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Abstract

Flow cytometric immunophenotyping of lymphocytes and dendritic cells, and functional lymphocyte mitogen response
tests are used in the diagnostics of inborn errors of immunity (IEI), especially in pediatrics. These routinely used tests
lack sufficient age-matched reference values in children. We established reference values for lymphocyte and dendritic cell
subsets for four age groups from 68 healthy children under 12 years of age. These values were then compared to prior
publicly available articles and 46 clinical samples from children with confirmed IEI diagnosis. Mitogen response results
were also compared between 27 children and 177 adults. In the literature review, we found considerable variability in
lymphocyte subset definitions and statistical approaches. Most IEI patients had increased transitional and naive B, and
decreased memory B cells. CHH patients had increased y6 T and DNTs. Lymphocyte stimulation via FASCIA method
provides weaker stimulation results in children than in adults, which seems to result from a larger proportional count of
naive lymphocytes in children. The established reference values can be used in diagnostics of pediatric immunological
conditions in laboratories that use similar analytic methods. Lower lymphocyte mitogen response results in children need
to be taken into consideration when interpreting the results of lymphocyte functional tests.

Keywords Reference values - Lymphocyte subsets - Pediatrics - Flow cytometry - Immunophenotyping -
Immunodeficiency

Abbreviations EDTA ethylenediaminetetraacetic acid

22ql1.2del 22ql11.2 deletion syndrome (DiGeorge syn- FASCIA flow-cytometric assay for specific cell-medi-
drome, DGS) ated immune-response in activated whole

ALPS autoimmune lymphoproliferative syndrome blood

BD BD Biosciences (Becton Dickinson) HCMV human cytomegalovirus

BSA bovine serum albumin HIES hyperimmunoglobulin E syndrome

CD cluster of differentiation HSCT hematopoietic stem cell transplantation

CHH cartilage-hair hypoplasia HUS Hospital District of Helsinki and Uusimaa

CI confidence interval ICD-10 10th revision of the International Statistical

CID combined immunodeficiency Classification of Diseases and Related Health

ConA Concavalin A Problems

DNT double-negative TCRaf* T cell IEI inborn errors of immunity

DPT double-positive T cell IQR interquartile range

Elli Adrimaa and Anssi Kesildinen contributed equally.

Extended author information available on the last page of the article

@ Springer


https://doi.org/10.1007/s10875-025-01959-y
http://crossmark.crossref.org/dialog/?doi=10.1007/s10875-025-01959-y&domain=pdf&date_stamp=2025-11-5

162 Page2of 15

Journal of Clinical Immunology (2025) 45:162

mDC myeloid dendritic cell

MRI magnetic resonance imaging
nsmB non-switched memory B cell
PBS phosphate-buffered saline
pDC plasmacytoid dendritic cell
PHA phytohemagglutinin

PR percentile range

RTE recent thymic emigrant

SD standard deviation

smB switched memory B cell
TCM central memory T cell

TCR T cell receptor

TEM effector memory T cell
TEMRA terminally differentiated effector T cell
TI tolerance interval

Treg regulatory CD4+ T cell
Introduction

Determining the compositions of T and B lymphocyte com-
partments via flow cytometric analysis remains the quint-
essential method in the diagnostics of immune-mediated
conditions such as inborn errors of immunity (IEI) and
acquired immunodeficiencies [1-3]. Extended immunophe-
notyping of lymphocyte subsets provides crucial informa-
tion about the counts, relations, and activation of these cells.
The composition of T and B cell compartments changes
drastically during childhood [4-6]. The levels of naive T
cells and recent thymic emigrants (RTEs) decrease signifi-
cantly after early childhood as the thymopoiesis decelerates
whereas the counts of memory cells increase as the immune
system matures and encounters pathogens [7, 8]. As IEIs
are more prevalent in children and the lymphocyte compart-
ment evolves constantly during childhood, age-matched
pediatric reference values for lymphocyte subsets are neces-
sary for more precise diagnostics.

Reference values for peripheral blood lymphocyte
subpopulations have been published in previous stud-
ies, however only a few studies have provided values for
more recently discovered subpopulations frequently used
in clinical diagnostics. Specifically, RTE cells, which are
currently used for assessing the level of thymopoiesis, and
T cell receptor alpha-beta positive double-negative T cells
(TCRof'CD4 CD8", DNT cells), which show increased
counts in autoimmune processes (e.g. autoimmune lympho-
proliferative syndrome, ALPS [9]), lack proper age-matched
reference values for children.

