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BACKGROUND: A suboptimal response to the 2-dose COVID-19 vaccine series in the immunocompromised population prompted
recommendations for a 3rd primary dose. We aimed to determine the humoral and cellular immune response to the 3rd COVID-19
vaccine in immunocompromised children.
METHODS: Prospective cohort study of immunocompromised participants, 5–21 years old, who received 2 prior doses of an mRNA
COVID-19 vaccine. Humoral and CD4/CD8 T-cell responses were measured to SARS-CoV-2 spike antigens prior to receiving the 3rd
vaccine dose and 3–4 weeks after the 3rd dose was given.
RESULTS: Of the 37 participants, approximately half were solid organ transplant recipients. The majority (86.5%) had a detectable
humoral response after the 2nd and 3rd vaccine doses, with a significant increase in antibody levels after the 3rd dose. Positive
T-cell responses increased from being present in 86.5% to 100% of the cohort after the 3rd dose.
CONCLUSIONS: Most immunocompromised children mount a humoral and cellular immune response to the 2-dose COVID-19
vaccine series, which is significantly augmented after receiving the 3rd vaccine dose. This supports the utility of the 3rd vaccine
dose and the rationale for ongoing emphasis for vaccination against COVID-19 in this population.
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IMPACT:

● Most immunocompromised children mount a humoral and cellular immune response to the 2-dose COVID-19 vaccine series,
which is significantly augmented after receiving the 3rd vaccine dose.

● This is the first prospective cohort study to analyze both the humoral and T-cell immune response to the 3rd COVID-19 primary
vaccine dose in children who are immunocompromised.

● The results of this study support the utility of the 3rd vaccine dose and the rationale for ongoing emphasis for vaccination
against COVID-19 in the immunosuppressed pediatric population.

INTRODUCTION
Vaccines against SARS-CoV-2 have been instrumental in decreas-
ing COVID-19 related morbidity and mortality.1,2 Although vaccine
efficacy is high in immunocompetent adults, those who are
immunocompromised have demonstrated a suboptimal response
to the primary 2-dose COVID-19 vaccine series with higher
hospitalization rates and greater severity of illness.3–6 A recent
meta-analysis found that the 2-dose COVID-19 vaccine efficacy
was 70.4% in immunocompromised adults, with only 63%
developing anti-SARS-CoV2 spike protein IgG antibodies com-
pared to 99.1% in the healthy population.7 Studies evaluating a
3rd dose of the COVID-19 vaccine in immunocompromised adults
showed a significant increase in seroconversion which prompted
the FDA to recommend a 3rd primary dose for the immunocom-
promised population.8–11 Subsequently, multiple booster vaccine
doses have now been recommended as well.

Notwithstanding the previous recommendation, there is limited
evidence regarding the degree and duration of vaccine-induced
immunogenicity in immunocompromised children. Recent
pediatric-specific studies have revealed a suboptimal antibody
response to the 2 and 3-dose COVID-19 vaccine series in
adolescent kidney transplant recipients which is comparable to
observations in immunocompromised adults.12,13 In contrast, a
cohort of children with inflammatory bowel disease did not have a
suppressed antibody response to the 2-dose series, despite
receiving immunosuppressive medications.14 While the humoral
response is more commonly studied, less is known regarding the
T-cell response to the COVID-19 vaccine in immunocompromised
individuals, particularly in children.9,15 In turn, we aimed to
evaluate both the humoral and T-cell immune response to the 3rd
COVID-19 primary vaccine dose in a population of immunocom-
promised children and adolescents.
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METHODS
This was a prospective cohort study with immunocompromised partici-
pants 5–21 years of age. Participants were characterized as being
immunocompromised based upon the following criteria published by
the Center for Disease Control and Prevention (CDC):

“Received a solid organ transplant (heart, liver, kidney) and receiving
immunosuppressive therapy, OR
Receiving active cancer treatment (tumor or blood cancers), OR
Received a stem cell transplant within the last 2 years, OR
Those with a moderate/severe primary immunodeficiency, OR
Receiving chronic immunosuppression defined as active treatment with
high-dose corticosteroids (i.e., ≥20mg prednisone or equivalent per day),
alkylating agents, antimetabolites, transplant-related immunosuppres-
sive drugs, cancer chemotherapeutic agents classified as severely
immunosuppressive, tumor necrosis factor (TNF) blockers, and other
biologic agents that are immunosuppressive or immunomodulatory”16

