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Characterization of the γδ T-cell compartment during infancy reveals clear 1 

differences between the early neonatal period and 2 years of age.  2 
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ABSTRACT  27 

γδ T-cells are unconventional T-cells that function on the border of innate and adaptive 28 

immunity. They are suggested to play important roles in neonatal and infant immunity, 29 

although their phenotype and function are not fully characterized in early childhood.  30 

We aimed to investigate γδ T-cells in relation to age, prematurity, and CMV infection. 31 

Therefore, we used flow cytometry to characterize the γδ T-cell compartment in cord blood 32 

(CB) and peripheral blood cells from 14-day-, 2-year- and 5-year-old children, as well as in 33 

peripheral blood samples collected at several time points during the first months of life from 34 

extremely premature neonates.  35 

γδ T-cells were phenotypically similar at 2 and 5 years of age, whereas CB was divergent and 36 

showed close proximity to γδ T-cells from 14-days-old neonates. Interestingly, 2-year old 37 

children and adults showed comparable Vδ2+ γδ T-cell functionality towards both microbial 38 

and polyclonal stimulations. Importantly, extreme preterm birth compromised the 39 

frequencies of Vδ1+ cells and affected the functionality of Vδ2+ γδ T-cells shortly after birth. In 40 

addition, CMV infection associated with terminal differentiation of the Vδ1+ compartment at 41 

2 years of age.  42 

Our results show an adult-like functionality of the γδ T-cell compartment already at 2 years of 43 

age. In addition, we demonstrate an altered γδ T-cell phenotype early after birth in extremely 44 

premature neonates, something which possibly could contribute to the enhanced risk for 45 

infections in this vulnerable group of children.   46 
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INTRODUCTION 47 

γδ T-cells are unconventional T-cells, expressing the γδ T-cell receptor (TCR) 1,2. The activation 48 

of γδ T-cells is non major-histocompatibility-complex (MHC) restricted and these cells can also 49 

act as antigen presenting cells (APCs), suggesting  that γδ T-cells act on the border of innate 50 

and adaptive immunity 3,4,5,6. γδ T-cells represent 0.5 to 10% of the total circulating 51 

lymphocyte population in human adults 1,7,8. These γδ T-cells are suggested to play important 52 

roles in neonatal and infant immunity 1,7,9,10.  53 

γδ T-cells can be further divided into several subsets, based on their γ- and δ- chain TCR usage. 54 

The most abundant subset in peripheral blood expresses the γ-chain variable region 9 (Vγ9) 55 

and δ-chain variable region 2 (Vδ2). These Vγ9+Vδ2+ cells are percieved to develop in early life 56 

and to remain relatively stable until old age 9,11,12. This γδ T-cell subset responds to 57 

phosphoantigens, such as (E)-4-hydroxy-3-methyl-but-2enyl pyrophosphate (HMB-PP), 58 

derived from both Gram negative and positive bacteria. Consequently, this subset is important 59 

in protection against bacterial infections 1,2,3.  60 

Other γδ T-cell subtypes, of which the majority is Vδ1+, are associated with mucosal immunity 61 

but can also be found in the periphery 2,3,13. Current knowledge suggests that Vδ1+ γδ T-cells 62 

develop towards the end of gestation and decrease in frequency towards adulthood 9,14. 63 

Besides absence of consensus on the activating ligands, cytomegalovirus (CMV) infection has 64 

shown to influence this subtype, both during adulthood as well as in utero 11,15,16,17,18,19. In 65 

addition, mucosal Vδ1+ γδ T-cells might play a role in regulating IgE-mediated allergies, where 66 

they are believed to recognize allergens presented by CD1+ dendritic cells 13,20.  67 

Several reports describe γδ T-cells during gestation and adulthood, whereas these cells are 68 

not fully characterized during early childhood. However, a recent study analyzed the 69 

association between nongenetic factors and a broad range of immune dynamics in early 70 

childhood and found that CMV and prematurity  associated with an altered γδ T-cell 71 

compartment during childhood 21. But how age and prematurity connect with the γδ T-cell 72 

compartment during the first weeks and months of life, also considering differentiation and 73 

functionality, is not known. Therefore we investigated the phenotype and function of the Vδ1+ 74 

and Vδ2+ γδ T-cell subsets, using samples from cord blood (CB), and peripheral blood samples 75 

of 14-days-old neonates, 2- and 5-year-old children as well as from the first months of life 76 

from extremely preterm neonates.  77 
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The results show that CB γδ T-cells closely mimic the phenotype present during the first weeks 78 

of life and that there are clear effects of preterm birth on the neonatal γδ T-cell compartment. 79 

We further demonstrate that the γδ T-cell compartment in 2-year-old children is both 80 

phenotypically and functionally mature and is clearly influenced by CMV serostatus. Together, 81 

our results enhance our understanding of γδ T-cell immunity at young age and potentially of 82 

childhood immune protection.   83 
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RESULTS 84 

