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Human Vy9V52 T cells respond to several diverse pathogens by sensing microbial cholesterol intermediates.
Unlike CD4 T cells, they are poised for rapid Th1-like responses even before birth, which allows them to play a
key role in the first line of defense against pathogens in early life. However, their regulation and functional
maturation during infancy (in particular the acquisition of cytotoxic potential) remain understudied. We thus
characterized their responses to cholesterol intermediates and Bacille Calmette-Guérin in a cohort of African
neonates and 12-month-old infants. Infant V82 lymphocytes exhibited intermediate or adult-like expression of

markers associated with differentiation or function, intermediate proliferative responses, and adult-like cytotoxic
potential. The enhancement of V52 cell cytotoxic potential coincided with decreasing PD-1 and increasing
NKG2A expression. Our results are consistent with the hypothesis that switching from a PD-1" to a NKG2A™
phenotype during infancy indicates a shift in mechanisms regulating V52 T cell function.

1. Introduction

Before birth, CD4 T cells are inherently skewed in favor of regulatory
or Th2 responses over Thl responses [1]. While this promotes the
maintenance of fetal-maternal tolerance by limiting pro-inflammatory
responses, the unique characteristics of the fetal immune system also
contribute to high susceptibility to infections in early life (reviewed in
[2,3]). In addition, due to the fetal immunologic milieu, prenatal
priming by microbial antigens in some cases results in non-protective
immune memory, that may blunt subsequent protective responses and
further increase the risk of infections in infancy [4-10]. In contrast to
CDA4 T cells, the innate-like Vy9V32 (V52) T cells are already poised for
Th1 responses during fetal life [11]. In addition, they can rely on cyto-
kines of myeloid origin (IL-23 and IL-15) to support proliferation, thus

mounting CD4-independent responses to pathogens [11-13]. Because of
these characteristics, V52 cells likely play a key role against infections
early in life, but their responses and regulation in infancy are still
understudied.

V82 T cells, a subset of y8 T lymphocytes, mount responses against a
wide range of microbial agents (including mycobacteria and
P. falciparum) due to their unique reactivity. They monitor cholesterol
biosynthesis by sensing the levels of its metabolic intermediates, spe-
cifically high potency molecules produced by a variety of microbes, and
low-potency compounds produced by host cells [14-16]. These small
molecules, which are characterized by a pyrophosphate moiety, are
collectively called phosphoantigens (PAg), and include the microbial E)-
4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMBPP), as well as the
host-derived Isopentenyl-pyrophosphate (IPP) [14,16,17].
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2, interleukin 2; SI, stimulation index.
* Corresponding author.
E-mail address: ccairo@ihv.umaryland.edu (C. Cairo).

1 Present address: Department of Biology and Biotechnology “L. Spallanzani”, University of Pavia, Pavia, Italy.

https://doi.org/10.1016/j.cellimm.2020.104244

Received 29 June 2020; Received in revised form 8 October 2020; Accepted 30 October 2020

Available online 13 November 2020
0008-8749/© 2020 Elsevier Inc. All rights reserved.


mailto:ccairo@ihv.umaryland.edu
www.sciencedirect.com/science/journal/00088749
https://www.elsevier.com/locate/ycimm
https://doi.org/10.1016/j.cellimm.2020.104244
https://doi.org/10.1016/j.cellimm.2020.104244
https://doi.org/10.1016/j.cellimm.2020.104244
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cellimm.2020.104244&domain=pdf

H. Hsu et al.

Aminobisphosphonate drugs are also stimulatory [18], but act indi-
rectly, by blocking cholesterol biosynthesis and inducing intracellular
accumulation of IPP [19].

V52 cell responses are not restricted by known MHC molecule,
[20,21] thus they are most likely independent of immunogenetic factors.
PAg-mediated activation requires a Vy9JP rearrangement paired with
the V82 chain [22,23]. Gamma chains containing the V9 gene but not
the JP segment display low or no reactivity to PAg [22]. The molecule
BTN3ALl is critical for sensing of PAg via an inside-out mechanism that
has been partly clarified, but the structural details of ligand recognition
by the Vy9V52 TCR are still under investigation [24-29].

V32 T cells are present at low frequencies in cord blood and expand
in the periphery during the first few years of life in response to microbial
exposure [30]. While in vitro stimulation elicits qualitatively similar
responses in neonatal and adult V52 cells, the magnitude of the re-
sponses is generally lower for cord blood cells. Our group and others
demonstrated that V52 cells in cord blood display lower proliferation in
response to PAg than their adult counterparts, but expand robustly
following aminobisphosphonate stimulation [11,12,31]. In addition, the
V82 cell phenotype in cord blood is typical of a mostly naive population
compared to their adult counterpart [11,12,32,33], and possibly sug-
gests an alternate regulatory mechanism for these cells in early life [34].
We have shown that neonatal V52 cells express the inhibitory receptor
PD-1 for longer periods than their adult counterparts after in vitro acti-
vation, and this molecule may serve as a key regulatory factor in early
life.

V&2 peripheral expansion during childhood is likely accompanied by
the acquisition of adult-like broad antimicrobial function. Investigations
aimed at monitoring this process by probing V&2 T cell responses in the
first months of life with common stimuli are scarce, even after recent
studies on y3 T cells in pediatric malaria and cytomegalovirus infection
[35,36]. To expand our understanding, we compared V52 T cells re-
sponses to aminobisphosphonates and live Bacille Calmette-Guérin (BCG)
at birth and at 12 months of age (longitudinal specimens) to responses in
healthy adults. We included live BCG as a model microorganism because
this vaccine is routinely administered at birth to neonates in Sub-
Saharan Africa and produces the microbial PAg, thus triggering V52 T
cells, but limited information is available about V62 T cell contribution
to BCG responses in neonates and infants [12,37,38]. We observed that
V582 T cells at 12 months of age have intermediate differentiation and
functional characteristics, but are overall more reminiscent of the
mature, adult cells than of their cord blood counterparts.

2. Materials and methods
2.1. Specimen collection and mononuclear cell isolation

Cord blood (CB) specimens were obtained from uncomplicated full
term pregnancies at the Ndirande Government Health Center, in Blan-
tyre, Malawi. CB samples were collected from HIV-negative women who
had been enrolled in a clinical trial (ClinicalTrials.gov Identifier:
NCT01443130). The specimens included in the current study were
collected from deliveries of HIV uninfected women who also had no
evidence of malaria infection during pregnancy. Some of the infants
born to women in the clinical trial were followed up for one year after
birth [5]. Infant peripheral blood (2-3 ml) was collected at 12 months of
age in EDTA sterile tubes. The clinical trial and study procedures were
approved by the Institutional Review Board of the University of Mary-
land School of Medicine and by the College of Medicine Research Ethics
Committee of the University of Malawi College of Medicine in Blantyre,
Malawi.

