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Abstract Purpose: Long-term immunity after severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) infection in immunosuppressed patients is not well characterized. We aimed to
explore the long-term natural immunity against SARS-CoV-2 in liver transplant (LT) recipients
compared to the non-transplanted population (control group).
ute respiratory syndrome coronavirus 2; COVID-19, Coronavirus disease 2019; LT, liver transplant; S,
; PBMC, Peripheral blood mononuclear cells; SD, standar deviation; TNF, tumor necrosis factor; IFN,
P, double positive; SOT, solid organ transplantation.
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Methods: Fifteen LT recipients and 15 controls matched according to variables associated with
disease severity were included at 12 months following the coronavirus disease 2019 (COVID-19)
onset. Peripheral blood mononuclear cells were stimulated with peptide pools covering spike
(S), nucleocapside (N), and membrane (M) proteins. Reactive CD4þ and CD8þ T cells were
identified using flow cytometry, and cytokine production was evaluated in the culture super-
natants using cytometric bead array. Serum anti-N and anti-S IgG antibodies were detected
with chemiluminescence.
Results: The percentage of patients with a positive response in both CD4þ and CD8þ T cells
against each viral protein and IL2, IL10, TNF-a, and IFN-g levels was similar between LT recip-
ients and controls. IFN-g levels were positively correlated with the percentage of reactive
CD4þ (p Z 0.022) and CD8þ (p Z 0.043) T cells to a mixture of M þ N þ S peptide pools.
The prevalence and levels of anti-N and anti-S IgG antibodies were slightly lower in the LT re-
cipients, but the difference was not statistically significant.
Conclusion: LT recipients exhibited a similar T cell response compared to non-transplanted in-
dividuals one year after COVID-19 diagnosis.
Copyright ª 2023, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Coronavirus disease 2019 (COVID-19) caused by severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
rapidly become a public health issue profoundly affecting
healthcare systems worldwide, including liver trans-
plantation (LT) programs. Knowledge of the natural history
of the disease is progressively increasing; however, the
durability of adaptive immunity to SARS-CoV-2 after natural
infection in immunocompromised patients remains unclear.

The induction of effective and durable immune memory,
in both humoral and cellular arms, is essential to prevent
severe disease and protect against reinfection. A broad
immune response to SARS-CoV-2 has been well docu-
mented, with multiple epitopes of membrane (M) glyco-
protein, nucleocapsid (N) phosphoprotein, and spike (S)
protein being the most prominent targets of specific T and B
cells.1,2 Previous studies have shown long-term persistence
of S-specific IgGþ memory B cells and virus-specific CD4þ
and CD8þ T cells3 in immunocompetent patients. In addi-
tion, early and medium-term T cell-mediated immune
response4 has been described in LT recipients. Compared to
nontransplanted patients, LT recipients show a lower
prevalence of anti-SARS-CoV-2 IgG antibodies 12 months
after COVID-195 but the long-term cellular immunity to
SARS-CoV-2 in these patients has not yet been assessed.

The present study aimed to assess the long-term specific
SARS-CoV-2 T cell-mediated immune response in LT re-
cipients compared with non-transplant patients.
Methods

Study population

Fifteen LT recipients and 15 non-transplanted controls who
had confirmed COVID-19 in MarcheApril 2020 were included
at 12 months following COVID-19 diagnosis to determine
SARS-CoV-2-reactive T cells and humoral responses. None of
the patients received therapy with immunoglobulins or
convalescent plasma transfusions, active chemotherapy, or
527
SARS-CoV-2 vaccination. LT recipients with clinical opera-
tional tolerance and controls receiving any immunosup-
pressive treatment were excluded.

All of the patients had been enrolled in previous studies5

including a large cohort of LT recipients and controls
matched using a propensity score according to demographic
features, comorbidities (diabetes, arterial hypertension, and
cardiovascular disease), hospital admission, requirement of
mechanical ventilation, and admission to the intensive care
unit. COVID-19 was confirmed by a real-time reverse
transcription-polymerase chain reaction assay6 on nasopha-
ryngeal swab samples. Severe COVID-19 was defined as
admission to the intensive care unit or requirement of me-
chanical ventilation. Demographic and clinical data were
obtained from reliable electronic medical records.

The study was performed according to the principles of
the Declaration of Helsinki and European Union Regulation
2016/679 and was approved by the local research ethics
committee. All patients provided written informed consent
before their inclusion in the study.

