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Background aims: We have previously demonstrated the safety and feasibility of adoptive cell therapy with
CD45RA� memory T cells containing severe acute respiratory syndrome coronavirus 2�specific T cells for
patients with coronavirus disease 2019 from an unvaccinated donor who was chosen based on human leuko-
cyte antigen compatibility and cellular response. In this study, we examined the durability of cellular and
humoral immunity within CD45RA� memory T cells and the effect of dexamethasone, the current standard
of care treatment, and interleukin-15, a cytokine critically involved in T-cell maintenance and survival.
Methods:We performed a longitudinal analysis from previously severe acute respiratory syndrome coronavi-
rus 2�infected and infection-naïve individuals covering 21 months from infection and 10 months after full
vaccination with the BNT162b2 Pfizer/BioNTech vaccine.
Results: We observed that cellular responses are maintained over time. Humoral responses increased after
vaccination but were gradually lost. In addition, dexamethasone did not alter cell functionality or prolifera-
tion of CD45RA- T cells, and interleukin-15 increased the memory T-cell activation state, regulatory T cell
expression, and interferon gamma release.
Conclusions: Our results suggest that the best donors for adoptive cell therapy would be recovered individu-
als and 2 months after vaccination, although further studies with larger cohorts would be needed to confirm
this finding. Dexamethasone did not affect the characteristics of the memory T cells at a concentration used
in the clinical practice and IL-15 showed a positive effect on SARS-CoV-2-specific CD45RA- T cells.
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Introduction

A novel coronavirus named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) was identified in early 2020, causing a
global coronavirus disease pandemic (coronavirus disease 2019
[COVID-19]). Infected patients experience a wide range of symptoms
from asymptomatic to severe. Although vaccines have dramatically
decreased infection rates and the number of deaths and hospitaliza-
tions, they are not 100% effective, and immunity is gradually lost [1].
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Figure 1. Time point scheme for blood collection in recovered and control individuals.
T1: A mean of 13 days after clearing COVID-19 infection, T2: 9 months after clearing
COVID-19 infection, T3: 11 days after full BNT162b2 Pfizer/BioNTech vaccination T4:
65 days after full BNT162b2 Pfizer/BioNTech vaccination, T5: 9-10 months after full
BNT162b2 Pfizer/BioNTech vaccination.
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Vaccines are also not completely effective at preventing coronavirus
variants of concern (VOCs) [2,3].

Immune dysregulation is related to disease severity. The immune
response includes humoral and cellular responses, with an adaptive
immune response providing long-term protection. Plasma cells are
an essential part of humoral immunity, secreting neutralizing anti-
bodies and blocking viruses from entering cells. Cellular immunity
(such as the T-cell adaptive immune response) is needed to control
and eliminate SARS-CoV-2 infection [4�6]. Antibodies can protect
against infection and reduce disease severity during the first months
after vaccination or infection; however, memory T cells confer long-
term protection even in cases in which the humoral response is poor
[7,8]. Infected cells are eliminated by T cells, specifically cytotoxic T
cells and T-helper cells, which coordinate the long-term immune
reaction, collaborating in creating long-living plasma cells [9�11]. In
addition, T-cell responses to SARS-CoV-2 can confer protection to
SARS-CoV-2 variants due to the T cells’ ability to recognize parts of
the virus less susceptible to mutational pressure [4,12�17]. The
entire immune system needs to respond to SARS-CoV-2 to efficiently
eliminate the infection and avoid negative clinical outcomes.

Lymphopenia is a biomarker of disease severity, and profound
lymphocytopenia correlates with severe clinical COVID-19 outcomes,
whereas resolution of lymphopenia correlates with recovery
[18�23]. The mechanisms underlying lymphocytopenia are unclear,
but impaired lymphocyte proliferation, lymphocyte apoptosis induc-
tion, bone marrow impairment and tissue redistribution have been
suggested [4,20,24].

We and other authors have hypothesized that passive adoptive
cellular immunotherapy with various T-cell subsets and/or natural
killer (NK) cells might provide an effective mechanism to control
COVID-19 infection due to their antiviral properties [25�27]. We
have shown previously how to detect, isolate and produce, at a large
clinical scale, CD45RA� memory T cells containing SARS-CoV-
2�specific T cells from COVID-19�convalescent donors [25]. In the
first-in-human clinical trial with adoptive cell therapy using alloge-
neic, off-the-shelf CD45RA� memory T cells from a convalescent
donor, we demonstrated the safety and feasibility of treating hospi-
talized patients with moderate/severe COVID-19 [26]. The infusion of
memory T cells to hospitalized patients with lymphopenia could help
normalize T-cell counts and clear SARS-CoV-2 infection more effi-
ciently than through the patient’s immune system. We are currently
assessing the efficacy of this treatment in a phase 2 clinical trial.

Several factors can alter the functionality of the infused CD45RA�

memory T cells. The efficacy of adoptive T-cell therapy can be
impaired by dexamethasone, a synthetic glucocorticoid widely used
for treating human inflammatory diseases [28]. A short course of
dexamethasone is the current standard of care treatment for COVID-
19�hospitalized patients [29], and high doses of dexamethasone
have been shown to have a negative impact on proliferation and
cytokine production by T cells [30�32].

In addition, we have shown previously that interleukin-15 (IL-15),
which is critically involved in the maintenance and survival of mem-
ory and naïve CD8+ T cells and NK cells [33,34], is producing an acti-
vating phenotype in the CD45RA� memory T cells of convalescent
donors [25] We hypothesize that the stimulation of CD45RA� T cells
with IL-15 overnight (O/N) will maintain T-cell functionality even in
the presence of dexamethasone, making this approach a potential
advanced cell therapy for patients with COVID-19.

This study seeks to determine several aspects of CD45RA� mem-
ory T cells for its use as an adoptive therapy for COVID-19 patients.
On one hand, we have studied the durability and level of cellular
immunity within CD45RA� memory T cells and the changes with vac-
cination, virus exposure and time. We therefore performed a longitu-
dinal exploratory analysis of the SARS-CoV-2�specific humoral and
cellular immunity within memory CD45RA� T cells in SARS-CoV-
2�naive and previously infected individuals at different time points
before and after two doses of the BNT162b2 BioNTech/Pfizer vaccine.
On the other hand, we explored the effect of the current standard of
care treatment on the adoptive cell therapy based on CD45RA� mem-
ory T cells and how this therapy could be improved to increase effi-
ciency. For that, we evaluated the effect of dexamethasone and IL-15
on the proliferation, phenotype and functionality of SARS-CoV-
2�specific CD45RA� memory T cells.

