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Tissue-resident Eomes+ NK cells are the major
innate lymphoid cell population in human infant
intestine
Adrian F. Sagebiel1, Fenja Steinert1, Sebastian Lunemann1, Christian Körner1, Renée R.C.E. Schreurs2,3,

Marcus Altfeld1, Daniel Perez4, Konrad Reinshagen5 & Madeleine J. Bunders1,2,3

Innate lymphoid cells (ILC), including natural killer (NK) cells, are implicated in host-defense

and tissue-growth. However, the composition and kinetics of NK cells in the intestine during

the first year of life, when infants are first broadly exposed to exogenous antigens, are still

unclear. Here we show that CD103+ NK cells are the major ILC population in the small

intestines of infants. When compared to adult intestinal NK cells, infant intestinal NK cells

exhibit a robust effector phenotype, characterized by Eomes, perforin and granzyme B

expression, and superior degranulation capacity. Absolute intestinal NK cell numbers

decrease gradually during the first year of life, coinciding with an influx of intestinal Eomes+

T cells; by contrast, epithelial NKp44+CD69+ NK cells with less cytotoxic capacity persist in

adults. In conclusion, NK cells are abundant in infant intestines, where they can provide

effector functions while Eomes+ T cell responses mature.
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Natural killer (NK) cells are innate lymphocytes that lack
antigen-specific T or B cell receptors1–4 and contain
cytotoxic granules, providing them with the capacity to

kill virus-infected cells5. NK cells have been classified as part of an
heterogeneous group of innate lymphoid cells (ILCs) and play an
important role in host-defense and tissue repair6–9. NK cells have
superior cytotoxic qualities compared to other ILCs10,11, which
are generally identified by expression of the IL-7 receptor-α chain
(CD127) and referred to as innate counterparts of T helper cells
(ILC1s, ILC2s and ILC3s)12,13. However, NK cells and ILC1s do
share the capacity to produce tumor necrosis factor-α (TNF-α)
and interferon gamma (IFN-γ)10,11. Recent studies show that
ILCs in tissues are able to provide local protection against
infections6,14. ILCs and NK cells are already present in tissues
early in human development and can be found in fetal intes-
tines15–17. However, challenges to obtain infant tissues after birth
have resulted in a lack of studies investigating NK cells during
this critical phase of human development. As a result most of our
understanding of NK cell ontogeny in children is based on studies
of NK cells in blood or tissues derived from older children18–20.
Therefore, the composition and kinetics of NK cells in intestines
during the first year of life, when infants are exposed to exo-
genous antigens and have a high susceptibility to viral infections,
are still unclear21.

Here we demonstrate that CD127−CD103+Eomes+ NK cells
are the major ILC population in infant intestines during the first
months of life, and that their absolute numbers decrease with age.
Intestinal CD127+ ILCs are also present early in life, but to a
lesser extent than NK cells. Infant intestinal NK cells exhibit a
cytotoxic phenotype compared with adult intestinal NK cells, and
have higher perforin and granzyme B expression combined with
superior capacity to degranulate. The number of intestinal NK
cells and CD127+ ILCs decreases as that of Eomes+ T cells
increases. Meanwhile, the intestinal NK cell subset persisting into
adulthood is characterized by high expression of NKp44. Thus,
the first year of life features dynamic changes in the lymphocyte
compartment, shifting from Eomes+ NK cells to Eomes+ T cells
in human intestines.

Results
Expression of NK cell markers on infant intestinal NK cells.
ILCs are a heterogeneous population with different effector
functions6,9,10,12,17. The lack of a hallmark lineage marker to
distinguish NK cells from other ILC1s in tissues has led to con-
flicting results investigating ILCs10,22–25. Therefore, a detailed
analysis of molecules expressed by NK cells, including CD16,
CD56, CD127, CD7, KIR, CD94, NKp44, NKp46, NKp80,
CD103, CD49a, and CD69 on viable CD45+CD3−CD14−CD19−

(lin−) lymphocytes was performed. Flow cytometric data of
intestinal epithelium, lamina propria, or peripheral blood-derived
viable CD45+lin− lymphocytes was analyzed by dimensional
reduction using viSNE algorithm26. The unsupervised approach
of viSNE resulted in a tissue-depended clustering of viable
CD45+lin− lymphocytes, indicating phenotypic differences
between intestinal epithelial, lamina propria, and peripheral
blood-derived cells (Fig. 1a). After dimensional reduction,
intestinal epithelium, lamina propria, and blood-derived cells
were highlighted separately to discern surface expression of sig-
nature molecules on viable CD45+lin− lymphocytes (Fig. 1b).
CD56 was frequently expressed on infant epithelium, lamina
propria, and blood-derived viable CD45+lin− lymphocytes.
Intestinal epithelial CD56+CD45+lin− lymphocytes were detec-
ted in various cell clusters including CD127+CD45+lin−

and CD127−CD45+lin− cells. The viSNE map of lamina
propria-derived CD45+lin− cells also showed CD127− and

CD127+CD56+ hot spots. Thus, both CD127+ ILCs and NK cells
expressed CD56 and therefore CD56 alone could not be
employed to distinguish NK cells from non-cytotoxic ILC1s
without CD127. The Fcγ receptor IIIa (CD16), frequently used to
identify NK cells in blood, was indeed highly expressed by infant
blood CD45+lin− cells, whereas only a small fraction of intestinal
epithelial and lamina propria-derived CD45+lin− lymphocytes
expressed CD16. KIR expression is considered a hallmark of NK
cells within the ILC family10. A small cluster of KIR+CD56+lin−

cells was present in the intestinal epithelium and lamina propria
of infants. CD127+ cells were absent within the CD45+lin−KIR+

cell cluster, verifying the exclusive expression of KIRs by NK cells.
Next, we investigated whether other markers had a higher spe-
cificity to identify NK cells without requiring additional gating on
CD127− cells. The NK cell receptor CD94, which together with
NKG2A binds to HLA-E2, was largely co-localized with CD56 on
CD45+lin− cells and was not detected within CD127+ cell clus-
ters. Gating on CD94+CD45+lin− cells however, did not include
all KIR+CD45+lin− cell populations. A primary gating strategy
based on CD94+ cells would therefore exclude a proportion of
epithelial and lamina propria-derived KIR+ NK cells in infants.
NKp80 is another surface marker that has been used to specifi-
cally identify NK cells27. Expression of NKp80 corresponded to a
large extend to CD56 expression, however not all clusters iden-
tified by CD56 and CD94 were NKp80 positive, while at the same
time there was overlap with CD127+ cells, thus not providing
better sensitivity and specificity. The natural cytotoxicity recep-
tors (NCRs) NKp46 and NKp44 have been described on both NK
cells and ILCs28. NKp46 included a large number of CD45+lin−

cell clusters, including KIR+ cells, as well as CD127+lin− cells
from infant intestines, demonstrating that this NCR did not
improve the selectivity of a gating strategy based on CD56 and
CD127. The expression of NKp44 was less abundant than NKp46
on intestinal epithelium or lamina propria-derived CD45+lin−

cells. However, CD127+ and CD127− clusters were distinguished
amongst NKp44+ cells from infant epithelial and lamina propria
tissues, eliminating NKp44 as a lineage marker for NK cells.
Taken together, a gating strategy based on CD56+CD45+lin−

cells and excluding CD127+ cells (Fig. 2a) included all KIR+lin
−lymphocytes as well as NK cell populations identified by other
markers, such as NKp80 and CD94 (Fig. 1b). Applying this gating
strategy showed that CD16 expression by infant intestinal epi-
thelial NK cells was low compared to infant peripheral blood
cells, with only 16% (median, interquartile ranges (IQR) 11–21%)
of infant epithelial NK cells expressing CD16 (Fig. 2a, c, Sup-
plementary Fig. 1). Similar small frequencies of CD16+ NK cells
were detected in adult small intestinal tissues. In conclusion, NK
cells derived from infant blood and intestines differed significantly
in their expression of hallmark surface markers. We furthermore
established a gating strategy of CD127−CD56+CD45+lin− cells
that allowed for a comprehensive characterization of NK cells in
infant intestines.