 85 

2-year-old children possess a mature γδ T-cell compartment  86 

First, the peripheral γδ T-cell pool was investigated in CBMCs (called CB in figures) and PBMCs 87 

derived from 2- and 5-year-old children. The frequencies of γδ T-cells (Figure 1a), Vδ1+ γδ T-88 

cells (Figure 1b), and Vδ2+  γδ T-cells among CD3+ cells (Figure 1c) were strikingly similar at 2 89 

and 5 years of age, which was also reflected in an equal Vδ1+ over Vδ2+ ratio (Figure 1d). In 90 

contrast, besides the near absence of Vδ2+ γδ T-cells in CB (Figure 1c), CB possessed elevated 91 

frequencies of Vδ1–Vδ2– cells as compared to blood samples from both the 2- and 5-year-old 92 

children (Figure 1e). Moreover, 2- and 5-year-old children showed similar frequencies of Vγ9 93 

expressing cells, both within the total CD3+ compartment, as well as among the Vδ1+ and Vδ2+ 94 

γδ T-cell subsets, which clearly deviated in CB (Figure 1f, g, and h).  95 

2- and 5- year-old children possessed a significantly lower frequency of cells expressing the 96 

differentiation markers CD27 and CD28 in both the Vδ1+ (Figure 2a, b, and c) and Vδ2+ (Figure 97 

2d, e, and f) compartments as compared to CB, indicating a clear differentiation of these cells 98 

already at 2 years of age. In order to verify whether this differentiation of the Vδ2+ subset was 99 

associated with the acquisition of a functional response, we verified the IFNγ production after 100 

stimulation with either a microbial (HMB-PP) or a polyclonal (CD3:CD28 beads) activator. The 101 

Vδ2+ subset at 2 years of age showed an equal frequency of IFNγ+ cells as adult Vδ2+ cells upon 102 

both types of stimulations (Figure 2g and h).  103 

 104 

The γδ T-cell population is functionally compromised during the early neonatal period  105 

Based on the notable differences in γδ T-cell subsets between CBMCs and PBMCs from 2-year-106 

old children, we extended our analysis with PBMCs from 14-day-old neonates. The PCA 107 

analysis (Figure 3a) revealed that the γδ T-cell compartment in 14-day-old neonates (blue) was 108 

closely related to that of CB (red). The γδ T-cells from 14-day-old neonates and 2-year-old 109 

children (yellow) were clearly separated, which was mostly based on higher frequencies of 110 

Vδ2+ γδ T-cells in the 2-year-old children. Importantly, although stimulation with HMB-PP 111 

enhanced the percentage of IFNγ+Vδ2+ cells in the 14-day-old neonates, the response was 112 

significantly lower compared to that at 2 years of age (Figure 3b). Interestingly, TCR-mediated 113 

stimulation with CD3:CD28 beads induced a robust IFNγ response in the Vδ2+ γδ T-cells from 114 
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14-day-old neonates, a response that was statistically higher compared to the 2-year-old 115 

children (Figure 3c).  116 

 117 

γδ T-cells are significantly affected by prematurity 118 

We next investigated the effect of prematurity on the γδ T-cell composition and functionality 119 

shortly after birth. CBMCs and PBMCs (collected 14 days, 28 days, and at a timepoint 120 

corresponding to postmenstrual week 36) from premature extremely low gestational age 121 

neonates (ELGAN) with extremely low birthweight (ELBW), reffered to as PT (preterm).  122 

Premature birth significantly affected the frequencies of Vδ1+ γδ T-cells (Figure 4a), whereas 123 

the frequencies of Vδ2+ γδ T-cells (Figure 4b) and Vδ1–Vδ2– γδ T-cells (Figure 4c) were similar 124 

to the fullterm 14-day-old neonates. Furthermore, the frequency of Vδ1+ γδ T-cells was 125 

significantly lower in the PT CB samples (Figure 4d), whereas a trend to a higher frequency of 126 

Vδ2+ γδ T-cells was observed (Figure 4e). The Vδ1+ γδ T-cell phenotype clearly differed 127 

between the ELGAN/ELBW neonates at postmenstrual week 36 as compared to the 14-day-128 

old neonates, which was mainly related to a higher expression of CD27 and CD28 (Figure 4g). 129 

Despite similar frequencies of the Vδ2+ cells in ELGAN/ELBW and 14-day-old neonates, 130 

phenotypical differences in the Vδ2 compartment at 14 days after birth were observed (Figure 131 

4h). This difference was mostly explained by lower frequencies of Vδ2+ cells that express Vγ9 132 

(Figure 4i) and Granzyme B (Figure 4j) in the ELGAN/ELBW PT neonates, who converged to 133 

the pattern found in  the 14-day-old neonates at the later timepoints. Interestingly, HMB-PP 134 

and CD3:CD28 bead stimulation induced a comparable frequency of IFNγ+Vδ2+ cells in the 135 

ELGAN/ELBW PT neonates at postmenstrual week 36 as compared to the 14-day-old neonates 136 

