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The diversity of vaccination modalities and infection history are both variables that have an impact on the
immune memory of individuals vaccinated against SARS-CoV-2. To gain more accurate knowledge of how
these parameters imprint on immune memory, we conducted a long-term follow-up of SARS-CoV-2 spike
protein—specific immune memory in unvaccinated and vaccinated COVID-19 convalescent individuals as well
as in infection-naive vaccinated individuals. Here, we report that individuals from the convalescent vaccinated
(hybrid immunity) group have the highest concentrations of spike protein—specific antibodies at 6 months after
vaccination. As compared with infection-naive vaccinated individuals, they also display increased frequencies of
an atypical mucosa-targeted memory B cell subset. These individuals also exhibited enhanced Ty1 polarization
of their SARS-CoV-2 spike protein—specific follicular T helper cell pool. Together, our data suggest that prior
SARS-CoV-2 infection increases the titers of SARS-CoV-2 spike protein—specific antibody responses elicited by
subsequent vaccination and induces modifications in the composition of the spike protein—specific memory B

cell pool that are compatible with enhanced functional protection at mucosal sites.

INTRODUCTION

Since the emergence of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), many factors have altered individual sus-
ceptibility to infection. Coronavirus disease 2019 (COVID-19)—
convalescent individuals are generally less likely to be infected a
second time, and they often develop less severe symptoms upon re-
infection (1, 2). Adenovirus-based or mRNA vaccines have shown
remarkable efficacy in protecting against infections by SARS-CoV-
2, reducing the risk of severe illness, hospitalization, and death (3,
4). Introduction of diverse COVID-19 vaccines and vaccination reg-
imens administered to infection-naive individuals or individuals
with previous SARS-CoV-2 infection has created a variety of
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immune imprints that need to be compared to prioritize worse-
off populations for additional booster doses of vaccine. For
example, convalescent individuals develop much higher titers of
binding and neutralizing spike protein—specific antibodies (Abs)
after mRNA vaccine (5, 6) or adenoviral-based vaccine (7, 8) than
naive individuals. This so-called "hybrid” immunity is associated
with stronger memory B and T cell antiviral responses (9) with
better neutralizing Abs (10) and with a lower risk of SARS-CoV-2
reinfection (11-14).

Despite extensive COVID-19 vaccine coverage, at least in
Western countries, breakthrough infections in fully immunized in-
dividuals continue to increase worldwide (I15). This is partly
because of the emergence of SARS-CoV-2 variants of concern
(VOCs), such as Omicron subvariants, which are poorly neutralized
by vaccine-elicited Abs (16), and partly because of the waning of the
serum Ab barrier over time. We and others have shown that the Ab
titers induced by infection (17, 18) or vaccination (19, 20) gradually
decline, which correlates with the risk of reinfection (21, 22). Many
individuals have very low concentrations of spike protein—specific
Abs 6 months after vaccination (20), which are probably ineffective
in protecting against infection and transmission (23, 24). This has
led health authorities to recommend a third vaccine dose (25) to
boost immunity and confer better protection against infection or
reinfection (26). However, besides its serological component
(serum Abs), immune memory also includes a cellular component
(memory lymphocytes) able to generate a swift and amplified
immune response if the serological memory barrier fails to
control reinfection. Moreover, the frequencies of SARS-CoV-2
spike protein—specific memory T and B lymphocytes elicited by in-
fection or vaccination are more stable over time than the serum
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titers of neutralizing Abs (9, 17, 27). Despite this, the titers of neu-
tralizing Abs are frequently considered to be the only correlate of
vaccine efficacy, and the contribution of cellular memory is often
overlooked.

With regard to all these considerations, we compared serological
and cellular immune memory in unvaccinated or vaccinated indi-
viduals with past history of SARS-CoV-2 infection and in infection-
naive vaccinated individuals. Here, we show that hybrid immunity
(defined as previous infection and vaccination) is superior to other
forms of immunity induced by infection or vaccination only, in
terms of spike protein—specific Ab concentrations and serum neu-
tralizing potential. Our data also show that cellular spike protein—
specific B cell memory (mBC) is less susceptible to quantitative var-
iations than its serological counterpart but is more subject to qual-
itative changes instructed by the infection history of the host. In
particular, we report that individuals from the hybrid immunity
group, as compared with infection-naive vaccinated individuals,
display increased frequencies of an atypical [immunoglobulin D
(IgD)"CD277] mucosa-targeted mBC subset also designated as
DN2 (for double-negative type 2) mBCs. They are also characterized
by enhanced T helper cell 1 (T1) polarization of their SARS-CoV-2
spike protein—specific follicular T helper (Tgy) cell pool. Together,
our data strongly suggest that vaccination of previously infected in-
dividuals reinforces the serological component of mBC and re-
shapes the composition and trafficking pattern of the mBC
compartment.

RESULTS

Clinical characteristics of study population

This study was conducted on 613 individuals from different cohorts
[Immunonosocor (28) or Covid-Ser (29)] subdivided into (i) con-
valescent patients after severe or mild COVID-19, (ii) vaccinated
convalescent patients (having all experienced a mild form of
COVID-19) who received either one or two doses of the Pfizer
BNT162b2 mRNA vaccine or one dose of the adenoviral-based
vaccine ChAdOx1, and (iii) COVID-19-naive individuals fully vac-
cinated with two doses of BNT162b2 or one dose of ChAdOx1 fol-
lowed by one dose of BNT162b2. For the sake of simplicity, the
ChAdOx1 and BNT162b2 vaccines will be hereafter referred to as
ChAdOx and BNT, respectively. All infections occurred during the
first wave of the pandemic (mainly due to 20A lineage). Together,
these different clinical situations define seven groups of individuals
(Table 1), in whom we monitored B and T cell immunity against the
SARS-CoV-2 spike protein or its receptor binding domain (RBD) at
6 months after either infection or vaccination. The different
humoral and cellular immunity parameters that were monitored
in participants of these cohorts are summarized in fig. S1.

It is important to note some clinical differences between the
seven groups of individuals. First, the group of convalescent pa-
tients who experienced severe COVID-19 had a smaller proportion
of females (39.34%) and were older (median age of 67 years) in com-
parison with the other groups of individuals, for whom the propor-
tion of females ranged from 68.57 to 90%, and the median age
ranged from 32 to 49 years old (Table 1). Second, these individuals
had a higher prevalence of comorbidities (79.78%) in comparison
with other groups of individuals, for whom the prevalence of co-
morbidities ranged from 5.71 to 41.17% (Table 1). The demograph-
ic data for our cohort of patients with severe COVID-19 are in line
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with what was previously described in the literature (30, 31). As for
the delay between last immunization and blood sampling, it was
about 6 months (180 days) for all groups except for the severe
COVID-19 group, for which the delay was of 9 months (289 days)
(Table 1). No major difference was observed regarding the demo-
graphic data between unvaccinated convalescent patients with
mild COVID-19, convalescent vaccinated, and naive vaccinated in-
dividuals. Last, for a more accurate estimation of the rate of infec-
tion events for convalescent vaccinated and naive vaccinated
individuals, an intermediate blood sample was collected between
vaccination and the 6 months’ time point. We monitored the occur-
rence of breakthrough infections in our cohorts by assessing RBD
IgG titers using the bioMerieux Vidas SARS-CoV-2 IgG assay. In
our hands, this assay was more reliable than monitoring serocon-
version against the N antigen. A breakthrough infection was iden-
tified by a rebound of RBD Ab titers instead of the steady decline
that normally occurs in the absence of viral exposure. This follow-
up of the RBD Ab titers revealed that none of the participants
became infected/reinfected in the 6 months between vaccination/
infection and blood sampling.

