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Our study in 21 pediatric cancer patients demonstrates that
3 doses of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) messenger RNA vaccine (BioNTech/Pfizer)
elicited both humoral and cellular immunity in most patients
during chemotherapy. Immunity was stronger in children
with solid tumors and during maintenance therapy compared
to those with hematological malignancies or during intensive
chemotherapy.
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Compared with healthy individuals, children and adolescents
treated for cancer have a higher risk of critical illness during se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection [1]. When vaccination against SARS-CoV-2 became
available by the end of 2020, the Standing Vaccination
Commission (STIKO) in Germany recommended that all can-
cer patients receiving chemotherapy should be vaccinated

against SARS-CoV-2 [2]. As uncertainties remained whether
and to what extent the vaccine was effective in pediatric
patients treated for cancer, we performed a prospective explor-
atory, longitudinal, observational study to examine the cellular
and humoral immune response to 3 doses of messenger RNA
(mRNA) vaccine in this patient population.

PATIENTS AND METHODS

The study enrolled pediatric cancer patients<18 years irrespec-
tive of the underlying malignancy who were on active treat-
ment, had received at least 1 cycle of chemotherapy, and had
a life expectancy of at least 3 months. Previous or ongoing in-
fection with SARS-CoV-2, pregnancy. and primary immuno-
deficiency were exclusion criteria. Patients received 2 doses of
the mRNA vaccine BNT162b2 (Comirnaty, BioNTech/Pfizer)
within 3–6 weeks, and a booster vaccination between 4 weeks
and 6 months after the second vaccination, which were admin-
istered preferentially at lymphocyte counts ≥1000 cells/µL.
Vaccination could be delayed due to cancer treatment or com-
plications of therapy. Primary study endpoints were humoral
and cellular immune responses to vaccination against
SARS-CoV-2, and the secondary endpoint was infection with
SARS-CoV-2. The study was approved by the local Ethical
Committees Frankfurt (2021-128), Münster (2021-467-b-S),
and Freiburg (2021-1382), and was registered with the
German Registry for Clinical Trials (DRKS00025254). All
patients and caregivers provided written informed consent.
A prior infection was ruled out by assessing antibodies

against the nucleocapsid antigen and the receptor-binding do-
main (RBD) of SARS-CoV-2 (Abbott Alinity i platform, Abbott
Laboratories, Abbott Park, Illinois). During the study, all
patients underwent regular respiratory polymerase chain reac-
tion (PCR) testing irrespective of clinical symptoms (eg, prior
to each hospitalization).
Two to 3 weeks after the first and second vaccination, respec-

tively, blood was drawn for a complete blood count, lympho-
cyte subsets, immunoglobulin G (IgG) level, anti-RBD-IgG,
neutralizing antibodies against the Delta variant (after the third
vaccination also against the Omicron variant) in an authentic
neutralizing assay, SARS-CoV-2–specific T cells, and
antigen-specific memory B cells. The end of the study was de-
fined by the time of the assessment of complete blood count,
anti-RBD-IgG of SARS-CoV-2, and neutralizing antibodies
4–6 weeks after the third vaccination (Supplementary
Figure 1). Tests could be postponed as long as the patient
was pancytopenic after chemotherapy.
Neutralizing antibodies were assessed as described previous-

ly [3]. The enzyme-linked immunosorbent spot assay was used
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to detect SARS-CoV-2–specific T cells (T-SPOT.COVID,
Oxford Immunotec) and antigen-specific memory B cells [4, 5].

Differences between groups were analyzed using the Wilcoxon
rank test for paired samples, and the Mann–Whitney U test for
unpaired groups. The Spearman rank coefficient of correlation
was calculated to evaluate the correlation between laboratory pa-
rameters such as leukocyte counts and SARS-CoV-2. A P value
(2-tailed) < .05 was considered statistically significant. Analyses
were performed using GraphPad Prism software version 5.0.2
(Graph Pad Software, San Diego, California).

RESULTS

BetweenMarch andOctober 2021, 21 pediatric patients (11 female)
with a median age of 16.3 years (range, 13.2–17.9 years) were in-
cluded in the study (Supplementary Table). Patients suffered
from hematological (n=14) and solid malignancies (n=7), and
10 and 11 received intensive or lower-intensity maintenance che-
motherapy, respectively. All but 1 patient, who died of tumor pro-
gression after the second vaccination, received 3 vaccinations.None
of the 21 study participants had evidence of an infection with
SARS-CoV-2 until the end of the study.

