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ARTICLE INFO ABSTRACT

Keywords: Objective: The aim of this prospective cohort study is to analyse the humoral and cellular vaccine
SARS-CoV-2 responses in paediatric heart transplant recipients (HTR, n = 12), and compare it with the
Vaccines

response in healthy controls (HC, n = 14). All participants were 5-18 years old and vaccinated

Pacdiatric . with mRNA vaccine against SARS-CoV-2 between December 2021 and May 2022.
Immunocompromised . . . .

Heart transplant recipients Methods: The humoral response was measured by quantifying antibody titers against SARS-CoV-2
COVID-19 spike protein (anti-S). The T-lymphocyte phenotype and SARS-CoV2-specific CD4" and CD8" T-
Humoral immunity cell response was studied by multiparametric flow cytometry through peripheral blood mono-
Cell-mediated immunity nuclear cells by the quantification of degranulation markers (CD107a) and intracellular cytokines

(IFN-y, TNF-a and IL-2) after in vitro stimulation with SARS-CoV-2 peptides from structural
proteins (S, M, N, E) and non-structural viral proteins.

Results: After vaccination, humoral response was found in all HTR, although they showed lower
levels of anti-S IgG compared to HC (p = 0.003). However, in terms of cellular response, no
significant differences were obtained in the prevalence of responders and magnitude of responses
between groups. In addition, anti-S IgG levels directly correlated with a higher SARS-CoV-2
specific T-cell response (rho = 0.43; p = 0.027 and rho = 0.45; p = 0.02 for IFN-y" and TNF-
o production of CD8" T-cells, respectively). Activated T-cell phenotype in HTR was associated
with a lower humoral response to SARS-CoV-2 vaccine.

Conclusion: HTR had humoral response after vaccination, although they showed lower levels of
specific anti-S antibodies compared to HC. There were no significant differences in the SARS-
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CoV2-specific cellular response between the two groups. Obtaining satisfactory data on this type
of response could potentially challenge the current vaccine guideline recommendations.

Abbreviations

Anit-N  antibody against SARS-CoV-2 nucleocapsid protein
Anti-S  antibody against SARS-CoV-2 spike protein

AU arbitrary units

BAU standard binding antibody units

DMSO  dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

FBS fetal bovine serum

HC healthy controls

HGM Gregorio Maranén Hospital
HTR heart transplant recipients
IFN-y Interferon gamma

IL-2 Interleukin-2

IQR interquartile ranges

mRNA  Messenger ribonucleic acid
PBMCs peripheral blood mononuclear cells

PFA paraformaldehyde solution

SEB staphylococcal enterotoxin B
SOTR solid organ transplant recipients
TNF tumor necrosis factor

1. Introduction

Heart transplant recipients (HTR) have significant immunosuppression due to the medication required to maintain their graft [1].
For this reason, at the beginning of the COVID-19 pandemic, solid organ transplant recipients (SOTR) were included in the risk groups
for severe COVID-19 disease. Currently, this association remains controversial, as some published studies were conducted in small
populations and showed no differences in clinical manifestations between SOTR and healthy controls, particularly in the paediatric
population [2-6]. In a case series report of paediatric SOTR with SARS-CoV-2 infection, no increased mortality was observed, in
contrast to what has been published in adults [7,8]. However, SOTR remain at risk of severe SARS-CoV-2 infection and additional doses
of vaccine are recommended to this group to ensure immunity [9,10].

Clinical trials conducted for the analysis of safety and efficacy of messenger RNA (mRNA) vaccine against SARS-CoV-2 in paediatric
patients did not include immunosuppressed patients [11-14]. Therefore, studies in these patient groups are crucial to better under-
stand their vaccine response. Since the approval of the SARS-CoV-2 vaccine in the paediatric population, most studies in immuno-
suppressed patients have focused on the humoral vaccine response. These studies detected lower antibody levels against SARS-CoV-2
in immunosuppressed paediatric patients compared to levels produced by controls [15-17]. Hence, a booster dose is recommended for
these patients [10,18-21]. However, data on cell-mediated immunity are limited [22,23].

