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Thymic activation improves the outcome of COVID-19 patients with severe pneumonia. The rs2204985 genetic
polymorphism within the TCRA-TCRD locus, which affects thymic output in healthy individuals, was found here
to modify SARS-CoV-2—specific immunity and disease severity in COVID-19 patients with severe pneumonia.
Forty patients with severe COVID-19 pneumonia were investigated. The GG genotype at the rs2204985 locus
was associated, independently of age and sex, with stronger and long-lasting anti-SARS-CoV-2 helper and cy-
totoxic T cell responses 6 months after recovery. The GG genotype was also associated with less severe lung
involvement, higher thymic production, and higher counts of blood naive T lymphocytes, including recent
thymic emigrants, and a larger population of activated stem cell memory CD4* T cells. Overall, GG patients de-
veloped a more robust and sustained immunity to SARS-CoV-2. Polymorphism at rs2204985 locus should be

considered as an additional predictive marker of anti-SARS-CoV-2 immune response.

INTRODUCTION
At least 700 to 800 million patients have been infected worldwide by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
most of them recovering after a mild to moderate disease.
However, a minority of patients developed severe multi-organ
failure and acute respiratory distress syndrome, leading to about 7
million deaths. Although in most cases the fatal outcome has been
associated with old age and comorbidities (1, 2), it can also occur in
younger individuals without overt ongoing pathological conditions.
In this context, it would be extremely important to identify markers
that can help to determine which patients with coronavirus disease
2019 (COVID-19) are at high risk of complications and death.
The role of the host genetic background on susceptibility and
outcome has been previously reported in multiple infectious diseas-
es, and several relevant genetic variants, which contribute to the
inter-individual variability of COVID-19 severity, have been iden-
tified. For example, rare loss-of-function variants of Toll-like recep-
tor 3 and interferon (IFN) regulatory factor 7 genes, which affect the
production of type I IFNs, were found enriched in patients with life-
threatening COVID-19 pneumonia (3). Three missense single-nu-
cleotide polymorphisms (SNPs) in the Rab46 gene (EFCAB4B), po-
tentially involved in the thrombotic and inflammatory events, were
recently reported to be associated with COVID-19 fatality
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independently of risk factors (4). Moreover, genome-wide and tran-
scriptome-wide association studies discovered significant genetic
association between life-threatening COVID-19 and genes coding
for proteins playing a key role in host antiviral defense and inflam-
matory response: antiviral restriction enzyme activators 2’-5'-oli-
goadenylate synthetase 1 and 3, tyrosine kinase 2, dipeptidyl
peptidase 9, interferon receptor, C-C chemokine receptor type 2 (5).

We recently found that among severely ill COVID-19 patients
with pulmonary involvement, thymic reactivation, evidenced by en-
hanced thymic production of new lymphocytes, with or without
thymus enlargement, was associated with a more favorable
outcome (6), an observation that was confirmed by subsequent
studies (7, 8). The origin of the enhanced thymic function observed
in this subgroup of patients with COVID-19 remained unexplored.
Four SNPs (rs8013419, rs10873018, rs12147006, and rs2204985),
located in the intergenic T cell receptor (TCR) D2 and D3 segments
within the TCRA-TCRD locus, were identified in a general popula-
tion cohort as associated with different levels of thymopoiesis (9).
Among them, rs2204985, located in an open-chromatin region (10)
close to a binding site of the ubiquitous Zn-finger protein CTCF
(CCCTC-binding factor) involved in chromatin looping and in
chromatin recombination, showed a predominant phenotypic
effect (11). The rs2204985 GG genotype was associated with the
highest level of thymic production and T cell diversity, the AA ge-
notype with the lowest, the GA genotype being intermediate (9).
The pathophysiological relevance of the rs2204985 SNP has recently
been examined in the context of unrelated hematopoietic cell stem
transplantation in patients with hematologic malignancies. Donor
AA genotype in single human leukocyte antigen mismatched cases
was associated with significantly lower, overall and disease-free sur-
vival (12). However, there are no studies so far that have evaluated
the impact of 152204985 SNP on the immune response in the
context of severe infection.