The aim of this study was to determine reference val-
ues for lymphocyte subpopulations and dendritic cells for
healthy children aged 0-12 years. Our reference values
include all T and B cell subpopulations currently used in
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the diagnostics of immunodeficiencies in children. We also
compared our reference values with results from children
diagnosed with an immunodeficiency syndrome and con-
ducted a review on the literature of pediatric reference val-
ues for lymphocyte immunophenotyping to provide further
validation to our reference values and to estimate how well
the assessed reference values would fare in clinical prac-
tice. Additionally, we derived suggestive reference values
for under-9-year-old children for flow-cytometric assay for
specific cell-mediated immune-response in activated whole
blood (FASCIA) and performed correlation analyses with
FASCIA results and T lymphocyte subpopulations.

Methods
Study Populations and Sample Collection

Peripheral venous blood samples were collected from a
convenience cohort of 68 Finnish children aged 012 years
(3 months to 11 years and 7 months) without suspected
immunological abnormalities and who were undergoing
elective procedures or imaging in the New Children’s Hos-
pital, Helsinki, Finland between May 2018 and May 2024.
Of the children, 41 (60%) were male and 27 (40%) female.
Children were divided into four age cohorts (0-2, 2—4, 46,
6—12 years) to determine age-matched reference intervals
and medians. Age cohort of 0-2 years was chosen as our
sample size of less than 1-year-olds was limited (n=6). To
ensure that the participants were immunologically healthy,
a manual review of the medical records was performed and
the guardians interviewed for participants’ history of can-
cer, autoimmune diseases, recurrent infections, or immu-
nosuppressive medications. After recruitment and sample
collection, both samples and data were stored and analyzed
as anonymized. Data about the ethnicity of the participants
was not collected, but majority of the cohort were of Finn-
ish ethnicity.

Lymphocyte stimulation response test via FASCIA
method was performed for a subgroup of 27 healthy chil-
dren. FASCIA samples were collected as a convenience
series of control individuals sampled on specific dates when
lymphocyte stimulation tests were performed as part of
the laboratory routine. Median age was 3.0 years (0.7—8.9
years) and 16 were male (59%) and 11 were female (41%).
Pediatric FASCIA values were compared to samples from
177 adults that were blood donors for Finnish Red Cross
Blood Service. Age and sex were reported for 96 adults with
64 males (67%) and 32 females (33%), and the median age
being 55 years (19—70 years). All blood samples for lym-
phocyte immunophenotyping and stimulation via FASCIA
were analyzed with flow cytometry in the HUS Diagnostic
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Center, Clinical Microbiology & Clinical Chemistry, Hel-
sinki, Finland.

We acquired immunophenotyping data of IEI patients
from the HUS patient registry. Data were available for 252
patients aged 1—12 years and who resided in the Hospital
District of Helsinki and Uusimaa (HUS). Samples from
children under the age of 1 were limited and not included
in the analysis. A total of 49 patients were selected based
on a definitive IEI diagnosis, as indicated by a physician-
assigned IEI diagnosis with a matching ICD-10 code.
Patients were divided into five cohorts based on their main
IEI diagnosis: 22ql1.2 deletion syndrome (22ql1.2del,
ICD-10: D82.1), cartilage-hair hypoplasia (CHH, Q77.82),
combined immunodeficiency (CID, D81), common variable
immunodeficiency (CVID, D83) or antibody deficiency
(D80), and hyperimmunoglobulin E syndrome (HIES,
D82.4). Three patients with immunosuppressive medica-
tions (mycophenolic acid and rituximab) were excluded,
resulting in 46 patients. IEI patients were then compared to
the age-matched reference values of key lymphocyte sub-
sets which consisted of proportional values of naive CD4"
and CD8", RTE, CD8" TEMRA, DNT, v T cells and all B
cell subsets. T cell data was available for all IEI cohorts and
B cell data only for CID, CVID or antibody deficiency, and
HIES cohorts. The patient selection algorithm is included in
Supplementary Figure S1. 50% of IEI patients were female
(n=23). None of the included patients had undergone hema-
topoietic stem cell transplantation (HSCT) nor had a cancer
diagnosis (ICD-10: C00—D49).

Flow Cytometry, Cell Subset Definitions and FASCIA
Method

Flow cytometric analyses of blood samples were conducted
using FACS Canto or FACS Lyric systems (BD Biosci-
ences). Detailed sample processing protocol is shown in
Supplementary Materials as well as cell surface markers
used to define lymphocyte and dendritic cell subpopula-
tions (Supplementary Table S1), monoclonal antibodies,
fluorochromes, clones (Supplementary Table S2) and gating
strategies (Supplementary Figures S2—S4) used for the flow
cytometric analysis. For a subgroup of 25 children, absolute
lymphocyte values provided by calculation from Sysmex
hematological analyzer were compared with values from
flow cytometric BD FACS Lyric system with BD Trucount
tubes (Supplementary Figure S5). The absolute values were
determined for cell subsets where IEI diagnostic criteria of
the ESID Registry [10] specifically mention absolute counts
(naive T cells and RTEs).

