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C O R O N A V I R U S

SARS-CoV-2 mRNA vaccination elicits robust antibody 
responses in children
Yannic C. Bartsch1, Kerri J. St. Denis1, Paulina Kaplonek1, Jaewon Kang1, Evan C. Lam1,  
Madeleine D. Burns2, Eva J. Farkas2, Jameson P. Davis2, Brittany P. Boribong2, Andrea G. Edlow3, 
Alessio Fasano2, Wayne G. Shreffler4, Dace Zavadska5, Marina Johnson6, David Goldblatt6, 
Alejandro B. Balazs1, Lael M Yonker2*, Galit Alter1*

Although children have been largely spared from coronavirus disease 2019 (COVID-19), the emergence of severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern (VOCs) with increased transmissibility, 
combined with fluctuating mask mandates and school reopenings, has led to increased infections and disease 
among children. Thus, there is an urgent need to roll out COVID-19 vaccines to children of all ages. However, 
whether children respond equivalently to adults to mRNA vaccines and whether dosing will elicit optimal immu-
nity remain unclear. Here, we aimed to deeply profile the vaccine-induced humoral immune response in 6- to 
11-year-old children receiving either a pediatric (50 g) or adult (100 g) dose of the mRNA-1273 vaccine and to 
compare these responses to vaccinated adults, infected children, and children who experienced multisystem in-
flammatory syndrome in children (MIS-C). Children elicited an IgG-dominant vaccine-induced immune response, 
surpassing adults at a matched 100-g dose but more variable immunity at a 50-g dose. Irrespective of titer, 
children generated antibodies with enhanced Fc receptor binding capacity. Moreover, like adults, children generated 
cross-VOC humoral immunity, marked by a decline of omicron-specific receptor binding domain, but robustly 
preserved omicron spike protein binding. Fc receptor binding capabilities were also preserved in a dose-dependent 
manner. These data indicate that both the 50- and 100-g doses of mRNA vaccination in children elicit robust 
cross-VOC antibody responses and that 100-g doses in children result in highly preserved omicron-specific func-
tional humoral immunity.

INTRODUCTION
The burden of respiratory infections is often higher in young children 
with a developing, untrained immune system (1). However, lower 
rates of disease were noted early in the coronavirus disease 2019 
(COVID-19) pandemic among children, who largely experienced 
asymptomatic or pauci-symptomatic severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) infections (2). However, with 
the rise of highly infectious variants of concern (VOCs), like the 
omicron VOC, increasing infection rates and hospitalization rates 
for children have been observed globally (3, 4). Linked to the un-
predictable incidence of multisystem inflammatory syndrome 
in children (MIS-C) and the clear contribution children make to 
population-level spread, the need for vaccines for children is evi-
dent (5, 6). However, whether newly emerging COVID-19 vaccine 
platforms, approved for teenager and adult use, elicit immunity in chil-
dren is not well understood.

Epidemiologic data clearly highlight vulnerabilities in the pediat-
ric immune system, with increased rates of respiratory, enteric, and 
parasitic infections disproportionately causing disease in children 
in the first decade of life (7, 8). Vaccine-induced immune responses 
often differ across children and adults (9). However, whether these 

vulnerabilities to infection and poor response to protein-based vac-
cination will translate to newer vaccine platforms, like mRNA vac-
cine platforms, remains unclear. Moreover, emerging data suggest 
that dosing may not be straightforward for mRNA vaccines (10, 11), 
due to reduced immunogenicity in young children, requiring deeper 
immunologic insights to guide rational pediatric vaccine design.

To begin to define the humoral mRNA vaccine responses in 
children, we comprehensively profiled vaccine-induced immune 
responses in children (6 to 11 years) who received the pediatric (50 g) 
or adult (100 g) dose of the mRNA-1273 vaccine regimen, respec-
tively. We observed 100% vaccine response rates before the second 
vaccine dose in children who received the 100-g vaccine dose. 
Whereas immune profiles in the low (50 g) dose were more similar 
to adults (who received the adult recommended 100-g dose), chil-
dren receiving the adult (100 g) dose generated disproportionately 
higher immunoglobulin G (IgG)–biased vaccine responses after the 
second vaccine dose, with enhanced Fc-effector profiles. Moreover, 
both pediatric and adult doses elicited broad cross-variant isotype 
and Fc receptor binding antibodies; however, although all groups 
experienced a loss of omicron receptor binding domain (RBD) re-
activity, omicron spike protein–specific immunity was largely pre-
served. Further, children receiving the 100-g dose of the vaccine 
exhibited the highest cross-reactivity. Collectively, these data point 
to robust, but dose-dependent, functional humoral pediatric immune 
signatures induced in children after mRNA-1273 vaccination.