10of 10

£202 ‘22 Joquisides uo B10°90Us 195 MMM//SANY WO PaPE0 JUMOC


mailto:stefano.marullo@inserm.fr
http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adh7969&domain=pdf&date_stamp=2023-09-22

SCIENCE ADVANCES | RESEARCH ARTICLE

Here, we investigated whether the 752204985 polymorphism
might constitute a genetic marker associated with the level of
disease severity in hospitalized patients with severe COVID-19
and explored its impact on anti~SARS-CoV-2 immunity. We
found that GG patients developed a more robust and sustained im-
munity to SARS-CoV-2 than individuals with the other genotypes.

RESULTS

Forty consecutive patients hospitalized in the same intensive care
unit (ICU) for severe COVID-19 with pulmonary involvement,
who gave written consent for TCRA-TCRD locus DNA sequencing,
were included in the study. The sequence of the rs2204985-contain-
ing region in patients with COVID-19 identified 8 AA, 20 GA, and
12 GG genotypes, close to the expected allelic distribution (https://
gnomad.broadinstitute.org). The GG genotype was associated with
less severe lung involvement: only 54.5% of GG patients showed a
computerized tomograpgy (CT) scan score of 3 or higher, com-
pared to 83.3 and 100% in GA and AA patients, respectively. A lo-
gistic regression model showed a significant difference between AA
+ GA and GG patients (odds ratio = 0.16, 95% confidence interval:
[0.03-0.8], P=0.032; Fig. 1A). Clinical characteristics of patients are
shown in Table 1. Age and sex, two main factors associated with
COVID-19 severity, were comparable in GG and AA + GA
groups. Among comorbidities commonly related to the severity of
COVID-19, none was significantly associated with either GG or AA
+ GA genotype. However, the percentage of patients with hyperten-
sion or diabetes was higher in AA + GA than in GG patients (57%

Table 1. Patients’ characteristics. Continuous variables were compared
using Mann-Whitney nonparametric test for groups with less than 30
patients. Categorical variables were analyzed using Fisher exact test. CRP,
C-reactive protein.

Rs2204985 genotype GA or AA

28 (8AA, 20GA) 12

Death (N) 2 0 NS
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versus 25% and 25% versus 8%, respectively). We then performed a
multivariate analysis with hypertension, body mass index (BMI), di-
abetes, cancer, chronic obstructive pulmonary disease (COPB), and
renal failure as covariables. Using multiple logistic regression in this
setting, the GG genotype appeared as an independent factor affect-
ing the lung CT scan score (table S1). These data are consistent with
the hypothesis that the rs2204985 GG genotype somehow protects
patients with COVID-19 against the most severe forms of lung
involvement.

We next investigated whether the 752204985 genotype would be
associated with different levels of thymopoiesis in patients with
COVID-19, estimated through the quantification of T cell receptor
excision circles (TRECs). The extent of intrathymic precursor T cell
proliferation, reflected by the signal-joint TREC/DJbeta TREC (sj/
BTREC) ratio in circulating lymphocytes (see Materials and
Methods), is proportional to thymic export of new T cells into
the blood (13, 14). Thymic output was correlated with a higher
number of circulating T cells and greater TCR repertoire polyclon-
ality after stem cell transplantation (15). The sj/BTREC ratio was re-
ported to decrease with age both in healthy populations (9, 13) and
in patients with COVID-19 (6). Despite a comparable age distribu-
tion in the three groups of patients with COVID-19 [median age
(range): AA:59y (32 to 76); GA:67y (29 to 84); GG: 67y (32 to
77)], the median sj/BTREC ratio was higher in rs2204985 GG
than in GA and AA individuals (51.9, 12.51, and 3.17, respectively)
and significantly different in the GG group, compared to the com-
bined AA + GA group (P = 0.042; Fig. 1B). Moreover, GG patients
also displayed higher counts of total and naive blood CD4" T lym-
phocytes, compared to AA + GA patients (P = 0.031 and P = 0.002,
respectively; Fig. 1, C and D). A similar difference was observed for
recent thymic emigrants (RTEs), the subgroup of naive CD4" T cells
having recently left the thymus, which still express high levels of the
CD31 antigen (P = 0.021; Fig. 1E). In contrast, central memory and
effector memory T cells were not affected by the genotype at the
1s2204985 polymorphism (fig. S2). Patients with the GG genotype
also displayed higher counts of stem cell memory CD4" T cells
(TSCM; P = 0.016; Fig. 1F), a larger proportion of them expressing
CD69, a marker of recent activation (P = 0.03; Fig. 1G). These find-
ings support the hypothesis that individuals with rs2204985 GG ge-
notype developed a more efficient adaptive immune response
against SARS-CoV-2 during acute infection.