SARS-CoV-2 spike protein—specific serological mBC is
superior in convalescent vaccinated individuals

Despite the broad knowledge of infection-acquired and vaccine-
induced immunity, studies comparing the virus-specific immune
parameters between convalescent, convalescent vaccinated (with
different vaccines), and infection-naive vaccinated individuals at
late time points after infection or vaccination are still sparse. We
first examined the parameters of serological mBC: the titers,
avidity, and neutralization potential of anti-S1 and anti-RBD
serum Abs. Concentrations of serum RBD-specific IgG were by
far the highest among convalescent vaccinated patients (hybrid im-
munity) regardless of the vaccination regimen (Fig. 1A and fig.
S2A). The median [interquartile range (IQR)] values expressed in
binding Ab unit (BAU) per milliliter in convalescent vaccinated in-
dividuals were 1214 (760.9 to 2758) for BNT one dose, 1193 (860.5
to 2448) for BNT two doses, and 851 (330.6 to 1252) for ChAdOx
one dose. Unvaccinated convalescent individuals had the lowest
RBD-specific IgG concentrations, especially if their COVID-19
course was mildly symptomatic [median (IQR): 80.51 (33.34 to
161.2) and 206.3 (114.1 to 342.2) for mild and severe patients, re-
spectively], whereas vaccinated individuals without prior infection
(vaccine-induced immunity) showed intermediate Ab concentra-
tions irrespective of the vaccination regimen [median (IQR): 180
(121.3 to 292.4) for the BNT two doses and 249 (174 to 369.2) for
the ChAdOx/BNT combination]. The differences in RBD-specific
IgG concentrations between groups persisted after adjustment for
age, sex, and the delay between vaccination or infection and
blood sampling (Fig. 1B). The serum spike protein—specific IgA
Ab concentrations measured in subgroups of individuals followed
the same trend as anti-RBD IgG concentrations, with the highest
concentrations found in convalescent vaccinated individuals
(Fig. 2A and fig. S2B). The ability of serum samples to prevent
Vero E6 cell infection by SARS-CoV-2 isolates belonging to the
19A (B38 lineage), the Delta (B.1.617.2 lineage), or the Omicron
(B.1.1.529) clade was then assessed with a 50% plaque reduction
neutralization test (PRNTS5) assay (32). Serum samples from con-
valescent vaccinated individuals exhibited 5- to 10-fold higher
serum neutralizing Ab titers against the 19A or Delta variants
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Table 1. Clinical characteristics of individuals analyzed in this study. NA, not applicable; IQR, interquartile range.

Unvaccinated Convalescent vaccinated participants COVID-19-naive vaccinated
convalescent participants participants
Mild Severe BNT162b2 BNT162b2- ChAdOXx1 BNT162b2- ChAdOXx1-
COVID-19 COVID-19 BNT162b2 BNT162b2 BNT161b2
n 203 183 34 50 32 76 35

Demographic data
Female, n (%) 168 (82.75) 72 (39.34) 29 (85.29) 45 (90) 23 (71.87) 57 (75) 24 (68.57)
Age at blood sampling (years), | . . 355 .

median (IQR) 40 (31-49) 67 (56-75) 42 (35-52) 49 (32-54) (30-42.5) 48 (39-56) 32 (28-40)

80.51 206.3
. . 1214 1193 851.8 180 249
Anti-RBD IgG concentrations (33.34- (114.1- - - u . ~

(BAU/ml), median (IQR) 161.2) 3422) (760.9-2758) (860.5-2448) (330.6-1252) (121.3-292.4) (174-369.2)
Body mass index,* n 203 148 34 50 32 74 34
Body mass index 2380 2696

mediaz (IQR) ! (21.22- (24.45- 2361 24.67 23.23 24.34 22.29

26.72) 30.37) (21.14-26.33) (20.09-27.73) (21.13-25.86) (21.78-30.02) (20.48-24.03)

. nc(‘j/:’)e“t'y ey 20/202 (99)  4/152(2.63)  8/34 (23.52) 4/49 (8.16) 1/30 (3.33) 20/54 (37.03) 8/18 (44.44)
Alcohol consumption 1/203 (0.49)  6/108 (5.55) 0/34 (0) 3/50 (6) 0/30 (0) 2/54 (3.70) 0/17 (0)

* (daily), n (%)

Comorbidities
Presence of comorbidity, 72/ 146/

* 1 (%) 202 (35.64) 183 (79.78) 14/34 (41.17) 19/50 (38) 8/32 (25) 25/76 (32.89) 2/35 (5.71)
Neurological disorders,* n (%) 3(1.48) 8 (4.37) 2 (5.88) 2(4) 0 (0) 1(1.31) 0 (0)

. ncg;)‘?'ovascu'ar disorders, 4(1.98) 82 (44.80) 1(2.94) 3(6) 1(3.12) 0 (0) 0(0)
Hypertension,* n (%) 11 (5.44) 65 (35.51) 2 (5.88) 8 (16) 0(0) 4 (5.26) 0(0)
Heart failure,* n (%) 1 (0.49) 24 (13.11) 0 (0) 0 (0) 0 (0) 0(0) 0 (0)
Diabetes,* n (%) 6 (2.97) 34 (18.57) 0 (0) 2 (4) 0 (0) 4 (5.26) 0 (0)

. n":lz;“”e CLTERIEY 1(0.49) 9 (491) 0(0) 0(0) 0(0) 0 (0) 0(0)
Liver disease,* n (%) 0(0) 15 (8.19) 0(0) 1(2) 0 (0) 1(1.31) 0 (0)

. HK&’;EY disease, 2 (0.99) 18 (9.83) 0 (0) 0 (0) 2 (6.25) 1(1.31) 0(0)
Cancer,* n (%) 4 (1.98) 19 (10.38) 1(2.94) 0(0) 1(3.12) 2 (2.63) 0(0)
Hypothyroidy,* n (%) 12 (5.94) 17 (9.28) 3(8.82) 2 (4) 0 (0) 6 (7.89) 1(2.85)

*nfzgjumatlc disease, 5 (2.47) 20 (10.92) 2 (5.88) 2 (4) 1(3.12) 1(1.31) 1(2.85)
Chronic lung disease,* n (%) 12 (5.94) 12 (6.55) 4 (11.76) 2 (4) 3(9.37) 6 (7.89) 1(2.85)

. ((;:)her comorbidities, 44(2178) 99 (54.09) 4(11.76) 5 (10) 4(125) 6 (7.89) 0

Infection/vaccination information
Delay infection—vaccination 335 292 324.5

(days), median (IQR) NA NA (2888-3615)  (281.3-301.8)  (311.8-333) NA NA

Delay infection—blood sample 186 289

(days), median (IQR) (180-196)  (267-308) bt NA NA NA NA

Delay vaccination—blood NA NA 194 (177-226) 223 (211-238) 214 190 (178-194) 183 (175-188)

sample (days), median (IQR) (196-229)

*Missing data.
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Fig. 1. Convalescent vaccinated individuals have very high titers of SARS-CoV-2 RBD-specific IgG. (A) Serum samples from unvaccinated convalescent individuals
after mild (n = 203) or severe COVID-19 (n = 183), convalescent individuals vaccinated with one (BNT, n = 34) or two (BNT/BNT, n = 50) doses of the BNT vaccine or one dose
of the ChAdOx vaccine (n = 32), or naive individuals vaccinated with the BNT/BNT (n = 76) or ChAdOx/BNT combination (n = 35) were assayed for RBD-specific IgG
concentrations 6 months after vaccination or infection. Concentrations are expressed in BAU/ml. Each serum sample was evaluated as a single measurement. The
dotted line indicates the positive detection threshold according to the manufacturer. A log,o scale was used for the representation of the data. The percentages of
samples above the positive threshold are indicated below the graph. Data are expressed as box-and-whiskers plots showing median (horizontal line inside the box),
IQR (upper and lower horizontal lines of the box), and minimum and maximum (whiskers), and each dot corresponds to one individual. For the sake of clarity, statistical
significance values derived from the adjusted model are indicated for a limited number of comparisons. A complete matrix of statistical significance values is shown in fig.
S2A. (B) Forest plot depicting the additional concentration of RBD-specific IgG (log,-transformed) in the different groups relative to the mild convalescent reference group
after adjustment for age, sex, and delay between infection or vaccination and IgG measurement. The squares represent the regression coefficients, and bars indicate the
95% confidence interval (Cl). For example, a coefficient of 4.19 for the convalescent BNT group means that, on average, the quantity of specific IgGs against RBD is 18-fold

