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Extremely Preterm Infants Have Significant Alterations in
Their Conventional T Cell Compartment during the First
Weeks of Life

Khaleda Rahman Qazi,* Georg Bach Jensen,†,‡ Marieke van der Heiden,*

Sophia Björkander,* Ulrika Holmlund,* Yeneneh Haileselassie,* Efthymia Kokkinou,*

Giovanna Marchini,x Maria C. Jenmalm,† Thomas Abrahamsson,†,‡,1 and

Eva Sverremark-Ekström*,1

Extremely preterm neonates are particularly susceptible to infections, likely because of severely impaired immune function.

However, little is known on the composition of the T cell compartment in early life in this vulnerable population. We conducted

a comprehensive phenotypic flow cytometry–based longitudinal analysis of the peripheral conventional T cell compartment of

human extremely low gestational age neonates (ELGAN) with extremely low birth weight (ELBW; <1000 g) participating in a

randomized placebo-controlled study of probiotic supplementation. PBMCs from ELGAN/ELBW neonates were collected at day

14, day 28, and postmenstrual week 36. Comparisons were made with full-term 14-d-old neonates. Total CD4+ and CD8+ T cell

frequencies were markedly lower in the preterm neonates. The reduction was more pronounced among the CD8+ population,

resulting in an increased CD4/CD8 ratio. The preterm infants were also more Th2 skewed than the full-term infants. Although the

frequency of regulatory T cells seemed normal in the ELGAN/ELBW preterm neonates, their expression of the homing receptors

a4b7, CCR4, and CCR9 was altered. Notably, ELGAN/ELBW infants developing necrotizing enterocolitis before day 14 had

higher expression of CCR9 in CD4+T cells at day 14. Chorioamnionitis clearly associated with reduced T regulatory cell frequen-

cies and functional characteristics within the preterm group. Finally, probiotic supplementation with Lactobacillus reuteri did not

impose any phenotypic changes of the conventional T cell compartment. In conclusion, notable immaturities of the T cell

compartment in ELGAN/ELBW neonates may at least partially explain their increased susceptibility to severe immune-

mediated morbidities. The Journal of Immunology, 2020, 204: 68–77.

P
reterm birth (delivery before week 37 of gestation) is a
major concern for neonatal health worldwide, with a global
incidence of ∼15 million cases annually, and is associ-

ated with an increased risk of both morbidity and mortality (1).

The most vulnerable premature infants are the extremely low
gestational age neonates (ELGAN) that are born before gestational
week 28. Within this group, the majority of children have extremely
low birth weight (ELBW), that is, a birth weight of ,1000 g. Al-
though modern neonatal care and management have significantly
increased the survival of preterm neonates, still approximately
one-fourth of the ELGAN/ELBW infants die in affluent countries,
such as Sweden (2). Also, the prevalence of mild to severe dis-
ability in infancy is markedly elevated in ELGAN/ELBW infants
compared with infants delivered FT (3). The fact that severe in-
fections and immune-associated diseases, such as necrotizing
enterocolitis (NEC) and sepsis, are common causes of death in
this population is a strong indication that the immune system of
these ELGAN/ELBW infants is even more immature compared
with full-term (FT) neonates (4), both in quantitative and qual-
itative aspects.
Immune maturation during this early part of life is complex and

involves particular molecular and epigenetic programs that will,
at the same time, allow microbial commensal colonization while
also developing an efficacious immunity in combating infections.
Newborn infants have deficient IFN-g production and are referred
to as Th2 skewed (5). The population of T regulatory cells (Tregs)
develops early during gestation, and neonatal T cell immunity in
general is prone to tolerance development (6, 7), but the presence
of fetal T cells with a memory phenotype (CD45RO+) has also
been described (8–10). T cell tissue homing is considered to be
key for homeostasis during development and is different in early
life compared with adulthood. However, most studies are per-
formed in mice, and data from human neonates, and preterm
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infants in particular, are very scarce (11, 12). It is also important to
remember that most studies of neonatal immune cell characteris-
tics rely on data generated from analyses of cord blood cells,
which might not be fully representative of immunity in early
life (13, 14).
A recent meta-analysis of prospective randomized controlled

trials evaluating whether the use of probiotics can prevent feeding
intolerance and NEC in premature infants shows encouraging
results, but it was also concluded that there is still insufficient data
with regard to the benefits and potential adverse effects in ELBW
infants (15). Although several studies have demonstrated that
Lactobacillus reuteri modulates the innate and acquired immune
responses in humans both in vitro and in vivo (16–21), the influ-
ence of L. reuteri supplementation on the phenotypic and func-
tional characteristics and gut-homing properties of T cells of
preterm, and particularly ELBW, infants has not been studied.
In this study, we aimed to perform an in-depth investigation of