Classically, adequate vaccine response has been associated with the detection of humoral immunity by measurement of antibodies
[24,25]. However, immunosuppressed individuals may experience a reduced humoral response due to their underlying disease or
treatment regimen [26], the influence of which may vary depending on the combination of immunosuppressive drugs used [1]. Given
the impairment of humoral immunity in these patients, several authors advocate the study of T cell-mediated immunity as a more
accurate method to assess vaccine response in these patients [24]. Notably, these patients may develop cellular response in the absence
of antibodies production [26,27].

The aim of this study is to analyse the humoral and cellular immune responses to the SARS-CoV-2 mRNA vaccine in immuno-
compromised paediatric HTR and compare it with a reference group of paediatric healthy controls.

2. Material and methods
2.1. Study design and participants
Patients who received a heart transplant between 2011 and 2020 and receiving transplant-related immunosuppressive drugs, aged

5-18 years, who are under follow-up in the Pediatric Cardiology Service of the Hospital Universitario Gregorio Maran6n [(HGM),
Madrid, Spain] and who received full vaccination against SARS-CoV-2 mRNA vaccine between December 2021 and May 2022 were
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included in this study [28]. Additionally, healthy controls (HC) who were aged 5-12 years and have received complete vaccination at
Moéstoles University Hospital (Madrid, Spain) during the same period, were also included as control group. All participants were
vaccinated with the Pfizer-BioNTech (BNT162b2) mRNA vaccine. At the time of sampling, information about vaccination adverse
events, symptoms in case of SARS-CoV-2 infection and the types and number of vaccine doses were collected.

All patients were informed and an informed consent form prior to blood sampling was signed by the parents or legal guardians. This
study was approved by the Ethics Committee of the Gregorio Marandn University Hospital (acta 21,/2021) and the Ethics Committee of
the Méstoles University Hospital (CEIC 2022/016).

2.2. Cell and plasma isolation

Blood samples from study participants were drawn from a peripheral vein, collected in BD Vacutainer™ PET ethyl-
enediaminetetraacetic acid tubes (EDTA) and peripheral blood mononuclear cells (PBMCs) and plasma were isolated using a Ficoll
density gradient. PBMCs were cryopreserved in freezing medium (fetal bovine serum [FBS; Thermo Fisher Scientific] + 7.5 % dimethyl
sulfoxide [DMSO]) and stored in liquid nitrogen and plasma was stored at —20 °C, at the Spanish HGM BioBank until further use [29].

2.3. Quantification of anti-S and anti-N SARS-CoV-2 IgG

SARS-CoV-2 anti-spike IgG (Anti-S IgG) and anti-nucleocapsid protein (Anti-N IgG) were measured in plasma by employing the
Architect SARS-CoV-2 anti-S IgG II and the Architect SARS-CoV-2 anti-N IgG reagents on an Architect-i autoanalyser for immunoassays
(Abbott Laboratories, Chicago, IL, USA). The anti-S IgG result was quantitative, and reported in arbitrary units/milliliter (AU/mL);
each arbitrary unit is equivalent to 0.142 standard binding antibody units (BAU)/mL. The result for anti-N IgG was qualitative
(presence/absence). Positive result for anti-S and anti-N was considered convalescent. A positive result for a diagnostic test (SARS-
CoV-2 RT-PCR or SARS-CoV-2 antigenic test) was also considered convalescent, whereas positive result for anti-S but negative for anti-
N and no positive results for a diagnostic test were deemed vaccinated and naive uninfected [30].

2.4. Cell stimulation and SARS-CoV-2-specific T-cell response

To analyse the specific T-cell response to SARS-CoV-2, PBMCs were thawed, washed using 10 % RPMI medium (R-10; RPMI 1640
supplemented with 10 % heat-inactivated FBS, 100 U/ml penicillin G, 100 pl/ml streptomycin sulphate and 1 % l-glutamine [Lonza,
Gampel-Bratsch, Switzerland]), rested for 2 h in R-10 with 10 U/ml DNase I (Invitrogen) at 37 °C/5%CO5 and incubated for 6 h in R-10
at 37 °C/5 % CO2 with 1 pg/ml anti-CD28/CD49d, 0.7 pg/ml monensin (BD Biosciences), 10 pg/ml brefeldin A (Biolegend), anti-
—CD107a-FITC and presence or absence of 1 pg/ml of each peptide pool of SARS-CoV-2 peptides (PepTivator® SARS-CoV-2 Select
premium grade; Miltenyi). These peptides derived from SARS-CoV-2 consisted of a pool of 88 peptides of 9-22 amino acids in length
originated from structural proteins (S, M, N, E) as well as non-structural viral proteins.

