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Starting at birth, the immune system of newborns and children
encounters and is influenced by environmental challenges. It is still
not completely understood how γδ T cells emerge and adapt dur-
ing early life. Studying the composition of T cell receptors (TCRs)
using next-generation sequencing (NGS) in neonates, infants, and
children can provide valuable insights into the adaptation of T cell
subsets. To investigate how neonatal γδ T cell repertoires are
shaped by microbial exposure after birth, we monitored the
γ-chain (TRG) and δ-chain (TRD) repertoires of peripheral blood
T cells in newborns, infants, and young children from Europe and
sub-Saharan Africa. We identified a set of TRG and TRD sequences
that were shared by all children from Europe and Africa. These were
primarily public clones, characterized by simple rearrangements of
Vγ9 and Vδ2 chains with low junctional diversity and usage of non-
TRDJ1 gene segments, reminiscent of early ontogenetic subsets of
γδ T cells. Further profiling revealed that these innate, public
Vγ9Vδ2+ T cells underwent an immediate TCR-driven polyclonal pro-
liferation within the first 4 wk of life. In contrast, γδ T cells using
Vδ1+ and Vδ3+ TRD rearrangements did not significantly expand
after birth. However, different environmental cues may lead to
the observed increase of Vδ1+ and Vδ3+ TRD sequences in the ma-
jority of African children. In summary, we show how dynamic γδ
TCR repertoires develop directly after birth and present important
differences among γδ T cell subsets.

TRG and TRD repertoires | neonatal γδ T cells | postnatal TCR repertoire
focusing | Vγ9Vδ2 | non-Vγ9Vδ2

The composition and function of the immune system differs
among newborns, children, and adults. Immune cells of

newborns are disposed for Th2-like responses and/or immune
tolerance (1, 2). Neonatal immunity is further characterized by
little immunological memory and relies on responses of the in-
nate branch of the immune system (1, 3). After birth, neonates
are suddenly exposed to various environmental cues and a high
variety of new antigens that challenge their immune system. One
subpopulation of T lymphocytes, γδ T cells, could be an impor-
tant contributor to early neonatal protection because they start
to develop around gestational week 8 and show a high functional
responsiveness in utero and in newborns (4–11). In contrast,
adult γδ T cells are phenotypically distinct from neonatal γδ
T cells both in T cell receptor (TCR) repertoire composition and
innate- and adaptive-like functions (12, 13). In adults, γδ T cells
have been assigned pleiotropic roles such as mediating tissue
surveillance, tumor immunity, and immune responses against
various pathogens, including Mycobacterium tuberculosis, Cyto-
megalovirus (CMV), or Plasmodium falciparum (12, 14).

γδ T cells express TCRs composed of individually rearranged
γ-chains (TRG) and δ-chains (TRD), whereby random recombi-
nation of different variable (V)-, diversity (D)-, and joining (J)-
gene elements creates a high TCR repertoire diversity (15). A
number of studies have described γδ TCR repertoires based on
“public and private” characteristics. According to this denomi-
nation, public repertoires indicate that TCR sequences are
shared among many individuals and private repertoires are in-
herently different in each person. Based on their TCR’s V-gene
expression, ontogeny, and functionality, human γδ T cells can be
grouped into either Vγ9Vδ2+ or non-Vγ9Vδ2+ T cells (16).
Vγ9Vδ2+ T cells are the main γδ T cell population in second

trimester thymus (7), but are rarely detected in pediatric thymi.
As a matter of fact, neonatal Vγ9Vδ2+ T cells are intrinsically
primed to produce IFN-γ, IL-17, and granzymes proposing a
unique effector role in neonatal immunity (7, 9, 10). With regard
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to their immunological surveillance function, Vγ9Vδ2+ TCRs
interact with butyrophilin (BTN) molecules to sense prenyl py-
rophosphate metabolites, called phosphoantigens (pAgs), in in-
fected, stressed, or transformed cells (17–22). Those nonpeptide
antigens are produced by many bacteria and parasites, including
M. tuberculosis, Escherichia coli, or Salmonella and are highly
potent activators of neonatal and adult Vγ9Vδ2+ T cells (20,
23–25). After birth, bacteria of the developing skin and/or gut
microbiota might be potent sources of pAgs that further shape,
stimulate, and/or maintain the Vγ9Vδ2+ T cell compartment in
neonates, infants, and children (26, 27). In line with this,
Vγ9Vδ2+ T cells were described to expand and mature in chil-
dren to subsequently become the main γδ T cell subset in adult
peripheral blood (27, 28). Independent of age, their TCRs ex-
press a Vγ9 chain that exclusively rearranges with the TRGJP
joining element, show few or no N insertions (29–31), and con-
tain conserved regions that are important for ligand interaction
(32–35). These invariant Vγ9JP+ TRG sequences can be found
in every individual and are considered public Vγ9JP+ T cell
clones (30, 31, 36, 37).
All other γδ T cell subsets utilize TRG rearrangements that are