the conventional T cell compartment in ELGAN/ELBW preterm
neonates, with the hypothesis that these cells would be highly
influenced by extreme preterm birth and its clinical correlates. The
study was performed in a longitudinal way at day 14 (D14) and day
28 (D28) after birth and at postmenstrual week (PMW) 36 + 0, and
the results were compared with those of T cells in PBMCs from FT
neonates isolated 14 d after birth. We investigated naive (NA) and
memory CD4+ and CD8+ T cells, T helper subpopulations, and
regulatory T cell features as well as tissue-homing characteris-
tics in relation to gestational age, birthweight, L. reuteri sup-
plementation, and clinical outcomes such as sepsis, NEC, and
chorioamnionitis. The proactive management of ELGAN pre-
term infants born before 25 wk of gestation in Sweden made it
possible to study the immune system also in ELGAN infants
born in gestational weeks 23 and 24. This is unique as previous
studies on immune cells lack extensive data on infants born
before week 25.

Materials and Methods
Study design and participants

The present study was a part of the prospective, double-blinded, randomized
controlled multicenter trial Prophylactic Probiotics to Extremely Low
Birth Weight Premature Infants, evaluating the effect of probiotic L. reuteri
DSM 17938 on feeding tolerance, growth, severe morbidities, and mor-
tality in ELBW premature infants (http://clinicaltrials.gov, identifier:
NCT01603368). The study design has been described in detail elsewhere
(22). Briefly, 134 ELBW infants were supplemented either with the pro-
biotic bacterial strain L. reuteri DSM 17938 or placebo. The trial was
conducted in 10 neonatal units in Sweden from June 2012 to November
2015 in the regions of Stockholm and Linköping and approved by the
Ethics Committee for Human Research in Linköping (Dnr 2012/28‐31,
Dnr 2012/433‐32). Infants between gestational week 23 + 0 and 27 + 6 and
a birthweight ,1000 g were eligible for enrollment within 3 d after de-
livery. The infants were characterized using comprehensive clinical data,
including perinatal data, growth, feeding intolerance, treatment, antibi-
otics, and mild and severe morbidities, collected daily in a study‐specific
case report form until PMW 36 + 0 (Table I). Chorioamnionitis, an acute
inflammation of the membranes and chorion of the placenta, was diag-
nosed by the responsible obstetrician and was based on laboratory in-
flammatory response and typical clinical manifestations (23). A sepsis
diagnosis required positive blood and/or cerebral spinal fluid culture,
clinical deterioration, and laboratory inflammatory response. The bacteria
detected in positive culture included the following: Gram-negative rods
(such as Escherichia coli and Klebisella) and Gram-positive Streptococcus
group B, Staphylococcus aureus, and coagulase-negative staphylococci.
NEC was staged according to Bell’s criteria (24), and all cases of stage II
or greater were recorded. In the cohort, out of 11 cases with NEC (Bell
stage II–III), 7 neonates had Bell stage III and were surgical NEC.
The active intervention, once-daily L. reuteri DSM 17938 (provided by
BioGaia, Stockholm, Sweden), was provided in oil drops. The daily dose
was 1.25 3 108 bacteria (0.2 ml drops) (25, 26). The placebo was mal-
todextrin provided in an identical oil suspension and having a similar

smell, taste, and visual appearance as the active product. Intervention
was started within 3 d after birth and administered through the gastric
tube or by mouth and continued until gestational week 36 + 0. Venous
blood was collected on three occasions: D14, D28, and PMW 36 + 0 (see
flowchart, Fig. 1). Blood from 29 FT infants (born between week
38 and 42) at 14 d of age was also collected to use as control for the study
(Fig. 1). In all figures, the following abbreviations are used: FT D14
(samples from FT infants at D14 after birth), ELBW D14, ELBW D28,
and ELBW PMW 36 + 0 (samples from ELGAN/ELBW preterm infants
at D14, D28, and PMW 36 +0, respectively).

Isolation of PBMCs

PBMCs were isolated by Ficoll-Hypaque (GE Healthcare Bio Sciences,
Uppsala, Sweden) gradient separation from the FT infants (n = 29 at
D14) and from all ELGAN/ELBW infants from whom a sufficient blood
volume was obtained (n = 76 at D14, n = 50 at D28, and n = 59 at PMW
36 + 0). Isolated PBMCs were washed three times and resuspended in
freezing medium containing 40% RPMI 1640 (HyClone, GE Health-
care Life Sciences, South Logan, UT), 50% FCS (Sigma-Aldrich,
St. Louis, MO), and 10% DMSO (Sigma-Aldrich). Cells were gradu-
ally frozen in a freezing container and kept in liquid nitrogen until
further analysis.