RESULTS
Study cohort
In the wake of fluctuating mask mandates, school reopenings, and 
the rapid spread of the highly infectious SARS-CoV-2 delta and 
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omicron variants, a surge of SARS-CoV-2 infections in children has 
been observed (5). The numbers of children with severe COVID-19 
or life-threatening MIS-C have increased. Because of this, plus our 
evolving appreciation of children in the spread of the pandemic, there 
is an urgent need to roll out vaccines across all ages. With the rapid 
deployment of mRNA vaccines, it remains unclear whether children 
will generate sufficiently robust immunity after mRNA vaccination. 
Here, we deeply characterized the immune response induced by the 
Moderna mRNA-1273 vaccine in children who received an adult 
dose (100 g) of mRNA-1273 (n = 12; median age = 9 years; range: 
7 to 11 years; 42% female), matching the recommendations for adults, 
or a pediatric (50 g) dose of mRNA-1273 (n = 12; median age = 
8 years; range: 6 to 11 years; 50% female) at days 0 and 28, respectively. 
Plasma samples were collected before vaccination (V0), about 4 weeks 
after prime immunization (V1), and 4 weeks after second immuni-
zation (V2) (table S1). Both vaccinations were equally well tolerated 
between both the 50-g and the 100-g doses. Common minor 
vaccine-related symptoms included pain at injection site, fever, and 
fatigue (table S2).

mRNA vaccines induce robust SARS-CoV-2 spike protein 
binding and neutralizing titers in children
To begin to investigate the vaccine-induced humoral response, we 
profiled SARS-CoV-2 spike protein–specific antibody titers. At V1, 
we observed seroconversion (marked by an increase in spike protein–
specific IgM, IgA1, or IgG1 binding compared to V0) in 100% of 
children receiving the 50-g (n = 9 of 9) or 100-g (n = 12 of 12) 
dose of mRNA-1273 (Fig. 1A) with comparable neutralizing anti-
body titers in the vaccinated pediatric and adult cohorts (Fig. 1B). 
Both spike protein–specific IgA1 and IgG1 increased with the sec-
ond dose, whereas spike protein–specific IgM responses declined 
slightly, marking efficient class switching. After the second dose, we 

observed significantly elevated spike protein–specific IgA1 concen-
trations in adults compared to children (P < 0.001) (Fig. 1C). In con-
trast, children in the 100-g dose group elicited higher IgG1 titers 
after the first and second doses of the vaccine compared to children 
in the 50-g dose group (P = 0.004), as well as compared to vaccinated 
adults (P = 0.03) (Fig. 1C). Univariate comparison of V2 abundance 
of the 100-g dose in adults to 100-g and 50-g doses in children 
highlighted isotype selection differences across children and adults 
but minimal overall differences in antibody binding titers and neutraliza-
tion across the 50-g and 100-g doses in children (Fig. 1, B and C). 
Furthermore, vaccine-induced binding and neutralization titers in 
the 100-g pediatric dose group were higher compared to those observed 
in naturally exposed convalescent children with COVID-19 or acute 
MIS-C, which required hospitalization and intensive care unit treat-
ment. Although these differences may be related to exposure to dif-
ferent variants, we observed superior vaccine-induced binding to all 
variants, highlighting the critical importance of SARS-CoV-2 vacci-
nation in promoting broader VOC immunity in children compared 
to infection (fig. S1). Together, these data show that mRNA vacci-
nation can elicit strong but dose-dependent anti–SARS-CoV-2 binding 
and neutralizing titers in children superior to natural infection that are 
accompanied by some age-dependent shifts in isotype-antibody profiles.

mRNA vaccination induces highly potent spike  
protein–specific Fc-effector functions in children
In addition to binding and neutralization, protection against severe 
adult COVID-19 has been linked to the ability of antibodies to lever-
age additional antiviral functions by Fc receptors to fight infection, 
referred to as antibody effector functions (12–14). Specifically, 
opsonophagocytic pathogen clearance is key to protection against 
several bacterial pathogens, and cytotoxic antibody functions have 
been linked to protection against viruses (15, 16). Thus, we profiled 