We next examined to what extent the rs2204985 polymorphism
might, in addition, be associated with a stimulating impact of SARS-
CoV-2 infection on thymic function. Assuming that the sj/BTREC
ratio measured at distance of the acute infection would somewhat
reflect basal thymic production, a subgroup of 25 patients who
fully recovered from COVID-19 and accepted a second investiga-
tion (4 AA, 11 GA, and 10 GG) were tested again 6 months after
the first assessment. Consistent with a SARS-CoV-2 stimulating
effect, the sj/PTREC ratios were globally higher during the acute
phase than during the recovery phase (P = 0.043; Fig. 2A).
However, the fold increase in thymic production during acute
SARS-CoV-2 infection was not different between the two groups
of patients (2.63- and 3.87-fold in the GG and the AA + GA
groups, respectively; P = 0.38; Fig. 2B). These data indicate that
the fold increase in thymic function consecutive to viral infection
is independent of the 52204985 genotype. Notably, the enrichment
in the naive, RTE, and TSCM subpopulations observed in GG pa-
tients during the acute disease tended to persist for at least 6 months
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Fig. 1. Patients with GG genotype displayed less severe pulmonary involvement and higher thymic output. Patients with COVID-19 were classified according to
their genotype at the rs2204985 (n = 8 AA, n =20 GA, and n = 12 GG) locus and plotted as a function of pulmonary involvement severity (A) and thymic function (sj/BTREC
ratio; B). Total CD4" T cells, naive (CD45RA*, CD95~, CD27°, CD28") CD4" T cells, CD4" RTE (CD45RA*, CD95~, CD27*, CD28*, CD31™), CD4* TSCM (CD45RA*, CD95%,
CD27%, CD28%), and activated (CD69%) CD4* TSCM were quantified by fluorescence-activated cell sorting in peripheral blood mononuclear cells (PBMCs) from patients
with COVID-19 sampled during the acute phase of the disease (C to G). Statistical significance of the differences between groups is shown on top [logistic regression
model for (A) and Mann-Whitney test for (B) to (G)]. Patients with AA and GA genotypes were analyzed in the same group. The gating strategy for T cell subsets is shown in

fig. S1.

and remained significant for the subset of activated (CD69") TSCM
(P =0.04; fig. S3). In contrast, AA + GA and GG patients displayed
very similar numbers of circulating CD8" T cell subsets at both time
points (fig. S4).

To estimate the impact of the higher thymopoiesis observed in
GG patients on their ability to mount a more effective and sustained
immune response against SARS-CoV-2, we compared virus-specific
T cell responses in GG and AA + GA patients during acute disease
and 6 months after recovery. Peripheral blood cells of patients were
stimulated in vitro with a pool of 88 major histocompatibility
complex (MHC) class I- and class II-restricted peptides derived
from the whole proteome of SARS-CoV-2. Staining for intracellular
IEN-y, tumor necrosis factor (TNF-a), and interleukin-2 (IL-2) was
performed to identify responder cells: The frequency of SARS-CoV-
2—specific cells among activated (CD69") CD3"CD4" and
CD3"CD8" cells was assessed for each patient under peptide-stim-
ulated and nonstimulated conditions (fig. S5). During both the
acute and recovery phases of the infection, peptide-specific CD4

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

and CD8 T cell responses, identified by the expression of any com-
bination of the tested cytokines upon peptide stimulation, were ob-
served in both patient groups (Fig. 3A). During the recovery phase,
although the median frequency of cytokine” CD4"CD69" cells was
not significantly different between the GG and the AA + GA groups
(46.6% versus 29.7%, P = 0.07), that of cytokine” CD8"CD69" cells
was higher in GG patients (19.55% versus 6.3%, P = 0.005).

