (H) Xbp1 binding and RNA-seq
expression at selected activated Xbp1 target loci. Horizontal bars indicate Xbp1s-Bio peaks identified by MACS peak calling.
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obtained with ex vivo sorted Xbp1-deficient plasma cells (13).

Notably, the Xbp1-activated genes, which were downregulated

upon loss of Xbp1 in in vivo plasma cells, were also

downregulated in our dataset (Supplementary Figure 1C).

Moreover, we also observed a strong correlation of expression

between known UPR genes (13) and the Xbp1-regulated genes of

our dataset (Supplementary Figure 1C), in agreement with the

fact that many UPR genes are regulated by Xbp1 (8).

As the development and function of PBs and PCs is critically

dependent on the transcription factors Irf4 (23), Blimp1

(Prdm1) (24), Ikaros (Ikzf1) (25), Aiolos (Ikzf3) (26), E2A

(Tcf3) and E2-2 (Tcf4) (27), we next analyzed the expression

of these genes in Xbp1-deficient PBs. All 6 genes were expressed

at a moderately elevated level in the Cd23-Cre Xbp1fl/fl PBs

compared with control Xbp1fl/fl PBs (Supplementary Figure 1D).

Pax5, which is downregulated in the transition from mature B

cells to PCs (28), was expressed at an equally low level in Xbp1-

deficient and control PBs. Hence, Xbp1 does not play a crucial

role in the regulation of key transcription factors that control

plasma cell development and function.

To be able to analyze the genome-wide pattern of Xbp1

binding by ChIP-seq, we generated a Xbp1sBio allele by inserting

a biotin acceptor sequence at the last codon of Xbp1s

(Supplementary Figure 1E). To facilitate in vivo biotinylation

of the biotin acceptor sequence by the E.coli BirA ligase, we

generated Xbp1sBio/Bio Rosa26BirA/BirA mice, which exhibited

normal B cell development and only a small increase in bone

marrow PCs (Supplementary Figure 1F). Importantly, the Mist1

protein, encoded by an activated Xbp1 target gene (see below),

was similarly expressed in PCs from the bone marrow of

Xbp1sBio/Bio Rosa26BirA/BirA and control Rosa26BirA/BirA mice,

indicating that the C-terminal addition of the biotin acceptor

sequence did not interfere with the transcriptional activity of

Xbp1s-Bio (Supplementary Figure 1G). Moreover, enzyme-

linked immunospot (ELISPOT) assays furthermore revealed

similar numbers of IgM and IgG antibody-secreting cells

(ASC) in the bone marrow, indicating that the plasma cells of

Xbp1sB i o /B i o Rosa26B i rA /B i rA mice were funct iona l

(Supplementary Figure 1H). We next stimulated splenic

Xbp1sBio/Bio Rosa26BirA/+ B cells with lipopolysaccharide (LPS)

for 4 days and performed streptavidin-mediated pulldown of the

Xbp1s-Bio protein from nuclear extracts of these LPS-stimulated

cells followed by Bio-ChIP-seq analysis (22). Peak calling with a

stringent P value of < 10–10 identified 13,769 Xbp1 peaks, which

were primarily located in promoter regions (38%) and gene

bodies (41%) (Figure 1D). Analysis of the Xbp1 peak sequences

with a de novo motif discovery program identified a consensus

Xbp1-binding motif (Figure 1E), which resembles a published

Xbp1 recognition sequence (29) (Supplementary Figure 1l).

Peak-to-gene assignment defined 9,210 Xbp1-bound genes. By

determining the overlap between these Xbp1-bound genes and

the Xbp1-regulated genes (Figure 1A), we identified 175

potentially directly activated Xbp1 target genes (corresponding
Frontiers in Immunology 04
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to 89% of all activated genes) and 13 potentially directly

repressed target genes (44%, Figures 1A, F and Supplementary

Table 1). Consistent with this finding, gene activation clearly

correlated with Xbp1 binding in marked contrast to the inverse

correlation of Xbp1 binding with increasing gene repression

(Figure 1F). These data strongly suggest that Xbp1s is a

dedicated transcriptional activator.

Xbp1 directly activated the 3 transcription factor genes

Bhlha15, Nfxl1 and Preb in PBs (Figures 1G, H). Other

examples of directly and strongly regulated Xbp1 targets

include the metabolic gene Chpf2 (30) and UPR gene Dnajc3

(31) (Figure 1H). Notably, Bhlha15 was 62-fold activated by

Xbp1 in PBs and was thus the most strongly activated Xbp1

target gene, showing prominent Xbp1 binding at its promoter

(Figures 1G, H). This finding is consistent with previous reports,

demonstrating that Xbp1 binds to and regulates Bhlha15 in

gastric cells and fibroblasts (16, 32). The Bhlha15 gene, which

codes for the transcription factor Mist1 (14), was strongly

activated during in vitro differentiation in the iGB system from

the activated B cell stage to pre-PBs and PBs as well as in vivo

during the developmental transition from mature and germinal

center (GC) B cells to plasma cells (Supplementary Figure 2A).