Methods

Study participants

The study included six COVID-19�recovered donors and four
healthy controls (see supplementary Table 1), all of whomwere health
care workers. All of the recovered donors were positive for COVID-19
between March and April 2020 and had mild disease [25]. All donors
tested negative for SARS-CoV-2, and none of the recovered donors
experienced reinfections. The healthy donors had not been exposed to
patients with COVID-19 and tested negative for anti-SARS-CoV-2 anti-
bodies in June 2020. All participants granted their written consent,
and the study was approved by the hospital institutional review board
(IRB number: 254/20, La Paz University Hospital, Madrid, Spain). All
participants were immunized with two doses of mRNA Pfizer vaccine
between the end of January 2021 and the beginning of February 2021.

Cell processing

Paired plasma and peripheral blood mononuclear cells (PBMC)
samples were collected from all individuals at various time points, as
well as buffy coats when required (Figure 1). To summarize, PBMCs
were isolated from peripheral blood by density gradient centrifuga-
tion using Ficoll�Paque (GE Healthcare, Chicago, IL, USA). Cells were
preserved in 90% fetal bovine serum (Sigma-Aldrich, St. Louis, MO,
USA) and 10% dimethyl sulfoxide and stored in liquid nitrogen.
Plasma was isolated from the blood collection after centrifugation
and stored at �80°C.

Proliferation assay of SARS-CoV-2�specific memory T cells in the
presence of dexamethasone and IL-15

PBMCs from buffy coats were obtained from the Centro de Trans-
fusion of Community of Madrid. The SARS-CoV-2 infection or vacci-
nation status was not assessed. PBMCs from buffy coats were thawed
and then incubated with or without IL-15 (50 ng/mL; Miltenyi Biotec,
Bergisch Gladbach, Germany) overnight at 37°C in TexMACS Medium
(Miltenyi Biotec) supplemented with 10% Human Serum Type AB
(Sigma Aldrich) and 100 U/mL penicillin�100 mg/mL streptomycin
sulphate (Sigma Aldrich). The cells were then washed and approxi-
mately 2 million cells per condition were resuspended in 1 mL of sup-
plemented medium and 100 mL of a carboxyfluorescein succinimidyl
ester (CFSE) stock dilution (final concentration 5 mmol/L) (CFSE,
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CellTrace CFSE Cell Proliferation Kit; Invitrogen, Waltham, MA, USA).
The cells were then incubated for 10 min in the dark and washed
three times. Lastly, the cells were cultured in a P24 plate in 1 mL of
supplemented medium with 1.5% v/v Phytohemagglutinin M form
(Thermo Fisher Scientific, Waltham, MA, USA) plus 0.05 mg/mL
mouse anti-human CD3 (Clone OKT3; BD Biosciences, Franklin Lakes,
NJ) and 5mg/mL CD28/CD49d Purified (Clone L293 L25 RUO GMP; BD
Biosciences). In addition, various concentrations of dexamethasone
(Kern Pharma 4 mg/mL solution for injection EFG) (0, 10�7 mol/L,
10�6 mol/L and 10�5 mol/L) were added to the supplemented
medium. PBMCs without IL-15 and without dexamethasone were
employed as the negative control (see supplementary Figure 1). The
dexamethasone doses were calculated considering that the patients
were administered 6 mg/day of the glucocorticoid, and the volume of
the drug
distribution was calculated according to DrugBank’s online dexa-
methasone information page (https://go.drugbank.com/drugs/
DB01234). According to these data and previous publications [35,36],
6 mg of dexamethasone administered to an adult of approximately
60�70 kg corresponds to 1�2 £ 10�7 mol/L.

The cells were incubated at 37°C for 72 h, and a proliferation assay
was conducted to determine whether high doses of the drug decrease
their division or proliferation index. In addition to CFSE, cells were
stained with the following cell surface antibodies to define different
subpopulations: CD27 APC (BD Pharmingen), CD3 Viogreen (Miltenyi
Biotec), CD4 PE-Cy7 (BD Pharmingen), CD8 APC-Cy7 (BD Pharmin-
gen), L/D 7AAD (BD Pharmingen), CD45RA Alexa Fluor 700 (BD Phar-
mingen), CD127 PE-CF594 (BD Horizon) and CD25 BV421 (BD
Horizon). Cell acquisition was then performed using a Navios cytom-
eter (Beckman Coulter), acquiring a mean of 200,000 cells. The analy-
sis was performed using FlowJo 10.7.1 software (FlowJo LLC).

Proliferation cells’ capacity under different conditions was com-
pared using two parameters: the proliferation index, which is the
total number of divisions divided by the number of cells that went
into division; and the relative geometric mean fluorescent intensity
(GeoMFI), expressed as ratio GeoMFI /(GeoMFI of the negative con-
trol) (cells without dexamethasone and without IL-15).

Detection of SARS-CoV-2�specific memory T cells by interferon-gamma
assay

The assay was performed as previously described [25]. In summary,
the peptide pools were short 15-mer peptide pools with 11 amino acid
overlaps that can bind MHC class I and II complexes and are therefore
able to stimulate CD4+ and CD8+ T cells. The peptide pools cover the
immunodominant sequence domains of the surface glycoprotein S, the
complete sequence of the nucleocapsid phosphoprotein N and the
membrane glycoprotein M (GenBank MN908947.3, Protein
QHD43416.1, Protein QHD43423.2, Protein QHD43419.1; Miltenyi Bio-
tec). The cells were rested O/N at 37°C and after 5 h of stimulation
with individual SARS-CoV-2 peptide pools or combination of peptide
pools (M, N, S), the cells were labeled with interferon-gamma (IFN-g)
catch reagent (Human IFN-g Secretion Assay-Detection Kit; Miltenyi
Biotec), and the cell surface�bound IFN-g was targeted using the IFN-
g phycoerythrin antibody. Background subtraction was performed
from parallel unstimulated cultures. A positive sample included the fol-
lowing acceptance criteria: 0.1% of IFN-g+ cells out of the total cell pop-
ulation with a minimum of 150,000 events analyzed, at least twice the
number of IFN-g+ cells in the sample than in the negative control and
a positive control based on plate-bound cells stimulated with mouse
anti-human CD3 and co-stimulated with purified CD28/CD49d. Basal
IFN-g production by PBMCs was included as a background control in
the absence of stimulation and co-stimulation.