A B C

Fig. 1. mRNA-1273 vaccination induces robust binding and neutralizing titers in children. (A) Relative SARS-CoV-2 spike protein (Wuhan)–specific IgM, IgA1, and 
IgG1 binding was determined by Luminex in children (6 to 11 years) receiving 50 g or 100 g of mRNA1273 before (V050 g: n = 12; V0100 g: n = 12), after the first dose 
(V150 g: n = 9; V1100 g: n = 12), or after the second dose (V250 g: n = 11; V2100 g: n = 12) or in adults receiving two 100-g doses (V1: n = 19; V2: n = 33) as well as in samples 
from individuals after pediatric COVID (n = 9) or MIS-C (n = 6). MFI, median fluorescence intensity. (B) The dot plots show the inverse 50% pseudovirus neutralizing titers 
(pNT50) in children (6 to 11 years) receiving 50 g or 100 g of mRNA1273 before (V050 g: n = 12; V0100 g: n = 12), after the first dose (V150 g: n = 9; V1100 g: n = 12), or after 
the second dose (V250 g: n = 9; V2100 g: n = 11) or in adults receiving two 100-g doses (V2: n = 14) as well as in convalescent pediatric COVID (n = 9) or MIS-C (n = 6) sam-
ples. Horizontal bars in (A) and (B) indicate mean. (C) Heatmap strips summarize univariate comparison at the V2 time point of 100-g dose vaccinated children to adults 
(left) or to 50-g dose vaccinated children (right). pVNT, pseudovirus-neutralizing titer. The color of the tiles indicate whether antibody binding titer was up-regulated in 
the respective group: 100-g vaccinated children (blue shades), adults (red shades), or 50-g vaccinated children (yellow shades). A Wilcoxon signed-rank test was used 
to test for statistical significance, and asterisks indicate statistically significant differences of the respective feature after Benjamini-Hochberg correction for multiple 
testing (**P < 0.01 and ****P < 0.0001).
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the relative ability of vaccine-induced immune responses to bind to 
human Fc receptors (FcR2a, FcR2b, FcR3a, FcR3b, and FcR) 
as well as their ability to elicit antibody-dependent complement 
deposition (ADCD), antibody-dependent neutrophil phagocytosis 
(ADNP), antibody-dependent monocyte phagocytosis (ADCP), or 
antibody-dependent NK cell activation (ADNKA). Children in both 
dose groups elicited spike protein–specific IgG antibodies that bound 
robustly to all Fc receptors after the first dose, greater than responses 
observed in vaccinated adults and in natural COVID-19 infection 
or MIS-C (Fig. 2A). Moreover, these responses expanded further 
after the second immunization, resulting in significantly elevated 
antibody–Fc receptor binding in the 100-g pediatric dose group com-
pared to the 50-g dose (PFcR2a = 0.001, PFcR2b < 0.001, PFcR3a = 
0.002, and PFcR3b = 0.004, respectively), with significantly higher 
FcR3a (P = 0.004) but otherwise similar FcR2a, FcR2b, and 
FcR3b binding in the 100-g pediatric dose group as compared to 
the 100-g adult group (Fig. 2B). This increased Fc receptor binding 
was not directly related to overall changes in spike protein–specific 
IgG subclass selection (fig. S1), pointing to alternate mechanisms 
for augmented humoral immune function in children, potentially 
linked to pediatric selection of more potent Fc-glycosylation pro-
files (17). In contrast, compared to adults, children induced lower 
concentrations of IgA antibodies that exhibited, as expected, lower 
interactions with the IgA–Fc receptor, FcR, compared to adults 
(Fig. 2B and fig. S2A) (18, 19).

To next determine whether these distinct pediatric Fc receptor 
binding profiles translated to more functional spike protein–specific 

humoral immune responses, we examined vaccine-induced Fc-effector 
functions (Fig. 2C). Low degrees of ADCD, ADNP, and ACDP were 
observed after primary immunization but were augmented by the 
second immunization across the groups, resulting in significantly 
increased ADCD and ADNP in the 100-g vaccinated children com-
pared to adults or the 50-g pediatric dose (Fig. 2, C and D; PADCD = 
0.007 and PADNP < 0.001). In contrast, natural killer (NK) cell func-
tions [as measured by macrophage inflammatory protein 1 (MIP-1), 
interferon- (IFN-), and CD107a expression] were induced to equal 
degrees across all groups (Fig. 2D and fig. S2B). Overall, high-dose 
mRNA-1273 induced a higher abundance of ADCD- and ADNP-
promoting antibodies in children compared to adults after the 100-g 
vaccine regimen (Fig. 2D). These data point to enhanced functional 
antibody responsiveness in children at a matched 100-g dose com-
pared to adults and a solid functional response at the optimized 50-g 
dose, endowing children with a robust functional immune response 
at half the adult dose, all of which were to a higher degree than those 
observed after natural infection or MIS-C.

mRNA vaccination in children results in selective expansion 
of opsonophagocytic antibodies
To gain a more granular sense of the differences in immune responses 
across children and adults at matched doses or across children re-
ceiving the 50-g and 100-g doses, we next used a machine learn-
ing approach to probe the humoral immune features that differed 
most across these groups. As few as six of the overall features ana-
lyzed across all plasma samples were sufficient to completely resolve 

A B

C D

Fig. 2. mRNA-1273 vaccination induces higher FcR binding and phagocytic activity in children. (A) Binding of SARS-CoV-2–specific antibodies to FcR2a, FcR2b, 
FcR3a, and FcR3b was determined by Luminex in children (6 to 11 years) receiving 50 g or 100 g of mRNA1273 before (V050 g: n = 12; V0100 g: n = 12), after the first 
dose (V150 g: n = 9; V1100: n = 12), or after the second dose (V250 g: n = 11; V2100 g: n = 12) or in adults receiving two 100-g doses (V1: n = 19; V2: n = 33) as well as in con-
valescent pediatric COVID (n = 9) or MIS-C (n = 6) samples. (B) Heatmap strips summarize univariate comparison of Fc receptor binding at the V2 time point of 100-g dose 
vaccinated children to adults (left) or to 50-g dose vaccinated children (right). The color of the tiles indicates whether antibody binding titer was up-regulated in the 
respective group: 100-g vaccinated children (blue shades), adults (red shades), or 50-g vaccinated children (yellow shades). (C) The ability of SARS-CoV-2 spike protein–
specific antibody Fc to induce ADCD, ADNP, cellular THP-1 monocyte phagocytosis (ADCP), or activation of NK cells marked by expression of MIP-1 was analyzed in the 
same samples as in (A). (D) Heatmap strips summarize univariate comparison of Fc-effector functions at the V2 time point of 100-g dose vaccinated children to adults 
(left) or to 50-g dose vaccinated children (right) as in (B). A Wilcoxon signed-rank test was used to test for statistical significance in (C) and (D), and asterisks indicate 
statistically significant differences of the respective feature after Benjamini-Hochberg correction for multiple testing (*P < 0.05; **P < 0.01;***P < 0.001; ****P < 0.0001).