(2*'°) higher than in the reference group (mild COVID-19) after adjustment for covariates. *****P < 0,00001.

than those from individuals from the convalescent or naive vacci-
nated groups (Fig. 2, B and C, and fig. S2, C to E). As for the
Omicron variant, we observed a marked decrease in neutralizing
Ab titers that ranged from a 4- to 19-fold decrease in comparison
to 19A. Superiority of the neutralizing potential of serum samples
from convalescent vaccinated individuals over naive vaccinated in-
dividuals was confirmed in a more physiologically representative
HAE (human airway epithelium) model system exploiting
primary human cells. In this assay, serum samples with comparable
quantities of anti-RBD IgGs were tested for their neutralization ca-
pacity toward the 19A SARS-CoV-2 strain. We observed that serum
samples collected from vaccinated convalescent individuals showed
the highest neutralization capacity (Fig. 2D). This was regardless of
anti-RBD IgG concentrations quantified previously in Fig. 1A, thus
suggesting that Ig isotypes other than IgG also contribute to the
neutralizing potential of these serum samples. Last, avidity of
RBD-specific Abs in the different patient groups was measured
using biolayer interferometry. Overall, RBD-specific Abs had
higher avidity in vaccinated individuals as compared with convales-
cent unvaccinated patients, regardless of whether participants were
infected before their vaccination (Fig. 2E and fig. S2F).

SARS-CoV-2 spike protein-specific CD4" T cells are
differently polarized in convalescent vaccinated and naive
vaccinated individuals

Strong T cell responses were previously shown to inversely correlate
with disease severity (17). Thus, monitoring of spike protein—spe-
cific T cell immunity is important for the assessment of protection

Barateau et al., Sci. Transl. Med. 15, eade0550 (2023) 15 March 2023

against infection or reinfection. The memory T cell response against
RBD peptides was first evaluated using a whole-blood interferon-y
(IFN-y) release assay (33). The severe COVID-19 group was not in-
cluded in this analysis to keep enough samples for subsequent mBC
phenotyping studies. Results in Fig. 3A show the superiority of
hybrid immunity for the T cell response as well. IFN-y production
was two- to fourfold higher in response to RBD peptides in the three
convalescent vaccinated groups as compared with unvaccinated
convalescents or the naive BNT/BNT vaccinated group. The only
difference between this T cell response profile and that of the Abs
came from the ChAdOx/BNT-vaccinated group, which showed a
production of IFN-y comparable to that of individuals with
hybrid immunity. This finding is consistent with our previous ob-
servation that a heterologous vaccination scheme induces a stronger
T response than a homologous vaccination regimen at earlier time
points (34). Whole-blood stimulation with membrane glycoprotein
M peptides induced IFN-y release in unvaccinated and vaccinated
convalescent individuals only (Fig. 3B). To complete our analysis of
the impact of prior SARS-CoV-2 infection on T cell responses to
vaccination, we next conducted a comparative phenotypical analysis
of spike protein—specific CD4" T cells in infection-naive individuals
vaccinated with two doses of BNT and convalescent patients vacci-
nated with one dose of BNT. The rationale for this choice was that
individuals have been exposed twice to the SARS-CoV-2 spike
protein in both groups. In these experiments, peripheral blood
mononuclear cells were stimulated for 24 hours with a peptide
pool derived from the spike protein. At the end of the culture,
OX40 and CDI137 were used as surface activation-induced
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Fig. 2. Convalescent vaccinated indi-
viduals have high titers of SARS-CoV-2
spike protein—specific IgA and neu-
tralizing Abs. (A) Serum samples from 33
individuals for each group (n = 32 for
convalescent/ChAdOx individuals) were
assayed for S1-specific IgA concentra-
tions using custom-made enzyme-linked
immunosorbent assays (ELISAs) at least 6
months after vaccination or infection.
Concentrations are expressed in ng

ml~" equivalents of Ig. A log;, scale was
used for the representation of the data.
Each serum sample was evaluated in
technical triplicate. (B) Serum samples
were assayed in technical duplicate for
their capacity to neutralize infection of
Vero E6 cells by different SARS-CoV-2
strains. A log, scale was used for repre-
sentation of the data. (C) The forest plots
show the capacity of serum samples from
the different groups to neutralize the
19A, Delta, and Omicron SARS-CoV-2
strains relative to the mild convalescent
reference group after adjustment for age,
sex, and delay between infection or vac-
cination and IgG measurement. The
squares represent the regression coeffi-
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prepandemic serum samples and (ii) un- % 204 - - J
treated infected condition. At 72 hours & % 4x1074 )
after infection, SARS-CoV-2 replication T 254 =
was quantified in apical HAE supernatant 2 6x 104
by RT-PCR targeting the nsp14 SARS-CoV- 30+
2 gene. C, values are represented on the y

35 8x 10

axis. The dotted line represents the nsp14
C; value obtained after RT-PCR of the viral
dilution used for these experiments. The
histograms represent the mean values
and SDs. (E) Total IgGs were purified from
each individual serum sample (20 pa-
tients per group) and assayed for RBD-

[ Untreated infected control
[ Prepandemic

= Mild COVID-19

Il Severe COVID-19

[ Convalescent BNT
[ Convalescent BNT/BNT
I Convalescent ChAdOx
[ Naive BNT/BNT

I Naive ChAdOX/BNT

specific IgG off-rate measurement using biolayer interferometry at least 6 months after vaccination or infection. Ko values are expressed as s~'. Each sample was
evaluated as a single measurement. For (A), (B), and (E), data are expressed as box-and-whisker plots showing median (horizontal line inside the box), IQR (upper and
lower horizontal lines of the box), and minimum and maximum (whiskers), and each dot corresponds to one individual. For (A) and (B), the dotted lines indicate the
positive detection threshold. The percentages of samples above the positive threshold are indicated below the graphs. For the sake of clarity, statistical significance values
are indicated for a limited number of comparisons. Complete matrices of statistical significance values are shown in fig. S2B [for (A)], fig. S2 (C to E) [for (B)], and fig. S2F [for
(E)]. For all statistical analyses, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, and *****P < 0.00001.

markers (AIMs) to estimate the frequency of spike protein—specific
CD4" T cells as previously described (35). CXCR5 was used to dis-
criminate Ty cells (CD4*CXCR5"Y) from non-Tgy (Ty) (CD4*
CXCR57) CD4" T cells. As documented by Morita et al. (36),
Tru cells can be further subdivided into three subsets (Tpyl,
Try2, and Tryl7) that can be delineated by their pattern of expres-
sion of the CXCR3 and CCR6 chemokine receptors. Tryl, Try2,