The experiments with and without IL-15 incubation O/N and with
different concentrations of dexamethasone were performed as
described previously. After incubation, cells where stained using the
following fluorochrome-conjugated anti-human surface antibodies:
CD45RA FITC, CD27 APC, CD3 VioGreen, CD4 PECy7, CD8 APC Cy7, L/D
7AAD and IFN-g phycoerythrin. Cell acquisition was then performed
using a Navios cytometer (Beckman Coulter, Indianapolis, IN, USA),
acquiring a mean of 200,000 cells. The analysis was performed using
FlowJo 10.7.1 software (FlowJo LLC, Ashland, OR, USA).

Phenotype of memory T cells containing SARS-CoV-2�specific T cells
determined by flow cytometry assay

The phenotype assay was performed as previously described [25].
In summary, we stained the cell surface for 20 min at 4°C using the
following fluorochrome-conjugated antihuman antibodies: CD45RA
FITC, CD27 APC, CD3 VioGreen, CD4 PECy7, CD8 APC Cy7 and L/D
7AAD. We employed other antibodies for specific cell populations:
CD25 BV421 (BD Horizon, Franklin Lakes, NJ, USA) and CD127 PE-
CF594 (BD Horizon) for regulatory T cells (Treg); HLA-DR BV421 (BD
Pharmingen, San Diego, CA, USA), CD69 PE (Miltenyi Biotec) and
CD25 BV421 (BD Horizon) for activation makers; CD279 (PD1) AF700
(BioLegend, San Diego, CA, USA) and NKG2A BV421 (BD OptiBuild)
for exhaustion markers; and, CD103 BV421 (BD Horizon) and CCR7
PE-CF594 (BD Horizon) for chemokine receptor and integrin markers.

The experiments with and without IL-15 incubation O/N and with
different concentrations of dexamethasone were performed as
described previously. After the staining, cell acquisition was per-
formed using a Navios cytometer (Beckman Coulter), acquiring a
mean of 200,000 cells. The analysis was performed using FlowJo
10.7.1 software (FlowJo LLC).

Analysis of humoral responses

For the detection of the receptor-binding domain (RBD), spike 1
(S1), spike 2 (S2) and nucleocapsid (N) antibodies, we used the Bio-
Plex 2200 SARS-CoV-2 IgG panel. To summarize, K3 ethylenediami-
netetraacetic acid plasma samples from patients were mixed with
fluoromagnetic dyed beads, each coated independently with the four
different antigens, and processed in the BioPlex 2200 system, as per
the manufacturer’s instructions (Bio-Rad Laboratories, Hercules, CA,
USA). Samples were first tested undiluted and, for results greater
than 100 U/mL, serially diluted to determine the exact antibody level.
Final results are shown in units (World Health Organization [WHO]
BAU/mL) by transforming U/mL with the first WHO international
standard for binding activity of anti-SARS-CoV-2 immunoglobulins to
RBD, S1 and nucleocapsid proteins.

We also employed a test designed to mimic plasma neutralization
for the interaction of RBD SARS-CoV-2 and human angiotensin-con-
verting enzyme 2 (ACE2) by competitive chemiluminescence immu-
noassay (Snibe, Shenzhen, China). To summarize, donor samples,
buffer, magnetic microbeads coated with hACE2 and SARS-CoV-2-
RBD ABEI-labeled antigen were mixed. In the incubation, immuno-
globulins of the sample compete with RBD-ACE2 binding, and the
RBD label is recognized by chemiluminescence reagents after apply-
ing a magnetic device and washing process. All steps were performed
in a Maglumi 2000 system. Samples were first tested undiluted and,
for results greater than 30 mg/mL, serially diluted to determine the
exact neutralizing capacity. The final results are shown in units
(WHO IU/mL) by transforming mg/mL with the WHO standard (20/
136).

Statistical analysis

Given the nature of the correlated data, lymphocyte averages were
estimated using least squares means with a linear mixed-effects model
employing the restricted maximum likelihood method. Time, controls,
recovered donors and the interaction were included as the fixed effect,
and the intercepts were included as the random effect. The least
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Figure 2. Detection of SARS-CoV-2�specific T cells within the CD45RA�memory T cells and subsets. IFN-g was measured by flow cytometry after exposure to the single SARS-CoV-
2 peptides (M, N and S) and the peptide pools (PepX3). 1, 2, 3, 4 and 5 correspond to the different time points described in Figure 1. Independent data for each naïve control are
shown by the blue dots, and independent data for each recovered donor are shown by the red dots. Mean and standard error of the mean are shown. *P < 0.05.
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squares means were estimated and compared, and the Bonferroni
adjustment was considered for multiple comparisons. The global effect
of each variable in the model was assessed with the type 3 test. All sta-
tistical tests were considered bilateral, with statistically significant val-
ues having a P < 0.05. The data were analyzed with the statistical
program SAS Enterprise Guide 8.2 (SAS Institute Inc., Cary, NC, USA).

To analyze the differences in proliferation, functionality (IFN-g
production) and phenotype of PBMCs due to exposure to increasing
concentrations of dexamethasone in different cell subpopulations,
we performed a one-way or two-way analysis of variance test. To
analyze the differences due to the absence or presence of IL-15, we
performed a Wilcoxon matches-pairs signed rank test for CFSE
experiments and a Friedman test with paired data with Dunn’s multi-
ple comparisons test in all other cases. We employed GraphPad Prism
(GraphPad v.8.0 Software, San Diego, CA, USA) for the analysis. P-val-
ues <0.05 were considered statistically significant. The quantitative
variables are expressed as mean § standard error, whereas the quali-
tative variables are expressed as percentages (%). For the exploratory
analysis, Spearman’s correlation coefficient was calculated to evalu-
ate the linear association between quantitative variables; §0.8�1
correlation values were considered a strong association.

