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ABSTRACT Vaccination against coronavirus disease 2019 (COVID-19) relies on the in-depth under-
standing of protective immune responses to severe acute respiratory syndrome coro-

navirus-2 (SARS-CoV-2). We characterized the polarity and specificity of memory T cells directed against 
SARS-CoV-2 viral lysates and peptides to determine correlates with spontaneous, virus-elicited, or vaccine-
induced protection against COVID-19 in disease-free and cancer-bearing individuals. A disbalance between 
type 1 and 2 cytokine release was associated with high susceptibility to COVID-19. Individuals susceptible 
to infection exhibited a specific deficit in the T helper 1/T cytotoxic 1 (Th1/Tc1) peptide repertoire affecting 
the receptor binding domain of the spike protein (S1-RBD), a hotspot of viral mutations. Current vaccines 
triggered Th1/Tc1 responses in only a fraction of all subject categories, more effectively against the original 
sequence of S1-RBD than that from viral variants. We speculate that the next generation of vaccines should 
elicit Th1/Tc1 T-cell responses against the S1-RBD domain of emerging viral variants.

SIGNIFICANCE: This study prospectively analyzed virus-specific T-cell correlates of protection against 
COVID-19 in healthy and cancer-bearing individuals. A disbalance between Th1/Th2 recall responses 
conferred susceptibility to COVID-19 in both populations, coinciding with selective defects in Th1 
recognition of the receptor binding domain of spike.

See related commentary by McGary and Vardhana, p. 892.
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INTRODUCTION
The emergence and spread of severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2), the causative agent 
of coronavirus disease 2019 (COVID-19), have resulted in 
devastating morbidities and socioeconomic disruption. The 
development of community protective immunity relies on 
long-term B- and T-cell memory responses to SARS-CoV-2. 
This can be achieved through viral infection (1) or by vac-
cination (2–4). Reports on rapidly decreasing spike- and 
nucleocapsid (NC)-specific antibody titers post–SARS-CoV-2 
infection (5) or reduced neutralizing capacity of vaccine-
induced antibodies against viral escape variants compared 
with the ancestral SARS-CoV-2 strain (6, 7) have shed doubts 
on the importance of humoral immunity as a standalone 
response. In contrast, T-cell immunity was identified as an 
important determinant of recovery and long-term protection 
against SARS-CoV-1, even 17 years after infection (8–11).

The Th1 versus Th2 concept suggests that modulation of 
the relative contribution of Th1 or Th2 cytokines regulates 
the balance between immune protection against microbes 
and immunopathology (12–14). Th1 cells (as well as cyto-
toxic T cells with a similar cytokine pattern, referred to as 
Tc1 cells) produce IFNγ, IL2, and TNFα as well as promote 
macrophage activation, antibody-dependent cell cytotoxic-
ity, delayed type hypersensitivity, and opsonizing and com-
plement-fixing IgG2a antibody production (12). Therefore, 
Th1/Tc1 cells drive the phagocyte-dependent host response 
and are pivotal for antiviral responses (13, 14). In contrast, 
Th2 (and Tc2) cells produce IL4, IL5, IL10, and IL13, provid-
ing optimal help for both humoral responses and mucosal 
immunity, through the production of mast cell and eosino-
phil growth and differentiation factors, thus contributing to 
antiparasitic and allergic reactions. Naïve T-cell differentia-
tion to distinct Th fates is guided by inputs integrated from 
TCR affinity, CD25 expression, costimulatory molecules, 
and cytokines (15).

SARS-CoV-2–specific T-cell immunity plays a key role 
during acute COVID-19 and up to eight months after 
convalescence (16–20). Indeed, functional T-cell responses 
remain increased in both frequency and intensity up to six 
months postinfection (5). They are mainly directed against 
spike, membrane, and NC proteins and have been studied 
in greater detail by single-cell sequencing in a limited num-
ber of patients (21). Memory Th1/Tc1 T cells specific for 
SARS-CoV-2 and follicular T helper (Tfh) cells have been 
detected in mild cases (21). However, cases of reinfection 
have been reported (22), raising questions on the clinical 
significance of T-cell polarization and peptide repertoire 
specificities against current viral variants. Moreover, pio-
neering reports suggest that, before SARS-CoV-2 became 
prevalent (i.e., before 2020), some individuals exhibited 
immune responses, mainly among CD4+ T cells, against 
SARS-CoV-1 NC and ORF1a/b, or common cold coronavi-
ruses (CCC) spike and NC proteins that are cross-reactive 
with SARS-CoV-2 (9, 23–25). However, the relevance of 
CCC or SARS-CoV-1–specific memory T cells for effective 
protection against the current pandemic remains question-
able (21, 26). The current study was designed to correlate 
preexisting T-cell responses to clinical protection against 

COVID-19, in healthy individuals and patients with cancer, 
who are more susceptible to severe infections, and by exten-
sion to reinfection and breakthrough infection. Moreover, 
COVID-19 lethality was not predicted by oncologic features 
in patients with cancer (27), but was associated with virus-
induced lymphopenia (28).

In this report, we studied SARS-CoV-2– and CCC-specific 
T-cell responses in 383 subjects with and without cancer, 
and prospectively followed up 203 COVID-19–free individu-
als to understand which T-cell polarity and peptide reper-
toire may convey resistance to COVID-19. We found that a 
SARS-CoV-2–specific IL2/IL5 lymphokine ratio <1 conferred 
susceptibility to SARS-CoV-2 infection in both health care 
workers (HCW) and patients with cancer, coinciding with 
defective Th1/Tc1 recognition of the RBD of the spike pro-
tein, likely affecting viral evolution by selecting for new anti-
genic variants. Moreover, vaccine-induced T-cell immunity 
against the S1-RBD reference strain significantly decreased 
against the RBD sequences of viral variants of concern in 
healthy subjects and patients with cancer.

RESULTS
Effector and Memory T-cell Responses against 
Coronaviruses during SARS-CoV-2 Infection

We conducted a cross-sectional analysis of the functional 
T-cell responses across several cohorts of healthy individuals 
and patients with cancer enrolled during the first surge of 
the pandemic with the final aim of determining T-cell cor-
relates with clinical protection against COVID-19 diagnosed 
until March 2021 (Fig.  1A; Supplementary Tables  S1–S3; 
ref. 28). First, we focused on the quality of SARS-CoV-2–spe-
cific T-cell responses detected in 191 patients with cancer who 
stayed COVID-19–free between mid-April and September 
2020, which we then compared with 19 and 28 patients with 
cancer in the acute and convalescence phases of SARS-CoV-2 
infection, respectively (Supplementary Table  S1A and S1B; 
Fig. 1A). In parallel, we analyzed 22 controls (COVID-19–free 
and cancer-free) from 15 distinct families at the same time as 
their 28 family members who were in the convalescent phase 
for COVID-19 (Supplementary Table S3; Fig. 1A). Moreover, 
leukocytes frozen between 1999 and 2018 in the pre–COVID-
19 era belonging to either cancer-free donors from the blood 
bank (n  =  37) or patients with cancer (n  =  29) recruited in 
clinical trials (29–32) were used as controls of the contempo-
rary period (Fig. 1A).

T-cell responses directed against viral lysates from the 
reference SARS-CoV-2 strain IHUMI846 (CoV-2) isolated 
in early 2020 or two endemic CCC, OC43 and 229E, were 
evaluated by an in vitro stimulation assay (IVS) depicted in 
Fig. 1B. This first 48-hour IVS assay was aimed at monitor-
ing T-cell recall responses to viral antigens pulsed onto 
autologous dendritic cells (DC). Cytokine secretion was 
analyzed by a 12-plex flow cytometry–based bead assay 
(Supplementary Fig. S1A). In this cross-presentation assay, 
SARS-CoV-2–related cytokine release from peripheral blood 
lymphocytes (PBL) depended on MHC class I and II mol-
ecules, as shown using specific neutralizing antibodies (Sup-
plementary Fig.  S1B). We calculated the ratio of cytokine 
release by dividing interleukin concentrations following 
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Figure 1.  SARS-CoV-2 T-cell responses in COVID-19 and unexposed individuals. A, Graphical representation of the prospective patient and healthy 
cohorts used for the study (refer to Supplementary Table S1A and S1B). B, First experimental in vitro stimulation assay of PBLs using cross-presentation 
of viral lysates by autologous DCs. Twelve plex flow-cytometric assay to monitor cytokine release in replicates. Mo-DC, monocyte-derived dendrtic cell; 
PBMC, peripheral blood mononuclear cell. C and D, Mean fold changes (log2 FC) between SARS-CoV-2–specific cytokine secretions of acute COVID-19 
patients and convalescent COVID-19 individuals and controls (C). The columns represent the mean fold change and the adjusted P value for each cytokine 
between COVID-19–positive, sex- and age-matched contemporary COVID-19–negative controls (C; also refer to Supplementary Fig. S1C). Ratios of 
cytokine secretion between PBLs stimulated with DCs pulsed with SARS-CoV-2 (or the other CCC lysates) versus VeroE6 (or versus CCC respective 
control cell lines), at the acute or convalescent phase of COVID-19 (D). One typical example is outlined in Supplementary Fig. S1A. Each dot represents 
the mean of replicate wells for one patient (controls, n = 279, in blue; convalescent COVID-19, n = 56, in green; acute COVID-19, n = 19, in red). Statistics 
used the two-sided Wilcoxon–Mann–Whitney test. E, Idem as in D comparing CoV-2/VeroE6 ratios of the most relevant cytokines in cancer (gold) versus 
cancer-free (dark blue) convalescent individuals. Statistics used the two-sided Wilcoxon–Mann–Whitney test.
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exposure to viral lysates by those obtained with the respec-
tive control supernatants, to ascribe the specificity of the 
reactivity to SARS-CoV-2 or to CCC antigens for each sub-
ject. First, we characterized the intensity and the quality of 
PBL responses elicited at the acute phase of SARS-CoV-2 
infection (day of symptom onset and/or first positive qPCR 
of the oropharyngeal swab and/or serology), between mid-
April and mid-May 2020 in 19 interpretable tests per-
formed on COVID-19–positive subjects compared with a 
cohort of 279 controls (Supplementary Table S1A and S1B). 
Fifty percent, 36%, and 14% manifested mild, moderate, 
and severe disease, respectively (Supplementary Table S1A). 
Robust SARS-CoV-2–specific IL2 and IFNγ  release, most 
likely caused by Th1/Tc1 cells, and the secretion of IL4 and 
IL5, most likely mediated by Th2/Tc2 effector T cells, were 
detectable (Fig. 1C and D). Of note, SARS-CoV-2 infection 
did not reactivate CCC-specific T-cell responses (Fig.  1D). 
We next examined the polarization of SARS-CoV-2–specific 
memory T-cell responses between mid-April and September 
2020 in 56 convalescent COVID-19 individuals (median 
time lapse between PCR-negative and T-cell assay: 85 days, 
range, 13–106 days) compared with contemporary con-
trols (Fig.  1A; Supplementary Table  S1B). A mixed SARS-
CoV-2–specific memory Th1/Th2 response leading to IL2, 
IFNγ,  and IL5 was observed in most convalescent subjects 
within the next two to three months after acute infection 
(Fig.  1C and D). Differences in memory T-cell responses 
between COVID-19–positive individuals and unexposed 
controls could not be attributed to age, gender, or cancer 
status, as they were still statistically significant for IL2 
and IL5 (as well as TNFα) in a separate analysis match-
ing 56 convalescent patients to 56 control patients using 
a propensity score adjusting for age, gender, and cancer 
status (Supplementary Fig.  S1C). More specifically, SARS-
CoV-2–specific IL2 and IL5 secretion levels were compara-
ble in cancer and cancer-free COVID-19 patients during 
the recovery phase independently of their comorbidities 
(Fig.  1E; Supplementary Table  S1C–S1F). Flow-cytometric 
analyses of SARS-CoV-2–reactive T cells revealed central 
memory (TCM) Th1 (CD3+CD4+CD45RA−CCR7+T-bet+ 
GATA3−CD69+Ki-67−) and effector memory (TEM) Tc1 
(CD3+CD8+CD45RA−CCR7−T-bet+CD25+Ki-67+) phenotypes 
(Supplementary Fig. S1D).

