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Every sixth child suffers from hypertrophy of the adenoid, a secondary lymphoid organ,
at least once in childhood. Little is known about the impact of pathogen-provocation
vs. developmental impact on T-cell responses after 1 year of age. Therefore,
developmental and infection-driven influences on the formation of T-cell-compartments
and -multifunctionality in adenoids were analyzed taking into account patient’s history
of age and inflammatory processes. Here, we show that in adenoids of 102 infants and
children similar frequencies of naive, effector, and memory T-cells were accumulated,
whereby history of suffering from subsequent infection symptoms resulted in lower
frequencies of CD4™ and CD8™ T-cells co-expressing several cytokines. While patients
suffering from sole nasal obstruction had balanced Th1- and Th17-compartments, Th1
dominated in patients with concomitant upper airway infections. In addition, analysis
of cytokine co-expressing CD4% and CD8* T-cells showed that children at the age
of three or older differed significantly from those being 1- or 2-years old, implicating
a developmental switch in T-cell differentiation at that age. Yet, dissecting age and
infectious history of the patients revealed that while CD8™1 T-cell differentiation seems
to be triggered by development, CD4* T-cell functionality is partly impaired by infections.
However, this functionality recovers by the age of 3 years. Thus, 3 years of age seems
to be a critical period in an infant’s life to develop robust T-cell compartments of higher
quality. These findings identify important areas for future research and distinguish an age
period in early childhood when to consider adjusting the choice of treatment of infections.

Keywords: infant, children, pediatric immunology, development, multifunctional T-cells, immune system, T-cell
differentiation, adenoid

INTRODUCTION

Secondary lymphoid organs such as lymph nodes and spleen are important locations for the
initiation of T-cell responses against pathogens. Mucosal associated lymphoid tissues that include
adenoids are also secondary lymphoid organs and are confronted continuously with pathogenic
antigens and function as platforms to generate adaptive immune responses for defense (1, 2).
Hypertrophy of the adenoids is common in infants and younger children and predisposes to
recurrent infections of the upper airways or otitis media with effusion and impaired hearing (3).
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FIGURE 1 | Phenotype of CD4* and CD8* T-cells among the three clinical groups. Mononuclear cells (MC) were isolated from adenoids of 102 children suffering from
adenoid hypertrophy that underwent adenoidectomy. MCs of children with sole nasal obstruction (group 1), with those suffering from recurrent infections of the upper
airways (group 2), or with concomitant otitis media with effusion (group 3) were either left unstimulated for phenotyping or stimulated for analysis of cytokine
production with PMA and lonomycin in the presence of Brefeldin A for 6 h. Surface marker or cytokine expression of CD4* and CD8* T-cells was determined by using
flow cytometry. (A) Frequencies of naive/recent thymic emigrants, effector, and memory T-cells were compared depending on predominant clinical symptoms, each
shown for total CD4* (left side) and CD8 (right side) T-cells. Children suffering from sole nasal obstruction (group 1, light gray bars), suffering from recurrent upper
airway obstructions (group 2, red bars), or suffering from concomitant otitis media with effusion (group 3, dark red bars) are depicted. Each dot represents an
individual patient out of n = 102. Horizontal lines indicate mean + SEM (one-way ANOVA, Tukey HSD multiple comparisons). (B) The percentages of total IFNy™ (light
gray) or IL-17+ (dark gray) CD4* (upper panel) and CD87 (lower panel) T-cells were determined, calculated to hundred percent, and presented in a comparative
manner. Kolmogorov-Smirnoff test as well as a Kruskal-Wallis method with post-hoc Dunn multiple comparison were used. Horizontal lines indicate mean + SEM.