(Figure 4k and l).  137 

 138 

CMV infection is associated with a terminal differentiation of the Vδ1+ γδ T-cell compartment 139 

already at 2 years of age 140 

High variation was observed in the γδ T-cell compartment at 2 years of age, which was possibly 141 

related to genetical background and/or microbial exposure. We investigated whether 142 

infection with CMV, known to influence Vδ1+ γδ T-cells in adults and fetuses, associated with 143 

the γδ T-cell phenotype also at 2 years of age. The children were serotyped and divided as 144 

being either CMV- and CMV+, based on the presence of CMV-specific antibodies. The Vδ1 145 
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compartment at 2 years of age was increased in frequency (Figure 5a) and showed a different 146 

phenotype (Figure 5b) in CMV infected infants. Specifically, the frequencies of Vδ1 cells with 147 

a terminally differentiated phenotype; CD27-CD28- (Figure 5c), CD27-CD45RA+ (Figure 5d), 148 

CD57+ (Figure 5e), Granzyme B+ (Figure 5f), and CD16+ (Figure 5g) were significantly enhanced 149 

in CMV infected children. In contrast, the overall Vδ2 compartment did not diverge between 150 

CMV- and CMV+ children (supplementary figure 3).   151 
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DISCUSSION 152 

Within this study, we demonstrate that 2- and 5-year-old children possess a mature γδ T-cell 153 

phenotype, while the γδ T-cell compartment in early post-neonatal life (14 days after birth) is 154 

similar to CB. This maturity at 2 years of age is supported by  comparable functional responses 155 

of the Vδ2+ compartment as in adults towards both a polyclonal (CD3:CD28 beads) and 156 

bacterial (HMB-PP) stimulation, while at 14 days after birth this functional response appears 157 

to be more restricted. Importantly, we show that extreme preterm birth clearly affects the γδ 158 

T-cell phenotype directly after birth, as γδ T-cells collected 14 days after birth from preterm 159 

neonates and fullterm neonates display clear phenotypical differences. Finally, we show that 160 

early-life CMV infection associates with a distinct Vδ1+ γδ T-cell phenotype at 2 years of age.  161 

 162 

Although numerous studies investigate γδ T-cells during adulthood as well as during gestation, 163 

little is known about γδ T-cells in early childhood. We show that Vδ2+ γδ T-cells from 2-year-164 

old children and adults are functionally comparable, suggesting mature responses of the Vδ2+ 165 

compartment towards bacterial infections at 2 years of age 1,2,3, which is in agreement with 166 

others 14. Interestingly, Vδ2+ cells were recently found resistant towards senescence at old 167 

age, suggesting a stable phenotype of these cells once the mature state is reached 11. On the 168 

contrary, Vδ2+ cells are present at very low numbers at birth, a finding that is supported by 169 

others 1,14,22,23. We were able to show that CB samples do closely relate to peripheral samples 170 

derived 14 days after birth, indicating that CB is a representative sample when studying early 171 

life γδ T-cells. This finding could be γδ T-cell specific, based on the recent report on CB not 172 

mirroring neonatal immunity for other immune cells 24. Nevertheless, a small enhancement 173 

of the Vδ2+ γδ T-cell frequency as well as an increased frequency of these cells expressing the 174 

Vγ9 chain is observed already 14 days after birth, suggesting a quick start of maturation due 175 

to microbial exposure 9,12,14. These Vδ2+ γδ T-cells at 14 days after birth show a developed 176 

capacity to produce IFNy after a TCR-mediated stimulation, while the response towards HMB-177 

PP is more restricted, possibly indicating an immature response towards bacteria at this age.   178 

 179 

Preterm birth clearly affects the γδ T-cell phenotype 14 days after birth and possibly suggests 180 

that these cells mature towards the end of full term gestation. This immature Vδ2+ phenotype 181 

in ELGAN/ELBW neonates might contribute to the higher bacterial infection burden in these 182 
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vulnerable neonates 25 and align with earlier findings that immune cell immaturity is linked to 183 

prematurity 26,27. Subsequently, it is of interest to investigate these Vδ2+ γδ T-cells in a 184 

longitudinal manner in a larger cohort of preterm neonates. We demonstrate reduced 185 

frequencies of Vδ1+ γδ T-cells after extreme preterm birth, both shortly (14 days) after birth 186 

as well as at the timepoint equal to postmenstrual week 36. Notwithstanding, the Vδ1+  187 

frequency tend to increase over time in the preterm neonates, indicating post-gestational 188 

maturation of this compartment. These results are in agreement with findings of Vermijlen et 189 

al.9, showing sharp increases of Vδ1+ cells towards the end of full term gestation, whereas 190 

frequencies were low in gestational week 20-30, the gestational age window of our extreme 191 

preterm neonates.   192 

 193 

Interestingly, CB samples and samples from 14-day-old neonatals possess relatively high 194 

frequencies of Vδ1–Vδ2– γδ T-cells as compared to all other age groups. These cells might be 195 

classified as Vδ3+ or Vδ5+ and frequencies of these cells are known to decline with increasing 196 

age, which might be due to homing to mucosal sites 9,23. 197 

 198 

Finally, our results indicate that skewing of a large part of the Vδ1+ compartment towards a 199 

terminal differentiated, including high cytotoxic potential, phenotype is associated with CMV 200 

infection already at 2 years of age, which is similar to what has been reported for γδ T-cells in 201 

adults 11,17,28 and older children 29. Our results indicate that CMV infection in children affects 202 

the γδ T-cells in a similar manner as to what is known about αβ T-cells 30,31 and indicate strong 203 

anti-viral activity of γδ T-cells already at the age of 2 years. Unfortunately, we are not able to 204 

determine functional CMV specific responses, since the ligands of CMV responsive Vδ1+ cells 205 

are unknown stress factors secreted by CMV infected cells and consequently hard to mimic in 206 

vitro 15,18,28. In addition, our study is not powered to determine effects of CMV infection in the 207 