Flow-cytometric assay for specific cell-mediated
immune-response in activated whole blood (FASCIA)
assesses the mitogenic activity of lymphocytes by cell size

detection instead of radioactive markers. The overall stimu-
lation responses of lymphocytes were assessed by the mean
of percentages of activated cells per mitogen (phytohemag-
glutinin, PHA; Concavalin A, ConA), resulting in FASCIA
score (value of 0—100). Detailed sample processing proto-
col is shown in Supplementary Materials.

Statistical Analysis

Outliers from the lymphocyte subset and stimulation data
were identified using Dixon’s criteria and the normality of
the distributions for each age-matched cell subpopulation
was investigated with Shapiro—Wilk’s test. As all data were
not normally distributed, reference intervals were deter-
mined non-parametrically as 10th and 90th percentiles to
avoid normality assumptions. For the adult FASCIA popula-
tion, the 5th percentile (with 90% CI) was used for the lower
reference limit. Kruskal-Wallis test was used to test the dif-
ferences of reference intervals and medians between the age
groups. Wilcoxon rank sum test with multiple comparisons
correction with Benjamini—Hochberg (FDR) test was used
to compare the results between sexes. Spearman’s correla-
tion coefficient was used to assess the correlation between
FASCIA-score and pediatric lymphocyte subsets. Statistical
analyses were performed using R software (version 4.4.1)
[11], MS Excel (Microsoft Excel 16.78) and Graph Pad
Prism (version 9.5.1). P-values < 0.05 were considered sta-
tistically significant.

For the continuous reference range model of RTEs, a
quantile regression was applied to log-transformed RTE
data that was modelled at multiple percentiles (2.5% -
97.5%) and predictions were generated across a continuous
age range. Results were then transformed back to the origi-
nal scale.

Results
Assessment of Age-matched Reference Values

Table 1 shows the reference values for pediatric T lympho-
cyte subsets. Total lymphocyte count decreased with age,
as well as most T lymphocyte subpopulations. The counts
of naive T cells decreased whereas memory T cells [total,
effector memory (TEM) and central memory (TCM),
as well as terminally differentiated effector (TEMRA)]
increased. The B lymphocyte compartment (Table 2) fol-
lowed the same pattern, with naive cells being more pro-
nounced in early childhood, while the count of memory
cells increased later in life. As expected, transitional B
lymphocytes also decreased during childhood while there
was no significant change in the level of plasmablasts. The
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Table 1 Reference values for T lymphocyte subsets for children aged 0— 12 years. Percentages (%), and absolute cell counts (x10°/1) when avail-
able, are shown. Counts are shown as median and percentile range (P10—P90)

0-2 years (median:
1.1)n=23

2—4 years (median:
3.4)n=14

4-6 years (median:

4.9)n=16

6—-12 years
(median: 8.1)
n=15

Total lymphocyte count (x10%/1)
CD3" lymphocytes (x10%/1)
CD3" lymphocytes (%)*
Naive T lymphocytes (x10°/1)
Naive T lymphocytes (%)°
Memory T lymphocytes (%)°
HLA-DR* CD38" activated T lymphocytes (%)°
TCRap lymphocytes (%)
TCRy3 lymphocytes (%)°
CD4" T lymphocytes
CD4" (x10°/1)
CD4" (%)°
Naive CD4" (x10°/1)
Naive CD4" (%)°
Recent thymic emigrant, RTE (x10°/1)
RTE (%)°
CD4"CD45RA* CD62L" (%)°
CD4" TCM, central memory (%)°
CD4" TEM, effector memory (%)°
CD4" TEMRA, terminally differentiated effector (%)°
HLA-DR* CD38"CD4" activated T helper (%)°
Regulatory CD4" T, Treg (%)°
CDS8" cytotoxic T lymphocytes
CD8" (x10%/1)
CD8" (%)°
Naive CD8" (x10%/1)
Naive CD8" (%)¢
CD8" TCM (%)*
CD8" TEM (%)¢
CD8' TEMRA (%)"
HLA-DR™ CD38"CD8" activated cytotoxic T (%)%
TCRaB" double-negative T, DNT (%)°
Double-positive T, DPT (%)"

5.32(2.91-7.33)
3.86 (1.67-4.83)
67 (56— 178)

3.05 (1.3-4)
81(71-87)

10 (6—15)
4(3-7)

96 (93-97)
4(3-7)

2.34(1.11-3.03)
65 (55—71)
2(0.88-2.74)
86 (82-92)

1.91 (0.47-2.69)
74 (62-83)

87 (82-91)

9 (6-16)
3(2-5)

0.9 (0.3 1.6)
3(2-4)

6 (5-10)

1.06 (0.59—1.69)
30 (23-40)

0.77 (0.46—0.99)
79 (53— 88)
2(1-3)
6(5-14)

12 (5-26)
5(2-15)
1.3(0.7-2.2)
0.5 (0.3-0.9)

2.73 (1.93-5.36)
1.81 (1.31-3.59)
65 (62—71)