Of note, SARS-CoV-2–specific IL2 release at recovery cor-
related with proxies of humoral immunity. Indeed, IL2+ recall 
responses coincided with higher frequencies of circulating 
nonactivated Tfh cells (Supplementary Fig.  S1E; ref.  28), as 
well as SARS-CoV-2 NC IgG antibody titers (reported to be 
stable for 8 months; ref.  5), but not IgG and IgA antibod-
ies targeting the SARS-CoV-2 S1-RBD domain (Supplemen-
tary Fig.  S1F and S1G). SARS-CoV-2–specific IL5 release in 
COVID-19 patients correlated with calprotectin, a serum 
hallmark of severity (Supplementary Fig. S1H; ref. 33).

Hence, SARS-CoV-2 infection elicited memory responses 
leading to virus-specific release of Th1 cytokines (in 53% 
cases for IL2 and 26% cases for IFNγ; Fig.  2A) and of the 
prototypic Th2 cytokine IL5 (in 14% cases; Fig. 2A) that were 
detectable in both healthy subjects and patients with cancer 
to a comparable extent and stably over time (Supplementary 
Fig. S1I).

Clinical Relevance of Preexisting Th1/Th2 
Immunity to Predict SARS-CoV-2 Infection

Unsupervised hierarchical clustering considering 12 cytokines 
monitored in 355 subjects did not segregate contemporary 
unexposed individuals from convalescent patients (Supple-
mentary Fig. S2A). As previously described (21, 23, 24, 34, 35), 
contemporary COVID-19–negative subjects also harbored 
spontaneous (cross-reactive) SARS-CoV-2–specific IL2, IFNγ, 
and IL5 release in 17.8%, 12.6%, and 13.1% cases, respec-
tively (Fig. 2A), as well as polyfunctional memory responses 
that appear to preexist in patients with cancer and healthy 
individuals in the pre–COVID-19 era, even prior to out-
breaks of SARS-CoV-1 and Middle East respiratory syndrome 
(MERS; Fig. 1A; Supplementary Fig. S2A and S2B). Preexist-
ing frequencies of SARS-CoV-2–specific IL2+ and IL5+ T-cell 
responses were comparable in individuals with or without 
cancer, with no impact of cancer staging, hematologic versus 
solid malignancy, therapy, or comorbidities (Supplementary 
Fig. S2C and S2D; Supplementary Table S1C–S1F).

To determine the clinical significance of these memory 
T-cell responses monitored in unexposed patients with cancer 
from mid-April to mid-May 2020 to predict susceptibility or 
resistance to SARS-CoV-2 infection, we called 214 patients 
with cancer (Fig.  2B) to discover contact cases (n  =  61) and 
infections (n  =  19) diagnosed by qPCR or serology during 
the successive surges of this viral pandemic in fall 2020 and 
winter 2021. Hence, about 28.5% of the initially COVID-
19–free individuals became contact cases, and 31.1% among 
these contact cases were diagnosed with SARS-CoV-2 infec-
tion by specific qRT-PCR or serology (Fig.  2C; Supplemen-
tary Table S2A). Five patients developed moderate or severe 
COVID-19 according to the World Health Organization 
(WHO) criteria (Supplementary Table  S2A). The polyfunc-
tionality of T-cell responses failed to segregate the two cat-
egories of patients with cancer (Fig.  2D; Supplementary 
Fig.  S2B). However, distinct SARS-CoV-2–specific cytokines 
appeared relevant to predict resistance or susceptibility to 
SARS-CoV-2 (Fig.  2E and F). Indeed, both the levels of IL2 
in the recall response and the proportions of individuals 
exhibiting IL2-polarized T-cell memory responses were asso-
ciated with resistance to SARS-CoV-2 infection (Fig. 2E and 
F; P  =  0.017, two-sided Wilcoxon–Mann–Whitney test, and 
P  =  0.048, Fisher exact test). In contrast, IL5 levels in recall 
responses tended to be associated with increased susceptibil-
ity to SARS-CoV-2 infection (Fig.  2E; P  =  0.057, two-sided 
Wilcoxon–Mann–Whitney test).

Consequently, we analyzed the clinical significance of the 
ratio between SARS-CoV-2–specific IL2 and IL5 release. The 
IL2/IL5 recall response ratio was significantly higher in patients 
with cancer who were SARS-CoV-2 resistant (Fig. 2G and H) and 
in convalescent patients (Fig. 2G; Supplementary Fig. S3A). The 
vast majority of patients with cancer deemed to be infected with 
SARS-CoV-2 exhibited an IL2/IL5 ratio ≤1, with the two severe 
COVID-19 cases displaying an IL2/IL5 ratio <0.1 (Fig. 2H).

The SARS-CoV-2–specific IL2/IL5 recall response ratio was 
also clinically significant in a cohort of cancer-free individuals 
who were locked down with their COVID-19–positive family 
members (Fig. 2B; Supplementary Table S3). Individuals who 
did not get infected harbored IL2/IL5 ratios >1 reaching mean 
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values comparable with those achieved in convalescent indi-
viduals (Fig. 2G; Supplementary Fig. S3A). We next utilized the 
double-color IFNγ/IL5 ELISpot assay to enumerate cytokine-
producing T cells in blood from cancer (n = 8) and cancer-free 
(n = 10) individuals drawn in March 2020 and followed up for 
12 months for the COVID-19 diagnosis (Fig. 2B; Supplemen-
tary Table S2B). Although six of nine resistant subjects (who did 
not develop COVID-19) exhibited a SARS-CoV-2–specific 2-fold 
increase in IFNγ+/IL5+ spot ratios, none of the nine susceptible 
subjects (who developed asymptomatic or mild CeOVID-19) 
did so (Fig. 2I and J). Moreover, the frequency of IL5-secreting 
cells detected in ELISpot assays correlated with the IL5 levels 
monitored in the first IVS ELISA assay and with the prolifera-
tion of CD8+CCR4+T-bet− during the cross-presentation assay 
(Supplementary Fig.  S3B and S3C). Finally, the transcription 
profile of PBLs in the cross-presentation assays leading to IL2/
IL5 ratios > versus <1 performed in 18 patients (8 with an IL2/
IL5 ratio  >1 and 10 with an IL2/IL5 ratio  <1) was enriched 
in genes expressed in Th1/Tc1 (e.g., IFNG  and GZMB) versus 
Th2/Tc2 (e.g., CXCR5 and CD79A), respectively (Supplementary 
Fig. S3D; Supplementary Table S4).

In contrast to preexisting SARS-CoV-2–specific memory 
T cells, CCC-specific cross-reactive T cells did not allow us 
to differentiate susceptible from resistant individuals (Sup-
plementary Fig.  S3E), although IL5 (not IL2) stood out as 
the strongest correlate between SARS-CoV-2– and OC43-spe-
cific T-cell responses among 156 individuals (Supplementary 
Fig.  S3F). Of note, titers of IgG antibodies directed against 
the spike of the seasonal beta coronaviruses OC43 and HKU1 
(but not the alphacoronavirus 229E and NL63) were higher 
in individuals susceptible to SARS-CoV-2 compared with 
resistant individuals (Supplementary Fig. S3G).

We next compared the T-cell polarization of healthy multi-
contact COVID-19–free individuals (Supplementary Table S5), 
resistant patients with cancer (Supplementary Table  S2A) or 
SARS-CoV-2–reinfected (Supplementary Table  S5) patients 
toward the original SARS-CoV-2 strain (IHUMI846) with that 
directed toward the United Kingdom (IHUMI3076, B.1.1.7), 
South Africa (IHUMI3147, B.1.351), and Brazil (IHUMI3191, 
P.1; ref.  25) viral variants of concern (VOC) in the cross-pres-
entation assay. Some individuals lost the Th1/Tc1 profile and 
acquired a Th2/Tc2 profile (IL4, IL5, IL10), depending on the 

Figure 2.  Unexposed individuals susceptible to COVID-19 exhibited a SARS-CoV-2–specific Th2 profile during the first surge of the pandemic. 
A, Percentage and number of patients in each cohort—pre–COVID-19 era [yes (+)/no(−)], cancer [yes (+)/no(−)], and COVID-19 [yes (+)/no(−)]—who had 
a SARS-CoV-2–specific cytokine release (for the prototypic cytokines) compared with VeroE6 (control, n = 279; convalescent, n = 56; Supplementary 
Table S1B). Fisher exact test to compare the number of cytokine-positive patients across groups. B, Outline of the prospective collection of blood sam-
ples used to identify COVID-19–resistant (yellow) versus susceptible (red) patients with cancer (B, top; Supplementary Table S2A and S2B). Bottom, 
outline of the prospective collection of blood samples used for the comparison of T-cell responses in the cohort of cancer-free individuals who lived in 
the same household with family members who tested positive for COVID-19 during the 2020 lockdown (G and I). Pie chart (C) indicating the absolute 
numbers (and percentage) of patients reported as contact (resistant) or infected (susceptible) or unexposed (green) during 1-year follow-up (D). Num-
ber of  positive cytokines released by SARS-CoV-2–specific PBLs during the cross-presentation assay (Fig. 1B and C) in each group (unexposed,  
n = 153; resistant, n = 42; susceptible, n = 19). (continued on next page)
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strain (Supplementary Fig. S4A). We also compared the immu-
nogenicity of the original IHUMI846 strain with that of the 
Danish (IHUMI2096, 20A.EU2, B.1.367, GH) and North African 
(IHUMI2514, 20C, B.1.160, GH) strains isolated at the end of 
2020 (25). T cells lost their capacity to produce IL2 in response 
to the IHUMI2096 and IHUMI2514 viral variants (Supplemen-
tary Fig. S4B).

We conclude that an imbalanced Th1/Tc1 versus Th2/Tc2 
polarity of SARS-CoV-2–specific memory T-cell responses 

determines susceptibility to infection, with an IL2/IL5 
ratio >1 indicating resistance to SARS-CoV-2 infection.

Defects in the Th1/Tc1 Response against the 
SARS-CoV-2 RBD of Spike Glycoprotein in 
Susceptible Individuals

In hosts affected by viral infections or cancer, the breadth 
of T-cell epitope recognition is a prerequisite for protective 
immunity (36–38). We analyzed the diversity of SARS-CoV-2 
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T-cell responses by single peptide mapping using 187 peptides 
with 9 to 51 amino acids corresponding to 146 nonoverlapping 
or poorly overlapping epitopes of the SARS-CoV-2 Open Read-
ing Frame peptidome (ORFeome; among which 25 epitopes 
were shared with SARS-CoV-1), encompassing in the 5′UTR to 
the 3′UTR sequence order, spike, ORF3a, membrane, ORF8, 
NC, and ORF10 structural proteins, plus 41 epitopes covering 
the SARS-CoV-1 ORFeome of immunologic relevance (among 
which eight epitopes were shared with SARS-CoV-2), as well as 
a series of positive controls, namely, epitopes from influenza 
virus, Epstein–Barr virus (EBV), and cytomegalovirus (CMV), 
phytohemagglutinin (PHA), and anti-CD3ε (OKT3) antibody 
(Supplementary Table  S6). IFNγ  responses against the 187 
peptides were evaluated in 211 individuals (124 patients with 
cancer, 63 cancer-free individuals, 24 pre–COVID-19 era, 27 

convalescent patients; Supplementary Table  S7). To enable 
the detection of low-frequency SARS-CoV-2 peptide–specific 
T cells, we used an in vitro 7-day-long, IL2 + IL15–enriched 
IVS assay in the presence of each individual peptide (Fig. 3A). 
We chose to monitor IFNγ, a proxy for Th1/Tc1 responses, as 
opposed to IL2, in the 7-day coculture supernatants by ELISA 
because recombinant human IL2 was already added to the 
IVS assay to maintain T-cell viability. The overall recognition 
patterns of these peptides across various patient populations, 
and their individual frequencies are detailed in Fig. 3B and C 
and Supplementary Fig. S5. About 10% of convalescent indi-
viduals recognized more than 15% of our peptide selection 
within the SARS-CoV-2 ORFeome (Fig. 3B). T-cell responses 
in unexposed patients, in particular in the pre–COVID-19 era, 
covered large specificities, as suggested by previous reports 
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Figure 3.  Peptide repertoire breadth does not predict resistance to COVID-19. A, Experimental setting for the 187 peptide-based in vitro stimulation 
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(refs. 9, 21, 24; Fig. 3C and D, right; Supplementary Fig. S5). In 
accordance with the literature (9, 24), the T-cell repertoire of 
convalescent COVID-19 patients was larger than that of unex-
posed individuals, mainly directed against spike, membrane, 
and NC and to a lesser extent against ORF3a, ORF8, and 
ORF10 (Fig. 3E, left). The breadth of the peptide recognition 
coverage was not significantly reduced in patients with cancer 
compared with others (Fig.  3D, left; Fig.  4A). In a limited 
number of individuals, we measured not only IFNγ but also 
IL5, IL9, and IL17 by ELISA. The recognition profile specific 
to the spike (and more specifically the RBD) as well as ORF8 
was more geared toward Th1/Tc1 (IFNγ) than Th2 (IL5), Th9 
(IL9), or Th17 (IL17) production (Supplementary Fig.  S6A–
S6C). The membrane- and NC-specific repertoire was strongly 
Th17-oriented (Supplementary Fig. S6B).