After 1 vaccine dose, 38.1% (8/21) had detectable antibodies
against the RBD of SARS-CoV-2, and 76.2% (16/21) and 90%
(18/20) after 2 and 3 doses, respectively, with statistically signifi-
cant increases of geometric mean antibody titers of 3.3 (geometric
standard deviation [GSD], 14.86), 103.7 (GSD, 27.97), and 612.5
(GSD, 8.905) binding antibody units (BAU)/mL (P< .0001 and
P= .032) (Figure 1A). No significant correlation was observed be-
tween the lymphocyte count prior to vaccination and the
anti-RBD-IgG concentration after the respective vaccine dose,
and the antibody response of patients with lymphocyte counts
≥1000 cells/µL prior vaccination did not significantly differ
from those with lymphocyte counts <1000 cells/µL,
Supplementary Figure 2). Neutralizing antibodies against the
Delta variant of SARS-CoV-2 with a titer >1:10 were detected
in 4.7% (1/21) after the first dose, in 38.1% (8/21) after the second
dose and in 55% (11/20) after the third dose of vaccine. After the
third dose, 20.0% (5/20) had neutralizing antibodies against the
Omicron variant (Figure 1B).

When comparing patients with solid and hematological ma-
lignancies, all 6 surviving patients with solid tumors (100%)
and 12 of the 14 patients (85.7%) with hematological malignan-
cies had detectable SARS-CoV-2 anti-RBD-IgG after the third
dose (the deceased patient already had detectable SARS-CoV-2
anti-RBD-IgG after the second vaccination) (Supplementary
Figure 3). Five of 6 patients with solid tumors (83.3%) and 7 of
14 patients (50%) with hematological malignancies had detect-
able neutralizing antibodies against the Delta variant (titer
≥1:20) after the third dose. After all 3 vaccine doses, patients
with solid tumors had higher geometric mean anti-RBD-IgG
concentrations and neutralizing titer against the Delta variant

of SARS-CoV-2, which was statistically significant for
anti-RBD-IgG after the third dose (P= .041).
Compared to the 10 pediatric patients who started vaccination

during intensive chemotherapy, the 11 patients (10 at the third
time point) starting vaccination during maintenance therapy de-
veloped higher levels of anti-RBD-IgG antibodies at all 3 time
points (significant after the second vaccine dose; P= .0019)
(Supplementary Figure 4). After the third dose, the mean geo-
metric concentration of anti-RBD-IgG was 355.6 BAU/mL for
patients on intensive anticancer treatment, and 1063 BAU/mL
for those onmaintenance therapy. Patients onmaintenance ther-
apy also demonstrated higher neutralizing antibody titers against
the Delta variants after all 3 vaccine doses (significant after sec-
ond and third vaccine dose; P= .003 and P= .026, respectively).
SARS-CoV-2–specificTcells couldbeevaluated in15and18pa-

tients after the first and second vaccination, respectively. Five pa-
tients (33%)hadapositive result after thefirst vaccination (median
number of spots, 3 [range, 0–25]) and 12 patients (67%) after the
second vaccination (median, 10.5 [range, 0–181]) (P= .056). After
the second vaccination, SARS-CoV-2–specific T cells did not sig-
nificantlydiffer betweenpatientswithhematological and solidma-
lignancies (7/12 vs 5/6; P= .29), but were detected in significantly
more patients receiving maintenance than in those with intensive
therapy (8/9 vs 4/9;P= .046).Discordant anti-RBD-IgGandT-cell
responses after the first and second vaccination were observed in
7 of 15 (47%) and 4 of 18 patients (22%), respectively (first vacci-
nation: 4/15 patients with detectable SARS-CoV-2 anti-RBD-IgG,
but undetectable SARS-CoV-2–specific T cells, and 3/15 patients
withnegative results of SARS-CoV-2 anti-RBD-IgGbut detectable
SARS-CoV-2–specific T cells; second vaccination: 2/18 each).
Similar results were observed when comparing Delta variant neu-
tralizing antibodies and SARS-CoV-2–specific T cells (data not
shown). Thenumber of SARS-CoV-2–specificT cells assessed pri-
or to the third vaccination correlated with the antibody response
after booster (P= .0479, ρ= 0.4895) (Supplementary Figure 5).
SARS-CoV-2–specific memory B cells could be assessed after