1.4 (0.96—2.64)
72 (68—81)

17 (11-20)
5(3-10)

93 (90-96)

7 (4-10)

1.3 (0.76-2.33)
60 (51—74)
1.01 (0.56—1.88)
80 (75—85)
0.86 (0.45—1.6)
66 (56—70)

78 (70—84)

16 (11-20)
4(3-6)

0.6 (0.2-0.8)
3(2-5)
7(5-9)

0.54 (0.28—1.25)
33(20-35)

0.44 (0.22-0.77)
73 (60—86)
3(1-4)
11(5-17)

10 (6-26)
7(3-21)

1.8 (1.1-2.6)
0.4 (0.2-0.5)

2.57 (1.89—4.54)
1.98 (1.29-3.23)
74 (64—80)

1.48 (0.75-2.35)
72 (57-80)

18 (13-27)
5(3-6)

92 (86-95)

8 (5-14)

1.15 (0.66—1.98)
59 (50—63)

0.92 (0.46—1.61)
79 (64—83)

0.81 (0.39—1.38)
66 (55—70)

79 (65-81)

15 (13-24)
6(4-13)

0.6 (0.4—1)
3(2-4)

8 (7-10)

0.66 (0.42—1.1)
34 (24-39)

0.45 (0.25-0.67)
68 (55-77)
2(1-2)

13 (5-22)

18 (13-27)
8(4-12)

1.6 (1-2)
0.4(0.2-0.7)

1.97 (1.9-2.73)
1.45 (1.25-2.12)
71 (63-75)

0.92 (0.73—1.36)
61 (56-171)

22 (16-28)
4(3-9)

91 (83-95)
9(5-17)

0.89 (0.65—1.27)
60 (48—65)

0.65 (0.45—0.87)
70 (60—75)

0.47 (0.35-0.71)
56 (50—61)

68 (59-73)

21 (17-30)
8(5-11)

0.6 (03— 1.1)
3(2-4)
7(5-10)

0.42 (0.34-0.75)
30 (23-42)

0.3 (0.19-0.42)
58 (46—77)
2(1-5)

13 (6-27)

18 (9-34)

6 (3-15)

1.7 (1.1-2.3)
0.3 (0.2-0.6)

9% of total lymphocytes

® 9% of T lymphocytes (CD3")
% of CD3"CD4" lymphocytes
494 of CD3*CD8" lymphocytes

HLA-DR Human Leukocyte Antigen — DR isotype, TCR T cell receptor, RTE recent thymic emigrant, 7CM central memory T cell, TEM effector
memory T cell, TEMRA terminally differentiated effector T cell, Treg regulatory T cell, DNT TCRaf+double-negative T cell, DPT double-

positive T cell

dendritic cell compartment remained relatively constant
during childhood. After multiple comparisons corrections,
the differences between sexes were not statistically signifi-
cant, albeit our sample size limits our ability to estimate
sex-related differences reliably. Continuous reference
range model for the absolute count of RTE cells is shown
in Fig. 1. Our model shows an exponential decay of RTE
cells during childhood. As there was a limited number of
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participants under one year of age, the reliability of this
continuous model in newborns and infants is restricted.
The absolute counts of the main T cell populations under-
went dual-platform analysis (Sysmex calculation and
flow-cytometric Trucount analysis) where we found that
the flow-cytometric method provides slightly higher val-
ues than calculation from Sysmex analyzer (Supplemen-
tary Figure S5).
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Table 2 Reference values for B lymphocyte subsets and dendritic cells for children aged 0—12 years

0-2 years (median: 1.1)

2—4 years (median: 3.4)  4-6 years (median: 4.9) 6-12 years

n=23 n=14 n=16 (median: 8.1)
n=15
Naive B lymphocytes (%) 83 (75-89) 73 (66—79) 66 (51-74) 56 (45—-66)
Memory B lymphocytes (%) 13 (9-23) 25(17-32) 29 (23-45) 41 (29-53)
Non-switched memory B, nsmB (%) 10 (7-15) 14 (9-21) 15 (11-23) 20 (12-27)
Switched memory B, smB (%) 2(1-3) 5(4-10) 10 (6—24) 14 (8-21)
CD21,,,CD38,,,, activated B (%) 6(3-98) 8(5—11) 10 (6—13) 10 (6—20)
CD1 9+CD38highIthigh transitional B (%) 12 (8—-17) 9(7-15) 6(3—-11) 4(3-6)
Plasmablasts (%) 0.6 (0.2—1.4) 0.3(0.2-2.0) 1(0.3-2.8) 0.6 (0.2—-1.6)
Plasmacytoid dendritic cells, pDC (%) 0.18 (0.06—0.32) 0.18 (0.08—0.38) 0.2 (0.09-0.37) 0.18
(0.11-0.48)
Myeloid dendritic cells, mDC (%) 0.08 (0.02—0.16) 0.08 (0.02—-0.18) 0.15 (0.07—0.29) 0.1(0.03-0.2)