not Vγ9JP+ and the majority of these pair with Vδ1 chains, less
frequently with Vδ2 or Vδ3 chains, and are called non-Vγ9Vδ2+
T cells hereafter. Non-Vγ9Vδ2+ T cells also include innate T cell
subsets that arise during early fetal development and express
invariant TCRs, but are usually the minor γδ T cell fraction
during early fetal development (6). Interestingly, these early
innate-like non-Vγ9Vδ2+ T cells are intrinsically primed for
effector functions and can mount anti-CMV responses in utero
(6, 8). In the last trimester, non-Vγ9Vδ2+ T cells become the
major γδ T cell subset (38) and leave the pediatric thymus as
naïve T cells (39). These cells have an extremely high TCR
repertoire diversity, express TCR sequences that are not shared
among individual subjects, and are therefore described as private
TCR repertoires (40, 41). In contrast to innate-like pAg-sensing
Vγ9Vδ2+ T cells, the TCR of non-Vγ9Vδ2+ T cells may rec-
ognize a variety of ligands that range from MHC-like molecules
to stress-induced cell surface molecules (42–44). In adult pe-
ripheral blood, non-Vγ9Vδ2+ T cells (mainly Vδ1+) are usually
found at low frequencies, but some individuals display high Vδ1+
T cell numbers that potentially stem from previous infectious
diseases and may correlate with the CMV serology status (40,
45). Indeed, anti-CMV responses of Vδ1+ T cells have been well
described (8, 46–48) and next-generation sequencing (NGS) of
γδ TCR repertoires revealed long-lasting expansion of CMV-
induced Vδ1+ T cell clones in adult patients (37). Therefore,
an adaptive-like biology has been ascribed to peripheral non-
Vγ9Vδ2+ (mainly Vδ1+) T cells (49). However, whether and
how pathogens other than CMV shape the adaptation of pe-
ripheral blood non-Vγ9Vδ2+ TCR repertoires remains elusive.
Recent reviews speculated about different dynamics and envi-
ronmental factors driving the postnatal adaptation of Vγ9Vδ2+
and non-Vγ9Vδ2+ T cells (29, 49, 50), yet data are lacking for
neonatal and early childhood γδ T cells. To approach how pe-
ripheral blood γδ T cells evolve in the first weeks, months, and
years of life, we monitored γδ TCR repertoires in four inde-
pendent study populations of 1) preterm babies from Europe
(Germany); 2) young children from Europe (Germany); 3)
9-mo-old infants from Africa (The Gambia); and 4) children
from Africa (Ghana) and found evidence for a differential ad-
aptation of Vγ9Vδ2+ and non-Vγ9Vδ2+ TCR repertoires after
birth and during early childhood.

Results
Immediate Expansion of Vγ9Vδ2+ T Cells after Birth. Canonical
Vγ9Vδ2+ T cells are a prominent subtype of human γδ T cells
characterized by a semiinvariant phosphoantigen-reactive TCR
that consists of Vγ9JP+ rearrangements paired with Vδ2 chains.

Their pAg reactivity was shown to depend on lysine residues that
are encoded by the JP-gene segment (TRGJP) and is potentially
influenced by hydrophobic amino acids (aa) at position 97 of the
Vδ2 chain (L, I, and V) (32–35, 51). However, knowledge of how
Vγ9Vδ2+ TCR repertoires are shaped by pAg exposure after
birth remains fragmentary. To understand how γδ T cells evolve
in response to the strong microbial stimuli associated with birth,
we tracked γδ T cells in the peripheral blood of European (E)
preterm babies in the first 2 wk of life (w1-2 [E]) and as a fol-
lowup after 3 to 5 wk (w3-5 [E]), and compared those to γδ T cell
frequencies of healthy 1- to 3.5-y-old children (y1-3.5 [E]) (SI
Appendix, Table S1). Flow cytometry (FACS) analysis of indi-
vidual samples of preterm babies demonstrated that γδ T cells
increased in frequencies and numbers within the first 2 wk after
birth (Fig. 1 A and B) with γδ T cell frequencies at w3-5 reaching
levels comparable to those in healthy European children of 1 to
3.5 y of age (y1-3.5) (Fig. 1C). Particularly, the proportion of
Vγ9Vδ2+ T cells among all γδ T cells significantly increased
from a median of 49% in w1-2 of life to 86% at the second time
point of blood collection only a few weeks later (Fig. 1 D and E).
Notably, this increase was observed in every single donor, only
differing in magnitude, and was not related to the mother’s
health status and/or severe pregnancy/birth complications (SI
Appendix, Fig. S1D). Increased Vγ9Vδ2+ T cell frequencies
correlated with increased absolute cell numbers at w3-5
(Fig. 1F). Most Vγ9Vδ2+ T cells displayed a naïve phenotype
reflected by surface expression of CD27 at w1-2, whereas a
tendency toward a more activated/memory CD27neg phenotype
was evident after 3 to 5 wk (Fig. 1G). In contrast, frequencies of
Vδ1+ T cells remained stably low and rather decreased in new-
borns in the first weeks of life (SI Appendix, Fig. S1A), albeit
absolute Vδ1+ cell numbers slightly increased (SI Appendix, Fig.
S1B) and their phenotype remained naïve (CD27pos) (SI Ap-
pendix, Fig. S1C). Interestingly, three newborns that were de-
livered from mothers with preeclampsia were characterized by
lower Vγ9Vδ2+ T cell frequencies and higher Vδ1+ T cell fre-
quencies compared to babies from mothers without preeclamp-
sia, but only in w1-2 (SI Appendix, Fig. S1D). Taken together,
FACS analysis of neonatal peripheral blood lymphocytes dem-
onstrated an immediate burst of Vγ9Vδ2+ T cells directly
after birth.