Flow cytometry and Abs

Frozen PBMCs were thawed gently, washed three times, and seeded
into the 96-well tissue culture plate (Corning, Kennebunk, ME) at a
concentration of 0.5 3 106 cells per well. The cells were rested for 2 h
at 37˚C with 5% CO2 before staining. Cells were then transferred to
V-shaped staining plates and stained with the LIVE/DEAD Fixable
Dead Cell Stain Kit–Aqua (Life Technologies, Eugene, OR) according
to the manufacturer’s instruction. Blocking of cell surface Fc receptor
was done with 10% human serum. Three different FACS panels
were used to characterize conventional T cells (Fig. 1). Staining of
cell surface markers was performed using the following Abs from
BioLegend (San Diego, CA): CD45RA (clone: HI100), CD4 (clone:
OKT4), CD25 (clone: BC96), CD127 (clone: A019D5), CD8 (clone:
HIT8a), CCR9 (clone: L053E8), CCR4 (clone: L291H4), CCR7
(clone: GO43H7), a4 (clone: VS215), and b7 (clone: FIB504). After
surface staining, cells were washed and fixed/permeabilized with the
transcription factor buffer set (BioLegend) according to the instruc-
tion of the manufacturer. Intracellular blocking was done with 10%
human serum. The cells were then stained for intracellular FOXP3
(clone: 150D), CTLA4 (clone: L3D10), Helios (clone: 22F6), T-bet
(clone: 4B10), and GATA3 (clone:16E10A23) (all from BioLegend)
and RORgt (clone: Q21-559) (from BD Biosciences, San Jose, CA).
Stained cells were washed, resuspended in FACS wash buffer, and
acquired using FACS Verse instrument and FACS Suite software (BD
Biosciences). Data analysis was performed using FlowJo software
(Ashland, OR).

Statistical analysis

GraphPad Prism 7 (GraphPad Software, La Jolla, CA) was used for
the statistical analyses displayed either as scatter plot with bars or
as scatter plots. The results are shown as medians with interquartile
ranges in the figures and as medians with the 95% upper and lower
confidence intervals in the tables. The nonparametric Kruskal-Wallis
test followed by the Dunn multiple comparisons test were per-
formed to compare differences between FT and preterm neonates and
also between the different sampling time points within the preterm
group. Mann-Whitney U test was used to assess differences between
FT and preterm 14-d samples. The Spearman correlation test was
used to analyze correlation between variables. Results were consid-
ered as significant when p , 0.05, and actual p values are displayed
in each figure.

The principal component analyses (PCA) were performed in SPSS V25.
All data were checked for normality distribution before statistical testing.
Different combinations of cell subset frequencies were reduced to two
principle components. The amount of variance in the data explained by one
component is mentioned as a percentage on the axis. The total variance in
the data that is explained by the two components combined is mentioned in
the graphs. The validity of the PCA was checked with the Kaiser-Meyer-
Olkin Measure of Sampling Adequacy and the Bartlett Test of Spheric-
ity. The loading of the different cell subset frequencies in the plots was
indicated with arrows. The different (age, sepsis, and probiotic supple-
mentation) groups were indicated with different colors, as explained in the
figures and figure legends.
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Results
The T cell compartments in ELGAN/ELBW preterm infants at
14 d of life are decreased in relative frequencies but show signs
of marked activation

We used multicolor flow cytometry to investigate how the con-
ventional T cell compartment develops after birth in ELGAN/
ELBW preterm neonates (in the figures referred to as ELBW)
and how it compared with that in FT neonates (in the figures re-
ferred to as FT) (Fig. 1, Table I). The gating strategies for all
different populations and markers are shown in Supplemental
Fig. 1. The percentages of the total and viable lymphocytes
were significantly lower in ELGAN/ELBW preterm neonates
compared with the FT infants at 14 d of age (Fig. 2A, 2B). In-
dividuals with a lymphocyte viability below 10% were excluded
from further analyses. Although the lymphocyte compartment
recovered already at D28, the percentage of viable lymphocytes
was still lower in the ELGAN/ELBW infants at PMW 36 + 0.
This drop in lymphocyte frequency was true for both CD4+ and
CD8+ T cells (Fig. 2C, 2D) but most marked among the CD8+

T cells, resulting in an increased CD4/CD8 ratio at D14 in the
preterm infants (Fig. 2E). Interestingly, the proportion of CD25hi

cells within the CD4+ T cell population was increased at 14 d
of age in the preterm infants compared with the FT, but this
difference declined with time, and already at D28 of age, the
preterm infants had similar CD25 expression as the FT infants
(Fig. 2F). Further, gestational age at birth did not seem to in-
fluence the composition of the T cell compartment within the
preterm infants at 14 d of age (Fig. 2G), but there was a weak but
significant correlation between birth weight and the percentages
of total lymphocytes at D14 (Fig. 2H).

Proportions of NA, effector, and memory subsets of CD4+ and
CD8+ T cells are similar in ELGAN/ELBW preterm and
FT infants

We next characterized the NA, central memory (CM), effector,
and effector memory T cell populations based on the expression
of CCR7 and CD45RA on T cells. As expected, the majority of

circulating CD4+ and CD8+ T cells from the PBMCs of both FT
and preterm children had an NA phenotype (Fig. 3). A substantial
portion of the CD4+ T cells also expressed a CM phenotype,
whereas the effector and effector memory populations were rela-
tively small (Fig. 3A). For the CD8+ T cells, the effector cells
were relatively frequent (Fig. 3B). We did not observe any con-
sistent differences between the FT and preterm infants at any time
point.