NK cells form the major ILC population in infant intestines.
Using the gating strategy established above, the contribution of
viable CD127−CD56+CD45+lin− lymphocytes (hereafter called
NK cells) to overall lymphocyte populations in infant intestines
was quantified. In infants under 3 months of age, NK cells com-
prised a large proportion of epithelial (median 29%, IQR 17–35%)
and lamina propria-derived (median 15%, IQR 8–26%) lympho-
cytes. In contrast, NK cells contributed only 4% (median, IQR
2–6%) to epithelial lymphocytes and 1% (median, IQR 1–2%) to
lymphocytes in the lamina propria of adult intestines (Fig. 2d).
Absolute NK cell numbers decreased after ~6 months of age
(Fig. 2e, Supplementary Fig. 1). Intestines of infants under
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6 months of age contained 51,103 epithelial NK cells (median,
IQR 44,198–69,504) per cm2 compared to 2877 epithelial NK cells
(median, IQR 2092–3819) in adult intestines. Absolute counts of
lamina propria-derived NK cells/cm2 decreased from 78,620
(median, IQR 39,274–112,743) in infants under 6 months of age to
4941 (median, IQR 3449−9762) in adults (Fig. 2e). Intestinal
CD127+ ILCs showed a similar trend over age as NK cells. The
highest absolute numbers and frequencies of epithelial and lamina
propria-derived CD127+ ILCs were detected after birth and
decreased thereafter (Supplementary Fig. 1). NK cell frequencies
and absolute numbers remained higher compared to CD127+

ILCs in intestines during infancy (Fig. 2d, e and Supplementary
Fig. 1). Taken together, intestines of infants after birth contained
17.8 times more epithelial (p < 0.001) and 15.9 times more lamina
propria-derived (p < 0.001) NK cells, respectively, compared to
adult intestines, indicating that NK cells are amongst the most
numerous lymphocytes in intestines early in life.

Infant intestinal NK cells have a tissue-residency phenotype.
Tissue-resident lymphocytes, including ILCs, allow for compart-
mentalization of immune responses adapted to local require-
ments29–33. CD69, CD103, and CD49a have been suggested to
facilitate retention of lymphocytes in intestinal tissues29–32. Epi-
thelial NK cells showed high expression of CD103 both in infant
(median 90%, IQR 80–92%) and adult intestines (median 93%,
IQR 78–97%) (Fig. 3a, b). Infant lamina propria-derived NK cells
however exhibited a higher expression of CD49a compared to
adult NK cells (p= 0.003). In line, viSNE plots showed absence of
CD49a expression in those clusters with the highest density of
adult lamina propria-derived NK cells (upper right location of the
viSNE map) (Fig. 3a). In contrast, CD69 was expressed sig-
nificantly lower on infant epithelial and lamina propria-derived
NK cells compared to adult NK cells (p < 0.001 and p < 0.001,
respectively) (Fig. 3b). Of note, CXCR6, identifying tissue-
resident NK cells in the liver34, was relatively rarely expressed
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on intestinal NK cells compared to CD103 or CD69 (Supple-
mentary Fig. 2). Taken together, the majority of intestinal NK
cells early in life were CD103+ phenotypic tissue-resident NK
cells. Furthermore, CD69 expression was significantly lower on
infant intestinal NK cells and increased with age.

Infant intestinal NK cells have high NKG2A expression.
Expression of NKG2A, KIR, and CD57 has been suggested to
track NK cell differentiation, with NKG2A levels decreasing while
KIR and CD57 increase upon maturation35. viSNE analyses
showed NKG2A-positive and KIR-positive clusters of infant
epithelium and lamina propria-derived NK cells. Remarkably,
NKG2A and KIR were co-expressed in a small cluster in the
upper left area of the viSNE map, while CD57+ cells were scarce
and did not form a separate cluster (Fig. 4a). NKG2A+ NK cells
were 1.8-fold and 1.4-fold more frequent in epithelium (p=
0.003) and lamina propria (p= 0.002) of infant intestines,
respectively, compared to adult intestines (Fig. 4b). Although

higher NKG2A expression by infant NK cells suggested a more
immature phenotype, frequencies of KIR+ NK cells in infant
intestines were also significantly higher compared to adult NK
cells (Fig. 4b). Thus, expression of NKG2A and KIR significantly
differed between adult and infant intestinal NK cells. Frequencies
of CD57+ infant and adult intestinal NK cells were low (Sup-
plementary Fig. 3). Next, we assessed expression of NKG2A and
KIR on CD103+, CD49a+, or CD69+ NK cells derived from
infant and adult intestines. NKG2A was significantly higher
expressed on CD103+ and CD49a+ infant intestinal NK cells
than on CD69+ NK cells (NKG2A expression on CD103+ vs.
CD69+ epithelial NK cells: p= 0.002; NKG2A expression on
infant CD49a+ vs. CD69+ lamina propria-derived NK cells: p=
0.008) (Fig. 4c, d). Moreover, intestinal epithelial and lamina
propria-derived KIR+ NK cells were also significantly reduced in
CD69+ compared to CD103+ NK cell populations (Fig. 4c, d).
Overall, these data suggest that intestinal NK cells have a rela-
tively immature phenotype; however, a KIR+ NK cell population
is present, in particular in infant intestines. We next investigated

a

0–
3

5–
10

>
12 A

0–
3

5–
10

>
12 A

0

10

20

30

40

50

 %
N

K
 c

el
ls

 o
f v

ia
bl

e
C

D
45

+
 ly

m
ph

oc
yt

es

***
***

*

Epithelium Lamina
propria

***
***

d

Age in months

****

<6 >6 A <6 >6 A

103

104

105

# 
N

K
 c

el
ls

/c
m

2
***

*

Epithelium Lamina
propria

e

Age in months

b

In
fa

nt

A
du

lt

In
fa

nt

A
du

lt

0

20

40

60

80

100

%
 o

f N
K

 c
el

ls

Epithelium
Lamina
propria

c

CD16+

CD16–

t-SNE 1

t-
S

N
E

 2

Epithelium

Lamina propria

Blood

NK cells

Epithelium

Lamina propria

Blood

CD127+ ILCs

Total lin– cells

CD14/CD19

C
D

3

C
D

56

lin–

CD127

CD127–

CD16

NK cells CD16– CD16+

CD16

Fig. 2 NK cells are abundant in infant intestines. a Flow cytometric plots showing the applied gating strategy for intestinal NK cells (viable CD56+CD127−