Vγ9Vδ2+ T Cells Undergo Polyclonal Proliferation in Newborns. Re-
cent NGS studies revealed that fetal and cord blood γδ TCR
repertoires are extremely polyclonal and comprise Vγ9Vδ2+
T cell clones that have simple rearrangements with no or few N
insertions (nucleotides) and utilize TRDJ1, TRDJ2, and in par-
ticular TRDJ3 joining elements (31, 52). In contrast, adult γδ
TCR repertoires use varying numbers of N insertions and mainly
TRDJ1 joining elements (31). To understand how many, if not
all, of the neonatal Vγ9Vδ2+ T cells were participating in the
observed immediate proliferation after birth, we next explored
the γδ TCR repertoires of preterm babies (w1-2 and w3-5) via
NGS analysis of FACS-sorted γδ T cells. For this, CDR3 regions
of either the γ-chains (TRG) or δ-chains (TRD) were analyzed
via an RNA-based NGS approach (37). Overall, TRG and TRD
repertoire diversity in preterm neonates was polyclonal and did
not show obvious differences between samples from w1-2 or w3-5
neonates as illustrated by representative treemaps of one donor
(Fig. 2A). Next, a systematic comparison of TCR repertoire di-
versity among 1- to 2-wk- and 3- to 5-wk-old preterm neonates
was performed by calculating Shannon indices, which take the
repertoire size and the clonal distribution into consideration.
However, no age-related differences between the diversity of
TRG and TRD repertoires based on Shannon indices were de-
tectable (Fig. 2B). In sum, these studies demonstrate that γδ
TCR repertoires remain polyclonal in 3- to 5-wk-old preterm
neonates. In line with the rapid expansion of neonatal Vγ9Vδ2+
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T cells in our FACS data, the proportion of Vγ9+ and Vδ2+
sequences, represented by TRGV9 and TRDV2 usage, signifi-
cantly increased in γδ TCR repertoires of 3- to 5-wk-old neo-
nates as compared to 1- to 2-wk-old neonates (Fig. 2 C and D).
Next, we showed that the relative frequencies of TRDJ1, TRDJ2,
and TRDJ3 joining elements among all Vδ2+ sequences (filtered
from the total TRD sequence pool) remained stable between 1-
to 2-wk and 3- to 5-wk neonates (Fig. 2E). Moreover, Vδ2+ TRD
clones similarly used few N insertions (median of 3.8 and 4 nu-
cleotides [nt]) at both time points (Fig. 2F). Together, this fur-
ther supports the idea that a large fraction of all neonatal clones
participates in the quick Vγ9Vδ2+ T cell expansion after birth.
Nevertheless, we found evidence for a specific selection of

pAg-reactive Vγ9Vδ2+ T cells in the first weeks of life. First,
there was a significant increase of hydrophobic amino acids (L, I,
and V) at position 97 of all Vδ2+ TRD clones, a position that has
been implicated in pAg sensing (32, 34, 51), (Fig. 2G). Second,
analysis of all Vγ9+ TRG clones, filtered from all TRG se-
quences, revealed a significant increase of TRGJP usage from a
median of 72% in w1-2 neonates to 92% in w3-5 infants
(Fig. 2H). Third, clones using the canonical pAg-reactive
Vγ9JP+ CDR3 amino acid sequence “ALWEVQELGK-
KIKVF” were increased at the second time point of longitudinal
sample collection (Fig. 2I). Recently, Papadopoulou et al. (52)
described in detail how this germline-encoded Vγ9JP+ clone can
rearrange using the short-homology repeat GCA in the absence

of N insertions in the fetal thymus, thereby generating a specific
nucleotide sequence (nucleotype) containing the GTG (V) CAA
(Q) motif. Here, we explored the presence of this fetal-derived
Vγ9JP+ nucleotype and could show an increase of the fetal-
derived nucleotide sequences in w3-5 neonates, indicating a
role in the observed expansion of Vγ9Vδ2+ T cells (Fig. 2J).
Summarized, the NGS studies importantly extend our FACS

data by demonstrating that the rapid expansion of Vγ9Vδ2+

T cells within the first weeks of life is polyclonal and comes along
with a selection of pAg-reactive clones defined by characteristic
features of Vγ9JP and Vδ2 chains.

Public, Innate Vδ2+ TRD Clones Expand in Neonates and Persist in
Children from Europe and Africa. Next, we investigated γδ TCR
repertoires in older children and the influence of different geo-
graphical locations on repertoire composition. For this, we
compared γδ TCR repertoires of European (E) preterm neo-
nates (w1-2 and w3-5) to those of 1- to 3.5-y-old European
children (y1-3.5) and of 9-mo-old infants from The Gambia,
West Africa (m9 [A]) (SI Appendix, Table S1 and S2). Overall,
there was evidence for a polyclonal distribution and a relatively
high prevalence of Vγ9JP+ sequences in the majority of 1- to
3.5-y-old European children (SI Appendix, Fig. S2). However, 3-
to 5-wk-old preterm infants had a relatively homogenous distri-
bution of Vδ2+ clones within total TRD repertoires, while more
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variable Vδ2+ sequence frequencies were observed in older
European and African children (Fig. 3A).
Additionally, we filtered TRD repertoires for Vδ2+ sequences,

observing that TRDJ usage was only skewed toward TRDJ1 with
increasing age (Fig. 3B and SI Appendix, Fig. S3 A–C). Of note,
when analyzing non-Vδ2+ clones, we observed a similar but
faster increase in TRDJ1 usage after birth (SI Appendix, Fig.
S3D). In sum, this suggests that there might already be a shift to
an adult-like Vδ2+ TRD repertoire in older children that differs
from cord blood (31) and from neonates as implied by
TRDJ usage.
Germline-encoded Vγ9JP+ sequences are present as public

TRG clones in every single individual, while TRD repertoires
were described to be highly individual among adults (31, 36, 37).
Knowledge about the abundance of shared TRD clones in neo-
nates and children remains scarce. We therefore investigated the