Adult peripheral blood specimens were purchased from the New
York blood bank or collected from healthy volunteers at the University
of Maryland School of Medicine after obtaining a signed informed
consent form from each participant in the context of a protocol approved
by the Institutional Review Board.
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Cord blood was collected from the umbilical vein of delivered pla-
centas soon after uncomplicated births. Umbilical cord blood (15-60 ml)
was collected using a sterile cord blood collection unit (Pall medical,
Port Washington, NY) after wiping the cord to remove maternal blood
and sterilizing the collection site with ethanol. Cord blood or peripheral
blood was diluted with phosphate buffered saline, PBS (Lonza, Wal-
kersville, MD) and layered over Lymphocyte Separation Medium (LSM,
Corning, NY) density gradient to isolate cord blood or peripheral blood
mononuclear cells (CBMC and PBMC respectively). CBMC or PBMC were
frozen in 90% fetal bovine serum (FBS, Gibco, Thermo Fisher Scientific,
Waltham, MA), 10% DMSO (Millipore Sigma, St. Louis, MO) freezing
medium. All specimens were stored at —130 °C or below before use.

A total of 18 neonate, 25 infant and 18 adult donor specimens were
utilized for this study. Few specimens were not included in all experi-
ments due to limited cell availability.

2.2. Cell culture

After thawing, CBMC or PBMC pellets were incubated for two mi-
nutes at room temperature (RT) with 50 pg of DNAse (Stem Cell Tech-
nologies, Vancouver, Canada), then resuspended in RPMI 1640
supplemented with 10% FBS (Gibco, Thermo Fisher Scientific), 2 mM t-
glutamine, and 10 pg/ml gentamicin (Gibco, Thermo Fisher Scientific)
for counting. Cell number was determined by staining with anti-CD45
for six minutes at room temperature and counting the events in the
mononuclear cell gate on a Guava (Millipore Sigma). After counting, cell
concentration was adjusted to 1.5 x 10° cells/ml. In order to expand V&2
T lymphocytes, cultures were treated with zoledronic acid monohydrate
(ZOL, Millipore Sigma) at 0.5 pM, or BCG at the pre-optimized multi-
plicity of infection (MOI) of one (Pasteur strain, provided by Dr. Man-
ganelli), in the presence of 100 IU/ml of human recombinant interleukin
2 (IL-2) (Tecin, NIH reagent program, NIH, Bethesda, MD). IL-2 alone
(100 IU/ml) was used as negative control treatment. After thawing, BCG
was resuspended in complete medium and centrifuged at 4000g for 15
min. 3 x 10° colony forming units (CFU) were added to each CBMC well,
and (0.9) x 10° CFU to each PBMC well. Cells were incubated for 14
days at 37 °C with 5% CO; and fresh cytokine was added every 3 days;
one volume of fresh medium was added on days 7 and 10. On days 14
and 16, a fraction of the CBMC was used to determine V52 T cell fre-
quency, phenotype and function.

2.3. Flow cytometry

Ex vivo or cultured CBMC were resuspended in PBS, stained with a
fixable viability dye (BD Horizon™ 780, BD bioscience, Franklin Lakes,
NJ or Zombie Aqua, Biolegend, San Diego, CA) at room temperature for
15 min, and washed twice with PBS-10% FBS. Afterwards, cells were
stained at 4 °C for 15 min with the directly conjugated monoclonal
antibodies listed below. After washing with PBS, cells were resuspended
in PBS-0.3% paraformaldehyde. (3-8) x 10° lymphocytes (gated on the
basis of forward and side scatter profiles) were collected for each spec-
imen on an Ariall or LSRII (BD Biosciences). The acquisition files were
analyzed with FlowJo software (FlowJo LLC, Ashland, OR).

The monoclonal antibodies used for polychromatic cell surface
staining are listed below. Anti-V82 (clone B6), anti-PD-1 (clone
EH12.2H7), anti-CD39 (clone Al), anti-CD69 (clone FN50), anti-CD3
(clone OKT3, UCHT1), anti-CD16 (clone 3G8), anti-CD27 (clone
0323), anti-CD56 (5.1H11), were purchased from Biolegend (San Diego,
CA). Anti-CD70 (clone Ki-24) was purchased from BD Biosciences. Anti-
CD3 (clone BW264/56), anti-PD-1 (clone PD1.3.1.3), anti-CD16 (clone
REA423), anti-CD45RA (clone T6D11), anti-CD45RO (clone UCHL1),
anti-CD56 (clone REA196), anti-NKG2A (clone REA110), anti-NKG2D
(clone BAT221), anti-CD62L (clone 145/15), anti-CD28 (clone 15E8)
were obtained from Miltenyi Biotec (Bergishch Gladbach, Germany).
Anti-CD25 (clone CD25-4E3), and anti-HLA-DR (clone 1L243) were
purchased from Thermo Fisher Scientific.
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2.4. Production of cytotoxic mediators

In order to evaluate V52 T cell cytotoxic potential, we monitored the
production of cytotoxic mediators in response to stimulation. Sixteen
days after stimulation, the cells were counted and aliquoted at (4-6) x
10° per tube. Following viability and surface staining (as described
above), the cells were permeabilized by incubation with fixation/per-
meabilization solution (BD Biosciences) at 4 °C for 20 min. After two
washes with 1X Perm/wash buffer (BD Biosciences), the cells were
incubated for 40 min at room temperature with anti-Perforin (clone
DG9, Thermo Fisher Scientific), anti-Granulysin (clone DH2, Biolegend),
and anti-Granzyme A (clone CB9, Biolegend) or anti-Granzyme B (clone
GB11, Biolegend) diluted at preoptimized concentrations in 1X Perm/
wash buffer (BD Biosciences). Finally, the cells were washed once with
Perm/wash buffer and resuspended in buffer for acquisition. At least 10°
lymphocytes were collected for each sample on a FACS Aria II (BD
Biosciences).

2.5. Granule mobilization assay

Sixteen days after stimulation, CBMC or PBMC were resuspended at
2 x 108 cells/ml in fresh complete medium and re-stimulated in 96-well
plates pre-coated with anti-y8 TCR (clone B1.1, Thermo Fisher Scienti-
fic). The plates were coated overnight at 4 °C with anti-yd TCR (diluted
1:100 in PBS, 50 pL/well). Cells were plated in triplicate (100 pL/well)
in presence of anti-CD107a AlexaFluor488 (3 pL/well, clone H4A3,
Biolegend), GolgiPlug (brefeldin A, 1 pg/ml, BD Biosciences), and Gol-
giStop (monensin, 1 pg/mL, BD Biosciences). After a 6-hour incubation,
the cells were collected, washed once with cold PBS, and stained with a
viability dye, followed by surface staining. At least 10° lymphocytes
were collected for each sample on a FACS LSR II (BD Biosciences).

2.6. RNA extraction, RT-PCR

RNA from (1-3) x 10° cells ex vivo and 16 days after stimulation was
extracted by the Direct-zol RNA miniprep (Zymo Research, Irvine, CA)
as directed by the manufacturer. Total RNA (1 pg) was converted into
cDNA using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Her-
cules, CA), according to manufacturer’s instruction. cDNA was diluted
with one volume of nuclease-free water. Polymerase chain reaction of
Vy9 fragment was performed as described [39], using the following
primers for the Vy9 chain (Vy2 according to an alternate nomenclature):
oligo-Vy9 (5’-ATC AAC GCT GGC AGT CC-3) and oligo-Cy-1 (5'-GTT
GCT CTT CTT TTC TTG CC-3'). The PCR products were purified using
Genomic DNA clean & Concentrator-10 (Zymo Research) for the run-off
reaction.