(preterm) neonates, which would be of interest regarding results of Vermijlen et al., showing 208 

clear effects of in utero CMV infection on the fetal Vδ1+ γδ T-cell composition 32. Moreover, it 209 

would be valuable to determine the associations of Epstein-Barr virus (EBV), another potent 210 

herpesvirus, with the Vδ1+ γδ T-cell phenotype 33,34.  Moreover, future work could study CMV 211 

mediated effects on Vδ1+ γδ T-cells in relation to clinical outcomes, such as infection burden 212 

and allergy development during early childhood 13,20.  213 
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 214 

In conclusion, we provide unique insights in the γδ T-cell phenotype and function at several 215 

timepoints during early childhood. The γδ T-cell compartment of preterm infants is clearly 216 

affected 14 days after birth but becomes rapidly functional within a few months. Moreover, 217 

the γδ T-cell compartment shows maturity at 2 years of age, including comparable 218 

functionality to the Vδ2+ γδ T-cells as in adults, both in functional responses of the Vδ2+ 219 

subtype, as well as the effects of CMV infection on the Vδ1+ subtype. These results contribute 220 

to a better understanding of γδ T-cell immunity in early life, which is important for our 221 

knowledge on immune function and protection against infections at young age.  222 
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METHODS 223 

 224 

Cohort material  225 

Cord blood mononuclear cells (CBMCs) and peripheral blood mononuclear cells (PBMCs) from 226 

different cohorts were combined in this study.  227 

CBMCs (n=19) (called CB in figures) and PBMCs from 2-year-old (n=52) and 5-year-old (n=16) 228 

children were randomly chosen from a prospective birth cohort, as described elsewhere 35. All 229 

children were born at term between 1997 and 2000 in the Stockholm area and had birth 230 

weights within the normal range. This cohort was recruited at the Sachs’ Children’s Hospital 231 

and the study was approved by the Human Ethics Committee at Huddinge University Hospital, 232 

Stockholm (Dnr. 75/97, 33/02). All parent provided informed consent.  233 

Moreover, CBMCs and PBMCs were used from a prospective, randomized-controlled, multi-234 

center trial; PROPEL (Prophylactic Probiotics to Extremely Low Birth Weight Premature 235 

Infants). The study was executed in 10 neonatal units between 2012 and 2015 in the region of 236 

Stockholm and Linköping and is described in detail elsewhere 36. The study was approved by 237 

the Ethics Committee for Human Research in Linköping (Dnr 2012/28-31, Dnr 2012/433-32). 238 

In short, infants were eligible for participation between gestational week 23+0 and 27+6 and 239 

with a birthweight less than 1000g. CBMCs (n=4) and PBMCs from several timepoints after 240 

birth were used: 14 days (14d) (n=4), 28 days (28d) (n=3), and at post menstrual week 36 (w36) 241 

(n=10) (all reffered to as preterm (PT)). In addition, PBMCs from full term born children were 242 

collected 14 days after birth (n=10) (reffered to as 14-day-old neonates).  243 

Adult PBMCs (n=10) were collected from healthy volunteers, which was approved by the 244 

Regional Ethics Committee at Karolinska Institute, Stockholm, Sweden (Dnr. 04-106/1 245 

2014/2052-32). For all human material, the use of the samples was performed in accordance 246 

with GDPR and the correct explicit authorizations were obtained.  247 

 248 

Cord and peripheral blood mononuclear cell isolation 249 

Cord and peripheral blood was collected in collection tubes containing heparin (BD 250 

Biosciences Pharmingen, San Jose, California). CBMCs and PBMCs were isolated with gradient 251 

separation using Ficoll-Hypaque (GE Healthcare Bio-sciences AB, Uppsala, Sweden). The cells 252 

were washed using RPMI-1640 (GE Healthcare Life Sciences, Hyclone laboratories, Utah, USA) 253 

and thereafter frozen in freezing media containing 40% RPMI-1640, 50% FCS and 10% 254 
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dimethyl sulphoxide (DMSO) (all Sigma Aldrich, St Louis, Missouri, USA) and stored in liquid 255 

nitrogen until further use.  256 

 257 

Processing and In vitro stimulation of PBMCs 258 

Frozen CBMCs and PBMCs were thawed and washed with RPMI-1640 supplemented with 20 259 

mM HEPES (GE Healthcare Life Sciences). The cells were counted and viability was assessed 260 

with Trypan Blue staining, only cells with sufficient viability were used for the functional 261 

assays. Subsequently, the cells were resuspended in a concentration of 106 cells/mL in cell 262 

culture medium, consisting of RPMI-1640 supplemented with 20 mM HEPES, 100 U mL-1 263 

penicillin, 100 ug mL-1 streptomycin, 2 mM L-glutamate (2 mM) (all GE Healthcare Life 264 