Using logistic regression analyses, we determined the Th1/
Tc1 peptide recognition fingerprint significantly associated 
with each patient category (Fig. 4A). The hallmark repertoire 
of the pre–COVID-19 era consisted of a stretch of peptides 
covering part of the SARS-CoV-1 genome (spike, membrane, 
ORF3a, NC), some peptide residues sharing high or complete 
homology with SARS-CoV-2, as well as numerous ORF8 
sequences (Supplementary Table S6). Of note, the recognition 

pattern of these SARS-CoV-1 epitopes highly correlated with 
responses directed against ORF8 peptides. In contrast, the 
COVID-19–associated blueprint encompassed many NC pep-
tides (NC_1, residues 1–15), NC_6–7, (residues 76–105), the 
HLA-A2–restricted nonamer (RLNQLESKV) NC_226–234 
from SARS-CoV-1 (sharing high structural homology with 
the SARS-CoV-2 epitope RLNQLESKM) and another SARS-
CoV-1 NC nonamer peptide (NC_345–361), three peptides 
residing in ORF8, and two epitopes belonging to the spike 
region [“SPIKE29” found in the S1-RBD region at high fre-
quency across subjects (17.8%), as well as “SPIKE84” (residues 
1246–1260) from the C-terminal portion; Fig. 4A].

Next, we investigated the ORFeome peptide repertoire 
associated with SARS-CoV-2–specific IL2 (supposedly protec-
tive) memory responses in 148 unexposed and convalescent 
individuals by means of linear regression analysis (Fig.  4B, 
left). Among the nine peptides associated with a positive 
contribution to IL2 secretion, one nonamer (KLPDDFMGCV 
in the SARS-CoV-1 genome and KLPDDFTGCV in the SARS-
CoV-2 genome) resided in the RBD region that constitutes 
the binding site for its cellular receptor angiotensin-convert-
ing enzyme 2 (ACE2; ref. 39), whereas, among the 13 peptides 
associated with a hole in the Th1 response, five resided within 
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Figure 3. (Continued) C, Peptide frequencies within unexposed and convalescent (with history of COVID-19) patients with cancer compared with 
unexposed cancer-free subjects. Also refer to Fig. 4A. D and E, Percentages of positive peptides in individuals from the pre–COVID-19 era (n = 24) versus 
contemporary controls (n = 97; D, right) and in cancer (n = 111) versus cancer-free contemporary individuals (n = 10; D, left) and in uninfected [control 
(contemporary), n = 97] versus convalescent (n = 27; E, left) and resistant individuals (noninfected contact cases, n = 44) versus susceptible (infected, 
n = 18) individuals (E, right). Group comparisons within D and E were performed using the two-sided Wilcoxon–Mann–Whitney test.
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Figure 4.  Spike receptor binding domain (S1-RBD)–directed Th1/Tc1 recall responses predict resistance to COVID-19. A, Statistically significant 
peptide signatures in the peptide-based IVS assay (Fig. 3B) using a multivariable logistic regression analysis adjusted for period (pre–COVID-19 era or 
contemporary patients), COVID-19 history, and cancer (refer to Supplementary Table S7). The left column shows variables, and the x-axis indicates the 
significant peptides (P < 0.05). The magnitude of the log (odds ratio) is indicated in the red/blue color code, whereas that of the P value is represented 
by the circle size. B, Linear regression analysis of the relative contribution (t-value corresponding to the regression coefficient) of each peptide to 
SARS-CoV-2–specific Th1/Tc1 responses (measured as IL2 secretion in response to whole virus lysate in Fig. 1D), as determined in the peptide-specific 
IFNγ secretion assay in 123 COVID-19–negative individuals. Statistically significant peptides (P < 0.05) are annotated with asterisks (left). Peptides 
colored in blue reportedly harbor at least one mutation within SARS-CoV-2 variants (Supplementary Table S12). Peptide set enrichment analysis plot 
(right). The contribution of each peptide to the SARS-CoV-2–specific IL2 secretion was used to rank 164 peptides. The enrichment score of S1-RBD 
peptides suggested that this peptide set presented lower t-values than randomly expected (P = 0.048; right). (continued on next page)

the RBD of the spike glycoprotein. More specifically, there 
was a statistically significant enrichment of RBD-related pep-
tides within this Th1/Tc1 hole (Fig. 4B, right).

In order to validate the clinical significance of the Th1/Tc1 
repertoire hole and the assumption that a defect in the Th1/

Tc1 recognition pattern of the RBD sequence could be a risk 
factor for COVID-19, we annotated the presence of at least one 
positive peptide selected from the RBD region spanning amino 
acid 331–525 residues (called “SPIKE23” to “SPIKE35” in Sup-
plementary Table S6), versus other regions of the ORFeome in 
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each of the 98 individuals who were comprehensively explored 
in the peptide-based IVS assay, 45 resistant (contact) indi-
viduals, 18 infected persons (susceptible), as well as 35 controls 
(unexposed lockdown and/or unknown) in addition to 24 indi-
viduals from the pre–COVID-19 era (Supplementary Table S7) 
using the IFNγ ELISA. The volcano plot assigning significant 
odd ratios of Th1/Tc1 reactivities to different SARS-CoV1/
CoV2 amino acid sequences between susceptible versus resist-
ant individuals highlighted that anti–S1-RBD Th1/Tc1 reactiv-
ity selectively correlated with resistance to infection (Fig.  4C 
and D). In accordance with the immunodominance of S1-RBD, 
the other signatures indicated by our logistic regression analy-
sis (Fig.  4A), namely, the convalescent or the pre–COVID-19 
era–related blueprints were not significantly associated with 
resistance to SARS-CoV-2 infection (Fig. 4E and F). Although 
susceptible patients with cancer exhibited a significant defect 
in the RBD-related Th1/Tc1 repertoire (Fig.  4D), up to 25% 
of the patients with resistant cancer harbored robust Th1/Tc1 
responses to the 331–525 amino acid residues of RBD (Fig. 4D; 
P = 0.049, Fisher exact test).

Next, we analyzed peripheral blood mononuclear cells 
(PBMC) in a series of cancer-free individuals (n = 17) who were 
diagnosed with COVID-19 during the first surge of the SARS-
CoV-2 pandemic and then were reinfected with viral variants 
prevailing during the later outbreak occurring in fall 2020 
or winter 2021 (Supplementary Table S5). The RBD-specific 
Th1/Tc1 responses were almost undetectable in patients who 
got infected twice with SARS-CoV-2, whereas they could 
be measured in 50% of convalescent COVID-19 patients 
(Fig. 4G; P = 0.011, Fisher exact test), which is in accordance 
with a recent report highlighting the immunodominance 
of the S346–365 region (corresponding to our “SPIKE24” 
epitope) in convalescent individuals (40). Third, patients 
diagnosed with COVID-19 breakthrough infections more 
than 1 month after complete vaccination (Supplementary 
Table S8) harbored a major defect in S1-RBD–specific Th1/
Tc1 cell responses (Fig.  4H). Of note, neutralizing antibody 
titers were above the detection limit in 66% of COVID-19 
patients infected once versus 40% of reinfected patients. In 
contrast, in vaccinees experiencing breakthrough infection, 
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groups (D) or convalescent versus reinfected patients (G) or vaccinees experiencing breakthrough infection (H; Supplementary Table S8), or recognizing 
at least one peptide from the pre–COVID-19 (E) or convalescent (F) signature identified in the logistic regression analyses of A in the IFNγ ELISA in the 
peptide IVS assay. Fisher exact test to compare the number of positive patients for each signature between groups.
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IgG antibody titers against trimeric spike assessed within 
2 months after second vaccine were comparable to levels 
measured in unaffected vaccinees (Supplementary Fig. S6D). 
Thus, the cellular anti–S1-RBD Th1/Tc1 response might be a 
better predictor of protection against SARS-CoV-2 infection 
than the humoral response against trimeric spike.

IFNγ  and IL5 T-cell responses to S1-RBD peptides were 
evaluated in 67 patients. About 10% of individuals harbored 
S1-RBD–specific Th2/Tc2 responses (Supplementary Table 
S9). Long-lived Th2 clones could be derived from two patients 
exhibiting robust spontaneous or breakthrough SARS-CoV-2 
infection or SPIKE25-specific IL5 release (Supplementary 
Fig.  S7A–S7F). Of note, there was a robust concordance of 
the polarization status of patients between the two (cross-
priming and peptide-based) IVS assays (P  =  2.2e−16 for the 
Th1/Tc1 cytokines IL2 and IFNγ  release; p  < 1e−16 for the 
Th2/Tc2 factor IL5, McNemar test).

Vaccine-Induced S1-RBD Th1 Immunity Observed 
in Patients with Solid Cancer Is Reduced in 
Hematologic Malignancies

During the course of this study, SARS-CoV-2 mRNA and 
DNA vaccines were approved by the FDA and the European 
Medicines Agency (EMA) based on reports that they prevent 
SARS-CoV-2 infection with an efficacy of >90% (3, 41). Using 
a simple 22-hour whole-blood stimulation assay allowing 
the quantitative measurement of IFNγ  using the enzyme-
linked fluorescent assay technique in an automated platform 
(VIDAS IFNγ RUO; ref. 42), we analyzed RBD-specific T-cell 
reactivities before and/or after one or two shots of vacci-
nation with BNT162b2 mRNA (BioNTech/Pfizer) and/or 
AZD1222 adenovirus (AstraZeneca) in 368 patients (Supple-
mentary Table  S10)—259 cancer-free and 109 patients with 
cancer—including  >50 convalescent individuals before and/
or after one vaccine (Fig.  5A and B; Table  1). First, we used 
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Figure 5.  Patients with cancer (except hematologic malignancies) could mount S1-RBD–specific Th1/Tc1 immune responses during the prime–boost vac-
cination rollout. A, Description of cohorts of vaccinees in cancer-free individuals and patients with cancer (refer to Supplementary Table S10; Table 1).  
B, Experimental setting for the peptide pool–based ex vivo stimulation assays. C, Amino acid sequence coverage of the three peptide pools utilized in the high-
throughput T-cell screening assay (refer to Supplementary Table S11). D and E, High-throughput screening T-cell assay using the ELISA technique in an auto-
matic platform monitoring IFNγ levels in whole-blood samples from several independent cohorts of HCW (D) or patients with cancer (continued on next page)
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our 11 S1-RBD nonoverlapping peptide pool (“PEPwtRBD”;  
Fig. 5C; Supplementary Table S11). PBL reactivities to these 
peptide pools were MHC class I and II–dependent (Supple-
mentary Fig. S8A). As a positive control of memory responses 
against SARS-CoV-2 (43), we used a pool of 18 15-mer epitopes, 
“PEPOrf,” comprising not only different stretches of overlap-
ping S1-RBD peptides but also peptides spanning Spike S1 
and S2 as well as membrane and NC sequences (Fig. 5C; Sup-
plementary Table  S11). At day 180 after vaccine initiation, 
about 40% of HCW (with no history of COVID-19 or cancer) 
mounted PEPwtRBD-specific Th1/Tc1 responses, whereas >80% 
responded to PEPOrf, reaching similar levels as individuals 
with a history of COVID-19 and one course of vaccination 
(Fig.  5D, top; Table  1). The magnitude of PEPwtRBD-specific 
IFNγ release after vaccination (day 90) was maintained up to 
day 180 in both patient subsets (Fig. 5D, bottom). Although 

