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In this retrospective cohort study, we analyze the early humoral and cellular response in
64 adolescents KTx recipients, after two or three doses of mRNA vaccine
BNT162b2 against different variants of COVID-19. After 2 doses, 77.8% % of children
with no history of infection had a positive humoral response with a median anti-S IgG level
of 1107 (IQR, 593–2,658) BAU/mL. All the patients with a history of infection responded
with a higher median IgG level (3,265 (IQR, 1,492–8,178) BAU/mL). In non-responders
after 2 doses, 75% responded after a third dose with a median Ab titer at 355 (IQR,
140–3,865 BAU/mL). Neutralizing activity was significantly lower against the delta and the
omicron variants compared to the wild-type strain and did not improve after a 3rd dose,
while infection did provide higher levels of neutralizations against the variants. T cell specific
response correlated with humoral response and no patient displayed a cellular response
without a humoral response. Adolescent KTx recipients exhibit a high seroconversion rate
after only two doses. A third injection, induces a response in the majority of the non-
responders patients but did not counterbalance the strong decrease in neutralizing
antibody activities against variants highlighting the need for boosters with specific
vaccines.
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GRAPHICAL ABSTRACT |

INTRODUCTION

Solid organ transplant (SOT) recipients are at risk of severe
complication associated with SARS-COV2 infection [1, 2] and
vaccination campaigns in many countries prioritized SOT
recipients to receive vaccination. Although, the risk of severe
SARS-COV2 infection in pediatric SOT recipients is much lower
than in their adult counterparts [3–5] providing pediatric SOT
with adequate immunization against SARS-COV2 remains
essential.

Previous reports demonstrated poor immunogenicity of
mRNA vaccines in adult SOT recipients and especially kidney
transplant (kTx) recipients with around 50% of the patients
developing anti-spike IgG after two injections [6]. Antibody
response improved after a third dose with 60%–70% of the
recipients developing anti-spike IgG [7, 8]. This prompted
health authorities, in some countries, including France to
recommend a third dose of vaccine in adult SOT recipients.
T-cell response specific to SARS-COV2 was also studied in adults
with conflicting results [7, 9].

The results from a phase 3 safety, immunogenicity, and
efficacy data for the Pfizer-BioNTech BNT162b2 mRNA
COVID-19 vaccine in healthy adolescents were published in
May 2021 [10]. In this study including 2,260 participants aged
12–15 years, antibody titers measured after a 2-dose series met
non-inferiority criteria compared with 16- to 25-year-old
participant and the tolerance of the vaccine was good.
Moreover, full vaccination with 2 doses of Pfizer-BioNTech

vaccine was associated with a high efficacy of over 90% in
healthy adolescents [11]. This led to the approval of this
vaccine for children aged 12–15 in the United States and
Europe in May 2021. Data on the immunogenicity of mRNA
COVID-19 vaccine in pediatric kTx recipients are scarce and
divergent. Sattler et al. reported data on 20 pediatric kTx
recipients and found positive antibody titers in 90% of the
patients after two doses of BNT162b2 mRNA COVID-19, with
75% developing neutralizing titers against vaccine variant [12].
Another report in older adolescent with kTx reported only 52% of
anti-spike IgG after two injections, similar to the results in the
adult population [13]. Moreover, there are currently few data on
the response to a third dose of mRNA COVID-19 vaccine in
pediatric SOT recipients or on SARS-COV2 T-cell specific
response following vaccination. These data, but also the
neutralizing antibody response against VOC, are needed to
assess the optimal vaccination strategy in this population. In
this study, we report the immunogenicity of BNT162b2 mRNA
by studying humoral response and specific T cells following two
or three injections of PfizerBioNTech BNT162b2 mRNA
COVID-19 vaccine in pediatric kTx recipients.