prevalence of shared TRD clones in the preterm neonates and
young children from Africa and Europe. First, we estimated TRD
repertoire similarities between individual study participants us-
ing the Morisita–Horn similarity index, where a value of 1 indi-
cates that the two samples are identical and a value of 0 indicates
that there is no overlap at all. Morisita–Horn similarity indices
between individual samples of the respective study populations
increased from w1-2 to w3-5 neonates and declined in 9-mo-old
African children as well as in 1- to 3.5-y-old European children
(Fig. 3C). In brief, this implies an increase of shared clones in the
first weeks of life and a lower prevalence in children. A detailed
overlap calculation of TRD clones (being either Vδ2+ or non-
Vδ2+) between samples showed that shared clones are typically
Vδ2+ within all child study populations (Fig. 3D). Markedly,
median values of shared Vδ2+ TRD clones at different ages in-
crease in the first 3 wk of life and subsequently decrease in older
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Fig. 2. TCR repertoires reflect a rapid polyclonal Vγ9Vδ2+ T cell expansion. TRD and TRG repertoires of sorted γδ T cells from preterm newborns w1-2 and w3-
5 after birth were analyzed by NGS. (A) Treemaps show TRG and TRD clone distribution of one child at day 9 and day 29 after birth, whereas each clone is
represented by a box sized according to frequency. Clones are color coded by V-gene usage. (B) Shannon indices of TRG (Left) and TRD (Right) repertoires
dependent on age of preterm newborns at weeks 1 to 2 or weeks 3 to 5. Shannon indices of TRGwere independent of sorted γδ T cell numbers, whereas those
of TRD were slightly lower when fewer γδ T cells were sorted (SI Appendix, Fig. S2 A and B). TRGV9 (C) and TRDV2 (D) usage of γδ T cells was calculated from
TRG and TRD repertoires. (E) TRDJ1 (red dots, Left side) and TRDJ3 (black dots, Right side) usage of Vδ2+ clones of the TRD repertoire at w1-2 and w3-5 after
birth. (F) N insertions (nucleotides) at the junction of Vδ2 chains at both time points. (G) Presence of a hydrophobic amino acid (L, I, or V) at position δ97 as
percentage of all Vδ2Jδ1+ (red dots, Left side) or Vδ2Jδ3+ (black dots, Right side) clones. (E and G) Matched samples of the same donor are connected by black
lines. One-way ANOVA with multiple comparisons by Tukey was performed and significant differences within groups and within time points (e.g., w1-2 of
Vδ2Jδ1+ vs. Vδ2Jδ3+) are shown (nsP > 0.05, *P < 0.05, ****P < 0.0001, nonsignificant differences are defined as ns). (H) TRGJP usage of Vγ9+ clones of the TRG
repertoire within the respective group. (I) Frequencies of germline-encoded clone (CDR3: “ALWEVQELGKKIKVF”) of Vγ9JP+ sequences are plotted. (J) Mean
frequencies ± SD of the fetal nucleotype “GCCTTGTGGGAGGTGCAAGAGTTG-GGCAAAAAAATCAAGGTATTT” encoding the germline clone are shown. (C, D,
F, H, and J) Matched samples of the same donor are connected by black lines, and median values are shown by red lines. Statistical analysis was performed by
unpaired t test (nsP > 0.05, *P < 0.05, **P < 0.01, nonsignificant differences are defined as ns).
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Fig. 3. Fetal-derived, public Vδ2Jδ2/3+ TRD clones expand in neonates and persist until childhood. TRD repertoires of γδ T cells from 13 European preterm
newborns at weeks 1 to 2 after birth (w1-2; E), 18 European preterm newborns at weeks 3 to 5 after birth (w3-5; E), 13 European children being 1 to 3.5 y old
(y1-3.5; E) and 17 African children, 9 mo old (m9; A) were analyzed via NGS. (A) TRDV2 usage of pan-γδ TRD sequences dependent on age (days) is shown. (B)
TRD repertoires were filtered for Vδ2+ sequences. TRDJ1 usage of Vδ2+ clones (TRDV2) in dependence of age is shown. (C) Morisita–Horn similarity indices
were calculated between total TRD repertoires of individual samples of the respective study populations, while the value 1.0 indicates maximum similarity and
0.0 indicating no similarity at all. Median values are shown in black. (D) After filtering all TRD sequences for Vδ2+ (Left) or non-Vδ2+ sequences (Right), the
number of shared TRD clones within the respective groups was calculated. Medians are depicted by a black line. (E and F) The number of samples in which
each Vδ2+ (E) or Vγ9JP+ (F) clone was detected is plotted on the x axis. Each dot indicates the mean frequency of one clone in all repertoires where it was
detected; only clones in more than 50% of datasets (TRD >24 datasets/TRG >13 datasets) were considered. TRG repertoire data were available for 19 preterm
neonates (w3-5) and 8 European children (y1-3.5). (G) Pie charts indicate proportion of TRDJ1, TRDJ2, and TRDJ3 usage among the respective study pop-
ulations. TRD clones were considered public by appearing in at least 50% of samples or private when detected in only one repertoire within the respective
study population. (H) N insertions (nucleotides) at the junction of Vδ2 chains of public and private clones within the study populations. (A–D, H) Statistical
analysis was performed by one-way ANOVA with Tukey post hoc test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001) and nonsignificant differences (P >
0.05) are not shown.
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children. Importantly, we identified a considerable fraction of
Vδ2+ TRD clones and Vγ9JP+ TRG clones present in at least
50% of all individuals from Europe and Africa (w3-5, m9, and
y1-3.5) when cross-comparing all individual samples independent
of age (Fig. 3 E and F). Hence, these specific Vδ2+ TRD and
Vγ9JP+ TRG sequences were defined to be public sequences and
further analyzed. The mean frequency of each public Vδ2+ or
Vγ9JP+ clone was plotted against the number of samples in
which it occurred, revealing that the most shared TRD and TRG

clones were generally more abundant in the respective TRD and
TRG repertoires (Fig. 3 E and F). Most importantly, these clones
were present in all neonates and children irrespective of age and
geographical location. Another detailed characterization of
public Vδ2+ TRD clones (detected in at least 50% of samples)
and private Vδ2+ TRD clones (present only in one sample)
demonstrated that public and private Vδ2+ TRD clones in w1-2
and w3-5 neonates used TRDJ1, TRDJ2, and TRDJ3 gene ele-
ments (Fig. 3G). However, later on in childhood (m9 Africa and
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y1-3.5 Europe) private TRD clones predominantly used TRDJ1
elements (Fig. 3G). In all study populations, the majority of
public Vδ2+ TRD clones were characterized by insertion of zero
or few N insertions and higher numbers in private Vδ2+ TRD
clones (Fig. 3H and SI Appendix, Table S4).
In summary, analyzing γδ TCR repertoires of preterm neo-

nates and children from Europe and Africa, we show that γδ
TCR repertoires contain public, innate Vδ2+ TRD sequences
characterized by TRDJ1/2/3 usage and few N insertions. These
public TRD sequences presumably pair with Vγ9JP+ sequences
and may represent a recently described fetal subset of Vγ9Vδ2+
T cells (52). Our data indicate that this innate Vγ9Vδ2+ T cell
subset is characterized by usage of public TRD sequences, im-
mediately expands after birth, is highly conserved in all individ-
uals from Europe and Africa, and might be slowly replaced by a
more diverse repertoire of Vδ2Jδ1+ T cell clones during
childhood.