Sample collection

Peripheral venous blood was collected from each patient at
Hospital General Universitario Gregorio Marañón. Serum
samples were recovered from anticoagulant-free tubes
after being allowed to clot at room temperature and then
centrifuged for 10 min at 800�g. The recovered serum was
cryopreserved in small aliquots at �80 �C until use. Freshly
EDTA-anticoagulated blood was shipped at room tempera-
ture to the Hospital Universitario Puerta de Hierro Maja-
dahonda, and peripheral blood mononuclear cells (PBMCs)
were isolated by density gradient centrifugation within 4 h
of collection. Samples shipped for cellular assays were
anonymized and blinded to patient status until statistical
analysis was performed.

In vitro stimulation of SARS-Cov-2 reactive T cells

Fresh PBMCs were stimulated with overlapping peptide
pools (PepTivator peptide pools; Miltenyi Biotec, Cologne,
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Germany) covering the complete sequence of proteins M
and N or the immunodominant sequence domains of protein
S. PBMCs were seeded at a density of 5 � 106 cells/cm2 in U-
bottom 96-well plates in TexMACS� (Miltenyi Biotec) cul-
ture medium containing 1ug/ml of proteins M, N, S, or a
mixture of all three proteins (M þ N þ S). Each experiment
included negative and positive controls for stimulation,
consisting of PBMCs in complete medium alone or with a
polyclonal stimulator of human effector/memory T cells
(Cytostim; Miltenyi Biotec), respectively. Cells were har-
vested after 16 h at 37 �C and 5% CO2, and culture super-
natants were cryopreserved at �20 �C until use.
Analysis of SARS-CoV-2- reactive T cells

After culturing under the conditions described above, PBMCs
werewashed in PBS/2mMEDTA/0.5%BSA and incubatedwith
mouse anti-human antibodies anti-CD3-FITC (clone BW264/
56), anti-CD137-PE (clone 4B4-1), anti-CD69-APC (clone
FN50, all fromMiltenyi Biotec), and anti-CD4-PerCp-Cy5.5 or
anti-CD8-PerCp-Cy5.5 (BD Biosciences; Franklin Lakes, New
Jersey, USA). Mouse anti-human isotype control-irrelevant
antibodies were used as negative controls for staining. At
least 30,000 CD3þCD4þ or CD3þCD8þ cells were acquired
and analyzed using a FACSCalibur flow cytometer (BD Bio-
sciences) with CELLQuest-Pro software.

SARS-CoV-2 reactive T cells were considered as
CD3þCD4þ or CD3þCD8þ T lymphocytes expressing CD137
and CD69 simultaneously. The percentage of reactive T
cells was calculated by subtracting non-specific reactive T
cells when PBMCs were cultured in media alone. The cut-off
values for a positive response were set at the mean � 2
standard deviation (SD) of reactive T cells when PBMCs
were cultured without stimuli.
Analysis of cytokine secretion after stimulation
with SARS-CoV-2 peptides

Interleukin (IL)-2, IL-4, IL-6, IL-10, tumor necrosis factor
(TNF)-a, and interferon (IFN)-g were quantified in the cul-
ture supernatants by flow cytometry using the Cytometric
Bead Array Human Th1/Th2 Cytokine Kit II (BD Biosciences)
according to the manufacturer’s instructions. Samples and
standards were acquired using a FACSCalibur flow cytome-
ter and analyzed using FCAP Array software (BD Bio-
sciences). The final concentration of each cytokine was
calculated by subtracting the concentration observed in the
supernatant of cells cultured in the media alone.
Assessment of SARS-CoV-2-specific antibodies

SARS-CoV-2 IgG antibodies targeting protein N were
detected in serum samples with chemiluminescence (SARS-
CoV-2 IgG Reagent Kit, Abbott, Chicago, Illinois, USA)5 and
antibodies targeting protein S with a quantitative chemi-
luminescent assay (SARS-CoV-2 IgG II Quant Reagent Kit,
Abbott)5 using the ARCHITECT i2000 INSTRUMENT (Abbott).
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Statistical analysis

Continuous variables are reported as median and inter-
quartile range (IQR), and categorical variables as absolute
numbers and percentages.

Demographic and clinical characteristics of LT recipients
and controls or of patients classified according to the
reactivity of T cells against SARS-CoV-2 protein N were
compared using the Fisher correction for the chi-square
test or the ManneWhitney U test, whenever appropriate.