Inclusion criteria required participants to have previously received the
initial 2 vaccine doses of either the BNT162b2 (Comirnaty®) or mRNA-1273
(Spikevax®) vaccine, as per the age-related recommendations from the
CDC, and have plans to receive the 3rd primary vaccine dose. Participants
were excluded if any of their immunosuppressive medication dosages
were increased by >25% of their maintenance dose in the 2 weeks prior to
receiving the 3rd vaccine dose because of the influence that enhanced
immunosuppression might have on vaccine response. Primary physicians
and coordinators within each participating division approached eligible
participants during clinic visits for recruitment. Interested participants were
then contacted by study team members for consent.
The study consisted of 2 visits with an online survey and lab assays for

humoral and cellular immune response at each visit. The 1st study visit
occurred immediately prior to receiving the 3rd dose of the COVID-19
vaccine, which participants were instructed to receive through any of the
available vaccine clinics at Children’s Mercy Kansas City or within the
community. The 2nd study visit occurred 3–4 weeks post-3rd dose
vaccination. Humoral response was measured by quantitative SARS-CoV-2
immunoglobulin G (IgG) antibody binding levels to 4 viral proteins and an
ACE-receptor blocking assay measured the neutralizing antibody level (≥
30% indicated a positive response). Cellular response was measured by
SARS-CoV-2 antigen-specific T-cell (CD4/CD8) assays and reported as
“detected” or “not detected”. Online surveys were obtained via REDCap
electronic data capture tools hosted at Children’s Mercy Kansas City.17,18

Surveys included initial demographic information with subsequent surveys
assessing medication changes and COVID-19 breakthrough illnesses.

Humoral immune response
SARS-CoV-2 viral antigenmultiplexed binding assay. Antibody levels to SARS-
CoV-2 spike subunit proteins (spike subunit 1 (S1), spike subunit 2 (S2),
receptor-binding domain (RBD)) and nucleocapsid (NP) antigens were
measured with a bead-based multiplex assay and Luminex xMAP
technology, using reagent kits (Millipore, #HC19SERG1-85K) with secondary
antibodies specific for IgG. Each kit provided SARS-CoV-2 antigen conjugated
beads (S1, S2, RBD, NP) along with 4 positive control beads and a negative
control bead set. The positive control beads were coated with different
concentrations of IgG while the negative control beads determined
nonspecific binding. The 4 positive control beads and 1 negative control
beadweremixed and incubated with each plasma sample which was diluted
to 1:100 with assay buffer. With each assay plate, at least two sample wells
with only buffer and no plasma were included to determine assay
background. Finally, PE-anti-human IgG conjugate detection antibodies
were utilized to determine antibody isotype responses to each of the SARS-
CoV-2 antigens. Using the positive control beads, the inter-assay (plate-to-
plate) coefficient of variation (CV) was determined to be 5.16% for each
assay. To acquire and analyze data, the Luminex analyzer (MAGPIX) and
Luminex xPONENT acquisition software were utilized. Samples were run in
duplicate, and after acquisition, net mean fluorescence intensity (MFI) was
determined (MFI with background well MFI subtracted). Positive control
beads were utilized to ensure positive detection of the well and to identify
any inter- and/or intra-assay technical variation. The level of nonspecific
binding was detected by using the negative control samples’ MFI.

SARS-CoV-2 viral neutralizing antibody assays. To detect viral neutralizing
antibodies, the SARS-CoV-2 Surrogate Virus Neutralization Test kit was

used (Genscript, #L00847) according to the standard protocol.19–21

Samples were run in duplicate with blocking values averaged. This kit
detected antibodies that block the interaction between the receptor
binding domain of the viral spike glycoprotein with the Angiotensin
Converting Enzyme 2 (ACE2) cell surface receptor and has been approved
by the FDA for emergency use. Plasma samples, along with positive (anti-
RBD antibody) and negative (buffer only) controls, were incubated with a
Horseradish Peroxidase (HRP) conjugated recombinant SARS-CoV-2 RBD
(original strain 2019-nCoV) or SARS-CoV-2 RBD (Omicron) fragment. The
mixture was then added to a capture plate coated with the human ACE2
protein. The unbound HRP-RBD then binds to the plate. After washing,
3,3’,5,5’-Tetramethylbenzidine (TMB) solution was added to develop the
HRP signal and was read at 450 nm in a microtiter plate reader. The
absorbance of the sample was inversely dependent on the titer of the anti-
SARS-CoV-2 neutralizing antibodies. A cutoff of ≥30% was considered
positive for SARS-CoV-2 neutralizing antibody. Plasma samples were
diluted 1:10 for all samples.