the first and second vaccine dose in 18 and 19 patients, respective-
ly. Specificmemory B cells were detected in 1 patient (6%) after the
first vaccination and in 8 patients (42%) after the second vaccina-
tion. Positive results for memory B cells against SARS-CoV-2 did
not significantly differ between hematological and solidmalignan-
cies and intensive and maintenance therapy, respectively. The fre-
quency of SARS-CoV-2–specific memory B cells after the second
vaccine dose did not correlate with the number of leukocytes, lym-
phocytes, SARS-CoV-2–specific T cells, and the production of an-
tibodies against the SARS-CoV-2 RBD (ρ values between −0.22
and 0.36; Supplementary Figure 6).

DISCUSSION

In this exploratory study of 21 pediatric patients receiving
treatment for cancer, a seroconversion of anti-spike RBD-IgG
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antibodies was observed in 90% of the patients after 3 mRNA
vaccine doses, and each vaccine dose significantly increased
the geometric mean antibody concentration. After 2 vaccine
doses, the seroconversion rate was 76.2%, which, however, is
lower compared to healthy adolescents [6]. Each of the 3 vaccine
doses increased the median neutralizing antibody titer against
the Delta variant, but notably, neutralization against the
Omicron variant was lower, which has also been reported in
a small group of adult cancer patients [7].

The humoral response was lower for patients with hemato-
logical malignancies compared to patients with solid tumors,
for whom high immunogenicity of the mRNA vaccine has
been reported [8]. Humoral response markers were also lower
in patients who received intensive therapy compared to those
receivingmaintenance therapy, which has a lower immunosup-
pressive intensity.

The use of serology as the sole measure of protection might
lead to an underestimation of the proportion of protected indi-
viduals, specifically when looking into protection against severe
disease [9]. Our data showed that the specific T-cell response
after 2 doses of SARS-CoV-2 vaccine was lower in children
with cancer compared to healthy adults, but was higher than
that of adult patients receiving immunosuppressive therapy,
in whom only less than half of the patients elicited a specific
T-cell response [10, 11]. Notably, in contrast to healthy individ-
uals, adult patients with cancer often have discordant results in

antibody and T-cell responses [12]. In line with our observation
in pediatric cancer patients, it was reported that SARS-CoV-2–
specific T cells were detectable in patients older than 18 years
receiving chemotherapy for various malignancies even if an an-
tibody response was absent [13]. In our study, SARS-CoV-2–
specific T cells after the second, but not the first, vaccine dose
correlated with the anti-RBD antibody response.
Memory B cells play an important role in viral control by

generating antibody responses upon reexposure to the patho-
gen. Our data show that SARS-CoV-2–specific memory B cells
can be detected after the second vaccination in about 40% of
patients. In immunocompetent adults, SARS-CoV-2 spike
and RBD-specific memory B cells increase after infection
[14], and about two-thirds of adults exhibit SARS-CoV-2–
specific memory B-cell responses after 1 year [5].
We recognize that our analysis has important limitations, as

the number of patients included in our study is small, patients
suffered from a variety of different malignancies, and strict ad-
herence to the planned schedule of vaccination was not possible
in some patients, as they suffered from treatment-related ad-
verse events. In addition, due to different assays assessing the
immune response, caution is needed when comparing study
results.
Our data are unique and demonstrate that both humoral and

cellular immune responses can be elicited in a significant pro-
portion of pediatric patients receiving intensive or

Figure 1. A, Longitudinal results of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) anti–receptor-binding domain immunoglobulin G (IgG) test. Data
points from individual study participants are connected. B, Neutralizing titers against the Delta variant of SARS-CoV-2 after the first, second, and third vaccine dose, and
neutralizing titers against the Omicron variant after the third dose. The horizontal line indicates the median titer. Differences between groups were assessed using the
Wilcoxon matched-pairs signed-rank test. Abbreviations: BAU, binding antibody units; IgG, immunoglobulin G; RBD, receptor-binding domain.
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maintenance therapy for cancer. Our ongoing studies will
reveal the benefit of the second booster dose and evaluate the
long-term immunity against SARS-CoV-2 in this vulnerable
patient population. However, it is unclear whether additional
boosters will be needed, in particular in view of the emerging
variants of SARS-CoV-2.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding
author.
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