Results

Participants and sample collection

Ten participants were administered two doses of the
BNT162b2 Pfizer/BioNTech vaccine between January 10 and February
9, 2021, at La Paz University Hospital, Madrid, Spain. Six individuals
were previously infected [25], and four were defined as SARS-CoV-2
naïve (see supplementary Table 1). The mean age was 37 years (range
23�41 years) for the recovered donors and 29.7 years (range 26�34
years) for the infection-naïve controls. Seven donors were women, and
three were men. We obtained PBMCs at five time points, a mean of
13 days after the individuals who had recovered from COVID-19 tested
negative (by polymerase chain reaction) for SARS-CoV-2 (T1); between
9 and 10 months after T1, which was just before the first dose of the
vaccine (T2); 11 days after the second dose of the mRNA vaccine (T3),
65 days after the second dose of the mRNA vaccine (T4), and between
9 and 10 months after the second dose (T5) (Figure 1). The data at T1
for all participants have been already published by Ferreras et al. [25].
For one of the control donors, we collected data only at time points 1
and 2 because the donor was infected after the first dose of the vaccine.
For one of the recovered donors, we did not collect data at the last time
point (T5) because the donor was taking anakinra to treat myocarditis.

Quantification of memory T cells specific for SARS-CoV-2 immunity

We first analyzed the changes in the percentage of T-cell subsets
at the various time points and the presence of SARS-CoV-2�specific T
cells within the CD45RA� memory T-cell subpopulation by the
release of IFN-g upon in vitro stimulation of PBMCs to the individual
or combination of peptide pools (see supplementary Figure 2). As
expected, there were no changes in the various T-cell subpopulations
(see supplementary Table 2). In general, there were no statistically
significant differences in cellular response (Figure 2, supplementary
Table 2 and supplementary Figure 3).

For the N single SARS-CoV-2 peptide in the recovered donors, the
greatest cellular immune response occurred after COVID-19 infection.
In the CD45RA� T-cell population, the mean IFN-g expression
decreased from T2 to T3 (P = 0.0382) and from the T2 to T4 time
points (P = 0.0311). There were no statistically significant differences
in the other CD45RA� subsets: CD4+ and CD8+, central memory T cells
(TCM) (CD4+CD27+ and CD8+CD27+) and effector memory T cells (TEM)
(CD4+CD27� and CD8+CD27�) subpopulations (Figure 2 and supple-
mentary Figure 3).



Figure 3. Antibody titers for (A) nucleocapsid, (B) RBD, (C) S1, (D) S2 and (E) NAB at different time points in recovered and control individuals. 1, 2, 3, 4 and 5 correspond to the dif-
ferent time points described in Figure 1. Independent data for each naïve control are shown by the blue dots, and independent data for each recovered donor are shown by the
red dots. P values different from P < 0.0001 are shown in the figure. *P value in recovered donors, *P value in control donors, *P value between both groups. *P < 0.05; **P < 0.01;
***P < 0.001; ****P< <0.0001. Mean and standard error of the mean are shown.
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For the M and S SARS-CoV-2 individual peptide pools or the com-
bination of peptide pools, SARS-CoV-2�specific memory T-cell
responses were maintained over time. Interestingly, there was no
increase in cellular responses after full mRNA immunization in the
recovered individuals.

We detected no cellular immune response in the control partici-
pants before the vaccination (Figure 2, supplementary Table 2 and
supplementary Figure 3). However, we observed induction of SARS-
CoV-2 T-cell responses to the S peptide pool at an early time point
after mRNA immunization (T3), and the response was maintained at
time points T4 and T5 within all CD45RA� subpopulations (Figure 2
and supplementary Figure 3). Although the sample size was small,
this was expected because the S protein is the target for the mRNA
vaccine. We also observed that mRNA vaccination of COVID-
19�naïve participants induced an immune cellular response to the S
peptide pools similar to the memory T-cell responses from recovered
donors at the same time point. Surprisingly, infection-naïve individu-
als showed cellular responses to the M and N SARS-CoV-2 peptide
pools 10 months after the second dose of the mRNA vaccine. When
examining both groups, we observed a tendency toward greater cel-
lular immune responses in the recovered individuals than in the con-
trol group (Figure 2 and supplementary Figure 3).

In summary, memory T-cell responses tended to be greater in the
recovered individuals at all time points due to a pre-existing memory
T-cell population formed after SARS-CoV-2 infection, this cellular
response that was maintained even 10 months after mRNA immuni-
zation in both groups (recovered and infection-naïve donors). In
addition, COVID-19 infection produced memory T-cells responses to
the combination of SARS-CoV-2 peptide pools, whereas in our control
group, the vaccine was able to only produce Spike-specific SARS-CoV-
2 memory T-cell responses.
Humoral response

We analyzed the antibody titers to nucleocapsid (N) representing
prior SARS-CoV-2 infection, RBD, S1 and S2 domains of the Spike, rep-
resenting a response to either previous infection or vaccination by
mRNA vaccine, and levels of the neutralizing antibody (NAB). We
observed antibody production in both groups (recovered and control
donors) (Figure 3). As expected, antibody production was observed
in previously SARS-CoV-2�infected individuals at T1 but was not
detected in COVID-19�naïve participants.

In the recovered individuals, vaccination dramatically increased
antibody titers for RBD, S1, S2 and NAB. For the N antibody, the great-
est value was obtained after COVID-19 infection (T1), decreasing at T2
(Figure 3A). Vaccination did not boost the humoral immune response,
with values decreasing at T3, T4, and T5 with respect to T1. There was
also a significant decrease from T4 to T5, with values below T1.

For the other antibodies tested (RBD, S1, S2 and NAB), we observed
vaccine-induced antibody responses with a markedly increased anti-
body production at T3 that gradually decreased at T4 and T5. For S2,
the values at T5 were similar to the pre-vaccination values (T1)
(Figure 3B�E). In the COVID-19�naïve participants, the vaccine did not
elicit IgG N antibody responses as expected at any tested time point
(T3, T4 and T5). For RBD, S1, S2 and NAB, early antibody production
was observed at T3, with the response decreasing over time.

