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Abstract

Background: Pediatric patients with cancer infected with COVID-19 may be at higher risk of
severe disease and may be unable to mount an adequate response to the virus due to compromised
immunity secondary to their cancer therapy.

Procedure: This study presents immunologic analyses of 20 pediatric patients with cancer,
on active chemotherapy or having previously received chemotherapy, and measures their
immunoglobulin titers and activation of cellular immunity response to acute SARS-CoV-2
infection and COVID-19 vaccination compared with healthy pediatric controls.

Results: Forty-three patients were enrolled, of which ten were actively receiving chemotherapy,
ten had previously received chemotherapy, and twenty-three were healthy controls. Pediatric
patients with cancer had similar immunoglobulin titers, antibody binding capacity, and

effector function assay activity after vaccination against COVID-19 compared with healthy
controls, though more variability in response was noted in the cohort actively receiving
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chemotherapy. Compared with acute infection, vaccination against COVID-19 produced superior
immunoglobulin responses, particularly 1IgA1, 1gG1, and IgG3, and elicited superior binding
capacity and effector function in children with cancer and healthy controls.

Conclusions: Pediatric patients receiving chemotherapy and those who had previously received
chemotherapy had adequate immune activation after both vaccination and acute infection
compared to healthy pediatric controls, although there was a demonstrated variability in response
for the patients on active chemotherapy. Vaccination against COVID-19 produced superior
immune responses compared to acute SARS-CoV-2 infection in pediatric patients with cancer
and healthy children, underscoring the importance of vaccination even in previously infected
individuals.
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INTRODUCTION

The novel coronavirus SARS-CoV-2 has caused significant burden of disease and

mortality worldwide since its emergence.! Early data indicated reduced severity of disease
among pediatric patients compared with the adult population, which has been repeatedly
demonstrated as the pandemic has continued.2~* Despite this relative protection of younger
age, there has been significant concern that the risk of mortality with SARS-CoV-2 infection
may be higher for children with underlying illness such as cancer, compared to healthy
children.>6 These concerns stem from data in adult oncology patients that demonstrates
increased risk of serious disease and mortality with COVID-19 as well as known worse
clinical outcomes in these patients with other viral respiratory illnesses such as influenza
H1N1.7-9

Available data regarding severity of COVID-19 disease in immunocompromised pediatric
patients remains scarce, and early data did not suggest a more severe disease course
compared to immunocompetent children.®-16 However, a large scale multi-center analysis
of pediatric patients with cancer demonstrated higher incidence of severe disease due to
COVID-19 as measured by rates of hospitalization, ICU admission, and death in these
patients compared to healthy controls.’

Responses to mRNA vaccines against SARS-CoV-2 in pediatric patients with cancer

have been preliminarily investigated including one study in twenty-one pediatric patients
receiving chemotherapy, which demonstrated development of immunity as measured by
anti-RBD IgG titers and neutralization titers, albeit lower than in healthy controls. Stronger
responses were elicited in children on maintenance therapy or with solid tumors compared
to children in intensive phases of chemotherapy or with hematologic malignancies.18
Vaccination for children with cancer has long been an active area of investigation due

to concern for immune dysfunction secondary to cancer directed therapy or the primary
malignancy. After chemotherapy, children with cancer appear to retain some residual
protection from childhood vaccinations however the degree of protection maintained appears
to vary by intensity of therapy, type of cancer, and time elapsed since the vaccine was
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received.19:20 Current CDC recommendations for patients with altered immunocompetence
state that children should be fully vaccinated before receiving any immunosuppressive
drugs, not receive vaccination during active treatment, and that some children such as HSCT
recipients will require re-vaccination after therapy.2!

Comprehensive data on immunosuppressed pediatric patients with COVID-19, specifically
comparing laboratory analyses of these patients” immune responses to acute infection

with responses to vaccination, remain lacking. We present immunologic serum profiling
including quantitative analyses of immunoglobulin response as well as assays measuring
antibody-dependent immune activation of twenty pediatric patients with cancer for both
acute SARS-CoV-2 infection and COVID-19 vaccination.