Despite its prominent PC-specific expression pattern, Mist1 was

previously reported to play only a minimal role in in vitro

differentiated PBs (33) and in vivo splenic PCs (34). We

therefore decided to reinvestigate in a systematic manner the

function of Mist1 in vivo in PCs under steady-state conditions

and upon immunization.
Moderate plasma cell reduction
and increased antibody secretion
upon loss of Mist1

To study the function of Mist1 in PCs, we crossed Bhlha15fl/fl

mice (35) with Cd23-Cre mice. In addition, we employed Cd23-

Cre Xbp1fl/fl mice as reference mice with strongly impaired

antibody secretion and used Bhlha15fl/fl and Xbp1fl/fl mice as

controls. Consistent with the specific expression of Bhlha15 in

terminally differentiated PCs (Supplementary Figure 2A), B cell

development was normal in Cd23-Cre Bhlha15fl/fl mice, as

indicated by a similar frequency of mature B cells in the spleen

of both experimental and control mice (Supplementary

Figure 2B). However, flow cytometric analysis of PCs

(TACI+CD138+) in unimmunized Cd23-Cre Bhlha15fl/fl mice

revealed that the frequencies of PCs in the bone marrow and

spleen weremoderately (1.4-fold) reduced compared with those of

control mice in three independent experiments (Figures 2A, B). In

contrast, PCs in the spleen, but not in the bone marrow, were 2.3-

fold increased in Cd23-Cre Xbp1fl/fl mice compared with control

mice (Figures 2A, B). Intracellular staining combined with flow-

cytometric analysis confirmed that Mist1 was lost in PCs from the

bone marrow of both Cd23-Cre Bhlha15fl/fl and Cd23-Cre Xbp1fl/fl
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FIGURE 2

Reduced plasma cell numbers and increased antibody secretion in unimmunized Cd23-Cre Bhlha15fl/fl mice. (A) Flow-cytometric analysis of PCs
(TACI+CD138+) in the spleen and bone marrow of 13-23-week-old mice of the indicated genotypes. The percentage of cells in the indicated gate is
shown. One of 3 independent experiments with similar results is displayed. (B) The relative frequency of PCs in the bone marrow and spleen of 13-
23-week-old mice of the indicated genotypes is shown for 3 independent experiments (n > 18 mice) per genotype. Bhlha15fl/fl and Xbp1fl/fl mice
served as controls. (C) Expression of Mist1 and Xbp1 in PCs from the bone marrow of age-matched mice of the indicated genotypes, as determined
by intracellular staining. One of two experiments is shown. (D–F) ELISPOT analysis of IgM and IgG antibody-secreting cells (ASC) from the bone
marrow of age-matched mice of the indicated genotypes (see Methods). (D) Representative wells of an anti-IgM ELISPOT experiment. The scale bar
indicates 2 mm. (E) Quantification of the number of IgM and IgG ASCs per 500,000 plated bone marrow cells. The combined data of two
independent experiments are shown. (F) Size distribution of the antibody-containing dots, which were produced by the IgM and IgG ASCs shown in
(E). The dot sizes were automatically quantified by using the Fiji software (see Methods). Black lines indicate the median, and boxes represent the
middle 50% of the data. Whiskers denote all values of the 1.5× interquartile range. Dots with a size of > 0.0025 mm2 are analyzed. The results of
one of 2 independent experiments are shown. (G) Quantification of the mean fluorescence intensity (MFI) of intracellular IgM staining in plasma cells
(TACI+CD138+) from the bone marrow (left) and spleen (right) of 13-23-week-old mice of the indicated genotypes. The MFI values of 3 independent
experiments were normalized relative to those of the control mice (mean value set to 1). Statistical data are shown as mean values with SEM and
were analyzed with the unpaired Student’s t test (B–G) or Mann-Whitney test (F); *P < 0.05, **P < 0.01, ****P < 0.0001. Each dot
(B–G) represents one mouse.
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mice (Figure 2C). In the spleen, the Mist1 protein was also absent

in Cd23-Cre Bhlha15fl/fl PCs, but was still lowly expressed in

Cd23-Cre Xbp1fl/fl PCs (Supplementary Figure 2C). While the

Xbp1 protein was lost in Cd23-Cre Xbp1fl/fl PCs in the bone

marrow and spleen, it was similarly expressed in Cd23-Cre

Bhlha15fl/fl and control PCs (Figure 2C and Supplementary

Figure 2C). Hence, we conclude that Mist1 does not control

Xbp1 expression, while Xbp1 activates Bhlha15 expression also in

PCs. Notably, Cd23-Cre Xbp1fl/fl PCs were smaller in size than

Cd23-Cre Bhlha15fl/fl and control PCs (Supplementary

Figure 2D), which is likely caused by the low amount of ER in

Xbp1-deficient PCs (12).