CD45+lin− cells). FACS plots of a representative donor are shown. b viSNE plot of flow cytometric data showing gated NK cells and CD127+ ILCs from
epithelium (EP), lamina propria (LP) and blood (B) within lin− populations (gray) (N= 4). c Frequencies of infant and adult CD16− (white circles) and
CD16+ (black circles) NK cells from EP (N= 12) and LP (N= 13) tissues (infant samples), adult samples N= 13 (EP and LP). d NK cell frequencies of viable
lymphocytes shown for different age groups in EP and LP tissues (infant samples N= 12 (EP) and N= 13 (LP), adult samples (A) N= 13 (EP and LP).
e Absolute NK cell numbers per cm2 for different age groups in EP and LP tissues (infant samples N= 9 (EP) and N= 11 (LP), adult samples (A) N= 8 (EP),
and N= 9 (LP)). Median frequencies indicated by red lines. Error bars define interquartile ranges between 75th and 25th percentiles. Statistical
comparisons are Mann-Whitney U comparisons. Asterisks represent the following p-values: *p < 0.05; ***p < 0.001; and ****p < 0.0001

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-018-08267-7

4 NATURE COMMUNICATIONS |          (2019) 10:975 | https://doi.org/10.1038/s41467-018-08267-7 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


whether hallmark nuclear transcription factors for ILC and NK
cell development might contribute to the differential NK cell
phenotypes observed in infants and adults.

Eomes+ NK cells are abundant in infant intestines. The T-box
transcription factors Eomesodermin (Eomes) and TBX21 (T-bet)
are both essential for NK cell development. Whereas Eomes is
more restricted to NK cell development, T-bet is also critical for
induction and lineage-commitment of CD127+ ILCs12. Tissue-
resident NK cells in livers have been described to be Eomeshigh

and T-betlow36,37. Our analyses of infant intestines showed large
clusters of epithelial Eomes+ NK cells in viSNE graphs, whereas
adult epithelial Eomes+ NK cells were scarce (Fig. 5a). Quanti-
tative analyses showed that 49% (median, IQR 38–69%) of infant
epithelial NK cells and 86% (median, IQR 78–91%) of infant
lamina propria-derived NK cells were Eomes+, 2.2-fold and 1.9-
fold higher compared to adults (p= 0.003 and p < 0.001,
respectively) (Fig. 5b). Infant intestinal NK cells were T-betlow

with only 12% (median, IQR 7–24%) of infant epithelial and 15%
(median, IQR 10–26%) of lamina propria-derived NK cells
expressing T-bet (Supplementary Fig. 4). The number of T-bet+

NK cells was further decreased in adult intestines. Furthermore,
Eomes expression by intestinal NK cells differed between
CD103+ and CD69+ cells, as CD103+ NK cells expressed sig-
nificantly more Eomes compared to CD69+ NK cells (Fig. 5c, d).
This was observed for infant intestinal epithelial NK cells (p=
0.008) as well as infant (p= 0.02) and adult (p= 0.04) lamina
propria-derived NK cells (Fig. 5d). Taken together, a significantly

larger population of tissue-resident NK cells with high expression
of Eomes was present in infant compared to adult intestines, with
the highest Eomes expression detected amongst infant CD103+

NK cells, while Eomes expression among infant intestinal CD69+

NK cells was low.

Superior functional capacity of infant intestinal NK cells.
Eomes+ NK cells are generally considered exemplar NK cells with
the capacity to induce cytotoxicity upon release of granzyme B-
containing and perforin-containing granules10. Approximately
54% (median, IQR 25–76%) of infant epithelial NK cells con-
tained perforin, which was four times more (p= 0.01) than adult
epithelial NK cells (median 12%, IQR 7–21%) (Fig. 6a, b). Fur-
thermore, the majority of infant lamina propria-derived NK cells
(median 68%, IQR 36–82%) contained perforin compared to 24%
(median, IQR 14–43%) in adult intestines (p= 0.008). A similar
trend was observed for granzyme B, with higher frequencies of
granzyme B+ infant than adult intestinal NK cells (epithelium
p= 0.04, lamina propria p < 0.001) (Fig. 6b). viSNE analyses of
infant and adult donors further revealed co-expression of Eomes
and KIR with perforin and granzyme B (Fig. 6a). Analogous to
Eomes, infant epithelial CD103+ NK cells had significantly higher
levels of perforin (p= 0.02) and granzyme B (p= 0.008) com-
pared to CD69+ NK cells (Fig. 6c). Furthermore, infant epithelial
CD49a+ NK cells contained significantly more granzyme B
compared to CD69+ NK cells (p= 0.008). A similar pattern was
observed when comparing lamina propria-derived CD103+ and
CD69+ NK cells (Fig. 6c). The consistent lower expression of
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granzyme B and perforin in infant CD69+ NK cells compared
to CD103+ NK cells was not observed for adult epithelial NK
cells, as almost all adult epithelial NK cells were double positive
for CD103 and CD69 (Fig. 3b). However, adult CD103+ NK cells
and CD69+ NK cells were present in the lamina propria and a

significant difference was detected between CD103+ and CD69+

NK cells (Fig. 6c). Taken together, these data show that infant
intestinal NK cells, and in particular CD103+CD69- NK cells,
contained more granzyme B and perforin than adult intestinal
NK cells.
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derived infant (white circles) and adult (dark circles) NKG2A+ NK cells and KIR+ NK cells (EP infant samples NKG2A (N= 10), KIR (N= 11), LP infant
samples NKG2A (N= 9), KIR (N= 10), EP adult samples NKG2A (N= 9), KIR (N= 8), LP adult samples NKG2A (N= 9), KIR (N= 8)). c Histogram
overlay of flow cytometric data showing NKG2A and KIR expression by CD103+ (gray), CD49a+ (dark gray), and CD69+ (black) NK cells from infant and
adult intestines. d Frequencies of infant (white circles) and adult (dark circles) intestinal NKG2A+ NK cells and KIR+ NK cells within CD103+, CD49a+, or
CD69+ populations. NKG2A expression by infant EP CD103+ (N= 10), CD69+ (N= 10), and CD49a+ (N= 9) NK cells, NKG2A expression by infant LP-
derived CD103+ (N= 9), CD69+ (N= 9), and CD49a+ (N= 8) NK cells. NKG2A expression by adult EP and LP-derived NK cells (N= 9). KIR expression
by infant EP CD103+ (N= 11), CD69+ (N= 11), and CD49a+ (N= 9) NK cells. KIR expression by infant LP-derived CD103+ (N= 10), CD69+ (N= 10), and
CD49a+ (N= 8) NK cells. KIR expression by adult EP (N= 9) and LP-derived (N= 8) NK cells. Median frequencies indicated by red lines. Error bars define
interquartile ranges between 75th and 25th percentiles. Statistical comparisons are Mann-Whitney U comparisons (b) and Wilcoxon matched-pairs signed
rank tests (d). Asterisks represent the following p-values: *p < 0.05 and **p < 0.01
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The function of infant and adult intestinal NK cells was further
assessed using degranulation and cytokine production assays.
Due to low numbers of adult epithelial NK cells in intestines,
these functional analyses were only performed using lamina pro-
pria-derived NK cells for comparisons. After isolation, lympho-
cytes were stimulated with phorbol-12-myristate-13-acetate
(PMA) and ionomycin, K562 or 772.221 target cell lines. In
infants, 77% (median, IQR 65–78%) of NK cells expressed
CD107a upon stimulation with PMA and ionomycin, while only
54% (median, IQR 49–65%) of adult NK cells expressed CD107a
(p= 0.02). Stimulation with PMA and ionomycin resulted in
IFN-γ production by 43% (median, IQR 39–56%) of infant
intestinal NK cells and 19% (median, IQR 18–54%) of adult