Barateau et al., Sci. Transl. Med. 15, eade0550 (2023) 15 March 2023

and Tyy17 are defined as CXCR3*CCR6~, CXCR3“CCR6™, and
CXCR37CCR6", respectively. We observed no difference between
the two groups of vaccinees regarding the frequencies of polyclonal
and spike protein—specific Tgy and Ty cells (Fig. 3, C and D). By
contrast, significantly (P < 0.05) increased frequencies of Tgyl
cells and decreased frequencies of Try2 were observed in the con-
valescent vaccinated group as compared with naive vaccinated
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Fig. 3. T cell responses against SARS-CoV-2 spike
protein are enriched in convalescent vaccinated
individuals. (A and B) Whole blood cells from un-
vaccinated convalescent individuals after mild
COVID-19 (n = 70), convalescent individuals vacci-
nated with one (n = 26) or two (n = 27) doses of the
BNT vaccine or with the ChAdOx vaccine (n = 23),
and naive individuals vaccinated with two doses of
BNT (n = 68) or with the ChAdOx/BNT combination
(n = 32) were stimulated with RBD (A) or M peptides
(B). For each stimulated condition, each sample was
evaluated as a single measurement. IFN-y release
was measured by ELISA in the culture supernatants.
Dotted lines indicate the positive detection thresh-
old according to the manufacturer. Data are ex-
pressed as box-and-whiskers plots showing median
(horizontal line inside the box), IQR (upper and lower
horizontal lines of the box), and minimum and
maximum (whiskers), and each dot corresponds to
one individual. Statistical significance values of the
data shown in (A) were derived from the adjusted
model. The percentages of samples above the pos-
itive threshold are indicated below the graph. (C)
Analysis of the CD4" T cell phenotype in naive vac-
cinated individuals (BNT/BNT, top) and convalescent
vaccinated individuals (BNT, bottom), with 10
samples for each group. Lymphocytes were pre-
gated on the basis of morphology, CD45 expression,
and exclusion of doublets and dead cells. CD4* T
cells were then gated as shown (first contour plot on
the left). Next panels, from left to right, are concat-
enated flow cytometry profiles illustrating the pro-
portions of (i) Ty cells (CD4*/CXCR5™, red gate) and
Ten cells (CD4"CXCR5™, blue gate) among the entire
CD4* T cell pool; (i) non-naive (AIM™), spike protein—
specific CD4" Tgy cells (CD4*CXCR5*0OX407CD1377%)
among the entire CD4" T cell pool; (iii) spike
protein—specific Tey1, Te2, Tey17, and Tey1/17 cells
among spike protein-specific CD4" Tgy cells; (iv)
non-naive CD4" Ty cells (CD4"CXCR5~0X40"
CD137%); and (v) spike protein-specific Ty1, Ty2,
Tu17,and Ty1/17 cells among spike protein—specific
CD4™ Ty cells. Values indicated on the graphs rep-
resent the frequencies of the indicated populations
extracted from the gatings applied to the concate-
nated profiles. Data were background-subtracted

against dimethyl sulfoxide—negative controls (cultures conducted without the peptide pool). (D) Bar graphs comparing the frequencies of spike protein—specific (AIM*)
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CD4* Ty and Ty cells in naive vaccinated and convalescent vaccinated individuals. (E) Proportions of type 1, 2, and 17 spike protein—specific Tgy (left) and Ty (right)

expressed as % of the type 1 + type 2 + type 17 spike protein—specific Tg/Ty populations in naive vaccinated and convalescent vaccinated individuals. In (E), the statistical
significance of the intergroup differences is indicated on the graph in blue for Tg 1 and in green for Tey2. A two-sided Pearson’s chi-square test for equality of proportions
was realized for statistical analysis in (E). The test was pairwise-realized and Bonferroni-corrected. For all statistical analysis, **P < 0.01, ***P < 0.001, ****P < 0.0001, and

*#%£%P < 0,00001; ns, nonsignificant.

individuals (Fig. 3E). Together, these results suggest that the en-
hanced vaccine-induced spike protein—specific Ab response of con-
valescent patients as compared with infection-naive individuals is
associated with increased Tgyl polarization of their spike
protein—specific Tgy cells but not with increased abundance of

these cells.

Barateau et al., Sci. Transl. Med. 15, eade0550 (2023)

15 March 2023

Hybrid immunity is characterized by a remodeling of the
SARS-CoV-2 RBD-specific mBC compartment
Analysis of the SARS-CoV-2 RBD-specific mBC compartment was
conducted by multiparameter flow cytometry using fluorescently
labeled tetrameric RBDs as previously described (34). Three mBC
subsets were first defined by their pattern of expression of IgD and
CD27 (fig. S3A): (i) IgD" mBCs (IgD"CD27"), also referred to as
unswitched or innate mBCs; (ii) conventional switched mBCs
(csM; IgD™CD27"); and (iii) DN mBCs (DN; IgD~CD277), also re-
ferred to as atypical mBCs (37). The DN mBC population was then
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further subdivided into DN1 (CD21°CD11c”) and DN2 (CD21~  algorithm applied to the staining files of the four most discriminant
CD11c") subtypes on the basis of the differential expression of markers for separation of mBC subsets: IgD, CD27, CD21, and
CD21 and CD1Ic as previously described by Jenks and colleagues  CD11c. Colored overlays of manually gated IgD", csM, DN1, and
(38, 39). Unsupervised analysis of the data was first carried out DN2 RBD-specific mBC subsets onto the t-SNE landscapes
using the t-distributed stochastic neighbor embedding (+-SNE)  (Fig. 4A) show that the representation of DN2 mBCs, which is

A Convalescent Convalescent vaccinated Naive vaccinated
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Fig. 4. The SARS-CoV-2 RBD-specific mBC pool differs between convalescent, convalescent vaccinated, and naive vaccinated individuals. (A) t-SNE maps illus-
trate the RBD-specific mBC landscape for the seven groups of individuals. RBD-APC*PE" events were exported as individual fcs files. The samples were then concatenated
for t-SNE analysis. Each map corresponds to analysis of the merged files from 20 individuals. Four manually gated RBD* mBC subsets are overlaid on the t-SNE maps, and
each subset is visualized with a distinct color code as indicated in the figure. (B) Expression of various markers used for mBC subset assignments is shown as heat plots on
a consensus t-SNE map created after concatenation of all samples from the seven groups. The IgD" mBC area shows strong expression of IgD, IgM, CXCR5, CD21, and
CD27; the csM area lacks expression of IgD and IgM but expresses CD27, CXCR5, and CD21; the DN1 area lacks IgD, CD11¢, and CD27 expression but is CXCR5"; the DN2
area lacks expression of IgD, CD21, CD27, and CXCR5 but is CD11c¢* and IgA™. (C to H) Frequencies of the following RBD-binding mBCs are shown: (C) all RBD™ mBCs
(among polyclonal mBCs), (D) IgD* (among RBD" mBCs), (E) csM (among RBD* IgD™ mBCs), (F) DN (among RBD* IgD™ mBCs), (G) DN2 (among RBD* DN mBCs), and (H)
DN1 (among RBD* DN mBCs). Each dot represents one individual (n = 20 individuals per group). Data are expressed as box-and-whiskers plots showing median (hor-
izontal line inside the box), IQR (upper and lower horizontal lines of the box), and minimum and maximum (whiskers). Outliers are identified by red asterisks. We applied a
beta regression model with the logit link function to assess statistical significance of intergroup differences regarding mBC subset frequencies. *P < 0.05, **P < 0.01,
***P < 0.001, and *****P < 0.00001.
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marginal in the convalescent and naive vaccinated individuals, is
significantly (P < 0.01 to P < 0.00001) increased in the three
groups of convalescent vaccinated individuals. Heatmaps of select-
ed marker expression overlaid onto the #-SNE projections con-
firmed the identity of the four mBC subsets (Fig. 4B). The
phenotypical characteristics of the RBD-specific mBC pool of con-
valescent, convalescent vaccinated, and naive vaccinated individuals
were next analyzed using conventional manual gating (fig. S3A).
They are illustrated by the concatenated flow cytometry plots
shown in fig. S3 (B to E) and by the box plot representations dis-
played in Fig. 4 (C to H). As shown in Fig. 4C, the frequencies of
RBD-specific mBCs were significantly (P < 0.05 to P < 0.001) higher
in convalescent vaccinated individuals than in naive individuals
vaccinated with the ChAdOx/BNT combination. However, they
were not different from those found in unvaccinated individuals re-
covering from severe COVID-19 or from those of naive individuals
vaccinated with two doses of BNT. The frequencies of IgD" mBCs
were reduced in the convalescent vaccinated groups as compared
with naive individuals vaccinated with the ChAdOx/BNT combina-
tion (Fig. 4D). csM were underrepresented in two groups of conva-
lescent vaccinated individuals (BNT/BNT and ChAdOx/BNT) as
compared with infection-naive individuals vaccinated with the
BNT/BNT combination (Fig. 4E). Conversely, DN mBCs were
more abundant in convalescent vaccinated individuals than in
naive individuals vaccinated with the BNT/BNT combination
(Fig. 4F). DN2 cells constituted the only mBC subtype, which fol-
lowed exactly the same trend as the serum Ab (IgG and IgA) profiles
in that the highest frequencies of RBD-specific DN2 mBCs were
found in the groups of convalescent vaccinated individuals
(Fig. 4G). The median frequency of DN2 mBCs for individuals
with hybrid immunity was two- to threefold higher than that of
naive vaccinated individuals and two- to fivefold higher than that
of previously infected unvaccinated individuals. As expected from
their complementarity with DN2 cells among DN mBCs, frequen-
cies of DN1 cells were inversely correlated with those of DN2
mBCs (Fig. 4H).