0 < 0.05, *p < 0.01.

only from nasal obstruction was considered to represent the
non-infectious group (group 1, NO). An ex vivo analysis
of single cell suspensions of adenoids was performed using
flow cytometric immunotyping of CD4" and CD8" T-cells
(Figures 1, 2, and Figures S1, S2). Accumulation of recent
thymic emigrants (RTE), considered as CD4TCD45RATCD31"
and CD8TCD45RATCD27" T-cells, were similar in the three
patient groups, and thus identified to be independent of infection
history (Figure 1A). In terms of antigen-experienced T-cells,
similar frequencies of effector (CD4+tCD45ROTCD27~ and
CD81TCD45RATCD27~) and memory (CD4TCD45RO*TCD27%
or CD8TCD45ROTCD27%) T-cells were observed within
the three disease groups suggesting that the size of these
compartments is independent of inflammation caused by

infections. Surprisingly, even in the non-inflammatory group
1, infants and children showed similar frequencies of memory
T-cell populations as patients with infections (Figure 1A) (14).
Of note, the naive and effector CD8' T-cell compartments of
all adenoids analyzed were much larger than the one of CD4™
T-cells (Figure 1A). However, the CD4" T-cell population was
comprised of a notably larger memory compartment than that of
the CD8™ one (Figure 1A).

Reduced Frequencies of Multifunctional
T-Cells in Children With Infectious

Complications
Having found the size of CD4" and CD8" compartments of
memory and effector T-cells to be independent of infection
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FIGURE 2 | Multifunctionality of CD4* and CD8* T-cells among the three clinical groups. MCs of pediatric adenoids were stimulated as described in Figure 1.
Intracellular cytokine expression of CD4* and CD8* T-cells was determined by using flow cytometry and the Boolean gating strategy. (A,B) Frequency of summarized

(Continued)
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comparisons) “o < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

FIGURE 2 | CD4* and CD8" subpopulations (summarized subsets that express just one (single), or simultaneously two (double), three (triple), or four (quadruple)
different cytokines) among all CD4* (A) and CD8* (B) T-cells. (C,D) Frequencies of individual CD4" and CD8* subpopulations (+ indicates the expressed cytokine)
among all CD4* (C) and CD8™ (D) T-cells. Light gray bars represent children suffering from sole upper airway obstruction (group 1), whereas red bars represent
children additionally suffering from recurrent upper airway infections (group 2), and dark red bars stand for children with concomitant otitis media with effusion (group
3). The triangle symbolizes that the functionality of the T-cells increases with the number of cytokines produced simultaneously (two-way ANOVA, Tukey HSD multiple

history, differentiation was monitored in our model using
cytokine production as surrogate marker (Figures 1B, 2). Even
though there was a balance of IFNy and IL-17 producers
in the CD4" compartment as needed to effectively fight
infections (Figure 1B, upper panel), frequencies of Th17 cells
clearly dropped in half by patients suffering from upper airway
inflammations (group 2). In the CD8" compartment Tcl cells
dominated independent of infections (Figure 1B, lower panel).

Single, double, and triple cytokine producers of CD4"
and CD8' T-cells were monitored in all disease groups
(Figures 2A,B). Single and double producers dominated the
response in both compartments and were significantly increased
in children with sole nasal obstruction (group 1) compared to
the other two groups; quadruple producers were hardly visible.
As triple producers of TNFa, IL-2, plus IFNy are known to
be strongly associated with pathogen clearance (21), special
attention was payed to them by dissecting triple producers into
individual functional T-cell subsets (Figures 2C,D). Children
with sole nasal obstruction (group 1) showed significantly more
of those Thl-like and Tcl-like triple producers than those in
the two infection-biased clinical groups (Figures 2C,D). As Th17
and Tcl7 cells are known to show high plasticity to acquire
the ability to co-express the Thl-lineage cytokine IFNy (25),
IL-17 producing triple producers were also monitored. Along
with the before-mentioned triple-producers, the IFNy/IL-17 co-
expressing population was mainly detected together with TNFa
co-expression in CD4% T-cells of patients without infectious
history (Figure 2C).