The ManneWhitney U test was used to compare the
percentage of reactive T cells and cytokine or IgG levels
between the LT recipients and controls. Qualitative ana-
lyses of reactive T-cells against SARS-CoV-2 proteins and IgG
prevalence were performed using Fisher’s correction for
the chi-square test.

Correlations between the percentage of reactive T cells
and cytokine or serum IgG levels were calculated using
Spearman’s test.

Statistical analyses were made using SPSS version 25 (IBM
SPSS Statistics), and graphs were generated using GraphPad
Prism version 6.0 (GraphPad Software). All tested hypoth-
eses were two-tailed and considered significant at P < 0.05.
Results

Study population and baseline characteristics

The assessment of T cell-mediated and humoral immune
responses was carried out at a median time of 11.9 (IQR
11.7e12.16) months after COVID-19 diagnosis without evi-
dence of SARS-CoV-2 reinfection. Most patients were male
(73.3%), with a median age of 63 years (Table 1). Arterial
hypertension was the most frequent comorbidity (66.7%),
and none of the patients had chronic obstructive pulmonary
disease. All patients presented with symptomatic COVID-19.
Eleven (73.3%) LT recipients and 14 (93.3%) controls required
hospital admission, but only 4 patients (13.3%) presented
with severe COVID-19. None of the LT recipients received
interferon beta, and they were less frequently treated with
lopinavir (p Z 0.005) than were controls (Table 1). At the
timeof COVID-19 diagnosis, all LTrecipients received chronic
immunosuppression, mainly tacrolimus (n Z 11; 73.3%),
followed by mycophenolate mofetil (n Z 7; 46.7%) and
everolimus (n Z 4; 26.7%). Twelve months post-infection,
the majority of patients received tacrolimus (n Z 11;
73.3%) and everolimus (n Z 6; 40.0%) (Table 1).

SARS-Cov-2 reactive T cells

The percentage of SARS-CoV-2 reactive T cells against viral
proteins was calculated in gated CD4þ and CD8þ T cells
(Fig. 1). The percentage of SARS-CoV-2 reactive T cells in
PBMCs cultured in media alone was 0.02 � 0.014% and
0.019 � 0.014% in CD4þ and CD8þ T cells, respectively, and
the cut-off value for a positive response was set at 0.048%
for CD4þ T cells and 0.047% for CD8þ T cells.

No differences were found in the percentage of reactive
CD4þ (31.1 � 13.9% and 24.3 � 7%; p Z 0.172) or CD8þ
(35.1 � 12.8% and 37.7 � 13.3%; pZ 0.847) T cells between



Table 1 Demographical and clinical characteristics of the study group.

LT recipients (n Z 15) Immunocompetent controls (n Z 15) p

Age (years) 63 (43e66) 62 (47e72) 0.461
Sex (male) 11 (73.3) 11 (73.3) >0.99
Previous medical history

Diabetes mellitus 5 (33.3) 7 (46.7) 0.710
Hypertension 9 (60.0) 11 (73.3) 0.700
ACE inhibitors or ARB 6 (40.0) 8 (53.3) 0.715

Clinical characteristics

Non-severe COVID-19a 14 (93.3) 13 (86.7) >0.99
Hospital admission 11 (73.3) 14 (93.3) 0.330
Interval since transplantation (years) 5.57 (2.14e12) NA NA

COVID-19 specific therapy

Lopinavir 6 (40.0) 14 (93.3) 0.005
Interferon beta 0 10 (66.7) 0.001
Hydroxychloroquine 13 (86.7) 14 (93.3) >0.99
Azithromycin 9 (60.0) 4 (26.7) 0.114
Tocilizumab 1 (6.7) 1 (6.7) >0.99
Corticosteroids (boluses) 1 (6.7) 1 (6.7) >0.99

Immunosuppression at baseline

Tacrolimus 11 (73.3) NA NA
Cyclosporine 1 (6.7) NA NA
Mycophenolate 7 (46.7) NA NA
Corticosteroids (maintenance) 1 (6.7) NA NA
Everolimus 4 (26.7) NA NA

Immunosuppression at month 12

Tacrolimus 11 (73.3) NA NA
Tacrolimus trough levels (ng/mL), n Z 11 3.7 (1.9e4.7) NA NA
Cyclosporine 0 NA NA
Mycophenolate 3 (20.0) NA NA
Corticosteroids (maintenance) 0 NA NA
Everolimus 6 (40.0) NA NA
Everolimus trough levels (ng/mL), n Z 6 3.25 (2.9e4.9) NA NA
a Severe COVID-19 was defined as the requirement for respiratory support or admission to the intensive care unit.