Values after vaccination (T3�T5) were significantly greater in the
recovered individuals than in the infection-naïve controls at all time
points, with a decrease in antibody titers over time. Interestingly, the
antibody titers for the control individuals after full immunization (T3
and T4) seemed to be much greater than in the recovered donors
after COVID-19 infection (T1 and T2; RBD, P < 0.0001; S1, P < 0.0001;
S2, P = 0.0175; NAB, P < 0.0001) (Figure 3B�E).

These results showed that the BNT162b2 mRNA vaccine induced
significantly greater antibody titers in the recovered donors compared
with the infection-naïve individuals at all time points. However, those
values decreased gradually over time in both groups, with values at 10
months after immunization resembling pre-vaccination values.
Correlation between humoral and cellular response in the recovered
donors

To assess the correlation between cellular and humoral immunity
over time, we performed an exploratory analysis of non-parametric
Spearman’s rho correlation of humoral and cellular responses in the
recovered donors. We compared the humoral parameters in plasma



Figure 4. Cellular and humoral immunity correlation responses in recovered donors. The nonparametric Spearman test was used for correlation analysis. A matrix heatmap shows
the correlation between cellular and immune humoral responses. Cellular responses were obtained upon SARS-CoV-2 peptide pools stimulation. The Spearman’s correlation matri-
ces show the relationship between N, RBD, S1, S2 and NAB antibodies and the different CD45RA- cell subsets. T1, T2, T3, T4 and T5 correspond to the time points shown in Figure 1.
Values inside the squares indicate the correlation coefficient. All data points are shown. CM, central memory; EM, effector memory. Blue color means a positive correlation, red color
means a negative correlation. The intensity of the color indicates how strong this correlation is.
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with the cellular response to the combination of SARS-CoV-2 peptide
pools (Figure 4) at the different time points.

At T1, after the COVID-19 infection was cleared, our analysis
showed a pattern of positive cellular and humoral correlation in most
of the CD45RA� subsets for N, RBD, S1 and NAB antibodies. In con-
trast, the data 9 months after the infection and early after vaccination
(T2 and T3) displayed a negative cellular and humoral correlation.
However, at T4 a tendency to a positive correlation was again
observed for all the studied antibodies that although less pronounced
was maintained at T5. Interestingly, we observed a similar pattern at
T5 to the one after COVID-19 infection (Figure 4). These data suggest
that after SARS-CoV-2 infection antigen-specific T-cell responses
induced upon peptide pool stimulation correlated with humoral
responses. This positive correlation is lost over time and is only
recovered and maintained long term after a complete vaccination
regimen with BNT162b2 vaccination.

Effects of dexamethasone and IL-15 on SARS-CoV-2�specific CD45RA�

memory T cells

We analyzed the effect of dexamethasone on the CD45RA� mem-
ory T-cell subsets and the proliferation, functionality and phenotype
of SARS-CoV-2-specific CD45RA� memory T cells. No significant
Figure 5. Effect of dexamethasone and IL-15 on total PBMCs and CD45RA� memory T-cell pr
cells were washed and labeled with CFSE and incubated for 72 h with different concentratio
Proliferation Index of total live cells and CD45RA� memory T cells. The PI is calculated as tot
analysis of variance was performed to analyze differences due to different concentrations of d
donors. (B) Representative determination of live cells and CD45RA� memory T cells prolifera
tions of dexamethasone. (C) Geometric mean fluorescence intensity (GeoMFI), expressed as r
out IL-15). Mean § SEM of the ratios are represented. SEM, standard error of the mean.
differences were observed in proliferation at the studied dexametha-
sone concentrations in the absence or presence of IL-15 in the live
cell’s gate or the CD45RA� memory T cells (Figure 5A�B). Also, the
geometric mean fluorescent intensity did not show any differences
(Figure 5C).

We observed no changes in the percentage of each T-cell subset in
the presence of dexamethasone after an O/N or 72-h incubation
regardless an IL-15 pre-incubation (Table 1). In the absence of a pre-
vious IL-15 incubation, an O/N incubation with dexamethasone did
not change the frequency of Treg, and only the greatest concentration
showed a tendency to decrease Treg expression (11.3 versus 9.8, 8.2
and 6.9) (Table 1). This effect, although not statistically significant,
was more pronounced after 72 h of incubation with dexamethasone
(19.3 versus 11, 6.4 and 3.3) (Table 1). On the contrary, in all condi-
tions studied, IL-15 increased the expression of Treg, and dexametha-
sone did not have any effect with values similar to the ones obtained
with no dexamethasone (Table 1). These changes in Treg expression
are the result of an activation rather than an increase in cell prolifera-
tion, since no changes were observed in proliferation index (data not
shown). In general, at 72 h the cells previously exposed to IL-15
showed a lower Treg induction regardless the incubation with dexa-
methasone comparing with the same dexamethasone concentration
after an O/N incubation. Together, these findings indicate that IL-15
oliferation. PBMCs were cultured in presence or absence of IL-15 (50 ng/mL) O/N. Then,
ns of dexamethasone (0, 10�7 mol/L DEX, 10�6 mol/L DEX and 10�5 mol/L) for 72 h. (A)
al number of divisions divided by the number of cells that went into division. One-way
examethasone previously cultured with IL-15 O/N. Mean § SEM, N = 5�9 independent
tion by flow cytometry with or without IL-15 and in presence of increasing concentra-
atio GeoMFI /(GeoMFI of the negative control) (cells without dexamethasone and with-



Table 1
Effect of dexamethasone on the percentage of CD45RA� memory T cell subpopulations after an O/N and 72 h-incubation
with PBMCs previously treated O/N with and without IL-15.