Together, these results indicate that RBD-specific mBCs are
more abundant in convalescent vaccinated individuals as compared
with naive vaccinated individuals, but only for those who received
the heterologous ChAdOx/BNT combination and compared with
unvaccinated convalescents who recovered from mild (but not
severe) COVID-19. The DN2 mBC subset is selectively expanded
in convalescent vaccinated individuals with hybrid immunity.
This singularity constitutes one of the parameters of cellular
memory that distinguishes SARS-CoV-2 hybrid immunity from
all other types of immunity.

Vaccination of COVID-19 convalescents increases the
frequencies of IgA-switched RBD-specific mBCs

We next examined whether past infection history and vaccination
regimen affected the proportions of isotype-switched RBD-specific
mBCs. We identified IgA- and IgM-positive cells using isotype-spe-
cific Abs. For technical reasons, IgG-expressing cells were gated as
IgM™IgA™ B cells, a strategy that was validated by the fact that more
than 90% of B cells falling in this gate expressed IgG (fig. S3F). Sig-
nificantly (P < 0.05 and P < 0.01) higher frequencies of IgA-
switched RBD-specific mBCs were found in convalescent vaccinat-
ed patients as compared with naive vaccinated individuals, except
for the convalescent BNT/BNT group, for which no difference

Barateau et al., Sci. Transl. Med. 15, eade0550 (2023) 15 March 2023

was observed (Fig. 5A, left). By contrast, the frequencies of IgG-ex-
pressing mBCs were comparable in all groups, except for naive in-
dividuals vaccinated twice with BNT, the frequencies for whom
were significantly (P < 0.05) higher than those of the convalescent
group after the same vaccination regimen (Fig. 5A, right). Next, our
observation that the highest IgA expression on the t-SNE plots co-
incided with the area occupied by DN2 mBCs (Fig. 4, A and B)
prompted us to explore further the links between IgA-switched
RBD-specific mBCs and atypical mBCs. For this purpose, manually
gated IgA" RBD" mBCs (red dots) were first projected onto the IgD/
CD27 bi-parameter plot of the entire RBD-specific mBC population
(blue dots) (Fig. 5B). We found that IgA-switched RBD-specific
mBCs mostly belong to the ¢sM or DN1 subsets (Fig. 5C).
However, the abundance of IgA™ mBCs belonging to the DN2
subtype was higher in unvaccinated convalescent individuals with
past history of severe COVID-19, and in all three groups with
hybrid immunity, as compared with naive vaccinated individuals.
The proportions of IgA-switched DN2 mBCs reached a
maximum in the convalescent group vaccinated with ChAdOx,
for which they represented nearly 50% of the IgA-expressing
RBD-specific mBC pool. As observed for IgA" mBCs, the highest
proportion of IgG-switched DN2 mBCs was also found for individ-
uals with hybrid immunity (Fig. 5D), thus suggesting that the
pathway responsible for generation of these atypical mBCs was
not restricted to the mucosa-associated IgA isotype. Projection of
manually gated IgA"™ DN RBD" mBCs (red dots) onto the CD21/
CDl11c bi-parameter plot of the entire RBD-specific atypical DN
mBC population confirmed the prominence of cells with a DN2
memory phenotype among the pool of RBD-specific [gA"™ mBCs
in convalescent vaccinated individuals (Fig. 5E). Together, our
data indicate that hybrid immunity induces higher frequencies of
IgA-switched mBCs than vaccine-induced immunity.

SARS-CoV-2 priming favors generation of atypical mBCs
with a mucosal tropism

To examine the trafficking pattern of circulating switched RBD-spe-
cific mBCs, we first analyzed expression of the integrins a4p7 and
a4p1, because they are critical for homing to the gut and airway
mucosae, respectively, and of cutaneous lymphocyte antigen
(CLA), a major skin-homing receptor (40, 41). We also examined
expression of CCRY, a marker that, among gut-committed cells, dis-
criminates those that have a small intestine tropism (CCR9") from
those committed to migrate to the colon (CCR9™) (42). Although
CLA was expressed by polyclonal T cells and a few polyclonal mBCs,
it was undetectable on RBD-specific mBCs (fig. S4A). We obtained
similar results with the skin-homing receptor CCR4 (41), which was
undetectable on RBD-specific mBCs, thus suggesting that migration
of RBD-specific mBCs to the skin is marginal. RBD-specific mBCs
with an airway-homing potential (1"f77) were clearly dominant
(more than two-thirds of the IgD™ RBD-specific mBC population)
in all seven groups (Fig. 6A). Among RBD-specific mBCs with a
gut-homing preference, the frequency of cells committed to
migrate to the colon (B1"B7 ' CCR9™) exceeded by far that of cells
committed to migrate to the small intestine (B1"p7"CCR9") in all
seven groups of participants (fig. S4B). To explore further the tissue-
homing capacities of RBD-specific mBCs generated in different in-
fection/vaccination contexts, we analyzed expression of the lymph
node-homing receptors CD62L/L-selectin and CCR7 (43, 44) on
B1*B7~ and f1"B7" RBD-specific mBCs from convalescent patients
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Fig. 5. Distribution of IgA- and IgG-switched B cells among SARS-CoV-2 RBD-specific mBC subsets varies on the basis of infection and vaccination status. (A)
Frequencies of IgA™ (left) and IgA~IgM~ (designated here as IgG™, right). RBD* mBCs expressed as percentages of the RBD*IgD~ mBC population. Each dot represents one
individual (n = 20 individuals per group). Data are expressed as box-and-whiskers plots showing median (horizontal line inside the box), IQR (upper and lower horizontal
lines of the box), and minimum and maximum (whiskers). We applied a beta regression model with the logit link function to assess statistical significance of intergroup
differences. *P < 0.05 and **P < 0.01. Outliers are indicated by red asterisks. (B) Visualization of the distribution of IgJA*RBD"™ mBCs within the csM and DN mBC subsets.
Manually gated RBD* IgA* mBCs were overlaid (red dots) onto the IgD/CD27 bi-parameter plot of the entire RBD* mBC population (blue dots). (C) The proportions of RBD*
IgA* mBCs belonging to the c¢sM, DN1, and DN2 mBC subsets are shown expressed as % of the entire RBD* IgA* mBC pool. (D) The proportions of RBD* IgG* mBCs
belonging to the csM, DN1, and DN2 mBC subsets are shown expressed as % of the entire RBD* IgG* mBC pool. For (C) and (D), the statistical significance of the intergroup
differences regarding representation of the DN2 subset is indicated on the graph. A two-sided Pearson’s chi-square test for equality of proportions was used for statistical
analysis. The test was pairwise-realized and Bonferroni-corrected. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (E) Distribution of RBD* IgA* DN mBCs among the
DN1 and DN2 subsets. Manually gated RBD* IgA* DN mBCs were overlaid (red dots) onto the CD21/CD11c bi-parameter plot of the entire RBD* DN mBC population
(blue dots).
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expression of CCR7 and CD62L on csM, DN1, and DN2 RBD* mBC subsets gated as described in fig. S3.In (A), (B), (D), and (F), values indicated on the graphs represent the
frequencies of the indicated RBD-specific B cell populations extracted from the gatings applied to the concatenated profiles. In (C), a two-sided Pearson’s chi-square test
for equality of proportions was used for statistical analysis. The test was pairwise-realized and Bonferroni-corrected. In (C) (left), the statistical significance value applies to

all three populations. ***P < 0.001.