Cellular immune response
Patient whole blood specimens were sent to a commercial reference
laboratory (Eurofins-Viracor Laboratories) for the SARS-CoV-2 inSIGHT™
T-cell immunity panel testing. Aliquots of the samples were left
unstimulated to measure background or were stimulated with the SARS-
CoV-2 peptide mix for the spike (S) protein, the nucleocapsid peptide (NP)
mix (JPT Peptide Technologies) or with Staphylococcus aureus enterotoxin
B (SEB) as a positive control. Samples were stimulated overnight in a 37 °C
5% CO2 incubator in the presence of CD28/49d and Brefeldin A (BD
Biosystems). After the overnight incubation, erythrocytes were lysed, and
the samples were fixed and permeabilized for intracellular cytokine
staining. Fluorochrome labeled antibodies used for identifying specific
T-cell populations and functional activation were CD3-PerCPCy5.5, CD4-
Pacific Blue, CD8-APC-Cy7, CD69-PE-Cy7, IFNγ-FITC, IL-2-PE and TNFα-APC
(BD Biosciences). Samples were acquired on the Cytek Aurora® flow
cytometer and the data were analyzed using FCS Express™. Activated
T-cells expressed CD69 and at least one of the cytokines. The fold-increase
over the background (unstimulated) responses for each population were
calculated and a 3-fold increase or higher in both a single cytokine (IFNγ,
IL-2 or TNFα) expressing T-cell population and a polyfunctional (defined as
2 or more individual cytokines detected in individual cells) expressing
T-cell population from either S or NP stimulated aliquots were reported as
immunity detected. This T-cell assay was validated using samples from
healthy volunteers who were vaccinated against SARS-CoV-2 or had been
infected and were recovered. The sensitivity of the assay from these
samples was determined to be 90% and the specificity was 78% when the
cutoff for positivity was 3-fold above the background in the responding
cell populations.

Statistical analysis
McNemar’s test was used to compare the frequency of detected vs. non-
detected between time points. The Wilcoxon signed-rank test was used
when comparing continuous outcomes between time points. Data was
analyzed using R software (version 4.1.2; R Core Team: Vienna Austria).

RESULTS
Study population
Thirty-seven participants completed the 2 study visits assessing
the immune response prior to and 3–4 weeks after receiving the
3rd COVID-19 vaccine dose. Of these participants, 17 had a solid
organ transplant and 20 were receiving immunosuppressive
medication for other chronic illnesses (Table 1). The mean age
was 15.4 years, 62.2% male, with most participants prescribed a
calcineurin inhibitor, prednisone, mycophenolate mofetil, and/or a
tumor necrosis factor alpha (TNFα) blocking agent. Six participants
self-reported COVID-19 illnesses prior to receiving the 3rd COVID-
19 vaccine dose (Table 1).

Humoral immune response
Levels of binding antibodies to 3 SARS-CoV-2 spike protein
subunits (S1, S2 and receptor-binding domain (RBD)) were
detected in most participants after the 2-dose vaccine series with
median MFI levels of 13,157 (95% CI: 6639–16,188), 13,158 (95% CI:
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11,434–17,259), and 17,379 (95% CI: 13,838–19,540) for S1, S2, and
RBD subunits, respectively (Fig. 1). These levels were significantly
boosted after the 3rd vaccine dose for all three spike subunit
proteins to median MFI levels of 19,741 (95% CI: 18,426–21,108),
18,797 (95% CI: 17,532–20,542), and 21,107 (95% CI
20,097–21,913) for S1, S2, and RBD subunits, respectively
(p ≤ 0.0005) (Fig. 1). Five participants had low levels (<2000 MFI)
for all spike protein subunits, which remained low even after the
3rd vaccine dose, suggesting a limited humoral immune response
to the vaccine (Fig. 1).
The spike protein is the only SARS-CoV-2 viral component in the

COVID-19 vaccine. Thus, antibody responses to other viral
proteins, such as the nucleocapsid protein (NP), likely indicate

prior infection with SARS-CoV2. As expected, most participants
had low NP antibody levels before and after receiving the 3rd
vaccine. Five of the six participants who had a self-reported
COVID-19 illness prior to receiving the 3rd vaccine dose had
elevated NP antibodies (>5000 MFI). Three of those participants
had elevated NP antibodies after the 2-dose vaccine series (visit 1)
and two additional participants developed elevated NP antibodies
after receiving the 3rd vaccine dose (visit 2) (Fig. 2).
As a surrogate to neutralizing antibody detection, the levels of