Differential Microbial Exposure May Shape TRD Repertoires in
Children Living in Europe or Africa. CMV-induced adaptive-like
expansion of individual γδ T cell clones (Vδ1+) was demon-
strated in adults (37, 40). However, little is known about other
triggers of clonal γδ T cell expansion. Variable V-gene usage in
European and Gambian children suggested that individual TRD
repertoires are already formed in young children (Fig. 3A).
Hence, we compared in more detail TRD repertoires of 1- to
3.5-y-old children from Europe to 9-mo-old children living in

The Gambia, Africa. Of note, at the time samples were collected
there was a decline of malaria incidence in The Gambia, Africa
(53). Comparison of representative TRD repertoires via tree-
maps and the distribution of the 10 most expanded (top10)
clones revealed that TRD repertoires are polyclonal in young
children from both Europe and Africa (Fig. 4 A and B). The
proportion of the most abundant 20 (top20) clones within each
individual child further indicated largely polyclonal TCR reper-
toires in both populations (Fig. 4 C and D). Remarkably, some
individuals (e.g., A1, A12, and A15) from The Gambia and one
European child (E7) showed (moderate) expansion of Vδ1+ or
Vδ3+ TRD clones (Fig. 4 C and D). Interestingly, there was also
a systematically higher presence of Vδ1+ and Vδ3+ sequences in
the 9-mo-old children from The Gambia, Africa (Fig. 4 A–D)
and V-gene quantification of all samples demonstrated an in-
crease of Vδ1+ and Vδ3+ sequences in children from Africa/The
Gambia (Fig. 4E). Yet, overall few age-related correlations with
respect to the top20 clone distribution were observed in both
groups. In line with this, Shannon indices showed similar TRD
repertoire diversities between samples of the two study
populations (Fig. 4F).
Although the majority of European children had highly poly-

clonal TRD repertoires consisting of mainly Vδ2+ T cell clones,
one child (E7, 915 d of age), hospitalized due to 3-d fever at the
age of 1 y, could be distinguished by expansion of one distinct
Vδ1+ T cell clone (Fig. 4 C and G). At day 915 after birth, a
relatively high γδ T cell frequency among lymphocytes (8%) was
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observed in this child and a potential footprint of this febrile
event was visible in the clonal expansion of Vδ1+ T cell clones
within sorted Vγ9neg T cells (Fig. 4G).
To investigate whether minor immune challenges like vaccina-

tions could change γδ TCR repertoires, we monitored how measles
vaccination, i.e., a controlled attenuated infection challenge, may
influence γδ T cells. For this, TRD repertoires of peripheral blood
γδ T cells from 9-mo-old children from Africa (The Gambia) were
analyzed before and up to 6 wk after receiving a live-attenuated
measles vaccination. These TRD repertoires stayed relatively sta-
ble, as represented by the distribution and overlap of the most ex-
panded top20 clones (consisting of Vδ2+ and non-Vδ2+ sequences)
before and at different time points after vaccination within repre-
sentative vaccinated and nonvaccinated children as a control group
(Fig. 5 A and B). Thus, γδ TCR repertoires display a relatively high
stability in a defined period of time, which is further reflected in the
overall Morisita–Horn similarity indices of TRD repertoires

calculated between samples of the different time points within the
respective donors (Fig. 5 C and D). Altogether, TRD repertoires
show similarities (clonality) and differences (enrichment of Vδ1+/
Vδ3+ sequences) between children living in Europe and Africa.
Moreover, Vδ1+ T cells may expand in response to infectious dis-
eases while live measles vaccination did not significantly affect γδ
TCR repertoires.

Children with Febrile Diseases Have Higher γδ T Cell Frequencies. To
gain further insights into potential environmental factors causing
the (oligo)clonal expansion of non-Vγ9Vδ2+ TRD clones, we
next analyzed γδ T cells in the peripheral blood of children aged
between 0.5 and 14 y that were hospitalized due to fever (above
38.5 °C body temperature) in Danfa, Ghana (SI Appendix, Table
S3). Notably, acute P. falciparum infection was excluded in the
febrile children, but individual causes of fever were not recorded.
γδ T cells of febrile children were compared to healthy 2- to
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Fig. 6. γδ T cells are more abundant in young children with acute febrile diseases. (A) Quantification of γδ T cell frequencies of CD3+ lymphocytes within
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Treemaps and the distribution of top10 clone frequencies (gray bars) and accumulated frequencies of clones (connected points) of two age-matched rep-
resentative samples are shown. In treemaps each square indicates one clone sized according to frequency. V-gene usage is color coded. (E–G) TRDV gene
usage (E) and TRDJ gene usage (F) as well as counts of TRDV genes in top20 clones (G) were calculated and median values are indicated by red lines. Statistical
analysis was performed by one-way ANOVA with Tukey post hoc test (A–C) or by comparing each TRDV or TRDJ gene between groups with an unpaired t test
(E–G). Levels of significance are indicated (nsP > 0.05, *P < 0.05, **P < 0.01, ****P < 0.0001, nonsignificant differences are defined as ns).