after a single dose of BNT vaccine and naive individuals vaccinated
twice with BN'T. We found that a large proportion of p1"p7™ airway-
committed RBD-specific mBCs also expressed combinations of the
lymph node-homing receptors CD62L and CCR7 (Fig. 6B). The
distribution of CCR7 and CD62L delineated three subtypes
among the P1"7~ RBD-specific mBC pool: CCR7'CD62L",
CCR7'CD62L", and CCR7-CD62L" cells. DN CCR7 CD62L"
mBCs were significantly (P < 0.001) more abundant in the conva-
lescent vaccinated groups than in the naive vaccinated group
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(Fig. 6C). Conversely, the frequency of double-positive CCR7"
CD62L" mBCs was significantly (P < 0.001) lower in convalescent
vaccinated than in naive vaccinated individuals. The same conclu-
sions applied to f1"B7" gut-committed RBD-specific mBCs (Fig. 6,
C and D), for which CCR7 and 1 were simultaneously expressed
on virtually 100% of RBD-specific mBCs from naive vaccinated in-
dividuals. We next measured the pattern of expression of CD62L,
CCR?7, and integrins B1/B7 by the different mBC subsets defined
in Fig. 4. To do so, we first conducted an unsupervised analysis of
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the data corresponding to the merged files of the 30 samples con-
stituting the naive BNT/BNT and convalescent/BNT groups using
the t-SNE algorithm. As described previously (Fig. 4), expression of
the IgD, CD27, CD21, and CD11c markers allowed for the creation
of an RBD-specific mBC landscape on which we could visualize
IgD", csM, DN1, and DN2 mBC subsets (Fig. 6E, top left plot).
Heatmaps of homing receptor expression overlaid onto the t-SNE
plot (Fig. 6E) revealed that the DN2 subset was the only mBC
subtype that lacked expression of the lymph node~homing recep-
tors CCR7 and CD62L. To confirm these data, we separately
gated the three switched RBD-specific mBC subsets (csM, DN1,
and DN2) and used bi-parameter plots to visualize their expression
of CCR7 and CD62L. We found that most DN2 mBCs differed from
csM and DN1 mBCs by their lack of CCR7 and CD62L expression
(Fig. 6F). Because the P1 chain of integrins is homogeneously ex-
pressed on all RBD-specific mBCs (Fig. 6A), we are confident that
CCR7/CD62L DN mBCs express at least one of the integrin  chains
that confer mucosal tropism. In agreement with our observation
that DN2 cells were expanded only in individuals with hybrid im-
munity, very few RBD-specific DN2 cells were found in the naive
vaccinated group.

Together, our data show that a large proportion of RBD-specific
mBCs express a joint tropism for mucosal sites and peripheral lym-
phoid tissues. However, only individuals with hybrid immunity
display RBD-specific mBCs with an exclusive mucosal tropism,
which, in their great majority, belong to the DN2 memory
subtype. These data suggest that SARS-CoV-2 virus infection im-
prints an mBC differentiation program that allows for expansion
of an atypical mBC subset with an exclusive mucosal homing poten-
tial upon subsequent vaccination.

Serological and cellular markers of SARS-CoV-2 spike
protein—specific mBC correlate with one another

We next asked whether serological and cellular markers of infec-
tion- and vaccination-elicited memory correlate with each other.
To address this question, we first evaluated a matrix analysis that
integrated both the serological memory data (titers of IgG and
IgA Abs, neutralization potential) and the cellular memory data
(frequencies of diverse RBD-specific mBC subsets). This analysis re-
vealed a strong positive correlation between the frequencies of DN2
mBCs and the serum titers of anti-S1 IgA, anti-RBD IgG Abs, and
serum neutralization potential against the SARS-CoV-2 19A strain
(B38 lineage) (Fig. 7A). These data also indicated a correlation
between the neutralization potential of serum and serum titers of
RBD-specific IgGs and S1-specific IgAs.

We next constructed restricted correlation matrices that integrat-
ed only the frequency of DN2 and IgA-expressing RBD-specific
mBCs and serological parameters. This time, data from convales-
cent, convalescent vaccinated, and naive vaccinated individuals
were analyzed separately. The positive correlation previously ob-
served between the frequency of DN2 mBCs and the titers of
anti-S1 IgA Abs when all samples from the seven experimental
groups were merged was lost when the tests were conducted sepa-
rately on the three groups of individuals described above (Fig. 7B).
However, the correlation between DN2 mBC frequency, on the one
hand, and anti-RBD IgG titers and neutralization potential, on the
other hand, remained positive but only for the individuals from the
hybrid immunity group. By contrast, positive correlation between
the anti-spike protein IgA titers and virus neutralization potential
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appeared to be restricted to the convalescent group. Together, these
findings suggest that for convalescent vaccinated individuals, the
differentiation pathway that leads to generation of DN2 mBCs is as-
sociated with development of serum anti-spike protein IgG Abs and
with virus neutralization potential of the serum. They also suggest
that for convalescent individuals, the IgA isotype also contributes to
the virus neutralization activity of the serum.

DISCUSSION

Cellular mBC has been somewhat overlooked in the vast literature
devoted to vaccine-induced immunity against SARS-CoV-2, which
instead focused on the parameters of serological memory. It is nev-
ertheless vital for protection against viral escape mutants, as docu-
mented in different contexts of viral infection. For example, it has
been reported early on in a West Nile virus murine infection model
that mBCs recognize variants of the original pathogen more effi-
ciently than the Abs produced by long-lived plasma cells (PCs)
(45). This has been recently confirmed in humans in the context
of SARS-CoV-2 by Kotaki and colleagues (46), who showed that,
in vaccinated individuals, broadly reactive Ab specificities that rec-
ognize the Delta and Omicron SARS-CoV-2 variants are poorly
represented in the sera of vaccinees but are preserved in their
mBC pool. These considerations gave us the incentive to undertake
a comprehensive analysis of both serological and cellular B cell im-
munity generated by SARS-CoV-2 infection or by an mRNA or ad-
enovirus-based vaccine delivered to SARS-CoV-2-naive or
previously infected individuals.