MATERIAL AND METHODS

Patients
We included all kTx recipients aged over 12 years old followed in
one of the three Pediatric Nephrology Departments in Paris
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(Robert Debré Hospital, Necker Hospital and Trousseau
Hospital) who were vaccinated against SARS-CoV-2 with the
Pfizer SARS-CoV-2 mRNA BNT162b2 vaccine between
30 January 2021 and 21 December 2021. French health
authorities approved vaccination in children with
comorbidities more than 16 years old on 20 January 2021 and
extended it to children aged 12–15 years old on 01 June 2021.
Specific guidelines in adult patients with SOT recommended
three injections of mRNA vaccine but no specific pediatric
guidelines were available. Therefore, the vaccination strategy
was left to the treating physician’s decision with some
performing three injections systematically and others only in
patients with low anti-S IgG 1 month after the second injection.
Patients with a proven (positive SARS-COV2 PCR or home-
antigen test) natural infection prior to vaccination only received
2 doses of vaccine (Figure 1A). All centers evaluated patients’
humoral and cellular responses. Blood samples were collected
between 21 and 90 days after vaccine injection and processed
immediately in a centralized laboratory (Immunology
department, Robert Debré Hospital). Clinical and biological
data were collected retrospectively. In order to analyze the
effect of COVID-19 infection on vaccination, patients were
considered as having had an infection if they had a positive
PCR, a positive anti-N serology or a positive anti-N T-cell
response. The study was approved by Robert Debré Hospital
Ethics committee.

Measurement of Plasma Anti-Spike and
Anti-Nucleocapsid SARS-CoV-2 Antibodies
Anti-Spike SARS-CoV-2 antibody levels were evaluated by
chemiluminescent immunoassay in plasma using the
LIAISON® SARS-CoV-2 TrimericS IgG kit according to
manufacturer recommendations (DiasorinR). A serological
positive response was defined as anti-S IgG
response >33.8 BAU/mL. We also present results based on a
higher cut-off 264 BAU/mL. This Ab level was found associated
with 80% of vaccine efficacy against primary symptomatic
COVID-19 (264 BAU/mL) in previous studies [14]. In some
patients, serological response after the 2nd vaccine injection
was tested in an outside laboratory. These results were
collected and used to classify patients in responders and non-
responders, but these patients were excluded from the
comparison of Ab titers. Anti-Nucleocapsid SARS-CoV-2 IgG
levels were evaluated by chemiluminescent immunoassay in
plasma using the Alinity IR anti-N SARS-CoV-2 IgG kit
according to manufacturer recommendations (AbbottR). A
serological positive response was defined as anti-N IgG index
response >1.4 (Figure 1B).

Measurement of Neutralizing Antibody
Activity Against SARS-CoV-2 Strains
Neutralizing antibodies were quantified using the GenScriptR

SARS-CoV-2 surrogate Virus Neutralization Test (sVNT).
Briefly, the kit detects the ability of antibodies in the plasma
of patients to block the interaction between the HRP-conjugated

SARS-CoV-2 RBD fragment (HRP-RBD) and the human
ACE2 protein (hACE2). Circulating neutralizing antibodies
form with HRP-RBD a complex that get removed during
washing. Unbound HRP-RBD is captured on a hACE2 pre-
coated plate and reacts with the added TMB by changing
the color of the solution. The absorbance is inversely
dependent on the level of cirulating neutralizing antibodies.
HRB-RBD protein used in the kit is selected based on the
strain of SARS-CoV-2 tested (wild-type, Delta or Omicron). A
positive neutralizing antibody activity is defined as more than
30% according to manufacturer recommendations. Serum
from one of the 32 kTx children followed after two vaccine
doses was not available for measuring the neutralizing
antibody response against SARS-CoV-2 strains (Figure 1B).

Quantification of Anti-Spike and
Anti-Nucleocapsid SARS-CoV-2 T Cells
Human peripheral blood mono-nucleated cells (PBMCs) were
isolated from fresh blood samples by density gradient
centrifugation (Leucosep) to obtain a final cell
concentration of 2.5 106 PBMCs/mL in AIM-V-Medium
(Ficher Scientific, Suisse). Anti-Spike and anti-Nucleocapsid
cellular responses were evaluated on fresh cells using the
T-spot COVID ELIspot system from Oxford ImmunotecR

