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Abstract
Purpose The human antibody repertoire forms in response to infections, the microbiome, vaccinations, and environmental
exposures. The specificity of such antibody responses was compared among a cohort of toddlers to identify differences between
seropositive versus seronegative responses.
Methods An assessment of the serum IgM and IgG antibody reactivities in 197 toddlers of 1- and 2-years of age was performed
with a microfluidic array containing 110 distinct antigens. Longitudinal profiling was done from years 1 to 2. Seropositivity to
RNA and DNA viruses; bacteria; live attenuated, inactive, and subunit vaccines; and autoantigens was compared. A stratification
was developed based on quantitative variations in the IgG responses. Clinical presentations and previously known genetic risk
alleles for various immune system conditions were investigated in relation to IgG responses.
Results IgG reactivities stratified toddlers into low, moderate, and high responder groups. The high group (17%) had elevated
IgG responses to multiple RNA and DNA viruses (e.g., respiratory syncytial virus, Epstein-Barr virus, adenovirus,
Coxsackievirus) and this correlated with increased responses to live attenuated viral vaccines and certain autoantigens. This
high group was more likely to be associated with gestational diabetes and an older age. Genetic analyses identified polymor-
phisms in the IL2RB, TNFSF4, and INS genes in two high responder individuals that were associated with their elevated cytokine
levels and clinical history of eczema and asthma.
Conclusion Serum IgG profiling of toddlers reveals correlations between the magnitude of the antibody responses towards
viruses, live attenuated vaccines, and certain autoantigens. A low responder group had much weaker responses overall, including
against vaccines. The serum antibody screen also identifies individuals with IgG responses to less common infections (West Nile
virus, parvovirus, tuberculosis). The characterization of the antibody responses in combination with the identification of genetic
risk alleles provides an opportunity to identify children with increased risk of clinical disease.
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Introduction

Infants have limited amounts of their own serum immuno-
globulins (Igs, antibodies) at birth, relying on the transplacen-
tal transfer of maternal IgG and oral intake of IgA from breast
milk for protection against infections. Such maternal antibod-
ies provide a temporary defense against infections. During
their first years of life, toddlers/children begin producing a
circulating pool of immunoglobulins in response to infections,
vaccinations, the developing microbiome, and diverse envi-
ronmental exposures [1–4]. Best defined in mice, there are
two major types of B cells, conventional B-2 cells and B-1
cells, that secrete the immunoglobulins. In humans, the B-1
equivalent populations are defined with the markers
CD19+CD20+CD27+CD38low/intCD43+. Such B-1 cells are
more predominant at birth, primarily secreting low-affinity
IgM isotype antibodies [5, 6]. As an infant grows, the conven-
tional B-2 cells form the major antibody-secreting population
[6–8]. Expressing terminal deoxynucleotide transferase
(TdT), these B-2 cells generate the various antibody isotypes
(IgM, IgG, IgA, IgE, IgD). These antibodies have higher af-
finities for antigens, which occurs via somatic hypermutation
of the antigen-binding complementarity determining regions
[9]. Importantly, even young babies can generate high-affinity
neutralizing antibodies towards various pathogens. For both
human immunodeficiency virus (HIV) type 1 and malarial
infections, somatically hyper-mutated high-affinity IgG is al-
ready evident in infants by 3 months of age [10, 11]. The B
cell populations secreting these antibodies will eventually
form a pool of memory B cells. This is consistent with the
observation that the overall memory B cell numbers are very
low at birth, with about 50% of all circulating B cells consid-
ered immature [7, 8].

By 1 year of age, a toddler produces most of their own
circulating antibodies, with maternally derived IgG catabo-
lized due to the 5–6 week half-live of the protein [12–14].
Maternal antibodies can have longer half-lives (> 80 days),
revealed through the presence of vaccine-specific antibodies
present in unvaccinated infants [15–17]. In a 1-year-old, the
IgG levels are approximately 70% of adult levels, while IgA is
only at 30% values. While most infants produce sufficient
levels of Igs for protection against infections, several clinical
conditions exist wherein these are inadequate. One more com-
mon clinical condition is transient hypogammaglobulinemia
of infancy, wherein an infant produces insufficient quantities
of protective antibodies against pathogens. This condition can
extend into the 3rd year of life, leading tomore infections [18].
In addition, there are infants who have inborn errors of immu-
nity that impede antibody production [19].

Given the importance of antibodies in protecting individ-
uals against infections and the critical role of vaccines in
directing this antibody response, little has been reported about
the variations that may exist in such responses among a cohort

of toddlers/children. To address this, we performed a compar-
ative analysis of the serum IgM and IgG antibody specificities
among normal 1- and 2-year-old toddlers towards a panel of
110 distinct antigens. These included antigens used to monitor
immunoglobulin responses to common viral and bacterial in-
fections along with vaccine antigens, autoantigens, and aller-
gens. The screen was performed with microfluidic antigen
arrays, which permits a screening of the antibody reactivities
to 110 distinct antigens simultaneously. Such arrays have a
greater sensitivity than conventional ELISA and are excellent
for comparative analyses with a broad range of antigens [20].
Our findings indicate that the majority of toddlers/children
have overall low IgG reactivities to the various antigens.
However, 17% of the cohort exhibited elevated IgG responses
to specific RNA and DNA viruses, several live attenuated
viruses, and a few autoantigens. A DNA sequence analysis
with several of the individuals in the cohort revealed particular
genetic polymorphisms (IL2RB, TNFSF4, and INS) that cor-
related with higher IgG responses and was associated with
two individuals who had elevated circulating cytokine levels.
Taken together, these findings suggest normal toddlers/
children have very divergent antibody responses in their first
2 years of life, with a subset exhibiting strong seropositive
responses correlating with more effective vaccine responses
as well as increased autoantibody levels.