METHODS

Biospecimens:

Specimens from the Massachusetts General Hospital (MGH) Pediatric COVID-19
Biorepository, which was established at the outset of the COVID-19 pandemic, collecting
biospecimens from children infected with, exposed to, or vaccinated against SARS-CoV-2.22
Participants were enrolled in the IRB-approved MGH Pediatric COVID-19 Biorepository
(MGB 2020P000955) or the Pediatric Biorepository (MGB 2016P000949) from 2/01/21 to
1/24/22. Informed consent and assent when appropriate were obtained prior to enrollment
and specimen collection and all protocols were reviewed and approved by the Mass General
Brigham (MGB) Institutional Review Board for ethical considerations. The biorepository
database was used to identify potentially eligible study participants, and inclusion criteria
were confirmed by chart review. Demographic data, clinical histories, and laboratory results
were obtained by electronic medical record review. Control samples were taken from healthy
immunocompetent children with acute SARS-CoV-2 infection or after recent COVID-19
vaccination. The healthy control cohort was a randomly selected from a larger cohort of
vaccinated children that had been extensively studied to characterize the pediatric humoral
response to the Pfizer mRNA vaccines.23 None of the participants in the healthy vaccinated
control cohort reported prior SARS-CoV-2 infection and serological evidence of prior
infection with SARS-CoV-2, tested by SARS-CoV-2 Nucleocapsid specific 1gG1, was not
observed.23 All participants received the Pfizer-BioNTech two dose primary vaccination
series. Samples were taken at two time points in the vaccination cohort (V0: before first dose
of vaccine and V2: after second dose of vaccine) and at one time point in the acute infection
cohort (after COVID-19 positive PCR).

Assay overview:

Details about the assays used for this study have been previously described and are
described in more detail in the supplementary materials.24-26 Briefly, serum samples were
analyzed for IgA, 1gM and 1gG (1gG1, 1gG2, 1gG3 and 1gG4) antibodies against several
viral antigens including spike of the wild-type SARS-CoV-2 virus. Commercial antibodies
were used for IgG assays (Bethyl Laboratories, A80-148B), IgM assays (Thermo Fisher
Scientific, M110401), and IgA assays (Abcam, ab214003). Antibody-dependent effector
assays were also performed including antibody-dependent complement deposition (ADCD),
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antibody-dependent cellular phagocytosis (ADCP), and antibody-dependent neutrophil
phagocytosis (ADNP). Control samples were included in each sample’s run.

Statistical analysis:

Two-way analysis of variance (ANOVA) Kruskal-Wallis tests with Dunn’s correction for
multiple comparisons were used to analyze differences between groups. Mann-Whitney tests
were used for comparisons between single groups. An adjusted p-value (using Benjamini-
Hochberg correction) of less than 0.05 was considered significant. Data visualization

and statistical tests were performed in GraphPad Prism (v9; GraphPad Software) and R
Statistical Software (v4.0.3; R Core Team 2021).

RESULTS

Study Population

Forty-three patients were enrolled, including 10 who were actively receiving chemotherapy
(“active treatment’), 10 who had previously received chemotherapy (“prior treatment’), and
23 healthy controls. One patient in the active treatment cohort and two patients in the prior
treatment cohort provided samples both after acute infection and during vaccination series.
The active treatment cohort demonstrated an average age of 7.3 years (SD * 2.3 years)

and 80% were male. Varied malignancy diagnoses were represented including B-cell ALL,
Wilms tumor, APML, astrocytoma, high grade glioma, Hodgkin lymphoma, and Langerhans
cell histiocytosis. Their samples were obtained on average 3.1 weeks after their positive
COVID test (n=3) or 4.5 weeks after their second vaccine dose (n=8). [Table 1, extended
clinicodemographic data presented in Supplemental Table 1]

The prior treatment cohort demonstrated an average age of 9.4 years (SD + 5.6 years) and
60% were male. Varied malignancy diagnoses were again represented including B-cell ALL,
Ewing sarcoma, and Wilms tumor. The average time elapsed between enrollment and last
chemotherapy was 126 weeks (SD: 268). Their samples were obtained on average 6.5 weeks
after their positive COVID test (n=5) or 5.3 weeks after their second vaccine dose (n=7).
[Table 1]