Data are expressed as the median (interquartile range) or n (%).
ACE, angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; NA, not applicable.
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LT recipients and controls, respectively, when PBMC were
cultured with the positive control of antigenic stimulation.

All LT recipients and controls presented SARS-CoV-2
reactive CD4þ and CD8þ T cells when stimulated with a
mixture of M þ N þ S proteins, and no differences between
the two groups were found in the percentage of reactive T
cells (Fig. 1). When analyzing the reactive T cells against
each viral protein separately, the percentage of reactive
CD8þ T cells was similar for the two study groups. However,
LT recipients showed a higher percentage of CD4þ T cells
reactive against S (p Z 0.003) and M (p Z 0.037) proteins
than did the control group (Fig. 1).

Considering reactive T cells in a qualitative trait, no
differences were found between the percentage of LT
recipients and controls with a positive response to each
viral protein (Table 2). All patients showed a positive
CD4þ and/or CD8þ T-cell response to at least one of the
viral proteins analyzed. In addition, 15 patients (eight LT
recipients and seven controls) showed a positive response
of both CD4þ and CD8þ T cells to all three proteins. A
higher proportion of positive responses was found in CD4þ
T cells than in CD8þ T cells, and protein N induced the
529
lowest proportion of positive responses in both CD4þ and
CD8þ T cells (Table 2).

Two LT recipients and one control failed to show a pos-
itive response to protein N in both CD4þ and CD8þ T-cells.
To explore potential risk factors for a lower or null response
to protein N, we compared demographic and clinical data
of patients with both reactive CD4þ and CD8þ T cells
[double positive (DP)] response (eight LT recipients and
seven controls) and patients who did not show a DP
response to protein N. All variables considered were similar
for patients with and those without a DP response (Table 3),
although LT recipients receiving tacrolimus tended to pre-
sent a non-DP response to protein N (p Z 0.077).

Cytokine production after stimulation with SARS-
Cov-2 peptides

Interleukine-6 was widely detected above the maximum
quantifiable level with the kit used, while IL4 concentration
was below detectable levels in all culture conditions.
Therefore, IL6 and IL4 production after stimulation with
SARS-Cov-2 peptides was excluded from further analysis.



Figure 1. Reactive CD4D and CD8D T cells against SARS-CoV-2 proteins. PBMC from 15 LT recipients and 15 controls were
stimulated in vitro with proteins M, N, S, and a mixture of M þ N þ S for 16 h (A) Lymphocytes were gated according to FSC-height
and SSC-height characteristics. Then, CD3þCD4þ or CD3þCD8þ T cells were selected, and SARS-CoV-2 reactive T cells were
considered as those CD69þCD137þ cells in gated CD3þCD4þ or CD3þCD8þ cells (B) Example plots showing staining patterns of
SARS-CoV-2 reactive T cells in gated CD3þCD4þ and CD3þCD8þ T cells in each culture condition (C) Percentage of reactive CD4þ
and CD8þ T cells against each SARS-CoV-2 protein in 15 LT recipients and 15 controls. Bars show median percentage and error bars
show interquartile range.
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Under almost all culture conditions, IL2, IL10, TNF-a,
and IFN-g levels were slightly lower in LT recipients than in
controls, although the differences were not statistically
significant (Fig. 2).

We then explored the correlation between cytokine
levels and the percentage of CD4þ, CD8þ, or the sum of
CD4þ and CD8þ (total) reactive T cells in all the included
patients (n Z 30). After stimulation with M þ N þ S
proteins, a positive correlation was found between IFN-g
and the percentage of CD4þ, CD8þ, and total reactive T
cells (Fig. 3). No correlation was found between cytokine
levels and the percentage of reactive T cells to proteins M
or S. Patients with a DP response to protein N presented
higher production of IL2 (p Z 0.033), TNF-a (p Z 0.008),
530
and IFN-g (p Z 0.049) than did patients without a DP
response (Fig. 4).
Prevalence and quantitative assessment of IgG
antibodies against SARS-CoV-2

All patients, except for two LT recipients, showed anti-S IgG
antibodies at 12 months following COVID-19 diagnosis. In
contrast, only five (33.3%) LT recipients and eight (53.3%)
controls presented anti-N IgG antibodies. No statistical
significance was reached when comparing the prevalence
or levels of anti-S and anti-N IgG antibodies of the LT re-
cipients and controls (Table 4).