intestinal NK cells, whereas TNF-α was produced by 23%
(median, IQR 8–50%) of infant and 9% (median, IQR 3–19%)
of adult intestinal NK cells (Fig. 6d). After stimulation with K562
or 772.221 target cell lines, infant lamina propria-derived NK
cells showed a trend towards enhanced degranulation compared
to adult NK cells (Supplementary Fig. 5). Even though CD107a
expression was relatively high on all NK cells, differential effects
were observed between CD103+ and CD69+ NK cells (Fig. 6e). In
particular adult intestinal CD69+ NK cells showed a significant
lower level of degranulation compared to CD103+ NK cells (p=
0.03) (Fig. 6e), and a similar trend was observed for infant NK
cells (p= 0.06). In conclusion, infant intestinal NK cells
contained significantly more cytotoxic molecules and showed
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superior degranulation upon stimulation than adult intestinal NK
cells.

CD103+NKp44+CD127−lin− cells persist in adult intestines.
Our studies observed a highly dynamic intestinal NK cell com-
partment during childhood with an abundance of intestinal NK

cells early in life followed by their rapid decrease. Recently, epi-
thelial CD103+NKp44+ ILC1s were described in intestines of
adults, which also exhibited certain features of NK cells, such as
IFN-γ production and perforin expression38,39. We confirmed
that epithelial NK cells in adult intestines expressed NKp44
(median 67%, IQR 54–72%) (Fig. 7a), whereas in infant intestines
the percentage of epithelial NKp44+ NK cells was significantly
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lower (median 31%, IQR 27−34% p < 0.001). Next, we assessed
whether increased frequencies of NKp44+ NK cells in adult
intestines were due to their selective expansion and observed that
absolute numbers of epithelial NKp44+ NK cells were not higher
in adults than in infants (Fig. 7a). Absolute numbers of lamina
propria-derived NKp44+ NK cells were in fact higher in infant
compared to adult intestines (p= 0.01). Thus, NKp44 expression
identifies an NK cell subset persisting in intestines from infancy
to adulthood. A heatmap analysis of investigated NK cell markers
illustrated this further by identifying three clusters of infant
intestinal lin− cells. The first cell cluster was defined by high

expression of NKG2A, perforin, granzyme B, and Eomes, repre-
senting NK cells (Fig. 7b). A second cell cluster was identified by
high expression of NKp44 and CD69, representing previously
described ieILC1s38. The third cluster comprised CD127+ ILCs.
Intestinal CD127+ ILCs were CD69+ with low expression of
CD103 and CD49a, in particular adult lamina propria-derived
CD127+ ILCs. Infant intestinal CD127+ ILCs differed from NK
cells, as only low frequencies of CD127+ ILCs expressed either
NKG2A or KIR (Supplementary Fig. 6). Eomes was detected in
only 8% (median, IQR 1–12%) of infant and 12% (median, IQR
1–49%) of adult epithelial CD127+ ILCs. Intestinal CD127+ ILCs
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furthermore exhibited a non-cytotoxic phenotype, as perforin and
granzyme B expressions were low in both infant and adult
intestinal CD127+ ILCs (Supplementary Fig. 6). NKp44 was
expressed by 52% (median, IQR 44–66%) of infant and 50%
(median, IQR 31–69%) of adult CD127+ ILCs. The phenotype of
CD127+ ILCs more closely resembled the cluster of NKp44+

CD69+ NK cells in infant and adult intestines. Although func-
tional responses of infant CD127+ ILCs were relatively hetero-
geneous upon PMA and ionomycin stimulation, frequencies
CD107a+CD127+ ILCs were relatively low, as was IFN-γ and
TNF-α production (Supplementary Fig. 6). Taken together, innate
lymphocyte populations in infant intestines consisted of a large
population of prototypic CD127− NK cells and a smaller popu-
lation of CD127+ ILCs, which both declined during childhood,
while a population of NKp44+CD69+ ieILC1s persisted.

To further illustrate dynamic changes of these ILC populations,
we performed a spanning-tree progression analysis of density-
normalized events (SPADE)40 of multi-parameter flow cytometry
data, based on CD16, CD56, CD127, CD7, KIR, CD94, NKp44,
NKp46, NKp80, CD103, CD49a, and CD69 by viable CD45+ lin−

lymphocytes. SPADE allowed to determine phenotypic hierar-
chies of different populations of lin− lymphocytes in infant and
adult intestines. The size of a respective circle indicates the size of
the population, whereas distances between circles in the tree
reveal phenotypic similarity of different populations. The SPADE
tree showed that NK cells constituted the largest population of
infant epithelial lin− lymphocytes (Fig. 7c). In contrast, in the
SPADE tree of adult epithelial lin- lymphocytes, NKp44+CD103+

ieILC1s were most abundant. Together these results show that a
population of intestinal NKp44+lin− cells remained relatively
stable over life; however, its contribution to the overall innate
lymphocyte population in intestines increased over age due to a
decrease of NKp44− NK cells during infancy.

NK cell decline coincides with Eomes+ T cell accumulation.
Infants are well-known for immaturity of their adaptive immune
system, in particular cytotoxic CD8+ T cells41. In line with this,
we have previously shown that at birth the majority of intestinal
T cells are CD4+ T cells whereas cytotoxic CD8+ T cells are
scarce42. However, the CD4/CD8 T cell ratio changes over age,
and in adults an abundance of epithelial CD103+CD69+Eomes+

CD8+ T cells has been shown to provide protection against
intracellular pathogens43,44. We therefore examined ratios
between NK cells and T cells in intestinal samples over age.
Epithelial NK/T ratios rapidly declined from 0.52 (median, IQR
0.23–1.1) in infant intestines to 0.05 (median, IQR 0.02–0.09) in
adult intestines (p < 0.001) (Fig. 8a). A similar trend was observed
for NK/T cell ratios in intestinal lamina propria (p < 0.001)
(Fig. 8a). These findings indicated a transition from an evenly
balanced NK/T cell immune system in infant intestines to a T
cell-dominated immune system in adult intestines. Frequencies of
Eomes+ T cells were determined to investigate whether a
maturation of cytotoxic T cell responses coincided with changes
in NK cell populations. At birth, intestinal epithelial and
lamina propria-derived Eomes+ T cells were rare. After birth,
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Eomes+ T cells increased, with highest frequencies of Eomes+

T cells detected in adult intestines. Intestinal epithelial Eomes+

T cells contributed 6% (median, IQR 3–8%) to the total epithelial
lymphocyte population in adults and lamina propria-derived
Eomes+ T cells contributed 7% (median, IQR 2–10%) to the total
lamina propria-derived lymphocyte population in adults (Fig. 8b).
Taken together, the first year of life was characterized by rapid
changes in intestinal NK cell and T cell compartments, with
Eomes+ NK cells declining and Eomes+ T cells increasing.