D
ow

nloaded from
 https://w

w
w

.science.org on January 04, 2023



Bartsch et al., Sci. Transl. Med. 14, eabn9237 (2022)     23 November 2022

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

4 of 10

vaccine-induced immune responses induced by the 100-g dose 
across children and adults (Fig. 3, A and B). Specifically, vaccine-
induced spike protein–specific IgG1, FcR3a binding, ADNP, and 
ADCD were all enriched selectively in children, whereas spike 
protein–specific IgM and IgA1 titers were enriched in adults (Fig. 3A), 
highlighting distinct isotype selection in adults and the generation 
of more functional antibodies in children. Conversely, comparison 
of 50-g and 100-g doses in children was achieved using only two 
of all antibody features analyzed for each plasma sample. These fea-
ture spike protein–specific ADNP and IgG4 concentrations, both of 
which were enriched in the immune profiles in children who re-
ceived the 100-g dose of the vaccine (Fig. 3, C and D). In addition, 
in contrast to infection, vaccination induced higher titers and higher 
degrees of antibody function in vaccinated children than those 
who were previously infected (Fig. 2 and fig. S3). Collectively, these 

data point to slight shifts in isotype selection between adults and 
children but the potential for children to raise more antibodies with 
effector functions.

mRNA vaccination in children raises robust responses 
against SARS-CoV-2 VOCs
Real-world effectiveness data suggest that mRNA vaccines confer 
robust protection against severe disease and death against the orig-
inal (wild-type) SARS-CoV-2 strain (Wuhan) at greater than 90% 
(20). This degree of effectiveness appears to be sustained against evolv-
ing VOCs, including the alpha and delta variants, although lower 
degrees of protection have been observed against the beta variant 
(21, 22). Whereas previous VOCs were marked by single or few 
amino acid substitutions, the omicron variant (B.1.1.529 or BA.1) has 
29 mutations in the spike protein, resulting in enhanced transmissibility 

A B

C D

Fig. 3. Distinct humoral profiles distinguish adult and pediatric vaccine responses. (A) A machine learning model was built using a minimal set of LASSO-selected 
SARS-CoV-2 spike protein–specific features at V2 (left) to discriminate between vaccine responses in adult (red) and 100-g vaccinated children (purple) in a PLS-DA 
analysis (right; VIP indicates the variable importance projection score). (B) A co-correlation network illustrates all LASSO-selected features. Nodes of selected features are 
colored whether they were enriched in children (purple) or adults (red). Lines indicate significant (P < 0.05) Spearman correlations with |r| > 0.7 of connected features (only 
positive correlations with r > 0 were observed). (C) PLS-DA model of LASSO selected features at V2 (left) to discriminate between vaccine responses in 100-g (purple) and 
50-g (yellow) vaccinated children. (D) A co-correlation network as in (B) illustrates all LASSO-selected features. A single node of a selected feature is colored purple to 
indicate enrichment in samples from 100-g vaccinated children.
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and a concomitant loss of neutralizing titers (23, 24). Yet, despite the 
notable increase in omicron transmissibility, a similar increase in 
severe disease and death has not been observed, suggesting that al-
ternate vaccine-induced immune responses may continue to afford 
protection against severe disease and death. We thus explored 
whether mRNA vaccination in children resulted in the generation 
of responses with differential VOC recognition capabilities (25). 
We observed a progressive loss of IgM, IgA, and IgG binding to 
VOC RBDs across both pediatric groups and adults, with more vari-
able cross-VOC IgG responses among 50-g immunized children, but 
a consistent and substantial loss of binding to the omicron RBD 
across all three groups (Fig. 4A). Conversely spike protein–specific 
responses were more resilient across most VOCs and across the three 
groups, except for omicron spike protein–specific responses that were 
considerably lower across IgM and IgA response across the groups 
(Fig. 4B). Yet, IgG responses showed three different patterns: (i) 50-g 
immunized children experienced heterogeneous responses across 
VOCs, marked by some of the lowest omicron-specific responses; 
(ii) adults exhibited more stable variant spike protein–binding IgG 
concentrations but experienced a substantial reduction in omicron 
variant spike protein reactivity; and (iii) 100-g immunized children 
exhibited the least reduction in spike protein–specific recognition 
across VOCs, including the omicron variant spike protein. Along 
these lines, neutralization, which mostly relies on epitopes within 
the RBD, was reduced to different VOC pseudoviruses compared to 
the wild-type vaccine insert across the groups (Fig. 4C). Further-
more, Fc receptor binding capability was largely preserved across 
RBD VOCs, except for omicron RBD binding, which was substan-
tially lower across all three groups (Fig. 4D). However, the degree of 
binding to VOC spike proteins differed across the three groups. 
Whereas wild-type, alpha, beta, and delta VOC Fc receptor binding 
profiles were highly preserved across all three groups, omicron vari-
ant spike protein–specific Fc receptor binding was most affected in 
samples from 50-g immunized children (Fig. 4D). Adults exhibited 
an intermediate loss of Fc receptor binding antibodies specific to 
the omicron spike protein, with some preservation of the opsono-
phagocytic FcR2a and cytotoxic FcR3a binding. Conversely, 100-g 
immunized children exhibited the smallest degree of loss of Fc 
receptor binding to the omicron spike protein, suggesting the pres-
ence of highly resilient antibodies in children receiving the adult dose 
that continue to bind to the omicron spike protein, despite the loss 
of RBD binding. Last, to analyze whether children generate broader 
or more flexible humoral immune response at the 100-g dose, en-
abling them to preserve immunity to VOCs, we calculated an RBD 
or spike protein breadth score by summing up the number of VOC 
features with a value higher than the median across the population 
(Fig. 4E and fig. S4). Children who received the 100-g dose exhib-
ited the highest breadth score for RBD and spike protein, indicating 
increased recognition of different VOCs. Conversely, children who 
received the 50-g dose exhibited significantly reduced breadth com-
pared to children in the 100-g dose (RBD features, P = 0.005; spike 
features, P = 0.006; Fig. 4E), pointing to qualitative difference across 
the doses. Moreover, to probe the impact of preexisting coronavirus 
immunity, responses were compared across groups to other circu-
lating human coronaviruses (fig. S5). Preexisting coronavirus titers 
were associated with augmented vaccine response after each dose, 
pointing to limited evidence of original antigenic sin. Whether dif-
ferences in VOC recognition, SARS-CoV-2 neutralization, and Fc 
function lead to differences in disease breakthrough across the ages 