Collectively, our results underscore that vaccination of previous-
ly infected patients is required to optimize their immune protection
against SARS-CoV-2 reinfection. As previously pointed out for the
humoral response against the varicella zoster (47) and influenza
(48) viruses, we show here that hybrid immunity conferred by a
combination of infection and vaccination (in the context of differ-
ent vaccine regimens) is superior to immunity conferred by infec-
tion or vaccination alone, as far as long-term serum Ab responses
are concerned. Regarding cellular memory, quantitative superiority
of hybrid immunity is less clear-cut, except for DN2 mBCs that
follow exactly the same trend as the spike protein—specific Ab re-
sponse. In particular, the frequencies of RBD-specific mBCs in
naive and convalescent individuals vaccinated with BNT are
similar, whatever the number of doses administered to convales-
cents. This suggests that prior exposure to the virus does not
confer a numerical advantage in terms of cellular mBC as compared
with a two-dose vaccination regimen with BNT applied to infec-
tion-naive individuals. We can only speculate on the biological
cues that underlie the discrepancy between serological and cellular
mBC in individuals with hybrid immunity, but one possible scenar-
io could be that viral infection (as opposed to vaccination) prefer-
entially generates PC-committed mBCs. It is now widely accepted
that the mBC pool encompasses at least two subtypes that are pre-
determined to either differentiate into PCs or form germinal centers
(GCs) and reconstitute the mBC compartment, at least in murine
models (49-51). In this context, DN2 mBCs, described to be com-
mitted to a PC cell fate (38), are amplified in convalescent vaccinat-
ed individuals, and their frequency positively correlates with the
anti-spike protein IgG serum titers in this group of vaccinees.
This fits with the possibility that viral infection could promote
skewing of the mBC output toward PC-committed mBC clones.
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Fig. 7. Analysis of interrelationships between serologic and cellular immune memory parameters. (A) A matrix file that contains the merged serological and cellular
immune measurements for all groups of individuals was created. Correlations between each pair of variables were calculated by the Spearman nonparametric method.
The size and color intensity of the circles correspond to values of the correlation factor rho (legend on the graph), and the stars indicate statistical significance of the
correlation (*P < 0.05, **P < 0.01, and ***P < 0.001). Serological and cellular mBC parameters are indicated in red and black, respectively. The T cell response is indicated in
blue and corresponds to the IFN-y release values in response to RBD stimulation, expressed in IU/ml. Anti-RBD IgG and anti-S1 IgA correspond to the serum titers ex-
pressed as BAU/ml and ng/ml, respectively. Neutralization (neut.) corresponds to the neutralizing activity of the serum against the 19A SARS-CoV-2 strain expressed as
PRNTS, titers. (B) A limited correlation analysis was conducted separately on the merged samples from three groups of individuals: convalescent (mild + severe COVID-19),
convalescent vaccinated (BNT + BNT/BNT + ChAdOx vaccinations), and naive vaccinated (BNT/BNT + ChAdOx/BNT). The correlation matrices are restricted to five pa-
rameters (% IgA* mBCs, % DN2 mBCs, anti-RBD IgG titers, anti S1 IgA titers, and neutralization potential against the 19A SARS-CoV-2 strain).
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On the whole, our data support the hypothesis that prior virus
exposure initiates changes in the mBC landscape, as illustrated by
the increased abundance of the atypical memory DN2 mBC
subset induced in convalescent individuals by vaccination. The
latter observation is in agreement with the results of Sokal and col-
leagues (52), who reported that vaccination expands RBD-specific
DN2 cells in both mild and severe COVID-19 patients. Develop-
ment of DN2 mBCs is known to be driven by IFN-y, interleukin-
21 (IL-21), and ligands of Toll-like receptors 7 and 8 (38), which are
all produced in the context of viral infection. In keeping with this,
we show here, in agreement with Rodda and colleagues (53), that
hybrid immunity is also associated with enhanced Tryl polariza-
tion of spike protein—specific CD4" T cells, which likely translates
into enhanced IFN-y production. This observation is also in agree-
ment with the results of the interferon-gamma release assay (IGRA)
test (Fig. 3A) showing that the highest amounts of IFN-y produc-
tion by spike protein—specific T cells were found in convalescent
vaccinated individuals. IFN-y has been described to induce T-bet
(T-box expressed in T cells) expression in B cells (54) and to
promote in vitro development of T-bet" pre—Ab-secreting cells
with a DN2 phenotype (55). We would thus like to propose that
the Tgyl-enriched environment in convalescent vaccinated indi-
viduals may contribute to expansion of DN2 mBCs that characterize
hybrid immunity.

The identity of DN2 cells is still debated. They were presented as
mBCs of extrafollicular origin by Sanz et al. (37) and Jenks et al.
(38), and examination of secondary lymphoid tissues of severely
ill COVID-19 patients revealed an increased representation of
DN2 mBCs concomitant with a collapse of GCs, Ty, and GC B
cells (56). Our observation that the follicular homing receptor
CXCRS5, which is expressed on IgD™, csM, and DN1 mBCs, is
lacking on RBD-specific DN2 cells is an argument in favor of
their extrafollicular origin. It remains that induction of CD11c
and down-regulation of CD21 can also occur on various B cell
subsets as the result of activation (37). In keeping with this, spike
protein—specific mBCs with a CD11¢"CD21" phenotype in severe
COVID-19 patients have been documented to segregate together
with other activated B cell subsets in a cluster of CD71*/!° activated
mBCs after dimensional reduction analysis (57). Still, description of
mBCs generated independently of the GC reaction in a context of
viral infection is not totally unprecedented, because it was docu-
mented that more than half of the lung influenza—specific mBCs
induced by pulmonary influenza virus infection in mice lack expres-
sion of the GC-related marker CD73 (58). It is legitimate to ask
whether expansion of DN2 mBCs is beneficial or detrimental to
SARS-CoV-2-induced immunity. Until now, DN2 mBCs have
mostly been considered to be pathogenic, with the best documented
example found in patients with systemic lupus erythematosus, in
whom these cells contribute to the disease because of their autor-
eactive specificities (59). On the other hand, would their extrafollic-
ular origin be confirmed, these cells could provide better cross-
protection against viral escape mutants because GC-independent
mBCs have been reported to display a more broadly reactive Ab rep-
ertoire (60, 61).

Besides amplification of DN2 mBCs, increased abundance of
IgA-switched RBD-specific mBCs was another distinctive feature
of hybrid immunity (at least for the BNT and ChAdOx groups)
when compared with vaccine-induced immunity in infection-
naive individuals. IgA is a crucial component of the immune
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response at mucosal surfaces, including the upper respiratory
tract, which is the main portal of entry for SARS-CoV-2 (62, 63).
It is therefore not surprising that SARS-CoV-2 infection allows
for generation of higher frequencies of IgA-bearing mBCs than sys-
temic vaccination. Besides expansion of IgA-expressing mBCs, the
hypothesis of an enhanced mucosal response in individuals with
hybrid immunity is further supported by analysis of the homing
pattern of RBD-specific mBCs. First, we demonstrated that all
RBD-specific mBCs, irrespective of the infection/vaccination
context, express the 1 or B7 chain of integrins that are critical de-
terminants of mucosal homing imprinting, with a clear dominance
of an airway-homing signature. The latter observation is coherent
with the study of Miiller and colleagues (64) reporting reduction
of a4p7-expressing memory T cells in COVID-19 patients, includ-
ing those presenting with intestinal symptoms. Because circulating
mBCs have been reported to return to the tissue where they were
originally generated (65), our present finding suggested that
mucosae of the upper respiratory tract would be prominent sites
for induction of mBC not only in the context of infection but also
in response to parenteral vaccination. This observation was even
more notable considering that the mRNA-based BNT vaccine is de-
scribed to be a poor inducer of mucosal immunity (66). However, a
more detailed examination of the homing signature of RBD-specific
mBCs revealed that a sizeable proportion of RBD-specific mBCs
have a complex trafficking pattern characterized by coexpression
of mucosal (B chains of integrins) and systemic (CCR7 and
CD62L) homing receptors. It is conceivable that this dual homing
profile confers to RBD-specific mBCs the capacity to distribute in
both mucosal and peripheral lymphoid tissues. Such a joint tropism
has been previously documented for Ab-secreting cells in the
context of enteric infections caused by Vibrio cholerae (67) and in
volunteers immunized by the mucosal or systemic routes with a
cholera toxin B—containing cholera vaccine (68). Moreover, this
phenotypical analysis also revealed the existence of a population
of DN (CD62L™ CCR7™) RBD-specific mBCs that expressed only
B chains of integrins; this population was almost exclusively
present in convalescent vaccinated individuals. Unexpectedly, our
data indicate that this RBD-specific subset is almost entirely consti-
tuted of DN2 mBCs. This leads us to propose that DN (CCR77/
CD62L") DN2 RBD-specific mBCs display an exclusive mucosal
tropism that may be able to afford protection at the sites of viral
entry. This hypothesis is also consistent with the observation that
hybrid immunity confers higher protection than vaccination
alone against breakthrough SARS-CoV-2 infections (69).