Discussion
An increasing number of studies have shown that ILCs, including
NK cells, are critical in host defense and can mediate tissue (re)
modeling6,8–10,12,13,38,45. These studies primarily focused on fetal
tissues or older children and adults6,8–10,12,13,17,20,38,45. However,
studies investigating NK cells in infant intestines in the first year
of life, when microbial colonization as well as rapid growth of
mucosal tissues take place in concert, are lacking. Here, we
demonstrate that NK cells represent the major innate lymphocyte
population in small intestines of infants, whereas fewer NK cells
persist in adult intestines. Infant intestinal NK cells demonstrated
a strong effector phenotype characterized by Eomes, perforin, and
granzyme B-expression compared to adult intestinal NK cells. NK
cells decreased in infant intestines during the first year of life,
concurring with an increase of Eomes+ T cells. A population of
NKp44+CD103+CD69+ NK cells persisted in adult intestines,
corresponding to previously described ieILC1s38. In conclusion,
numerous prototypic NK cells populated small intestines in
infancy and exhibited a cytotoxic effector profile, while adaptive
immune responses were still immature.

Characterization of ILCs and NK cells is challenging in parti-
cularly in tissues due to lack of hallmark lineage markers for
tissue-derived ILCs and NK cells10,22–25. Our analyses underlined
the heterogeneity of ILCs and possible selection bias when for
example only NKp80 or CD94 were included to identify NK cells.
The well-documented plasticity of ILCs, varying origins of
intestinal tissues included in previous studies and diverse
pathologies may have further contributed to conflicting results
reported on tissue-derived NK cells and ILCs10,22–25,38,39.
Nonetheless, in general, non-cytotoxic ILCs are identified as
CD127+lin− cells, while NK cells are CD127−Eomes+lin−

cells10,46 and contain cytotoxic granules with perforin and
granzyme B. Here we employed a comprehensive approach to
characterize ILCs and developed a gating strategy that allowed to
identify infant intestinal NK cells. Our findings show that a gating
strategy based on CD56+CD127−lin− lymphocytes identified a
large population of bona fide CD127−Eomes+ NK cells in infant
intestines. Infant intestinal NK cells expressed integrin αE
(CD103), indicating that these cells are prompted to remain
tissue-resident33. In addition to NK cells, infant intestines con-
tained CD127+lin− ILC and NKp44+CD69+CD56+CD127−NK
cell populations, which had lower Eomes and perforin expression.
The NKp44+CD69+CD56+CD127−NK cell population persisted
in adult intestines, as previously described38. Thus NK cells in
infant intestines have a distinct phenotype compared to adult
intestines.

Previous studies have described NK cells and non-cytotoxic
ILCs in fetal tissues16,17. Although the role of ILCs as lymphoid
tissue-inducers is well defined47, the physiological role of intest-
inal NK cells prior to birth remains unknown. We detected the
largest numbers of intestinal NK cells from birth to 6 months of
age, suggesting that local NK cell populations are established early
during human development. In line with previous data from fetal
liver and lung tissues48, infant intestinal NK cells had a relatively
immature phenotype, but were equipped with cytolytic granules

and had superior degranulation capacity compared to adult NK
cells. The decrease of infant intestinal NK cell and CD127+ ILC
numbers coincided with an influx of Eomes+ T cells in infant
intestines. The intestinal epithelium of adults contains large
numbers of tissue-resident CD8+ T cells, which provide local
antiviral immunity43,49. Our study shows that during human
immune ontogeny, NK cells and CD127+ ILCs preceded adaptive
cytotoxic CD8+ T cell responses. Infant intestinal NK cells were
equipped with cytotoxic granules providing early innate effector
responses, whilst CD8+ T cell responses still developed. Changes
occurring in intestinal lymphocyte populations in the first year of
life are reminiscent of the contraction of the NK cell pool during
viral infection, where NK cells constitute early antiviral responses
followed by their rapid decrease upon induction of Eomes+

CD8+ T cells. A competitive disadvantage of NK cells compared
to CD8+ T cells for cytokines, such as IL-2 has been suggested as
an underlying mechanism50–53. A similar developmental program
appears to take place during immune ontogeny in infancy, sug-
gesting a general pathway of immune constitution in different
settings. Due to limitations in obtaining longitudinal human
intestinal samples from birth to adulthood, the results presented
here are derived from cross-sectional data. A causal sequence of
events is therefore not possible. However, analyses of human
intestines at different ages demonstrated a consistent pattern of
maturation of the intestinal lymphocyte compartment. The exact
mechanisms underlying dynamic modifications in the lympho-
cyte compartment in intestines, such as diet and maturation of
the microbiome, need to be determined in future studies.

Our data further shows that the decline of infant intestinal NK
cells and CD127+ ILCs primarily affected NKp44− populations,
whereas NKp44+CD103+CD69+ NK cells persisted in adult
intestines. NKp44+CD103+CD69+ NK cells have been pre-
viously described in adult intestines and, although classified as
ILC1s, share similarities with NK cells38. In the SPADE tree of
adult epithelial lin− lymphocytes, CD127+lin− cell populations
and NKp44+CD127−NK cell/ieILC1 populations clustered clo-
sely together, indicating similarity. Future studies investigating
these cell populations need to determine their hallmark cytokines.
Next to a decline of NKp44− NK cells we furthermore observed a
decrease of CD127+ ILCs in infant intestines. This suggests that
the decrease of infant intestinal NK cells was not due to ILC
plasticity17,25 or transition of CD127− NK cells into CD127+

ILCs. As mentioned above, competition for cytokines is an
important factor modulating the composition of lymphocyte
populations in different anatomical locations50–53. Tissue-
resident CD8+ T cells also express CD12744,54. Thus, upon
influx of CD8+ T cells IL-2 and IL-7 are likely depleted, reducing
survival signals for both NK cells and CD127+ ILCs. In contrast
NKp44+CD103+ ieILC1s seemed relatively resistant to this influx
of CD8+ T cells. Fuchs et al. showed that NKp44+CD103+

ieILC1s have a higher expression of CD122 (IL2-Rβ) compared
to NKp44−lin− lymphocytes and ILC3s, potentially allowing
NKp44+CD103+ ieILC1s an enhanced usage of IL-2 for survival.
Taking together, the first year of life is characterized by highly
dynamic changes within intestinal lymphocyte populations.