Table 2 Detectable T cells reactive to SARS-CoV-2 proteins M, N and S.

All patients (n Z 30) LT recipients (n Z 15) Immunocompetent controls (n Z 15) p

Reactive CD3DCD4D T cells

Against protein M 29 (96.7) 15 (100) 14 (93.3) >0.99
Against protein N 25 (83.3) 12 (80) 13 (86.7) >0.99
Against protein S 30 (100) 15 (100) 15 (100) >0.99

Reactive CD3DCD8D T cells

Against protein M 28 (93.3) 13 (86.7) 15 (100) 0.483
Against protein N 17 (56.7) 9 (60) 8 (53.3) >0.99
Against protein S 23 (76.7) 12 (80) 11 (73.3) >0.99

Data are expressed as n (%).

Table 3 Demographical and clinical characteristics of the study group according to T cell response to SAR-Cov-2 protein N.

DP response (n Z 15) No DP response
(n Z 15)

p

Age (years) 63 (44e69) 63 (43e66) 0.539
Sex (male) 13 (86.7) 9 (60.0) 0.215
Previous medical history
Diabetes mellitus 7 (46.7) 5 (33.3) 0.710
Hypertension 9 (60.0) 11 (73.3) 0.700
ACE inhibitors or ARB 5 (33.3) 8 (60.0) 0.272

Clinical characteristics
Non-severe COVID-19a 14 (93.3) 12 (80.0) 0.598
Hospital admission 13 (86.7) 12 (80.0) p > 0.99

COVID-19 specific therapy
Lopinavir 8 (53.3) 12 (80.0) 0.245
Interferon beta 4 (26.7) 6 (40) 0.700
Hydroxychloroquine 13 (86.7) 14 (93.3) p > 0.99
Azithromycin 5 (33.3) 8 (53.3) 0.462
Tocilizumab 1 (6.7) 1 (6.7) p > 0.99
Corticosteroids (boluses) 0 (0.0) 2 (13.3) 0.483

Immunosuppression at baseline (n Z 8) (n Z 7)
Tacrolimus 4 (50) 7 (100) 0.077
Cyclosporine 1 (12.5) 0 (0.0) p > 0.99
Mycophenolate 4 (50.0) 3 (42.9) p > 0.99
Corticosteroids (maintenance) 1 (12.5) 0 (0.0) p > 0.99
Everolimus 3 (37.5) 1 (14.3) 0.569

Immunosuppression at month 12 (n Z 8) (n Z 7)
Tacrolimus 4 (40.0) 7 (100) 0.077
Tacrolimus trough levels (ng/mL), n Z 11 3.6 (2.1e6.6) 4.2 (1.9e4.7) p > 0.99
Mycophenolate 2 (25.0) 1 (14.3) p > 0.99
Everolimus 3 (37.5) 3 (42.9) p > 0.99
Everolimus trough levels (ng/mL), n Z 6 3.3 (2.1e6.6) 3.2 (2.7e3.2) p > 0.99
Interval since transplantation (years) 6.9 (3.2e18.9) 2.4 (1.7e8.4) p Z 0.19
a Severe COVID-19 was defined as the requirement for respiratory support or admission to the intensive care unit.

Data are expressed as the median (interquartile range) or n (%).
DP: patients with both CD4þ and CD8þ positive response to protein N.
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Correlation between humoral and cellular response
to SARS-CoV-2

No correlation was observed between the percentage of
reactive T cells against protein N or S and levels of anti-N or
anti-S IgG antibodies, respectively (Fig. 5), in all included
patients (n Z 30). Remarkably, all patients lacking anti-S
IgG or anti-N IgG antibodies showed CD4þ T cells reactive
531
to protein S or N, respectively, except for the two LT re-
cipients and one control who failed to present T cells
reactive against protein N.