Methods

Study Approval

The Institutional Review Board at UT Southwestern
Medical Center approved this study (IRB# 072010-009
and IRB# 112010-013). Parental consent was obtained
for 200 individuals, and 3 withdrew over the course of
the sampling. The remaining 197 were used for the anal-
yses described in the current manuscript. All toddlers who
participated in this study were seen by pediatricians for
their standard of care wellness visits. The pediatricians
were affiliated with Children’s Health Pediatric Group at
Children’s Health, Dallas, Texas (Medical District Site).
Blood samples were obtained following standard of care
draws for hemoglobin and lead levels, which is mandated
by the State of Texas for toddlers and children at the ages
of 1 and 2. A total of 122 blood draws were from 1-year-
old toddlers and 116 from 2-year-old children. Forty-one
of these Yr.2 samples were biological replicates from
those individuals who had returned after their 1st-year
wellness visits clinical information including birth status,
age, sex, ethnicity, growth, vaccination dates, antibiotic
and/or anti-viral use, drug treatments, and other health-
related information was compiled (Table 1).
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Blood Sampling and Processing

Between 30 and 300 μl of blood was collected from each
individual using serum blood collection tubes (Item #07-
7151, ThermoFisher Scientific). This meant that for most in-
dividuals, only a finger stick was required for blood sampling.

After coagulation, serum was separated from blood cells fol-
lowing 10-min centrifugation at 10,000 rpm.

Antigen Array Analysis

Serum IgG and IgM reactivity were tested with a microfluidic
antigen array comprising 110 antigens, including 53
autoantigens, 26 pathogen agents, 17 vaccine antigens, and
14 allergens along with two controls (HEL, BSA)
(Supplemental Fig. 1a). Serially diluted human IgG and IgM
were added as internal controls. In addition, serially diluted
anti-human IgG was added in 4 additional wells to calculate
the relative serum IgG levels. This customized antigen panel
was named Kids Panel I and is available from the Microarray
and Immunophenotyping Core Facility at the University of
Texas Southwestern Medical Center. The 110 antigens were
printed in duplicate on nitrocellulose membrane-coated slides.
Each slide can be used with 16 samples, 15 different serum
samples were compared in one slide along with a PBS control
[21, 22]. Such microfluidic antigen arrays were developed as
previously described [22, 23]. In brief, 1 μl of serum was
diluted 1:100 in PBS with 0.01% Tween 20 and applied to
the slide array using microfluidic applications. After washing,
IgG and IgM isotype antibodies binding to the diverse anti-
gens were detected with Cy-3-conjugated anti-human IgG
(1:1000) and Cy-5-conjugated anti-human IgM (1:1000) sec-
ondary antibodies (Jackson ImmunoResearch Laboratory).
Array slides were scanned with GenePix 4400A scanner
(Molecular Devices) to generate images for each array. This
was converted to Genepix Report file (GPR) using Genepix
Pro7.0 software (Molecular Devices). The averaged fluores-
cent signal intensity of each antigen was subtracted by the
local background and the PBS control signal. The net fluores-
cent intensity of each antigen was further normalized with
internal controls to generate the normalized fluorescent inten-
sity (nfi) values. The normalization procedure was used to
exclude variations due to differences in the processing, label-
ing, and fluorescence levels between differing runs. To control
for variations with different slides prepared over 3 years (sam-
ples processed at different times), the 4 dilutions of the IgG
control were analyzed at 1 (1 mg/ml), 1/2 (0.5 mg/ml), 1/4
(0.25 mg/ml), and 1/8 (0.125 mg/ml) dilutions. This was done
to identify the linear range of the values. The averaged IgG
control was then calculated using the formula Aij, where j is
the run number and i is the sample number within the order.
This parameter was calculated for each sample as (IgG1 + 2 ×
IgG1/2 + 4 × IgG1/4)/3, where IgGt was the dilution of control
IgG for a given sample. All other nfi values were adjusted
based on these normalized IgG controls. After this adjustment,
the corrected IgG controls for each order were equalized.
Individual sample adjustments were achieved by the use of
individual corrected controls. A non-supervised clustering
was created for the initial analysis of the nfi levels. This was

Table 1 Clinical information from 197 1 and 2-year-old toddlers. Most
subjects showed no pertinent antecedents. Relevant past medical history
compiled included asthma and allergic conditions

n (%)

Gender Male 92 (47)

Female 105 (53)

Age 12 months 122 (62)

24 months 75 (38)

Race/ethnicity Hispanic 117 (59)

African American 63 (32)

White/other 17 (9)

Term birth Full term 174 (88)

Premature 23 (12)

Delivery Vaginal 119 (60)

C-section 78 (40)

Feeding History Breast milk 139 (71)

Formula 58 (29)

Gestational diabetes Yes 14 (7)

No 183 (93)

Pertinent medical history

Allergic Eczema 23 (12)

Allergic rhinitis 9 (5)

Asthma/RADa 11 (6)

Food allergy 2 (1)

Gastrointestinal GERDb 10 (5)

Constipation 4 (2)

Cardiovascular Heart disease 9 (5)

Neurological Seizure disorder 2 (1)

Developmental delay 18 (9)

Nutritional Obesity 4 (2)

Underweight 3 (2)

Anemia 26 (13)

Vaccination status Up-to-date 133 (68)

Not up-to-date 64 (32)

Use of antimicrobials Yes 107 (54)

No 90 (46)

Family history Diabetes 59 (30)

Asthma 36 (18)

Autoimmune diseasesc 7 (4)

aRAD, reactive airway disease
bGERD, gastroesophageal reflux
c Autoimmune diseases reported in the family include rheumatoid arthri-
tis, Hashimoto disease, or autoimmune thyroiditis and SLE
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based on the Pearson correlation as described in detail else-
where [24]. The appropriate threshold for the correlation was
calculated using a simulation study. Responses to specific
antigens were sorted by their relationships and the clustering
process was started with the higher nfis, separated into differ-
ent categories (pathogens, vaccines, autoantigens, allergens).
This is an iterative process as described previously [25–28].
For the heat map presentations, a distinct standardization pro-
cedure was used. For each nfi for a particular antigen, the
maximal level was selected and divided by all the other nfis.
This allowed all samples with the same antigen target to ap-
pear as a range from 0 to 1. To discriminate low and high
expressions in a visual presentation by color (green—low;
red—high), a border (0.2) was defined. After that, the nfis
after the first step of standardization above 0.2 were presented
in red colors, whereas low expression below 0.2 transformed
to a negative value and presented in green colors.

ELISA Assays and Serum Cytokine Measurements

ELISA assays were used to qualitatively identify human se-
rum IgG antibody reactions to Respiratory Syncytial Virus
(Abcam Inc. Cambridge, MA) along with cytomegalovirus
(CMV) and Epstein-Barr virus (EBV) (Zeus Scientific, Inc.
Branchburg, NJ). These assays are used to identify patients
with serologic evidence of previous or primary infections.
Anti-nuclear antibody responses (ANA) were assayed using
a commercially available kit (QUANTA Lite ANA ELISA,
Inova Diagnostics, San Diego, CA). For serum cytokine mea-
surements, a Bio-Plex Pro Human Cytokine 27-plex Assay
was performed in the Genomics and Immunophenotyping
Core facility at UT Southwestern Medical Center according
to the manufacturers’ instructions.