The effect of GG genotype on the development of anti-SARS-
CoV-2 T cell responses was further analyzed through the quantifi-
cation of peptide-specific T cells expressing the various combina-
tions of cytokines. Polyfunctional T cells expressing all three
cytokines after peptide stimulation were significantly overrepresent-
ed in GG patients, during the acute phase in CD8" T cells, and after
recovery for both CD4" and CD8" responses (Fig. 3B and fig. S6).
The overrepresentation of polyfunctional T cells in GG individuals
was corroborated by the proportion of patients displaying >5% of
CD4" and CD8" polyfunctional SARS-CoV-2-responding cells, in
particular during the recovery phase (Fig. 3C; P = 0.008 for the
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Fig. 2. Thymic function during acute disease and after recovery from COVID-19. Thymic function was assessed through the quantification of the sj/BTREC ratio in
patients with COVID-19 during their first hospitalization in ICU and 6 months after recovery are shown (A). The fold decrease in sj/BTREC ratio between samplings for AA +
GA and GG patients is shown (B). Horizontal bars represent medians in each patient group. Statistical differences between AA + GA and GG patients at each time points
(Mann-Whitney test for two independent samples). The recovery phase is expected to reflect some features present during the basal conditions. NS, not significant.

CD4" T cell response after recovery; P = 0.019 for CD8" T cell re-
sponse at both time points). Together, these data indicate that
anti-SARS-CoV-2 blood helper and cytotoxic memory T cells are
more effective in GG patients than in the other group, this advan-
tage being already detectable for cytotoxic T cells during the
acute phase.

We next determined the SARS-CoV-2 neutralizing capacity of
patient blood immunoglobulins (Ig) during acute COVID-19 and
after recovery, by measuring their inhibitory effect on the interac-
tion between the virus spike protein and its receptor ACE2 (Fig. 4).
During acute disease, although this difference was not statistically
significant, the percentage of patients of the GG group displaying
neutralizing Ig was higher than in the other group (41.7% as com-
pared to 18.5% In GG and AA + GA patients, respectively; P = 0.07;
Fig. 4A). Consistent with the requirement of an appropriate helper
T cell response for the development of neutralizing antibodies, the
percentage of virus neutralization during acute disease was directly
correlated with polyfunctional anti—-SARS-CoV-2 CD4" T cell re-
sponse (Fig. 4B). Comparable frequencies were observed after re-
covery, likely because most patients received the first injection of
mRNA vaccine, due to the initiation of the national anti-SARS-
CoV-2 vaccination campaign between the two sampling
dates (Fig. 4A).

Severe COVID-19 patients with pneumonia often experience
systemic inflammation, caused by the release of numerous proin-
flammatory cytokines, chemokines, and IFNs, partly due to the
viral activation of innate immunity defense mechanisms (16). We
then investigated whether the rs2204985 polymorphism would
affect blood cytokine levels in the context of SARS-CoV-2 infection.
Fifteen of 31 tested cytokines and factors were significantly overex-
pressed in patients with COVID-19, as compared to ICU-hospital-
ized control individuals (Mann-Whitney test; Table 2). Ten of them
were differentially more expressed in GG patients than in controls,
including six (IL-15, IL17E, IL-21, IL-33, CCL3, and CCL20) that
were not significantly different in AA + GA patients compared to

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

controls. These data suggest that the global difference documented
between patients with COVID-19 and controls is at least in part at-
tributable to the enhanced expression in GG patients.

DISCUSSION

We investigated the functional significance of the rs2204985 poly-
morphism within the TCRA-TCRD locus in ICU patients with
SARS-CoV-2-associated severe pneumonia. This polymorphism
was previously reported to affect basal thymopoiesis levels in the
general healthy population, independently of age and sex (9).
Here, we demonstrate that it markedly impacts on thymic T cell
production in the pathological context of SARS-CoV-2 infection,
likely affecting the immunological parameters and the clinical pre-
sentation of the disease. During the acute phase, patients with the
GG genotype showed a less severe pulmonary involvement; they
also displayed enhanced release of new naive CD4" T lymphocytes
into the blood, including CD4" RTEs, compared to individuals har-
boring other genotypes (AA + GA). Patients with a GG genotype
also displayed a larger population of CD4" TSCM with an activated
phenotype during the acute phase of the disease, which persisted 6
months later during the recovery phase.