remains unclear but provides some additional immunological insights 
that may continue to explain the epidemiologic differences in dis-
ease severity in the setting of emerging VOCs.

DISCUSSION
Immunity elicited by mRNA vaccine platforms responds rapidly to 
SARS-CoV-2 infection, demonstrating high degrees of effectiveness 
in adult populations (26,  27). However, despite the successes of 
SARS-CoV-2 vaccines, the global rollout of these vaccines has be-
gun to highlight key vulnerable populations and strategic gaps that 
may limit the impact of vaccination globally. Although children 
generally experience mild symptoms, they can harbor high concen-
trations of SARS-CoV-2 virions, thereby contributing substantially 
to viral spread (28–30). Furthermore, increasing numbers of children 
are suffering from severe COVID-19, with more than 43,000 hospi-
talizations and more than 1000 deaths in the United States alone as 
of June 2022 (31). However, because children have a more naïve 
immune system that evolves with age, it was uncertain how the mRNA 
vaccine platforms would affect immunogenicity in young children. 
In addition, recent results suggest that dose adjustments for very young 
children, due to safety and tolerance concerns, have introduced ad-
ditional variation in immunogenicity, resulting in poor immuno
genicity in children under 5 years who received a lower dose than the 
adult recommended dose (11). Thus, in the absence of empirical data, 
optimal dosing is uncertain; here, we aimed to dive deeply in defin-
ing humoral profile differences across doses and across children 
and adults. Similar to results with the Pfizer and Moderna mRNA 
vaccine trials in teenagers (32, 33), here we found that the Moderna 
mRNA vaccine was highly immunogenic in 6- to 11-year-old children, 
generating a humoral response superior to that seen after viral ex-
posure. However, granular vaccine-induced humoral profiling iden-
tified differences in adult and pediatric vaccine responses, marked 
by a selective induction of highly functional IgG responses, with fewer 
IgA and IgM responses compared to adults. At a matched 100-g 
dose, children mounted robust opsonophagocytic functions and Fc 
receptor binding responses. Moreover, at half the adult dose, children 
mounted equal, albeit more variable, responses compared to adults. 
Although both doses were equally well tolerated in children in our 
cohort, concerns of serious adverse events, including myocarditis 
(34), have been reported in adolescents receiving adult dosing of the 
BNT162b2 mRNA vaccination. It has been postulated that lower 
mRNA vaccine doses in children could reduce the likelihood of ad-
verse events; however, it remains elusive whether the humoral re-
sponse induced by the 50-g dose may be accompanied by a more 
variable degree of protection. Yet, early data from BNT162b2-
immunized children suggest that lower doses in children confer ro-
bust protection against disease (35).

Virus neutralization represents a key surrogate marker of vac-
cine protection against COVID-19. Yet, despite the loss of neutral-
ization against several emerging VOCs, mRNA vaccines continue 
to provide protection against severe disease and death (21, 36). 
Opsonophagocytic functions of antibodies, rather than neutraliza-
tion alone, have been linked to survival of COVID-19 after infection 
(12) and are associated with protection from infection in animal 
models (37, 38). Here, when immunized with the adult dose, chil-
dren developed comparable neutralization profiles but exhibited a 
preferential expansion of opsonophagocytic functions compared to 
adults. The enhanced opsonophagocytic function was not linked to 
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differential subclass or isotype selection, suggesting that children 
may induce more functional antibodies through alternate changes 
to the humoral immune response, including potential differences in 
posttranslational IgG modification, that may lead to more flexible, 
highly functional responses, representing an evolutionary adapta-
tion enabling children to react more adaptability to infections (39).