Sciences), and 10% heat-inactivated FCS (Sigma Aldrich). The cells were either rested for a 265 

minimum of one hour before basal phenotypic staining, or stimulated for 24 hours with 40 ng 266 

mL-1 (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP) (Sigma Aldrich) or 267 

DynabeadsTM Human T-activator CD3:CD28 (Thermo Fisher Scientific, Waltham, 268 

Massachusetts, USA) at a 2:1 cell:bead ratio at 37°C and 5% CO2 in a flat-bottomed 48 well 269 

plate (Costar, Cambridge, UK). Brefeldin A (BD Biosciences, San Jose, CA, USA) was added 270 

during the last 4 hours of incubation.  271 

 272 

Flow cytometric analysis 273 

The cells were washed with PBS and stained with live/dead FVS780 (BD Biosciences) in PBS, 274 

followed by a blocking step with 10% human serum in FACS wash buffer containing PBS, 0.1% 275 

BSA (Roche diagnostics GMBH, Mannheim, Germany), and 2mM EDTA (Invitrogen, Grand 276 

Island, NY). Subsequently, the cells were surface stained with the following antibodies in FACS 277 

wash buffer: CD3-BV510 (Clone: UCHT-1), Vδ2-APC (Clone: B6) (both Biolegend, San Diego, 278 

CA), and Vδ1-PE-Cy7 (Beckman Coulter, Brea, CA) together with several combinations of the 279 

following antibodies: Panγδ TCR-FITC (Clone: Immu510), Vγ9-FITC (both Beckman Coulter), 280 

CD27-PE (Clone: M-T271), CD45RA-FITC (Clone: H1100), CD158b/j-PE (Clone: DX27) (all 281 

Biolegend), CD28-BV421 (Clone: CD28.2), CD57-FITC (Clone: NK-1) or CD16-BV421 (Clone: 282 

3G8) (BD Biosciences). After surface staining, cells were either washed and fixed with 4% PFA 283 

before analysis or treated with the Intracellular staining fixation kit (Biolegend) according to 284 

the manufacturers’ instructions. The cells were intracellularly blocked with 10% human serum 285 

and stained with Perforin-FITC (Clone: B-D48) (Biolegend) and GranzymeB-V450 (Clone: GB-286 
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11) (BD Biosciences) in intracellular staining perm/wash buffer (Biolegend). HMB-PP and 287 

CD3:CD28  beads stimulated cells were intracellularly stained with IFNγ-PerCP Cy5.5 (Clone: 288 

B27) (BD Biosciences). The data was acquired with a Facs Verse in combination with the Facs 289 

Suite software (BD Biosciences). Fluorescence-minus-one (FMO) and isotype controls were 290 

used for gating. Example gating strategies are provided in supplementary figure 1 and 2.  291 

 292 

Detection of CMV infection status 293 

CMV infection status was based on the presence of CMV IgG antibodies in plasma samples. 294 

These IgG antibodies were determined with an in-house CMV-IgG ELISA described elsewhere 295 

37.  296 

 297 

Statistical analysis 298 

All data was checked for normality distribution before statistical analysis. In all graphs, the 299 

median with 95% CI is displayed. Three or more different age groups were compared with the 300 

Kruskal-Wallis test followed by the Dunn’s multiple comparisons test. The unstimulated (US) 301 

and HMB-PP or CD3:CD28 beads stimulated samples were compared with the Wilcoxon 302 

matched-pairs signed rank test. Two different age groups or the CMV- and CMV+ groups were 303 

compared with the Mann-Whitney U test. A P-value < 0.05 was considered significant. 304 

Significances are indicated with: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. For these 305 

analysis, GraphPad Prism V7 was used.  306 

The principal components analyses (PCA) were performed using SPSS V25 and GraphPad Prism 307 

V7. Different combinations of cell subset frequencies were used in this analysis, as mentioned 308 

in the figure legends. The data was reduced into two principal components, of which the 309 

amount of variance in the data that is explained by the component is mentioned as a 310 

percentage on the axes. Also, the total variance in the data that is explained by the two 311 

principal components combined is indicated in the graphs. The validity of the PCA was checked 312 

with the Kaiser-Meyer-Olkin Measure of Sampling Adequacy and the Bartlett’s Test of 313 

Sphericity. Subset frequencies that explained most variation, including the direction of the 314 

relation, were indicated with arrows in the plots. Different age groups are indicated with 315 

different colors, as explained in the figure legends.   316 



 14

AUTHOR CONTRIBUTIONS 317 

SB, DV and ESE conceptualized the study. CN, GM and TA included study participants and 318 

performed all clinical examinations. SB, MCJ and KRQ collected the material and prepared all 319 

cells. MvdH and SB designed the experiments. MvdH, SB, JB and LH performed the 320 

experiments and analyzed the data in collaboration with all co-authors. MvdH, SB, and ESE 321 

wrote the manuscript. All authors critically revised the manuscript.  322 

 323 

ACKNOWLEDGEMENTS 324 

We thank all the participants and their parents for their cooperation and the nurses involved 325 

in blood drawings.   326 

This works was supported by: The Swedish Research Council (2016-01715_3), the Torsten 327 