We next studied the antibody secretion of mutant PCs by

performing ELISPOT analysis with bone marrow cells and found

a small but significant decrease in IgG ASCs in Cd23-Cre

Bhlha15fl/fl mice, while the number of IgM ASCs was

comparable with that of control mice (Figures 2D, E and

Supplementary Figure 2E). In contrast, IgG ASCs were almost

lost, and IgM ASCs were significantly reduced in the bone

marrow of Cd23-Cre Xbp1fl/fl mice (Figure 2D, E), consistent

with the known role of Xbp1 in controlling antibody secretion

(11, 12). Notably, the ELISPOT size of individual IgM or IgG

ASCs was increased in Cd23-Cre Bhlha15fl/fl mice, suggesting

that the antibody secretion was higher per mutant PC compared

with a control PC (Figure 2F). To corroborate this result, we

measured the IgM levels per plasma cell by intracellular flow-

cytometric analysis and quantification of the mean fluorescence

intensity (MFI), indicating that the expression of IgM was 1.2-

fold increased in Bhlha15-deficient PCs compared with control

PCs both in the spleen and bone marrow (Figure 2G). In this

context, it is important to note that a 1.2-fold increase in IgM

expression corresponds to a relatively strong transcriptional

increase, as immunoglobulin transcripts account for up to 60%

of all mRNAs in PCs (2, 3). Enzyme-linked immunosorbent

assay (ELISA) revealed, however, normal titers of different

antibody isoforms in the sera of Cd23-Cre Bhlha15fl/fl mice

compared with control Bhlha15fl/fl mice (Supplementary

Figure 2F). The normal antibody titers in Cd23-Cre Bhlha15fl/fl

mice may be explained by the increased antibody secretion per

PC (Figures 2F, G) that could compensate for the reduced PC

numbers in these mice (Figures 2A, B). In contrast, Cd23-Cre

Xbp1fl/flmice had strongly reduced titers of all antibody isoforms

compared with Xbp1fl/fl littermates (Supplementary Figure 2F).

Together, these data indicate that the loss of Bhlha15 leads to

increased antibody secretion but lower numbers of plasma cells

in the spleen and bone marrow.
Mist1-dependent control of the plasma
cell response to NP-KLH immunization

To study the function of Mist1 in response to a defined

antigen, we immunized mice with the T cell-dependent antigen
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NP-KLH (in alum) and analyzed the frequency of splenic PCs

and immunoglobulin secretion at day 7 after immunization. The

frequency of PCs (TACI+CD138+) was 1.4-fold reduced in the

spleen of the Cd23-Cre Bhlha15fl/fl mice relative to control mice

(Figures 3A, B). In contrast, the percentage of splenic PCs was 2-

fold increased in Cd23-Cre Xbp1fl/fl mice compared with control

mice (Figures 3A, B). As shown by intracellular staining at day 7

after immunization, the Mist1 protein was completely lost in

Cd23-Cre Bhlha15fl/fl PCs and was only lowly expressed in Cd23-

Cre Xbp1fl/fl PCs (Figure 3C). We next investigated the

expression of the PC regulators Xbp1, Blimp1 and Irf4 by

intracellular staining and MFI quantification. The Xbp1

protein was expressed at a similar level in Cd23-Cre

Bhlha15fl/fl and control PCs (Figures 3C, D). In contrast, the

expression of Blimp1 and Irf4 was 1.3-fold increased in Cd23-

Cre Bhlha15fl/fl PCs relative to control PCs (Figures 3C, E, F).

ELISPOT analysis of splenocytes at day 7 after immunization

revealed a decrease of NP-specific IgG1 ASCs in Cd23-Cre

Bhlha15fl/fl and Cd23-Cre Xbp1fl/fl mice relative to control mice

(Figure 3G). The ELISPOT size of NP-IgG1 ASCs was again

increased in Cd23-Cre Bhlha15fl/fl mice and strongly decreased in

Cd23-Cre Xbp1fl/fl compared with control mice (Figure 3H). The

serum titers of NP-IgG1 and NP-IgG2b antibodies were also

similar in Cd23-Cre Bhlha15fl/fl and control mice, possibly

reflecting compensation between increased secretion and

reduced frequency of the Mist1-deficient PCs, while the titers of

both antibodies were strongly reduced in Cd23-Cre Xbp1fl/fl mice

(Figure 3I), as expected (12, 13).

In summary, our analysis of PCs in vivo in unimmunized or

NP-KLH-immunized mice demonstrated that the loss of Mist1

resulted in decreased PC numbers but increased antibody

secretion per PC.
Normal in vitro differentiation and
antibody secretion of plasmablasts
lacking Bhlha15

As the in vivo phenotype of the Bhlha15mutant PCs is at odds

with the reported absence of phenotypic differences between LPS-

stimulated PBs derived from wild-type and Bhlha15–/– B cells (33),

we reinvestigated a possible role of Mist1 in in vitro differentiated

PBs. To this end, we analyzed PBs after 4 days of treatment with

LPS and IL-4 (Supplementary Figures 3A–C) or after 8 days of

stimulation in the iGB system (Supplementary Figures 3D, E). LPS

plus IL-4 stimulation of B cells from Cd23-Cre Bhlha15fl/fl and

control mice resulted in the generation of similar numbers of PBs

and IgM ASCs, which were furthermore characterized by a similar

ELISPOT size (Supplementary Figures 3A–C). Likewise, Cd23-

Cre Bhlha15fl/fl and control B cells gave rise to similar numbers of

IgE ASCs with a similar ELISPOT size after 8 days in the iGB

system (Supplementary Figures 3D, E). While Cd23-Cre Xbp1fl/fl

PBs were generated in similar numbers as control PBs upon
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FIGURE 3