2.5. Immunophenotyping and intracellular cytokine staining

For ex vivo phenotyping and functional assay, PBMCs were washed with phosphate-buffered saline (PBS; Thermo Fisher Scientific)
with 3 % BSA (bovine serum albumin; Sigma-Aldrich), extracellularly stained for 30 min at room temperature with the viability marker
LIVE/DEAD Fixable Aqua Dead Cell Stain (Invitrogen) and the extracellular antibodies. Then, PBMCs were washed and fixed and
permeabilized with BD Cytofix/CytoPerm (BD Biosciences) at 4 °C for 30 min or with Fixation/Permeabilization Buffer Set (eBio-
science) at 4 °C for 45 min, following the manufacturer’s protocol. Then, cells were stained at 4 °C for 30 min with intracellular
antibodies, washed and fixed with 4 % paraformaldehyde solution (PFA; Sigma-Aldrich).

To assay ex vivo T-cell phenotyping, PBMCs were extracellularly stained with LIVE/DEAD Fixable Aqua Dead Cell Stain, anti-
DUMP-channel-BV510 (anti-CD56, anti-CD14 and anti-CD19), anti-CD3-PerCP-Cy5.5, anti-CD4-APC-R700, anti-CD38-FITC, anti-
CD45RA-ECD, anti-HLA-DR-APC, anti-CD154-Pe-Cy7, anti-CD137-APC-Cy7 and anti-CD25-BV421; they were permeabilized and
fixed with Fixation/Permeabilization Buffer Set (eBioscience) and intracellularly stained with anti-FoxP3-PE. Isotype controls were
included for anti-CD154, anti-CD137, anti-CD25 and anti-FoxP3. Antibodies details can be found at Supplementary Table 1.

To assay specific T-cell response, after incubation PBMCs were extracellularly stained with LIVE/DEAD Fixable Aqua Dead Cell
Stain, anti-DUMP-channel-BV510 (anti-CD56, anti-CD14 and anti-CD19), anti-CD3-PerCP-Cy5.5, anti-CD4-APC-R700, anti-CD45RA-
ECD; permeabilized and fixed with BD Cytofix/CytoPerm and intracellularly stained with anti-IL-2-PE, anti-TNF-a-APC and anti-IFN-
y-BV421 (antibodies details at Supplementary Table 1).

Lymphocytes were defined as viable cells having low forward/side scatter and expressing CD3, and/or no CD4, but not CD19, CD14
and CD56 (Supplementary Fig. 2A). The specific T-cell response to each stimuli was determined by the sum of the expression of each
cytokine (IFN-y, IL-2 and TNF-a) in the different T-cell subsets after stimulation with SARS-CoV-2 peptides, minus the frequency of
cells expressing the same biomarkers in the unstimulated condition (background subtraction). A third condition stimulated with
staphylococcal enterotoxin B (SEB; Sigma Aldrich) was used as a positive control, and was included in each analysis (Supplementary
Fig. 2B). In order to classify an individual as a responder, we considered a SARS-CoV-2 specific response threshold higher than 0.05 %,
a threshold based on the distribution of T-cell cytokine frequencies in the unstimulated control conditions as previously described [31,
32]. For this analysis, a minimum of 10° total events were recorded for each condition.

Cell acquisition was carried out in a Gallios flow cytometer (Beckman Coulter) and FlowJo 10.7.1 software (TreeStar) was used for
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2.6. Statistical analysis

Median and interquartile ranges [IQR] were used to describe continuous variables and numbers and percentages to describe
categorical variables. Differences between HTR and HC groups, among participants with and without prior SARS-CoV-2 infection, were
analysed by two-tailed Mann-Whitney U test and X? test for continuous and categorical variables respectively. The Spearman test was
used to analyse correlations between variables. All differences with a p-value of <0.05 were considered statistically significant. Sta-
tistical analyses were performed using Statistical Package for the Social Sciences software (SPSS 20.0; SPSS, Inc., Chicago, IL) and
graphs were generated with GraphPad Prism version 9.0 (GraphPad Software, Inc.).