Overall, similarly for the CD4™ (Figures 2A,C) and the CD8"
compartments (Figures 2B,D), patients from the non-infectious
group 1 differed profoundly from the other two groups, showing
enhanced frequencies of co-producers, thus functionally better
equipped T-cells (21).

Effector and Memory T-Cell Compartments
Are Overall Similar in Adenoids of Infants
and Children

As multiple infections were not leading to enhanced
differentiation/accumulation ~ of = multifunctional = T-cells
(Figure 2), we asked whether the age of the patients could
actually be decisive. Therefore, the patients were grouped by age
and the T-cell compartments were then analyzed accordingly.
Results demonstrated that frequencies of CD8' RTE and effector
T-cells did not show any differences between age groups. In the
CD4*" compartment, only the frequency of RTE but neither of
effector nor of memory cells showed a significant dependency on
age (Figure 3A). This also demonstrates that already 1 year old
infants generate substantial amounts of memory CD4% T-cells.

When comparing children of 3 years and older with 2-year olds,
the former were seen to have about twice as many CD8" memory
T-cells although at very low frequencies (p < 0.01) (Figure 3A).

Next, we analyzed the single cytokine producing cells in
terms of aging during early childhood. Among all CD4" and
CD8™" T-cells, single-producers increase steadily and significantly
(slopecpa 1.44; slopecps 0.56; data not shown). This increase was
mainly due to the CD4™ IL-2 and IL-17 and the CD8" IFNy
and IL-2 single producers (Figure 3B). Besides age differences,
CD4™" single TNFa and single IFNy producers as well as CD8™
single IL-17 and single TNFo producers were generated at
equal frequencies.

As IL-17 was described as a signatory cytokine in fetal
and neonatal T-cells (26), we further focused on Th17 cells.
Unexpectedly, Thl-like cells were found to be more abundant
than Th17-like cells in younger infants (1- and 2-year-olds) while
frequencies of Th17 cells significantly rose with age in adenoids
of 1 to 11-year olds (Figures 3B,C). Indeed, older children (>3
years) showed 50% (p < 0.001) more IL-17 producing CD4" T-
cells than those being 1 or 2-years old, leading to a Th1:Th17
balance in the CD4" compartment (Figure 3C). The CD8"
compartment was always dominated by Tcl when compared to
Tcl7 cells, with a significant doubling of the frequency of Tc17
cells from the age of 2 years—albeit in low frequency (Figure 3C).

Frequencies of Multifunctional CD4+ and
CD8* T-Cells Are Increased From the Age

of 3 Years Onward

Next, to investigate the age-dependency on functionality of
CD4%" and CD8™ T-cells in adenoids, we analyzed individual
cytokine co-expressing T-cells in 1, 2, and 3 years and older
children (Figure 4). Summarizing the cytokine producers within
the CD4" and CD8" compartments as single, double-, triple-,
and quadruple-producers, respectively, a significant increase of
single- and double-producers was observed in the oldest group
compared to the 1- and 2-year-old infants (Figures 4A,B). These
data show a clear difference becoming visible in the functionality
of T-cells during and after the third year of life.

Analyzing CD4" double producers, IL-2YTNFa™ co-
producers accounted for the largest subpopulation and children
being 3 years and older accounted for 70% more IL-2* TNFa™
co-producers than 1- and 2-year-olds (Figure4C). Indeed,
differences could be seen between children of 3 and those
being 2 years of age for most of the double producers analyzed,
i.e., IFNy co-producers with IL-2Yor TNFa™ as well as for
IL-17+TNFa™ co-producers.

Overall, the functionality of CD4" T-cells determined by
co-expression of IFNy, IL-2, IL-17, and TNFa increased
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*p < 0.05, *p < 0.01, **p < 0.001.