ELGAN/ELBW preterm infants have a reduced T-bet/GATA3
ratio among the CD4+ T cells at 14 and 28 d of age

We continued by investigating the transcription factors T-bet,
GATA3, and RORgt that are considered as the master regula-
tors for the generation of Th1, Th2, and Th17 cells, respectively.
These transcription factors were possible to detect to the same
degree in both FT and ELGAN/ELBW preterm neonates (data
not shown). For the CD4+ T cells, the expression level (geo-
metric mean fluorescence intensity) of the Th2-associated tran-
scription factor GATA3 seemed to drop with age in the preterm
neonates (Fig. 4A). Notably, there was a significantly lower
expression level of the Th1-associated transcription factor T-bet
in the preterm infants at all timepoints compared with FT neo-
nates (Fig. 4B). The expression level of RORgt was in general
very low (Fig. 4C) and did not differ between the groups. Al-
though the percentage of CD4+ T cells that expressed the indi-
vidual transcription factors did not differ between the groups
(Table II), there was a lower ratio between T-bet– and GATA3-
expressing cells in the preterm group at D14 and D28 compared
with the FT infants (Fig. 4D). For the CD8+ T cells, there was a

similar trend for lower T-bet expression levels in the preterm
group (data not shown).
Analysis of GATA3, T-bet, and RORgt expression within

the CD4+ and CD8+ NA, effector, and memory populations
(Supplemental Fig. 2 [for CD4+ T cells] and Supplemental
Table I [for CD8+ T cells]) revealed high individual variations,
and no differences were observed between the ELGAN/ELBW
preterm and FT infants.

FIGURE 1. Flow chart showing the number of sub-

jects recruited, time points for blood sampling, number

of PBMC samples analyzed by flow cytometry, and the

Ab panels used for the experiments. A total of 134

ELBW preterm infants and 29 FT control subjects were

recruited for the study. PBMCs were isolated from 76

ELBW infants from D14, 50 ELBW infants from D28,

and 59 ELBW infants from PMW 36 + 0 wk. PBMCs

from 28 infants were available from all three time

points, and PBMCs from 48 neonates were available

from at least two time points. FACS panels were

designed to characterize conventional T cells, their

corresponding subsets, and the homing markers. The

number of PBMC samples analyzed by FACS varied in

different panels depending on the adequacy of the cells.
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Tregs from ELGAN/ELBW preterm infants express lower levels
of the transcription factor Helios, and their frequency is
inversely correlated with gestational age

Analysis of the proportion of total Tregs, defined as
CD25+FOXP3+CD1272 cells among the CD4+ T cell population,
revealed a relatively stable frequency of these cells in ELGAN/
ELBW preterm infants, which was equivalent to that of the FT
infants (Fig. 5A). When extending the analysis to also include
CD45RA+ and CD45RA2 (NA and non-NA) subpopulations of
Tregs, the results were similar (Fig. 5B). The inhibitory receptor
CTLA4 was ubiquitously expressed among the Tregs (data not
shown), and the level of expression was similar between all groups
(Fig. 5C). The CTLA4-expressing Tregs did not differ in fre-
quencies within the NA or non-NA phenotypes (Fig. 5D). The
groups had similar frequencies of Tregs that express Helios, a
transcription factor suggested to confer a stable phenotype in
Tregs (data not shown), but a reduced expression level was

observed in the preterm neonates at PMW 36 + 0 compared
with the earlier time point and also with the FT infants at D14

(Fig. 5E). However, no differences were observed regarding

the NA or non-NA phenotypes of the Helios-expressing cells

(Fig. 5F). The total Treg percentage in the 14-d PBMCs from

preterm infants inversely correlated with gestational age at

birth (Fig. 5G).

CD4+ T cells and Tregs from 14-d-old ELGAN/ELBW preterm
infants have a markedly altered homing capacity

Homing receptors are a requisite for CD4 T cell homing toward
various tissues. We therefore examined the expression of the

homing receptors CCR4, a4b7, and CCR9. CD4+ T cells from

preterm infants showed a significantly altered expression of CCR4

and CCR9 compared with FT neonates at D14 (Fig. 6A–C).

The homing receptor expression changed with time, and at PMW

36 + 0, there were no differences in the percentages of CCR4+,

FIGURE 2. The frequencies of total and viable lymphocyte populations are decreased in the PBMCs of ELBW preterm infants compared with FT

controls. Blood samples from 29 FT infants (D14 after birth) and 134 ELBW preterm infants (D14, D28, and PMW 36 + 0 after birth) were

collected, and phenotypic characterization of the T lymphocyte compartment was performed by multicolor flow cytometry. The figure shows the

compiled frequencies of (A) total, (B) viable, (C) CD4+, and (D) CD8+ lymphocytes among the PBMCs. The CD4/CD8 ratio is shown in (E), and the

frequency of CD25hi cells within the CD4+ population is shown in (F). Bars show medians with interquartile range. Kruskal-Wallis test with Dunn

multiple comparison tests was used for group comparisons. PCA comparing the T cell phenotype at D14 of FT neonates (black) with the ELBW

neonates born week 23–27 (in color) is shown in (G). The correlation between the percentage of lymphocytes at D14 and birth weight is shown in

(H) for the ELBW neonates.