Genotyping

Blood cells were used for DNA isolation. The DNA ex-
traction was performed with QIAmp DNA Mini Kit from
QIAGEN. About 250 ng of genomic DNA was used to
genotype markers with Infinium ImmunoArray-24 v2
BeadChip from Illumina. The genome-wide content on this
array is based on information on the populations from the
1000 Genomes Project. The markers tiled on array include
variants with established disease associations, relevant
pharmacogenomics markers, and curated exonic content
based on ClinVar, NHGRI, PharmGKB, and ExAC data-
bases. QC content enables sample identification and track-
ing for large-scale genomics and screening applications.
The image files from the scanner were imported into
Genome Studio, Illumina. Marker genotypes were called
using the genotyping module in GenomeStudio.

Statistics

Statistical analyses were performed using GraphPad Prism soft-
ware version 9.2 (GraphPad). A p value of less than 0.05 was
considered statistically significant. ns denotes not significant.
For figures, standard one-way ANOVAwas used in most cases
(assumes equal variances), unless distinct tests were used as
indicated in the figure legends. For Fig. 6c, d, a normal one-
way ANOVA analysis was applied. Genetic association analy-
sis was performed using the SVS Golden Helix program.

Results

The Magnitude of the Serum IgG Antibody
Reactivities in Toddlers/Children Reveals Subgroups
with Low, Moderate, and High Responses to
Pathogen, Vaccine, and Autoantigens

The range of binding specificities of the circulating serum an-
tibodies among toddlers/children towards diverse infectious
agents, vaccines, and autoantigens has not been well defined.
To address this, we tested serum from 197 toddlers/
children with an antibody profiling screen (Fig. 1a). The demo-
graphics of 197 individuals are provided in Table 1.Most of the
subjects were recruited at 1 year of age (62%). Fifty-three per-
cent of the cohorts were female. The ethnic distribution of the
cohort was 59% Hispanic, 32% African American, and 9%
White or Asian. The majority of toddlers (91%) were born full
term, with 60% born via spontaneous vaginal delivery.
Seventy-one percent were breastfed, either exclusively or
mixed with formula.Maternal gestational diabetes was reported
for 7% of the subjects. One hundred thirty-three (68%)were up-
to-date with vaccinations. One hundred eight subjects (55%)
did not have any pertinent past medical history, while 13%
had anemia, 12% had eczema, 9% had developmental delay,
and 6% had asthma, among other clinical conditions. Up to
54% received antibiotics at least once (electronic medical re-
cords, EMR). In regard to family history, 30% had a family
history of diabetes, 18% reported a family history of asthma
while 4% family history of diagnosis of autoimmune diseases
including rheumatoid arthritis, Hashimoto disease, or autoim-
mune thyroiditis and systemic lupus erythematosus (SLE).
Blood samples were obtained from the 1- and 2-year-old
toddlers/children who were being seen for standard of care
health visits including lead and hemoglobin screens. Serum
was separated from the cellular constituents and used for the
antibody profiling, with the pelleted cellular material used for
DNA isolation and subsequent genomic studies (Fig. 1a).

The IgM and IgG reactivities were tested with 238 serum
samples, 41 of which corresponded to toddlers who had second
blood draws a year (Yr.2) after their initial Yr.1 sampling along
with multiple technical replicates (Fig. 1b, Supplemental Fig.

1034 J Clin Immunol (2021) 41:1031–1047



1b, Supplemental Excel File 1). The antibody responses were
compared using a microfluidic antigen array containing 26
pathogen agents, 17 vaccine antigens, 53 autoantigens, 14 al-
lergens along with 2 controls (hen egg lysozyme; HEL, oval-
bumin; OVA) (Supplemental Fig. 1a, Supplemental Table S1)
[21, 22, 29]. The immunoglobulin reactivities against these
antigens were first compared with heat maps. An unbiased
hierarchical clustering was applied to the data, revealing that
the IgM responses among the cohort varied considerably, with
no obvious clustering or grouping (Fig. 1b). For IgG responses,
clustering was evident with seropositive responses to pathogen
antigens, autoantigens, vaccines, and allergens (Fig. 1b, red).
Even so, many toddlers had a relatively weak response to most

antigens (Fig. 1b, green). To compare the responses, a stratifi-
cation was developed based on the overall levels of the normal-
ized fluorescence intensities (nfi). As the nfis ranged from
values as low as 0 to as high as 65,000 for different samples,
the average sum and standard deviation of the nfis towards all
110 antigens was calculated (126,051 ± 70,839). Toddlers with
a sum of nfi value 1 SD above the mean were classified as high
responders (n = 33) while those 1 SD below were designated as
low responders (n = 110). The group with nfi values in between
these ranges were designated as moderate (Mod) responders
(n = 54) (Fig. 1c). The distribution revealed that 56%, 27%,
and 17% of the cohort were low, Mod, and high responders,
respectively (Fig. 1b, c). This low, Mod, and high classification

Fig. 1 The serum IgG specificities of toddlers/children reveal distinct
subgroup responses to pathogens, autoantigens, vaccines, and allergens.
a Schematic of the immune response profiling of 1- and 2-year-old tod-
dlers. Blood samples are processed for serum and cellular DNA, used for
antigen arrays, ELISA assays, and DNA sequencing. Medical records are
reviewed along with family history. b The antigen array was used to
assess the antibody responses in a cohort of 1- and 2-year toddlers/chil-
dren. One hundred ninety-seven individual serum samples were tested
against an antigen array comprising 110 antigens (detailed in the
Methods section). The heat maps, with IgM on the left and IgG on the
right, correspond to 197 samples; each column is 1 sample/toddler. The

various categories of antigens are indicated. The heat map indicates pos-
itive antibody reactivity (red color) or minimal to no reactivity (green
color). c The sum of the IgG nfi responses for every antigen was calcu-
lated, revealing a segregation of the cohort into low, moderate (Mod), and
high reactivity groups. d The relative serum IgG level for each individual,
stratified into the low, Mod, and high response group, was determined. e
The nfi levels for hen egg lysozyme (HEL), used as a control antigen,
were determined for each individual in the low, Mod, and high response
groups. Statistical analyses were done with one-way ANOVA using
Tukey’s correlation, and p values shown. ns, not significant
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was not due to differences in the overall IgG levels as no sta-
tistically significant differences were noted when comparing
the 3 subgroups (Fig. 1d). The serum IgG reactivities among
the high response group were also not due to high basal in-
creases in IgG reactivities as 196/197 individuals had similar
background level responses to HEL and other antigens (Fig. 1e,
Supplemental Excel File 1). Concerning clinical conditions,
pertinent medical history was compared in the low, Mod, and
high groups (Supplemental Table S2). There were no specific
conditions particular to the low, Mod, or high groups. Taken
together, these results reveal a marked distinction in the serum
IgG responses among 1- and 2-year-old toddlers and identify a
subset with elevated IgG reactivities to many antigens.