SARS-CoV-2 reinfections beyond one year

Six patients (3 LT recipients and 3 controls) documented
SARS-CoV-2 reinfection, all with asymptomatic or mild



Figure 2. Cytokine production after stimulation with SARS-CoV-2 proteins. Concentration (pg/ml) of IL2, IL10, TNF-a, and IFN-
g in culture supernatants after stimulation with proteins M, N, S, and M þ N þ S in 15 controls and 15 LT recipients. Bars show
median percentage and error bars show interquartile range.
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disease, at 11.2 � 1.4 months following the study. All pa-
tients had received mRNA COVID-19 vaccines after the
study, and reinfections were diagnosed at 5.7 � 2.3 months
after two (n Z 1) or 3 (n Z 1) doses in LT recipients and at
5.03 � 3.02 months after one, two, or three doses in
controls.

No differences in cellular or humoral responses were
found in patients and controls with or without SARS-CoV-2
reinfections.
Discussion

The limited data available indicate that the SARS-CoV-2
reactive cellular response in transplant recipients and in the
general population is quite similar from soon after symptom
onset7,8 up to six-eight months later.4,9 Our results show that
the magnitude and functionality of cellular T-cell responses
against SARS-CoV-2 were similar in LT recipients and non-
transplant patients 12 months following COVID-19 infec-
tion. Remarkably, all LT recipients and controls presented T
cells reactive against at least one viral protein analyzed (M,
532
N, and S), and 50% of patients showed both CD4þ and CD8þ
T cells reactive against all three viral proteins.

As reported in several studies, most individuals that have
recovered from COVID-19 present T-cell responses to pro-
teins M, N, and S soon after diagnosis,7 with a stable SARS-
CoV-2 T-cell repertoire of up to 3e8 months after
symptoms4,10e13 regardless of disease severity. Very few
studies have analyzed the T-cell response to SARS-CoV-2 one
year after infection. Zhang3 et al. found a T-cell response
maintained over time in most patients at 6 and 12 months
after disease onset. In a recent study performed in conva-
lescent patients over a period of 1e11 months after COVID,14

specific response (T cell and IgG levels) was present in 90% of
patients, but in contrast to our results, exposure to immu-
nosuppressive drugs was an independent risk factor for the
absence of a specific T-cell response. However, it is impor-
tant to note that only 2 out of the 6 patients who were
receiving immunosuppressive therapy were solid organ
transplantation (SOT) recipients14; therefore, these results
in the SOT population should be interpreted with caution.

The percentage of reactive T cells for each viral protein
tested was highly variable, and SARS-Cov-2 reactive CD4þ T
cells exceeded CD8þ T cells against each protein, as widely



Figure 3. Correlation among cytokine levels and reactive T cells against SARS-CoV-2 proteins. Correlations between levels
(pg/ml) of IL2, IL10, TNF-a, and IFN-g in culture supernatants and reactive CD4þ, CD8þ and total T cells after PBMC stimulation
with proteins M þ N þ S. Median percentage of reactive T cells and IgG levels of all 30 patients included are shown.
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described,1,4,7,11,12 in both LT recipients and controls. In
addition, proteins M and S induced a higher percentage of
reactive T cells than did protein N in both CD4þ and CD8þ T
cells.9,15 While most patients presented a positive response
of both CD4þ and CD8þ T cells against proteins M and S,
only 50% of patients presented a DP response to protein N.
However, no differences were found between patients with
and those without a DP response against protein N with
respect to demographic and clinical characteristics, COVID-
19 severity, or time elapsed since transplantation or
immunosuppressive regimen in LT recipients.

In line with previous reports,1,3,7,12,15 we found polari-
zation of reactive T cells towards a classic Th1 type, as
considerable IL2, TNF-a, and IFN-g were produced, while
very little or no IL4 production was observed. Although we
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quantified cytokine levels in culture supernatants rather
than directly analyzing their production by reactive T cells
(such as intracellular staining or ELISpot), we suggest that
these cytokines may be specifically secreted by T cells
reactive to SARS-CoV-2 because of the positive correlation
between the percentage of reactive T cells and IFN-g
levels. Moreover, the culture supernatants of patients with
a DP response of both CD4þ and CD8þ T cells against pro-
tein N presented higher levels of IL2, TNF-a, and IFN-g than
did those of patients without a DP response.

No significant differences were found between LT re-
cipients and nontransplant patients in terms of specific
humoral immunity. However, we cannot conclude that hu-
moral immunity is similar in the two groups since lower
prevalence and levels of anti-S and anti-N were found in LT



Figure 4. Cytokine production in patients with and without a DP response to SARS-Cov-2 protein N. Concentration (pg/ml) of
IL2, IL10, IFN-g (left), and TNF-a (right) in culture supernatants after stimulation with protein N in patients with and without a
positive response to both CD4þ and CD8þ T cells (DP). Bars show median percentage and error bars show interquartile range for all
30 patients included.