WO DEX O/N 10�7 mol/L O/N 10�6 mol/L O/N 10�5 mol/L O/N

�IL15 +IL15 �IL15 +IL15 �IL15 +IL15 �IL15 +IL15

O/N
CD45RA�

% CD45RA� 25.2 18.6 30.1 21.6 30.8 21.4 33.0 28.1
% CD3+ 88.8 90.3 89.8 88.0 89.2 86.8 90.5 86.4
% CD4+ 76.8 79.2 75.8 81.3 77.5 82.6 78.6 84.1
% CD8+ 17.1 19.5 18.5 17.4 16.9 16.1 15.3 14.6

CD45RA�CD4+

CD27+ (CM) 80.4 80.5 80.9 77.7 80.4 78.4 78.0 74.7
CD27� (EM) 18.7 19.5 18.5 22.3 21.8 21.5 20.2 25.3
CD127lowCD25+ (Treg) 11.3 40.7*** 9.8 42.0** 8.2 40.1*** 6.9 36.1***

CD45RA�CD8+

CD27+ (CM) 74.1 74.2 75.3 72.8 75.6 73.7 69.4 72.3
CD27� (EM) 24.8 25.8 23.8 27.2 23.8 26.3 24.2 27.7

WO DEX 72 h 10�7 mol/L 72 h 10�6 mol/L 72 h 10�5 mol/L 72 h

�IL15 +IL15 �IL15 +IL15 �IL15 +IL15 �IL15 +IL15

72-h incubation
CD45RA�

% CD45RA� 19.1 20.1 21.8 22.8 23.5 23.4 23.5 25.3
% CD3+ 95.7 93.5 85.1 92.1 91.9 90.9 91.8 91.8
% CD4+ 88.7 77.5 84.0 79.7 85.2 78.5 84.5 80.2
% CD8+ 10.4 20.9 12.9 19.0 12.9 20.3 13.2 18.6

CD45RA�CD4+

CD27+ (CM) 71.0 75.7 73.0 76.9 76.9 82.0 76.9 81.2
CD27� (EM) 29.0 24.3 27.0 23.1 23.1 17.9 23.1 18.8
CD127lowCD25+ (Treg) 19.3 26.4 11.0 25.9*** 6.4 27.9*** 3.3 27.7***

CD45RA�CD8+

CD27+ (CM) 82.5 72.9 79.7 74.6 79.7 76.6 79.2 75.7
CD27� (EM) 17.5 26.9 20.3 25.4 20.3 23.4 20.8 24.3

The experiment has been designed following the scheme in supplemental Figure 1. Mean and standard error of the mean
are shown. N = 3�4.
CM, central memory; EM, effector memory; IL-15, interleukin-15; O/N, overnight; PBMCs, peripheral blood mononuclear
cells; Treg, regulatory T-cells.
**P ˂ 0.005.
***P ˂ 0.0001.
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alone could increase the activation state of Tregs, while dexametha-
sone had no effect on this activation.

We then analyzed IFN-g production after exposure to the combina-
tion of SARS-CoV-2 peptide pools in three separate situations: first, IFN-
g production after an O/N incubation of IL-15; second, IFN-g produc-
tion after an O/N incubation with dexamethasone and third, the effect
of dexamethasone on IFN-g production after with a previous incuba-
tion with IL-15 (Figure 6). Figure 6A shows that when the cells were
previously incubated with IL-15 in the absence of dexamethasone there
was a tendency to increase the percentage of IFN-g in all CD45RA�

memory T-cell subsets studied (Figure 6A black and gray bars). After an
O/N incubation with dexamethasone, we observed no changes in IFN-g
release in the different T-cell subpopulations at the dexamethasone
concentrations resembling those in clinical practice (Figure 6A red
bars). Although greater concentrations tended to decrease IFN-g values,
there were no statistically significant differences (Figure 6A dark green
and dark blue bars). When the cells were cultured with dexamethasone
but previously exposed to IL-15, we observed IFN-g values similar to
the values with no dexamethasone and no previous IL-15 pre-incuba-
tion (Figure 6A light bars: red, green and blue).

We then analyzed the same effect after a 72-h incubation. Figure 6B
shows a statistically significant increase in IFN-g values when the cells
were previously incubated with IL-15 in the absence of dexamethasone
(Figure 6B black and gray bars). A 72-h incubation with dexamethasone
alone tended to decrease IFN-g release at all the concentrations used
and in all the CD45RA� memory T-cell subsets, and this effect was
more pronounced at greater concentrations (Figure 6B dark bars: red,
green and blue), specifically in the CD45RA�CD3+CD8+ subset at 10�6
and 10�5 mol/L (P = 0.01). When the cells were cultured with dexa-
methasone for 72 h and previously exposed to IL-15, we observed IFN-
g values comparable with the values with no dexamethasone and no
previous IL-15 pre-incubation, similar to data for an O/N incubation
(Figure 6B light red, green and blue).

These results suggest that incubation of memory T cells with
dexamethasone concentrations used in clinical practice for patients
hospitalized with COVID-19 did not affect the functionality of SARS-
CoV-2�specific CD45RA� memory T cells based on IFN-g release.
Moreover, a previous incubation of CD45RA� memory T cells with IL-
15 counteracted the effect of greater dexamethasone concentrations
when co-cultured with the cells for 72 h.

We then performed a Friedman test to analyze the global effect of IL-
15 regardless of the dexamethasone concentration at both time points,
showing that the increased IFN-g release was due to IL-15 incubation.
We observed statistically significant differences in the following sub-
sets: CD45RA� (P = 0.0068 O/N, P = 0.013 at 72 h), CD45RA�CD3+

(P = 0.0152 O/N, P = 0.024 at 72 h) and CD45RA�CD3+CD4+

(P = 0.033 O/N, P = 0.019 at 72 h), with no differences in the
CD45RA�CD3+CD8+ subsets.

Lastly, we analyzed the changes in phenotype induced by dexa-
methasone and IL-15. We studied a panel of activation, exhaustion,
and homing cell surface markers (supplementary Table 3 and supple-
mentary Figures 4, 5 and 6).