FIGURE 3. Proportions of NA, effector (EC), and effector memory (EM) subsets of CD4+ and CD8+ T cells are similar in ELBW preterm and FT infants.

The frequencies of CM, NA, EC, and EM cells within (A) CD4+ T cells and (B) CD8+ T cells. Bars show medians with interquartile ranges.
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a4b7+, and CCR9+ cells between preterm and FT infants. There
was a notable difference in how these homing markers were
affected by prematurity, as the frequency of a4b7-expressing
cells was lower in the preterm infants at D14 (Fig. 6B),
whereas the proportions of CCR4- and CCR9-expressing cells
were elevated at D14 (Fig. 6A, 6C). A similar trend was ob-
served within the Treg compartment regarding CCR4 and
CCR9 cell frequencies (Fig. 6D, 6F), but the proportion of
CCR9-expressing Tregs was significantly elevated in preterm
infants at all time points compared with FT infants at D14
(Fig. 6F). Notably, gestational age at birth did not influence the
proportion of cells expressing homing markers within the
CD4+ T cell and Treg populations in the preterm infants at
day14 (Fig. 6G).

The Treg compartment in ELGAN/ELBW preterm neonates is
altered by chorioamnionitis and NEC but is not associated
with sepsis

A substantial proportion of the ELGAN/ELBW preterm infants
suffered from sepsis (Table I). Therefore, we examined culture-
proven sepsis associated with T lymphocyte populations and their
homing characteristics at 14 d of age in the preterm infants. They
were grouped according to sepsis onset before or after sample
collection at 14 d of life. Sepsis did not seem to have any major
impact on the overall T cell compartment, nor did differences in
the T cell compartment associate with the risk of subsequent
sepsis development (Fig. 7A). For the Treg compartment and the
respective homing marker expression, sepsis was not a con-
tributing factor to the differences seen within the preterm group
(Fig. 7B; compare with Figs. 5, 6). Only 11 ELGAN/ELBW
preterm infants developed NEC in our cohort (Table I), and

there were cells available from only five and three of those with
onset before and after D14, respectively. Still, it is interesting to
note that the NEC cases clustered among those individuals with
the highest CCR9 expression among the CD4+ T cells (Fig. 7C),
which is significantly higher than the non-NEC cases at 14 d of
life (Fig. 7D). Importantly, Treg frequencies were very low in the

FIGURE 4. ELBW preterm infants have a reduced T-bet/GATA3 ratio in CD4+ T cells at 14 and 28 d of age. The expression levels of (A) GATA3, (B)

T-bet, and (C) RORgt in the CD4+ T cells of control FT neonates at D14 and the ELBW preterm infants at D14, D28, and at PMW 36 + 0. The presented

data of geometric mean fluorescence intensity (geo MFI) for transcription factors analyses was done following gating on CD4 cells that are positive for

these factors. (D) Ratio between the percentages of T-bet– and GATA3-expressing CD4+ T cells. Bars show medians with interquartile range. Kruskal-Wallis

test with Dunn multiple comparison tests was used to make group comparisons.

Table I. Background data of the study participants

ELGAN/ELBW N = 93

Gestational age, wk, mean (range) 25.3 (23.0–27.9)
Birth weight, g, mean (range) 726 (400–987)
Birth weight z-score, mean (range) 21.0 (24.7–1.4)
Small for gestational age, n (%) 19 (20)
Male, n (%) 54 (58)
Apgar at 5 min, mean (range) 6.4 (1–10)
Infants from multiple pregnancy, n (%) 36 (39)
Antenatal corticosteroids, n (%) 91 (98)
Caesarean section, n (%) 58 (62)
Maternal smoking, n (%) 8 (9)
Preeclampsia, n (%) 9 (10)
Chorioamnionitis, n (%) 19 (20)
Preterm premature rupture of membranes,

n (%)
27 (29)

Maternal antibiotics, n (%) 55 (59)
Inclusion site, Stockholm/Linköping, n/n

(%/%)
61/32 (66/34)

Antibiotics during first week, n (%) 92 (99)
Antibiotics during second week, n (%) 77 (83)
Days on antibiotics, mean (range) 28.8 (4–64)
Days on mechanical ventilation, mean

(range)
20.8 (0–75)

Sepsis, culture proven, n (%) 35 (38)
NEC, Bell stage II–III, n (%) 11 (12)
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NEC cases (data not shown), which limited further analysis of
homing receptors on Tregs within this group.
We also evaluated the influence of perinatal chorioamnionitis on

the T cell compartment in ELGAN/ELBW preterm infants. Al-
though chorioamnionitis did not affect the proportions of CD4+

T cells, this condition was associated with a reduced frequency of
Tregs as well as reduced expression of CTLA4 and Helios among
Tregs (Fig. 7E–G).