(United Kingdom). Briefly, 50 µL of PHA (positive control),
AIM-V-Medium (negative control), Spike-antigen mix and
Nucleocapsid-antigen mix were added in wells of anti-IFNγ
Abs pre-coated plate. 100 μL of the diluted cell suspension
were added in each well and the plate was incubated for
16–20 h at 37°C, 5% CO2. After discarding supernatant,
wells were washed three times with PBS. Afterwards, 50 µL
of conjugate reagent (anti-IFNγ Abs, conjugated to alkaline
phosphatase) were added to each well and incubated for 1 hour
at 4°C in the dark. After washing, 50 µL of substrate solution
was added to each well at room temperature for 7 min leading
to form insoluble precipitate at the site of reaction. Then, the
plate was washed and dried. T-spots were counted by an
Elispot-reader (BioreaderR 6000-E Biosys, Germany) and
results expressed as SFC (Spot Forming Cell)/
250,000 PBMCs. Results were positive for a specific antigen
if negative control was ≤10 spots, positive control ≥20 spots
and the Antigen-Mix >4 spots per well (according to
manufacturer recommendations) (Figure 1B).

Statistical Analysis
Patient characteristics and immunological response to vaccine are
presented as medians and interquartile ranges for continuous
variables, and counts and percent for categorical variables. Chi-
square test and Mann-Whitney U test were used to compare
characteristics between the groups for categorical and continuous
variables, respectively. A significant statistical difference was
assumed when the p-value was <0.05. All analyses were
conducted using GraphPad PRISM version 5.00.288
(GraphPad Software Inc., San Diego, CA, United States) and
SAS 9.1. The reporting of the data followed the STROBE
statement.
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RESULTS

Patients’ Characteristics
Table 1 describes patients’ and transplants’ characteristics at the
time of the first vaccine injection. 64 patients aged 16.9 years
(14.9; 17.6) were included, 49 of whom received their transplant
from a deceased donor (76.5%). Patients were 56% male; the first
causes of ESKD were urological abnormalities in 31.2%,
hereditary nephropathies in 37% and glomerular diseases in
19% of the patients. Fifteen patients were transplanted
preemptively and 49 patients were transplanted after a median
time on dialysis of 1.56 years (1.11; 2.69) (37 in hemodialysis and
12 in peritoneal dialysis). In maintenance oral
immunosuppressive treatment, 36 (56%) patients received an
association of tacrolimus with mycophenolate mofetil (MMF) or
mycophenolic acid (MPA), 18 (28.1%) tacrolimus with
azathioprine and 35 (54.7%) with low doses steroids (median
5 mg) as a third immunosuppressive treatment. At first vaccine,
8 patients had lymphopenia <1,500/mm3, 3 had
hypogammaglobulinemia < 5 g/L and 26 (40%) had
eGFR <60 mL/min.

All patients were vaccinated with the Pfizer SARS-CoV-
2 mRNA BNT162b2 vaccine. Twenty patients received only
2 doses of vaccine including 11 with a known previous natural
infection with SARS-CoV-2 (median time from infection to first
vaccine injection 132 days IQR [81; 291], and 44 (62.5%) patients

without known history of natural infection received three doses
(Figure 1B).

Anti-Spike Antibody Levels in kTx Children
After 2 or 3 BNT162b2 Vaccine Doses
Anti-spike IgG antibodies (anti-S Abs) were quantified in the
plasma from 32 kTx children after two doses of vaccine
(Figure 2A). 87.5% (28/32) had a positive response (defined
as ≥33.8 BAU/mL according to the manufacturer) with a median
antibody titer in responders at 1825 (IQR, 637–4,883) BAU/mL.
The majority (81.3%, 26/32) had an antibody titer above
264 BAU/mL, Ab levels associated with 80% of vaccine efficacy
[14]. KTx children after two vaccine doses were then classified
according to their history of natural infection; based either on
positive SARS-COV2 PCR or home-antigen test, or on positive
anti-N humoral or cellular response. Fourteen of the 32 kTx
children evaluated had a history of natural SARS CoV-2 infection
before their 2nd vaccine dose and all of them (14/14) had a
positive humoral response above the 264 BAU/mL cut-off after
vaccination. In comparison, only 77.8% (14/18) of children
without previous natural infection had a positive humoral
response (p = 0.059) and 66.7% (12/18) reaching the
264 BAU/mL cut-off (p = 0.017). Among responders, anti-S
antibody titers were significantly higher in children with
natural infection [median: 3,265 (IQR, 1,492–8,178) BAU/mL]

FIGURE 1 | Study design: Study population flow-chart (A) and immunological assays (B).
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than in children without previous natural infection [median:
1,107 (IQR, 593–2,658) BAU/mL] (p = 0.007).