In conclusion, our study demonstrates that intestinal NK cells
represent the major cytotoxic lymphocyte population early in
human intestinal development. During the first year of life
intestinal NK cells as well as CD127+ ILCs declined upon colo-
nization of intestinal tissues with Eomes+ T cells, with a popu-
lation of NKp44+CD103+CD69+ ieILC1s persisting in adult
intestines. The first year of life is characterized by exposure to
large numbers of microbes and changes in dietary intake. These
factors have been shown in animal models to impact intestinal
immune cell populations with repercussions for development of
diseases later in life55–58. Our findings show that also in humans
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significant modifications of innate lymphocyte populations take
place during this dynamic phase of development, which may
underlie specific pathologies observed in infancy.

Methods
Human tissue sample collection. Human tissues were collected after donors
(adults) or their guardians (infants) provided written informed consent. Pediatric
small intestinal tissues (median age 5.5 months, IQR 2.3–9.3, N= 16) were
obtained upon surgery to correct gastrointestinal congenital abnormalities and
reconstruction of ileostomy. Adult small intestinal samples (median age 57 years,
IQR 42.3–65, N= 13) were collected upon ileostomy reconstructions. None of the
donors suffered from inflammatory diseases. Tissues were obtained with approval
of the ethics committee of the Medical Association of the Freie Hansestadt
Hamburg (Ärztekammer Hamburg).

Lymphocyte isolation from human blood and intestinal tissues. Tissue and
blood samples were transported at 4 °C and processed in the laboratory within 6 h
after surgery. The mononuclear cell fraction was isolated from blood using a
density gradient. Blood was diluted 1:1 with Hank’s balanced salt solution (HBSS;
Sigma-Aldrich), then layered on top of BIOCOLL (Biochrom GmbH) and cen-
trifuged. The mononuclear cell fraction was aspirated and washed with phosphate
buffered saline (PBS). Intestinal tissues obtained at surgery were first washed with
PBS to remove feces and blood. The muscular layer was removed. The sizes of
intestinal tissues were documented after removal of the muscular layer. Intestinal
tissues were next cut into 0.5 × 0.5 cm segments and incubated for 2 × 20 min, at
37 °C with Iscove’s modified Dulbecco’s medium (IMDM; Thermo Fisher Scien-
tific) supplemented with 5 mM ethylenediaminetetraacetic acid (EDTA; Sigma-
Aldrich), 2 mM 1,4-dithiothreitol (DTT; Carl Roth GmbH+Co. KG) and 1% fetal
bovine serum (FBS; Biochrom GmbH) to detach the epithelial layer. Supernatant
was filtered through a 70 µm cell strainer to obtain a single cell solution. Epithelial
lymphocytes were isolated by density gradient centrifugation using BIOCOLL
(Biochrom GmbH). The remaining intestinal tissue was minced and digested for
2 × 30 min at 37 °C with IMDM (Thermo Fisher Scientific) supplemented with
1 mg/ml Collagenase D (Sigma-Aldrich), 1% FBS (Biochrom GmbH) and 1000 U/
ml DNAse I (STEMCELL Technologies). Supernatant containing cells was filtered
through a 70 µm strainer to obtain a single cell solution. Lamina propria lym-
phocytes were isolated from single cell suspensions using a Percoll gradient (VWR
International); standard isotonic Percoll solution (SIP) was prepared by supple-
menting 100% Percoll with 10% 10X PBS, using an additional 1X PBS which
resulted in 60% SIP solution. After isolation, the numbers of viable cells were
counted using Trypan blue.

Flow cytometric analyses. Isolated lymphocytes from human infant and adult
small intestines were analyzed using 18-parameter flow cytometry. For surface
staining, cells were incubated in PBS with the appropriate monoclonal antibodies
and Zombie Aqua™ for 30 min at 4 °C, washed and fixed with 1X stabilizing fixative
(BD Biosciences).

The following monoclonal antibodies (all anti-human) were used for surface
staining (clone, catalog number, dilution): CD3-BUV395 (UCHT1, 563546, 1:80),
CD56-BV786 (NCAM16.2, 564058, 1:100), CD16-BUV737 (3G8, 564434, 1:80),
CD57-BV605 (NK-1, 563895, 1:160) from BD Bioscience. CD45-BV711 (HI30,
304049, 1:100), CD45-Alexa Fluor 700 (2D1, 368514, 1:80), CD14-PE-Cy7 (M5E2,
301814, 1:100), CD14-BV510 (M5E2, 301842, 1:100), CD19-PE-Cy7 (SJ25C1,
363011, 1:100), CD19-BV510 (HIB19, 302242, 1:100), CD127-PE-Dazzle594
(A019D5, 351336, 1:100), CD103-PE-Cy7 (Ber-ACT8, 350212, 1:100), CD69-
BV711 (FN50, 310944, 1:80), CD69-BV605 (FN50, 310938, 1:50), CD69-BV421
(FN50, 310930, 1:200), NKp46/CD335-BV421 (9E2, 331913, 1:40), NKp44/CD336-
PE (P44-8, 352107, 1:40), CXCR6/CD186-PE-Cy7 (K041E5, 356012, 1:20),
CD107a-BV421 (H4A3, 328626, 1:40) from BioLegend. CD103-PerCP-eFluor710
(Ber-ACT8, 46-1037-42, 1:40), CD7-APC-eFluor780 (eBio124-1D1, 47-0079-41,
1:80) from eBioscience. CD94-FITC (REA113, 130-098-975, 1:40), NKG2A/
CD159a-APC (REA110, 130-098-809, 1:40), NKp44/CD336-PE-Vio770 (2.29, 130-
104-195, 1:40), KIR2D/CD158a-PE (NKVFS1, 130-092-688, 1:160), KIR3DL1/
DL2/CD158e/k-PE (REA970, 130-095-205, 1:80), CD49a-APC-Vio770 (TS2/7,
130-101-406, 1:40) from Miltenyi Biotec. hNKp80-APC (239127, FAB1900A, 1:40)
from R&D Systems.

For intracellular staining, surface-stained cells were washed, then incubated
with 1X Cytofix reagent (eBioscience), washed again and incubated with 1X
Cytoperm reagent (eBioscience) and the appropriate monoclonal antibodies for
30 min at 4 °C. The following monoclonal antibodies were used for intracellular
staining: T-bet-BV711 (4B10, 644819, 1:40), perforin-PerCP-Cy5.5 (d9G, 308114,
1:40), IFN-γ-FITC (B27, 506504, 1:40), TNF-α-BV605 (MAb11, 502936, 1:40),
granzyme B-FITC (GB11, 515403, 1:40) from BioLegend. Eomes-eFluor 660
(WD1928, 50-4877-42, 1:40) from eBioscience. Zombie Aqua™ Fixable Viability Kit
(BioLegend) was used to determine cell viability. Stained cells were analyzed using
a BD LSRFortessa cell analyzer (BD Biosciences) within 24 h and data was analyzed
using FlowJo software v10 (TreeStar, Ashland, Oregon, USA).