L. reuteri supplementation has no impact on the proportions or
functional phenotype of conventional T cells

As L. reuteri has been used in several clinical trials in premature
infants, it is of importance to study its effects on the develop-
ing immune system. Also, we wanted to investigate whether the

L. reuteri supplementation influenced any of the parameters in-
vestigated above and whether it could explain the substantial
variation sometimes observed within the groups. Data regard-
ing L. reuteri and all investigated parameters are displayed in
Supplemental Table II. Notably, L. reuteri supplementation did not
alter the viability, relative proportions, or ratios of CD4+ or CD8+

T cells or their subpopulations. Further, the expression of homing
receptors within CD4+ T cells or within Tregs was similar in the
L. reuteri–supplemented and placebo groups at D14, D28, and
PMW 36 + 0 (Fig. 8).

Discussion
With the aim to get a deeper insight into the maturing T cell
compartment in very early life, we made a comprehensive analysis

Table II. Percentage of CD4 T cells expressing different transcription factors

Transcription Factors FT 14D (n = 29) ELBW 14D (n = 51) ELBW 28D (n = 43) ELBW 36W (n = 57) p Value

GATA3 1.56 (0.6–3.9) 3.45 (1.7–4.2) 2.30 (1.2–4.3) 0.94 (0.7–1.8) NS
T-bet 8.35 (3.1–13.5) 7.3 (4.3–10.1) 4.91 (3.6–8.2) 3.59 (2.4–5.9) NS
RORgt 0.36 (0.2–0.8) 0.67 (0.3–1.3) 0.97 (0.5–1.7) 0.92 (0.6–1.2) NS

Values are given as percentage of median (95% upper and lower confidence limit).

FIGURE 5. Tregs express lower levels of the transcription factor Helios, and their frequency is inversely correlated with gestational age in ELBW

preterm infants. Relative proportions of (A) total Tregs (CD25+FOXP3+CD1272) and (B) the frequencies of CD45RA+ and CD45RA2 Tregs are shown.

(C and D) Expression level of (C) CTLA4 among all Tregs and frequencies of (D) CD45RA+ and CD45RA2 cells within CTLA4+ Tregs. (E) The level of

Helios expression among Tregs and (F) the frequencies of CD45RA+ and CD45RA2 cells within Helios+ Tregs. Bars show medians with interquartile

ranges. Kruskal-Wallis test with Dunn multiple comparison tests was used to make group comparisons. (G) Correlation between Treg percentages from

ELBW neonates at D14 and the gestational age at birth.
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of the conventional T cell compartment in a cohort of premature
ELGAN/ELBW infants (Prophylactic Probiotics to Extremely Low
Birth Weight Premature Infants trial). Because of the very active
management of ELGAN infants in Sweden, we were able to study
immune development of a substantial number of infants born as early
as gestational weeks 23–25 (approximately two-thirds of our study
population).
We followed these children in a longitudinal manner and also

investigated the impact of gestational age at birth, birth weight,
sepsis, NEC, and chorioamnionitis as well as probiotic supple-
mentation on the T cell phenotypical characteristics. Our findings
clearly illustrate that there is an immaturity of several aspects of the
T cell compartment that is likely to contribute to the increased risk
for infections and NEC.
At 14 d of life, the ELGAN/ELBW preterm neonates showed a

marked lymphopenia with a significant decrease in the percentage
of total, CD4+, and CD8+ lymphocytes compared with the FT
infants, a feature that was also evident up to PMW 36 + 0 (Fig. 2).
The reduction was most notable among the CD8+ population,
which resulted in an increased CD4/CD8 ratio. Notably, gesta-
tional age at birth did not have a major influence on the CD4/CD8
T cell compartment within the ELGAN/ELBW group of infants,
whereas the number of lymphocytes in peripheral blood at D14
correlated with birth weight. The decreased proportions of CD4+

and CD8+ T cells are in line with the concept of an impaired T cell
compartment and capacity in ELGAN/ELBW infants during the

first months of life. This reduction in T cells compared with FT
infants could reflect immaturity and a fragile lymphocyte com-
partment in general, but it could also be due to a suboptimal
thymic production of T cells at birth in preterm infants. We did not
measure recent thymic emigrants (27) in our study, but a low
thymic output has been associated with preterm birth in general
(28). It has previously been reported that both CD4+ and CD8+