Söderberg Foundation, the Cancer and Allergy Foundation, the Swedish Asthma and Allergy 328 

Association’s Research Foundation, the Hesselman Foundation, the Golden Jubilee Memorial 329 

Foundation, the Crownprincess Lovisa/Axel Tielman Foundations, the Engkvist Foundations, 330 

the Swedish Heart-Lung Foundation, and the Hedlund Foundation.  331 

 332 

CONFLICT OF INTEREST  333 

All authors declare no conflict of interest.   334 



 15

REFERENCES  335 

 336 

 1. Vermijlen D, Prinz I. Ontogeny of innate T lymphocytes - some innate lymphocytes are 337 

more innate than others. Front Immunol. 2014; 5: 1–12.  338 

2.  Gao Y, Williams AP. Role of innate T cells in anti-bacterial immunity. Front Immunol. 339 

2015; 6: 1-8.  340 

3.  Tyler CJ, Doherty DG, Moser B, et al. Human Vγ9/Vδ2 T cells: Innate adaptors of the 341 

immune system. Cell Immunol. 2015; 1: 10–21.  342 

4.  Bonneville M, O’Brien RL, Born WK. γ δ T cell effector functions: A blend of innate 343 

programming and acquired plasticity. Nat Rev Immunol. 2010; 10: 467–478.  344 

5.  Lawand M, Déchanet-Merville J, Dieu-Nosjean MC. Key features of gamma-delta T-cell 345 

subsets in human diseases and their immunotherapeutic implications. Front Immunol. 346 

2017; 8: 1-9  347 

6.  Parker CM, Groh V, Band H, et al. Evidence for extrathymic changes in the T cell 348 

receptor gamma/delta repertoire. J Exp Med. 2004; 171: 1597–1612.  349 

7.  Gibbons DL, Haque SFY, Silberzahn T, et al. Neonates harbour highly active γδ T cells 350 

with selective impairments in preterm infants. Eur J Immunol. 2009; 39: 1794–1806.  351 

8.  Paul S, Shilpi, Lal G.  Role of gamma-delta ( γδ ) T cells in autoimmunity . J Leukoc Biol. 352 

2014; 97: 259–271.  353 

9.  Dimova T, Brouwer M, Gosselin F, et al. Effector Vγ9Vδ2 T cells dominate the human 354 

fetal γδ T-cell repertoire. Proc Natl Acad Sci. 2015; 112: E556–E565.  355 

10.  Godfrey DI, Uldrich AP, Mccluskey J, et al. The burgeoning family of unconventional T 356 

cells. Nat Immunol. 2015; 16: 1114–1124.  357 

11.  Xu W, Monaco G, Wong EH, et al. Mapping of γ/δ T cells reveals Vδ2+ T cells 358 

resistance to senescence. EBioMedicine. 2019; 39: 44–58.  359 

12.  Willcox CR, Davey MS, Willcox BE. Development and selection of the human 360 

Vγ9Vδ2+T-Cell Repertoire. Front Immunol. 2018; 9: 1–7.  361 

13.  McCarthy NE, Eberl M. Human γδ T-cell control of mucosal immunity and 362 

inflammation. Front Immunol. 2018; 9: 1-8.  363 

14.  De Rosa SC, Andrus JP, Perfetto SP, et al. Ontogeny of T Cells in Humans. J Immunol. 364 

2004; 172: 1637–1645.  365 

15.  Vermijlen D, Gatti D, Kouzeli A, et al. γδ T cell responses: How many ligands will it take 366 



 16

till we know? Semin Cell Dev Biol. 2018; 84: 75–86.  367 

16.  Willcox BE, Willcox CR. γδ TCR ligands: the quest to solve a 500-million-year-old 368 

mystery. Nat Immunol. 2019; 20: 121–128.  369 

17.  Kallemeijn MJ, Boots AMH, Van Der Klift MY, et al. Ageing and latent CMV infection 370 

impact on maturation, differentiation and exhaustion profiles of T-cell receptor 371 

gammadelta T-cells. Sci Rep. 2017; 7: 1–14.  372 

18.  Willcox CR, Pitard V, Netzer S, et al. Cytomegalovirus and tumor stress surveillance by 373 

binding of a human γδ T cell antigen receptor to endothelial protein C receptor. Nat 374 

Immunol. 2012; 13: 872–879.  375 

19.  Pitard V, Roumanes D, Lafarge X, et al. Long-term expansion of effector/memory V 2- 376 

T cells is a specific blood signature of CMV infection. Blood. 2008; 112: 1317–1324.  377 

20.  Huang Y, Yang Z, McGowan J, et al. Regulation of IgE Responses by γδ T Cells. Curr 378 

Allergy Asthma Rep. 2015; 15: 1-8.  379 

21.  van den Heuvel D, Jansen MAE, Nasserinejad K, et al. Effects of nongenetic factors on 380 

immune cell dynamics in early childhood: The Generation R Study. J Allergy Clin 381 