The cells cultured with IL-15 showed a 2.2-fold and 5.0-fold increase
in the activation markers CD69 and CD25high, respectively, in the
CD45RA� memory T-cell subpopulation. A dexamethasone O/N incuba-
tion did not have any effect on this activation (supplementary Figure



Figure 6. Effect of IL-15 and dexamethasone on the IFN-g production after co-culture with the combination of the SARS-CoV-2 peptide pools. IFN-g production of SARS-CoV-2 spe-
cific CD45RA� memory T cells after co-culture with the combination of peptide pools in the presence or absence of IL-15 O/N and (A) dexamethasone O/N or (B) for 72 h. Several
subsets are represented: CD45RA�CD3+, CD45RA�CD3+CD8+, CD45RA�CD3+CD4+. Black bars represent cells cultured in the absence of dexamethasone, dark color bars represent
cells incubated with the different concentrations of dexamethasone and no IL-15 previous incubation, light color bars represent cells cultures with the different concentrations of
dexamethasone previously exposed to IL-15. A Two-way ANOVA test was performed *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 N = 4. All donors had a previous COVID-19
infection. Mean and § standard error of the mean.
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4A). However, the CD25high expression showed a tendency to decrease
after 72 h with dexamethasone dose-dependently in the absence of a
previous incubation with IL-15 (supplementary Figure 4B). Also, no
changes were observed in the presence of dexamethasone after O/N or
72-h incubation in the activation marker HLA-DR, exhaustion (NKG2A,
PD1) or homing markers (CD103, CCR7) (supplementary Figures 4, 5
and 6, and supplementary Table 3). To analyze the global effect of IL-15,
we performed a Friedman test and observed statistically significant dif-
ferences for the activation markers HLA-DR, CD25high and CD69 in the
CD45RA�, CD45RA�CD3+, CD45RA�CD3+CD4+, CD45RA�CD3+CD8+ cell
subsets after an O/N incubation with dexamethasone and in
CD45RA�CD3+, CD45RA�CD3+CD4+, CD45RA�CD3+CD8+, after a 72-h
incubation with dexamethasone (supplementary Table 4). There were
also no significant changes in the percentage of the different various T-
cell subsets (data not shown). In general, IL-15 increased the activation
state of cells, whereas the exhaustion or homing markers remain
unchanged. Dexamethasone did not alter the expression of these
markers on the CD45RA� cell surface subsets.

Discussion

Vaccination has dramatically decreased the number of deaths and
hospitalizations resulting from SARS-CoV-2 infection; however, spe-
cific and effective therapeutic anti-viral therapies for COVID-19 are
lacking. New COVID-19 pandemic waves and the emergence of SARS-
CoV-2 VOCs with greater transmissibility risk, mortality rates and
ability to evade previously acquired immunity [37] have shown that
the pandemic has not yet ended and will be around for a long time.

There have been two very well-differentiated time points in the
SARS-CoV-2 pandemic: before and after vaccination, with widely
studied cellular and humoral responses [4,15]. We and other authors
have shown the antiviral properties of CD45RA� memory T cells in
hematopoietic stem cell transplantation and COVID-19 settings
[25,38�41]. We have demonstrated the safety and feasibility of adop-
tive cell therapy using CD45RA� memory T cells containing SARS-
CoV-2�specific T cells in patients hospitalized with COVID-19. In this
approach, we pursued to increase the pool of lymphocytes in patients
with lymphopenia, exerting an antiviral effect on the coronavirus
and protecting the patient from other viruses that the donor encoun-
tered [25]. In this trial, the patients were administered memory T
cells from a convalescent and unvaccinated donor [26], who was cho-
sen based on human leukocyte antigen compatibility and cellular
response to SARS-CoV-2 peptide pools. On the basis of the results
presented here, the donor’s CD45RA� memory T cells had a cellular
response, and a positive cellular and humoral correlation; however,
the antibody titers were low because the donor had not been admin-
istered any vaccine (T1).

The present study sought to determine, on the one hand, who
would be the best donor candidate for adoptive cell therapy for
patients with COVID-19 in the current scenario of infections and vac-
cinations. To this end, we analyzed the SARS-CoV-2�specific T-cell
responses within the CD45RA� memory T-cell subpopulation and
subsets at different time points, covering 21 months after SARS-CoV-
2 infection in the recovered donors and between 9 and 10 months
after a full BNT162b2 BioNTech/Pfizer vaccination in both groups. We
also analyzed the changes in humoral response by measuring anti-
body titers for five specific antibodies. In addition, we studied the
effect of dexamethasone and the T-cell activator IL-15 on these cells
to analyze the effect of these compounds on the living drug.

Our data show a tendency toward a greater cellular response in
recovered individuals at all time points that is maintained over time.
Humoral responses are boosted after vaccination, with greater titers
in the recovered individuals than in the controls; however, these
responses are gradually lost.

T-cell responses against SARS-CoV-2 have been studied exten-
sively, showing responses against almost all proteins of the viral pro-
teome [17,42], with spike-specific T-cell responses dominated by
CD4+ T cells [4]. Our product (CD45RA�) is mainly composed of CD4+

T cells [25]. Several authors have shown the effects of the first and
second immunization on cellular and humoral responses and that
CD4+ T cells are primed by the vaccine [5]. CD4+ T cells are required
to promote B-cell antibody production, enhance and maintain the
responses of CD8+ T cells; orchestrate immune responses against a
wide variety of pathogenic microorganisms and contribute to viral
elimination by a direct cytotoxic effect on virus-infected cells
[43�47]. In convalescent donors, SARS-CoV-2�specific CD4+ T cells
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produce a Th1 response, include cells with lymphoid and tissue-hom-
ing potential, are long-lived and are capable of proliferation [48].
CD45RA� memory T cells are composed of TCM or TEM cell subpopula-
tions. The TCM cells can home in secondary lymphoid tissues, prolifer-
ate and create a new round of effector T cells [49], whereas TEM
subsets are the first responders to infection, with a quick and strong
response to pathogens and can home in on peripheral lymphoid tis-
sues [50]. Unlike a number of authors, we observed no difference in
the CD4+ TEM and TCM responses after vaccination, although this could
be the result of our small sample size.

Current vaccines are targeting the S protein because it has
shown high antigenicity and the ability to induce robust immune
responses [51,52]. Our data are in agreement with those, indicat-
ing that the mRNA vaccine generates spike-specific memory CD4+

and CD8+ T-cell responses [5,53�55]. In COVID-19�naïve individ-
uals, we observe spike-specific CD45RA� memory T-cell responses
as early as 10 days after the second dose, as has been reported in
greater cohorts [56,57]. Recovered donors retained SARS-CoV-
2�specific T cells within the CD45RA� memory T cells that recog-
nize different parts of the coronavirus, the M, N and S peptide
pools. In line with previous publications, our data suggest that
vaccine immunization does not increase the cellular responses in
recovered individuals and that pre-existing immunity due to
infection is maintained over time [58].