T cells from premature neonates have a reduced CD31 expression
at birth, a feature associated with enhanced effector differentiation,
hyperresponsiveness, and respiratory complications after being
discharged from the hospital (29, 30). We have not studied func-
tional characteristics of individual lymphocyte populations in our
cohort because of limited sample volumes. It is worth noticing,
however, that there was a marked increase in the frequency of
CD25high CD4+ T cells in ELBW preterm infants at D14, which
could not be explained by a higher number of Tregs, indicative of an
activated CD4+ T cell compartment in the ELGAN/ELBW group.
The higher/increased CD25 expression reported in this study is
also in line with what has been reported by others in smaller
studies including neonates with a wide prematurity spectrum
(31, 32). However, we did not observe any skewing in terms of
NA, memory, and effector cell populations, neither within the
CD4+ nor the CD8+ compartments (Fig. 3, Table II). Still, the
marked reduction in T cell frequencies, in particular the CD8+

T cells, might contribute to the increased risk of infections in
these extremely premature neonates.

FIGURE 6. CD4+ T cells and Tregs from 14-d-old ELGAN/ELBW preterm infants have a markedly altered homing capacity. The frequencies of (A and D)

CCR4+, (B and E) a4b7+, and (C and F) CCR9+ within total (A–C) CD4+ T cells and (D–F) Tregs, respectively, are shown. Bars show medians with interquartile

ranges. Kruskal-Wallis test with Dunn multiple comparison tests was used for group comparisons. (G) PCA of the influence of gestational age on the fre-

quencies of CCR4-, CCR9- and a4b7-expressing CD4+ T cells and Tregs at D14 in the ELBW (color) neonates. FT infants (black) are shown as a reference.
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The transcription factors T-bet, GATA3, and RORgt, are con-
sidered as the master regulators for the generation of Th1, Th2,
and Th17 cells, respectively. We observed that the preterm infants
seemed to be more Th2 skewed than FT infants, as the T-bet ex-
pression levels were lower in the preterm group (Fig. 4B), and the
ratio of the percentage of T-bet– to GATA3-expressing CD4+

T cells was significantly reduced (Fig. 4D). This is in line with the
current dogma of a Th2-biased immunity in early life, which
might be another explanation to impaired immunity to infections
with intracellular pathogens, as also human neonatal T cells seem
to be preprogrammed to a type 2 phenotype in several ways and by
different mechanisms (33–35).
Tregs are reported to be increased in frequency in preterm in-

fants, but still little is known about the dynamics during the first
weeks of life in ELGAN/ELBW preterm infants (36, 37). Indeed,
Treg characteristics also seem to be influenced by prematurity, at
least in cord blood (38, 39). In our cohort, the Treg compartment
was surprisingly similar to that of FT infants (Fig. 5). Still, the
observed inverse correlation between the week of birth and
Treg frequencies in the preterm group is in line with previous
findings. It is known that fetal Tregs have the capacity to suppress

proliferation of activated T cells, suggesting that this arm of im-
munity is developed early (40, 41). Together with our observation
that there were no quantitative differences within the Treg com-
partment between FT and the ELGAN/ELBW neonates in our
study, we could speculate that the Treg compartment in peripheral
blood is not significantly influenced by preterm birth, as such.
Protective immunity relies upon T cell differentiation and sub-

sequent migration to target tissues. T cells trafficking to gut and skin
depends on the expression of the homing receptors CCR9/a4b7 and
CCR4, respectively, and is implicated in the inflammatory re-
cruitment of Tregs in different immunological settings (42, 43).
CCR9 signaling also shapes immune responses by inhibiting Treg
development (44). We observed that the expression of a4b7,
CCR9, and CCR4 was altered within both the total CD4+ T cell
and Treg populations (Fig. 6). The markedly elevated CCR9 ex-
pression combined with a reduced expression of a4b7 seen in
our study could suggest that these receptors are differently regu-
lated during development. An increase of T cells with a skewed
CCR9-a4b7 expression in the circulation could therefore just be a
mirror of a T cell compartment under development, but it could
also be a sign of a reduced gut-homing capacity. The elevated

FIGURE 7. Chorioamnionitis and NEC affect the Tregs and CD4 T cells, respectively, whereas no association of cause and effect of sepsis is observed

on T cell compartment. PCA plot of the proportions of (A) total, CD4+, and CD8+ lymphocytes and their ratio and (B and C) frequencies of CCR4+,

CCR9+, and a4b7+ CD4+ T cells and Tregs at D14 from ELBW neonates in sepsis and NEC cases, respectively. The infants were grouped according to

if the sepsis/NEC onset was before or after the sample was collected at 14 d of life. (D) Proportions of CCR9+ CD4 T cells in ELBW neonates at D14 of

life in NEC cases. Frequencies of (E) total CD4+ T cells, (F) Tregs, (G) CTLA4+, and (H) Helios+ Tregs at D14 for ELGAN/ELBW infants from

chorioamnionitis cases. Scatter plots show medians with interquartile ranges. Mann-Whitney U test was used for group comparisons.