Percentages are shown as median and percentile range (P10—P90). B cell subsets are shown as % of CD19+ B cells, and dendritic cells as % of

peripheral blood leucocytes

RTE cells (10"-9/)

N

Percentiles
97.5
95
90
-— 75
- 50
— 25
10
5
25

6

Age (years)

Fig. 1 Continuous reference interval model for recent thymic emigrant (RTE) cell count. The estimation is based on 68 samples from children aged
0—12 years. As only 6 participants were under 1 year of age, the estimations among the newborn and infants are limited

Reference Value Studies Present Considerable
Variability in Statistical and Methodological
Approaches

We conducted a literature review on studies that have pre-
viously assessed pediatric reference values for extended
lymphocyte immunophenotyping with the aim of exam-
ining how the values of diagnostically essential T and B
lymphocyte populations obtained in this study differ from

previous results. Naive CD4" and CD8" T cells, RTEs,
DNTs, CD8'TEMRASs and y8 T cells were included from
the T cell compartment and naive, total memory, switched
memory, non-switched memory, transitional, activated B
cells and plasmablasts from the B cell compartment. Arti-
cles chosen for the literature review were acquired in July
2024 from PubMed using following search terms: pediatric,
T lymphocyte/cell, B lymphocyte/cell, subpopulation/sub-
set and reference values. Additional literature searches were

@ Springer
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performed for more specified cell subpopulations, such as
RTEs and DNTs. Articles that presented their reference val-
ues in the main article or supplementary files were consid-
ered, and articles that provided reference values only as a
chart were excluded. We did not inquire the raw data from
the authors.

The literature search resulted in 13 studies that have at
least partly assessed the included T cell subpopulations [5,
6,8, 12-21] and 12 studies [4, 6, 8, 17, 19-26] for the B cell
subpopulations in the pediatric cohorts. Six studies assessed
both T and B cell subsets [6, 8, 17, 19-21], and overall, 19
studies were included in the analyses [4-6, 8, 12-26]. One
study evaluated the reference values for male and female
separately and for the comparison, we included both values
[21]. The results of the comparison analysis are shown in
Figs. 2 and 3, and the articles, their chosen statistical inter-
val, age cohorts and cell subset definitions are provided in
detail in Supplementary Tables S3 and S4 as well as details
on how the age cohorts, which varied significantly, were
compared between the studies.

The chosen statistical interval, age cohorts and cell sub-
set definitions varied between the studies. Fourteen studies
used percentile range, which varied overall from 5 — 95 to
25 — 75 percentiles [4, 6, 12—18, 21-25]. Three studies chose
tolerance interval with the included proportion being 90%
(0.90) and confidence level of 0.95 [5, 19, 26]. One study
reported value range of highest and lowest value present in
their age-matched cohorts [8], and one study used standard
deviation of the population as the statistical interval for both
T and B cell compartments [20]. The comparison shows that
the largest differences in the values seems to result from dif-
ferences in the chosen interval, with tolerance intervals pro-
viding especially wide reference limits [5, 19, 26].

Cell subset definitions varied slightly between the
studies with most differences in RTE and DNT cell defi-
nition (Supplementary Table S3). RTEs were defined as
either CD45RA'CD31", CD45RA'CD62L'CD317, or
CD45RACD27°CD62L*CD31*, however the reference
values from these definitions were similar. In two stud-
ies, it was not unequivocally stated whether DNTs also
included TCRy&" cells [15, 19]. Transitional B cells were
defined in most cases as either CD19"CD38"egM"e" and
CD19"CD24"¢"CD38Me"  Garcia-Prat et al. [6] defined
transitional B cells as CD19"CD27 CD24"CD38"IgD" and
their provided median seems to be slightly higher compared
to other studies. Their study also defines plasmablasts as
CD19°CD27°CD24 CD38"IgD™ with higher median and
wider reference limits. Otherwise, plasmablasts were either
defined as CD19"CD24 CD38"&" CD19*CD38"&"gM, or
CD19"CD24 CD38"e"gM".

Our reference intervals for non-switched memory
and activated B cells are moderately higher compared to
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previous studies. However, the overall results of this study
and previous studies seem to comply with each other rela-
tively well and while the reference limits do differ between
some of the studies, the obtained median remains rather
similar in all studies and in every age cohort.

yO T Cells are Increased in CHH while Naive T Cells
are Decreased in Most IEls

Figure 4 shows the diagnoses and their proportions in the IEI
cohort (Fig. 4A), and the proportions of patient sample val-
ues below, within and above the assessed reference values
(Fig. 4B and C). The most common diagnoses in the clini-
cal cohort were 22ql1.2del and CID (both n=14, 30.4%).
The proportional values of RTEs (38%), naive CD4" (46%),
CDS*TEMRAS (46%), and y8 T cells (62%) were below the
reference range, while naive CD8+T cells were above the
reference range (46%) in the 22ql1.2del cohort. In carti-
lage-hair hypoplasia (CHH; n=6, 13%), DNTs (50%), naive
CD8+(50%), and yd T cells (100%) were above, while RTEs
(83%) and naive CD4+T cells (100%) below the reference
range. Values of naive CD4+ (73%) and RTEs (73%) were
below the reference range in CID cohort. CVID or antibody
deficiency cohort also had RTEs (67%) below the reference
range as well as naive CD8+T (50%) and DNT cells (50%).
Patients with HIES had T lymphocyte values mostly within
the reference range (Fig. 4B).