Anti-S Abs were quantified in the plasma for 40 kTx children
after three vaccine doses (median time between 3rd dose and
serology 39 days IQR (28; 72) (Figure 1A). Serological responses
after the second dose of vaccine were determined only for
20 children (for 12 children in a laboratory that provides only
qualitative results and for 8 in our central laboratory). Twenty
children were only tested after their third dose (Figure 1A).
Children were classified in three groups according to their
humoral response to the 2nd vaccine dose: Responder for
positive response, Non-responder for negative response and
Unclassified (NC) for children with missing data. As expected,
all (100%, 8/8) responders presented a positive humoral response
after their 3rd vaccine dose, with seven (87.5%) achieving Ab
levels above the 264 BAU/mL cut-off. Median antibody titer after
the 3rd dose in these patients was 1805 (IQR, 783–2,485) BAU/
mL. In comparison, the 3rd vaccine dose led to a positive humoral
response in 75% (9/12) of non-responders with a lower median
Ab titer in responders at 355 (IQR, 140–3,865 BAU/mL) (p =
0.028) and only 41.7% of them reaching the 264 BAU/mL cut-off
(Figure 2B).

As mentioned above, eight kTx children were tested centrally
after the second and the third doses of vaccine including

3 patients with no response after the 2nd dose (Figure 2C).
The median antibody titers increased from 159 (IQR, 5–1,458)
BAU/mL after 2 vaccine doses to 1,150 (IQR, 201–2,108) BAU/
mL after 3 vaccine doses (p = 0.085). Ab level above the 264 BAU/
mL cut-off were achieved respectively for 5/8 (62.5%) of children
after the 2nd dose and 6/8 (75%) children after the 3rd dose.
Interestingly, two of the 3 non responders after the 2nd dose
developed a positive humoral response after their 3rd vaccine
dose, while responders did not show a significant increase in their
anti-S IgG titers after the 3rd injection.

Neutralizing Antibody Response Against
Wild-Type, Delta and Omicron
SARS-CoV-2 Strains in kTx Children After
Two or Three BNT162b2 Vaccine Doses
Neutralizing antibodies against wild-type, Delta and Omicron
strains were quantified using a SARS-CoV-2 pseudo-
neutralization Antibody Detection kit (ELISA) [15] in the
serum from 31 kTx children after two doses of vaccine
(Figure 3A). The positive response (defined as ≥30%
according to the manufacturer) against wild-type, Delta and
Omicron strains was respectively achieved for 25/31 (80.6%),
24/31 (77.4%) and 18/31 (58.0%) of kTx children. The median
neutralizing antibody activity decreased from 95.3% (IQR,
91–96.9) against the wild-type strain to 69.2% (IQR,
53.8–93.5) against Omicron (p = 0.003). Among children with
a positive neutralizing antibody response, 72% of them had
antibodies able to neutralize the three SARS-CoV-2 strains,
24% both the wild-type strain and Delta, and 4% the wild-type
strain only (data not shown). All the children with a history of
natural SARS-CoV-2 infection before their 2nd vaccine dose (14/
14) had a positive neutralizing antibody response against the
wild-type strain (Figure 3A, right panel). In comparison, only
64.7% (11/17) of children without previous natural infection had
a positive neutralizing response (p = 0.008). In agreement,
median of neutralizing antibody activity against wild-type
strain was significantly stronger in children with natural
infection [95.9% (IQR, 93.5–97.3)] than in children without
previous natural infection [90.2% (IQR, −0.4–95.9)] (p =
0.008). Similar significant differences were observed for
neutralizing antibody activity against Delta (p = 0.0026)
and Omicron strains (p = 0.0002). It is however interesting
to note that 12/14 (85.7%) of children with natural infection
maintained a neutralizing response against Omicron instead
of 6/17 (35.3%) of children without previous natural
infection.