18656 | www.pnas.org/cgi/doi/10.1073/pnas.1922588117 Ravens et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
26

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922588117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1922588117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1922588117


www.manaraa.com

11-y-old children living in Asutsuare or Owusem which are ad-
joining communities in the Shai Osudoku District of Ghana,
West Africa (malaria prevalence during the study period was
8.9%) (54) and healthy European 1- to 3.5-y-old children. Flow
cytometric analysis demonstrated higher γδ T cell frequencies in
healthy children from Ghana as compared to European children,
and Ghanaian children hospitalized due to acute fever had even
higher γδ T cell frequencies (Fig. 6A). The abundance of Vγ9neg
T cells varied among children, but overall there was no signifi-
cant difference between the groups (Fig. 6B). The majority of
Vγ9neg γδ T cells in febrile Ghanaian children appeared to have a
CD27neg phenotype (median of 79%) as compared to healthy
Ghanaian (median of 27%) and healthy European children
(median of 11%) (Fig. 6C). When analyzing the TRD repertoire,
no major differences in the clonal distribution between age-
matched healthy and febrile Ghanaian children were observed,
as illustrated by treemaps as well as accumulated frequencies of
top10 clones (Fig. 6D). There was also no difference in the
distribution of V genes and J genes among healthy and febrile
children (Fig. 6 E and F); however, most of the febrile children
showed a higher prevalence of Vδ1+/Vδ3+ clones in the top20
clones (Fig. 6G).

Discussion
Directly after birth, (preterm) neonates start to establish their
individual dermal and gastrointestinal microbiota, thought to be
the main source of γδ T cell-stimulating pAgs. Thus, it was
postulated that Vγ9Vδ2+ T cells undergo a postnatal expansion
in children to become the main γδ T cell subset in the peripheral
blood of adults (27, 28). In these published studies, children were
mainly observed between 1 and 10 y of age and samples of
newborns were rare. Here, we analyzed matched samples of
preterm babies shortly after birth and approximately 4 wk later.
Strikingly, already by 4 wk of age Vγ9Vδ2+ T cells were in-
creased in numbers to reach up to 90% of the γδ T cell com-
partment, revealing a rapid proliferation immediately after birth.
This increase was observed in every individual and independent
of the mother’s health status. Interestingly, we observed low
Vγ9Vδ2+ T cell frequencies and increased Vδ1+ frequencies in
preterm newborns directly after birth from mothers diagnosed
with preeclampsia. Due to limited sample numbers of such
children in our study, future research needs to address whether
this constellation of γδ T cell subsets is a consequence or even a
pathogenic factor of preeclampsia.
Supported by the fact that γδ T cells are intrinsically primed for

effector functions during fetal thymic development (7), a high
IFN-γ production capacity of γδ T cells was reported in term and
preterm neonates at birth (9). Environmental influences selec-
tively enhanced the TNFα production of γδ T cells, but not αβ
T cells, in 1-mo-old preterm neonates (9). Moreover, an effector/
memory formation of Vδ2+, but not Vδ1+ γδ T cells from neo-
nates (cord blood) to 14-mo-old children was shown (28). In our
study, the majority of Vγ9Vδ2+ T cells displayed a naïve pheno-
type (CD27+) at preterm birth, and CD27 expression slightly
declined by 4 wk. Taken together, the observed expansion of
Vγ9Vδ2+ T cells highlights selective and dynamic changes in the
neonates’ γδ T cell compartment immediately after birth, sug-
gesting that Vγ9Vδ2+ T cells are an important functional subset of
the immune system in preterm and term babies.
NGS analysis of γδ TCR repertoires revealed that the post-

natal burst of Vγ9Vδ2+ T cells is due to polyclonal proliferation.
Notably, the recently described fetal-derived nucleotype specific
for germline-encoded Vγ9JP+ TRG variants (52) took part in
this early pAg-mediated Vγ9Vδ2+ T cell expansion in preterm
neonates but was less abundant in young children. Neonatal TRD
clones expanded irrespective of TRDJ usage in weeks 1 to 2 to
weeks 3 to 5 newborns. However, an enrichment of certain hy-
drophobic amino acid sequences at position δ97, described to be

important for pAg sensing (32, 34, 51), was noted 3 to 5 wk after
birth. This supports the idea that at least some positive selection
of particular pAg-specific TRD clones from the total γδ T cell
pool occurs immediately after birth, independent of TRDJ usage.
Similar to in vitro-stimulated cord blood Vγ9Vδ2+ TCR reper-
toires (55), there was no selective outgrowth of individual Vδ2+
TRD clones in 1-mo-old neonates. Yet, this does not explain the
increase of TRDJ1 elements observed in older children.
Importantly, we identified a large number of Vδ2+ TRD

clones that are shared among basically all neonates, infants, and
young children from Europe and Africa. Therefore, these clones
can be described as public Vδ2+ TRD clones. The TRD se-
quences of such public clones have TCR characteristics similar to
fetal-derived Vδ2+ T cells (52), e.g., few N insertions and a high
prevalence of TRDJ1/2/3 elements. Those characteristics support
the idea that, similar to αβ T cells, certain invariant Vγ9Vδ2+
T cell clones might be generated via convergent recombination
during thymic development (56) and that this is independent
from the genetic background. In sum, the features of public
Vδ2+ TRD clones are consistent with the definition “innate-
like.” Yet, it is unclear if such innate-like, public Vγ9Vδ2+
T cells already originate in the fetal liver (4). The presence of
public Vδ2+ T cell clones in independent study populations of
European and African children highlights that fetal-derived,
public Vγ9Vδ2+ T cells persist until early childhood. However,
as TRD repertoires of children already showed features of adult
TRD repertoires, e.g., higher TRDJ1 usage and lower occurrence
of public clones, our data suggest that fetal-derived Vγ9Vδ2+
T cells might slowly be replaced by adult-like Vγ9Vδ2+ T cells
(private Vδ2Jδ1+ clones) during the first years of childhood.
Future longitudinal data (≥5 y) of newborn and infants could
address the hypothesis that adult-like Vγ9Vδ2+ T cells either
originate from the postnatal thymus (31, 52) and/or are positively
selected via recurrent exposure to microbial-derived pAgs during
life. With respect to murine γδ T cells, it is evident that a defined
microbiota may impact on the postnatal proliferation, peripheral
maintenance, and function of some, but not all, innate-like γδ
T cells (57–62). Altogether, our data indicate that the immu-
nological challenge imposed by birth, which depicts the passage
from a relatively sterile to a nonsterile environment, induces an
immediate polyclonal expansion of innate-like human Vγ9Vδ2+
T cells.
By contrast, NGS studies ascribed an adaptive-like mode of