vaccination could elicit Th1/Tc1 immune responses against 
S1-RBD in patients with solid cancer independently of con-
comitant chemotherapy, immunotherapy, Eastern Coop-
erative Oncology Group (ECOG) performance status, and 
staging (Supplementary Fig. S8B–S8F), the percentages and 
magnitude of responses against PEPOrf and PEPwtRBD were sig-
nificantly reduced only in hematologic malignancies (Table 1) 
as compared with cancer-free individuals and patients bear-
ing solid cancers in univariate analysis (Fig. 5E). Multivariate 
analyses concluded that administration of two vaccines or 
SARS-CoV-2 infection followed by one vaccine elicited signifi-
cant Th1/Tc1 immune responses against S1-RBD indepen-
dently of age, gender, and time of sampling but was reduced 
in patients with hematologic cancer compared with healthy 
subjects (Fig. 5F; P = 0.025). We acknowledge that the current 
study enrolled too few patients diagnosed with hematologic 
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Figure 5. (Continued) [E, solid or hematologic malignancies (hemato cancer)] with (D) or without (D and E) COVID-19 history, pre- and/or per (after 1 
immunization, day 21) and/or post-vaccination (day 90, day 180 for D; only after two shots of vaccines for E) using different peptide pools (C). Monitor-
ing of IFNγ release (bottom) and percentages of individuals with IFNγ levels greater than the threshold of detection (top). The standard errors have been 
computed with their confidence intervals for these estimates, with each interval most probably containing the genuine percentage. F, Forest plot depict-
ing the impact of the each covariate on the PEPwtRBD IFNγ secretion levels (refer to Table 1 for statistics). Specimens were not systematically paired in 
the kinetic study. The log10-normalized IFNγ secretions for all peptide stimulation were pooled to model simultaneously their dynamics from the first 
vaccine to day 180 using linear mixed-effect regression adjusted for patient age, sex, cancer status, type of cancer, COVID history, and vaccine schedule. 
G, Spearman correlation between serum S1-RBD–specific IgG titers (expressed in arbitrary units) and IFNγ release in the VIDAS IFNγ RUO platform in 
all cancer-free (left) and cancer vaccinees (right) monitored in Fig. 5D. Each dot represents one sample at one time point. Most individuals have been drawn 
only once at any time point. H, Percentages and absolute numbers of mutations contained in our S1-RBD peptide list reported in the current SARS-CoV-2 
variants (refer to Supplementary Table S12). The difference of the probability of mutation in the S1-RBD region and in other regions was evaluated using 
logistic regression (odds ratio = 0.21; 95% confidence interval, 0.06–0.68; P = 0.01). I, Paired analysis of the differential magnitude of Th1/Tc1 reactivity 
against PEPwtRBD versus PEPmutRBD in 343 cancer-free vaccinees with no history of COVID-19. Each line represents one patient sample. Group compari-
sons were performed using the two-sided paired Wilcoxon–Mann–Whitney test.
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PEPorf PEPwtRBD PEPmutRBD

Characteristics n %
Multivariable  
estimate (95% CI) P

Multivariable  
estimate (95% CI) P

Multivariable  
estimate (95% CI) P

Gender
 Female 259 70 Reference Reference Reference
 Male 109 30 −0.072 (−0.163–0.026) 0.159 −0.041 (−0.104–0.033) 0.264 −0.073 (−0.162–0.012) 0.123
Age (years) mean ± SEM 43 ± 14 0.003 (−0.001–0.007) 0.086 0 (−0.003–−0.002) 0.878 0 (−0.003–0.004) 0.831
 Range (18–86)
Sampling time (May 10, 

2021–September 8, 2021)
0.002 (0–0.005) 0.049 0.001 (−0.001–0.003) 0.551 −0.001 (−0.003–0.001) 0.433

 Range (days): (0–135)
COVID history and vaccine rounds
 Pre-vacc 103 24 Reference Reference Reference
 No COVID-19 history; 

1 round
60 14 0.282 (0.173–0.395) <0.001 0.118 (−0.006–0.247) 0.068 0.044 (−0.034–0.121) 0.291

 No COVID-19 history; 
2 rounds

195 45 0.442 (0.332–0.560) <0.001 0.197 (0.098–0.292) <0.001 −0.016 (−0.116–0.08) 0.751

 Convalescent; no round 45 11 0.347 (0.207–0.502) <0.001 0.087 (−0.039–0.234) 0.185 −0.064 (−0.183–0.044) 0.257
 Convalescent; 1 round 27 6 0.603 (0.422–0.766) <0.001 0.175 (0.028–0.322) 0.014 0.011 (−0.171–0.166) 0.902
Cancer-free 259 70 Reference Reference Reference
Cancer 109 30 — — — — — —
 Solid malignancies 88 81a 0.004 (−0.154–0.176) 0.963 −0.047 (−0.167–0.076) 0.453 0.045 (−0.1–0.175) 0.532
  Breast 30 28a — — — — — —
  Gastrointestinal 19 17a — — — — — —
  Lung 7 6a — — — — — —
  Head and neck 9 8a — — — — — —
  Neurologic tumor 1 1a — — — — — —
  Melanoma 7 6a — — — — — —
  Gynecologic 7 6a — — — — — —
  Genitourinary 5 5a — — — — — —
  Sarcoma 1 1a — — — — — —
  Thymus 1 1a — — — — — —
  Unknownb 1 1a — — — — — —
 Hematologic malignancies 21 19a −0.361 (−0.594–−0.124) 0.002 −0.172 (−0.312–−0.024) 0.025 −0.038 (−0.212–0.138) 0.681
  B-cell malignancies 12 11a — — — — — —
  Myeloid malignancies 4 4a — — — — — —
  Multiple myeloma 4 4a — — — — — —
  Others 1 1a — — — — — —
Tumor stage
 Localized 13 12 — — — — — —
 Locally advanced 21 19 — — — — — —
 Metastatic 70 64 — — — — — —
 Unknown 5 5 — — — — — —
Therapies
 Not treated 22 20 — — — — — —
 Chemotherapy 42 39 — — — — — —
 Hormonotherapy 4 4 — — — — — —
 Immunotherapy 21 19 — — — — — —
 Radiotherapy/

radiofrequency
2 2 — — — — — —

 Targeted therapy 33 30 — — — — — —
ECOG performance status
 0–1 102 94 — — — — — —
 ≥2 7 6 — — — — — —

Abbreviations: CI, confidence interval; Pre-vacc, prevaccination.
aPercentages in cancer group (n = 109).
bCancer diagnostic phase.

Table 1. Efficacy of FDA/EMA-approved vaccines to elicit anti-WT– versus mutRBD–specific Th1/Tc1 responses:  
multivariate analyses



Fahrner et al.RESEARCH ARTICLE

972 | CANCER DISCOVERY APRIL  2022 AACRJournals.org

malignancies to allow fair comparisons in the magnitude of 
vaccine-induced S1-RBD–specific IFNγ  release between solid 
and hematologic malignancies. Of note, the titers of S1-RBD 
IgG antibodies poorly correlated with PEPwtRBD-specific T-cell 
IFNγ secretions in 232 cancer-free vaccinees without a history 
of COVID-19 (Fig. 5G, left; R =  0.2, P  =  0.019) as well as in 
patients with cancer (Fig. 5G, right; R = 0.13, P = 0.32).

Given that immunoselection may drive antigenic drift of 
viruses as well as the evolution of viral phylogeny, we analyzed 
the coincidence of mutations (mutations occurring in at least 
75% of emergent variants or predicted to decrease antibody 
neutralizing activity) in the SARS-CoV-2 ORFeome (44) with 
T-cell memory patterns of clinical significance (Supplemen-
tary Table  S12). Significantly higher mutation frequencies 
were detected within the S1-RBD–specific Th1 response (62%) 
compared with other regions of the SARS-CoV-2 ORFeome 
(25.5%; odds ratio = 0.21; 95% confidence interval, 0.06–0.68; 
P = 0.01; Fig. 5H).

Finally, we analyzed T-cell responses directed against S1-RBD 
sequences of the viral VOCs that were recently renamed by 
WHO as alpha (B.1.1.7), beta (B.1.351), gamma (P.1), and delta 
(B.1.617.2). Indeed, these strains predominantly mutate in 
the S gene compared with the reference (Wuhan-Hu-1) strain 
and more precisely within the S1-RBD peptide residues of the 
“PEPwtRBD” pool. Therefore, we generated a fourth peptide pool, 
“PEPmutRBD,” encompassing the 14 mutations described within 
the S1-RBD sequences of VOC (Supplementary Table S11) that 
we tested in 343 individuals. Th1/Tc1 cell reactivity tended 
to be higher against PEPwtRBD than PEPmutRBD in univariate 
analyses [n = 33 positive/83 (39.7%) vs. 20/71 (28%) at day 180 
in HCW, P = 0.337; n = 7 positive/11 (63%) vs. 3/8 (37%) at day 
180, P = 0.69 in COVID-19 convalescent patients], coinciding 
with a significant drop in the magnitude of IFNγ secretion lev-
els in cancer-free individuals (Fig. 5I; P < 0.001). In multivariate 
analyses, vaccines failed to elicit significant Th1/Tc1 immune 
responses cross-reactive against VOC (Table 1). The difference 
in T-cell reactivity between PEPwtRBD and PEPmutRBD could 
not be ascribed to nonmutated peptide residues missing in  
the PEPmutRBD pool (such as the immunodominant spike 29, 
which was recognized in  <3% of vaccinees when tested sepa-
rately in this high-throughput screening T-cell assay (P = 0.4; 
Supplementary Fig. S8G).

Of note, the binding affinity of S1-RBD peptides to 
MHC class I and II proteins could be calculated using the  
NetMHCpan algorithm. This approach predicted strong 
binding to MHC class I HLA-A, -B, and -C alleles for the RBD 
epitopes “SPIKE25” (residues 361_375), “SPIKE27” (residues 
391–405), and “SPIKE31” (residues 451–465). In contrast, 
“SPIKE33” (residues 481_495) was estimated to have a low 
affinity for HLA-B and no affinity for HLA-C alleles (Sup-
plementary Table  S13A). Only “SPIKE24,” “SPIKE25,” and 
“SPIKE31” were predicted to bind with a high affinity to MHC 
class II HLA-DR alleles (Supplementary Table S13B), as already 
reported for the immunodominant S346–365 region (40).

Altogether, these results suggest that defects in the Th1/
Tc1 repertoire affecting the recognition of the SARS-CoV-2 
S1-RBD, mostly observed in patients with hematologic malig-
nancies rather than solid cancer or cancer-free individuals, are 
associated with susceptibility to infection or reinfection by 
SARS-CoV-2. T-cell responses against S1-RBD from VOCs 

appear to be reduced in vaccinees as of August 2021, com-
mensurate with the fact that this antigenic region mutates 
more than other regions of the SARS-CoV-2 ORFeome.