Antibody weaning has been observed 10 months after infection in
non-immunized individuals [59,60] and after mRNA immunization.
As others have published, we have observed that antibody levels
peak after immunization in previously SARS-CoV-2�infected individ-
uals [58,61,62]; after that, antibody production decrease dramatically
over time [60,63�66], being more profound in infection-naïve donors
than in recovered individuals. Consistent with published reports, we
observe no N antibody titers for SARS-CoV-2�naïve participants, the
level for recovered donors peak after infection and the values are not
increased by immunization with mRNA [67�69].

A number of COVID-19�naïve individuals show cellular immunity
for the N and S peptides at T5. Although this might be consistent
with a breakthrough infection, we would expect an increase in anti-
body titers after infection, which is not the case here. One possible
explanation is that these individuals have been infected with the
Omicron variant but did not experience any coronavirus-related
symptoms [68,70]. Recent studies have reported that the Omicron
variant can evade SARS-CoV-2�specific and neutralizing antibodies
[71�73].

T-cell responses elicit a similar response to SARS-CoV-2 VOCs
either by infection or vaccination [13,74], and that most T-cell epito-
pes are not affected by mutations [17], making SARS-CoV-2 evade
cellular immunity unlikely.

Nevertheless, the antibody response is lower for certain variants,
including Omicron; considering that antibody titers decrease over
time, they might not be protective for infections [13,68,74]. In this
scenario, protection might be conferred by cellular immunity due to
a pre-existing memory of VOCs conferred after SARS-CoV-2 infection
[75] but further experiments would confirm this hypothesis.

Coordination between humoral and cellular immune responses is
necessary to eliminate SARS-CoV-2 infection and it is related to
milder disease [5,76�78]. Our study suggests that a positive correla-
tion of immune responses is achieved after COVID-19 infection and
at least 2 months after two doses of mRNA vaccine, with greater lev-
els of antibodies correlating with greater levels of memory T cells
responding to the infection. We can hypothesize that recurrent
immunizations will maintain this pattern, although further studies
are needed.

We also have addressed how current treatment can affect adop-
tive cell therapy with CD45RA� memory T cells. We have found that
dexamethasone does not affect the proliferation, phenotype and
functionality of theCD45RA� memory T cells. The previous incubation
with IL-15 positively affects the release of IFN-g when the cells are
co-cultured with the combination of peptide pools without increas-
ing cell exhaustion.

In addition, we observed an increase in the activation markers
after IL-15 cell incubation that is maintained in the presence of dexa-
methasone. It is already known that IL-15 is a Treg inducer [79]. We
have detected an increase in Treg induction with IL-15 but more
importantly that induction is maintained in the presence of dexa-
methasone. This increase is likely not due to an increase in the per-
centage of Tregs but rather to their activation state, given that we
observe no increase in the proliferation index. Further studies on
FoxP3 [80] and CTLA-4 expression, along with certain functionality
assays, would help confirm our results. In patients with COVID-19, a
decrease in the number of Tregs has been associated with a poorer
prognosis; therefore, keeping T-cell numbers and better functionality
for the existing Tregs would result in a better prognosis [81,82].

In summary, our results suggest that the best donors for adoptive
cell therapy for patients with COVID-19 would be immunized indi-
viduals who recovered from COVID-19 with mild disease and ideally
2 months after immunization. We show that the cellular response is
maintained over a year post-SARS-CoV-2 infection and 2 months
after full immunization, and that it seems there is a positive cellular
and humoral correlation, with high antibody titers (T4). Also, dexa-
methasone does not affect the proliferation, phenotype and function-
ality of CD45RA� memory T cells at the concentration resembling the
one employed in clinical practice for these patients, with IL-15 show-
ing a positive effect on SARS-CoV2�specific CD45RA� T cells pheno-
type and IFN-g release. These data are supported with the results of
in our phase 1 clinical trial and the preliminary phase 2 trial (unpub-
lished data), where donor microchimerism was detected for at least 3
weeks [26]. Our data indicate that the development of a biobank of
living drugs with adoptive cell therapy is feasible as a treatment
strategy for patients with COVID-19 and future viral pandemics.
Limitations

Our findings are limited by the small sample size. Larger studies
are needed to confirm our findings, especially for the cellular
response. Moreover, our study is biased toward young individuals,
and our control cohort consisted exclusively of young women. A
number of reports have observed that age and sex affect the cellular
response after mRNA immunization [83]. However, other reports
have found no differences in these variables [56,57].

Another limitation for humoral responses is related to the study
time points. We are lacking time points, which would have cap-
tured the decay in antibody titers more accurately [84]. On the
basis of our results and those of other authors, cellular responses
do not change and humoral responses gradually decrease [56],
widening the range for our donor selection to 2 months and 6
months after full immunization.

In our study, all recovered donors had mild disease. We do not
know how cellular responses will behave in individuals who have
experienced moderate/severe disease [85]. Wang et al. [46] showed
that asymptomatic and symptomatic patients with COVID-19 have
similar levels of SARS-CoV-2�specific T-cells, supporting the idea
that any recovered immunized individual would be a good donor for
our product, an important consideration, given that most COVID-19
infections are asymptomatic [86], even more so after vaccination
[87�89].

We used IFN-g as a marker to detect functional activity for cellular
immunity. IFN-g is a marker of Th1, and the Th1 subset coordinates
the cell-mediated response, which is essential in macrophages, cyto-
toxic T cells and, NK activation via IL-2 and IFN-g . However, we can-
not rule out the possibility that other CD4+ T-cell subsets are
activated upon antigen-specific encounters [5,90]. Other authors
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have used different sets of markers to detect cellular immune
response depending on the study’s cell subset [5,56,91].

We studied T cells from peripheral blood, when memory T cells in
peripheral blood are only a small subset of the body’s memory T cells.
As for other memory T cells from other viruses, the formation of
memory T cells can occur at distinct sites preferentially maintained
at the sites of initial effect T-cell recruitment [49]. Future studies are
needed to better define the optimal donors for adoptive cell therapy
in COVID-19 patients.
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