One of the potential limitations of our work is the limited
number of individuals included in this study for phenotypical anal-
ysis of RBD-specific mBCs (n = 20), analysis of their homing poten-
tial (19 and 14 individuals for the naive vaccinated and convalescent
vaccinated groups, respectively), and phenotypical analysis of spike
protein—specific CD4" T cells (n = 10), which lowers the power of
the statistical analysis. In addition, assessment of the homing poten-
tial of recirculating mBCs is only a surrogate estimation of the size of
the physiologically relevant pool of mucosa-resident RBD-specific
mBCs. Definite proof that hybrid immunity confers better immune
protection at the mucosal sites of entry of the virus would require
further analysis, such as assessment of dimeric IgA in bronchoal-
veolar lavages or saliva. Last, our experimental approach did not
allow us to compare conventional and DN2 mBCs for their
SARS-CoV-2 neutralization capacity (including against VOCs). It
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remains to be assessed whether unconventional DN2 mBCs, which
constitute a signature of hybrid immunity, are beneficial to immune
protection against SARS-CoV-2 and its viral escape mutants.

Together, our data establish that SARS-CoV-2 infection followed
by vaccination more efficiently primes the immune system than vac-
cination alone and builds superior serological and mBC responses,
including at airways and gut mucosal sites. The superiority of
hybrid immunity was correlated with expansion of an atypical
DN2 mBC subtype that displayed a mucosal-restricted tropism.
These data support the inclusion of previously infected people in
SARS-CoV-2 booster vaccination campaigns.

MATERIALS AND METHODS

Study design

For the Covid-Ser cohort, clinical data were recorded by a trained
clinical research associate using Clinsight software (version _ Cson-
line 7.5.720.1). Blood samples were processed and stored at the
Centre de Ressource Biologique Neurobiotec, 69500 Bron. Seven
hundred and fourteen naive health care workers (HCW3s) infected
with SARS-CoV-2, vaccinated against SARS-CoV-2, or both were
included in a prospective longitudinal cohort study conducted in
Hospices Civils de Lyon (HCL; Lyon, France). Blood sampling
was performed 6 months after the end of vaccination schedule or
infection. Concerning naive vaccinated HCWs, the absence of pre-
vious SARS-CoV-2 infection was confirmed using the Wantai Ab
total assay in the prevaccine sample. The Wantai SARS-CoV-2
total Ab assay, detecting anti-RBD Abs, was selected to detect a pre-
vious infection before vaccination on the basis of its better sensitiv-
ity in infected individuals as compared with other commercial
qualitative assays we had evaluated in a previous study (70).
SARS-CoV-2 infection before vaccination occurred during the
first wave of the pandemic, before the emergence of VOCs. Infected
patients were considered to have a mild form of COVID-19 if they
were symptomatic but did not require hospitalization. Written in-
formed consent was obtained from all participants; ethics approval
was obtained from the national review board for biomedical re-
search in April 2020 (Comité de Protection des Personnes Sud Méd-
iterranée I, Marseille, France; ID RCB 2020-A00932-37), and the
study was registered on ClinicalTrials.gov (NCT04341142). The in-
clusion criteria for this study were as follows: (i) seropositive HCWs
screened for anti-SARS-CoV-2 Abs; (ii) be at least 18 years of age;
(iii) HCWs having given their written consent and accepting a
follow-up every 6 months; and (iv) HCWs affiliated to a social se-
curity scheme or beneficiary of such a scheme. The exclusion crite-
rion of this study was pregnant or lactating woman.

The Immunonosocor cohort is an extension of the NOSOCOR
project registered as ClinicalTrials: NCT04637867. Hospitalized pa-
tients were considered to have a severe form of COVID-19 if their
hospital stay was longer than 24 hours. In our cohort, the median
(IQR) duration of the hospital stay was 10 (5.5 to 20) days, and 36 of
183 (19.7%) patients were admitted into the intensive care unit. The
clinical research and ethics committee of Ile de France V approved
the study on 14 October 2020 (no. 20.02.27.69817 Cat 3). Inclusion
criteria for this study were (i) SARS-CoV-2 confirmed by reverse
transcription polymerase chain reaction (RT-PCR), (ii) adults at
least 18 years of age, (iii) signed consent form, and (iv) adults affil-
iated with the French health system. Exclusion criteria for this study
were (i) pregnant women, (ii) hospitalized patients, (iii) adults
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subject to legal protection, (iv) imprisoned adults, and (v) adults
who have expressed an opposition to participate or who do not
wish to donate blood samples. One hundred and eighty-three pa-
tients hospitalized for severe COVID-19 in HCL settings during
the first wave of the pandemic were included in the NOSOCOR
study. Twenty-five percent of them required ventilation. Blood
samples were collected from all patients at least 6 months after
the initial SARS-CoV-2 infection. Demographic characteristics are
depicted in Table 1.

Statistical analysis

Raw, individual-level data for experiments where # < 20 are present-
ed in data file S1. The outcomes of interest were immune parameters
measured between 6 and 8 months on average after the last immune
stimulation—either infection or vaccine. Statistical analyses were
carried out identically for each immune variable studied. All
groups were first described with box-and-whiskers plots. To take
into account confounding factors, we fitted a multivariate linear re-
gression model, adjusting the group effect for the age, sex, and delay
covariates. The P values shown on box-and-whiskers plots were
derived from the adjusted model. Log, transformation of the
immune variable was applied to approach the assumptions of the
linear model. Quadratic effect of age was tested and retained in
the model when it was significant. Model diagnoses were performed
to check underlying assumptions, and special attention was paid to
the standardized residuals. The analyses were performed with R
software (https://cran.r-project.org/). Our predictors were age, as
a continuous variable (considered as a possible confounder), sex,
and the vaccination regimen, whereby convalescent = 0
and naive = 1.

For determination of the statistical significance of intergroup
differences regarding mBC subset frequencies (Figs. 4, C to H,
and 5A), we used beta regression modeling because our outcome
variable is doubly bounded on the (0,1) interval. This approach
uses an error structure appropriate for proportion data assuming
that the dependent variable follows the beta distribution. In addi-
tion, using the logit link, parameter estimates resulting from our
model allow for a better interpretation of the differences between
groups because both magnitude and direction of group effect can
be accurately quantified. A two-sided Pearson’s chi-square test for
equality of proportions was applied for intergroup comparisons of
the proportions of DN2 mBCs among the RBD" IgA* and IgG"
compartments (Figs. 5, C and D, and 6C). The test was pairwise-
realized and Bonferroni-corrected. Our null hypothesis was that
the proportion of DN2 mBCs (considered as success probability)
was the same in the two compared experimental groups. For the
correlation matrix shown in Fig. 7, the correlation between each
pair of variables was calculated by the Spearman nonparametric
method. Missing values were managed as follows: In each two var-
iables being correlated, we used all complete pairs of observations
on those variables; thus, we could take advantage of all available
data in our study.

Supplementary Materials
This PDF file includes:

Materials and Methods

Figs. S1to S4

References (71-73)
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