Twenty-three healthy controls were selected as comparators who were 52% male and had
an average age of 9.1 years. Their samples were obtained on average 5.5 weeks after their
positive COVID test or 3.1 weeks after their second vaccine dose. [Table 1]

Patients with cancer have similar but more variable immunoglobulin titers after vaccination
compared with healthy controls

Patients in all three groups demonstrated similar pre-vaccination antibody titers against
WT-Spike. [Figure 1A-D] Patients in the healthy and active treatment cohorts demonstrated
higher post-vaccination anti-WT-Spike IgM (p=0.01 and p<0.0001) compared to pre-vaccine
baseline levels, while patients in the prior treatment cohort demonstrated similar IgM

levels (p=0.37). [Figure 1A] Patients in the healthy and prior treatment cohorts also
demonstrated higher post-vaccination anti-WT-Spike IgA1 (p=0.02 and p<0.0001) compared
to pre-vaccine baseline levels, while patients in the active treatment cohort demonstrated
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a similar pattern though it was not statistically significant (p=0.07). [Figure 1B] Patients

in all three groups demonstrated higher post-vaccination anti-WT-Spike 1gG1 (p=0.03,
p=0.001, p<0.0001) and higher post-vaccination anti-WT-Spike 1gG3 (p=0.0006, p=0.0023,
p<0.0001) compared to pre-vaccine baseline levels. [Figure 1C-D]

Compared with healthy controls, post-vaccination anti-WT-Spike IgM, IgA1, and 1gG1 titers
did not differ significantly in the active treatment or prior treatment cohorts. However,
anti-WT-Spike 1gG3 titers were lower in the active treatment cohort compared to healthy
controls (p=0.03) with no difference detected between the prior treatment cohort and healthy
controls. [Figure 1A-D]

To further study the impact of cancer on SARS-CoV-2-specific humoral immunity, antibody
levels against other antigen targets including RBD, S1 and S2 were measured in the plasma
of vaccinated patients with cancer compared to vaccinated healthy patients. Figure 1E
displays these findings as a heatmap with relative levels of IgM, IgA1, IgA2, IgG1, 1gG3
and 1gG4 against Spike, RBD, S1 and S2 proteins for the WT strain of SARS-CoV-2 for
each enrolled individual. Median fluorescence intensity values were z-scored across each
column. As represented on the heatmap, antibody response against RBD, S1 and S2 showed
similar patterns to antibodies against Spike for all three groups of children. Indeed, similar
titers were observed between children with cancer and healthy controls for IgM, IgA1, IgA2,
IgG1, and 1gG4, and only 1gG3 showed higher levels in the healthy group compared to

both active and prior treatment groups. [Figure 1E] Of note, in the active treatment group,
three patients persistently lagged behind their cohort in immunoglobulin titer levels: no
apparent pattern was identified separating these patients from their cohort with respect to
age, diagnosis, timing of chemotherapy relative to COVID vaccination, or chemotherapy
regimen, raising concern about a possible non-responder subgroup. [Supplemental Table 1]

Patients with cancer have similar binding capacity and effector function after vaccination
as healthy controls

To evaluate functional differences between groups, antibody binding to FcR was measured,
in addition to antibody-dependent complement deposition (ADCD), antibody-dependent
cellular phagocytosis (ADCP), and antibody-dependent neutrophil phagocytosis (ADNP).
Patients in all three groups demonstrated similar pre-vaccination binding capacity against
SARS-CoV-2 WT-Spike. Patients in all three groups (active treatment, prior treatment,

and healthy controls) demonstrated higher post-vaccination binding capacity against SARS-
CoV-2 WT-Spike antigen as measured by FcgR2a (p=0.23, p=0.0012, p<0.0001), FcgR2b
(p=0.15, p=0.0012, p<0.0001), FcgR3a (p=0.05, p=0.0012, p<0.0001), and FcgR3b (p=0.04,
p=0.0012, p<0.0001) compared to pre-vaccine baseline levels; these differences were
statistically significant for all cohorts in FcgR3b and for the prior treatment and healthy
cohorts for all binding capacity assays. No statistically significant differences were found
between the cohorts at the post-vaccine time point. [Figure 2A]