Identification of Particular Viral Infectious Exposures
in Toddlers/Children with Microfluidic Antigen Arrays

The microfluidic antigen array enables one to identify toddlers/
children with seropositive IgG responses to many distinct in-
fectious agents. We assessed the responses to respiratory syn-
cytial virus (RSV) and cytomegalovirus (CMV). Serum IgG nfi
levels were compared with two RSV antigens (RSV and an
RSV glycoprotein) and two cytomegalovirus antigens (CMV
and CMV-M). Two distinct antigens were used to cover more
epitopes for each virus. The responses were plotted against the
low, Mod, and high nfi stratified groups (Fig. 2a, b). RSV-
specific IgG responses clustered among the high response
group (Fig. 2a). CMV seropositive individuals were distributed
throughout the low, Mod, and high response groups (Fig. 2b).
Some individuals had high IgG nfis to both antigens, as re-
vealed with overlapping red/black peaks in the graph (Fig.
2a, b). To establish whether these seropositive responses were
clinically informative, an independent serologic ELISA assay
was used to confirm previous or primary respiratory syncytial
virus (RSV) or cytomegalovirus (CMV) infections for some of
the toddlers (Fig. 2a, b, open circles). Positivity defined by an
ELISA for the RSV glycoprotein revealed that a minimum of
15,000 nfi units would identify individuals with RSV seropos-
itivity (Fig. 2a, y-axis on right). Pearson’s correlation coeffi-
cients revealed a high correlation (r = 0.903, R2 = 0.816) of sta-
tistical significance between the microfluidic-based nfis and the
ELISA (Supplemental Fig. 2a, p < 0.0001). Based on this de-
fined nfi cutoff, 31 out of 197 toddlers likely had previous or
primary RSV infections targeting the glycoprotein. Of note, the
second RSV antigen used for the microfluidic array suggested
an even higher prevalence as not all individuals targeted both
antigens. For CMV seropositivity, an ELISA assay was per-
formed for > 20 individuals who had either low or high nfis
towards a CMV antigen. Pearson’s correlation coefficients re-
vealed a high correlation (r = 0.876, R2 = 0.768) with statistical
significance (p < 0.0001) (Supplemental Fig. 2b). The ELISA
positivity value suggested that a nfi threshold of 600 is indica-
tive of previous or primary CMV infections (Fig. 2b).

Twenty out of 197 individuals were CMV seropositive. We
subsequently compared the patterns of seropositivity for 6 ad-
ditional viral infections: adenovirus, coronavirus,
Coxsackievirus, Epstein-Barr virus (EBV), echovirus type 9,
and enterovirus 71 (Fig. 2c–h). While ELISAs were not per-
formed against all the viruses due to limited sample volumes for
some of the toddlers, there were clearly demarcated IgG nfi
values above the normal. Using this analysis in combination
with known frequencies of particular viral infections in the 1–
2-year-old age group, a nfi cutoff of positivity was established
for each virus. The overall comparative results revealed a clus-
tering of seropositivity among the high responder group for 6 of
8 viruses, the exceptions being CMV and coronavirus (Fig. 2a–
h).

A Subset of Toddlers Has Strong IgG Antibody
Reactivities to Selected Pathogens and Live
Attenuated Viruses

The high response cohort of toddlers had elevated IgG nfi re-
sponses to 6 different viruses relative to the low and Mod re-
sponders (Fig. 2a–h). To examine whether this pattern was
statistically significant, the nfi values detected for the various
antigens were plotted against the low, Mod, and high response
groups. The high responder group had more pronounced IgG
nfi values against 7 RNA and DNA viruses of statistical signif-
icance (Fig. 3a). For CMV, we used the CMV type III antigen,
with seropositivity better reflecting a recent or active viral in-
fection [30]. The elevated nfi response among the high respond-
er group was not against every virus, as noted for a coronavirus
(Fig. 2a, c, 3a, Supplemental Fig. 3a). Another example of a
more evenly distributed response among the groups was that
against molluscum contagiosum virus. About 41% of all the
toddlers/children screened had IgG responses towards this virus
(> 5000 nfi values) that was spread across the 3 groups (Fig.
3a). In addition to viral pathogens, the high responder group
had elevated nfis towards selected bacterial antigens and para-
sites (Pseudomonas fluorescens lipase and toxoplasma) (Fig.
3a). Individuals with seropositive responses to less common
infections were identified, including some with elevated IgG
nfis to West Nile virus and parvovirus (Supplemental Fig. 2).
Three toddlers had reactivity to the Mycobacterium
tuberculosis antigen early secretory antigenic target (ESAT-
6), suggesting possible exposures to mycobacteria (Fig. 3a).

We next compared the IgG responses among the low,Mod,
and high groups to routine childhood vaccines. The high re-
sponder group had statistically significant elevated nfis
against the live attenuated viruses targeting mumps, rotavirus,
and varicella-zoster (Fig. 3b, Supplemental Fig. 3b). For most
inactive or subunit vaccines, there were no statistically signif-
icant differences in the 3 groups. This can be seen with the
similar serum IgG responses to influenza, hepatitis B, and
Streptococcus pneumoniae vaccines among the low, Mod,
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and high groups (Fig. 3b). Only with the low responder group
were slightly diminished nfis of statistical significance noted
towards a few inactivated or subunit vaccines, such as hepa-
titis A and tetanus toxoid (Fig. 3b). Taken together, our results
suggest that individuals with enhanced IgG nfi values towards
numerous DNA and RNA viruses tend to have elevated sero-
positive IgG responses to live attenuated vaccines, which were
primarily against viruses such as measles, mumps, and
rubella.