FIGURE 3 | surgery, each shown for total CD4™ (left side) and CD8™ (right side) T-cells. One-year-old (light gray bars), 2-year-old (light blue bars), and 3-year-old and
older (dark blue bars) infants and children are depicted. Each dot represents an individual patient from n = 102 infants and children included in the study. Horizontal
lines indicate mean + SEM (one-way ANOVA, Tukey HSD multiple comparison). *p < 0.05, **p < 0.01. (B) Line graphs represent linear regression with 95%
confidence intervals among CD4* and CD8™ T-cells. Functional populations for single producers for each individual cytokine analyzed within participants by
advancing age (1-11 years). Line graph statistics were analyzed by Spearman r correlation ("o < 0.05, **p < 0.01, ***p < 0.0001). (C) The percentages of total IFNy™
(light gray) or IL-17+ (dark gray) CD4* (upper panel) and CD8™ (lower panel) T-cells were determined, calculated to hundred percent, and presented in a comparative
manner. Kolmogorov-Smirnoff test as well as a Kruskal-Wallis method with post-hoc Dunn multiple comparison were used. Horizontal lines indicate mean + SEM.

significantly with age (Figures 4A,C). For most of the individual
subpopulations according to cytokine expression, functional
capacity of T-cells in 1- and 2-year-old children were hardly
distinguishable. The IFNyTIL-2tTNFa™t co-expressing CD4"
and CD8" T-cells which are known to correlate with pathogen
clearance (21), were shown at a significantly higher frequency
in children being 3 years and older compared to those of one
and 2 years of age (Figures 4C,D). Concerning these triple-
positive T-cells in the CD8" compartment, children of at
least 3 years of age accounted for 77% more (p < 0.0001)
than children of one and 65% more (p < 0.0001) than
children of 2 years of age (Figure4D). Thus, 3-years- and
older children who display significantly higher frequencies of
double- and triple-cytokine co-producing T-cells show increased
T-cell functionality.

Taken together, with increasing age, children can be described
to harbor functionally more complex CD4" and CD8" T-cells
such as double- and triple-producers. For younger children, a
higher amount of functionally less equipped T-cells dominate.

Developmental Impact on the Functionality
of CD4+ and CD8* T-Cells

At first glance, the ability to co-express cytokines simultaneously
seemed to be based on a non-inflammatory and development-
specific process. In order to separate the influence of
development and infection on the generation of cytokine
co-expressing T-cells, we next analyzed the age dependency of
the generation of these co-expressing CD4" and CD8" T-cells
taking into consideration the infection history (Figures 4E,F).
In the none-infection group of infants and children, the
CD4TIFNyTTNFa™ double producers were identified to be
similar across different ages (Figure 4E, left). However, focusing
on children with infection history, 1- and 2-year-olds display
dramatically reduced frequencies of these double producers. Data
also show that children from the age of three show an increase
in the double producers despite infections. Having a look at the
CD4TIFNyTTNFatIL-2" triple producers, a drastic increase
with age was visible independent of infection history (Figure 4E,
right). Clearly, CD8TIFNyTTNFa™ double producers and albeit
in lower frequencies CD8 IFNy T TNFaTIL-27 triple producers
increased considerably with 3 years of age, regardless of any acute
or chronic infection in earlier life (Figure 4F). Consequently,
while infections seem to be responsible for reduced frequencies
of IFNy*TTNFa™ co-expressing CD4™ T-cells in the first 2
years of life, an increase of triple producers is merely due to
development. This contrasts with the CD8' T-cells, whose

increase of any kind of cytokine co-producers is determined
exclusively by age—thus, purely developmental.

DISCUSSION

To better understand the functionality of pediatric T-cell
responses, T-cell functionality was studied in 102 children
suffering from adenoid hypertrophy, either in combination with
acute or with chronic infections or none.