The adaptive immune response matures during the first decade 
of life (40). Several lines of evidence suggest that the more naïve im-
mune response in children may allow the immune system to evolve 

more easily to pathogens, making it poised to generate broader im-
munity to new viruses (41, 42). Moreover, throughout life, our naïve 
clonal repertoire or immune cells shift in response to the sequence 
of pathogens and vaccines to which we are exposed. Thus, naïve 
children may have a less “biased” repertoire, enabling the genera-
tion of immunity to a broader range of pathogens (43). Along these 
lines, we observed robust induction of immunity against most 
VOCs, with the exception of the omicron variant. IgG and Fc recep-
tor binding profiles were highly similar among children and adults, 

A B C

D

E

Fig. 4. mRNA-1273 vaccination elicits humoral responses to SARS-CoV-2 VOCs. (A and B) The line graphs show the vaccine-induced IgM, IgA1, and IgG1 recognition 
to D614G (wild type; blue), alpha (B.1.1.7; yellow), beta (B.1.351; purple), delta (B.1.617.2; orange), and omicron (B.1.1.529; red) variants of concern RBDs (A) or full spike 
protein (B). (C) Neutralizing titers are shown as pNT50 values. All plots in (A) to (C) show results for samples from children (n50 g = 6, n100 g = 9) and adults (n = 14) at V2, 
where each individual’s response is linked across VOC antigens. (D) The line graphs show the FcR (FcR2a, FcR2b, FcR3a, and FcR3b) binding profiles of vaccine-
induced antibodies to RBD or spike protein VOC antigens across children (n50 g = 6, n100 g = 9) or adults (n = 14) at V2, where each individual’s response is linked across 
VOC antigens. (E) Breadth score was calculated by summing up the number of VOC RBD- or spike protein–specific features above the median value for each individual 
(n50 g = 6, n100 g = 9) or adults (n = 14) at V2. Horizontal bars in (E) indicate median. Background-corrected data are shown, and negative values were set to 100 for graph-
ing purposes in (A) to (D). A Kruskal-Wallis test with a Benjamini-Hochberg posttest correction for multiple comparisons was used to test for statistical differences between 
wild-type and VOC titers within groups in (A) to (D) or between the groups in (E). P values for significantly different features are shown above, and fold change reductions 
of omicron titers compared to wild type are shown below each dataset. Data for adult samples have been partly published previously (55).
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although children immunized with the 100-g dose induced IgG 
that exhibited more recognition of the omicron spike protein in 
comparison to children immunized with the 50-g dose and 100-g 
immunized adults. Likewise, children in the 100-g dose group elicited 
responses with an increased cross-VOC breadth, whereas children 
in the 50-g dose group exhibited reduced cross-VOC recognition. 
These data suggest that higher pediatric dosing can result in more 
flexible humoral immunity in children against highly divergent VOCs, 
potentially superior to those induced in adults at a matched dose. 
Thus, at the right dose, children may generate more functional Fc-
effector functions, which, although not neutralizing, may be poised 
for rapid elimination of the pathogen upon transmission, providing 
a highly effective means to prevent COVID-19 in this population.

Our study does have limitations. We were limited in the number 
of pediatric samples collected and analyzed, but differences were 
still noted in the humoral immune response after vaccination and 
infection. Timing of sample collection represents another limita-
tion. We analyzed vaccine antibody responses in children for up to 
4 weeks after the second dose, when titers were still high. It will be 
critical to analyze durability of these response and to determine 
whether these responses will wane differentially across doses and 
ages, whether they will be more protective against particular VOCs, 
and whether children will require booster doses of vaccine.

With the increasing spread of SARS-CoV-2 VOCs (44), the in-
creasing incidence of COVID-19 among the pediatric population, 
the rare but serious development of MIS-C, and the recent appreci-
ation for long COVID in children, the need to determine whether 
SARS-CoV-2 vaccines can elicit functional immune responses will 
be key to protect children (3, 5, 28, 45, 46). Comparable to previous 
observations in adults (10), the mRNA-1273 vaccine induced robust 
binding titers, neutralization, and Fc-effector functions in vaccinated 
children in a dose-dependent manner; these responses were often 
higher than those observed in children diagnosed with COVID-19 
or MIS-C, pointing to the importance of vaccination to robustly 
bolster immunity to SARS-CoV-2. Together, these findings support 
vaccination of children with mRNA-1273 as a safe and effective strategy 
to protect children against COVID-19, MIS-C, and long COVID.

MATERIALS AND METHODS
Study design
To compare antibody responses elicited by the Moderna SARS-CoV-2 
vaccine mRNA-1273, pediatric vaccine samples were obtained 
from children who were vaccinated with two doses of 100 g of the 
mRNA-1273 vaccine or two doses of 50 g of the mRNA-1273 in a 
phase 2/3 clinical trial (ClinicalTrials.gov identifier: NCT04796896) 
at Massachusetts General Hospital (MGH). In addition, we included 
samples from nine children at convalescence (median duration since 
symptom onset: 52 days) who previously presented with polymerase 
chain reaction–confirmed COVID-19 (age range, 1 to 9 years) and 
six children with acute MIS-C (age range, 3 to 21 years) (table S1). 
Samples from 33 adults (age range, 20 to 55 years) who received two 
doses of 100 g of the mRNA-1273 were also included as controls 
(ClinicalTrials.gov identifiers: NCT04380896 and NCT04283461). 
All pediatric participants provided informed assent, when age 
appropriate, and participants or their legal guardian provided in-
formed consent before participation. Blood samples were collected 
before vaccination (V0), about 1 month after the first vaccination 
(V1), and 1 month after the second vaccination (V2). This study 

was overseen and approved by the Mass General Brigham Institu-
tional Review Board (IRB no. 2020P00955). Buffy coats for NK cell 
preparation from healthy volunteers were collected and processed 
by the MGH Blood Bank. Whole blood samples for neutrophil iso-
lation were collected at the Ragon Institute of MGH, MIT, and Harvard. 
All donors were 18 years or older and gave signed consent. Samples 
were deidentified before use, and the study was approved by the 
MGH Institutional Review Board.