action to the human non-Vγ9Vδ2+ T cell subset (mainly Vδ1+
T cells) as clonal proliferation and long-term memory formation
in response to CMV reactivation in transplant recipients is evi-
dent (37, 63). In this context, highly focused Vδ1+ TCR reper-
toires have been described in CMV+, but also CMVneg adult
individuals (40), indicating that not just CMV infections influ-
ence the non-Vγ9Vδ2+ TCR repertoire. Indeed, we observed
expanded Vδ1+ T cell clones in one European child hospitalized
due to 3-d fever, which is frequently caused by HHV6/7 infec-
tions in very young children (64). Here, we assumed that African
children are exposed to a different and potentially richer expo-
some (microbes, serious pathogens) than European children.
First, NGS analysis outlined overall similar TRD repertoire di-
versity between healthy European and Gambian children.
Starting with the observation that there is a higher prevalence of
Vδ1+/Vδ3+ T cell clones (oligoclonal distribution) in healthy
9-mo-old African children, flow cytometric analysis further
confirmed previous findings that healthy African children have
higher γδ T cell frequencies compared to European children
(65). A measles vaccination that represents a subclinical infec-
tion by an attenuated pathogen in early life did not obviously
influence either the Vγ9Vδ2+ or the non-Vγ9Vδ2+ TCR rep-
ertoire, thereby confirming a high TCR repertoire stability in
healthy infants. Hence, we may propose that only strong im-
munological challenges such as wild-type natural infections
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might profoundly impact γδ TCR repertoires. Importantly, γδ
T cell frequencies were strikingly increased in children hospi-
talized in Ghana due to fever. As low CD27 expression was
observed on Vγ9neg T cells in almost every individual febrile
child, these data proposed that γδ T cells expanded as effector
T cells. Unfortunately, associated medical records are incom-
plete with only infection by P. falciparum excluded in these pa-
tients and Klebsiella pneumoniae detected in the urine of three of
these children. However, a number of infections with bacteria,
viruses, and parasites were described to result in increased γδ
T cell numbers (Vγ9Vδ2+ and/or non-Vγ9Vδ2+ T cells) (66).
Finally, it could also be the case that fever per se drives an acute
γδ T cell proliferation (67), perhaps indirectly via TCR recog-
nition of heat shock proteins. Future prospective studies should
address the influence of specific bacterial, parasitic, and viral
infections on the γδ TCR repertoire in young children.
In summary, the observed immediate postnatal expansion of

Vγ9Vδ2+ T cells even in preterm neonates highlights their im-
portance in the neonatal immune compartment and their prompt
response capabilities to pAgs, which are presumably produced by
the newborn’s microbiota. We identified a considerable fraction
of public, fetal-derived Vδ2+ clones, which used TRDJ1/2/3 el-
ements in neonates. This subset persists until childhood and
appears to be slowly replaced by more private Vδ2Jδ1+ clones
during postnatal development, finally resulting in highly indi-
vidual adult TRD repertoires (31, 37). In addition, we provide
evidence that non-Vγ9Vδ2+ T cells can expand in response to
infectious diseases in young children and their TCR repertoire
may serve as a valuable marker of the individual’s history of
microbial exposure.

Methods
Study Populations and Peripheral Blood Mononuclear Cells Isolation. European
infants and young children’s peripheral blood mononuclear cells (PBMCs)
were freshly isolated by Ficoll-Paque density gradient centrifugation from
blood samples obtained from 14 healthy term-born infants and children at
the ages of 304 to 1,294 d and from 30 preterm infants born at a gestational
age of 26 to 32 weeks (PRIMAL cohort) (68), excluding only preterm infants
with lethal abnormalities (SI Appendix, Table S1). Four mothers of four
preterm infants (from which we collected six blood samples) were diagnosed
with preeclampsia. One mother of one preterm infant (from which we col-
lected one blood sample) was a renal and liver graft recipient and on im-
munosuppressive treatment. All remaining mothers of term (n = 14) and
preterm (n = 25) infants were healthy and had no overt pregnancy and/or
birth complications. In all preterm infants the first blood sample used in this
study was collected in w1-2 of life; in 15 of these preterm infants a second
blood sample collected in w3-5 of life was used. Isolated PBMCs were directly
used for cell sorting. Blood drawings were done in the Department of Pe-
diatrics, Hannover Medical School, and have been approved by the Institu-
tional Review Board of the Hannover Medical School (nos. 6031–2011,
6031–2015, and 8014_BO_S_2018).

The Gambia (Africa) study (SI Appendix, Table S2) was approved by the
Gambian Government/MRC Joint Ethics Committee, and The London School
of Hygiene and Tropical Medicine Ethics Committee (study no. SCC1085).
Samples were collected from 9-mo-old infants presenting for routine im-
munization. For malaria prevention, women took intermittent malaria
treatment during pregnancy with sulfadoxine/pyrimethamine and used bed
nets. Hence, pregnancy infection rates were presumably relatively low too.
Infants were randomized into one of two groups: one group received a
single intramuscular dose of measles vaccine (MV) (Edmonston Zagreb, Se-
rum Institute of India Ltd, Pune, India) into the right deltoid (n = 11) and the
other group received no vaccine (n = 6). All children were afebrile and
healthy on the day of admission. Children were bled on the day of recruit-
ment prior to immunization and then 1 wk, 2 wk, 4 wk, and 6 wk later. On
each occasion a 500 μL whole blood sample was collected directly into a
PAXgene blood RNA tube and stored at −80 °C for later RNA extraction.