2.7. Run-Off reaction

Primer extension reactions were performed as described [39]. Each
reaction contained (3-6) pl of PCR product, 3 mM MgCl,, 0.2 mM dNTP,
0.1 mM 6-carboxyfluorescein (6-FAM)-labeled primer (Cy-6: 5'-6-FAM-
AAT AGT GGG CTT GGG GGA AAC-3'), 0.15 units GoTaq Hot Start
polymerase (Promega, Madison, WI), and buffer master mix. Each
sample was made up of run-off products (3 pL), formamide (7 pL)
(Applied Biosystems, Foster City, CA) and 1 pL GeneScan 500 LIZ size
standard (Thermo Fisher Scientific). After a denaturation step (5 min at
95 °C followed by immediate quenching on ice), products were loaded
on a 3130 genetic analyzer (Applied Biosystems) and run on a
performance-optimized polymer (POP-7). Molecular size and relative
frequency of extension products were determined using GENEMAPPER
software (Applied Biosystems). To standardize the data irrespective of
the run-off primer position, CDR3 length variation was expressed in
terms of the total Vy9 coding region lengths. Run-off product lengths
were corrected by adding the length of the known mRNA coding region
outside the run-off primer-binding site.
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2.8. Statistical analysis

Statistical analyses were performed using the software GraphPad
Prism V5.0f (GraphPad Software, La Jolla, CA). For each variable,
D’Agostino & Pearson omnibus normality test was employed to assess
whether values were normally distributed. Differences between means
(for normally distributed variables) or medians (for variables displaying
a non-Gaussian distribution) were evaluated, respectively, using a stu-
dent’s t-test or Mann-Whitney test for unpaired groups, and paired t-test
or Wilcoxon test for paired groups. Comparisons between multiple
groups we performed using ANOVA or Kruskal-Wallis test. Age groups
were always considered unpaired (as in addition to neonate-infant pairs
we included a few infants with no paired neonatal specimens), while
phenotypic subsets of V52 T cells were treated as paired groups.

3. Results

3.1. Infant V52 T cells proliferate more than neonatal cells, but less than
adult cells in response to ZOL and live BCG

Neonatal V52 T cells mount weaker responses to phosphoantigens
than adult cells [11,12,31]. To test how their responses change during
infancy, we compared V82 T cell differentiation and functional charac-
teristics for CBMC, 12-month-old infant PBMC (mostly paired speci-
mens, with few additional unpaired samples) and reference adult PBMC
in responses to stimulation with zoledronic acid (ZOL) plus IL-2 or live
BCG plus IL-2. IL-2 alone represented the negative control treatment.

Exvivo, infant V52 T cell frequency (reported as % of CD3™" cells) was
significantly higher than cord blood frequency, but still lower than adult
levels (Fig. 1A). Two weeks after stimulation, V52 T cells significantly
expanded with both treatments (compared to ex vivo and IL-2 treat-
ment), but their frequency was significantly lower after BCG compared
to ZOL stimulation, for all age groups (Fig. 1B, 1C). However, the dif-
ference between ZOL and BCG was more noticeable for neonates than for
infants, and marginal for adults. The average frequency of V52 T cells
after ZOL treatment was approximately 5, 2 and 1.3 fold the frequency
they reached after BCG stimulation for neonates, infants and adults
respectively (12.3% versus 2.5% for neonates, 44.7% versus 23.8% for
infants, 82.0% versus 65.4% for adults). To normalize the results for the
low-level proliferation driven by IL-2, we calculated the stimulation
index (SI, # of V&2 T cells after ZOL (or BCG) / # of V82 T cells after IL-
2). This parameter confirmed that the difference in proliferative re-
sponses to ZOL and BCG is most marked for neonates (Fig. 1D). In fact,
only neonates had a significantly lower SI in response to BCG compared
to ZOL; for infants the difference did not reach statistical significance
and for adults the two SI were comparable. The SI confirmed that infant
V82 T cells proliferate more than their cord blood counterparts in
response to both ZOL and BCG, and suggested that IL-2-driven prolif-
eration contributes to the differences in V62 T cells frequencies between
infants and adult. In fact, after normalizing proliferative responses for
IL-2 effects, the ZOL and BCG SI for infants and adults were comparable
(Fig. 1D).

For some CBMC specimens the frequency of V52 T cells was similar
after BCG or IL-2 stimulation. We thus decided to assess whether BCG
was expanding PAg-sensing V52 cells or whether the IL-2 added to BCG-
treated cultures was driving non-specific proliferation of other V52 cell
subsets. We thus performed run-off analysis (also called spectratyping)
of CBMC to determine the length distribution of the CDR3 region in Vy9
chains after culture and the approximate proportion of PAg-sensing Vy9
chains. The V52 cells that can sense PAg express a V9-JP rearrangement
in the gamma chain paired with the V82 chain [22]. Most of these
rearrangements generate chains in the 990-996 nucleotide range [40],
and, likewise, most Vy9 chains in the 990-996 nucleotide range carry a
V9-JP rearrangement [39]. Thus, the proportion of chains in the
990-996 nucleotide range (% 900-996) approximates the proportion of
PAg-sensing chains in the Vy9 pool. Run-off analysis of CBMC revealed
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Fig. 1. Proliferative responses to Zoledronate or live BCG change with age. V62 T cell frequency was determined for neonatal (cord blood), infant and adult
specimens ex vivo and after expansion. CBMC and PBMC were treated with IL-2 (100 U/ml), ZOL (0.5 pM) + IL-2, or BCG (MOI = 1) + IL-2 for 14 days, then flow
cytometry analysis was performed. (A) The box plot shows mean, median and IQR for ex vivo V32 T cell frequency across the three age groups. (B) The dot plots depict
the frequency of V82 T cells after expansion for a representative individual from each age group (with paired neonate and infant specimens). (C) The box plot shows
mean, median and IQR for V52 T cell frequency across the three age groups for all treatments. (D) The stimulation indices (SI) were calculated as the number of V62 T
cells after ZOL or BCG stimulation divided by the number of V52 T cells after IL-2 treatment. The box plots show mean, median and IQR for SI across the three age
groups in response to ZOL and BCG. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

that the % 990-996 was highest following ZOL treatment (consistent
with higher SI and V82 T cell frequencies) but BCG stimulation yielded a
significantly higher proportion of PAg-sensing clones than IL-2 (Sup-
plementary Fig. 1). Conversely, IL-2 stimulation, as we described before
[39], selected clones with shorter Vy9 chains that are not able to sense
PAg levels. Infant PBMC yielded comparable results, though the %
990-996 following BCG stimulation tended to be higher in PBMC
compared to CBMC cultures (data not shown).

3.2. Infant V52 T cells express adult levels of PD-1 and intermediate
NKG2A after ZOL stimulation

We determined the distribution of V82 T cells in naive and memory
subsets, which has functional relevance since different memory com-
partments in adults display distinct preferential effector responses
[32,41,42]. Ex vivo, in neonate and infants the majority of cells had a
naive phenotype (CD45RATCD27™"), with some central memory cells
(CD45RA"CD27") and few effector memory cells (CD45RACD27,
data not shown and Supplementary Table 1). After ZOL stimulation, the
majority of neonatal V82 T cells had differentiated into central memory
(66.5%) with a smaller proportion of effector memory (21.2%) and
virtually no terminally differentiated cells (CD45RATCD27 CD16",
2.1%, Supplementary Fig. 2 and data not shown). On average 11.1% of
V&2 lymphocytes retained a naive phenotype. Conversely, infant and
adult V32 cells had differentiated predominantly into effector memory

cells (68.4% and 84.2%, respectively), with a smaller subset of central
memory cells (20.3% and 15.3%, respectively), <10% of terminally
differentiated effectors (data not shown) and virtually no naive cells
(<2% data not shown). BCG stimulation resulted in a differentiation
pattern comparable to ZOL, for all age groups (data not shown).