Published reports with adult cohorts indicate a positive cor-
relation between IgG responses to viruses and to self-antigens
[31]. We addressed whether this was also apparent in toddlers/
children by first comparing the low, Mod, and high response
groups against 53 different autoantigens. The high responder
group had statistically significantly higher IgG nfi values to a

variety of autoantigens, including nucleosome components,
arrestin beta 1, a histonemix, endothelial lysate, Smith antigens,
and others (Fig. 4a). There were additional increased nfi values
against defined autoantigens in the high response group of sta-
tistical significance (Supplemental Fig. 4). Elevated nfi values
towards the autoantigens were still much lower than that noted
for a cohort of adult SLE patients, and none of the toddlers/
children screened had signs of autoimmunity (Supplemental
Fig. 5). Also, the high response cohort had limited IgG reactiv-
ities to the bulk of autoantigens screened. A longitudinal anal-
ysis will be necessary to determine if the high response group
has an increased susceptibility to autoimmune diseases that
may present later in life. Another measure of potential autoim-
munity is the formation of antibodies against nuclear antigens
(ANA) [32]. ANA values were determined using an ELISA-

Fig. 2 Serum IgG nfi seropositive
responses to particular RNA and
DNA viruses cluster among the
high responder group. a The
relative IgG responses, measured
using the nfi values from the
microarray analysis, are shown
for two distinct RSV antigens,
shown as black (RSV) and red
lines (RSV glycoprotein, RSV-
Gp). Each line corresponds to an
individual sample, ranged from
the lowest to highest overall nfi
value. The separation among the
low, Mod, and high groups is
shown below the y-axis. Serum
IgG responses, determined using
an independent ELISA assay for
an RSV-Gp, are shown for a sub-
set of toddlers. The adjusted
OD450 values are shown as open
circles. b The relative IgG nfi re-
sponses are shown for two dis-
tinct CMV antigens, shown with
black (CMV) and red lines
(CMV-M). An independent
ELISA assay for the CMV anti-
gen was performed using samples
from a subset of toddlers. The
open circles reveal the adjusted
OD450. c–h Serum IgG nfi values
specific for c adenovirus, d coro-
navirus, e Coxsackievirus, f
echovirus type 9, and f enterovi-
rus 71 are shown, plotted against
the increasing overall nfis calcu-
lated for each individual. Values
above the dotted lines in the
graphs suggest infection-based
seropositivity
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Fig. 4 Responses to selected autoantigens were greater in the high reactivity
group a. The relative IgG responses (nfi values) are shown for diverse
autoantigens among the low, Mod, and high groups. The high responder
group exhibited a statistically significant increase in the IgG nfi values
towards nucleosome components, arrestin b1, a histone mix, endothelial
cell lysates, and the Smith antigens (Sm/Smd). b Pearson’s correlation
analysis was performed for the sum of the total nfis for each of the 197
samples in relation to the summed nfis for 7 viruses (parvovirus,
enterovirus 71, adenovirus type 5, RSV, Coxsackievirus, echovirus type 9,
CMV), 5 live attenuated vaccines (mumps, rotavirus, rubella, rubeola,
varicella-zoster), 7 subunit vaccines (hepatitis B, hepatitis A, Haemophilus
influenzae, inactivated influenza types A and B, tetanus toxoid,
Streptococcus pneumoniae), and 8 autoantigens (arrestin beta 1, histones,
myelin basic protein, myosin, endothelial lysates, Smith antigens,
nucleosomes, alpha fodrin). Statistical analyses were done with Pearson
correlation calculations using Graph Prism 8. The r value and the R2

values are indicated within the graphs. c The serum samples from a subset

of toddlers (114/197) were used in ELISA assays to screen for the presence
of anti-nuclear antibodies (ANA). The cutoff for positivity was defined by a
previous analysis of over 700 samples from SLE patients, with positive
controls provided within the ANA kit (ANA kit, QUANTA Lite ANA
ELISA by InovaDiagnostics). Thirty (26%) and eight (7%) of these samples
had moderate and high ANA titers. d The low, Mod, and high reactivity
groups were compared for their ANA levels. Eight with high ANAs were
part of the high reactivity group. eOdds ratio comparing the high responder
cohort and diverse clinical indicators. The clinical information from 110 low
and 33 high responder cohorts was compared to determine the relative odds
ratio and statistical significance with particular clinical conditions. The stron-
gest relationships exist with gestational diabetes followed by age. Statistical
analyses were done with one-way ANOVA using Tukey’s correlation, with
the calculated p values shown. ns, not significant. For odds ratio calculations,
2-way calculations were performed with the 95% confidence intervals
shown
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based clinical assay that provides standards to designate IgG
titers as negative, low, and high to nuclear antigens. These were
split into ANA negative, low and high (Fig. 4b). Surprisingly,
8% of the cohort had high ANA titers, with some individual’s
values approaching that seen in systemic lupus erythematosus
patients (Fig. 4b, values > 50). A statistically significant differ-
ence between the high and low cohorts (Fig. 4c). However, it
was also obvious that several individuals in the low group also
had high ANA titers. These results suggest that circulating
ANA are already apparent in the healthy toddler/children pop-
ulation [32, 33].

Given the strong anti-viral nfi values noted among the
high responder group, we assessed whether this was also
true for responses to pathogens, vaccines, and autoantigens.
The overall sum of the nfis for each individual was com-
pared with the sum of the nfi values towards 7 common viral
infections, 5 live attenuated vaccines, 7 inactivated and/or
subunit vaccines, and 8 autoantigens (Fig. 4b). The highest
positive correlation index existed between the overall sum
of the nfis and viral responses (Fig. 4b, r = 0.86). The 2nd
strongest positive correlation was with live attenuated vac-
cine responses (r = 0.78). Interestingly, the nfi values for
different live attenuated vaccines were an order of magni-
tude less than those seen with the infectious agents. This
suggests that pathogen responses may drive enhanced vac-
cine responses in the high response group. This was only
found for live attenuated vaccines, as a relatively poor cor-
relation existed in relation to inactive subunit vaccines (Fig.
4b, r = 0.44). Finally, a positive correlation was revealed in
the high responder group and autoantigens (Fig. 4b, r =
0.66).