Patients in all three groups demonstrated similar pre-vaccination effector function against
SARS-CoV-2 WT-Spike. Patients in all three groups (active treatment, prior treatment,
and healthy controls) demonstrated higher post-vaccination effector function against
SARS-CoV-2 WT-Spike antigen as measured by ADCD (p=0.013, p=0.0012, p<0.0001),
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ADCP (p=0.142, p=0.0012, p<0.0001), and ADNP activity (p=0.014, p=0.014, p<0.0001)
compared to pre-vaccine baseline levels. These differences were statistically significant for
all cohorts for the ADCD and ADNP assays and for the prior treatment and healthy cohorts
for the ADCP assay. No statistically significant differences were found between the cohorts
at the post-vaccine time point. [Figure 2B]

Functional analyses were also performed for antibodies against RBD and S1. As shown on
the Nightingale rose plots, similar profiles were observed against Spike, RBD and S1 after
SARS-CoV-2 vaccination. More precisely, results showed a strong vaccine-induced humoral
activation in all three groups, including active treatment, prior treatment, and healthy groups.
However, the healthy and prior treatment groups demonstrated slightly higher response to
vaccination compared to a diminished response in the active treatment group, which might
be due to the variable immune activation observed in that active treatment group, with some
individuals having low antibody functionality. [Figure 2C] Of note, in this active treatment
group, the same three patients persistently lagged behind their cohort in binding capacity
and effector activity as previously seen in immunoglobulin titers, potentially representing
non-responders.

Vaccination produces superior protective immunoglobulin titers compared to natural

infection

Patients in all three groups (active treatment, prior treatment, and healthy controls)
demonstrated a pattern of higher post-acute infection anti-WT-Spike IgM (p=0.20, p=0.19,
p=0.017) compared with post-vaccination titers in healthy controls, although the difference
was statistically significant in the healthy cohort group. [Figure 3A] Patients in all three
groups (active treatment, prior treatment, and healthy controls) demonstrated inferior post-
acute infection anti-WT-Spike 1gA1 (p=0.04, p=0.02, p=0.0037), 1gG1 (p=0.005, p=0.14,
p=0.0165), and 1gG3 (p=0.009, p=0.035, p=0.0043) compared with post-vaccination titers in
healthy controls. This pattern was statistically significant in all cohorts for IgA1 and 1gG3,
and for the active treatment and healthy cohorts in 19G3. [Figure 3B-D]

Similar findings were demonstrated against other WT antigens including RBD, S1, and S2
for all cohorts, with healthy vaccinated children mounting the highest IgG and IgA titers
compared to acute infection in all cohorts. [Figure 3E]

Vaccination produces superior binding capacity and effector activity compared to natural

infection

For all three cohorts (active treatment, prior treatment, and healthy controls), vaccination
produced a pattern of higher FcR binding against SARS-CoV-2 WT-Spike antigen

as measured by FcgR2a (p=0.016, p=0.066, p=0.0017), FcgR2b (p=0.0089, p=0.061,
p=0.0033), FcgR3a (p=0.0018, p=0.061, p=0.0038), and FcgR3b (p=0.0053, p=0.059,
p=0.0073) compared to acute SARS-CoV-2 infection. These differences were statistically
significant in the healthy cohort and the active treatment cohort. [Figure 4A]

Effector functions against SARS-CoV-2 WT-Spike were also compared between the cohorts
(active treatment, prior treatment, and healthy controls). Vaccination produced higher ADCD
(p=0.0167, p=0.71, p= 0.054), higher ADCP (p=0.0055, p=0.04, p=0.035), and ADNP
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(p=0.0062, p=0.35, p=0.066) compared to acute SARS-CoV-2 infection. These differences
were statistically significant for all groups for ADCP and the active treatment cohort for all
assays. [Figure 4B]

As represented on the Nightingale rose plots, similar findings were demonstrated against
RBD and S1 for all cohorts [Figure 4C]. For each functional feature, z-scored values showed
that healthy vaccinated individuals demonstrated the most robust response to vaccination
compared to a slightly diminished response in the prior treatment group and markedly
decreased response in the active treatment group.