Table 4 Incidence and levels of anti-spike and anti-nucleocapsid IgG antibodies according to study group.

LT recipients (n Z 15) Immunocompetent patients (n Z 15) p

Anti-spike IgG detected; n (%) 13 (86.7) 15 (100.0) 0.483
Anti-spike IgG levels (UA/mL); median (IQR) 502.3 (169.5e984.2) 819.1 (480.9e2159.7) 0.370
Anti-nucleocapsid IgG detected; n (%) 5 (33.3) 8 (53.3) 0.462
Anti-nucleocapsid IgG levels; median (IQR) 0.8 (0.11e3.57) 1.75 (0.53e3.14) 0.232

Data are expressed as median (IQR) or n (%).
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recipients, although statistical significance was not
reached, perhaps due to the small sample size.

The proportion of patients with anti-S IgG antibodies one
year after COVID-19 was very high in both study groups. In
contrast, a lower prevalence of anti-N IgG antibodies was
found, which is in agreement with previous studies.16,17 We
did not find a correlation between the percentage of T cells
reactive against N or S and anti-N or anti-S IgG antibody
levels, as has also been reported in both SOT recipients and
in the general population at 6 months following infec-
tion.4,12,13,18 Remarkably, the vast majority of patients
lacking anti-N IgG antibodies presented CD4þ T cells reac-
tive against N.

These results show that most LT recipients and non-
transplant patients who recovered from COVID-19 have
SARS-CoV-2 specific CD4þ T cells, which, along with the
reported memory B-cell repertoire,11,12,19 likely contribute
to the development of protective immunity for at least 12
months after SARS-CoV-2 infection. Therefore, serodiag-
nostic tests alone cannot be considered strong indicators of
protective immunity in COVID-19 convalescent patients,
and T-cell assays might be considered to investigate the
history of prior infection in epidemiological studies.

Natural SARS-CoV-2 infection provides substantial and
persistent immunologic protection to similar strains for a
period of several months,20 and it is also cross-reactive with
534
the highly mutated variant Omicron21 in most individuals. In
this regard, none of unvaccinated patients included in this
study suffered documented reinfection within one year.
Indeed, reinfections were diagnosed about two years after
prior infection and were probably due to Omicron since it
was the predominant strain in Spain in this period. All re-
infections presented with mild diseases, but since all pa-
tients were vaccinated after the study, we cannot discern
whether protection from severe disease was attributable to
natural immunity, vaccination, or both.

This study has several limitations that should be
considered when interpreting the results. First, the
relatively small number of patients may have limited the
ability to detect clinical associations with cellular
response. Second, a high proportion of the patients
required hospitalization but presented a non-severe dis-
ease. Therefore, it is possible that the spectrum of mild
and asymptomatic COVID-19 as well as the most severe
disease are not adequately captured, and our results
could not be extrapolated to all forms of the disease. In
addition, corticosteroid boluses were rarely administered
to patients included in our study, although their use is
now widespread in the acute phase of COVID-19. Although
it is not yet clear whether corticosteroid boluses in the
acute phase impair T-cell immunity in the long term, this
possibility should be considered when interpreting our



Figure 5. Correlation among reactive T cells and anti-IgG levels against SARS-CoV-2 at 12 months after COVID-19 diagnosis.

Correlation between (A) reactive T cells against protein S and anti-S IgG levels, and (B) reactive T cells against protein N and anti-N
IgG levels.
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results. Furthermore, given the long interval since
transplantation of the patients included in our study, our
results should be interpreted with caution in regards to
the first year post-transplantation; a higher degree of
immunosuppression during the early post-transplant
period theoretically could have led to differences in im-
munity against SARS-CoV-2 between transplant recipients
and non-transplanted patients. Finally, since all patients
received SARS-CoV-2 vaccination after the study, it is not
possible to determine how long the protection of natural
immunity lasts. However, long-term data regarding the T-
cell immunity of unvaccinated patients are scarce;
therefore, our results may be of interest for strategies
against future SARS-CoV-2 variants that could be less
covered by currently available vaccines.

In conclusion, despite exposure to immunosuppression,
LT recipients exhibited similar functional T-cell responses
against SARS-CoV-2 to the reponses of matched non-
transplanted individuals one year after a COVID-19
diagnosis.
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