3. Results
3.1. Study participants

The median age of all children was 11.2 years [IQR: 8.6-12.6]. The clinical characteristics of HTR (n = 12) and HC (n = 14) are
described and compared in Table 1.

The most commonly used immunosuppressive drugs in HTR were tacrolimus in combination with mycophenolate, none were
treated with Rituximab (Table 1). Seventy-five percent of the HTR received three-dose schedule of mRNA vaccine, while all HC
received two-dose schedule.

Overall, 16 patients (61.5 %) had positive prior diagnosis of SARS-CoV-2 infection, corresponding 5 to HTR (42 %) and 11 to HC
(78.5 %) groups (p = 0.013). For the HTR group, 2 of the infections occurred before completing the full vaccination regimen. (Table 1).
All HTR were on immunosuppressive treatment at the time of infection and had undergone a complete excision of the thymus during
surgery. However, anti-N antibodies were detected in only 8 participants (HTR = 2, and HC = 6), with no significant differences
between groups. There was no difference in associated symptomatology between the two groups, as shown in Table 1. No patient
required admission.

Table 1
Clinical Characteristics of study groups.
HTR n =12 HCn=14 p-value
Age (years) 13.2 [10-15] 8.7 [8-11] 0.001
Sex (male), n (%) 6/12 (50) 7/14 (50) 0.999
Immunosuppressive treatment, n (%)
Tacrolimus 11 (91.7) na
Mycophenolate 6 (50) na
Sirolimus 1(8.3) na
Corticosteroids 3 (25) na
Doses of vaccine, n (%) <0.05
Two doses 3/12(25) 14/14 (100)
Three doses 9/12 (75) 0
Time from last dose of vaccine to follow-up sample collection, months <0.001
4.3 [1.7-4.9] 0.6 [0.6-0.6]
SARS-CoV-2 infection, yes (%) 5/12 (41.6) 11/14 (78.5) 0.054
Diagnosis test, n (%) 0.999
SARS-CoV-2 RT-PCR 2/5 (40) 4/11 (36.4)
SARS-CoV-2 antigenic test 3/5 (60) 7/11 (63.6)
Symptomatic infection, yes (%) 2/5 (40) 7/11 (63.6) 0.596
Fever 1/2 (20) 6/7 (54)
Cough 1/2 (20) 2/7 (18.1)
Abdominal pain 0 1/7 (9.09)
Headache 0 2/7 (18.1)
Otalgia 1/2 (20) 0
Pneumonia 0 0
Admission to hospital 0 0
Lapse of time between infection and vaccination (%)
Prior to vaccination 1/5 10/11 0.005
Between 1st y 2nd dose 0 1/11 0.999
Between 2nd y 3rd dose 1/5 na
After full vaccination regimen (Oct-21) 3/5 No data
Thymus total excision, yes (%) 12/12 (100) 0 (0)

Continuous variables are expressed as medians and interquartile ranges [IQR]. Categorical variables are expressed as numbers and percentages. Two-
tailed Mann-Whitney U test and X test were used for continuous and categorical variables respectively. Abbreviations: HTR: heart transplant re-
cipients; HC: healthy controls; RT-PCR, reverse transcription polymerase chain reaction; na, no applicable. p-value<0.05 are in bold and 0.05<p-
value<0.1 are in italics.
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3.2. Paediatric heart transplant recipients showed lower levels of specific anti-S antibodies after vaccination compared to healthy controls

Anti-S IgG levels were significantly lower in HTR group compared to HC group after vaccination (Fig. 1 A). We found no significant
correlations between age and anti-S IgG levels neither in the overall participant group nor segregating by studied groups
(Supplementary Fig. 1). There are significant differences between the time since the last vaccine dose received and the follow-up
sample between HTR and HC (Table 1).