The stratification of the toddlers/children into low,
Mod, and high responder groups along with medical re-
cords allowed us to address whether these patterns corre-
lated with particular clinical features. An odds ratio as-
sessment was undertaken. There was a statistically signif-
icant odds ratio for the high responder cohort and mater-
nal gestational diabetes followed by age (Fig. 4e). No
increased odds ratios were noted for delivery type, family
history of asthma or autoimmunity, C-section versus vag-
inal delivery, male versus female sex, nor up-to-date, or
delayed vaccination status (Fig. 4e, data not shown).
Some individual antigens for which male and female
sex, C-section versus vaginal delivery, and age were sta-
tistically different could be found, but this was not based
on our stratification strategy (Supplemental Table S3).
Taken together, a comparison of the serum IgG antibody
specificities in toddlers/children towards a diverse group
of antigens reveals a cohort with elevated IgG nfi values
towards common viruses. This elevated viral response
may drive seropositive responses to live attenuated vac-
cines. This did not appear to be the case for inactive or
subunit vaccines.

Longitudinal Profiling of the Serum Antibody
Specificities Suggest the High Response Cohort of
Toddler/Children Maintain Their Responses

Forty-one of the toddlers/children in our cohort had a 2nd-year
follow-up blood draw, allowing a longitudinal assessment of
their serum IgG changes (Fig. 5a, Supplemental Fig. 1b).
Comparing similar groups of antigens as that shown in
Figs. 2 and 3, the increased IgG nfi responses noted for spe-
cific viral pathogens: RSV, Coxsackievirus, echovirus type 9,
and CMV grade 3 antigen were retained at Yr.2 for those
having a response evident within their 1st year of life (Fig.
5a, closed versus open circles). This was dependent on the
pathogen, as most individuals exhibited only transient re-
sponses towards molluscum contagiosum, either evident at
Yr.1 or Yr.2, but lost by Yr.2 if first uncovered in Yr.1.
Certain individuals who had little IgG reactivity at Yr.1
seroconverted at Yr.2, confirming pathogen exposures and
the transient nature of the circulating antibodies to particular
viruses (Fig. 4a, red dotted lines connecting each
individual). Another interesting finding from the profiling
is that certain viral-specific antibody responses primarily
occurred in the second year of life. This was evident for the
RNA virus echovirus type 9 and two DNA viruses, EBV,
and parvovirus (Fig. 5a).

In contrast to the infection-driven IgG nfi values in the tens
of thousands, the IgG nfi values against live attenuated and
inactive viruses along with subunit vaccines remained in the
hundreds, regardless of whether this was a Yr.1 or Yr.2 sam-
pling (Fig. 5a vs b). This is not unexpected, as infections drive
higher antibody responses than vaccines. Among the toddlers,
many individuals who had a low nfi value at Yr.1 maintained
this low response at Yr.2 (Fig. 5b). All 41 individuals with
repeat sampling had received their combined measles,
mumps, rubella vaccine (MMR) along with those against ro-
tavirus, varicella-zoster virus, and hepatitis A. Rotavirus is
administered at 2, 4, and 6 months of age, while MMR is
given at Yr.1 along with varicella and hepatitis A. Influenza
vaccination is provided yearly at any point from 6 months on.
Overall, these data suggest that each toddler/child generated
an IgG response unique and distinct from others. A significant
number of individuals who had low IgG binding responses in
both their first and second years of life. This does not neces-
sarily mean they have lack protective immune responses, as
the live attenuated vaccines elicit effective T cell-mediated
responses, which may provide sufficient protection.

Genetic Association Analysis Show Enrichment of
Genetic Risk Alleles in the High Responder Group

Genome-wide association studies (GWASs) in several auto-
immune, rheumatic, and immune system-related conditions in
adults have uncovered several genetic variations that can
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contribute to disease susceptibility [34–37]. To assess the
prevalence of such previously identified genetic risk alleles,
we genotyped 114 samples using an Infinium Global
Screening Array-24 v3.0 BeadChip from Illumina. These
114 samples were selected based on various criteria such as
availability of at least 250 ng of QC pass genomic DNA and
completeness of immune profiling data. Genotyping array
used in the study combines multi-ethnic genome-wide con-
tent, curated clinical research variants, and quality control
(QC) markers and about two hundred thousand immune-

related genetic variants, including 345 potential immune reg-
ulatory variants (Fig. 6a). These were selected based on their
previous mapping with autoimmune patients versus normal
individuals [38, 39].

To assess the effect of carrying multiple genetic risk alleles
in immune response genes in relation to the magnitude of the
IgG response, a genetic risk score (GRS) was generated for
each individual based on the presence or absence of 47 top
risk alleles that were found associated with nfis in a quantita-
tive association test (Fig. 6a, Supplemental Table S4). These

Fig. 5 Longitudinal profiling of serum IgG nfi responses in toddlers/
children from year 1 to year 2 reveals both fixed and fluctuating patterns
dependent on the antigen. a The relative IgG responses (nfi values) are
shown against various RNA viruses (red), DNA viruses (blue), and a
bacterial antigen (black) as indicated. These values are shown for 41
repeat samples, using a serum sample from Yr.1 followed by a second
sample at Yr.2. The high responder group exhibited a statistically

significant increase in the IgG nfi values towards selected viral pathogen
antigens, as shown. This included responses to RSV, Coxsackievirus,
echovirus type 9, CMV, and adenovirus type 5. b The relative IgG re-
sponses to either live attenuated, inactivated, or subunit vaccines were
determined with the 41 repeats. Statistical analyses were done with one-
way ANOVA using Tukey’s correlation, with the calculated p values
shown. ns, not significant
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variants have been implicated in various autoimmune, rheu-
matic, and allergic conditions previously (Fig. 6a). This

analysis was developed based on earlier work defining genetic
risk alleles in the setting of SLE [38, 39]. A statistically
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significant accumulation of risk alleles in multiple genes was
observed for the Mod and high versus low response group
(Fig. 6b, p < 0.0001). This was further supported by a high
Pearson’s correlation (r = 0.61, p < 0.001) between number of
risk alleles and the sum nfi values (Fig. 6c). To determine if a
combination of age and genetic risk scores impacted the anti-
body responses to the 110 antigens, the two age groups were
segregated and a subset of individuals in the low GRS versus
high GRS was compared with the serum IgG responses (Fig.
6d). Both Yr.1 and Yr.2 cohorts with high GRS had positive
IgG responses to multiple antigens on the protein array rela-
tive to those in the low GRS. Yet, the numbers did not differ
between Yr.1 and Yr.2, revealing that the genetic risk allele
correlation with IgG reactivity was independent of age. In
addition, there was a strong correlation found with a higher
GRS score and anti-pathogen as well as autoantigen re-
sponses. No statistically significant correlations were found
with vaccine immune responses.