Neutralizing antibodies against wild-type, Delta and Omicron
strains were quantified in the serum for 40 kTx children after
three vaccine doses (Figure 3B). 75% (30/40) had a positive
response against the wild-type strain. The percentage of children
with positive response decreased with variants, reaching 40% (16/
40) of children with Omicron (p = 0.0015). Similarly, the median
neutralizing antibody activity decreased form 93.4% (60.9–96.7)
against the wild-type strain to 69.6% (41.8–85.5) against Omicron
(p = 0.0003). All (100%, 8/8) children with humoral response to
the 2nd vaccine dose presented a positive neutralizing response

TABLE 1 | Patients’ and transplants’ characteristic at the time of the first Pfizer
SARS-CoV-2 mRNA BNT162b2 vaccine.

Patients’ characteristics at first vaccine Patients N = 64

Age (years), median (IQR) 16.9 (14.9; 17.6)
Male, n (%) 36 (56)
Primary renal diseases, n (%)
CAKUT 20 (31.2)
Hereditary nephropathy 26 (37)
Glomerulonephritis and immunological diseases 12 (19)
Other 6 (9.3)

Donor type: Deceased donor, n (%) 49 (76.5)
Time from transplantation to vaccination (years), median (IQR) 3.8 (1.8; 8.3)
KRT before transplantation, n (%)
Preemptive transplantation 15 (23.4)
Hemodialysis 37 (57.8)
Peritoneal dialysis 12 (18.7)

Induction treatment, n (%)
Anti-thymocyte globulins 13 (20.3)
Anti-CD25 49 (76.5)

Maintenance immunosuppression, n (%)
Tacrolimus 58 (90.5)
MMF/MPA 40 (62.5)
Azathioprine 19 (29.7)
Steroids 35 (54.7)
Steroid dose (Median) 5
mTOR inhibitors 3 (4.7)
Belatacept 1 (1.5)

Known history of natural infection SARS-CoV-2, n (%) 9 (14)
Biological data at first vaccine
Lymphocytes (G/L), median (IQR) 2.3 (1.8; 2.9)
Lymphopenia <1,500/mm3, n (%) 8 (12.5)
IgG (G/L), median (IQR) 9.4 (8.3; 12.3)
eGFR (mL/min/1.73 m2, Schwartz 2009 equation),

median (IQR)
66 (57; 81)

Tacrolimus trough levels (ng/mL), median (IQR) 5.5 (4.2; 6.8)
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after their 3rd vaccine dose against the wild-type strain with the
median of neutralizing activity at 94.5% (IQR, 75.3–96.9)
(Figure 3A, right panel). In comparison, the 3rd vaccine dose

led to a neutralizing activity in 67.7% (8/12) of children classified
non-responders after the 2nd dose, with a lower median at 73.7%
(IQR, 42.7–95.4) (p = 0.018). Frequency of positive neutralizing
response and median neutralizing activity levels decreased from
the wild-type strain to Delta, then to Omicron. Only 4/8 (50%) of
responders and 3/12 (25%) of non-responders presented a
positive neutralizing response against Omicron after their
third dose.

As mentioned above, only eight kTx children were centrally
evaluated after both the second and the third doses. Among five
patients with no neutralizing activity against the wild-type strain
after the 2nd dose (Figure 3C), two developed a positive response
after their 3rd vaccine dose. The median antibody titers increased
from 3.2 (IQR, −5.8–85.8) % after 2 vaccine doses to 89.5 (IQR,
21.6–96.7) %L after 3 vaccine doses (p = 0.085). Interestingly, the
neutralizing activity against Omicron was not improved after the
3rd injection.

Correlation Between Anti-Spike Antibody
Levels and Neutralizing Antibody
Responses Against Wild-Type, Delta and
Omicron SARS-CoV-2 Strains in kTx
Children After Two or Three
BNT162b2 Vaccine Doses
Anti-S antibody levels strongly correlated with neutralizing
antibody activity for the wild-type strain (Figure 4A), Delta
(Figure 4B) and Omicron (Figure 4C). However, the
percentage of children with a positive anti-S antibody response
(≥33.8 BAU/mL) without a positive neutralizing activity (cut off
30%) increased from 6/71 for wild-type strain, to 11/71 for Delta,
then 27/71 for Omicron. Interestingly, level of anti-S antibody in
children without neutralizing activity against the wild type strain
were all below the 264 BAU/mL cut-off associated with 80% of
vaccine efficacy [14]. Conversely, some patients with high anti-S
antibody titers showed no neutralizing activity against the VOCs
despite antibody titers up to 736 and 1,690 BAU/mL for delta and
omicron variants, respectively.