Antigens and biotinylation
SARS-CoV-2 D614G or VOC Spike and RDB proteins were ex-
pressed in mammalian human embryonic kidney (HEK) 293 cells 
and obtained from Sino Biological. All antigens were biotinylated 
using an NHS-Sulfo-LC-LC kit according to the manufacturer’s in-
struction (Thermo Fisher Scientific). If required by the assay, excessive 
biotin was removed by size exclusion chromatography using Zeba-
Spin desalting columns (7-kDa cutoff; Thermo Fisher Scientific).

Antibody isotype and Fc receptor binding
Antigen-specific antibody isotype and subclass titers and Fc receptor 
binding profiles were analyzed with a custom multiplex Luminex 
assay as described previously (47). Briefly, antigens were coupled 
directly to Luminex microspheres (Luminex Corp.). Coupled beads 
were incubated with diluted plasma samples washed, and Ig isotypes 
or subclasses with a 1:100 diluted phycoerythrin (PE)–conjugated 
secondary antibody [anti-human IgG1 (catalog no. 9052-09, RRID: 
AB_2796621), IgG2 (catalog no. 9060-09, RRID:AB_2796635), IgG3 
(catalog no. 9210-09, RRID:AB_2796701), IgG4 (catalog no. 9200-09, 
RRID:AB_2796693), IgM (catalog no. 9020-09, RRID:AB_2796577), 
IgA1 (catalog no. 9130-09, RRID:AB_2796656), or IgA2 (catalog 
no. 9140-04, RRID:AB_2796661), all from Southern Biotech]. For 
the FcR binding, a respective PE-streptavidin (Agilent Technolo-
gies) coupled recombinant and biotinylated human FcR protein was 
used as a secondary probe. Excessive secondary reagent was washed 
away after a 1-hour incubation, and the relative antigen-specific 
antibody concentrations were determined on an iQue analyzer 
(IntelliCyt). Each sample was analyzed in duplicate.

Pseudovirus neutralization assay
Threefold serial dilutions were performed for each plasma sample 
before adding 50 to 250 infectious units of pseudovirus expressing 
the SARS-CoV-2 reference (Wuhan/wild-type), beta, delta, or 
omicron variant spike protein to human angiotensin-converting 
enzyme 2 expressing HEK293 cells for 1 hour. Dilutions ranged 
from 1:12 to 1:8748 for wild-type and delta and 1:36 to 1:8748 for 
beta and omicron due to the limited sample volume. Percentage 
neutralization was determined by subtracting background lumines-
cence measured in cell control wells (cells only) from sample wells 
and dividing by virus control wells (virus and cells only). Pseudovirus 
neutralization titer (pNT50) values were calculated by taking the in-
verse of the 50% inhibitory concentration value for all samples with 
a pseudovirus neutralization value of 80% or higher at the highest 
concentration of serum.

ADCD assay
Complement deposition was performed as described before (48). 
Briefly, biotinylated antigens were coupled to FluoSphere NeutrAvidin 
beads (Thermo Fisher Scientific) and, to form immune complexes, 
incubated with 10 l of 1:10 diluted plasma samples for 2 hours at 
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37°C. After nonspecific antibodies were washed away, immune 
complexes were incubated with guinea pig complement in GVB++ 
buffer (Boston BioProducts) for 20 min at 37°C. EDTA-containing 
phosphate-buffered saline (15 mM) was used to stop the comple-
ment reaction, and deposited C3 on beads was stained with anti-guinea pig 
C3–fluorescein isothiocyanate antibody (1:100; MP Biomedicals; 
catalog no. 0855385, RRID:AB_2334913) and analyzed on an iQue 
analyzer (IntelliCyt). Each sample was analyzed in duplicate.

ADNP assay
The phagocytosis score of primary human neutrophils was deter-
mined as described before (49). Biotinylated antigens were coupled 
to FluoSphere NeutrAvidin beads (Thermo Fisher Scientific) and 
incubated with 10 l of 1:100 diluted plasma for 2 hours at 37°C to 
form immune complexes. Primary neutrophils were derived from 
ammonium-chloride-potassium buffer lysed whole blood from healthy 
donors (see above) and incubated with washed immune complexes 
for 1 hour at 37°C. Afterward, neutrophils were stained for surface 
CD66b (BioLegend, catalog no. 305111, RRID:AB_2563293, Pacific 
Blue conjugated) expression, fixed with 4% paraformaldehyde, and 
analyzed on a iQue analyzer (IntelliCyt). Each sample was analyzed 
in duplicate using neutrophils from two different blood donors 
(biological duplicate).