Of the 47 top allelic variants, the rs2284033 SNP in ILR2B
is a known genome-wide association studies (GWAS) variant
linked to juvenile idiopathic arthritis and asthma [38, 39].
According to GTEx (Genotype-Tissue Expression database
(https://gtexportal.org)), this SNP is an eQTL, with the
disease-associated allele (G) having a higher expression of
the IL2RB gene in multiple cell lineages. To determine if there
was a correlation among the high versus low responder in
relation to particular disease risk alleles, we further studied
two individuals in the high response group (147.1 and 72.1,
red circles) and two in the low response group (132.1, 141.1).
The two in the high response group had the G/G genotype for
rs2284033, while two in the low cohort had an A/G (Fig. 7a,
blue). Further review of their medical history revealed that
both these individuals in the high group had asthma. We se-
lected a second gene, TNFSF4, in which the G/T and T/T
variants (rs7514229) are implicated in SLE. The T/T genotype
results in a higher expression of TNFSF4 (https://gtexportal.
org). As shown, the high and low response subjects had the
moderate (G/T) and high-risk genotypes T/T suggesting this
marker did not segregate the two groups (Fig. 7b). Finally, we

compared rs689, a known risk allele in the insulin (IGF2) gene
for autoimmune or type 1 diabetes [40]. While the T/T allele
was more prevalent in the high responder group, as seen in the
two high responders (72.1, 141.1), one of the low responders
had the T/T allele (Fig. 7c). These findings suggest a compi-
lation of different risk alleles among a larger cohort will be
needed to ascertain the direct contributions of risk alleles on
the overall antibody responses.

To examine the association between the IL2RB, TNFSF4,
and IGF2 risk alleles and serum cytokine/chemokine re-
sponses, we compared the levels of these in the same four
individuals described above. As shown in the heat map in
Fig. 7d, several cytokines and chemokines were significantly
higher in high response individuals (147.1 and 72.1) versus
those in the low response group (132.1 and 141.1) (Fig. 7d).
Interestingly, both 147.1 and 72.1 also had elevated nfis of
clinical significance against CMV and EBV, while 132.1 and
141.1 did not. These results provide a proof-of-concept of our
approach to identify subjects with potential for disease risk.
Such pilot findings suggest that a genetic risk profile of all
individuals in our study may provide additional insights into
the influence of genetic susceptibility alleles on the serum IgG
responses against various pathogens and consequent out-
comes for autoantibody responses. In future directions, we
will use this strategy to compare more individuals with a
higher risk profile in relation to their cytokine/chemokine
levels.

Discussion

Toddlers/children generate specific antibodies in response to
pathogen exposures, the microbiome, environmental antigens,
and vaccinations. While many studies have examined anti-
body responses to both infectious and vaccine responses in
babies, these reports have focused primarily on specific anti-
gens related to the infection or vaccine under query [41, 42].
In the current study, we compared the serum antibody speci-
ficities to 110 distinct antigens among a cohort of 1- and 2-
year-old toddlers/children.

The toddlers, seen during their standard of care wellness
visits at Yr.1 and Yr.2, were found to diverge markedly in the
magnitude and nature of their serum IgG responses. One sub-
group, designated as high responders, exhibited statistically
significant elevated IgG nfis to numerous RNA and DNA
viruses compared to the Mod and low response groups.
These elevated seropositive responses targeting 7 different
viruses correlated with higher nfi values against live attenuat-
ed viral vaccines and, surprisingly, autoantigens. Enhanced
IgG reactivities to various infection agents are expected given
the frequent exposures toddlers have to respiratory syncytial
virus (RSV), Coxsackievirus, cytomegalovirus, molluscum
contagiosum, echovirus type 9, and others. RSV is the most

�Fig. 6 Correlation between genetic risk alleles and high responder
cohort. a Schematic approach for identifying SNPs in immune response
genes in the toddlers/children that have been linked to various clinical
conditions including asthma, celiac, Crohn’s disease, inflammatory bow-
el disease (IBD), rheumatoid arthritis (RA), lupus (SLE), sclerosis, type I
diabetes, and ulcerative colitis. b The sum total of each of the 47 genetic
risk alleles (94 total when considering both alleles) was determined for
114 individual toddlers. These values were plotted against the low (n =
110), Mod (n = 54), and high (n = 33) responder cohorts. c Pearson’s
correlation analysis was performed for the sum of the total genetic risk
alleles for 114 samples in relation to the summed IgG nfis towards the 110
distinct antigens. Statistical analysis was done by Pearson’s correlation.
The r value and the R2 values are indicated within the graph. d The low
and high genetic risk scores were compared within the 1st year age group
and the 2nd year age group

1043J Clin Immunol (2021) 41:1031–1047

https://gtexportal.org
https://gtexportal.org
https://gtexportal.org


common cause of viral lower respiratory tract infection
(bronchiolitis) in infants [43]. Elevated nfis in the high re-
sponse cohort were not against all viruses, as the seropositivity
to certain CMV antigens (CMV and CVM-M), coronavirus,
and molluscum contagiosum was similar among the high,
Mod, and low responder group. Cytomegalovirus (CMV), a
herpes virus family member, has a pronounced impact on the
emerging immune repertoire [44]. While usually asymptom-
atic in healthy subjects, it causes disease in immunocompro-
mised individuals. The elevated IgG responses towards CMV
targeted two distinct antigens, CMV and CMV-M, with sero-
positivity confirmed by an ELISA assay. Yet, the high respond-
er cohort had a statistically significantly higher IgG response to

CMV grade III antigen relative to the low and Mod response
groups. Seropositive responses to this antigen are proposed to
reflect a period of active viral replication (Supplemental Fig. 3)
[30]. We found this response correlated with increased IgG
responses to autoantigens. A second unexpected result concerns
the absence of a correlation between the microfluidic nfis to the
EBV EBNA1 antigen relative to the ELISA assay. While some
seropositivity using the arrays and ELISA overlapped, there
were some seropositive signals in the array that were negative
with the ELISA and vice-versa (Supplemental Fig. 2c). To ad-
dress this discrepancy, the EBNA1 antigens used by different
vendors were compared. This revealed that the full-length pro-
tein is not typically used in any of the assays, and instead,