We have previously shown that neonatal V52 T cells express the
immune checkpoint PD-1 for a prolonged period after ZOL stimulation
[34], thus we assessed whether the same is true for cells obtained from
12-month-old infants. Ex vivo, cord blood V82 T cells had the highest
proportion of PD-17 cells, followed by infant and adult V82 T cells (p =
0.0002, Supplementary Table 1). In culture, as expected, large pro-
portions of cord blood V82 T cells expressed this immune checkpoint
two weeks after ZOL stimulation, while infant specimens displayed
lower frequencies of PD-1" V82 lymphocytes, similar to their adult
counterparts (Fig. 2A, 2B). For all age groups, cells stimulated with BCG
displayed significantly lower frequencies of PD-1" V52 lymphocytes
than those treated with ZOL, but the difference between treatments was
most marked for neonatal specimens (Fig. 2A).

In contrast to PD-1, the expression of the inhibitory NK receptor
NKG2A increased with age. Ex vivo, cord blood V82 lymphocytes dis-
played barely any detectable expression of NKG2A (5.4% + 3.2%), as
previously reported [12,43], while infant and adults had on average
41.83% and 70.2% NKG2A™ V52 cells respectively (p < 0.0001, Sup-
plementary Table 1). Similarly, after expansion the frequencies of
NKG2A™ V52 T cells were higher in infant than in neonatal specimens,
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Fig. 2. Age-related differences in V52 T cell expression of inhibitory receptors. Two weeks after stimulation with ZOL, BCG or IL-2, V32 T cell expression of
membrane markers was assessed by flow cytometry. (A) The scatter plot depicts the frequency of PD-1" V82 T cells for individual donors, as well as mean and SD for
each group of specimens. (B) The dot plots show PD-1, NKG2A and CD16 expression following ZOL stimulation for a representative donor for each age group (with
paired neonate and infant specimens). (C-D) The scatter plots depict, respectively, the frequency of NKG2A" and CD16™ V82 T cells for individual donors, as well as
mean and SD for each group of specimens. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

and highest in adult PBMC (Fig. 2B and 2C). Interestingly, BCG treat-
ment induced a larger subset of NKG2A™" cells compared to ZOL for all
age groups (Fig. 2C).

Infant PBMC also displayed elevated frequencies of CD16" V&2 T
cells compared to CBMC after all treatments (Fig. 2B and 2D). In
particular, infant V32 lymphocytes expressed CD16 at adult levels after
ZOL (and IL-2) but not BCG stimulation. Increased CD16 expression is
likely to have functional consequences, as this activating Fcy receptor
mediates antibody-dependent cell cytotoxicity (ADCC).

3.3. Infant V2 T cells have higher cytotoxic potential than neonatal cells

NKG2A expression is thought to be possibly associated with acqui-
sition of cytotoxic capacity [43]. We thus compared the frequencies of
V82 T cells producing cytotoxic mediators ex vivo and after expansion
across all age groups. Ex vivo, most infant and adult V82 T cells expressed
perforin (on average 81.8% and 79.4% of total V52 T cells, respectively),
while the frequency of perforin®™ V52 T cells in cord blood was low (on
average < 10%), consistent with previous reports (Fig. 3A, left panel)
[44-46]. Conversely, the frequency of granulysin® cells among circu-
lating V82 T cells in infants was significantly lower than in adults, but
significantly higher than in neonates (Fig. 3A, right panel).

After stimulation, the proportion of perforin® V82 T cells was higher

in infant than in neonate specimens for all treatments, reaching adult
levels after ZOL and IL-2 stimulation but not after BCG treatment
(Fig. 3B and 3C). Granulysin+ V&2 T cells were also significantly more
frequent in infant than neonatal specimens after ZOL stimulation, while
they were present at comparable frequencies in the two age groups
following BCG or IL-2 treatment (Fig. 3D). Granulysin®™ V52 T cells in
infants reached frequencies comparable to adults only in response to
ZOL (Fig. 3D). Finally, ZOL and BCG stimulation yielded comparable
frequencies of perforin® V52 cells for all age groups (Fig. 3C). The ma-
jority of V82 T cells (more than 80%) expressed both granzyme A and B
in all age groups (data not shown).

The improved ability of infant V82 T cell to produce cytotoxic me-
diators coincided with decreased PD-1 and increased NKG2A expression
(Figs. 2 and 3). Consistent with this, after ZOL stimulation, perforin™*
cord blood V&2 T lymphocytes were enriched in the PD-1" subset
compared to the PD-1" subset and total V52 cell population. For infants,
there was a small but significant difference between the PD-1" and the
PD-17 subset, while no difference between subsets was found for adults
(Fig. 4A and 4B). Perforin™ cells were also enriched in the CD16™" subset
compared to CD16~ and total V&2 cells, in both neonatal and infant
specimens, but the difference between subsets was more marked for
neonatal specimens (Fig. 4C and 4D). BCG stimulation yielded similar
results (Supplementary Fig. 3A and 3B for PD-1 and CD16 subsets,
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for individual donors, with mean and SD for each group of specimens. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

respectively). Granulysin production in V52 cells did not differ based on
PD-1 expression (data not shown). Conversely, after both ZOL and BCG
stimulation the CD16" subset contained a significantly higher frequency
of granulysin™ V52 cells than the CD16~ subset in all age groups (Sup-
plementary Fig. 3C and data not shown).

In order to evaluate V52 T cells cytotoxic potential, 16 days after the
initial treatment we restimulated the cell cultures for 6 h with plastic
immobilized anti-yd TCR and monitored cytotoxic granule mobilization
by CD107a staining. A larger proportion of ZOL- and BGC-treated infant
V52 T cells mobilized cytotoxic granules (CD107a™) compared to their
cord blood counterpart, reaching levels of degranulation comparable to
adult cells (Fig. 5A and 5B). Cord blood CD107a™ V82 T lymphocytes
were enriched in the PD-1" subset compared to the PD-1" subset and the
total V82 cells population, while in infants and adults specimens there
were no differences between subsets (Fig. 5C and 5D). The frequency of
CD107a" V82 T cells in cord blood specimens tended to be higher after
BCG than after ZOL stimulation, but the difference did not reach sta-
tistical significance. Conversely, for adult and infant specimens, the
frequency of CD107a* V52 T cells was lower after BCG than after ZOL,
with a statistically significant difference for adults but not for infants
(Fig. 5A).

4. Discussion

This study shows that circulating V52 T cells in 12-month-old infants
display adult-like cytotoxic potential and stronger proliferative

responses than cord blood cells. This functional differentiation is
accompanied by phenotypic changes that are consistent with higher
cytotoxic capacity. Our results are consistent with existing literature on
vd T cells in neonates and young children, and help elucidate the timing
and features of peripheral V52 T cell maturation in early life.