Since the enhanced thymopoiesis observed in GG patients is a
consequence of enhanced intrathymic T cell proliferation, it is ex-
pected to be associated with a larger T cell repertoire, as reported in
human and mouse models (9, 12). Such a larger T cell repertoire
should facilitate the selection of virus-specific T cell clones with en-
hanced affinity for viral peptides and thus allow the development of
a more efficient specific immune response. Consistent with this hy-
pothesis, we observed a larger expansion of CD4" stem cell memory
T cells harboring an activated phenotype during the acute phase in
GG patients. Moreover, while a virus-specific CD4" T cell response
was detectable in all patients, it was globally stronger in GG individ-
uals than in AA + GA patients, as shown by the higher proportion of
patients displaying polyfunctional CD4" and CD8" T cell responses
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Fig. 3. SARS-CoV-2-specific T cell responses are A
stronger in patients with GG genotype at the
rs2204985 locus than in AA + GA patients. SARS-
CoV-2- specific T cells in PBMCs were identified by
cytokine expression after in vitro stimulation by a
selected pool of viral peptides. (A) The frequency of
cytokine-positive cells in in vitro—stimulated PBMCs
sampled during acute disease (top) and after re-
covery (bottom), in either CD69*CD4™ (left) and
CD69*CD8™ (right) is shown for both groups of pa-
tients. Statistical significance of the differences
between peptide stimulated and unstimulated
conditions as well as between the two groups of
patients is shown on top (Mann-Whitney test). (B)
Simple (IFN-y, IL-2, or TNFq; blue sectors), double
(any pair of cytokines; red sectors), and triple (all
three cytokines; yellow sectors) expression of cyto-
kines by CD69*CD4" (left) and CD697CD8" right) T
cells stimulated in vitro with SARS-CoV-2 peptides is
represented as a pie chart. During the acute phase of
the infection (top), the frequency of polyfunctional
CD8" T cells was significantly larger in GG patients
than in AA + GA patients (P = 0.027). During the
recovery phase (bottom), the proportion of both
CD4* and CD8" polyfunctional T cells was signifi-
cantly larger in GG patients (P = 0.011 and 0.003;
respectively). The frequency of CD69*CD8" cells
expressing both IFN-y and TNFa was significantly
higher in GG patients at the second time point (P =
0.033). (C) The frequency of patients showing more
than 5% of triple-positive (i.e., expressing IFN-y, IL-2,
and TNFa) cells among CD69*CD4" (left) and
CD69*CD8* (right) T cells is shown for both groups
(GG and AA + GA) during the acute and recovery
phases. Statistical differences between AA + GA and
GG patients at each time point are shown (Student's
t test).
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upon peptide stimulation 6 months after recovery (fig. S7, A and B).
In contrast, polyfunctional T cell responses were not different
between vaccinated and nonvaccinated individuals (fig. S7, C
and D).

During the acute phase, there was a trend for a higher proportion
of individuals exhibiting a neutralizing anti-SARS-CoV-2 humoral
response among GG patients, the strength of the neutralizing anti-
body response being proportional to the anti-SARS-CoV-2-

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

Recovery Acute Recovery

specific CD4" T cell response. This difference was blunted during
the recovery phase as a likely consequence of the anti-SARS-
CoV-2 vaccination received by most patients during the 6-month
interval, which boosted the neutralizing antibody response, as re-
ported previously (17, 18). Whereas vaccinated individuals demon-
strated a stronger neutralizing activity than nonvaccinated patients
during the recovery phase, the percentage of neutralization was
comparable in GG and AA + GA patients (fig. S7, E and F).
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Fig. 4. Neutralizing antibody response is stronger in patients with a GG ge-
notype than in AA + GA patients. (A) Antibody neutralizing activity was assessed
by measuring the capacity of plasma to inhibit SARS-CoV-2 spike protein binding
to its receptor (ACE2). The frequency of patients displaying a neutralizing antibody
response (>50% neutralization at 1/80 dilution) is shown for both groups of pa-
tients (GG and AA + GA genotypes), at both time points. Statistical significance
of the differences between the two groups of patients is shown on top (Mann-
Whitney test). (B) The percentage of neutralization by patients’ plasma at the
acute phase of the infection correlates with the frequency of triple-positive
CD697CD4" T cells after in vitro stimulation with a selected pool of SARS-CoV-2
peptides. The correlation coefficient (Spearman’s r) and the associated probability
(P) are shown.

Since anti—-SARS-Cov-2 vaccination with mRNA vaccines only
marginally enhances virus-specific CD4" T cell immunity in recov-
ered patients (18, 19), the stronger capacity of GG patient to mount
an efficient helper T cell response against SARS-Cov-2 likely reflects
an intrinsic quality of GG individuals.