Fig. 7 DNA sequence polymorphisms in immune responses genes linked
to elevated serum cytokine levels in toddlers. a–c The total sum of the
IgG nfi responses for every antigen was calculated. These values were
plotted against the allelic polymorphisms in the cohort for the genes: a
IL2 receptor beta gene (rs2284033), b TNFSF4 (rs7514229), and c IGF2
(rs689). Two of the toddlers in the high response group (72.1 and 147.1)
are indicated with the red colored circles or boxes. The two from the low

response group (131.1, 141.1) are in blue. d Four serum samples, two
from the IL2rb (rs2284033) A/G haplotype (132.1, 141.1) and two from
G/G genotype (147.1, 72.1), were analyzed with the Human 48 Plex
BioRad cytokine/chemokine assay. A heat map was used to illustrate
the levels of inflammatory cytokines and chemokines present in each
sample. Two individuals, who are in the high responder categories, had
markedly elevated levels of the indicated cytokines (147.1, 72.1)
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different fusion proteins comprising various segments of
EBNA1 are used by the manufacturers. Thus, a single kit may
not reveal all seropositive responses. Second, comparing our
antigens and those from the ELISA kit reveals that the actual
region in EBNA1 targeted by an antibody varies among the
population. To identify all toddlers with EBV seropositivity in
the future, multiple overlapping EBNA1 antigens will need to be
incorporated into the microfluidic array. IgG responses to
molluscum contagiosum, a poxvirus, were also found to be in-
dependent of the toddler low, Mod, and high stratification (Fig.
3a) [45]. For this virus, seropositive responses appeared to be
very transient. Individuals with seroreactivity at Yr.1 lost these
titers by Yr.2 post-infection. We also identified 3 children with
seropositive responses to the West Nile virus, a mosquito-borne
pathogen evident in North Texas. Finally, 3 individuals had IgG
nfi values suggestive of responses to the Mycobacterium
tuberculosis proteins, ESAT-6, and culture filtrate protein 10
(CFP-10), which are part of the QuantiFERON TB Gold-based
diagnostic tests for tuberculosis [46]. Each toddler had tubercu-
losis risk factors. Two were born in Africa and the third one had
a trip toMexico. Only one subject was positive for the tuberculin
purified protein derivative (PPD) test and this toddler had the
highest IgG values against ESAT-6 and CFP-10 antigens.

While most antibodies are considered protective, some can
target self-antigens such as proteins, nucleic acids, complex
carbohydrates, and lipids. This can lead to an autoimmune dis-
ease, with antibodies attacking and destroying normal cells and
tissues in the body. An unanticipated finding in our study was
the increased IgG nfi responses to various autoantigens in the
high responder cohort comprising both 1- and 2-year-old age
groups. In fact, the nfi IgG values in the high cohort targeting
several distinct autoantigens reached clinically relevant levels
based on a comparison with a cohort of adult lupus patients.
Several autoimmune diseases in children have been reported,
including juvenile idiopathic arthritis, juvenile dermatomyositis,
autoimmune thrombocytopenia, and proctitis-proctocolitis
(food allergen response) [47–49]. However, the cohort in our
study did not have any indication of such autoimmune presen-
tations. In addition, autoimmune diseases in children are typi-
cally not reported for 1–2 years olds [38, 50–54]. To further
explore the autoimmune responses, ANA ELISAs were done.
ANA titers of clinical significance were discovered in toddlers
in both the low and high response groups. Twenty to 30% of
healthy adults can produce ANA without any clinical signs of
autoimmune diseases [50, 51]. Several viruses are proposed to
trigger autoimmune diseases, including CMV, Coxsackievirus
type B, EBV, and herpes simplex virus (HSV) [31, 55]. EBV
has been associated with the development of SLEwhile system-
ic sclerosis has been linked to CMV and parvovirus. CMV has
been detected in patients with rheumatoid arthritis, Sjogren’s
syndrome, polydermatomyositis, psoriasis, Wegener’s granulo-
matosis, and Crohn’s disease. However, others have suggested
that such infections and exposures protect against autoimmunity

[56, 57]. By continuing our longitudinal profiling at Yrs. 4 and
8, we will be able to better address this question. This may
benefit from the inclusion of a SNP array analysis as we de-
scribed for 4 individuals from our study. For this, a selected
subset of SNPs was screened based on their strong link to au-
toimmune and inflammatory responses. This analysis uncov-
ered a positive correlation between the sum of the “disease”-
linked SNPs (genetic risk score) and the elevated nfis of the high
response group. Our data does suggest that longitudinal moni-
toring of clinical signs and antibody profiles in the subset that
has an enrichment of previously known genetic risk alleles may
be a potential strategy to identify individuals with increased risk
and to offer a timely diagnosis. As part of our study, we includ-
ed different allergens (Supplemental Fig. 3c). When analyzing
the antibody responses to these allergens, only IgG values were
measured. The high responder group had elevated IgG nfi
values to beef antigens (Supplemental Fig. 3c). Amore effective
strategy to assess the allergen response is to measure the serum
IgE values, which can be performed using the microfluidic an-
tigen arrays. In future directions, we will examine the IgE levels
with a clinically defined cohort of asthmatic/allergic patients
versus healthy controls.

It was interesting to discover that a substantial number of
toddlers maintained relatively low IgG reactivities to the anti-
gens listed in the array into the second year of life. Clinically,
such low responses have been reported in toddlers with tran-
sient hypogammaglobulinemia of infancy, which can extend
into the 3rd year of life. However, the cohort in our study had
normal IgG and IgM antibody levels. This again supports the
overall idea that inherent variations exist among the human
population in the capacity of individuals to respond to infec-
tions. Findings from our study may identify toddlers at risk for
immune system abnormalities. The key advantages of the
microfluidic antigen array designed for toddlers/children are
the small serum volumes needed, the ability to monitor IgG
responses to diverse antigens simultaneously, the identifica-
tion of individuals with previously unrecognized infections,
and the realization that the antibody responses are very diver-
gent among different similar-aged toddlers. As such, this tod-
dler serum IgM and IgG profiling screen may also be very
beneficial in assessing the responses for patients with different
inborn errors of immunity[58–60]. The array may facilitate
assessments of the serum antibody changes during the
COVID-19 pandemic. We recently developed microfluidic
antigen arrays to include numerous coronavirus antigens and
used these with an X-linked severe combined immunodefi-
cient infant who became infected with SARS-CoV-2 [61].
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