ADCP assay
THP-1 phagocytosis assay was performed as described before (50). 
Briefly, biotinylated antigens were coupled to FluoSphere NeutrAvidin 
beads (Thermo Fisher Scientific) and incubated with 10 l of 1:100 
diluted plasma for 2 hours at 37°C to form immune complexes. 
THP-1 monocytes (American Type Culture Collection) were added 
to the beads, incubated for 16 hours at 37°C, and fixed with 4% 
paraformaldehyde. Samples were analyzed on a iQue analyzer 
(IntelliCyt). Each sample was analyzed in duplicate.

ADNKA assay
To determine antibody-dependent NK cell activation, MaxiSorp 
enzyme-linked immunosorbent assay (ELISA) plates (Thermo Fisher 
Scientific) were coated with respective antigen for 2 hours at room 
temperature and then blocked with 5% bovine serum albumin 
(Sigma-Aldrich). Fifty microliters of 1:50 diluted plasma sample 
was added to the wells and incubated overnight at 4°C. NK cells 
were isolated from buffy coats from healthy donors (see above) us-
ing the RosetteSep NK cell enrichment kit (STEMCELL Technolo-
gies) and stimulated with recombinant human interleukin-15 (1 ng/ml; 
STEMCELL Technologies) at 37°C overnight. NK cells were added 
to the washed ELISA plate and incubated together with anti-human 
CD107a Brilliant Violet (BV)605 (1:40; BioLegend, catalog no. 
328634, RRID:AB_2563851), brefeldin A (Sigma-Aldrich), and 
monensin (BD Biosciences) for 5 hours at 37°C. Next, cells were 
surface-stained for CD56 [1:200; BD Biosciences, catalog no. 335791, 
RRID:AB_399970, PE cyanine 7 (cy7) conjugated] and CD3 (1:800; 
BioLegend, catalog no. 300426, RRID:AB_830755, allophycocyanin-
cy7 conjugated). After fixation and permeabilization with the FIX & 
PERM Cell Permeabilization Kit (Thermo Fisher Scientific), cells 
were stained for intracellular markers MIP-1 (1:50; BD Biosciences, 
catalog no. 562900, RRID:AB_2737877, BV421 conjugated) and 
IFN- (1:17; BD Biosciences, catalog no. 554701, RRID:AB_395518, 
PE conjugated). NK cells were defined as CD3−CD16+CD56+, and 
frequencies of degranulated (CD107a+), IFN-+, and MIP-1+ NK 

cells were determined on an iQue analyzer (IntelliCyt) (51). Each 
sample was tested with NK cells from three different donors (bio-
logical triplicates).

Calculation of VOC breadth
To calculate the breadth of binding across VOCs, isotype, subclass, 
or Fc receptor features of the VOCs were normalized to the respec-
tive D614G feature to account for age- or vaccine-related differences. 
For each feature, the median value was calculated and subtracted 
from the individual values. Each individual with a positive differ-
ence (above or at the median) was assigned a 1 and each individual 
with a negative difference (below the median) was assigned a 0. The 
feature breadth score per individual was defined as the sum of this 
matrix for all analyzed VOCs per spike protein– or RBD-specific 
feature, respectively. A maximum breadth score of 4 was possible if 
median was higher for all analyzed VOCs for the respective feature. 
The sum of all breadth scores per spike protein or RBD antigen is 
plotted in Fig. 4E.

Statistical analysis
Data analysis was performed using GraphPad Prism (v.9.2.0) and 
RStudio (v.1.3 and R v.4.0). No data points were omitted from the 
analysis. We assumed nonnormal distribution. Comparisons between 
the adults and children were performed using Wilcoxon signed-
rank test followed by Benjamini-Hochberg (BH) correction. A 
Kruskal-Wallis test with BH correction was performed for the com-
parison of variant of concern titers. Association of preexisting corona-
virus (strains OC43, NL63, or HKU1) IgG1 titers and SARS-CoV-2 
vaccine–induced titers was assessed by Spearman correlation.

Multivariate classification models were built to discriminate hu-
moral profiles between vaccination arms. Before analysis, all data 
were normalized using z scoring. Feature selection was performed 
using least absolute shrinkage and selection operator (LASSO). 
Classification and visualization were performed using partial least 
square discriminant analysis (PLS-DA). Model accuracy was assessed 
using 10-fold cross-validation. These analyses were performed us-
ing the R package “ropls” version 1.20.0 (52) and “glmnet” version 
4.0.2 (53). Co-correlates of LASSO selected features were calculated 
to find features that can equally contribute to discriminating vaccina-
tion arms. Correlations were performed using the Spearman method 
followed by BH correction. The co-correlate network was generated 
using the R package “network” version 1.16.0 (54). Raw, individual-
level data are presented in data file S1.

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scitranslmed.abn9237
Figs. S1 to S5
Tables S1 and S2
Data file S1
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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A Kid’s COVID Vaccine
As the COVID-19 pandemic has progressed, it has become increasingly apparent that children are not entirely spared
from severe disease; to that end, vaccines were recently approved for children as young as 6 months old. Here,
Bartsch et al. evaluated the antibody response elicited by either an adult (100 µg) or pediatric (50 µg) dose of the
Moderna mRNA-1273 vaccine. The authors found that children responded to both doses in a manner similar to, but
not identical to, adults. Antibodies isolated from vaccinated children exhibited both neutralizing and nonneutralizing
functions, providing data to support real-world evidence for vaccine effectiveness in younger populations.
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