Although there was no significant difference between the two
groups in circulating CD69" stem cell memory CD8" T cell
counts, GG patients displayed polyfunctional virus-specific CD8"
T cells more often, at both acute and recovery phases. This obser-
vation indicates, as for the CD4" response, that a stronger basal
thymic function in GG patients facilitates the selection of virus-spe-
cific CD8" T cell clones with enhanced affinity for viral peptides.
Polyfunctionality of CD8" T cells was reported to be proportional
to the affinity of their T cell receptors for MHC-peptide complexes
(20). Because of the higher thymic production of naive T cells with a
more diversified repertoire in GG patients, the probability of

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

selecting CD8" T cell clones with high affinity for SARS-CoV-2 is
likely enhanced.

Consistent with most previous observations (21, 22), blood con-
centration of 15 cytokines, chemokines, and growth factors was in-
creased in recently infected COVID-19 patients, compared to
uninfected ICU-hospitalized controls. Among the cytokines over-
expressed in GG patients, IL-17E, IL-21, IL-33, and CCL3, ex-
pressed by activated T cells, are known to participate in the
development of antigen-specific T cell responses and might con-
tribute to the robustness of anti-SARS-CoV-2 T cell responses in
GG individuals. IL-15, specifically enhanced in the GG group,
plays an essential homeostatic role for both naive and memory T
cells by providing proliferative and anti-apoptotic signals.

The relatively small size of our study group (40 individuals) is
explained by the sudden drop in ICU-hospitalized COVID-19 pa-
tients with severe pulmonary involvement during the recruitment
period. The systematic vaccination of all French population,
which modified the “naive” immunological status against SARS-
CoV-2, likely plays an essential role in this event. However, our pa-
tients were all hospitalized in the same ICU, for severe COVID with
pulmonary involvement, during the same period of time, contrib-
uting to limit heterogeneity.

The precise mechanisms leading to increased intrathymic pre-
cursor T cell proliferation in individuals with GG genotype have
not been elucidated yet. The 752204985 SNP is localized very close
to the recombination site used for the excision of the TCRD locus
leading to the generation of the sjTREC, in the vicinity of binding
sites for transcription factors, which regulate thymocyte division.
For example, the highly conserved 11-zinc finger protein CTCF
has multiple binding sites near the TCRA segments (23, 24) In
mice, CTCEF is involved in V(D)] recombination and cell cycle pro-
gression of af} T cells in the thymus and in the TCR up-regulation in
double-positive thymocytes. Some CTCF-binding elements, local-
ized in the close vicinity of the rs2204985, were shown to regulate
TCRA repertoire diversity, probably as an indirect consequence of
their impact on TCRD rearrangement (25). In the context of the
lymphopenia caused by SARS-CoV-2 infection and of IL-7-stimu-
lated thymopoiesis, the presence of a G at this particular position
might allow immature thymocytes to divide more times between
the recombination at the TCRB locus and the excision of the
TCRD locus, leading to a more diversified T cell repertoire, as re-
ported by Clave et al. (9).

In conclusion, we report the first demonstration that 752204985
polymorphism can affect the clinical and immunological responses
to severe viral infections, by affecting both the baseline production
of T cells by the thymus and its infection-induced enhancement.
Patients with the GG genotype, who display a greater basal
thymic activity and a larger naive T cell pool, were able to mount
stronger and more efficient T cell responses against SARS-CoV-2.
The analysis of the 752204985 sequence variants might be included
among the predictive tests in critically ill COVID-19 patients and
more generally in severe infections and other clinical situations
where stimulated thymopoiesis has mechanistic and/or prognostic
importance.
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Table 2. Panel of cytokines, chemokines, and growth factors in patients with COVID-19 and controls. The indicated cytokines, chemokines, and growth
factors were measured in the serum of patients and controls during the initial hospitalization. Mean values are indicated. The comparisons between COVID
patients and controls were performed using Mann-Whitney test. The comparisons between COVID patients (GG or GA + AA) and controls were performed using

Kruskal-Wallis test and Dunn’s posttest.