Reduced plasma cell numbers and increased antibody secretion in NP-KLH-immunized Cd23-Cre Bhlha15fl/fl mice. (A) Flow-cytometric analysis
of PCs (TACI+CD138+) in the spleen of the indicated genotypes at day 7 after NP-KLH immunization (in alum). The percentage of cells in the
indicated gate is shown. One of 2 (Cd23-Cre Xbp1fl/fl) or 3 (Cd23-Cre Bhlha15fl/fl and control) independent experiments with similar results is
displayed. (B) The relative frequency of PCs in the spleen of age-matched mice of the indicated genotypes at day 7 after NP-KLH immunization
is shown for 2 or 3 independent experiments (see A). Bhlha15fl/fl and Xbp1fl/fl mice served as controls. (C) Expression of Mist1, Xbp1, Blimp1 and
Irf4 in splenic PCs from mice of the indicated genotypes, as determined by intracellular staining at day 7 after NP-KLH immunization. (D–F)
Quantification of the mean fluorescence intensity (MFI) of Xbp1 (D), Blimp1 (E) and Irf4 (F) intracellular staining in PCs shown in (C). The MFI
values were normalized relative to those of the control mice (mean value set to 1). The results of 3 independent experiments are shown for the
control and Cd23-Cre Bhlha15fl/fl genotypes and the results of 2 experiments are displayed for Cd23-Cre Xbp1fl/fl genotype. (G) ELISPOT
analysis of NP-IgG1 ASCs from the spleen of the indicated genotypes at day 7 after NP-KLH immunization. Plates were coated with NP24-BSA
and developed using anti-IgG1 antibodies. Left: Representative ELISPOT wells with the scale bar indicating 2 mm. Right: Quantification of the
number of NP-IgG1 ASCs per 500,000 plated cells. The combined data of two experiments are shown. (H) Size distribution of the antibody-
containing dots, which were produced by the NP-IgG1 ASCs shown in (G). The dot sizes were automatically quantified by using the Fiji software
(see Methods). Black lines indicate the median, and boxes represent the middle 50% of the data. Whiskers denote all values of the 1.5×
interquartile range. Dots with a size of > 0.0025 mm2 are analyzed. The results of one of 2 experiments are shown. (I) Serum titers of NP-
specific IgG1 or IgG2b antibodies at day 14 after NP-KLH immunization. Plates were coated with NP24-BSA and then developed with anti-IgG1
or anti-IgG2b. The NP-IgG1 concentration was determined relative to a NP-IgG1 standard (hybridoma line SSX2.1). RU; relative units. The data of
3 independent experiments are shown. Statistical data (B, D-I) are indicated as mean values with SEM and were analyzed with the unpaired
Student’s t test (B, D–G, I) or Mann-Whitney test (H); **P < 0.01; ***P < 0.001; ****, P < 0.0001. Each dot (B, D–G, I) represents one mouse.
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stimulation with LPS and IL-4 (Figure 4A), they exhibited a severe

defect in antibody secretion in both differentiation systems, as

shown by the reduced numbers of ASCs and their smaller

ELISPOT size, consistent with published data (12). We conclude

therefore that in vitro PB differentiation did not recapitulate the in

vivo phenotype of Cd23-Cre Bhlha15fl/fl PCs, as the respective in

vitro differentiated PBs were generated in normal numbers and

exhibited normal antibody secretion.
Normal cellular morphology of
Mist1-deficient plasma cells in vivo

We next analyzed the cellular architecture of in vivo PCs by

electron microscopy (EM). For this, we sorted PCs as Lin–

B220intCD138hiCD28+ cells from the bone marrow of

unimmunized mice by flow cytometry prior to EM analysis.

The cytoplasm of Cd23-Cre Xbp1fl/fl PCs contained little ER,
Frontiers in Immunology 08
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which was thin and disorganized (Figures 4A, B and