antibodies that could block the human host receptor angiotensin
converting enzyme 2 (ACE2) and viral RBD binding were
measured. Blocking antibodies were measured against the original
vaccine-matched strain (2019-nCoV) and the Omicron variant that
emerged in the fall of 2021. Detectable blocking antibodies were
found in 86.5% of participants before and after the 3rd vaccine
dose against the 2019-nCoV strain. The five participants that had
low levels of binding antibodies to the spike protein also had
undetectable blocking antibodies before and after the 3rd vaccine
dose (Fig. 3). The magnitude of blocking antibodies increased
from a median of 89.91% (95% CI: 65.25–94.45%) after the 2-dose
vaccine series to a median of 94.63% (95%CI: 94.51–96.37%)
following the 3rd vaccine dose (p= 0.0001). On further evaluation
of the 5 participants with no antibody response following the 3rd
vaccine dose, 4 of these children were kidney transplant recipients
and were prescribed mycophenolate mofetil, tacrolimus, and
prednisone and 1 child had received rituximab for a rheumato-
logic disease 3 months prior to receiving the 3rd vaccine dose.
In contrast to the response to the vaccine-matched strain (2019-

nCoV), only 15.2% of participants had surrogate neutralizing
antibodies (median 14.34%, 95% CI: 0.00–16.82%) to the Omicron
variant after 2 doses of the vaccine. After the 3rd vaccine dose,
Omicron surrogate neutralizing antibodies were detected in 54.6%
of participants (median 38%, 95% CI: 19.98–71.72%), but the
magnitude remained lower than the response to the original
vaccine-strain (p < 0.0001) (Fig. 3).

Cellular immune response
Most participants (86.5%) had a positive cellular response after the
2-dose vaccine series, which increased to 100% after the 3rd
vaccine dose (p= 0.063). When characterized into CD4 and CD8
response, the CD4 response was identical to the overall cellular
response. In contrast, 20 participants had a negative CD8 response
after the 2-dose vaccine series with only 5 additional participants
converting to a positive response after the 3rd vaccine dose; 11
participants had a positive response at both time points (Fig. 4). Of
the 5 participants with initial negative cellular response, 3 were
kidney transplant recipients, 2 had rheumatologic diseases, and 1
had received a stem-cell transplant. Only 1 of the 5 also had a
negative humoral response.

DISCUSSION
Children who are immunocompromised have been shown to
mount an inadequate immune response compared with immu-
nocompetent children, both in terms of their capacity to respond
to active infections as well as their response to vaccinations.
Medications that are frequently prescribed for these children
cause a variable degree of immunosuppression. It is well
documented that medications such as B-cell depletion therapies,
high dose glucocorticoids, and mycophenolate mofetil signifi-
cantly reduce the immune response to vaccinations.5,6,22 This has
led to concerns regarding protection against SARS-CoV-2 despite
vaccination in the immunocompromised population. Strategies
such as a decreased dose of immunosuppressive medications or
transition to fewer immunosuppressive medications in anticipa-
tion of vaccine administration have been suggested by some to
augment vaccine responsiveness to SARS-CoV-2 in this popula-
tion, with the associated risk for transplant rejection or suboptimal

Table 1. Demographics.

Age (mean, range) 15.4 years (5–21 years)

Sex (N, % male) 23 (62.2%)

Race (N, %)

White 27 (73%)

Black/African American 3 (8.1%)

Asian 2 (5.4%)

American Indian/Alaska Native 1 (2.7%)

Multiracial 2 (5.4%)

Unknown 2 (5.4%)

Ethnicity (N, %)

Hispanic/Latino 3 (8.1%)

Non-Hispanic/Latino 28 (75.7%)

Unknown/Other 6 (16.2%)

Medical History (N, %)

Kidney transplant 12 (32.4%)

Liver transplant 5 (13.5%)

Stem cell transplant 1 (2.7%)

Rheumatologic disease 13 (35.1%)

Gastrointestinal disease 6 (16.2%)

Immunosuppressive medications (N)

Tacrolimus, Mycophenolate mofetil,
Prednisone

11

Methotrexate, Adalimumab/
Infliximab

6

Adalimumab or Infliximab 6

Tacrolimus 3

Methotrexate 2

Sirolimus 2

Hydrocortisone/Stem cell transplant 1

Sirolimus, Mycophenolate mofetil,
Prednisone

1

Rituximab 1

Anakinra, Infliximab 1

Cellcept, Prednisone 1

Tocilizumab 1

Abatacept 1

Self-reported COVID-19 Illness Prior to 3rd Vaccine (N, %)

Yes 6 (16.2%)

No 29 (78.4%)

Unknown 2 (5.4%)

Months between 2nd and 3rd COVID
vaccine (mean, range)