Cytokines, chemokines, and
growth factors

Median value (pg/ml)

Control COoVID- GG

19 +GA

Mann-Whitney Krustal-Wallis and Dunn’s posttest

CoVID-19
versus Ctrls

AA + GA
versus Ctrls

GG
versus Ctrls

GG versus AA
+ GA

*Statistical significance after Holm's correction is shown.

MATERIALS AND METHODS

Patients

This observational study was conducted in 40 consecutive adult
COVID-19 patients and 41 controls with COVID-19-unrelated
disease, hospitalized in the ICU of the Clinique Ambroise Paré
(Neuilly, France) from the beginning of March 2020 to the end of
February 2022 (Table 1). A second sampling was gathered from a
subgroup of 25 patients with COVID-19 who accepted a second in-
vestigation 6 months after recovery. Control individuals were

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

admitted in the same ICU during the same period, for scheduled
hospitalization in medical cardiology (n = 13), cardiac surgery (n
= 24), spinal surgery (n = 4) and presented postoperative biological
inflammatory syndrome. During the time period, this ICU, which,
under normal circumstances, principally treats patients admitted
for cardiovascular diseases, contributed to the national French
program aimed at enhancing the hospitalization capacity for severe-
ly affected SARS-CoV-2—infected patients. The present study was
approved by the French ethical committee (Comité de protection
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des personnes Est II; #20.11.06.73935); written informed consent
was obtained from all patients upon admission.

Thoracic CT scans

Thirty-seven COVID" and all COVID™ patients had CT scans at ad-
mission. Thoracic CT scans were performed for the initial evalua-
tion of pulmonary status upon admission. All images were
independently reviewed and classified by two radiologists. In case
of disagreement, they reviewed the scans together and were asked
to give a final common classification, as described (6).

Cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from
total blood on Ficoll gradient (Sigma-Aldrich) by centrifugation
at 1000g for 20 min at room temperature. Cells were frozen in
fetal calf serum 10% dimethyl sulfoxide and preserved in liquid ni-
trogen until use.

TREC quantification

TRECs were quantified by nested multiplex quantitative polymerase
chain reaction (qPCR), adapted from (14). Briefly, 3.10° PBMCs
were resuspended in a lysis buffer [tris-HCI (pH 8.0), 20 mM
(Sigma-Aldrich); 0.1% NP-40; 0.1% Tween 20 (Sigma Aldrich); pro-
teinase K (200 ug/ml; Eurobio)] and incubated for 30 min at 56°C.
Proteinase K was heat-inactivated for 15 min at 95°C. Multiplex
PCR amplification was performed for sjTREC together with the
CD3y chain, in a final volume of 100 pl (10-min initial denaturation
at 95°C, then 22 cycles of 30 s at 95°C, 30 s at 60°C, and 2 min at
72°C) using outer 3'/5" primer pairs described in (14). The gPCR
conditions in LightCycler experiments, using inner primer pairs de-
scribed in (14) and performed on 1/100th of the initial PCR prod-
ucts, were 1-min initial denaturation at 95°C, then 40 cycles of 1 s at
95°C, 10 s at 60°C, and 15 s at 72°C. Measurements of the fluores-
cent signals were performed at the end of elongation steps. sjTREC
and CD3y LightCycler quantifications were performed in indepen-
dent experiments, using the same first-round serial dilution stan-
dard curve. Similarly, DJBITRECs (DJp1.1-1.6) and DJB2TRECs
(DJP2.1-2.7) were quantified in multiplex quantitative PCR assays,
using the primers described in (14). This highly sensitive nested
quantitative PCR assay made it possible to detect one TREC mole-
cule in 10 cells for any excision circle. The sj/BTREC ratio was cal-
culated according to the formula below, described in (13)

sjTREC/10°cells
DJB1TRECs/10°cells + DJB2TRECs/10°cells

sj/BTREC =

SNP sequencing

Because of the presence of numerous repeated sequences nearby,
the region containing the rs2204985 SNP was amplified using
nested PCR. A first round of 35 cycles PCR [95°C 10 min;
(95°C 30 s; 60°C 30 s; 72°C 30s) *35] was performed using outer
primers (rs2204985-Out5 5'-CAGGAAACAGCTATGACCGCTT
GAACCCAAGGGGCTAT-3" and rs2204985-Out3 5-TAATAC
GACTCACTATAGGGGGTTTCCCACTGAGGAGTTT-3"). A
second round PCR was performed on 1/10th of the initial PCR prod
ucts with inner primers (rs2204985-In5 5'-CAGGAAACAGCTAT
GACCATATGGGCTACTGGCCTGAA-3’ and rs2204985-In3 5'-
TAATACGACTCACTATAGGGATGCTGTGGGTTAGGCAGAA-