In addition to vaccine humoral response, we assayed SARS-CoV-2 specific T-cell response by intracellular cytokine staining. The
response to SARS-CoV-2 peptides was determined by the expression of the degranulation surface marker CD107a" and intracellular
cytokines (IFN-y", TNF-a* and IL-2") in total and memory (CD45RA™) CD4" and CD8" T-cells. No significant differences were ob-
tained in the magnitude of responses comparing HTR and HC groups (Supplementary Fig. 3A). In the analysis of the overall partici-
pants, there were no differences in the magnitude of the SARS-CoV-2-specific T-cell response nor in the proportion of responders
(Fig. 1B). Among HTR, 9 (75 %) and 11 (92 %) had SARS-CoV-2 specific CD4™ and CD8" T-cell response, respectively, while the rate of
responders among HC was of 13 (93 %) and 12 (86 %) for SARS-CoV-2 specific CD4" and CD8™ T-cells, respectively.

Trying to evaluate the influence of a previous SARS-CoV-2 infection on the humoral response after vaccination, participants with a
infection by SARS-CoV-2 prior to study sample (n = 16) were compared with those uninfected (n = 10). Previously infected partic-
ipants showed higher levels of anti-S IgG after vaccination (p = 0.03) (Fig. 1C) and increase SARS-CoV-2 specific T-cell response and
rate of responders despite not reaching statistical significance (Fig. 1D). Comparing participants with prior infection or not by SARS-
CoV-2, higher levels of IL-2 on CD8" T-cells were observed on participants with previous infection (Supplementary Fig. 3B).

3.3. Higher SARS-CoV-2-specific IgG levels are associated with a higher SARS-CoV-2-specific T-cell response

Direct correlations were shown between anti-S IgG levels and SARS-CoV-2-specific IFN-y* and TNF-a* production in total and
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Fig. 1. Humoral and cellular specific SARS-CoV-2 response after vaccination. Bar graphs representing anti-S IgG levels after vaccination in
paediatric and adolescent heart transplant recipients (red; n = 12) and healthy controls (green; n = 14) (A). Dot plots representing the percentage of
SARS-CoV-2 specific T-cell response (left) and rate of responders (right) within total and memory (CD45RA™) CD4" and CD8" T-cell comparing
heart transplant recipients and healthy controls after vaccination (B). Bar graphs representing anti-S IgG levels after vaccination in paediatric and
adolescent participants with previous SARS-CoV-2 infection (purple; n = 16) and without previous infection (orange; n = 10) (C). Dot plots rep-
resenting the percentage of SARS-CoV-2 specific T-cell response (left) and rate of responders (right) within total and memory (CD45RA™) CD4* and
CD8" T-cell comparing participants with previous SARS-CoV-2 infection and without previous infection (D). For C and D HTR and HC have been
represented by squares and triangles, respectively. Abbreviation: HTR, heart transplant recipients; HC, healthy controls. Continuous variables were
compared using Mann-Whitney U test and rate of responders using X? test. #0.05<p-value<0.1; *p-value<0.05; **p-value<0.01. Only statistical p-
value <0.1 is shown.
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memory CD8" T-cells including all participants (Fig. 2A—C). In the same analysis segregated by HTR and HC, correlations remained
significant only in the HTR group. No significant correlations were observed between SARS-CoV-2 cellular response and age in all
participants or segregating by group (data not shown).

3.4. Activated T-cell phenotype found in heart transplant recipients is associated with a lower humoral response to SARS-CoV-2 vaccine

After describing SARS-CoV-2 response, we investigated the immune phenotype that might be involved in that specific response.
HTR showed higher proportion of memory CD4*" T-cells (defined as CD45RA ™) than HC, and the same trend was observed regarding
CD8™ T-cell subset (Table 2). To determine the possible role of age on the memory and naive T-cell distribution, correlations between
age and frequency of CD45RA™ CD4" and CD8" T-cells were performed. The frequency of CD45RA™ CD4" T-cells directly correlated
with age when all participants were included; however, this significance was lost when the analysis was performed separately by
groups (Supplementary Fig. 4A and B). Moreover, HTR showed increase proportion of activated CD4 " (HLA-DR"CD38", HLA-DR" and
CD25") and CD8" (HLA-DR'CD38" and HLA-DR") T-cells; and a trend towards higher proportion of T regulatory cells, Tregs,
(CD25"FoxP3™) was observed on CD4" T-cells compared to HC (Table 2).