Patients with CID and CVID have Increased Naive
and Transitional B and Decreased Memory B Cells

Levels of total memory, switched and non-switched mem-
ory, and activated B cells followed similar pattern together
and were below the reference ranges in CVID or antibody
deficiency, CID, and HIES cohorts (Fig. 4C). Naive B
cells were above the reference range in CID (63%), CVID
or antibody deficiency (60%), and HIES (75%) cohorts.
Transitional B cells were above the reference range in CID
(63%) and CVID or antibody deficiency (40%) cohorts.
Plasmablasts were mostly within the reference range in all
IEI cohorts.

Children have Weaker Lymphocyte Stimulation
Responses than Adults

The lower reference limits for FASCIA from healthy chil-
dren were significantly lower than those for adults (Table 3)
and this was evident with both mitogens used in the stimu-
lation (PHA, ConA). To evaluate this difference further, we
tested the correlation of combined FASCIA-score and the
level of naive and memory T lymphocytes. The FASCIA-
score represents the average percentage of blasts among
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CD4 + and CD8 + T-lymphocytes in response to both mito-
gens (PHA, ConA), providing an estimate of the cells over-
all responsiveness. A previous study by Lusila et al. [27],
which was conducted on a heterogeneous population con-
sisting mainly of adults examined for clinical suspicion of
IEI, found no correlation between FASCIA-score and abso-
lute total T lymphocyte count (Spearman’s rank correlation
coefficient — 0.043). In contrast, our analysis demonstrated
strong negative correlations between FASCIA-score and
absolute naive T cell count (— 0.604, Table 3) and absolute
RTE count (— 0.635). Additionally, we found a strong nega-
tive correlation with FASCIA-score and absolute total T
lymphocyte count (— 0.610). A moderate positive correla-
tion was found between FASCIA-score and memory T cell
percentage (0.460). Correlation plots are shown in Fig. 5.

Discussion

In this study, we established age-matched reference values
for T and B lymphocyte subsets and dendritic cells for chil-
dren aged 0 — 12 years and compared our results of key
lymphocyte subsets to reference values obtained from stud-
ies around the world. To our knowledge, only Jodhawat et
al. [17] has compared the earlier work of pediatric reference
values of extended immunophenotyping, albeit their com-
parison solely focused on T-cell subsets and did not include
all published literature. The changes in the lymphocyte com-
partment underwent similar age-associated developments as
evident in the previous publications. The methodology of
reference value assessment differed between the studies. We
compared our reference values with values from children
with IEI and found values of yo T cells above the reference
range in all CHH patients and RTEs below in CHH, CID
and CVID. Additionally, we assessed suggestive reference
limits for lymphocyte stimulation test (FASCIA) in children
and compared their results with adults. We found weaker
stimulation results in children than adults.

Commonly used upper reference limits for DNTs in
ALPS diagnostics are 2% or 2.5% of CD3" T cells [9, 28].
In our study, the upper reference limits of all age groups
exceeded 2%, with the highest upper reference limit being
2.9% in children aged 6 — 12 years. Results higher than
2% were also present in all studies included in the litera-
ture comparison of DNTs, however, the medians of our age
cohorts as well as most other studies remained below the
2% limit. Overall, our findings suggest that healthy children
may naturally have slightly higher DNTs than the com-
monly used 2% of CD3" T cells, although the specific DNT
cutoff levels are laboratory-dependent and cannot be gener-
alized to all laboratories by default.

Earlier studies have suggested the importance of coun-
try-specific reference values as the environment and the
prevalence of infectious diseases have been considered to
affect the development of the lymphocyte compartment
[29]. However, Shearer et al. found that the effect of ethnic-
ity and sex appeared small. In their study, inter-laboratory
variability was as significant a confounder as the age of the
participant [13]. Although we did not utilize meta-analytic
methods, our analysis approach did not find major differ-
ences between the studies conducted around the world. The
median values of key lymphocyte subpopulations remained
similar, and most differences occurred in the width of the
reference interval. These discrepancies seem to result from
differences in laboratory or statistical methodologies. The
cell-surface markers used for extended immunophenotyp-
ing varied among the studies as the field continues to lack
proper standardization among lymphocyte definitions. A
notable difference concerns the various definitions of naive
T cells. While our laboratory defines naive T cells using
both CD45RA and CCR7 expression, the custom in many
laboratories is to rely on CD45RA alone, which contributes
to variability [5, 6, 14, 17].