Specific Memory T Cells in kTx Children
After Two or Three BNT162b2 Vaccine
Doses
Spike-specific T cells were quantified in 28 kTx children after two
vaccine doses and in 23 kTx children after three vaccine doses.
Specific spike memory T cell were observed with a median of 6.5
(IQR, 2.0–32) SFC in children after two doses of vaccine. Medians
of Spike-specific T cell response were, respectively, 13.5 (IQR,
2.3–51.8) SFC in the 12 children with previous natural infection,
and 5 (IQR, 1–8.8) SFC in the 16 children without previous
natural infection. Specific memory T cell were observed with a
median of 7 (IQR, 1.0–23) SFC in children after three doses of
vaccine. Median of Spike-specific T cell response tended to be
higher in children with a humoral response after 2 doses (10
(IQR, 1–36) SFC) as compared to non-responders (3 (IQR,
1.5–145.5) SFC). Interestingly, children with the higher level of
Spike-specific T cell response in the non-responder group had a

FIGURE 2 | Antibody response to SARS-CoV-2 following two or three
injections of SARS-CoV-2 mRNA vaccine in KTx children. (A) Titers of anti-S
IgG are shown in 32 KTx children following two injections of SARS-CoV-
2 mRNA vaccine. Children are classified according to their history of
previous natural SARS-CoV-2 infection before the second injection: with
natural infection (I) or without natural infection (NI). (B) Antibody titers to SARS-
CoV-2 following three injections of SARS-CoV-2 mRNA vaccine in 40 KTx
children classified according to their humoral response following the second
vaccine injection: Responder (R) for positive response, Non-responder (NR)
for negative response and Unclassified (NC) for children with missing data. (C)
Matched SARS-CoV-2 antibody titers for eight patients following the second
and third vaccine doses. Dashed horizontal lines represent the threshold of
positive humoral response (33.8 BAU/mL) and the ab level associated with
80% of vaccine efficacy against primary symptomatic COVID-19 (264 BAU/
mL). Medians and interquartile ranges are shown.
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natural infection between the 2nd and the third dose
(Figures 5A,B).

Among 51 patients tested for both anti-Spike humoral and
Spike-specific T cell responses, none had a spike-specific cellular
response without a positive humoral response, whereas 9/51 had
a positive humoral response without spike-specific cellular
response detected (Figure 5C).

DISCUSSION

In this study, we confirm a higher humoral response rate after two
injections of Pfizer SARS-CoV-2 mRNA BNT162b2 vaccine in
pediatric kTx recipient (>80%) as compared to the rates reported
in adult kTx recipients. We also demonstrate that a third dose of
vaccine is able to induce a humoral response in 75% of the
children that did not respond after two injections. Moreover,

natural infection prior to vaccination significantly improves
response rate since all patients with prior infection have
stronger humoral responses and neutralizing antibody
activities after two injections. Antibodies developed in kTx
children with natural infection exhibit a lower loss of
neutralizing activity against VOC than in kTx children
without infection. Conversely, in responders after two doses,
an additional dose of vaccine does not compensate for the
sharp decrease in antibody neutralizing activities against VOC.
Our data also highlight stronger discrepancies between anti-S IgG
levels and neutralizing antibody activities for VOC. Finally,
despite immunosuppressive therapy affecting the proliferative
and/or effector functions of peripheral T cells, a significant
number of kTx children developed anti-S specific T cell
response after vaccination.