Immunol. 2017; 139: 1923-1934.e17.  382 

22.  Morita CT, Parker CM, Brenner MB, et al. TCR usage and functional capabilities of 383 

human gamma delta T cells at birth. J Immunol. 1994; 153: 3979–3988.  384 

23.  Kalyan S, Kabelitz D. Defining the nature of human γδ T cells: A biographical sketch of 385 

the highly empathetic. Cell Mol Immunol. 2013; 10: 21–29.  386 

24.  Olin A, Henckel E, Chen Y, et al. Stereotypic Immune System Development in Newborn 387 

Children. Cell. 2018; 174: 1277-1292.e14.  388 

25.  Stoll BJ, Hansen N, Fanaroff AA, et al. Late-Onset Sepsis in Very Low Birth Weight 389 

Neonates: The Experience of the NICHD Neonatal Research Network. Pediatrics. 2002; 390 

110: 285–291.  391 

26.  Scheible KM, Emo J, Laniewski N, et al. T cell developmental arrest in former 392 

premature infants increases risk of respiratory morbidity later in infancy. JCI Insight. 393 

2018; 3: 1–17.  394 

27.  Strunk T, Currie A, Richmond P, et al. Innate immunity in human newborn infants: 395 

prematurity means more than immaturity. J Matern Neonatal Med. 2011; 24: 25–31.  396 

28.  Khairallah C, Déchanet-Merville J, Capone M. γδ T cell-mediated immunity to 397 

cytomegalovirus infection. Front Immunol. 2017; 8: 1-13.  398 



 17

29.  Jansen MAE, van den Heuvel D, Jaddoe VWV, et al. Abnormalities in CD57 + cytotoxic 399 

T cells and Vδ1 + γδT cells in subclinical celiac disease in childhood are affected by 400 

cytomegalovirus. The Generation R Study. Clin Immunol. 2017; 183: 233–239.  401 

30.  Sohlberg E, Saghafian-Hedengren S, Rasul E, et al. Cytomegalovirus-Seropositive 402 

Children Show Inhibition of In Vitro EBV Infection That Is Associated with CD8+CD57+ T 403 

Cell Enrichment and IFN-. J Immunol. 2013; 191: 5669–5676.  404 

31.  Van Den Heuvel D, Jansen MAE, Dik WA, et al. Cytomegalovirus- and epstein-barr 405 

virus-induced T-cell expansions in young children do not impair naive T-cell 406 

populations or vaccination responses: The Generation R study. J Infect Dis. 2016; 213: 407 

233–242.  408 

32.  Vermijlen D, Brouwer M, Donner C, et al. Human cytomegalovirus elicits fetal γδ T cell 409 

responses in utero. J Exp Med. 2010; 207: 807–821.  410 

33.  Kotsiopriftis M, Tanner JE, Alfieri C. Heat Shock Protein 90 Expression in Epstein-Barr 411 

Virus-Infected B Cells Promotes T-Cell Proliferation In Vitro. J Virol. 2005; 79: 7255–412 

7261.  413 

34.  Xiang Z, Liu Y, Zheng J, et al. Targeted Activation of Human Vγ9Vδ2-T Cells Controls 414 

Epstein-Barr Virus-Induced B Cell Lymphoproliferative Disease. Cancer Cell. 2014; 26: 415 

565–576.  416 

35.  Nilsson C, Linde A, Montgomery SM, et al. Does early EBV infection protect against IgE 417 

sensitization? J Allergy Clin Immunol. 2005; 116: 438–444.  418 

36.  Wejryd E, Marchini G, Frimmel V, et al. Probiotics promoted head growth in extremely 419 

low birthweight infants in a double-blind placebo-controlled trial. Acta Paediatr Int J 420 

Paediatr. 2019; 108: 62–69.  421 

37.  Grillner L. Screening of blood donors for cytomegalovirus (CMV) antibodies: an 422 

evaluation of different tests. J Virol Methods. 1987; 17: 133–139.  423 

 424 

  425 



 18

 Figure legends 426 

 427 

Figure 1. The frequency of γδ T-cell subsets in CB and PBMCs from 2- and 5-year-old 428 

children. 429 

(a) The frequencies of PanγδTCR+ cells among CD3+ cells in CBMCs (CB) (n=19) and PBMCs 430 

from 2-year-old (2y) (n=52) and 5-year-old (5y) (n=16) children. The frequencies of 431 

Vδ1+PanγδTCR+ cells among CD3+ cells (b), Vδ2+PanγδTCR+ cells among CD3+ cells (c), the 432 

Vδ1+PanγδTCR+/ Vδ2+PanγδTCR+ cell ratio (d), Vδ1-Vδ2- cells among PanγδTCR+ cells (e), Vγ9+ 433 

cells among CD3+ cells (f), Vγ9+ cells among Vδ1+ cells (g), and Vγ9+ cells among Vδ2+ cells (h) 434 

in CB (n=12), and in PBMCs from 2- (n=28) and 5- (n=16) year-old children.  435 

 436 

Figure 2. The differentiation and functionality of γδ T-cells in CB and PBMCs from 2- and 5-437 

year-old children. 438 

The frequencies of CD27+ cells among Vδ1+ cells (a), CD28+ cells among Vδ1+ cells (b), and 439 