DISCUSSION
Identifying immune correlates of protection from SARS-

CoV-2 is critical to predict the efficacy of existing and future 
vaccines and to follow a potential decay in immune protec-
tion imposing repeated immunizations. Thus, the titers of 
neutralizing antibodies that correlate with IgG antibodies 
against trimeric S or RBD represent a good proxy of protec-
tion against breakthrough infections (45, 46). The landscape 
of prevalence and immunodominance of SARS-CoV-2 T-cell 
epitopes—supposedly associated with protection during the 
acute phase—has been thoroughly investigated (43). Using 
40-mer peptide pools covering regions of membrane, NC, 
ORF3a, ORF7/8, and spike proteins, Tan and colleagues 
observed a statistically significant correlation between the 
early appearance of SARS-CoV-2 peptide–reactive cells and 
shorter duration of infection (47). Here, we unravel the first 
“prospective” correlation between preexisting (before the first 
surge) SARS-CoV-2–specific Th2/Tc2 immune responses and 
susceptibility to infection with SARS-CoV-2 or reinfection 
with viral variants, based on three independent cohorts and 
two different methods to monitor Th1/Tc1 and Th2/Tc2 
cytokines (ELISA and ELISpot). In both healthy individu-
als and cancer subjects, the best immunologic correlate for 
the susceptibility to infection with SARS-CoV-2 was undis-
tinguishably a recall response characterized by a low ratio 
of Th1/Th2 lymphokines (and more precisely an IL2/IL5 
ratio <1) secreted upon exposure to the reference SARS-CoV-2 
viral strain. The IL5 memory response coincided with a hole 
within the Th1/Tc1 cell repertoire affecting the RBD of the 
spike protein. Five lines of evidence argue in favor of the clini-
cal significance and protective effect against the infection of 
Th1/Tc1 immune responses directed against anti–S1-RBD 
for the current pandemic. Th1/Tc1 responses were undetect-
able in individuals from the prevaccine era who were sus-
ceptible to infection by SARS-CoV-2, in reinfected persons, 
and in subjects manifesting breakthrough infections after 
vaccination and were reduced against the S1-RBD–mutated 
sequences from VOC in vaccinated HCW. Finally, given the 
high rate of mutations residing in the immunologically and 
clinically relevant sequence of interest (331–525 amino acid 
residues of the spike protein), we are tempted to conclude 
that an immune-driven selection process of viral phylogeny is 
currently occurring, as already discussed (48, 49).

Reportedly, CD4+ Th1 and Th2 responses are induced 
during the primary phase of viral infection, and both Th1 
and Th2 can generate an anamnestic response upon rechal-
lenge with the same virus (50). Survivors from SARS-CoV-1 
infection developed polyfunctional T cells producing Th1 
cytokines and long-term CD8+ T-cell responses as late as 
11 years after infection (9). The Th1 cytokine IL2 (which 
correlated with circulating nonactivated Tfh cells in conva-
lescent patients in our study) was the pivotal factor distin-
guishing resistant from susceptible individuals. Signaling 
via the high-affinity IL2 receptor (which requires CD25/
IL2Rα expression) favors the generation of CXCR5− T effector 
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cells, and this is associated with Th1 responses sustained 
by the transcription factor TBX21. Moreover, the develop-
ment of IFNγ-producing effector memory T cells depends 
upon CD25 (15). Accordingly, upon infection with lym-
phocytic choriomeningitis (LCMV), CD25-deficient CD4+ T 
cells largely fail to form IFNγ-producing T effector cells in 
secondary lymphoid organs and to generate lung tissue resi-
dent memory T cells (51). In contrast, increased Th2 cytokine 
release correlated with poor outcome in patients, a finding 
corroborated in mouse studies of SARS-CoV-1 (52, 53) and 
SARS-CoV-2 (54). During SARS-CoV-2 infection, Th2-associ-
ated blood markers, such as eosinophilia and circulating IL5, 
IL33, eotaxin-2, and eotaxin-3, are correlated with COVID-19 
severity (55). Even though cancer-specific Th2 responses have 
been described (56, 57), SARS-CoV-2– or S1-RBD–specific 
Th2/Tc2 recall responses were not more frequent in patients 
with cancer versus cancer-free subjects, regardless of their 
staging, therapies, or comorbidities that influenced COVID-
19 severity and the systemic inflammatory tonus (27, 58).

TCR signaling plays a major role in CD4+ polarization and 
can vary according to the TCR affinity, the amount of pep-
tide/MHC II complexes perceived by a TCR, or the length of 
time a T cell spends proofreading peptide/MHC II complexes 
(15). Several authors reported cross-reactivities between CCC 
and SARS-CoV-2 (9, 20, 23, 24, 34, 35, 59, 60). However, 
such cross-reactive T cells may correlate with poor clinical 
outcome (61–66). Indeed, according to one report (21), pre-
existing CCC-specific memory CD4+ T cells exhibit low TCR 
avidity in almost all unexposed individuals and are strongly 
expanded in severe but not mild COVID-19. Moreover, CCC/
SARS-CoV-2–cross-reactive T-cell clones shared among con-
valescent and infected individuals harbored lower functional 
avidity than non–cross-reactive clones, suggesting antigenic 
imprinting of the TCR repertoire by previous exposure to 
CCC (26, 67). Of note, these spike-specific cross-reactive 
CD4+ T cells might reexpand not only during infection but 
also following vaccination. In line with this possibility, we 
detected a strong positive correlation between CCC and 
SARS-CoV-2–specific IL5 release by memory T cells in unex-
posed individuals. Moreover, CCC-specific IgG titers were 
higher in susceptible compared with resistant individuals. 
Finally, the SARS-CoV-1 and ORF8-specific T-cell repertoire 
prevailing in the pre–COVID-19 era failed to be clinically rel-
evant for the avoidance of COVID-19, and such a repertoire 
was frequently detected in reinfected individuals during their  
convalescence phase. Of note, we generated S1-RBD–specific 
IL4- or IL5-producing T-cell lines and CD4+CD8+ T-cell clones 
from one HCW presenting a breakthrough infection after 
vaccination. Hence, we cannot rule out the possibility that a 
preexisting Th2 immunity (that we monitored in about 10% 
individuals), for instance, directed against S1-RBD sequences 
shared by sarbecoviruses (9) could increase the susceptibility 
to, and severity of, SARS-CoV-2 infection (52, 53, 55, 68).

Our data fuel the theory that (i) robust Th1 memory immune 
responses against RBD might restrain viral infection, thus 
exerting a selective pressure on the virus, obliging it to generate 
escape variants by mutation of RBD and (ii) preexisting Th2 
antiviral responses might not only be incapable of eliminat-
ing SARS-CoV-2–infected cells but actually favor (re)infection 
with SARS-CoV-2, ultimately increasing the viral reservoir, 

thus favoring the emergence of viral variants. Hence, immuni-
zation strategies should aim to trigger Th1/Tc1 (rather than 
Th2/Tc2) responses against S1-RBD. The efficacy of cellular 
immune response relies on three components: (i) the antigen, 
(ii) the adjuvant, and (iii) the dynamics of viral evolution (69). 
Immunization with inactivated SARS-CoV-1 or with the whole 
spike (S) protein caused eosinophilic infiltration following viral 
reexposure in mice (70, 71). Unfortunately, the efficacy of the 
vaccines composed of inactivated virus produced by Sinovac 
Biotech (CoronaVac) and Sinopharm (BBIBP-CorV) against 
VOCs has not yet been reported. In contrast, at least in the case 
of SARS-CoV-1, immunization with RBD induced neutralizing 
antibodies in the absence of Th2/Tc2 responses (72). Vaccine 
adjuvants can stimulate Th1/Tc1-favorable innate immunity, as  
this is the case for multiple viral vectors, virus-like particles, 
and mRNA-containing nanoparticles (67, 73). Finally, virus 
adaptation to the host has to be outcompeted. One might infer 
from our data that the currently protective immunodominant 
regions generating a Th1/Tc1 profile may be the focus of the 
future antigenic drift of SARS-CoV-2, in which case, vaccines 
would have to be updated regularly (74). In countries with a 
broad vaccine coverage, it may be advantageous to screen the 
population for IFNγ  responses against S1-RBD to determine 
the need of each individual for booster vaccination. In particu-
lar, although solid cancer–bearing patients could mount Th1 
immune responses against PEPOrf that may be able to protect 
them against COVID-19 severity (as previously discussed; refs. 
75, 76), patients with hematologic malignancies were less capa-
ble of doing so. Indeed, patients with solid cancer could get 
efficiently immunized against the S1-RBD region, regardless of 
staging and types of therapies. There are some limitations to 
our study due to its nature (cross-sectional rather than longi-
tudinal), enrolling solid more than hematologic malignancies, 
mostly during their therapies rather than at the remission sta-
tus. Despite these limitations, our data are in line with previous 
reports showing that vaccinees bearing hematologic neoplasms 
had lower rates of seroconversion and an increased risk of 
breakthrough infections compared with vaccinated matched 
controls (77–79). In fact, a recent phase I trial administering 
a third boost of the BNT162b2 (NCT04936997) vaccine in 
patients with cancer undergoing therapy could not increase 
their specific Th1 immune responses while augmenting neu-
tralizing antibody titers (80). Given the fifth wave of this pan-
demic, to win the race against emerging variants, we might 
consider an expedited worldwide vaccination rollout ensuring 
an immunization en masse against more relevant epitopes, in 
particular the entire RBD region of the current omicron VOCs 
and sarbecovirus (68) or the virus polymerase (81) with vaccine 
formulations ensuring Th1/Tc1 responses (and not Th2/Tc2 
responses). Finally, current efforts to decipher HLA haplotypes 
associated with maladaptive S1-RBD Th1 responses may open 
an avenue for more personalized vaccine design (82–84).

METHODS
Patient and Cohort Characteristics

All clinical studies were conducted after written informed consent 
in accordance with Good Clinical Practice guidelines and the provi-
sions of the Declaration of Helsinki. Cohort and subset characteristics 
are detailed in Supplementary Tables S1–S3, S5, S7, S8, and S10 and 
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Figs. 1A, 2B, and 5A. Two cohorts of patients with cancer (from the 
pre–COVID-19 era and from the COVID-19 era) and three cohorts of 
healthy volunteers (from the pre–COVID-19 era and from the COVID-
19 period), including two cohorts of cancer or cancer-free vaccinees 
(ONCOVID, CoV3-APHP, respectively), were analyzed for the transla-
tional research program. PBMCs were provided by the Gustave Roussy 
Cancer Campus (Villejuif, France) and IHU Méditerranée Infection 
(Marseille, France; see “Blood Analyses” section). Three tables present 
a detailed enumeration of subject samples utilized for each immuno-
logic assay (Supplementary Tables S1B, S7, and S10).

Contemporary Clinical Studies (COVID-19 Era)
ONCOVID Clinical Trial and Regulatory Approvals. The protocol is 

available at https://clinicaltrials.gov/ct2/show/NCT04341207. The Gus-
tave Roussy Cancer Center sponsored the trial named “ONCOVID” 
and collaborated with the academic authors on the trial design and 
on the collection, analysis, and interpretation of the data. Sanofi 
provided trial drugs. Protocol approval was obtained from an inde-
pendent ethics committee (ethics protocol number EudraCT: 2020-
001250-21). For details, refer to a previous report (28).

Samples for Translational Research. PBMCs were isolated less 
than 8 hours after the blood collection (at patient inclusion and at 
every hospital visit) and kept frozen at −80°C.

PROTECT-Cov Clinical Trial and Regulatory Approvals
Principles. IHU Méditerranée Infection sponsored the PROTECT-

Cov trial and collaborated with the academic authors on the trial 
design and on the collection, analysis, and interpretation of the data. 
Protocol approval was obtained from an independent ethics commit-
tee (ethics protocol number ANSM: 2020-A01546-33). The trial was 
conducted in accordance with Good Clinical Practice guidelines and 
the provisions of the Declaration of Helsinki. All patients provided 
written informed consent.

Subjects. PROTECT-Cov eligible subjects were members of the 
same family/home comprised of two or more people and selected 
from the microbiology laboratory register on SARS-Cov-2 tests per-
formed between March 23 and April 10, 2020.

Trial Design. Members of the same family/home who had at 
least one (a)symptomatic COVID-19–positive member (qRT-PCR <35 
Ct values for SARS-CoV-2 on nasopharyngeal swabs) and at least 
one member with negative RT-qPCR for SARS-CoV-2 (≥35 Ct) were 
screened. A telephone interview was conducted in order to confirm 
and complete the list of family circles in connection with the positive 
case. The compliant subjects that were finally selected were invited to 
come back to the IHU Méditerranée Infection hospital, where they 
were included in the trial and had a blood test.

COVID-SER Clinical Trial and Regulatory Approvals
Principles. The COVID-SER trial was conducted at the Hos-

pices Civils de Lyon, France. Protocol approval was obtained from 
an independent ethics committee (the national review board for 
biomedical research, Comité de Protection des Personnes Sud Médi-
terranée, ID-RCB-2020-A00932-37). The clinical study was registered 
on ClinicalTrials.gov (NCT04341142). For details, refer to Mouton 
and colleagues (42). Written informed consent was obtained from all 
participants and for the study. Blood sampling was performed before 
vaccination and 4 weeks after receiving one or two doses of vaccine 
for naïve and convalescent HCWs, respectively. According to French 
procedures, a written nonopposition to the use of donated blood for 
research purposes was obtained from healthy volunteers. The donors’ 
personal data were anonymized before transfer to our research labo-
ratory. We obtained approval from the local ethical committee and 
the French ministry of research (DC-2008-64) for handling and con-

servation of these samples. Human biological samples and associated 
data were obtained from NeuroBioTec (CRB Hospices Civils de Lyon; 
Biobank BB-0033-00046) and Virginie Pitiot.