We and others have previously demonstrated that cord blood V&2 T
cells have some unique characteristics compared their adult peripheral
blood counterparts, including differentiation state and lower respon-
siveness to PAg [11,12,33]. V82 T cells appear to undergo postnatal
peripheral expansion [30,47], driven by cholesterol intermediates pro-
duced by intestinal microbiota or other environmental microbes. This
process, which takes place over the first few years after birth [30], is
thought to result in a gradual acquisition of adult-like features. Learning
more about V82 T cell in infancy is key, as their ability to mount rapid
Th1-like responses [46] and proliferate independently of CD4 T cell help
[11,13,39] makes them an essential component of the first line of de-
fense against pathogens in early life. For example, Jagannathan and
colleagues demonstrated that V52 T cell responses to malaria correlate
with protection from infection in Ugandan children with repeated ex-
posures to P. falciparum [35]. However, few studies investigated func-
tional maturation of y8 T cells in healthy infants [36], particularly in
reference to proliferative responses and cytotoxic potential, prompting
us to compare these features for neonatal (cord blood) and infant (12-
month-old peripheral blood) V52 T cells. While cord blood, in general,
does not seem to mirror neonatal peripheral blood [48], a recent paper
demonstrated that y8 T cells in cord blood are comparable toyd in
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neonatal peripheral blood [36] and can thus be used as a reference to this is the case, BCG may result in a weaker stimulation compared to ZOL
study the maturation of V62 T cells. and induce lower activation levels that have mostly subsided by the time
Compared to cord blood V52 T cells, infant peripheral blood V62 T we assess cell phenotype, with consequent downmodulation of PD-1.
cells displayed stronger proliferation in response to both ZOL and BCG Alternatively, since BCG stimulation induces 5-10 fold the amount of
(though not at adult levels), elevated cytotoxic potential, and changes in IFN-y present in ZOL-stimulated culture (data not shown), higher IFN-y
NKG2A, CD16, and PD-1 expression. Specifically, increased frequencies concentrations may result in significantly elevated PD-L1 expression
of V82 T cells with strong cytotoxic potential (perforint or CD107a") in levels [51,52] in BCG-stimulated cultures compared to ZOL-treated
infant specimens coincided with reduced PD-1" expression. The obser- cultures. PD-1 engagement by its ligand PD-L1 may drive a negative
vation that increased cytotoxic potential at one year of age coincides selection of the PD-17 cells (possibly slowing down their cell cycle,
with reduced PD-1 levels supports our previous hypothesis that pro- inducing apoptosis or both) and thus bias the proliferating V62 lym-
longed PD-1 expression by cord blood V62 T lymphocytes may be phocytes towards a PD-1" population. Prolonged PD-1 expression in
associated with control of their function, in particular cytotoxicity, neonatal, but not infant and adult V82 cells may thus help explain dif-
during fetal and early postnatal life [34]. Also consistent with this hy- ferences in V82 population size across age groups following BCG stim-
pothesis, the proportions of perforint and CD107a" cells were higher in ulation. Finally, differences in the cytokine milieu not related to IFN-y
the PD-1~ subset than in the PD-1" subset of V62 T lymphocytes. Dif- (for example, TGF-p concentrations [53]) in BCG versus ZOL-stimulated
ferences between PD-17 and PD-1" subsets were very marked for cultures may be responsible for variations in PD-1" V2 T cell fre-
neonatal V82 T cells, less marked but significant for infant cells, and not quencies. Future studies employing PD-L1 blocking and IFN-y neutral-
noticeable for adult cells. Increased cytotoxic potential in infants also izing antibodies will help test these hypotheses.
coincided with higher frequencies of NKG2A™" V82 cells, in agreement It is important to note that BCG stimulation of CBMC, while resulting
with a recent report showing that high CD94/NKG2A expression iden- in a relatively weak V52 T cell expansion compared to ZOL, drove dif-
tifies the cytotoxic subset in adults [49]. ferentiation of cells with high cytotoxic potential. Surprisingly, this
Interestingly, BCG stimulation yielded significantly lower fre- population of cytotoxic V62 effectors maintains a central memory
quencies of PD-17 V52 T cells and total V52 T cells than ZOL treatment. phenotype at least in vitro, and thus would be expected to retain the
There are multiple potential explanations for this difference. PD-1 may ability to proliferate upon subsequent early life stimulation [41,42].
behave as an activation marker and persists on activated cells [50]. If Conversely, in 12-month-old infants, most of the perforin® and CD107a™
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cells have acquired an effector memory phenotype, associated with
lower proliferative potential [41,42].

While the general conclusions of our study are likely applicable to
infants across all countries, differences between cohorts living in distinct
geographic locations cannot be excluded. Immunogenetic factors are
unlikely to influence V82 T cell responses and maturation, since no
highly polymorphic molecules are directly involved in PAg sensing.
However, infants in low resource settings are likely to experience more
diverse exposure to microbial agents and more frequent infections than
infants in developed countries, which may bias or accelerate V82 T cell
maturation in early life. P. falciparum is known to elicit V52 T cell re-
sponses, thus we monitored malaria acquisition in the infant cohort
during follow up [5]. Since only one of the infants included in this study
tested positive to P. falciparum before 12 months of age, we can assume
that malaria was not a major confounder in our investigation. We were,
however, unable to screen for other common pediatric infections, thus
we cannot exclude that other pathogens contributed to modify V862 T cell
maturation. Another potential limitation of this study is that the healthy
adults serving as controls were a racially diverse pool of individuals
living in North America. This does not represent an ideal control group,
because microbial exposure in North America and Africa is substantially
different. However, enrolling healthy Malawian adults would have been
difficult in the absence of routine screening for parasitic, viral and
bacterial infections that are often subclinical in adults in developing
countries.

Overall, V62 T cells in 12-month-old infants are functionally more
similar to adult than neonatal cells, though some of their features are
intermediate. A process of postnatal maturation driven by microbial PAg
is most likely responsible for the differences observed between cord
blood and infant peripheral blood V82 T cells. However, there may be
other contributing factors. A recent study highlighted that y8T cells in
the fetal and the postnatal period derive from two distinct thymocyte
populations, identifiable by specific repertoire features [47]. This
observation is consistent with previous evidence that T cells at birth and
in adulthood derive from different hematopoietic stem cell populations
[54]. Based on these reports, V52 T lymphocytes at birth and in infancy
may be a mixture of cells derived from a fetal and a postnatal thymocyte
population, each with distinct functional features. A more robust rep-
resentation of fetal-derived cells at birth than at 12 months of age would
thus contribute to the observed age-related differences in V82 T cell
function. In future studies we will seek to determine the relative
contribution of PAg-driven maturation versus thymocyte precursor
origin to V82 T cell regulation and function in infants, to help devise
strategies that harness the antimicrobial potential of these cells to
improve immune responses against pathogens and, possibly, vaccines in
early life.

Funding

This work was supported by National Institute of Health (grant



H. Hsu et al.

RO1AI104702).
Author contribution

HH executed the experiments, analyzed the data and wrote the
manuscript; SB was instrumental for CB collection and discussion of the
clinical data; GM was responsible for processing and cryopreservation of
CBMC and PBMC; DR contributed to data analysis; FB, GD, and RM
cultured BCG, prepared the stocks and determined the CFU; THD and
RGM managed the daily infant follow up operations in Malawi; MKL
supervised the infant follow up and provided critical insights for
manuscript revision; CC designed the experiments, contributed to data
analysis and wrote the manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank the Ndirande Health Center, Blantyre, Malawi for assis-
tance with cord blood and infant peripheral blood collection. We thank
Dr. Karl B. Seydel and the Molecular Core at the University of Malawi,
College of Medicine, in Blantyre, Malawi for the outstanding technical
and logistic support. We are very grateful to the IHV and UMGCCC Flow
Cytometry Core for their support with V52 T cell analyses.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.cellimm.2020.104244.