4.38 months
(1–9 months)
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control of the underlying disorder.5,6,22 While inhibition of the
humoral immune response to vaccination is well documented in
the immunocompromised population, less is known regarding the
effect of vaccination on the cellular immune response.
In this cohort, most immunocompromised children did mount a

humoral (86.5%) and cellular (86.5%) immune response to the
2-dose COVID-19 vaccine series. Not surprisingly, this response
remained lower than what has been demonstrated for healthy
children who received the BNT162b2 2-dose vaccine series in
whom a humoral response was detected in 90.7%, 100%, and 95%
of participants for age groups 5–11 years, 12–15 years, and ≥16
years, respectively.23,24 While the humoral response to the original
strain of COVID-19 was present in the majority of participants in
our immunocompromised cohort, only a minority of participants
(15.2%) mounted a response to the Omicron variant following
receipt of the initial 2 vaccine doses. Whereas a response to the
Omicron variant did improve and was found to be present in
54.6% of participants after the 3rd COVID-19 vaccine dose, the
frequency and strength of the response remains suboptimal
compared to the response to the original strain. This is consistent
with other adult and pediatric studies, which also found a reduced
effectiveness of current COVID-19 vaccines against the Omicron

variant and emphasizes the importance of booster vaccine doses
and continued attention to recommended public health care
measures in hopes of providing adequate protection against this
variant.25–27

Impressively, all participants had a detectable cellular response
after receiving the 3rd vaccine dose, including the 5 participants
who did not mount a humoral response. This is consistent with a
few studies that have shown detectable cellular immune
responses despite diminished vaccine induced humoral immune
responses in immunocompromised individuals.12,22,28 This high-
lights the multifaceted complexity of immunity, specifically that
protection against COVID-19 is likely dependent on both humoral
and cellular mechanisms. When the cellular immune response was
categorized as a CD4 and CD8 response, the CD4 response was
more prominent, although both improved following the 3rd
COVID-19 vaccine dose. Painter et al also noted a robust initial
CD4 response to COVID-19 vaccination which supports the
development of memory B cells and antibody formation. The
CD8 response occurred more slowly and improved with sub-
sequent COVID-19 vaccine doses.29

There are several strengths to our study including its prospective,
pediatric-specific design in a particularly vulnerable patient popula-
tion, and the assessment of both humoral and T-cell immune
responses to the 3rd COVID-19 vaccine. The humoral response
assessment included analysis of several spike proteins along with
assessment of neutralizing antibodies to the original strain, as well as
to the Omicron variant. The study limitations include a small sample
size from a single site, a short follow up period, and limited racial and
ethnic diversity within the study cohort. The small sample size and the
variety of immunosuppressive medication regimens also precluded
further meaningful subgroup analysis regarding the effects of the
underlying diagnosis and types of immunosuppressive medications
on the response to the 3rd COVID vaccine dose. Nevertheless, the
study does provide the opportunity for collection of additional
longitudinal data from a more diverse population of immunocom-
promised children from multiple divisions within our institution to
evaluate the duration of the humoral and T-cell immune responses
and their association with subsequent COVID-19 infections.

CONCLUSION
Most immunocompromised children mount a humoral and
cellular immune response to the 2-dose COVID-19 vaccine series,
a response that is significantly augmented after receiving the 3rd
vaccine dose. This supports the need for ongoing emphasis on the
benefits of vaccination against COVID-19 in this population.
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Fig. 1 Antibody binding levels to SARS-CoV-2 spike proteins. Multiplex bead-based antibody binding assay that measures the IgG antibody
response to SARS-CoV-2 spike subunit 1 (S1), spike subunit 2 (S2) and receptor-binding domain (RBD). Median Fluorescent Intensity (MFI) is
shown and background well subtraction has been used to remove nonspecific signal. Each dot represents an individual (n= 37) after the two-
dose vaccine series (Visit 1) and after the 3rd vaccine dose (Visit 2). P values were determined using Wilcoxon matched pairs signed rank test.
Group median values are displayed above the graph.
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Fig. 2 Antibody binding levels to SARS-CoV-2 nucleocapsid
proteins. A multiplex bead-based antibody binding assay measured
the IgG antibody response to SARS-CoV-2 nucleocapsid protein.
Median Fluorescent Intensity (MFI) is shown and background well
subtraction has been used to remove nonspecific signal. Each dot
represents an individual (n= 37) after the two-dose vaccine series
(Visit 1) and after the 3rd vaccine dose (Visit 2). P values were
determined using Wilcoxon matched pairs signed rank test. Group
median values are displayed above the graph.
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Subsequent analyses regarding the duration of vaccine induced
immunogenicity and the frequency and severity of breakthrough
infections will help inform the long-term vaccine strategy.

DATA AVAILABILITY
The datasets generated during and/or analyzed during the current study are available
from the corresponding author on reasonable request.
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