Supplementary Figure 4A). By measuring the ER mass per

section, we confirmed a significant reduction of the ER in the

Cd23-Cre Xbp1fl/fl PCs relative to Xbp1fl/fl PCs (Figure 4B),

which is consistent with the observed small size of Xbp1-

deficient PCs (Supplementary Figure 2D). A previous EM

analysis of Cd19-Cre Xbp1fl/fl PCs demonstrated that, in

addition to the low ER content, the Xbp1-deficient plasma

cells also contained large vesicular structures (12) that we did,

however, not detect in our analysis. The Cd23-Cre Bhlha15fl/fl

and control PCs had the same large size and a similarly extended

network of well-stacked ER, whose cytosolic surfaces were

dense ly occupied with r ibosomes (Figure 4A and

Supplementary Figure 4A). As shown by quantification of the

ER mass, the Cd23-Cre Bhlha15fl/fl and control PCs had a similar

content of ER (Figure 4B). Moreover, at day 7 after NP-KLH

immunization, splenic PCs of Cd23-Cre Bhlha15fl/fl and control

mice were equally stained with a Golgi-Tracker or ER-Tracker
B

C

A

FIGURE 4

Normal morphological structure of Cd23-Cre Bhlha15fl/fl plasma cells. (A) Electron microscopic analysis of bone marrow PCs of the indicated
genotypes, which were sorted as B220intCD28+CD138+Lin– cells, fixed and processed as described in Methods. The scale bars indicate 2 µm.
The cells surrounding the PCs are erythrocytes. (B) Quantification of the content of endoplasmic reticulum (ER) in PCs of the different
genotypes. The ER content was manually determined by using the Fiji software. Each dot represents one PC. In total, 33 Xbp1fl/fl PCs, 14 Cd23-
Cre Xbp1fl/fl PCs, and 31 Cd23-Cre Bhlha15fl/fl PCs were analyzed. (C) Staining of splenic PCs (TACI+CD138+) of the indicated genotypes with
Lyso-Tracker at day 7 after NP-KLH immunization (left). The MFI values of the Lyso-Tracker staining (right) are shown for all PCs analyzed in 3
independent experiments. Each dot represents one mouse. Statistical data (B, C) are shown as mean values with SEM and were analyzed with
the unpaired Student’s t test; *P < 0.05; ****P < 0.0001.
frontiersin.org

https://doi.org/10.3389/fimmu.2022.859598
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wöhner et al. 10.3389/fimmu.2022.859598
fluorescent dye (Supplementary Figures 4B, C). Based on these

data, we conclude that the Cd23-Cre Bhlha15fl/fl and control PCs

have a similar ultrastructure. Upon staining with the Lyso-

Tracker fluorescent dye, the Cd23-Cre Bhlha15fl/fl PCs

exhibited a 1.2-fold increase in staining intensity compared to

control PCs (Figure 4C), which indicates an increase of acidic

compartments in the absence of Mist1. The Cd23-Cre Xbp1fl/fl

PCs in contrast displayed significantly reduced Golgi-Tracker

and ER-Tracker staining (Supplementary Figures 4B, C), while

the Lyso-Tracker staining was comparable to that of control

cells (Figure 4C).

As changes in ER and Golgi structures can lead to altered

glycosylation patterns of antibodies (36), we analyzed the

glycoprofiles by assessing the relative abundance of IgG3-

specific glycopeptide glycoforms purified from mouse serum

by liquid chromatography electrospray ionization mass

spectrometry (LC-ESI-MS). IgG3 peptides from Cd23-Cre

Xbp1fl/fl mice exhibited altered glycoprofiles defined by

reduced fucosylation (GnGnF) and increased sialylation

(NgAF, NgNgF), when compared to IgG3 peptides from Cd23-

Cre Bhlha15fl/fl and control mice (Supplementary Figure 2G).

Additionally, the sera of Cd23-Cre Xbp1fl/fl mice contained non-

fucosylated GnGn and AGn glycoforms, which were absent in

the sera of Cd23-Cre Bhlha15fl /fl and control mice

(Supplementary Figure 2G). Hence, the glycosylation of

antibodies is altered in Cd23-Cre Xbp1fl/fl PCs consistent with

the observed defect in ER structure. The similar glycosylation

pattern of IgG3 in Cd23-Cre Bhlha15fl/fl and control PCs further

demonstrates that the ER and Golgi structures are functional in

the absence of Mist1.
Mist1-binding regions overlap with E2A
peaks in plasmablasts

We next performed RNA- and ChIP-seq experiments to

investigate the role of Mist1 in PCs. For ChIP-seq analysis, we

took advantage of the fact that the floxed Bhlha15 allele contains

an N-terminal insertion of a biotin acceptor sequence (35).

Splenic B cells from Bhlha15fl/fl Rosa26BirA/BirA mice were

stimulated with LPS for 4 days and then enriched for CD138+

PBs by immunomagnetic sorting (Supplementary Figure 5A),

followed by Bio-ChIP-seq analysis (22). Peak calling of the data

of two Bio-ChIP-seq experiments with a P value of < 10–10

identified 35,342 and 36,634 Mist1 peaks, resulting in an overlap

of 30,212 common peaks that were used for subsequent analysis

(Figure 5A). A large fraction of the Mist1 peaks was located in

gene bodies (49%; Figure 5B), indicating that Mist1 binds less

frequently to TSS regions (21%) relative to Xbp1 (38%)

(Figure 1D). De novo motif discovery analysis of the Mist1

peak sequences identified a consensus Mist1-binding motif

(Figure 5C) that resembles the consensus binding motif of the

bHLH transcription factor E2A (Supplementary Figure 5B) (27).
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We next overlapped the Mist1 peaks with the 11,872 E2A peaks

that we previously identified in LPS-differentiated PBs (27).

Notably, 94% of all E2A peaks overlapped with Mist1 peaks

(Supplementary Figure 5C), suggesting that the Mist1

homodimers may bind to the same recognition sequences as

E2A homodimers or E2A-E2-2 heterodimers in PBs.

Alternatively, it is conceivable that Mist1 forms heterodimers

with E2A in PBs, as previously shown in a myoblast cell line (37).