For samples collected in Ghana (Africa) (SI Appendix, Table S3), the study
was approved by the Institutional Review Board of Noguchi Memorial In-
stitute for Medical Research (NMIMR) of the University of Ghana, Accra,
Ghana (NMIMR-IRB CPN 028/07–08 and CPN 109/15–16 amendment 2017).
Ghanaian samples were either collected in Asutsuare or Owusem (for
healthy children) or Danfa (febrile children were defined by a body

temperature above 38.5 °C) and malaria blood slide microscopy negative for
any P. falciparum parasites which is the gold standard for malaria diagnosis
in the hospitals in Ghana). Samples were processed at the Immunology
Department of NMIMR. Briefly, PBMCs were isolated from the peripheral
blood by density gradient cell separation using Ficoll Paque Plus and enu-
merated with a hemocytometer, following freezing in RPMI, 10% fetal calf
serum (FCS), penicillin/streptomycin, and 10% dimethyl solfoxide (DMSO).

Written informed consent was provided by the parents or guardians of all
participants before they were enrolled into the study.

Flow Cytometric Analysis and Sorting. Fresh or thawed PBMCs were washed in
phosphate-buffered saline (PBS) with 5% FCS, incubated for 5 min in 5% Fc-
receptor block, following antibody incubation for 20 min on ice for flow
cytometric analysis and cell sorting. Dead cells were detected via DAPI
staining. The following antibodies were used: anti-CD3 FITC (clone REA613;
Miltenyi Biotec), anti-CD3 PE-Cy7 (clone SK7; BD Bioscience), anti-γδ TCR PE
(clone 11F2, BD Bioscience or Miltenyi Biotec), anti-αβTCR APC-Cy7 (clone
BW242/412; Miltenyi Biotec), anti-Vγ9 PE-Cy5 (clone IMMU 360; Beckman
Coulter), anti-Vγ9 FITC (clone IMMU 360; Beckman Coulter), anti-Vδ2 APC
(clone 123R3; Miltenyi Biotec), anti-Vδ1 VioGreen (clone REA173; Miltenyi
Biotec), anti-CD27 PE-Cy7 (clone LG.7F9, eBioscience), and anti-CD27 AF700
(clone O323; BioLegend). Neonatal samples were only sorted for living/CD3+/
αβTCRneg γδ T cells, whereas samples of children were either sorted for total
γδ T cells or divided into Vγ9+ and Vγ9neg γδ T cells. Cells were sorted on a
FACSAria Fusion Cell Sorter (BD Bioscience). Samples of the PRIMAL cohort
were sorted for living/CD3+/γδ TCR+ cells. Flow cytometric data were ana-
lyzed using FlowJo software v10 (Tree Star).

Absolute cell numbers were calculated using lymphocyte counts per mi-
croliter and flow cytometry data.

TCR Amplicon Generation and NGS. FACS-sorted γδ T cells, Vγ9+, or Vγ9neg γδ
T cells of preterm babies (1 to 2 wk or 3 to 5 wk after birth), European
children (1 to 3.5 y), and Ghanaian children (2 to 14 y) were lysed in RLT lysis
buffer (Qiagen) after adding isolated mouse thymocytes for spike-in. The
RNAeasy Micro Kit (Qiagen) was used for RNA isolation. Either 10 μL RNA of
total γδ T cells or 5 μL of Vγ9+ and 5 μL of Vγ9neg γδ T cells were pooled in equal
amounts for cDNA synthesis (Superscript III, Invitrogen). For samples of
9-mo-old infants from The Gambia, RNA was isolated from PAXgene blood
RNA tube, following reverse transcription (Superscript III, Invitrogen). CDR3
regions of either the γ-chain (TRG) or δ-chain (TRD) were amplified via gene-
specific primer targeting all productive V genes using maximal 35 PCR cycles as
previously described (37). Primer sequences for multiplex PCR are as follows:
hTRDV1: TCAAGAAAGCAGCGAAATCC; hTRDV2: ATTGCAAAGAACCTGGCTGT;
hTRDV3: CGGTTTTCTGTGAAACACATTC; hTRDV5/29: ACAAAAGTGCCAAG-
CACCTC; hTRDC1: GACAAAAACGGATGGTTTGG; hTRGV (2–5, 8): ACCTA-
CACCAGGAGGGGAAG; hTRGV9: TCGAGAGAGACCTGGTGAAGT; and hTRGC
(1, 2): GGGGAAACATCTGCATCAAG. Moreover, Illumina adaptor sequences
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG and TCGTCGGCAGCGTCA-
GATGTGTATAAGAGACAG) were added as overhangs for all primers.

According to Illumina guidelines, samples were labeled with Nextera XT
indices and subjected to paired-end Illumina MiSeq analysis using 500 cycles.
A total of 20% PhIX (bacteriophage X) genome was added as sequencing
control. Demultiplexed read 1 files were processed for downstream analysis.

Data Analysis. Obtained fastq read files were annotated according to inter-
national immunogenetics information system (IMGT) using MiXCR software
(69). Annotated read files were processed and analyzed using VDJTools (70)
and the TcR package (71). Shannon diversity indices were calculated with the
R library Vegan with prior normalization to 17,000 (TRD) or 13,000 (TRG)
reads. Treemaps were plotted using the R package Treemap. All bio-
informatics analysis was performed using R versions 3.6.0 and bash
shell commands.

Statistical Information. Statistical analysis was conducted with the program
GraphPad Prism version 8. Statistical analysis was performed by using either
unpaired t test or one-way ANOVA with Tukey post hoc test.

Data Availability. FASTQ files of TRG and TRD sequences are deposited and
available under the Bioproject PRJNA592548 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA592548). Further information about data and reagents
used is available by request to the corresponding author.
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