References

[1] T.D. Burt, Fetal regulatory T cells and peripheral immune tolerance in utero:
implications for development and disease, Am. J. Reprod. Immunol. 69 (2013)
346-358.

[2] B. Adkins, Neonatal immunology: responses to pathogenic microorganisms and
epigenetics reveal an “immunodiverse” developmental state, Immunol. Res. 57
(2013) 246-257.

[3] T.R. Kollmann, B. Kampmann, S.K. Mazmanian, A. Marchant, O. Levy, Protecting
the newborn and young infant from infectious diseases: lessons from immune
ontogeny, Immunity 46 (2017) 350-363.

[4] J.Y. Le Hesran, M. Cot, P. Personne, N. Fievet, B. Dubois, M. Beyeme, C. Boudin,
P. Deloron, Maternal placental infection with Plasmodium falciparum and malaria
morbidity during the first 2 years of life, Am. J. Epidemiol. 146 (1997) 826-831.

[5] S. Boudova, T. Divala, R. Mungwira, P. Mawindo, T. Tomoka, M.K. Laufer,
Placental but not peripheral plasmodium falciparum infection during pregnancy is
associated with increased risk of malaria in infancy, J. Infect. Dis. 216 (2017)
732-735.

[6] K. Brustoski, U. Moller, M. Kramer, F.C. Hartgers, P.G. Kremsner, U. Krzych, A.
J. Luty, Reduced cord blood immune effector-cell responsiveness mediated by CD4
-+ cells induced in utero as a consequence of placental Plasmodium falciparum
infection, J. Infect. Dis. 193 (2006) 146-154.

[7] K.L. Flanagan, A. Halliday, S. Burl, K. Landgraf, Y.J. Jagne, F. Noho-Konteh,

J. Townend, D.J. Miles, M. van der Sande, H. Whittle, S. Rowland-Jones, The effect
of placental malaria infection on cord blood and maternal immunoregulatory
responses at birth, Eur. J. Immunol. 40 (2010) 1062-1072.

[8] L Malhotra, A. Dent, P. Mungai, A. Wamachi, J.H. Ouma, D.L. Narum, E. Muchiri,

D.J. Tisch, C.L. King, Can prenatal malaria exposure produce an immune tolerant

phenotype? A prospective birth cohort study in Kenya, PLoS Med. 6 (2009),

e1000116.

1. Malhotra, P. Mungai, E. Muchiri, J.J. Kwiek, S.R. Meshnick, C.L. King, Umbilical

cord-blood infections with Plasmodium falciparum malaria are acquired
antenatally in Kenya, J. Infect. Dis. 194 (2006) 176-183.
[10] I. Malhotra, P. Mungai, A. Wamachi, J. Kioko, J.H. Ouma, J.W. Kazura, C.L. King,
Helminth- and Bacillus Calmette-Guerin-induced immunity in children sensitized
in utero to filariasis and schistosomiasis, J. Immunol. 162 (1999) 6843-6848.

[11] E. Moens, M. Brouwer, T. Dimova, M. Goldman, F. Willems, D. Vermijlen, IL-23R
and TCR signaling drives the generation of neonatal V{gamma}9V{delta}2 T cells
expressing high levels of cytotoxic mediators and producing IFN-{gamma} and IL-
17, J. Leukoc. Biol. 89 (2011) 743-752.

[9

—

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Cellular Immunology 359 (2021) 104244

C. Cairo, G. Mancino, G. Cappelli, C.D. Pauza, E. Galli, E. Brunetti, V. Colizzi,
Vdelta2 T-lymphocyte responses in cord blood samples from Italy and Cote
d’Ivoire, Immunology 124 (2008) 380-387.

V.E. Garcia, D. Jullien, M. Song, K. Uyemura, K. Shuai, C.T. Morita, R.L. Modlin, IL-
15 enhances the response of human gamma delta T cells to nonpeptide [correction
of nonpetide] microbial antigens, J. Immunol. 160 (1998) 4322-4329.

Y. Tanaka, C.T. Morita, E. Nieves, M.B. Brenner, B.R. Bloom, Natural and synthetic
non-peptide antigens recognized by human gamma delta T cells, Nature 375
(1995) 155-158.

P. Constant, F. Davodeau, M.A. Peyrat, Y. Poquet, G. Puzo, M. Bonneville, J.

J. Fournie, Stimulation of human gamma delta T cells by nonpeptidic
mycobacterial ligands, Science 264 (1994) 267-270.

M. Hintz, A. Reichenberg, B. Altincicek, U. Bahr, R.M. Gschwind, A.K. Kollas,

E. Beck, J. Wiesner, M. Eberl, H. Jomaa, Identification of (E)-4-hydroxy-3-methyl-
but-2-enyl pyrophosphate as a major activator for human gammadelta T cells in
Escherichia coli, FEBS Lett. 509 (2001) 317-322.

H. Jomaa, J. Feurle, K. Luhs, V. Kunzmann, H.P. Tony, M. Herderich, M. Wilhelm,
Vgamma9/Vdelta2 T cell activation induced by bacterial low molecular mass
compounds depends on the 1-deoxy-D-xylulose 5-phosphate pathway of isoprenoid
biosynthesis, FEMS Immunol. Med. Microbiol. 25 (1999) 371-378.

V. Kunzmann, E. Bauer, J. Feurle, F. Weissinger, H.P. Tony, M. Wilhelm,
Stimulation of gammadelta T cells by aminobisphosphonates and induction of
antiplasma cell activity in multiple myeloma, Blood 96 (2000) 384-392.

H.J. Gober, M. Kistowska, L. Angman, P. Jeno, L. Mori, G. De Libero, Human T cell
receptor gammadelta cells recognize endogenous mevalonate metabolites in tumor
cells, J. Exp. Med. 197 (2003) 163-168.

C.T. Morita, E.M. Beckman, J.F. Bukowski, Y. Tanaka, H. Band, B.R. Bloom, D.
E. Golan, M.B. Brenner, Direct presentation of nonpeptide prenyl pyrophosphate
antigens to human gamma delta T cells, Immunity 3 (1995) 495-507.

H. Schild, N. Mavaddat, C. Litzenberger, E.W. Ehrich, M.M. Davis, J.A. Bluestone,
L. Matis, R.K. Draper, Y.H. Chien, The nature of major histocompatibility complex
recognition by gamma delta T cells, Cell 76 (1994) 29-37.

F. Davodeau, M.A. Peyrat, M.M. Hallet, J. Gaschet, I. Houde, R. Vivien, H. Vie,
M. Bonneville, Close correlation between Daudi and mycobacterial antigen
recognition by human gamma delta T cells and expression of V9JPC1 gamma/
V2DJC delta-encoded T cell receptors, J. Immunol. 151 (1993) 1214-1223.

S. Yamashita, Y. Tanaka, M. Harazaki, B. Mikami, N. Minato, Recognition
mechanism of non-peptide antigens by human gammadelta T cells, Int. Immunol.
15 (2003) 1301-1307.