Lastly, comparisons of WT-Spike-specific differences in median immunoglobulin titers, FCR
binding, and functional assays are represented as heatmaps between the active chemotherapy
group and the healthy vaccinated group, with the healthy vaccinated group demonstrating
the most robust response and the infected, active treatment group displaying the least robust
response. [Figure 5A-B] Tile color indicates the groups with highest humoral response (red
showing higher response in active chemotherapy group with COVID-19 infection and active
chemotherapy group after vaccination, blue representing enrichment in healthy vaccinated
group). The upper panel demonstrates comparable but a trend towards inferior responses

for children on active chemotherapy after vaccination compared to healthy children after
vaccination with no statistical significance detected between the groups. [Figure 5A] The
lower panel demonstrates significantly inferior humoral responses among children on active
treatment following SARS-CoV-2 infection compared to healthy vaccinated children, except
for IgM production and FcaR binding which were non-significantly higher following natural
infection compared with vaccination. [Figure 5B]

DISCUSSION

Vaccines against COVID-19 appear to produce an appropriate humoral response in

this small cohort of pediatric patients actively receiving chemotherapy, those who have
previously received chemotherapy, and healthy controls. Importantly, greater variability
is noted among the patients actively receiving chemotherapy compared to other groups
and there is a potential sub-group of non-responders, though our sample size is too
small to discern the precise nature of this gap. Antibodies produced as a response to
COVID-19 vaccination demonstrate comparable functionality in pediatric patients with
cancer compared to healthy controls, though again some patients actively receiving
chemotherapy have a reduced response.

Furthermore, COVID-19 vaccinations appear to produce a superior humoral response with
improved functionality compared to natural infection in all children included in this study,
including children actively receiving chemotherapy, children who had previously received
chemotherapy, and healthy controls although the sample size is small and further large-
scale investigations will be required to confirm this finding. Nonetheless, these findings
underscore the importance of all children receiving COVID-19 vaccination, even if they
have been previously infected with SARS-CoV-2 or are receiving chemotherapy.
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Despite demonstrated efficacy and safety, COVID-19 vaccine uptake among children
nationally remains low, with only 32% of 5-11-year-old children and 58% of 12-17-year-
old adolescents having received their full primary vaccination series as of February 2023.
Only 12% of children aged 6 months to 4 years have received their first dose, however

the vaccine has only been FDA approved in this age group since June 2022 compared

with May 2021 and November 2021 for the older age groups.2’ Vaccines play a critical

role in keeping children safe from serious illness due to COVID-19, and children who are
immunosuppressed due to their cancer-directed therapy are at greater risk for severe disease.
Emerging vaccine hesitancy data demonstrate moderate vaccine hesitancy for parents of
children with cancer, as well as considerable hesitancy in adolescents and young adults
with cancer.28:29 Our data underscore the critical importance of encouraging and facilitating
COVID-19 vaccination within oncology clinics or the primary care setting for children with
cancer, as these patients appear to respond to vaccination appropriately and are notably
better protected by vaccination than acute infection.

Of note, our data demonstrated a significant over-representation of Hispanic ethnicity

in COVID19+ patients (89%). As has been previously demonstrated, COVID-19 has
disproportionately infected and affected Hispanic and non-Hispanic black children in the
United States with higher rates of asymptomatic carriage, symptomatic disease, and severe
disease.>30 Reasons for this inequity are multiple but likely include increased exposure due
to over-representation in high-risk front-line occupations, greater household size, decreased
vaccine and health care access, higher rates of comorbid conditions, and innumerable other
effects of structural racism.31-34

This study should be considered within the context of its limitations. Although it is a small,
single center cohort study, it includes an in-depth investigation not previously performed

in this population. The data were collected prior to vaccine availability for children less

than 5 years old; although vaccine efficacy seems comparable for this younger group, this
requires further evaluation specifically in younger patients with cancer who may not respond
as expected.35 Further, not all types of cancer or chemotherapy regimens were represented in
this study, though it did include a wide range of hematologic, solid, and CNS malignancies.
The cohorts were also predominantly male, which may limit their generalizability. Lastly,
the samples for vaccination were drawn on average slightly closer to the antigenic exposure
than the samples for acute infection, which could contribute to the superior response seen,
although the difference is on average only 1.6 weeks.