Thus, we studied if that activated phenotype could be associated with a SARS-CoV-2 vaccine response. Correlations between
humoral and cellular SARS-CoV-2 specific response and T-cell phenotype markers are shown at Supplementary Fig. 4. Notably, anti-S
IgG levels inversely correlated with CD25" expression on total CD4" T-cells and HLA-DR"CD38™" co-expression on CD4" memory T-
cells (Fig. 3A and B). Concerning SARS-CoV-2 specific response, the expression of degranulation marker, CD107a", inversely corre-
lated with the expression of CD25" on CD4" memory T-cells (Fig. 3C).

4. Discussion

In this study, we described the anti-S IgG levels and SARS-CoV-2 specific T-cell response in a paediatric Spanish cohort of
immunosuppressed HTR following SARS-CoV-2 mRNA vaccination compared to a reference group of paediatric HC that received the
vaccines during the same period.

Most studies in immunocompromised adults concluded that immunocompromised patients respond less to the vaccine and
therefore require one additional dose than healthy patients [15,17,21,22]. Spinner et al. [17] analysed the post-vaccination humoral
response, with a maximum of two vaccine doses, in forty HTR with a median age of 17.1 years [IQR 15.7-18.4], detecting serocon-
version in only 28 (70 %). In the case of the cohort described by Feingold et al. [20], 17 (61 %) adolescents and young adults HTR
(median age of 17.9 years, [IQR 15.2-15.9]) had humoral response at a median of 3 months after second dose vaccination. In our
study, 75 % of HTR had received 3 doses and all patients showed antibodies anti-S after vaccination. This difference in the number of
vaccine doses might explain the discrepancy in the results and, also supports the current recommendations for immunocompromised
paediatric patients that include the administration of three primary doses [18]. However, analysing the magnitude of the response,
anti-S levels after vaccination were lower than HC, accordingly to the literature [33].

While this diminished humoral immune response to vaccination is well documented in immunocompromised populations, less is
known regarding the effect of vaccination on the cellular arm of immunity. Impressively, the majority of participants in our study had a
detectable cellular response after receiving the vaccine (75 % for CD4 " T-cell and 91.7 % for CD8" T-cell mediated responses). This is
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Fig. 2. Association of SARS-CoV-2-specific anti-S IgG levels with T-cell response after vaccination. Correlation matrix presenting associations
of anti-IgG levels with SARS-CoV-2-specific total and CD45RA™ CD4" and CD8" T-cells expressing CD107a™ and producing the cytokines IFN-y ™,
TNF-o" and IL-2" in all paediatric and adolescent participants (n = 26), heart transplant recipients (n = 12) and healthy controls (n = 14) (A). Dots
plots representing correlations between anti-IgG levels and SARS-CoV-2-specific CD8" T-cells producing IFN-y* (B) and TNF-o* (C) in all partici-
pants. Abbreviations: HTR, heart transplant recipients; HC, healthy controls. The Spearman rho correlation coefficient test was used. #0.05<p-
value<0.1; *p-value<0.05; **p-value<0.01.
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Table 2

T-cell phenotyping of the studied groups.
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HTR (n = 12)

HC (n=14)

p-value

CD4™ T-cell

CD8™ T-cell

Total

%CD45RA’

CD45RA™

Total

%CD45RA"

CD45RA"

%HLA-DR"CD38"
%HLA-DR "
%CD38"
%CD25 "
%CD40L"

%Treg

%HLA-DR"CD38"
%HLA-DR
%CD38"

%CD25"
%CD40L"

%Treg
%HLA-DR"CD38"
%HLA-DR "
%CD38"
%CD137*

%HLA-DR"CD38"
%HLA-DR™
%CD38 "
%CD137"