S. Gu, J.R. Sachleben, C.T. Boughter, W.I. Nawrocka, M.T. Borowska, J.T. Tarrasch,
G. Skiniotis, B. Roux, E.J. Adams, Phosphoantigen-induced conformational change
of butyrophilin 3A1 (BTN3A1) and its implication on Vgamma9Vdelta2 T cell
activation, Proc. Natl. Acad. Sci. USA 114 (2017) E7311-E7320.

C. Harly, Y. Guillaume, S. Nedellec, C.M. Peigne, H. Monkkonen, J. Monkkonen,
J. Li, J. Kuball, E.J. Adams, S. Netzer, J. Dechanet-Merville, A. Leger, T. Herrmann,
R. Breathnach, D. Olive, M. Bonneville, E. Scotet, Key implication of CD277/
butyrophilin-3 (BTN3A) in cellular stress sensing by a major human gammadelta T-
cell subset, Blood 120 (2012) 2269-2279.

C.M. Peigne, A. Leger, M.C. Gesnel, F. Konczak, D. Olive, M. Bonneville,

R. Breathnach, E. Scotet, The juxtamembrane domain of butyrophilin BTN3A1
controls phosphoantigen-mediated activation of human Vgamma9Vdelta2 T cells,
J. Immunol. 198 (2017) 4228-4234.

A. Sandstrom, C.M. Peigne, A. Leger, J.E. Crooks, F. Konczak, M.C. Gesnel,

R. Breathnach, M. Bonneville, E. Scotet, E.J. Adams, The intracellular B30.2
domain of butyrophilin 3A1 binds phosphoantigens to mediate activation of
human Vgamma9Vdelta2 T cells, Immunity 40 (2014) 490-500.

H. Wang, O. Henry, M.D. Distefano, Y.C. Wang, J. Raikkonen, J. Monkkonen,

Y. Tanaka, C.T. Morita, Butyrophilin 3A1 plays an essential role in prenyl
pyrophosphate stimulation of human Vgamma2Vdelta2 T cells, J. Inmunol. 191
(2013) 1029-1042.

Y. Yang, L. Li, L. Yuan, X. Zhou, J. Duan, H. Xiao, N. Cai, S. Han, X. Ma, W. Liu, C.
C. Chen, L. Wang, X. Li, J. Chen, N. Kang, J. Chen, Z. Shen, S.R. Malwal, W. Liu,
Y. Shi, E. Oldfield, R.T. Guo, Y. Zhang, A structural change in butyrophilin upon
phosphoantigen binding underlies phosphoantigen-mediated Vgamma9Vdelta2 T
cell activation, Immunity 50 (2019) 1043-1053 e1045.

C.M. Parker, V. Groh, H. Band, S.A. Porcelli, C. Morita, M. Fabbi, D. Glass, J.

L. Strominger, M.B. Brenner, Evidence for extrathymic changes in the T cell
receptor gamma/delta repertoire, J. Exp. Med. 171 (1990) 1597-1612.

C. Montesano, C. Gioia, F. Martini, C. Agrati, C. Cairo, L.P. Pucillo, V. Colizzi,

F. Poccia, Antiviral activity and anergy of gammadeltaT lymphocytes in cord blood
and immuno-compromised host, J. Biol. Regul. Homeost. Agents 15 (2001)
257-264.

C. Gioia, C. Agrati, R. Casetti, C. Cairo, G. Borsellino, L. Battistini, G. Mancino,
D. Goletti, V. Colizzi, L.P. Pucillo, F. Poccia, Lack of CD27-CD45RA-V gamma 9V
delta 2+ T cell effectors in immunocompromised hosts and during active
pulmonary tuberculosis, J. Immunol. 168 (2002) 1484-1489.

C.T. Morita, C.M. Parker, M.B. Brenner, H. Band, TCR usage and functional
capabilities of human gamma delta T cells at birth, J. Immunol. 153 (1994)
3979-3988.

H. Hsu, S. Boudova, G. Mvula, T.H. Divala, R.G. Mungwira, C. Harman, M.

K. Laufer, C.D. Pauza, C. Cairo, Prolonged PD1 expression on neonatal Vdelta2
lymphocytes dampens proinflammatory responses: role of epigenetic regulation,
J. Immunol. 197 (2016) 1884-1892.

P. Jagannathan, F. Lutwama, M.J. Boyle, F. Nankya, L.A. Farrington, T.I. McIntyre,
K. Bowen, K. Naluwu, M. Nalubega, K. Musinguzi, E. Sikyomu, R. Budker,

A. Katureebe, J. Rek, B. Greenhouse, G. Dorsey, M.R. Kamya, M.E. Feeney, Vdelta2


https://doi.org/10.1016/j.cellimm.2020.104244
https://doi.org/10.1016/j.cellimm.2020.104244
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0005
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0005
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0005
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0010
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0010
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0010
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0015
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0015
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0015
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0020
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0020
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0020
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0025
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0025
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0025
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0025
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0030
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0030
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0030
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0030
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0035
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0035
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0035
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0035
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0040
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0040
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0040
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0040
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0045
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0045
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0045
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0050
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0050
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0050
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0055
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0055
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0055
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0055
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0060
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0060
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0060
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0065
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0065
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0065
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0070
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0070
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0070
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0075
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0075
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0075
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0080
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0080
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0080
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0080
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0085
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0085
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0085
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0085
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0090
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0090
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0090
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0095
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0095
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0095
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0100
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0100
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0100
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0105
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0105
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0105
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0110
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0110
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0110
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0110
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0115
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0115
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0115
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0120
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0120
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0120
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0120
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0125
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0125
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0125
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0125
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0125
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0130
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0130
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0130
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0130
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0135
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0135
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0135
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0135
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0140
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0140
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0140
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0140
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0145
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0145
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0145
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0145
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0145
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0150
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0150
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0150
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0155
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0155
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0155
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0155
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0160
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0160
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0160
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0160
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0165
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0165
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0165
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0170
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0170
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0170
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0170
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0175
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0175
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0175

H. Hsu et al.

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

+ T cell response to malaria correlates with protection from infection but is
attenuated with repeated exposure, Sci. Rep. 7 (2017) 11487.

M. van der Heiden, S. Bjorkander, K. Rahman Qazi, J. Bittmann, L. Hell, M.

C. Jenmalm, G. Marchini, D. Vermijlen, T. Abrahamsson, C. Nilsson,

E. Sverremark-Ekstrom, Characterization of the gammadelta T-cell compartment
during infancy reveals clear differences between the early neonatal period and 2
years of age, Immunol. Cell Biol. 98 (2020) 79-87.

T.N. Mazzola, M.T. da Silva, B.M. Abramczuk, Y.M. Moreno, S.C. Lima, T.

Q. Zorzeto, A.S. Passeto, M.M. Vilela, Impaired Bacillus Calmette-Guerin cellular
immune response in HIV-exposed, uninfected infants, Aids 25 (2011) 2079-2087.
Y. Tastan, A. Arvas, G. Demir, M. Alikasifoglu, E. Gur, E. Kiray, Influence of
Bacillus Calmette-Guerin vaccination at birth and 2 months old age on the
peripheral blood T-cell subpopulations [gamma/delta and alpha-beta T cell],
Pediatr. Allergy Immunol. 16 (2005) 624-629.