NK cell degranulation and cytokine production assay. Intestinal isolated
monocuclear cells were resuspended in IMDM with 10% FBS, and either left
unstimulated, stimulated with phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich), and ionomycin (SantaCruz Biotechnology), K562 or 772.221 target cells
(Effector/Target cell-ratio: 1:5), in the presence of Brefeldin A (Sigma Aldrich),
Monensin (BD), and anti-CD107a-BV421 (BioLegend) for 6 h at 37 °C and 5%
CO2. The K562 cell line was obtained from the Leibniz institute DSMZ-German
Collection of microorganisms and cell cultures. The 772.221 cell line was obtained
from America Type Culture Collection (ATCC). Cells were intracellularly stained
for cytokines and analyzed as described above. Values of response parameters
(CD107a, IFN-ɣ, and TNF-α positive cells) from stimulated conditions were cor-
rected with corresponding values of unstimulated conditions:

Relative value ¼ percentagestim:cells � percentageunstim:cells

� � � 100
100� percentageunstim:cells

� �

Statistical analyses. The GraphPad Prism 7 (GraphPad Software, San Diego, CA)
was used to analyze data and to perform statistical analyses. Statistical significance
of differences was assessed using non-parametric Mann-Whitney U tests, or
Wilcoxon matched-pairs signed rank test, for paired samples. Median frequencies
and IQR are given in figures and text unless otherwise stated. Values of p < 0.05
were considered significant. NK cell populations were analyzed by dimensional
reduction using Barnes–Hut t-distributed stochastic neighbor embedding (bht-SNE
or viSNE) algorithm26 and SPADE clustering40 provided by the Cytobank platform
(Cytobank Inc., Santa Clara, CA).

Data availability
Data used in this study have been collected in a clinical study and are subject to
regulations of the Ethics Committee of the Ärztekammer Hamburg that approved
these studies. Participant’s written consent has been provided for data generation
and handling according to approved protocols. Data storage is performed by the
Heinrich Pette Institute. A Reporting Summary for this article is available as
a Supplementary Information file. Data are available upon request from the cor-
responding author and can be shared after confirming that data will be used within
the scope of the originally provided informed consent.

Received: 20 July 2018 Accepted: 18 December 2018

References
1. Yokoyama, W. M. & Plougastel, B. F. M. Immune functions encoded by the

natural killer gene complex. Nat. Rev. Immunol. 3, 304–316 (2003).
2. Moretta, L. & Moretta, A. Unravelling natural killer cell function: triggering

and inhibitory human NK receptors. EMBO J. 23, 255–259 (2004).
3. Vivier, E., Nunes, J. A. & Vely, F. Natural killer cell signaling pathways. Science

306, 1517–1519 (2004).
4. Lanier, L. L. NK cell recognition. Annu. Rev. Immunol. 23, 225–274

(2005).
5. Caligiuri, M. A. Human natural killer cells. Blood 112, 461–469 (2008).
6. Klose, C. S. N. & Artis, D. Innate lymphoid cells as regulators of immunity,

inflammation and tissue homeostasis. Nat. Immunol. 17, 765–774 (2016).
7. Björkström, N. K., Ljunggren, H.-G. & Michaëlsson, J. Emerging insights into

natural killer cells in human peripheral tissues. Nat. Rev. Immunol. 16,
310–320 (2016).

8. Hanna, J. et al. Decidual NK cells regulate key developmental processes at the
human fetal-maternal interface. Nat. Med. 12, 1065 (2006).

9. Trowsdale, J. & Moffett, A. NK receptor interactions with MHC class I
molecules in pregnancy. Semin. Immunol. 20, 317–320 (2008).

10. Spits, H., Bernink, J. H. & Lanier, L. NK cells and type 1 innate lymphoid cells:
partners in host defense. Nat. Immunol. 17, 758–764 (2016).

11. Vivier, E. et al. Innate lymphoid cells: 10 years on. Cell 174, 1054–1066 (2018).
12. Artis, D. & Spits, H. The biology of innate lymphoid cells. Nature 517,

293–301 (2015).
13. Diefenbach, A., Colonna, M. & Romagnani, C. The ILC world revisited.

Immunity 46, 327–332 (2017).
14. Weizman, O.-E. et al. ILC1 confer early host protection at initial sites of viral

infection. Cell 171, 795–808.e12 (2017).
15. Phillips, J. H. et al. Ontogeny of human natural killer (NK) cells: fetal NK cells

mediate cytolytic function and express cytoplasmic CD3 epsilon,delta
proteins. J. Exp. Med. 175, 1055–1066 (1992).

16. Ivarsson, M. A. et al. Differentiation and functional regulation of human fetal
NK cells. J. Clin. Invest. 123, 3889–3901 (2013).

17. Li, N. et al. Mass cytometry reveals innate lymphoid cell differentiation
pathways in the human fetal intestine. J. Exp. Med. 215, 1383–1396 (2018).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-018-08267-7

12 NATURE COMMUNICATIONS |          (2019) 10:975 | https://doi.org/10.1038/s41467-018-08267-7 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


18. Sundström, Y. et al. The expression of human natural killer cell receptors in
early life. Scand. J. Immunol. 66, 335–344 (2007).

19. Dalle, J. H. et al. Characterization of cord blood natural killer cells:
Implications for transplantation and neonatal infections. Pediatr. Res. 57,
649–655 (2005).

20. Calleja, S. et al. Dynamics of non-conventional intraepithelial lymphocytes-
NK, NKT, and gammadelta T-in celiac disease: relationship with age, diet, and
histopathology. Dig. Dis. Sci. 56, 2042–2049 (2011).

21. Fletcher, S. et al. Gastrointestinal pathogen distribution in symptomatic
children in Sydney, Australia. J. Epidemiol. Glob. Health 3, 11–21 (2013).

22. Simoni, Y. et al. Human innate lymphoid cell subsets possess tissue-type based
heterogeneity in phenotype and frequency. Immunity 46, 148–161 (2017).

23. Bernink, J. H., Mjösberg, J. & Spits, H. Human ILC1: to be or not to be.
Immunity 46, 756–757 (2017).

24. Bernink, J. H. et al. Human type 1 innate lymphoid cells accumulate in
inflamed mucosal tissues. Nat. Immunol. 14, 221–229 (2013).

25. Bernink, J. H. et al. Interleukin-12 and -23 control plasticity of CD127+
Group 1 and Group 3 innate lymphoid cells in the intestinal lamina propria
graphical. Immunity 43, 146–160 (2015).

26. Amir, E. A. D. et al. ViSNE enables visualization of high dimensional single-
cell data and reveals phenotypic heterogeneity of leukemia. Nat. Biotechnol.
31, 545–552 (2013).

27. Freud, A. G. et al. NKp80 defines a critical step during human natural killer
cell development. Cell Rep. 16, 379–391 (2016).

28. Kruse, P. H., Matta, J., Ugolini, S. & Vivier, E. Natural cytotoxicity receptors
and their ligands. Immunol. Cell Biol. 92, 221–229 (2014).

29. Mackay, L. K. et al. Cutting edge: CD69 interference with sphingosine-1-
phosphate receptor function regulates peripheral T cell retention. J. Immunol.
194, 2059–2063 (2015).

30. Hadley, G. A. & Higgins, J. M. G. Integrin alphaEbeta7: molecular features and
functional significance in the immune system. Adv. Exp. Med. Biol. 819,
97–110 (2014).

31. Cepek, K. L. et al. Adhesion between epithelial cells and T lymphocytes
mediated by E-cadherin and the αEβ7 integrin. Nature 372, 190 (1994).