Roux et al., Sci. Adv. 9, eadh7969 (2023) 22 September 2023

3’) according to the same cycling protocol. Electrophoresis was per-
formed in a 2% agarose gel, and amplicons were gel-purified using
the Nucleospin gel and the PCR clean-up kit (Macherey Nagel) ac-
cording to the manufacturer’s protocol. Samples were sent to the
Eurofins Genomics platform for Sanger sequencing using T7 and
M13 sequencing primers. Analysis was performed using the Gene-
ious R7 software.

Flow cytometry phenotyping

Cells were stained for viability using the Zombie NIR fixable viabil-
ity kit (BioLegend) according to the manufacturer’s protocol and
then washed in Dulbecco’s phosphate-buffered saline (D-PBS)
without Ca®" and Mg>" (Gibco) by centrifugation 5 min at 600g
at 4°C. Antibodies (anti-CD3:0KT3, anti-CD4:0KT4, anti-
CD8:SK1, anti-CD45RA:HI100, anti-CD45RO:UCHLI1, anti-
CD95:DX2, anti-CD27:M-T271, anti-CD28:CD28.2, and anti-
CD31:WM59, all supplied by BioLegend) were then added and in-
cubated 30 min at 4°C. Cells were washed twice in D-PBS without
Ca®" and Mg*" and fixed in 2% paraformaldehyde. Spectral acqui-
sition was performed on an Aurora flow cytometer (Cytek), and
data were analyzed using the FlowJo 10 software.

Quantification of anti-SARS-CoV-2 T cell responses
Anti-SARS-CoV-2-specific T cell responses were quantified using
the Miltenyi Biotec SARS-CoV-2 Select T Cell Analysis Kit
(PBMCQ), in triplicate experiments, as recommended by the provid-
er. Briefly, PBMCs were thawed and let to rest overnight at 37°C,
5%CO, before use. Peptide stimulation was performed on 10°
cells with the pool of 88 peptides defined by the provider on the
entire proteome of SARS-CoV-2. Cells were then cultured for 6
hours, brefeldin A being added to the culture for the last 4 hours.
Extra- and intracellular staining was lastly performed according to
the recommended protocol with anti-CD3, anti-CD4, anti-CD8,
anti-CD14, anti-CD20, anti-CD69, anti-CD154, anti—IFN-vy, anti-
TNF-a, and anti-IL-2 antibodies and Viobility 405/452 Fixable
Dye. Data were collected on an AURORA spectral cytometer and
analyzed with FlowJo software (fig. S2).

Quantification of neutralizing antibodies

Neutralizing antibodies were quantified for their ability to inhibit
the binding of the SARS-CoV-2 spike protein to its receptor Angio-
tensin-converting enzyme 2 (ACE2) using the SARS-CoV-2 Neu-
tralizing Antibody enzyme-linked immunosorbent assay Kit (CD
Creative Diagnostics), in duplicate, as recommended by the
provider.

Statistical analyses

Descriptive statistics were used to present baseline characteristics
for the entire population and for the various groups. Continuous
variables are presented as mean + SD or median (25 to 75% inter-
quartile range), according to their distribution, and categorical var-
iables are presented as the number of patients in each category and
the corresponding percentages. No imputation was applied for
missing values; patients were excluded from analysis.

Categorial ordinal variable were ranked in two groups to define a
binary variable and then analyzed using logistic regression. On the
basis of this analysis, we calculated the odds ratio (95% confidence
interval).
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Continuous variables were analyzed either in two or three
groups, using Mann-Whitney nonparametric test, analysis of vari-
ance (ANOVA), or Kruskal-Wallis and Dunn's tests in the eventu-
ality of unequal variances. VassarStats website (Vassar University),
Real Statistics 8.4 (Charles Zaiontz), Graphpad Prism version 9.3.1,
and R/RStudio version 1.4.1106 for macOS software were used for
the above-described statistical analyses. P < 0.05 was considered to
be statistically significant.

Supplementary Materials
This PDF file includes:

Table S1

Figs. S1to S7
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