Here, we show that in a secondary lymphoid organ, the
adenoid, a consistently similar frequency of naive, effector, and
memory T-cells is maintained in patients aged 1-11 years, with
no general impact of infection history or age (Figures 1A, 3A).
In blood, a steady increase in circulating memory T-cells and
decrease in naive T cells is discussed (6, 27, 28). However, the
consistency of T-cell compartment sizes in adenoids suggests
functional significance. Herein, memory CD4" T-cells were
the predominant population in adenoids starting at 1 year
of age, followed by recent thymic emigrants, while the latter
comprised the largest proportion of CD8" T-cells. For other
tissues and blood in infants it was reported that local T-cell
compositions are mainly made up of naive T-cells (12, 29).
The local accumulation of a high proportion of CD4™ memory
T-cells especially in adenoids early in life likely reflects the
requirement of immediate defense to the recurrent exposure
to pathogens. The CD8" compartment in the data consistently
displayed low frequencies of memory cells in comparison to
effector and naive cells. This is in line with previous findings,
which report that CD8* T-cells do not easily generate memory
and the same may apply to at least this pediatric relevant period
or site (30).

Direct killing of infected cells as part of the protection
against pathogens might explain the large proportion of CD8"
effector T-cells compared to CD8" memory T-cells in the
adenoids. Mechanistically, either the challenging environment
or cell-intrinsic mechanisms support a preferred differentiation
in effector T-cells rather than into memory T-cells. Effector T-
cells are advantageous because they react faster than memory
CD8™ T-cells (31). However, if the enhanced proportion of CD8™
effector T-cells in children is caused by the hypothesized layered
immune system at birth, meaning that the T-cell differentiation
based on different progenitor cells still exists in parallel, this
needs to be further elaborated (30).

Although frequencies of effector and memory T-cells do not
change dramatically in adenoids, a continuous change in the
TCR repertoire can be expected, as colonization of mucosal
sites increases diversity within the first 3 years of life when the
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FIGURE 4 | CD4* and CD8" subpopulations (summarized subsets that express just one (single), or simultaneously two (double), three (triple), or four (quadruple)
different cytokines) among all CD4+ (A) and CD8* (B) T-cells. (C,D) Frequencies of individual CD4* and CD8* subpopulations (+ indicates the expressed cytokine)
among all CD4* (C) and CD8™ (D) T-cells. Children being 1 year old (light gray bars) at the time of surgery, children being 2 years old (light blue bars), and children
being 3 years and older (dark blue bars) are depicted. The triangle symbolizes that the functionality of the T-cells increases with the number of cytokines produced
simultaneously (two-way ANOVA, Tukey HSD multiple comparisons). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. (E,F) Frequencies of IFNy and TNFa double
positive CD4* (E) and CD8* (F) T-cells in children being 1 and 2 years of age or 3 years and older either with (summarized group 2 and 3) or without (group 1)
infections are shown on the left, while frequencies of IFNy, TNFa, and IL-2 triple positive CD4* (E) and CD8* (F) T-cells are shown on the right. White and light blue
bars represent children being 1 and 2 years of age whereas dark blue bars represent children of 3 years and older at the time of surgery. Horizontal lines indicate mean
+ SEM (Kolmogorov-Smirnoff test; Kruskal-Wallis method with post-hoc Dunn multiple comparison). *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

phylogenetic composition of the bacterial communities evolve
toward an adult-like configuration (12, 32).

Even though patients with sole nasal obstruction could
be expected to suffer from infections for organic and
steric reasons alone, our results would not support such a
scenario. As especially those patients in general generate higher
frequencies of cytokine co-producers than those in the other
two groups with acute and chronic infectious complications,
and they can be interpreted as having a better disease-control
(Figure 2). This is in line with many studies showing that
these multifunctional T-cells are needed to clear infections
and are superior to single-producers (20, 33-36). Indeed, this
T-cell profile of higher quality seems to be protective against
infectious complications in children with enlarged adenoids
(Figure 2). These results are also supported by vaccination
studies showing that vaccines eliciting multifunctional
CD4" or CD8" T-cells ensure better protection against
viral infections, e.g., a significant increase in multifunctional
T-cells following repeated annual influenza vaccination was
recently reported (21-23). Furthermore, HPV-vaccines were
illustrated to enhance the control of HPV-associated tumors by
activation of multifunctional CD8%1 T-cells (37). This further
strengthens our data that multifunctionality of T-cells enhances
protection also in pediatric patients and leads to a better control
of pathogen-provocation.