1.77 [1.19-2.04]
6.47 [3.51-7.5]
25.7 [23.17-34.1]
21.55 [18.45-33.5]
1.59 [0.61-2.98]
1.1 [0.71-4.51]
77.3 [57.7-89.1]
1.7 [1.43-2.55]
6.31 [4.88-8.16]
20.85 [12.65-26.12]
28.7 [23.55-36.37]
1.41 [0.24-2.58]
1.27 [0.7-4.22]
3.95 [2.34-5.32]
7.08 [5.05-11.87]
20.95 [13-28.1]
1.75 [0.62-2.88]
55.4 [32.4-67.3]
4.49 [2.64-7.48]
8.48 [5.54-17.22]
13.9 [8.44-18.42]
2.25 [0.87-5.09]

1.31 [1.07-1.70]
3.25 [2.49-3.82]
43.7 [36.1-49.5]
11.2 [9.27-15]
1.15 [0.5-11.32]
0.65 [0.39-1.11]
31 [25.25-35.8]
1.39 [1.20-1.67]
5.25 [4.34-5.49]
19[14.12-23-67]
20.9 [17.1-37.4]
0.94 [0.24-2.74]
1.41 [0.97-2.19]
2.23 [1.32-3.16]
5.53 [3.76-6.24]
15 [13.35-22.75]
1.44 [1.16-1.76]
36.85 [22.87-42.57]
2.58 [1.87-5.58]
8.92 [6.42-12.42]
11.85 [7.86-16.97]
2.39 [1.79-3.23]

0.136
0.022
0.010
0.002
0.797
0.088
0.001
0.057
0.324
0.758
0.247
0.959
0.818
0.007
0.045
0.341
0.537
0.060
0.700
0.643
0.681
0.877

Variables are expressed as medians and interquartile ranges [IQR]. Abbreviation: HTR, heart transplant recipients; HC, healthy controls. Mann-
Whitney U test was used. P-value<0.05 are in bold and 0.05<p-value<0.1 are in italics.
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Fig. 3. Association of SARS-CoV-2-specific anti-S IgG levels and SARS-CoV-2-specific T-cell degranulation with phenotype expression
markers on T-cells after vaccination. Dot plots representing correlations between anti-IgG levels and CD25" expression on total CD4™ T-cells (A)
and HLA-DR*CD38™" co-expression on CD45RA~ CD4™ T-cells (B). Dot plots representing correlation between SARS-CoV-2 specific degranulation
marker CD107a* on CD45RA™ CD4" T-cells and CD25" expression on CD45RA™ CD4" T-cells (C) (n = 26). Correlations remained after excluding
the outlier value (*in blue) in each case (A-B). Heart transplant recipients are indicated in red and healthy controls in green. The Spearman rho
correlation coefficient test was used.

consistent with some studies that have shown detectable cellular immune responses despite diminished vaccine induced humoral
responses in immunocompromised children and adolescents [34,35]. It is worth noting that, while the humoral response is considered
an important indicator of immunity in the short term, the cellular immune response plays a more critical role in evaluating the
enduring protection against SARS-CoV-2 [36]. In a previous cohort [19] of 33 SOTR aged 5-17 years, the proportion of individuals
with measurable cell-mediated immune responses after a second dose of mRNA vaccine was the 73.9 % and this rate significantly
increased after the third dose to 94.1 %, similarly to our results. Despite the presence of adequate immune response, three paediatric
HTR developed COVID-19 after vaccination while no infection was documented for the control group. Importantly, during infection
after vaccination, all HTR had mild disease.

The correlation of humoral and cellular immunogenicity remains to be elucidated but it can be explained by the interconnected
nature of the immune response. One previous report suggested that low antibody levels generally were associated with limited cellular
immunogenicity in the general population [37-39]. This observation agrees with our results, in which there is a positive strong
correlation between anti-S IgG levels and IFN-y SARS-CoV-2 specific production.
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Classically, immunocompromised patients have been described as being at higher risk of SARS-CoV-2 infection and having more
severe clinical manifestations with fatal consequences [40]. In our study, the symptomatology after infection before vaccination was
mild in all subjects, with no differences between the two groups studied, which suggests the effectiveness of the vaccine in the HTR
group (Table 1). This observation agrees with the recent studies that described no severe infections despite the immunosuppressed
status [7,23]. Interestingly, a history of SARS-CoV-2 infection prior to vaccination has an impact on the robustness of the immune
response among SOTR. Lemieux et al. [41] demonstrated that adult HTR with a previous infection showed an immune response to
vaccine doses comparable to that of healthy controls. Our results coincide with it.