FIGURE 8. L. reuteri supplementation has no effect on CD4 and Tregs and on their homing properties. PCA plot of the proportions of the frequencies

of CCR4+, CCR9+, and a4b7+ CD4+ T cells and Tregs from ELGAN/ELBW neonates supplemented with L. reuteri (green) or placebo (blue) at (A) D14,

(B) D28, and (C) PMW 36 + 0.
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expression of CCR4 (skin-homing) in the preterm group also in-
dicates that although the T cell compartment expresses receptors
for tissue homing, they have not as yet reached their tissue targets,
which reflects their profound prematurity. It has been shown
previously that homing receptors switch from a4b7 to CCR4 on
Treg during the first year of life, and in newborn infants, CCR4 is
linked to mature phenotype, whereas a4b7 is linked to NA phe-
notype of Tregs (45).
As most studies on preterm birth and immunity are relatively

small, it is difficult to separate the effects of prematurity from the
influence of sepsis, chorioamnionitis, NEC, etc., on immune cell
characteristics and functions (46–48). Throughout our study, we
noted a large variation within all cell populations and markers that
we investigated in the ELGAN/ELBW group at D14. We reasoned
that this high level of variation could be attributed to certain
clinical outcomes, such as sepsis, NEC, and/or chorioamnionitis,
but also on the probiotic supplementation that ∼50% of the pre-
term infants received. Sepsis is known to severely hamper most
T cell populations and functions (49). Interestingly, regardless of
time point for onset of the disease, sepsis had little impact on the
overall T cell compartment, the Treg functional phenotype, or
their homing characteristics (Fig. 7). To us, this suggests that the
T cell compartment is comparably unresponsive to bacterial in-
fections this early in life and reflects the relative immaturity of the
T cell compartment, the enhanced Th2 skewing, and a hampered
ability to mount immune responses to infection at these early time
points. Only a few children in the cohort developed NEC, and all
of them had sepsis, which made it difficult to pursue a reliable
statistical analysis with the data on the cause and impact of NEC
cases. Still, we observed that all except for one of the NEC cases
clustered among the individuals with the highest CCR9 expression
among total CD4+ T cells and also among the Tregs (Fig. 7),
maybe indicative of a reduced gut-homing capacity of T cells in
children that develop NEC. Our observation corroborates with a
recent study that has shown increased frequencies of CCR9+ CD4
T cells and Tregs in the circulation of NEC patients (50). One
study has shown decreased expression of a4b7 on Treg from
lamina propria mononuclear cells of NEC patients (47). However,
because of very low frequencies of Tregs in NEC cases in our
cohort, it was not possible to further analyze for that homing re-
ceptor on Tregs.
In contrast to sepsis, chorioamnionitis was associated with

reduced Treg frequencies with downregulated functional char-
acteristics of Tregs at D14 (Fig. 7). This agrees with a previous
study conducted on cord blood from preterm infants (41) and
could suggest that Tregs had migrated from the circulation to the
maternal-fetal interphase to control the inflammatory response
associated with chorioamnionitis. However, as the circulating
Tregs also had an altered functional phenotype, it is more likely
to represent that Tregs are suppressed by this inflammatory
condition. Finally, L. reuteri supplementation had no effect on
the phenotypic features of the conventional T cell compartment
at all, neither at D14, D28, or PMW + 0 (Fig. 8, Supplemental
Table II).
To the best of our knowledge, this is the largest reported study

investigating the conventional T cell compartment in a longitudinal
way during the first months of life in extremely premature infants.
Moreover, the strength of our study is that we have collected blood
samples from FT controls at 14 d of age, the same age as the
ELGAN/ELBW preterm neonates sampled at the first occasion. We
also had the power to consider the influence of gestational age at
birth, birth weight, sepsis, and chorioamnionitis on all investigated
T cell aspects. Although several studies have reported on char-
acteristics and functions of the premature immune system, most

existing data stem from the analyses of cord blood, which is
not predictive of postnatal immunity (14, 51). Furthermore,
other studies using samples collected after birth rely on in-
formation from one single time point (52), and many studies
are relatively small (30, 31), making it impossible to properly
consider variations inferred by sepsis, chorioamnionitis,
gestational age, etc. Also, most studies have not focused on
extreme prematurity but include a wider spectrum of pre-
mature infants (53).
In conclusion, we show that the conventional T cell compartment

is markedly affected by prematurity in ELGAN/ELBW infants,
particularly during the first weeks of life, but there are also dif-
ferences that persist for months. At 14 d of life, the ELGAN/ELBW
infants are highly lymphopenic, have an increased CD4/CD8 ratio,
have features of a Th2-skewed phenotype, and have T cells with an
altered homing capacity compared with infants born FT, features
that could at least partially explain the increased susceptibility
to postnatal infections within this vulnerable group of infants.
Chorioamnionitis, rather than sepsis, influenced the Treg com-
partment, whereas probiotic supplementation had no obvious ef-
fects on any of the parameters investigated in this study. The data
presented in this study will also contribute to a better understanding
of the dynamic development of the immune system during the first
months of life.
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