Streptavidin pulldown of biotinylated Mist1 from nuclear

extracts of LPS-differentiated Bhlha15fl/fl Rosa26BirA/BirA PBs

revealed that E2A was co-precipitated with Mist1, indicating

that both bHLH proteins can form heterodimers also in PBs

(Supplementary Figure 5D). Consistent with this finding, co-

binding of Mist1 and E2A was observed in PBs at many

previously identified elements (27) of the Prdm1 (Blimp1)

locus (Supplementary Figure 5G). Together, these data suggest

that Mist1 and E2A can bind their genomic recognition

sequences as heterodimers in PBs.
Mist1 and Xbp1 regulate largely
distinct gene expression programs
in plasma cells

We next performed RNA-seq analysis with ex vivo sorted

TACI+CD138+ PCs from the spleen of Bhlha15fl/fl and Cd23-Cre

Bhlha15fl/fl mice 7 days after NP-KLH immunization.

Comparison of the two RNA-seq datasets identified 87 Mist1-

activated and 11 Mist1-repressed genes, which were selected for

an expression difference of > 3-fold, an adjusted P value of < 0.05

and an expression value of > 5 TPM in Bhlha15fl/fl PCs (activated

genes) or Cd23-Cre Bhlha15fl/fl PCs (repressed genes),

respectively (Figure 5D and Supplementary Figure 5E,

Supplementary Table 2). Interestingly, 81 of the 87 activated

genes were bound by Mist1 in contrast to only 1 of the 11

repressed genes, indicating that Mist1 mainly functions a

transcriptional activator in PCs. The most prominent

functional classes of Mist1-activated genes code for 12

metabolic proteins, 12 transporters and 10 signaling molecules,

while genes implicated in UPR and ER function were not

regulated by Mist1 (Figure 5E). Seven activated Mist1 target

genes code for transcriptional (Zfp667, Cited4, Creb3l1, Hdac1)

and translational (Rps27l, Eed1akmt3) regulators as well as for

the autophagy-controlling Asah2 protein (Figure 5F). Similar to

the observed increase of Blimp1 and Irf4 protein expression

(Figures 3E, F), the Prdm1 and Irf4 mRNA expression was also

moderately upregulated in Mist1-deficient PCs (Figure 5G),

consistent with Mist1 binding at both genes (Supplementary

Figures 5F, G). Moreover, only 8 genes were deregulated more

than 3-fold in both Mist1-deficient PCs and Xbp1-deficient PBs

(Supplementary Figure 5H), indicating that both factors largely

regulate distinct gene expression programs in PBs.
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As Blimp1 (Prdm1) expression was increased in Mist1-

deficient PCs (Figures 3E, 5G), we next used the previously

identified 121 repressed Blimp1 target genes (3) for gene set

enrichment analysis (GSEA) of the RNA-seq data of control and

Mist1-deficient PCs. Interestingly, there was a strong correlation

between repressed Blimp1 target genes and Mist1-activated

genes (Figure 5H). Importantly however, there was no overlap

between the published repressed Blimp1 target genes (> 3-fold)

(3) and the Mist1-activated genes (> 3-fold; Figure 5D and
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Supplementary Table 2). In contrast, the expression of most

Blimp1-repressed target genes (3) was modestly (≤ 2-fold)

reduced in Cd23-Cre Bhlha15fl/fl PCs compared with control

Bhlha15fl/fl PCs (Figure 5I). This repression is likely caused by

the increased expression of Blimp1 in Cd23-Cre Bhlha15fl/fl PCs

and may thus not reflect direct activation by Mist1. In summary,

we conclude that Mist1 regulates a largely different gene

expression program than Xbp1 and further represses Blimp1

target genes by activating Prdm1 expression in PCs.
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FIGURE 5

Mist1-dependent gene expression program in plasma cells. (A–C) Genome-wide Mist1 binding in PBs that were in vitro differentiated for 4 days by
LPS stimulation of CD43– B cells from the spleen of Bhlha15fl/fl Rosa26BirA/BirA mice. CD138+ PBs, which were purified by immunomagnetic
enrichment with CD138-MicroBeads, were used for Bio-ChIP-seq analysis (22), and Mist1 peaks were identified by MACS peak calling with a
stringent P value of < 10–10. (A) Overlap and number of Mist1 peaks identified in two Bio-ChIP-seq replica (Rep) experiments. (B) Presence of Mist1
peaks in distal regions, gene bodies and promoter (TSS) regions. Mist1 peaks were assigned to genes, as described (22). (C) Consensus Mist1-binding
motif identified with an E-value of 1 x 10-356 by the de novo motif-discovery program MEME-Chip. (D) Volcano plot of gene expression differences
between Cd23-Cre Bhlha15fl/fl and control Bhlha15fl/fl PCs that were sorted as TACI+CD138+ cells from the spleen at day 7 after NP-KLH
immunization. Two independent RNA-seq experiments were performed with PCs of each genotype. Each dot corresponds to one gene, whose
expression is plotted as log2-fold change against the -log10 adjusted P value. Genes with an expression difference of > 3-fold, an adjusted P value of
< 0.05 and an expression value of > 5 TPM (at least in one sample) are colored in blue or red corresponding to activation or repression by Mist1,
respectively. (E) Functional classification and quantification (number) of proteins encoded by Mist1-activated and Mist1-repressed genes. (F)
Expression of selected activated Mist1 target genes in Cd23-Cre Bhlha15fl/fl and Bhlha15fl/fl PCs. (G) Expression of Prdm1 and Irf4 in Cd23-Cre
Bhlha15fl/fl and Bhlha15fl/fl PCs. (H) GSEA analysis of 121 repressed Blimp1 target genes (3), as compared to their ranked shrunken log2-fold gene
expression changes in Cd23-Cre Bhlha15fl/fl PCs versus Bhlha15fl/fl PCs. NES, normalized enrichment score. (I) Expression of repressed Blimp1 target
genes in Bhlha15fl/fl and Cd23-Cre Bhlha15fl/fl PCs, as determined by RNA-seq. All depicted genes are significantly deregulated with an adjusted P
value of < 0.05.
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Reduced Blimp1 expression rescues the
cell number and antibody secretion of
Mist1-deficient plasma cells