The high humoral response rate (85%) found in our cohort of
pediatric kTx recipients is consistent with the publication of

FIGURE 3 | Neutralizing antibody responses against wild-type, Delta and Omicron SARS-CoV-2 strains following two or three injections of SARS-CoV-2 mRNA
vaccine in KTx children. (A) Neutralizing antibody activities against SARS-CoV-2 strains following two injections of SARS-CoV-2 mRNA vaccine classified according to
their previous natural SARS-CoV-2 infection before the second injection: with natural infection (I) or without natural infection (NI). (B) Neutralizing antibody activities
against SARS-CoV-2 strains following three injections of SARS-CoV-2 mRNA vaccine. Children are classified according to their humoral response following the
second vaccine injection: Responder (R) for positive response, Non-responder (NR) for negative response and Unclassified (NC) for children with missing data. (C)
Matched SARS-CoV-2 antibody neutralizing activities against SARS-CoV-2 strains for eight KTx children following the second and third vaccine doses. Dashed
horizontal lines represent the threshold of positive neutralizing antibody response (30%). Medians and interquartile ranges are shown. Anti-SARS-CoV-2 neutralizing
antibody activities were evaluated against the wild-type (WT) strain and the Delta and Omicron variants. Medians and interquartile ranges are shown.
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Sattler et al. which report a 90% rate of seroconversion after two
doses of BNT162b2 mRNA COVID-19 vaccine among
adolescent kTx recipients [16]. These rates are much higher
than those reported among adult kTx recipients with around
40% of patients developing anti-spike IgG after two injections [17,
18]. Similarly, Crane et al. and Kermond et al. described lower
seroconversion rates, respectively 56% and 50% in adolescent kTx
recipients, with a response rate affected by the use of
mycophenolate and prednisolone [13, 19]. Individual
susceptibility to treatment or differences in treatment regimens
may explain the observed discrepancies. As in Sattler et al. report,
we observed that approximately 80% of kTx adolescents
developed neutralizing antibody against the wild-type strain
after two doses of vaccine. Interestingly, we also analyzed the
protective responses against variants and showed that
neutralizing activity of antibodies decreased with the
increasing variability of VOC. Such observation is also

described in adult kTx recipients and to a lesser extend in
healthy adult donors [18].

The interpretation of low levels of anti-S IgG is already a
challenge to predict a clinical protection against the wild-type
strain. In our study, the six patients having a positive anti-S IgG
response without neutralizing antibody activity, presented anti-S
IgG levels below 264 BAU/mL. This cut-off, initially described
with the alpha SARS-CoV-2 strain, was found associated with
80% of vaccine efficacy against primary symptomatic COVID-19
in previous studies [14]. Given the major discrepancies between
anti-S IgG levels and neutralizing antibody activities against
VOC, our results suggest that positivity threshold determined
based on data with the alpha strain may not be applicable to other
variants. Therefore, the development of assays and/or thresholds
specifically designed for new VOC or the assessment of the
neutralizing activity against VOC, which will become more
accessible with the development of pseudoneutralization test,

FIGURE 4 | Correlation of anti-S IgG titers and neutralizing antibody activities against the wild-type strain, Delta and Omicron variants of SARS-CoV-2 in KTx
children. Correlation of anti-S IgG titers and neutralizing antibody activities against the wild-type strain (WT) (A), Delta (B) and Omicron (C) strain in 71 KTx children
(31 following two injections and 40 following three injections). Dashed lines represent the threshold of positive humoral response (33.8 BAU/mL) and the threshold of
positive neutralizing antibody response (30%).
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would be more reliable to evaluate clinical protection
against VOC.

We also showed that all patients with a history of COVID-19
infection before vaccination had higher anti-spike antibody titers
and neutralizing antibody activities after vaccination than patients
without infection. Moreover, they also maintained a better ability to
neutralize the Omicron variant compared to patients without
infection. Among adult kTx recipients, Magicova et al. reported a
major difference in the seroconversion rates between patients with
(97%) and patients without (40%) previous infection [20]. Other
reports support an improved response to vaccination in infected
patients, both in terms of anti-SARS-CoV-2 Ig levels and antibody
neutralizing activities, with a better and more sustained clinical
protection against new variants [21–23]. Along with our results, this
suggests that two injections may be sufficient for the initial
vaccination of kTX recipients with a history of COVID-19
infection. However, longitudinal data on the sustainability of the
humoral response after various vaccination protocols and after

infection are needed to make a definitive conclusion on the best
vaccination protocol in these patients.