The largest differences in reference intervals were attrib-
uted to the chosen statistical method. Reference intervals by
Schatorjé et al. [5, 26] and Besci et al. [19] were in almost
all cases wider than in other studies. This seems to be the
result of using tolerance intervals as reference range. Dis-
cussion about the most appropriate method for reference
range estimation has been published recently [30, 31]. We
chose percentile-based reference intervals as tolerance inter-
vals inherently produce broader intervals and as such, in
medicine, decrease the risk for false positives but increases
the risk for false negative results in clinical practice. Other
studies have used alternative percentile-based approaches
—such as P25 — P75 (IQR), P10 — P90, or P5 — P95 inter-
vals — with each reflecting different priorities in balancing
diagnostic sensitivity and specificity [6, 15, 16]. The lack of
consensus highlights the challenge of defining universally
applicable reference intervals, especially in pediatric pop-
ulations where the cohorts need to be age-matched as the
immune system undergoes constant development. Addition-
ally, as the reference intervals were wide in our literature
review across the studies, it is evident that the biological
variation of lymphocyte subsets among healthy children is
significant. While the risk of overdiagnosis may be present
when narrower reference ranges are used, we believe that
the more sensitive detection of immunologically vulnerable
individuals outweighs this risk. Furthermore, as extended
lymphocyte immunophenotyping is only ordered by a spe-
cialized immunologist who not only accounts for laboratory
results but also evaluates the patient’s clinical history and
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{ Fig.4 Results from the pediatric IEI cohorts. All patients did not have
immunophenotyping data for all cell subsets and thus the count (n) pro-
vided in Fig. 4B and 4C constitutes the size of the specific IEI cohort,
not the number of samples available for that cell subset. Detailed infor-
mation on how many patients had specific cell subset data available is
provided in Supplementary Tables S5 and S6. (A) Classification of IEI
cohorts based on the IEI diagnosis. (B) Key T cell subset values of IEI
cohorts compared to reference values. (C) B cell subset values of IEI
cohorts compared to reference values

pathognomonic symptom occurrence [32], we argue that the
real risk of overdiagnosis due to a narrow reference range
remains small.

In 22q11.2del cohort, the proportional values of naive T
cells were not below the reference range for most patients.
Although characterized as an immunodeficiency syndrome,
the immunophenotypes of 22q11.2del vary greatly and not
all patients suffer from severe thymic dysfunction nor have
naive T cell lymphopenia. Complete DiGeorge syndrome
(cDGS) characterized by athymia and total T cell lympho-
penia is extremely rare [33, 34]. Accumulated DNTs have
been reported in DGS patients with autoimmune cytopenia
or ALPS-like features [35, 36]. In our cohort, DNTs were
above the reference range only for a minority of patients.

The contribution of patients with cartilage-hair-hypo-
plasia (CHH) is relatively large (n = 6) compared to the
overall prevalence of this condition in the world. CHH is
of the Finnish Disease Heritage, i.e. group of rare genetic
diseases enriched in the Finnish population due to a founder
effect. All peripheral y6 T cell values of CHH patients were
above the reference range. DNTs were also above the refer-
ence range for half of the CHH patients. Patients with CHH
have an increased risk of developing autoimmune diseases,
severe infections, and cancer [37]. Previous findings of
decreased naive CD4" cells and RTEs in CHH were also
evident in this study [38, 39]. Our findings of increased y6 T
cells and DNTs could partly explain how immune dysregu-
lation in CHH emerges as yd T cells can have autoimmune
effects [40]. However, as our CHH cohort only included 6
patients, these findings remain preliminary. Naive CD8" T
cells were increased in most patients with CHH, but this
is likely due to the especially low level naive CD4" cells
which increases the proportional size of the CD8 + cells in
the naive cell compartment. In our CID and CVID cohorts,
33 — 36% had yo T cell values above and 17 — 27% had
CD8* TEMRAs above the reference range. Human cyto-
megalovirus (HCMV) infection has been shown to increase
the levels of yo T cells and drive T lymphocyte differentia-
tion towards terminal stage, especially in CID and CVID
patients [41-43]. We did not have data on HCMYV status of
any study participants nor the absolute lymphocyte values
of IEI patients.