These results demonstrate that for children with cancer as well as healthy children, natural
infection with the virus does not confer sufficient protection against COVID-19 compared
with vaccination. This suggests that children who have been previously infected should

still receive a full vaccination series, regardless of immunocompromised state. Furthermore,
children with cancer mount a comparable immunologic response after vaccination compared
with healthy children, although their response is variable amongst those actively receiving
chemotherapy. Given their unique vulnerability, these children and their families should be
strongly encouraged to receive COVID vaccination and recommended booster doses to best
protect them against serious outcomes and secondary effects of COVID-19.
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S1 Spike 1 subunit
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Immunoglobulin titers against SARS-CoV-2 WT-Spike antigen after COVID-19 infection in
active treatment, prior treatment, and health cohorts compared with response to vaccination

in healthy children including (A) IgM, (B) IgALl, (C) 1gG1 and (D) 1gG3. (E) Heatmap

illustrates relative levels of IgM, IgA1, IgA2, 1gG1, IgG3 and 19G4 against Spike, RBD,
S1 and S2 proteins for the WT strain of SARS-CoV-2. Antibody levels are shown for
Active Treatment, Prior Treatment and Healthy groups, all infected with SARS-CoV-2, in

addition to Healthy vaccinated group. MFI data are z-scored across columns, with each row

representing a different individual.
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purple) and binding to FcgR (blue) in the Active Treatment, Prior Treatment and Healthy

groups infected with SARS-CoV-2, as well as the Healthy vaccinated group. Each wedge

corresponds to a SARS-CoV-2 antibody feature, and the length of the wedge represents the

magnitude of the response.
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Vaccination against COVID-19
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Heatmaps showing WT-Spike-specific differences between the (A) active chemotherapy
group with SARS-CoV-2 infection and the healthy vaccinated group and (B) active
chemotherapy group after COVID-19 vaccination and healthy vaccinated group. The color
of the tiles shows the group in which antibody response was higher: red for active
chemotherapy group with SARS-CoV-2 infection and active chemotherapy group after
vaccination, blue for healthy vaccinated group. Statistical significance was calculated with a
Wilcoxon-signed rank test, followed by Benjamini-Hochberg correction for multiple testing.

**p < 0.01.
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Demographic, clinical, and time course data for the active treatment, off treatment, and control cohorts.

Active Treatment (n= 10)

Off Treatment (n= 10)

Control Cohort (n=
23)

Age at enrollment, mean years (SD) 7.3(2.3) 9.4 (5.6) 9.14 (3.9)
Male, n (% of group) 8 (80) 6 (60) 12 (52.2)
Hispanic, n (% of group) 3(30) 6 (60) 15 (65.2)
Race, n (% of group)
Black 1(10) 0 (0) 2(8.7)
White 8 (80) 5 (50) 12(52.2)
Asian 0 (0) 1 (10) 3(13)
Other 1(10) 4 (40) 3(13)
Cancer diagnosis, n (% of group)
Hematological 8 (80) 8(80) -
Solid 2 (20) 2 (20) -
Time between acute infection or initiation of vaccine series ) 126 (268) )
and last chemotherapy, average weeks (SD)
Acute SARS-CoV-2 infection, n (% of group) 3(30) 5 (50) 8(35)
Time from infection to blood draw, weeks, avg (SD) 3.1(1.5) 6.5 (3.0) 5.50 (2.1)
Vaccination, n (% of group) 8 (80) 7 (70) 15 (65)
Time from second vaccination to blood draw, weeks, avg 45(13) 53(22) 31(13)

(SD)
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