C. Cairo, B. Sagnia, G. Cappelli, V. Colizzi, R.G. Leke, R.J. Leke, C.D. Pauza, Human
cord blood gammadelta T cells expressing public Vgamma2 chains dominate the
response to bisphosphonate plus interleukin-15, Immunology 138 (2013) 346-360.
P.S. Evans, P.J. Enders, C. Yin, T.J. Ruckwardt, M. Malkovsky, C.D. Pauza, In vitro
stimulation with a non-peptidic alkylphosphate expands cells expressing
Vgammaz2-Jgammal.2/Vdelta2 T-cell receptors, Immunology 104 (2001) 19-27.
D.F. Angelini, G. Borsellino, M. Poupot, A. Diamantini, R. Poupot, G. Bernardi,

F. Poccia, J.J. Fournie, L. Battistini, FcgammaRIII discriminates between 2 subsets
of Vgamma9Vdelta2 effector cells with different responses and activation
pathways, Blood 104 (2004) 1801-1807.

F. Dieli, F. Poccia, M. Lipp, G. Sireci, N. Caccamo, C. Di Sano, A. Salerno,
Differentiation of effector/memory Vdelta2 T cells and migratory routes in lymph
nodes or inflammatory sites, J. Exp. Med. 198 (2003) 391-397.

S. Boullier, Y. Poquet, F. Halary, M. Bonneville, J.J. Fournie, M.L. Gougeon,
Phosphoantigen activation induces surface translocation of intracellular CD94/
NKG2A class I receptor on CD94- peripheral Vgamma9 Vdelta2 T cells but not on
CD94- thymic or mature gammadelta T cell clones, Eur. J. Immunol. 28 (1998)
3399-3410.

C. Berthou, S. Legros-Maida, A. Soulie, A. Wargnier, J. Guillet, C. Rabian,

E. Gluckman, M. Sasportes, Cord blood T lymphocytes lack constitutive perforin
expression in contrast to adult peripheral blood T lymphocytes, Blood 85 (1995)
1540-1546.

10

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

Cellular Immunology 359 (2021) 104244

S.C. De Rosa, J.P. Andrus, S.P. Perfetto, J.J. Mantovani, L.A. Herzenberg, L.

A. Herzenberg, M. Roederer, Ontogeny of gamma delta T cells in humans,

J. Immunol. 172 (2004) 1637-1645.

T. Dimova, M. Brouwer, F. Gosselin, J. Tassignon, O. Leo, C. Donner, A. Marchant,
D. Vermijlen, Effector Vgamma9Vdelta2 T cells dominate the human fetal
gammadelta T-cell repertoire, Proc. Natl. Acad. Sci. USA 112 (2015) E556-E565.
M. Papadopoulou, P. Tieppo, N. McGovern, F. Gosselin, J.K.Y. Chan, G. Goetgeluk,
N. Dauby, A. Cogan, C. Donner, F. Ginhoux, B. Vandekerckhove, D. Vermijlen, TCR
sequencing reveals the distinct development of fetal and adult human
Vgamma9Vdelta2 T cells, J. Immunol. 203 (2019) 1468-1479.

A. Olin, E. Henckel, Y. Chen, T. Lakshmikanth, C. Pou, J. Mikes, A. Gustafsson, A.
K. Bernhardsson, C. Zhang, K. Bohlin, P. Brodin, Stereotypic immune system
development in newborn children, Cell 174 (2018) 1277-1292, e1214.

K.M. Wragg, H.X. Tan, A.B. Kristensen, C.V. Nguyen-Robertson, A.D. Kelleher, M.
S. Parsons, A.K. Wheatley, S.P. Berzins, D.G. Pellicci, S.J. Kent, J.A. Juno, High
CD26 and low CD94 expression identifies an IL-23 responsive Vdelta2(+) T cell
subset with a MAIT cell-like transcriptional profile, Cell Rep. 31 (2020), 107773.
M. Iwasaki, Y. Tanaka, H. Kobayashi, K. Murata-Hirai, H. Miyabe, T. Sugie, M. Toi,
N. Minato, Expression and function of PD-1 in human gammadelta T cells that
recognize phosphoantigens, Eur. J. Immunol. 41 (2011) 345-355.

S.J. Lee, B.C. Jang, S.W. Lee, Y.I. Yang, S.I. Suh, Y.M. Park, S. Oh, J.G. Shin, S. Yao,
L. Chen, L.H. Choi, Interferon regulatory factor-1 is prerequisite to the constitutive
expression and IFN-gamma-induced upregulation of B7-H1 (CD274), FEBS Lett.
580 (2006) 755-762.

P. Loke, J.P. Allison, PD-L1 and PD-L2 are differentially regulated by Thl and Th2
cells, Proc. Natl. Acad. Sci. USA 100 (2003) 5336-5341.

B.V. Park, Z.T. Freeman, A. Ghasemzadeh, M.A. Chattergoon, A. Rutebemberwa,
J. Steigner, M.E. Winter, T.V. Huynh, S.M. Sebald, S.J. Lee, F. Pan, D.M. Pardoll, A.
L. Cox, TGFbetal-Mediated SMAD3 Enhances PD-1 Expression on Antigen-Specific
T Cells in Cancer, Cancer Discov. 6 (2016) 1366-1381.

J.E. Mold, S. Venkatasubrahmanyam, T.D. Burt, J. Michaelsson, J.M. Rivera, S.
A. Galkina, K. Weinberg, C.A. Stoddart, J.M. McCune, Fetal and adult
hematopoietic stem cells give rise to distinct T cell lineages in humans, Science 330
(2010) 1695-1699.


http://refhub.elsevier.com/S0008-8749(20)30404-4/h0175
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0175
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0180
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0180
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0180
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0180
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0180
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0185
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0185
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0185
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0190
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0190
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0190
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0190
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0195
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0195
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0195
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0200
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0200
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0200
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0205
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0205
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0205
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0205
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0210
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0210
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0210
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0215
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0215
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0215
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0215
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0215
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0220
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0220
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0220
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0220
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0225
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0225
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0225
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0230
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0230
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0230
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0235
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0235
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0235
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0235
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0240
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0240
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0240
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0245
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0245
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0245
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0245
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0250
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0250
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0250
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0255
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0255
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0255
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0255
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0260
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0260
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0265
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0265
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0265
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0265
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0270
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0270
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0270
http://refhub.elsevier.com/S0008-8749(20)30404-4/h0270

	Age-related changes in PD-1 expression coincide with increased cytotoxic potential in Vδ2 T cells during infancy
	1 Introduction
	2 Materials and methods
	2.1 Specimen collection and mononuclear cell isolation
	2.2 Cell culture
	2.3 Flow cytometry
	2.4 Production of cytotoxic mediators
	2.5 Granule mobilization assay
	2.6 RNA extraction, RT-PCR
	2.7 Run-Off reaction
	2.8 Statistical analysis

	3 Results
	3.1 Infant Vδ2 T cells proliferate more than neonatal cells, but less than adult cells in response to ZOL and live BCG
	3.2 Infant Vδ2 T cells express adult levels of PD-1 and intermediate NKG2A after ZOL stimulation
	3.3 Infant Vδ2 T cells have higher cytotoxic potential than neonatal cells

	4 Discussion
	Funding
	Author contribution
	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary data
	References