Due to the variabilities in the laboratory practices of
lymphocyte stimulation, our reference values for FASCIA
are not generalizable to other laboratories. However, as the
reference limits were assessed similarly as with the adult
population, we were able to compare the results between
children and adults. Children tend to have modestly weaker
stimulation responses in FASCIA than adults which is fur-
ther emphasized by the fact that the children’s reference
limit was 10th and adults’ 5th percentile of the distribution.
This difference could be explained by children having pro-
portionally more naive lymphocytes whereas adults have
more memory lymphocytes. Supporting this hypothesis, we
found strong negative correlations between FASCIA-score
and absolute naive T, RTE and total T cell counts and mod-
erate positive correlation with the T memory cell percent-
age in children. One plausible biological explanation for the
lower proliferative rate for naive T cells in FASCIA lym-
phocyte stimulation could stem from the long stimulation
period used in FASCIA. Contrary to memory cells, naive
T cells lose their proliferative capacity in longer mitogen
stimulation, which is used in FASCIA method unlike other
lymphocyte stimulation tests [44]. Our findings suggest that
children and adults have differing results in lymphocyte
stimulation, and this is potentially driven by the higher pro-
portion of naive T cells in children.

Our study has some limitations, mainly the limited sam-
ple size, particularly in children under one year of age. This
prevented further subdivision of age cohorts. Changes in the
lymphocyte compartment start to occur quickly after birth
and the lymphocyte composition of a 2-year-old differs
from an infant [7, 8]. Most significant change after birth is
the heavily decreasing RTE count [7]. Our quantile regres-
sion model for RTE count reflects this exponential decrease
after 1 year of age. A robust review of the reference value
literature was conducted to improve the reliability of our
reference values. However, as the studies included in this
comparison used varying age grouping — particularly in the
younger cohorts — we combined these age groups together to
include them in our comparison. This can be seen as a limi-
tation as it might result in slightly different reference limits
than the original data would have provided. Even though
the IEI cohorts included patients with rare diseases and
thus assembling an ample cohort is challenging, sufficient
sample size remains essential when generalizing results to
a specific condition. As the sample size is limited, the IEI
analysis provides a depiction of how these cell subsets pos-
sibly behave in IEI-affected children, and does not provide
a clinical validation of our reference ranges. We did not col-
lect information about the participants’ ethnicity, albeit in
our estimation the majority of the study participants are of

@ Springer



162 Page 12 of 15

Journal of Clinical Immunology (2025) 45:162

Table 3 Lower reference limits for lymphocyte mitogen stimulation
with FASCIA method for children under 9 years of age and adults and
the results from the spearman’s correlation analysis of combined FAS-
CIA-score and T lymphocyte subpopulations. Correlation analysis was
performed only for pediatric samples

Stimulation Children (n=27) Adults
(n=177)

CD4+PHA 88% 92%

CD8+PHA 82% 87%

CD4+ConA 71% 77%

CD8+ConA 67% 76%

Lymphocyte population (absolute Spearman’s correlation

counts) coefficient

Total T cells —0.610

Naive T cells —0.604

RTE cells —0.635

Memory T cells 0.460

FASCIA flow-cytometric assay for specific cell-mediated immune-
response in activated whole blood, PHA phytohemagglutinin, Con4
Concavalin A, RTE recent thymic emigrant

Finnish ethnicity. This homogeneity limits the generaliz-
ability of our results. However, reference values for pediat-
ric extended immunophenotyping have not been published
previously in Northern Europe. Our reference ranges cannot
be directly extended to all laboratories but are applicable
to the ones using comparable methodology and analytical
platforms.

A

N [}
.

Naive T cell count (E-9/1)
N

80 85 90 95
FASCIA-score

()

CD3+ T cell count (E-9/1)
N »

80 85 90 95
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Fig. 5 Correlations between FASCIA score and different lymphocyte

subset counts. (A) Correlation between FASCIA-score and naive T cell
count. (B) Correlation between FASCIA-score and RTE cell count. (C)
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Conclusions

In conclusion, this study provides a considerable contribu-
tion with establishing reference values for T and B lympho-
cyte subpopulations and dendritic cells for children aged
0 to 12 years. Our reference values were compared with
both earlier scientific work and patient samples. The eleva-
tion of vy T cells and DNTs in many IEI conditions needs
more research as these cell populations constitute interest-
ing biomarker candidates. Additionally, we established ref-
erence limits for lymphocyte stimulation with FASCIA in
adults and suggestive reference limits for children under 9
years of age and found a correlation with weaker mitogen
response and the level of naive T lymphocytes in children.
Lymphocyte immunophenotyping lacks universal standard-
ization of lymphocyte subsets which complicate the com-
parison between laboratories. Here, our immunophenotypes
have been selected to reflect the most accepted definitions
of different populations. Moreover, our comparison to pre-
vious literature confirmed that our reference values are in
good agreement with other published reference values.
While IEIs remain rather rare medical conditions over-
all, the prevalence and the number of people affected by
them are steadily increasing and thus the improvement of
laboratory diagnostics of these conditions is essential. We
hope this work aids clinicians in interpreting lymphocyte
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immunophenotypes in immunologically affected children
more accurately and precipitates the diagnostic process for
immune-mediated conditions in pediatrics.
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