CD27-CD28- cells among Vδ1+ cells (c). The frequencies of CD27+ cells among Vδ2+ cells (d), 440 

CD28+ cells among Vδ2+ cells (e), and CD27-CD28- cells among Vδ2+ cells (f) in CB (n=12), and 441 

PBMCs from 2-(n=28) and 5-(n=16) year-old children. The frequency of IFNγ+ cells among 442 

Vδ2+ cells after 24-hour stimulation with HMB-PP (g) or CD3:CD28 beads (h) in PBMCs from 443 

2-year-old children (n=13 and n=6 respectively) and adults (n=10 and n=7 respectively).  444 

 445 

Figure 3. The γδ T-cell compartment in PBMCs from 14-days-old neonates.   446 

(a) Principal component analysis (PCA) comparing the γδ T-cell phenotype of CB (red)(n=12),  447 

14-day-old neonates (blue)(n=10), and 2-year-old children (yellow)(n=17). The total 448 

frequencies of PanγδTCR+ cells among CD3+ cells as well as the frequencies of 449 

Vδ2+PanγδTCR+ cells among CD3+ cells, Vδ1+PanγδTCR+ cells among CD3+ cells and Vδ1- Vδ2- 450 

cells among PanγδTCR+ cells were included in the PCA analysis. The frequency of IFNγ+ cells 451 

among Vδ2+ cells after 24-hour stimulation with HMB-PP (b) or CD3:CD28 beads (c) between 452 

the 14-day-old neonates (n=8 and n=5 respectively) and 2-year-old children (n=13 and n=10 453 

respectively).  454 

 455 

 456 
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Figure 4. The γδ T-cell phenotype and function in preterm neonates.  457 

The frequencies of Vδ1+PanγδTCR+ cells among CD3+ cells (a), Vδ2+PanγδTCR+ cells among 458 

CD3+ cells (b) and Vδ1-Vδ2- cells among PanγδTCR+ cells (c) in 14-day-old full term neonates ( 459 

14d, n=10) and preterm (PT) neonates at different timepoints after birth (CB (n=4), 14 days 460 

(14d) (n=4), 28 days (28d) (n=3), and at post menstrual age week 36 (36w) (n=10)).    461 

The frequencies of Vδ1+PanγδTCR+ cells among CD3+ cells (d), Vδ2+PanγδTCR+ cells among 462 

CD3+ cells (e), and Vδ1-Vδ2- cells among PanγδTCR+ cells (f) in CB samples from preterm (CB 463 

PT, n=4) and fullterm CB samples (CB, n=12).  464 

(g) PCA analysis comparing the Vδ1 phenotype between the full term 14-day-old neonates 465 

(14-day-old, blue) and preterm neonates at postmenstrual week 36 (PT 36 weeks, yellow). 466 

The analysis includes the frequencies of CD27+, CD28+, CD161+, GrzB+, perforin+ and Vγ9+ 467 

cells among Vδ1+ cells. (h) PCA analysis comparing the Vδ2 phenotype between the 14-day-468 

old neonates (blue), and preterm (PT) newborns at 14 days (red), 28 days (green), and 469 

postmenstrual week 36 (yellow). The analysis includes the frequencies of CD28+, CD27+, 470 

CD27-CD28-, CD161+, GrzB+, and Vγ9+ cells among Vδ2+ cells. 471 

The frequencies of Vγ9+ cells among Vδ2+ cells (i), and Granzyme B (GrzB+) among Vδ2+cells 472 

(j) between 14-day-old neonates (n=10) and preterm (PT) neonates at different timepoints 473 

after birth (14 days (14d) (n=4), 28 days (28d) (n=3), and at post menstrual age week 36 474 

(36w) (n=10)).  475 

The frequency of IFNγ+ cells among Vδ2+ cells after 24-hour stimulation with HMB-PP (k) or 476 

CD3:CD28 beads (l) in the 14-day-old neonates (n=8 and n=5 respectively) and the preterm 477 

neonates at postmenstrual week 36 (PT 36 weeks) (n=4 and n=4 respectively).   478 

 479 

Figure 5. The Vδ1 phenotype in CMV infected and non-infected 2-year-old children.  480 

(a) The frequency of Vδ1+ cells among CD3+ cells in CMV- (n=17) and CMV+ (n=15) 2-year-old 481 

children. (b) PCA analysis of the Vδ1 phenotype comparing CB (red)(n=7), CMV negative 482 

(CMV-, yellow) (n=12), and CMV infected (CMV+, blue) (n=10) 2-year-old children. The 483 

frequencies of CD28+, CD27+, CD161+, CD27-CD28-, CD27-CD45RA+, CD57+, GrzB+, CD16+, 484 

perforin+, CD158b+, and CD45RA+ cells among the Vδ1+ cells are included in the analysis.  485 

The frequency of CD27-CD28- (c), CD27-CD45RA+ (d), CD57+ (e), GrzB+ (f), and CD16+ (g) cells 486 

among Vδ1+ cells in CMV- (n=17) and CMV+ (n=15) 2-year-old children.  487 