32. Kramer, R. H. & Marks, N. Identification of integrin collagen receptors on
human melanoma cells. J. Biol. Chem. 264, 4684–4688 (1989).

33. Gasteiger, G., Fan, X., Dikiy, S., Lee, S. Y. & Rudensky, A. Y. Tissue residency
of innate lymphoid cells in lymphoid and nonlymphoid organs. Science 350,
981–985 (2015).

34. Lunemann, S. et al. Hobit expression by a subset of human liver-resident
CD56bright Natural Killer cells. Sci. Rep. 7, 6676 (2017).

35. Björkström, N. K. et al. Expression patterns of NKG2A, KIR, and CD57 define
a process of CD56dim NK cell differentiation uncoupled from NK cell
education. Blood 116, 3853–3864 (2010).

36. Stegmann, K. A. et al. CXCR6 marks a novel subset of T-bet lo Eomes hi
natural killer cells residing in human liver. Sci. Rep. 6, 1–10 (2016).

37. Harmon, C. et al. Tissue-resident Eomeshi T-betlo CD56bright NK cells with
reduced proinflammatory potential are enriched in the adult human liver. Eur.
J. Immunol. 46, 2111–2120 (2016).

38. Fuchs, A. et al. Intraepithelial type 1 innate lymphoid cells are a unique subset
of IL-12- and IL-15-responsive IFN-γ-producing cells. Immunity 38, 769–781
(2013).

39. Koues, O. I. et al. Distinct Gene Regulatory Pathways for Human Innate
versus Adaptive Lymphoid Cells. Cell 165, 1134–1146 (2016).

40. Qiu, P. et al. Analysis extracting a cellular hierarchy from high-dimensional
cytometry data with SPADE. Nat. Biotechnol. 29, 886–891 (2011).

41. Prendergast, A. J., Klenerman, P. & Goulder, P. J. R. The impact of differential
antiviral immunity in children and adults. Nat. Rev. Immunol. 12, 636–648
(2012).

42. Bunders, M. J. et al. Memory CD4+CCR5+T cells are abundantly present in
the gut of newborn infants to facilitate mother-to-child transmission of HIV-
1. Blood 120, 4383–4390 (2012).

43. Gebhardt, T. & Mackay, L. K. Local immunity by tissue-resident CD8+
memory T cells. Front. Immunol. 3, 1–12 (2012).

44. Thome, J. J. C. et al. Early-life compartmentalization of human T cell
differentiation and regulatory function in mucosal and lymphoid tissues. Nat.
Med. 22, 1–7 (2016).

45. Björkström, N. K., Ljunggren, H. & Michaëlsson, J. Emerging insights into
natural killer cells in human peripheral tissues. Nat. Publ. Gr. 16, 310–320
(2016).

46. Spits, H. et al. Innate lymphoid cells-a proposal for uniform nomenclature.
Nat. Rev. Immunol. 13, 145–149 (2013).

47. Van De Pavert, S. A. et al. Maternal retinoids control type 3 innate lymphoid
cells and set the offspring immunity. Nature 508, 123–127 (2014).

48. Collins, A., Rothman, N., Liu, K. & Reiner, S. L. Eomesodermin and T-bet
mark developmentally distinct human natural killer cells. JCI Insight 2, e90063
(2017).

49. Cheroutre, H., Lambolez, F. & Mucida, D. The light and dark sides of
intestinal intraepithelial lymphocytes. Nat. Rev. Immunol. 11, 445–456 (2011).

50. Sitrin, J., Ring, A., Garcia, K. C., Benoist, C. & Mathis, D. Regulatory T cells
control NK cells in an insulitic lesion by depriving them of IL-2. J. Exp. Med.
210, 1153–1165 (2013).

51. Gasteiger, G. et al. IL-2–dependent tuning of NK cell sensitivity for target cells
is controlled by regulatory T cells. J. Exp. Med. 210, 1167–1178 (2013).

52. Alvarez, M. et al. Increased antitumor effects using IL-2 with anti-TGF-β
reveals competition between mouse NK and CD8 T cells. J. Immunol. 193,
1709–1716 (2014).

53. Coles, M. C. et al. Role of T and NK cells and IL7/IL7r interactions during
neonatal maturation of lymph nodes. Proc. Natl Acad. Sci. USA 103,
13457–13462 (2006).

54. Mackay, L. K. et al. Hobit and Blimp1 instruct a universal transcriptional
program of tissue residency in lymphocytes. Science 352, 459–463 (2016).

55. Ardeshir, A. et al. Breast-fed and bottle-fed infant rhesus macaques develop
distinct gut microbiotas and immune systems. Sci. Transl. Med. 6, 252ra120
(2014).

56. An, D. et al. Sphingolipids from a symbiotic microbe regulate homeostasis of
host intestinal natural killer T cells. Cell 156, 123–133 (2014).

57. Olszak, T. et al. Microbial exposure during early life has persistent effects on
natural killer T cell function. Science 336, 489–493 (2012).

58. Kim, K. S. et al. Dietary antigens limit mucosal immunity by inducing
regulatory T cells in the small intestine. Science 351, 858–863 (2016).

Acknowledgements
We would like to thank all donors and their parents for participation in this study.
Further we thank the colleagues from the Department of Pediatric Surgery, as well as
Department of General, Visceral, and Thoracic Surgery of the UKE (Hamburg) for the
collection of intestinal tissues. This work was supported by the Deutsche For-
schungsgemeinschaft (DFG) through the SFB841 and Daisy Huët Röell Foundation.

Author contributions
M.J.B. and A.F.S. designed the experiments. F.S. and R.R.C.E.S. contributed to experi-
ments; D.P. and K.R. collected the tissue samples; S.L., C.K., and M.A. contributed to the
study design, interpretation of the data, and manuscript revision; A.F.S. performed the
data analyses. A.F.S. and M.J.B. wrote the manuscript with input from all authors. M.J.B.
supervised the study.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-08267-7.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Journal peer review information: Nature Communications thanks the anonymous
reviewers for their contribution to the peer review of this work. Peer reviewer reports are
available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-018-08267-7 ARTICLE

NATURE COMMUNICATIONS |          (2019) 10:975 | https://doi.org/10.1038/s41467-018-08267-7 | www.nature.com/naturecommunications 13

https://doi.org/10.1038/s41467-018-08267-7
https://doi.org/10.1038/s41467-018-08267-7
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Tissue-resident Eomes+ NK cells are the major innate lymphoid cell population in human infant intestine
	Results
	Expression of NK cell markers on infant intestinal NK cells
	NK cells form the major ILC population in infant intestines
	Infant intestinal NK cells have a tissue-residency phenotype
	Infant intestinal NK cells have high NKG2A expression
	Eomes+ NK cells are abundant in infant intestines
	Superior functional capacity of infant intestinal NK cells
	CD103+NKp44+CD127−lin− cells persist in adult intestines
	NK cell decline coincides with Eomes+ T�cell accumulation

	Discussion
	Methods
	Human tissue sample collection
	Lymphocyte isolation from human blood and intestinal tissues
	Flow cytometric analyses
	NK cell degranulation and cytokine production assay
	Statistical analyses

	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Supplementary information
	ACKNOWLEDGEMENTS