COV3AP-HP Clinical Trial and Regulatory Approvals. BioMérieux 
S.A. is the promoter of the COV3AP-HP trial, which was approved 
by the local ethical committee (number  ID-RCB: 2021-A00304-37). 
The trial was conducted in accordance with Good Clinical Practice 
guidelines and the provisions of the Declaration of Helsinki at Gustave 
Roussy and Cochin Institute, France. All subjects provided written 
informed consent.

Principles of Follow-up in COVID-19–Negative Patients
Two main prospective studies were conducted—one in Villejuif-

Grand Paris at Gustave Roussy in patients with cancer from April 
15, 2019, to January 2020 (ONCOVID trial; ref.  28), and one in 
HCW at Hospices Civils de Lyon (parallel study COVID-Ser reported 
by Pozzetto and colleagues; ref.  85) from March 2019 to February 
2020—to address the clinical relevance of spontaneous T-cell responses 
directed against SARS-CoV-2 or CCC viral lysates or RBD peptides 
for the susceptibility or resistance to COVID-19 in the subsequent 
waves of the pandemic. In these two prospective studies, SARS-CoV-2–
specific PCR on nasopharyngeal swabs and/or SARS-CoV-2–specific 
serologies were performed in all patients with cancer entering the 
ancillary study at each medical visit (every 3 weeks or so) at Gustave 
Roussy and in all HCWs in contact with COVID-19–positive patients 
at Lyon, respectively. Phone call inquiries were performed to follow 
these individuals longitudinally up to manuscript finalization. A third 
study called PROTECT-Cov was a retrospective study performed in the 
same household composed of two or more people selected on the basis 
of SARS-CoV-2 tests performed between March 23 and April 10, 2020. 
Members of the same family who had at least one (a)symptomatic 
COVID-19–positive (RT-qPCR <35 Ct values for SARS-CoV-2 on naso-
pharyngeal swabs) and at the same time, one or several family members 
who remained negative by RT-qPCR for SARS-CoV-2 (≥35 Ct) were 
retained in the study. A telephone interview was conducted in order to 
confirm the person’s health status up to the manuscript preparation.

Clinical Studies from the Pre–COVID-19 Era
Series of Patients with Cancer. This cohort is composed of differ-

ent Gustave Roussy Cancer Campus (GRCC) clinical trials. Patients 
were included, and blood was collected and banked between 1999 
and 2018 (pre–COVID-19 era). Clinical studies have been described 
in previous reports (refs. 30, 32, 86; CALEX protocol, no. 1 ID RCB 
2007-A01074-49, date 29 February 2008). (Study code « Dex2 »: 
NCT01159288, date 19 December 2005.) (Study code « LUD 99 003 »:  
N-CSET : 99/090/752, date 1 December 1999.) [Phase I IMAIL-2 trial 
approved by the Kremlin Bicêtre Hospital Ethics Committee (no. 
07–019) and the Agence Française de Sécurité Sanitaire des Produits 
de Santé (no. A70385–27); EudraCT No.:2007–001699–35 in 2007.]

Series of Patients without Cancer. Peripheral blood was obtained 
from healthy volunteers at the Etablissement Français du Sang (Paris 
France, no. 18EFS031, date September 24, 2018).

Blood Analyses
Blood samples (for serum and PBL) were drawn from patients 

enrolled in the different cohorts presented in the cohort description 
section above. Whole human peripheral blood was collected into 
sterile vacutainer tubes.

Anti–SARS-CoV-2 Immunoglobulin Measurements. Serum was 
collected from whole blood after centrifugation at 600 × g for 10 min-
utes at room temperature and transferred to a −80°C freezer to await 
analysis. Serologic analysis of SARS-CoV-2–specific IgA, IgM, and 
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IgG antibodies was measured in 119 serum samples from 87 patients 
with The Maverick SARS-CoV-2 Multi-Antigen Serology Panel  
(Genalyte) according to the manufacturer’s instructions. The Maver-
ick SARS-CoV-2 Multi-Antigen Serology Panel (Genalyte) is designed 
to detect antibodies to five SARS-CoV-2 antigens: NC, Spike S1-
RBD, Spike S1S2, Spike S2, and Spike S1 or seasonal HCoV-NL-63 
NC, -OC-43, -229E, and -HK-U1 Spike in a multiplex format based 
on photonic ring resonance technology. This system detects and 
measures with good reproducibility changes in resonance when 
antibodies bind to their respective antigens in the chip. The instru-
ment automates the assay. Briefly, 10 μL of each serum sample was 
added in a sample well plate array containing required diluents and 
buffers. The plate and chip were loaded in the instrument. First, 
the chip was equilibrated with the diluent buffer to get baseline 
resonance. A serum sample was then charged over the chip to bind 
specific antibodies to antigens present on the chip. Next, the chip 
was washed to remove low-affinity binders. Finally, specific antibod-
ies of patients were detected with anti-IgG, anti-IgA, or anti-IgM 
secondary antibodies.

Isolation of PBMCs from Fresh Blood Sampling. Venous blood sam-
ples (10–30 mL) were collected in heparinized tubes (BD Vacutainer 
LH 170 U.I.). On the same day, blood was processed in a biosafety 
level 2 laboratory at Gustave Roussy Institute, Villejuif, France, or in 
IHU Méditerranée Infection, Marseille, France. PBMCs were freshly 
isolated by the lymphocyte separation medium (Eurobio Scientific) 
density gradient centrifugation according to the manufacturer’s 
instructions (Leucosep tubes, Greiner; Biocoll, Bio&SELL). PBMCs 
were then collected, washed once with phosphate-buffered saline 
solution (PBS), and aliquoted in 1 mL of cryopreservation medium 
(CryoStor, STEMCELLS Technologies) in cryovials (two cryovials per 
patient). Cryovials (Cryotube vials, Thermo Fisher Scientific) were 
conserved for 24 hours at −80°C in a cryo-freezing container (Mr. Frosty, 
Thermo Fisher Scientific) before storage in liquid nitrogen.

Serum and Serologies. Specific anti–SARS-CoV-2 IgG antibod-
ies were detected by the Liaison XL automated chemiluminescent 
immunoassay (CLIA; Diasorin Inc.) according to the manufacturer’s 
recommendations. Seroneutralization was performed as already 
described (87). For Supplementary Fig. S6, we used the bioMérieux 
VIDAS SARS-COV-2 IgG II (9COG) kit measuring IgG directed 
against S1-RBD (reference 424114).

Reagents: Culture Media, Cytokines, ELISA,  
and Multiplex Assays

PBMC Isolation. Blood samples were collected in heparinized tubes, 
BD Vacutainer LH 170 U.I., from Dutscher (cat. #367526), diluted in 
PBS 1×  purchased from Eurobio Scientific (cat. #CS3PBS01-01) and 
transferred in Leucosep–50 mL purchased from Greiner Bio-One (cat. 
#227290). Blood was centrifuged using MF48-R centrifuge from AWEL 
Industries (cat. #20023001). PBMCs were collected in a centrifuge 
tube, 50 mL, TPP from Dutscher (cat. #91050), washed with PBS 1×, 
resuspended in CryoStor CS10 purchased from STEMCELL Technolo-
gies (cat. #5100-0001), and transferred in CryoTube vials from Thermo 
Fisher Scientific (cat. #377267). Samples were finally conserved for 24 
hours at −80°C in a cryo-freezing container (Mr. Frosty, Thermo Fisher 
Scientific) before storage in liquid nitrogen.

Cross-presentation Assay or PBL Stimulation with Autologous mo-
DCs. Frozen PBMCs were thawed, washed, and resuspended in 
RPMI 1640 (1×) purchased from GIBCO (cat. #31870-025). Count-
ing and viability were evaluated using Vi-CELL XR Cell Viability 
Analyzer from Beckman Coulter (cat. #AV13289). To separate adher-
ent and nonadherent cell populations, PBMCs were transferred to 
a 6- or 24-well flat-bottom sterile tissue culture testplate, TPP pur-
chased from Dutscher (cat. #92006/92024), and cultured in complex 

medium (Complex Medium 1) containing human AB serum (cat. 
#201021334), purchased from Institut de Biotechnologies), RPMI 
1640 (1×; cat. #31870-025), sodium pyruvate (cat. #11360–039), peni-
cillin/streptomycin (cat. #15140–122), L-glutamine (200 mmol/L; cat. 
#25030-024), HEPES buffer solution (cat. #15630-056), and MEM 
NEAA (cat. #1140-035) purchased from GIBCO/Thermo Fisher Sci-
entific. The nonadherent fraction was cultured in another complex 
medium (Complex Medium 2) containing human AB serum, Iscove’s 
modified Dulbecco’s medium (IMDM; cat. #I3390), from Sigma-
Aldrich, sodium pyruvate (cat. #11360-039), penicillin/streptomy-
cin (cat. #15140-122), L-glutamine (200 mmol/L; cat. #25030-024), 
HEPES buffer solution (cat. #15630-056), and MEM NEAA (cat. 
#1140-035) from GIBCO/Thermo Fisher Scientific and recombinant 
human IL2 (PHAR000306) from Gustave Roussy Institute Pharmacy. 
The adherent fraction was differentiated into monocyte-derived den-
dritic cells (mo-DC) in mo-DC differentiating media constituted 
with Complex Medium 1 supplemented with Recombinant Human 
GM-CSF Premium purchased from Miltenyi (cat. #130-093-867) 
and human IFNα-2b (Introna) purchased from MSD (France; cat. 
#PHAR008943). For activation and maturation, DCs were stimulated 
with LPS purchased from Invivogen (cat. #tlrl-3pelps) and GM-CSF 
purchased from Miltenyi Biotec (cat. #130-093–867). PBLs and mo-
DCs were finally cocultured in a 96-well V bottom Sterile Nunc 
plate, VWR purchased from Dutscher (cat. #92097). For positive 
control, PBLs were stimulated with Dynabeads Human T-Activator 
CD3/CD28 purchased from GIBCO/Thermo Fisher Scientific (cat. 
#11131D). All cell cultures were performed at 37°C in 5% CO2 in 
a Heraus incubator purchased from Kendro Laboratory Products, 
Thermo Fisher Scientific (cat. #BB 6220), and supernatants were 
transferred to a 96-well V bottom sterile Nunc plate, VWR purchased 
from Dutscher (cat. #734-0491) and frozen.

Peptide-Based Assay. The 96-well V bottom sterile Nunc plates 
were coated with peptides at 2  μg/mL in RPMI 1640 (1×; cat. 
#31870-025) supplemented with 1% penicillin/streptomycin (cat. 
#15140-122), and conserved at  −80°C. PBMCs were then thawed 
and plated in a plate containing peptides in RPMI 1640 (1×; cat. 
#31870-025) supplemented with 1% penicillin/streptomycin (cat. 
#15140-122) supplemented with recombinant human IL15 premium 
grade from Miltenyi Biotec (cat. #130-095-765) and recombinant 
human IL2 (PHAR000306) from Gustave Roussy Hospital. For posi-
tive control, PBMCs were stimulated with functional-grade CD3 
(OKT3) purchased from Thermo Fisher Scientific (cat. #16-0037-85). 
Cell cultures were then supplemented with human AB serum (cat. 
#201021334) purchased from Institut de Biotechnologies Jacques 
Boy (France) and cultured at 37°C in 5% CO2.

Cytokine Monitoring. Supernatants from cultured cells from the 
cross-presentation assay were monitored using the human MACS-
Plex Cytokine 12 Kit purchased from Miltenyi Biotec (cat. #130-
099-169). Acquisitions and analyses were performed on CytoFLEX S 
purchased from Beckman Coulter (cat. #B75442)/FACSAria Fusion 
purchased from BD Biosciences and FlowJo Software from Treestar, 
respectively. Supernatants from cultured cells from the peptide-based 
assay were monitored using ELISA tests purchased from BioLegend: 
ELISA MAX Deluxe Set Human IFNγ  (cat. #430104), ELISA MAX 
Deluxe Set Human IL17 (cat. #433914), and ELISA MAX Deluxe Set 
Human IL9 (cat. #434705).