While CD4™" T-cells of patients with upper airway infections
showed a Th1 dominance, the group with only nasal obstruction
showed an optimal Th1/Th17 ratio of one (Figure 1B). This
is in agreement with the report that a balanced ratio of Thl
and Th17 cells in adenoids is advantageous (13). Nevertheless,
patients with acute infection (Figure 1B, group 3), also show
a balance of Th1/Thl7 ratio and it is tempting to speculate
that it may still be beneficial to prevent chronicity. Overall,
the reported IL-17-bias of fetal and neonatal cells does not
account for T-cells in early childhood (2, 38). The disappearance
of the fetal/neonatal-monitored Th17-bias could be explained
by the high plasticity of Thl7 cells to convert to Thl-
like cells (25), or by a different origin of the responding
cells (30). Indeed, absence of Th17 dominance points toward
a replacement of the suggested neonatal precursor cells
postpartum rather than to the co-existence of a layered immune
system (13).

Age strongly appears to influence the magnitude and quality
of the T-cell responses and being 3 years or older seems to mark
a turning point in regard to T-cell quality. Knowledge about
the effect of age on multifunctionality of T-cells in secondary

lymphoid organs is scarce (2) and to our knowledge, so far,
no ex vivo data from secondary lymphoid organs are available
from multifunctionality of T-cells in a pediatric cohort as young
as ours. However, age effects on T-cell multifunctionality in
older children (11-17 years) was suggested in a small study
using circulating T-cells (34). In adulthood, frequency of cytokine
co-expressing T-cells is stable (39, 40).

In the CD8" compartment, the generation of
multifunctionality demonstrates especially a clear-cut increase
from 3 years of age with a highly significant impact of age,
but not of infections (Figure4F). However, a switch from
low frequencies of multifunctional as well as memory CD8™
T-cells early in life could point toward missing differentiation-
supporting structures within the secondary lymphoid structure.
Indeed, also other subpopulations of lymphocytes that are
dependent on secondary lymphoid structures such as mature
marginal zone B cells, start to accumulate in substantial
amounts not before 2 years of age (41, 42). Thus, even after
1 year of life, functionality analysis of T-cells in adenoids
demonstrates that the development of the immune system still
follows a developmental trajectory (43). Hence, the influence of
developmental processes on immune functioning throughout
life span could be far greater than that is apparent at first glance
(44, 45).

Importantly, in comparison to the CD8' compartment
the CD4" compartment behaves differently in the way that
age and infections impact the formation of cytokine co-
producers (Figure 4E). Whereas, IFNyTTNFa™IL-2" triple
producers are similar in infectious and non-infectious groups
before the age of three, IFNy"TNFa™ double producers
differ profoundly. This implicates that filling the compartment
of triple producers during infections might happen on the
expense of double producers. As these triple producers are
more prone to enter the memory pool, this might be
of ontogenetic significance (21). Therefore, the ability to
generate more complex T-cell-responses seems to be an
internal mechanism within the development of a child’s
immune system.

In conclusion, the comparison of these young age groups
according to cytokine co-expression and clinical symptoms
might help physicians designing conditioning protocols adapted
to age, taking into account the better control of infections and
a fully equipped immune system already after 3 years of age.
These findings also outline from an immunological point of
view, that it is important to consider age and acute or chronic
infection history when deciding upon clinical procedures, thus,
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the importance of adapting indications and protocols according
to expected immune fitness.
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