Thymic function has an important implication in viral infections, including COVID-19 disease [42,43]. Paediatric heart trans-
plantation involves not only ongoing maintenance immunosuppression but also total thymus excision during the intervention.
Decreased thymic function has been related to the phenomenon called memory inflation, which includes the alteration of the naive and
memory T-cell proportions in the periphery skewing toward memory T-cells [44]. This phenomenon could be reflected in CD4" and
CD8™ T-cell memory subset distribution of HTR group, which displayed higher percentages of memory T-cells compared to HC. Due to
the use of Tacrolimus, we expected lower T-cell activation in HTR [45], contrary to our results. Thymic dysfunction in elderly subjects
had related defects in the homeostasis of T-cell compartment that include higher T-cell activation, proliferation and memory inflation
[46]. Interestingly, we found that similar T-cell profile in the HTR group and it correlated with a lower SARS-CoV-2-specific CD4 "
T-cell response in agreement with previous observations [46,47], where a lower activity of the thymus has been previously associated
with diminished responsiveness to viral vaccines. In our study, we worked with children who have undergone total thymectomy which
may also result in altered or nullifying thymic function.

The study limitations include that it is only a two-center study, a small size and a variety of immunosuppressive medication
regimens (tacrolimus, used in 91.7 % of cases) and vaccine doses that precluded further meaningful subgroup analysis regarding the
effects of the underlying diagnosis and types of immunosuppressive medications on the response to the vaccine. The study analysed
binding but not neutralizing antibodies, but previous data have shown that the information provided by both determinations is highly
similar and follows a similar pattern [48,49] and our definition of responders may be limited by the fact that our threshold for defining
a positive T-cell response was based on the distribution of T-cell frequencies in the unstimulated control conditions as previously
described [31]. It remains to be determined for both antibodies and T-cells, whether the chosen thresholds represent clinically relevant
indicators for protection. It is worth noting that this study concentrated on a particular epidemiological period (when the Alpha and
Delta variants were predominant). A crucial question for future pandemic control is whether mRNA vaccines tailored to new variants
or other vaccine types can elicit a humoral and cellular response to manage the new variants effectively. The variability found in the
response rate to SARS-CoV-2 vaccine among paediatric HTR could be, in part, explained to the different time interval from the latest
dose of the vaccine to the time of testing. The time from last dose of vaccine to follow-up sample collection was different between
groups. However, it is interesting to note that previous studies on paediatric HTR showed no differences in the magnitude of humoral
and cellular vaccine response by immunosuppressant regimen and other modifying factors such as age at vaccination or time since
transplant [19,20]. We observed a lack of concordance between the detection of anti-N IgG and the previous positive diagnosis of
SARS-CoV-2 infection. This loss of anti-N IgG may be attributed to the extended period since the onset of the pandemic and vaccination
in this population (between December 2021 and May 2022) [50]. Furthermore, since only 5 participants in the HTR group had a
previous infection, the analysis of variables associated with prior infection was conducted considering all participants and was not
performed separately for each group due to low statistical power. As a strength of our study, we comprehensively assessed both the
humoral immune response and the cellular immune response that included both CD4" and CD8" T-cells and their cytokine profiles
although in paediatric HTR may be affected by a heightened immune surveillance state, potentially related to anti-engraftment re-
sponses. The inclusion of a control group can be considered an additional asset to provide comparative data on immunogenicity of
immunocompetent children and adolescents in a real-world setting. In addition, the study was conducted in an epidemic period with
high SARS-CoV-2 virus circulation, allowing us to test vaccine efficacy more accurately.

5. Conclusions

All paediatric heart transplant recipients had humoral response after SARS-CoV-2 vaccination, although they showed lower levels
of specific anti-S antibodies compared to healthy controls. However, there was no significant differences in the cellular response to the
vaccine produced between the two groups. Therefore, we believe that more studies analysing the cellular response in the immuno-
compromised paediatric population are needed because these data might impact the currently established vaccination regimens.
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