Viral Studies
Biosafety Levels for In Vitro Experiments. Frozen PBMCs from 

patients with a confirmed negative RT-qPCR for SARS-CoV-2 genome 
at the time of blood drawing were processed in a biosafety level 2 
laboratory at Gustave Roussy Institute, Villejuif, France. All samples 
from patients with positive RT-qPCR were processed in a biosafety 
level 3 laboratory at Henri Mondor Hospital, Créteil, France. When a 
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patient was sampled at different time points, samples were processed 
together in the same laboratory.

RT-qPCR Analysis. SARS-CoV-2 diagnostic testing of clinical 
nasopharyngeal swabs or other samples by RT-qPCR was conducted 
from March 14 to 23, 2020, at an outside facility using the Charité 
protocol. From March 23, 2020, testing was performed internally at 
Gustave Roussy. The cycle thresholds were collected only for assays 
performed at Gustave Roussy. Nasopharyngeal swab samples were 
collected using flocked swabs (Sigma Virocult) and placed in viral 
transport media. SARS-CoV-2 RNA was detected using one of two 
available techniques at Gustave Roussy: the GeneFinder COVID-19 
Plus RealAmp kit (ELITech Group) targeting three regions (RdRp 
gene, NC, and envelope genes) on the ELITe InGenius (ELITech 
Group) or the multiplex real-time RT-PCR diagnostic kit (the Applied 
Biosystems TaqPath COVID-19 CE-IVD RT-PCR Kit) targeting three 
regions (ORF1ab, NC, and spike genes) with the following modifica-
tions. Nucleic acids were extracted from specimens using automated 
Maxwell instruments following the manufacturer’s instructions 
(Maxwell RSC simplyRNA Blood Kit; AS1380; Promega). Real-time 
RT-PCR was performed on the QuantiStudio 5 Dx Real-Time PCR 
System (Thermo Fisher Scientific) in a final reaction volume of 20 μL, 
including 5 μL of extracted nucleic acids, according to the manufac-
turer’s instruction.

Viral Lysates and Their Production. SARS-CoV-2 IHUMI2, 
IHUMI845, IHUMI846, IHUMI847 (early 2020 episode), IHUMI2096 
(20A.EU2, B.1.160), IHUMI2514 (20C, B.1.367; ref. 25), IHUMI3076 
(20I/501Y.V1, B.1.1.7), IHUMI3147 (20H/501Y.V2, B.1.351), and 
IHUMI3191 (20J/501Y.V3, P.1) strains were isolated from human naso-
pharyngeal swabs as previously described (25) and grown in VeroE6  
cells (ATCC CRL-1586) in Minimum Essential Medium (MEM) with 
4% fetal calf serum (FCS) and 1% L-glutamine. Influenza strains 
H1N1 (0022641132) and H3N2 (8091056304) were isolated and then 
produced from human nasopharyngeal swabs in MDCK cells (ATCC 
CCL-34) in MEM with 10% FCS and 1% L-glutamine. All these clinical 
isolates were characterized by whole viral genome sequencing from 
culture supernatants. Coronavirus OC43 (ATCC vr-1558) was grown 
in HCT8 cells (ATCC CCL-244) in RPMI with 10% FCS. Coronavirus 
229E (ATCC vr-740) was grown in MRC5 cells (ATCC CCL-171) in 
MEM with 10% FCS. All reagents for culture were from Thermo Fisher 
Scientific, and all cultures were incubated at 37°C under 5% CO2 with-
out antibiotics. All viral strains were produced in 125-cm2 cell culture 
flasks. When destruction of cell monolayer reached approximately 
80%, between 2 and 7 days according to cell line and viral strain, 
culture supernatant was harvested. After low-speed centrifugation to 
remove cells and debris (700 × g for 10 minutes), supernatants were 
filtered through 0.45- and then 0.22-μm pore-sized filters. These 
viral suspensions were then inactivated for 1 hour at 65°C before use. 
Batches of scrapped control uninfected cells were rinsed twice in PBS 
and then finally resuspended in 5 mL of PBS at 5 × 105 cells/mL. All 
cells and antigens were tested negative for Mycoplasma before use.

In Vitro Stimulation Assays
Cross-presentation Assay or PBL Stimulation with Autologous mo-

DCs. Frozen PBMCs were thawed, washed, and resuspended in 
RPMI 1640 media (GIBCO). Viability and count were evaluated using 
a Vi-Cell XR Cell Counter (Beckman Coulter). PBMCs were then 
cultured in RPMI 1640 supplemented with 10% human AB serum, 
1 mmol/L glutamine, 1% sodium pyruvate, 1% HEPES, and 1% peni-
cillin/streptomycin at a cell density of 0.5M cells/cm2 for 2 hours at 
37°C in 5% CO2 and separated into adherent and nonadherent cell 
populations. Nonadherent cells, containing PBL, were collected and 
cultured 4 days at 37°C in 5% CO2 in IMDM (Sigma-Aldrich) sup-
plemented with 10% human AB serum (Institut de Biotechnologies 
Jacques Boy, France), 1 mmol/L glutamine (GIBCO/Thermo Fisher 

Scientific) 1% sodium pyruvate (GIBCO/Thermo Fisher Scientific), 
1% HEPES (GIBCO/Thermo Fisher Scientific), 1% penicillin/strep-
tomycin (GIBCO/Thermo Fisher Scientific), and 200 UI/mL rhIL-2 
(Miltenyi). The adherent cell population was cultured for 3 days at 
37°C in 5% CO2 in mo-DC differentiating media containing RPMI 
1640 supplemented with 10% human AB serum, 1 mmol/L glu-
tamine, 1% sodium pyruvate, 1% HEPES, 1% penicillin/streptomycin, 
1,000 UI/mL rhGM-CSF (Miltenyi), and 250 UI/mL human IFNα-2b 
(Introna, MSD France). At day 3, adherent cells were slowly detached 
by pipetting after 20 minutes of incubation at 4°C, and 20,000 cells 
were seeded in a 96-well round-bottom plate and were pulsed, or not 
(control condition), overnight at 37°C in 5% CO2 with 1/10 heat- 
inactivated viral lysates or their respective control (see “Viral lysates and 
their production” section). Spinoculation (800 g for 2 hours, Centri-
fuge 5810R, Eppendorf) was next performed to ensure synchronized 
capture of the viral particles by mo-DCs. For activation and matura-
tion, adherent cells were stimulated with LPS (10 ng/mL, Thermo 
Fisher) and GM-CSF (1,000 UI/mL). After 6 hours, mo-DCs were 
washed twice to remove LPS from the media and 100,000 PBL/well 
were seeded onto mature mo-DCs. PBL alone served as negative con-
trol, and PBL stimulated with anti-CD3 and anti-CD28 microbeads 
(1  μL/mL, Dynabeads T-Activator, Invitrogen) served as a positive 
control. mo-DC–PBL coculture was incubated at 37°C in 5% CO2 
for 48 hours, and supernatants were harvested and stored at −20°C.

Multiplex Cytokine Analysis or Bead-Based Multiplex Assays. mo-DC–
PBL coculture supernatants were analyzed using bead-based multi-
plex kit assays (MACSplex cytokine 12 human, Miltenyi) according 
to the manufacturer’s protocol. Briefly, 50 μL of supernatants were 
used with a MACSPlex cytokine 12 capture beads (Miltenyi) to meas-
ure the concentration of 12 cytokines (GM-CSF, IFNα, IFNγ, IL10, 
IL12, IL17A, IL2, IL4, IL5, IL6, IL9, and TNFa). Bead fluorescence was 
acquired on a CytoFLEX flow cytometer (Beckman Coulter) for sam-
ples processed at the Gustave Roussy Institute and on a FACSAria 
Fusion (Becton Dickinson) for samples processed in the biosafety 
level 3 laboratory at Henri Mondor Hospital. FlowJo (Treestar) soft-
ware was used for analysis.

Positivity Threshold Determination for Cytokine Concentration 
Using Multiplex Assays and Commercial ELISA. For multiplex 
assays (or ELISA), a four-parameter logistic regression was fitted 
for each cytokine based on the APC mean fluorescent intensity (or 
optical density) of standard dilution samples using nlpr (v0.1-7). 
This model was then used to calculate the concentration of each 
sample of unknown concentration. For multiplex assays, a ratio 
was computed for each cytokine using the cytokine concentration 
measured in response to each virus (SARS-CoV-2, HCoV-229E, and 
HCoV-OC43) divided by the median concentration of their respec-
tive biological controls (Vero 81, MRC5, and HCT8). A positivity 
threshold was set up based on the ratio for each cytokine. A ratio 
of above 1.5 minimum was requested to consider the supernatant 
“positive” for a cytokine. When necessary, a higher threshold was set 
up as such, median cytokine concentration of the biological controls 
+ 2 times the standard deviation of the biological control concentra-
tions divided by the median concentration. For ELISA, a ratio was 
computed as the concentration of the sample divided by the mean 
concentration of the negative controls.

ELISpot Assay. The enumeration of antigen-specific IFNγ- and 
IL5-producing T cells was performed using the ImmunoSpot human 
IFNγ/IL-5 double-color enzymatic ELISPOT kit (Cellular Technol-
ogy Limited, CTL). PBLs were stimulated with autologous mo-DCs 
loaded with SARS-CoV-2 lysates or their respective controls (see 
“In Vitro Stimulation Assays,” “Cross-presentation assay” section). 
After 48 hours, cells were resuspended in serum-free testing medium 
(CTL) containing 1 mmol/L GlutaMAX (Gibco) and 1% penicillin/
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streptomycin (GIBCO) at a final volume of 200  μL/well and seeded 
in a 96-well nitrocellulose plate coated with human IFNγ  and IL5 
capture antibody. Plates were incubated for 18 hours at 37°C in 5% 
CO2. ELISPOT assays were then performed according to the manu-
facturer’s instructions. Spots were counted by CTL ImmunoSpot 
Analyzer using ImmunoSpot software.

Flow-Cytometric Analyses
Sample Preparation. Cells from the cross-presentation assays 

(PBL + DC loaded with viral lysates or VeroE6 supernatants) were 
stained for viability with Zombie Aqua (BioLegend; cat. #423102) 
for 20 minutes at +4°C and then washed in staining buffer (PBS 1×, 
BSA 2%, 2 mmol/L EDTA). Then cells were stained with a panel of 
antibodies (as indicated in the table for Supplementary Methods) 
for 20 minutes at room temperature in staining buffer with Bril-
lant Strain Buffer (BD; cat. #563794). Cells were then washed, fixed, 
and permeabilized (Foxp3/Transcription Factor Staining Buffer Set; 
eBiosciences; cat. #00-55-23-00) for 40 minutes at +4°C before being 
stained with intracellular antibodies for 30 minutes at +4°C.

Data Acquisition. Samples were acquired on a BD LSRFortessa 
X-20 flow cytometer.

Data Analysis. Analysis was performed with FlowJo software 
(Tree Star).

Whole-Transcriptome RNA Sequencing. PBLs from 11 resistant 
and seven susceptible patients as well as eight and 10 patients for 
whom cross-presentation assays revealed an IL2/IL5 ratio  >  and  <1, 
respectively, were used for the RNA sequencing (RNA-seq) of PBLs 
at 48 hours after incubation with DCs loaded with viral lysates. Cells 
from 18 wells after stimulation with SARS-CoV-2 or VeroE6 were 
analyzed. The RNA integrity (RNA integrity score ≥7.0) was checked 
on the Agilent 2100 Bioanalyzer (Agilent), and the quantity was deter-
mined using Qubit (Invitrogen). The SureSelect Automated Strand 
Specific RNA Library Preparation Kit was used according to the manu-
facturer’s instructions with the Bravo Platform. Briefly, 30 to 100 
ng of total RNA sample was used for poly-A mRNA selection using 
oligo(dT) beads and subjected to thermal mRNA fragmentation. The 
fragmented mRNA samples were subjected to cDNA synthesis and 
were further converted into double-stranded DNA using the reagents 
supplied in the kit, and the resulting dsDNA was used for library prep-
aration. The final libraries were bar-coded, purified, pooled together in 
equal concentrations, and subjected to paired-end sequencing (2 × 100 
bp) on a Novaseq-6000 sequencer (Illumina) at Gustave Roussy.