The analysis of the group of patients receiving three doses
demonstrated that a third dose induced a serological response in
75% of the non-responders after two doses. This again contrasts
with previous studies in adults reporting much lower rates of
seroconversion after a third dose (between 38% [7] and 44% [8]).
More importantly, 42% of the non-responders after two doses
presented after their third dose of vaccine antibody titers expected
to provide an effective protection against severe COVID-19
infections (264 BAU/mL), in line with recent publications
suggesting the benefit of a third SARS-CoV-2 vaccine for
antibody response in adolescent with kTx [13, 19]. Whether
this immunity will last over time and remain effective despite
virus variability has to be demonstrated. Indeed, we showed that
responders after two doses presented a high neutralizing antibody
response against wild-type strain of SARS-CoV-2 but that half of
them did not display neutralizing activity against the Omicron

FIGURE 5 | Spike specific T cellular response following two or three injections of SARS-CoV-2 mRNA vaccine in KTx children. (A) SARS-CoV-2 specific T cell test
results from top to bottom: negative control, anti-S T cell response, anti-N T cell response and positive control. (B)Numbers of anti-S T cells are shown in 28 KTx children
following two injections of SARS-CoV-2 mRNA vaccine. Children are classified according to their previous natural SARS-CoV-2 infection before the second injection:
with natural infection (I) or without natural infection (NI). Numbers of anti-S T cells following three injections of SARS-CoV-2 mRNA vaccine in 23 KTx children
classified according to their humoral response following the second vaccine injection: Responder (R) for positive response, Non-responder (NR) for negative response
and Unclassified (NC) for children withmissing data. Medians and interquartile ranges are shown. (C)Correlation of anti-S humoral response and anti-S T cell response in
51 KTx children (28 KTx following two injections and 23 following three injections).
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stain. Unfortunately, an additional dose of Pfizer SARS-CoV-
2 mRNA BNT162b2 vaccine did not overcome the loss of
neutralizing activity due to higher virus variability and support
the need for new vaccines specific for the variants.

We also assessed T cell specific immunity against SARS-CoV-2.
Early in the pandemic, T cell response to mRNA COVID-19 vaccine
received a lot of attention. However, only few data on T cell response
are available in pediatric kTx recipients. Sattler et al. reported the
same frequency of anti-S CD4 T cell in adolescents kTx recipients
than in healthy adolescents after vaccination [12]. In our study,
despite their immunosuppressive treatment, around 50% of kTx
children developed anti-S specific T cell response, after two or three
doses of vaccine. Among adult KTx recipients, cell response rates
after three doses of vaccine greatly varied from 13% to 85% according
to studies [7, 9, 24, 25]. Interestingly, half of kTx children with
discrepancies between a positive anti-S humoral response and no
neutralizing antibody activities against omicron, developed
anti-S specific T cell response (data not shown). The
discrepancies between neutralizing activity and T cell
response has already been described by Fernandez-Ruiz et al.
against the wild-type strain. In their study, the presence of T cell
response without any neutralizing antibody activity is described
in 13% of patients [26]. The importance of the specific T cell
response after COVID-19 vaccination or infection is supported
by the demonstration that T cell response is maintained even
against variant of concerns (VOCs) [27]. This is indeed of great
importance given the impaired neutralizing activity against
emerging VOCs in seroconverted kidney transplant
recipients after vaccination. This may provide some
persistent protection against severe cases of COVID-19
despite substantial loss of neutralizing antibody activity [28].

Altogether, our results show that 1) Pediatric kidney
transplant recipients have a high humoral response rate after
two injections of Pfizer SARS-CoV-2 mRNA BNT162b2 vaccine,
2) the assessment of the humoral response after two injections is
of interest to detect non-responders and perform a third
injection, which will induce a response in the majority of the
patients, 3) a supplementary vaccine dose did not counterbalance
the strong decrease in neutralizing antibody activities against
VOC highlighting the need for vaccines against new VOC.
Further studies are however needed to assess the impact of the
various vaccination strategies and the use of vaccine against new
VOC on the maintenance of the immune response.
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