Blimp1 is known to contribute to antibody secretion by strongly

activating the transcription of the Igh and Igk genes and by

regulating the posttranscriptional expression switch from the

membrane-bound form to the secreted form of the Ig heavy chain

(3). Hence, it is conceivable that the increased Blimp1 expression in

Cd23-Cre Bhlha15fl/fl PCs may be responsible for the observed

increase in antibody secretion in addition to the moderate

repression of its target genes. To test this hypothesis, we took

advantage of the Prdm1Gfp null allele (38) to reduce the expression

of Blimp1 by a factor of two in bone marrow PCs of unimmunized

Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl mice. While the frequency of PCs

was 1.8-fold reduced in Cd23-Cre Bhlha15fl/fl mice compared to

control Bhlha15fl/fl mice, it was 1.5-fold increased in Prdm1Gfp/+

Cd23-Cre Bhlha15fl/flmice relative to Cd23-Cre Bhlha15fl/flmice and

thus reached a similar level observed in control Bhlha15fl/fl and
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Prdm1Gfp/+ Bhlha15fl/fl mice (Figures 6A, B). Moreover, the

frequencies of both the less mature GFP(Blimp1)lo and more

mature GFP(Blimp1)hi PCs (38) were equally but only moderately

reduced in Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl compared to control

Prdm1Gfp/+ Bhlha15fl/fl mice (Figures 6C, D). Importantly, the

expression of IgM was 1.4-fold increased only in PCs of Cd23-Cre

Bhlha15fl/fl PCs but not in PCs of Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl

mice or the control Prdm1Gfp/+ Bhlha15fl/fl and Bhlha15fl/fl mice, as

shown by intracellular staining (Figure 6E). Hence, a 2-fold

reduction of Blimp1 expression restored both PC numbers and

IgM expression in Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl mice. These

data therefore indicate that Mist1 largely mediates its effects on

plasma cells by restraining Blimp1 expression.
Discussion

An essential function of the transcription factor Xbp1 is to

activate the UPR gene expression program upon induced ER
B
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FIGURE 6

Reduced Blimp1 expression rescues the cell number and antibody secretion of Mist1-deficient plasma cells. (A) Flow-cytometric analysis of PCs
(TACI+CD138+) in the bone marrow of unimmunized 10-13-week-old mice of the indicated genotypes. The percentage of cells in the gate is
indicated. One of two independent experiments is shown. (B) Frequency of bone marrow PCs in unimmunized mice of the indicated genotypes.
The frequencies were calculated based on the data of two independent experiments performed with Bhlha15fl/fl (n = 12), Cd23-Cre Bhlha15fl/fl

(n = 12), Prdm1Gfp/+ Bhlha15fl/fl (n = 9) and Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl (n = 11) mice. (C, D) Flow cytometric analysis of GFP (Blimp1)
expression in PCs (GFP+CD138+) from the bone marrow of Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl and control Prdm1Gfp/+ Bhlha15fl/fl mice (D).
Frequency of GFPhi and GFPlo PCs in the bone marrow of Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl and Prdm1Gfp/+ Bhlha15fl/fl mice (C). (E)
Quantification of the mean fluorescence intensity (MFI) of intracellular IgM staining in bone marrow PCs (TACI+CD138+) of unimmunized mice
with the genotypes and mouse numbers described in (B). The MFI data are shown relative to the mean value of the Bhlha15fl/fl PCs (set to 1). (F)
Model explaining how the loss of Bhlha15 (Mist1) influences the regulatory networks controlling PC homeostasis and antibody secretion.
Statistical data are shown as mean values with SEM and were analyzed with the unpaired Student’s t test (B, C, E); **P < 0.01. Each dot (B, C, E)
represents one mouse.
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stress in most cell types (39) and to promote antibody secretion

at a high rate in PBs and PCs of the B cell lineage (7, 11, 12). By

analyzing the Xbp1-dependent gene expression program in PBs,

we identified the Bhlha15 (Mist1) gene as the most strongly

activated direct target gene of Xbp1. Mist1 was previously shown

to play an important role in other secretory cell types by

inducing and maintaining their secretory cell architecture (15–

18). By systematically investigating the phenotype of Mist1-

deficient PCs in vivo in unimmunized and NP-KLH-immunized

mice, we realized that antibody secretion was moderately

increased in Mist1-deficient PCs, in marked contrast to the

strong reduction of antibody secretion in Xbp1-deficient PCs

(12, 13). Although Mist1 is also not expressed in the absence of

Xbp1, the loss of immunoglobulin secretion in Xbp1-deficient

PCs interferes with the manifestation of the Mist1-deficient

phenotype, which appears to be largely caused by increased

immunoglobulin secretion. Molecular analyses revealed that

Mist1 and Xbp1 regulate largely different sets of target genes,

as Xbp1 regulates UPR genes involved in ER expansion and

antibody secretion, while Mist1 restrains the expression of

Blimp1 and Irf4 in PCs.