Peptide-Based Assays
Rationale of Peptide Selection and Peptide Synthesis (Sup-

plementary Table  S11). The peptides from the spike and NC 
proteins were selected by dividing the sequences of the SARS-CoV-2 
spike protein (RefSeq ID QHD43416.1) and of the NC protein (Ref-
Seq ID QHD43423.2) in nonoverlapping 15 amino acid segments. 
The peptides from the membrane protein were selected by dividing 
the sequence of two potential immunogenic regions of the SARS-
CoV-2 (RefSeq ID QHD43422.1) membrane protein in overlapping 
15 amino acid segments. The peptides from the ORF8 and ORF10 
proteins were selected by dividing the sequences of the SARS-CoV-2 
ORF8 protein (RefSeq ID QHD43422.1) and of the ORF10 protein 
(RefSeq ID QHI42199.1) in overlapping 15 amino acid segments. 
The peptides from ORF3 and some for ORF8 were selected based on 
a previous study (88). The SARS-CoV-1 peptides were peptides found 
to be immunogenic in previously reported studies (11, 52, 89–93). 
The peptides were synthesized by peptides & elephants GmbH. The 
peptide pools for the controls for influenza, EBV, and CMV were 
acquired from peptides & elephants GmbH (Berlin, Germany), with 
the order numbers LB01774, LB01361, and LB01232, respectively.

185 Single Peptides in 96-Well Plates. Lyophilized peptides were 
dissolved in sterile water and used at 2  μg/mL in RPMI 1640 glu-
tamax media (GIBCO) supplemented with 1% penicillin/strepto-
mycin (GIBCO). Single peptides (185) were plated in duplicates in 
96-well round-bottom TPP-treated culture plates. Peptide plates 
were then stored at −80°C until use. The day of the experiment, pep-
tide plates were thawed at room temperature. Frozen PBMCs were 
thawed, washed, and resuspended in RPMI 1640 media (GIBCO). 
Viability and count were evaluated using a Vi-Cell XR Cell Counter 
(Beckman Coulter). PBMCs were then plated in RPMI 1640 glu-
tamax media (GIBCO) supplemented with 1% penicillin/strepto-
mycin (GIBCO), with 200 UI/mL rhIL2 (Miltenyi) and 200 UI/mL 
rhIL15 (Miltenyi) at a cell density of 10 × 103 cells and incubated with 
each peptide at 37°C in 5% CO2. PBMCs were stimulated with 60 ng/
mL OKT-3 antibody (Thermo Fisher Scientific, clone OKT3) or with 
10  μg/mL phytohemagglutinin as positive controls, and PBMCs 
alone served as negative controls. After 6 hours, 20 μL of human AB 
serum was added to each well and plates were incubated at 37°C in 5% 
CO2 for 6 additional days. On day 7, supernatants were harvested and 
frozen at −80°C. The concentration of IFNγ, IL9, IL5, and IL17A in 
the culture supernatant was determined using a commercial ELISA 
kit (ELISA Max Deluxe set human IFNγ, BioLegend).

Peptide Pools and COVID IGRA BioMérieux Assay Utilized for the 
COV3AP-HP Clinical Trial Vaccinees (42). Fresh blood collected 
in heparinized tubes was stimulated for 22 hours at 37°C under 5% 
CO2 with peptide pools spanning distinctive genomic sequences of 
the SARS-CoV-2 ORFeome (PEPOrf) or the WT or mutated 331–525 
amino acid RBD sequence (Fig. 5C; Supplementary Table S11; bio-
Mérieux) diluted in IFA solution (bioMérieux). The IFA solution was 
used as a negative control, and a mitogen (MIT) was used as a positive 
control. The peptides PEPOrf and PEPovRBD (15-mer) encompassed 
distinct genomic sequences from the SARS-CoV2 ORFeome and the 
whole RBD protein sequence and overlapped by five residues (Supple-
mentary Table S11). In the second phase of the study, we used nono-
verlapping 15-mer peptides covering the WT or mutated 331–535 
RBD region (Supplementary Table S11; Fig. 5D–F). The concentra-
tion of IFNγ in the supernatant was measured using the VIDAS auto-
mated platform (VIDAS IFNγ RUO, bioMérieux). The positivity range 
was 0.08 to 8 IU/mL, and IFA positivity thresholds were defined at 
0.08 IU/mL. The IFNγ  response was defined as positive when the 
IFNγ  concentration of the test was above threshold and the nega-
tive control was below threshold or when the IFNγ concentration of  
the test minus the IFNγ concentration of the negative control was  
above threshold. All positive controls were ≥8 IU/mL.

Generating Th2 Cell Lines
Generating SARS-CoV-2 Lysate–Specific Clones. Ten million PBLs 

from a healthy donor with a history of SARS-CoV-2–specific IL5 
release (refer to Fig.  1D) were stimulated with autologous mo-DCs 
loaded with SARS-CoV-2 lysates (see Cross-presentation assay sec-
tion). After 18 hours, cells were harvested, and CD137+ cells were 
isolated using CD137 MicroBead Kit, human (Miltenyi) according 
to the manufacturer’s instructions. Limiting dilution of CD137+ 
cells was performed by seeding 100  μL of CD137-positive cellular 
suspension at a 10 cells/mL concentration in 96-well round-bottom 
plates in sterile conditions. Feeder cells were generated by isolating 
CD14-positive cells using CD14 MicroBead Kit, human (Miltenyi). 
Isolated feeder cells were cocultured with CD137-positive cells at a 
1,000:1 ratio and cultivated in IMDM (Sigma-Aldrich) supplemented 
with 10% human AB serum (Institut de Biotechnologies Jacques Boy, 
France), 1 mmol/L glutamine (GIBCO/Thermo Fisher Scientific), 
1% sodium pyruvate (GIBCO/Thermo Fisher Scientific), 1% HEPES 
(GIBCO/Thermo Fisher Scientific), and 1% penicillin/streptomycin 
(GIBCO/Thermo Fisher Scientific), supplemented with 100 UI/mL 
IL7 (Miltenyi) and 100 UI/mL IL15 (Miltenyi). The medium was 
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changed every 2 to 3 days. Clones were screened for IFNγ  and IL5 
secretion by quantification of the accumulation of these cytokines 
in supernatants between days 7 and 13 using commercial ELISA 
kits. Ninety-three clones of interest were identified and screened for 
specificity against SARS-CoV-2 lysates by quantifying IFNγ and IL5 
secretion after restimulation with autologous mo-DCs loaded with 
SARS-CoV-2 lysate or its respective control at day 21. Three rounds 
of IVS were performed over 3 weeks. Clones were starved in cytokine-
free media 2 days before restimulation. Six SARS-CoV-2–specific cell 
lines could be identified, and their MHC I/II recognition dependency 
was assessed by monitoring IFNγ and IL5 production after stimula-
tion with autologous mo-DCs loaded with SARS-CoV-2 lysate or its 
respective control in the presence or absence of neutralizing anti–
HLA-ABC and HLA-DR, DP, and DQ antibodies (W6/32 and Tü39) 
at day 28. Flow-cytometric determination of CD4, CD8, T-bet, and 
GATA3 was performed on the IL5-producing SARS-CoV-2–specific 
cell lines according to methods already reported (28).

Generating Spike 25–Specific Cell Lines. PBMCs from a healthy 
donor with a history of breakthrough COVID-19 infection after 
complete vaccination were stimulated using 186 peptides spanning 
the ORFeome of SARS-CoV-2 (Fig. 3A). IFNγ and IL5 were monitored 
in supernatants after 7 days of culture using commercial ELISA 
kits to identify IL5-restricted reactivity. One Spike 25–specific IL5-
producing (but IFNγ negative) T-cell line was identified and further 
expanded using mo-DCs pulsed with Spike 25 for 1 week at a con-
centration of 1 μg/mL in RPMI supplemented with 10% human AB 
serum (Institut de Biotechnologies Jacques Boy, France), 1 mmol/L 
glutamine (GIBCO/Thermo Fisher Scientific), 1% sodium pyru-
vate (GIBCO/Thermo Fisher Scientific), 1% penicillin/streptomycin 
(GIBCO/Thermo Fisher Scientific), IL2 200 UI/mL (Miltenyi), and 
IL15 (Miltenyi). After the third week, the T-cell line was restimulated 
with Spike 25–loaded DCs in the presence or absence of neutralizing 
anti–HLA-ABC and HLA-DR, DP, and DQ antibodies (W6/32; Tü39) 
in duplicate wells to monitor cytokine release using the 12 plex assay 
and stained with CD3-, CD4-, CD8-, GATA3-, T-bet–specific antibod-
ies to assess phenotypical characteristic by flow cytometry (refer to 
“Flow-Cytometric Analyses”).

Statistical Analyses
All calculations, statistical tests, and data visualization were per-

formed using R v4.0.3. All analyses were performed on independent 
samples, except when the presence of replicates is mentioned. The asso-
ciations between continuous variables were evaluated using Spearman 
correlation. Group comparisons were performed using nonparametric 
test with the wilcox.test R function: the Wilcoxon–Mann–Whitney test 
for independent samples and the Wilcoxon signed rank test for paired 
samples. When the number of replicates was unbalanced between the 
individuals, the Wilcoxon signed rank test for paired comparisons 
of clustered data was performed with the clusWilcox.test function 
of the R package clusrank. The comparison of categorical data was 
performed using the Fisher exact test with the fisher.test R function. 
Hierarchical clustering was performed with the package hclust, using 
the Euclidean distance. Linear and logistic regressions were performed 
with the lm and the glm R base functions, respectively. A peptide set 
enrichment analysis was performed with the R package fgsea (version 
1.14.0), using as statistic the t-value of the coefficient of univariable 
linear regressions of the logarithm-normalized IL2 secretion on the 
different peptides. All hypothesis tests (including those of regression 
coefficients) were two-sided and considered statistically significant 
when P  <  0.05. Graphical illustrations were drawn using the stand-
ard R packages dedicated to the data visualization (ggplot2, ggpubr, 
corrplot, complexheatmap, circlize, and Hmisc).

RNA-seq Data Analysis. Quality control was done on raw FastQ 
files with FastQC (v0.11.9; ref.  94). Quality reports were gathered 

with MultiQC (v1.9; ref. 95). Abundance estimation was performed 
with Salmon (v0.9.0; ref. 96) using GENCODE (GRCh38, v34) anno-
tation (97). Quantification results were aggregated with tximport 
(v1.14.0), and differential gene analysis was performed with DESeq2 
(v1.30.0), according to the procedure by Soneson and colleagues 
(98). The whole pipeline was powered by both Snakemake (99) 
and SnakemakeWrappers. Gene set enrichment analysis on DESeq2 
results was performed with GSEA software (v4.1.0, preranked based 
on Wald test statistic, 1,000 permutations, weighted enrichment sta-
tistic) and immunologic signature gene sets coming from MSigDB 
(C7, v7.4; ref. 100).

Multivariate Analyses of Peptide Pool–Specific T-cell Responses 
According to Covariates. We pooled the log10-normalized IFNγ secre-
tion measurements obtained with the three peptide pools to model 
simultaneously their dynamics from the first shot of vaccine using 
linear mixed-effect regression adjusted for the patient age, sex, cancer 
status (yes/no), COVID history, and vaccine schedule. To identify 
the differences between the dynamics of each panel, we adjusted the 
model for the peptide pool (representing baseline differences) and 
added interaction terms between the peptide pool and each covari-
able (including the time since the first vaccine). Intrapatient and 
intrapanel correlations were considered by adding patient–peptide 
random effect for the intercept. A statistically significant interaction 
indicates that the covariable has an impact on the peptide-specific 
IFNγ measurement that is statistically different from its impact on 
the reference peptide pool (Fig. 5 and Table 1).

Data Availability
Expression profile data used in this article are publicly available at 

EGA under accession number EGAD00001008538. Other data that 
support the findings of this study are available from the correspond-
ing author upon reasonable request.
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