A previous study investigating the role of Mist1 in LPS-

stimulated Bhlha15–/– PBs (33) did not report any differences in

the formation and function of mutant and wild-type PBs, which

is consistent with our finding that Cd23-Cre Bhlha15fl/fl and

control B cells differentiated in vitro to PBs at equal frequency in

response to LPS stimulation or treatment with IL-21 in the iGB

system. A second study also did not find significant differences in

the generation and function of splenic PCs in vivo by analyzing

few immunized Bhlha15–/– and wild-type mice (34). In our

comprehensive study, we performed multiple experiments to

analyze in vivo PCs in the spleen and bone marrow of Cd23-Cre

Bhlha15fl/fl and control mice under steady-state condition and

upon immunization, which allowed us to detect a significant

decrease in PCs and a significant increase in antibody secretion

in the Bhlha15 mutant mice.

In the absence of Mist1, PCs were not only reduced in

number but also secreted more antibodies per cell, based on their

increased immunoglobulin protein expression and larger

ELISPOT size. Consistent with efficient antibody secretion,

Mist1-deficient PCs had a similar cell size and content of well-

stacked rough ER as control PCs. While a previous study

reported subtle difference in the ER structure of two analyzed

Mist1-deficient PCs in the small intestine (33), we provide now

statistically relevant data for our observation that Mist1-deficient

PCs in the bone marrow have a normal ER ultrastructure.

The enhanced antibody production and secretion in Mist1-

deficient PCs likely increases the ER stress, which may impair

cell survival, thus explaining the reduced PC numbers in Cd23-

Cre Bhlha15fl/fl mice. In this context, it is important to mention

that autophagy is known to restrain antibody secretion in PCs,
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thereby promoting homeostasis and survival of PCs (40).

Autophagy-deficient PBs show increased antibody secretion,

Blimp1 expression and apoptosis, similar to the Mist1-

deficient PCs. Interestingly, Lyso-Tracker staining of Mist1-

deficient PCs revealed an increase in acidic compartments

consisting of lysosomes or autophagosomes. The Mist1-

activated gene Asah2 (nCDase) has been implicated in the

control of autophagy, as its inactivation in mouse embryonic

fibroblasts results in increased autophagy (41). The

downregulation of this gene in Mist1-deficient PCs (Figure 5F)

may explain the observed increase in acidic compartments,

which likely indicates enhanced autophagy. This observation

therefore suggests that enhanced autophagy is not able to correct

the Blimp1-induced increase of antibody secretion in Mist1-

deficient PCs.

The elevated expression of the PC-specific transcription

factor Blimp1 is likely responsible for the increased antibody

secretion by Mist1-deficient PCs, as Blimp1 is known to strongly

activate the transcription of the Igh and Igk genes via their 3’

enhancer and to regulate the posttranscriptional expression

switch from the membrane-bound form to the secreted form

of the Ig heavy chain (3) (Figure 6F). In addition to Blimp1, the

expression of Irf4, another essential PC regulator, is also

increased in Mist1-deficient PCs. Irf4 and Blimp1 appear to

cross-regulate each other, as Irf4 activates Prdm1 (Blimp1)

expression at the onset of PB differentiation (5, 6), while

Blimp1 further induces Irf4 expression in PBs (3) (Figure 6F).

Both Irf4 and Prdm1 are bound by Mist1 and thus qualify as

potentially repressed Mist1 target genes, although DNA-binding

data alone can only suggest, but not prove, a direct role of Mist1

in the repression of Prdm1, Irf4 or both genes (Figure 6F).

Importantly, a 2-fold reduction of Blimp1 expression was

sufficient to restore both PC numbers and antibody expression

in Prdm1Gfp/+ Cd23-Cre Bhlha15fl/fl mice. These genetic data

therefore demonstrate that Mist1 largely mediates its effects on

plasma cells by restraining Blimp1 expression (Figure 6F).

Mist1 lacks a transactivation domain (14), and its

homodimer is therefore considered to act as a transcriptional

repressor (37). However, Mist1 predominantly functions as a

transcriptional activator in PCs, as shown by our transcriptomic

analysis. Here, we demonstrate that Mist1 can heterodimerize

with the E-protein E2A in PBs, as it was previously shown in a

myoblast cell line (37). Moreover, the majority of all E2A-

binding sites in PBs (27) were also bound by Mist1, suggesting

that Mist1 may bind DNA as an Mist1-E2A heterodimer in PBs.

As E2A contains two strong transactivation domains (42, 43), it

is likely that Mist1 can activate gene expression in PCs primarily

by recruiting E2A as a Mist1-E2A heterodimer to the activated

Mist1 target genes.

In summary, our study has identified Mist1 as a critical

regulator that restrains Blimp1 expression and thus reduces
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antibody secretion to promote PC viability similar to the role of

autophagy in PCs (40).
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