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Abstract

Background The circulatory peripheral immune system is the most convenient approach for determining an indi-
vidual's immune status. Due to various reasons, while previous studies have addressed the critical impact of age,
most individual studies did not analyze immunosenescence in a systemic manner, which complicates the possibility
of building a reference range for age-dependent immune profiles for effective immune monitoring. To address this
gap, this study analyzed a group of healthy individuals to establish age-specific reference ranges of the healthy circu-
latory immune profile, and a systematic review and meta-analysis were conducted to validate the findings and create
generalizable immune cell reference ranges.

Results Our study recruited a total of 363 healthy Taiwanese adults (median age 42 years [IQR 30, 62], age range 21
to 87 years, 43.3% male), including 158 under 40 years old, 127 between 40-64 years old, and 78 over 64 years old.
Significant age-related alterations were observed in both adaptive and innate immune cell subsets. CD8+T cells
decreased and CD4/CD8 ratio increased, with notable increases in NK cells. CD4 4T cells were less impacted by aging,
while CD8+T cells significantly lost CD28 and increased CD31 expression with age. A clear reverse trend in naive

and memory subsets of CD4 +and CD8+T cells was observed. Detailed reference ranges for immune cell subsets

in healthy Taiwanese adults were established. A systematic review included 7,425 adults and a meta-analysis of 12
eligible studies confirmed our findings in Taiwan, enhancing generalizability.

Conclusions Combined with previous studies and original data through a systematic review and meta-analysis, we
highlighted and quantified significant immune profile differences between older and younger individuals. The sex
and age-specific reference ranges for peripheral immune cell subsets can serve as a basis for effective immune moni-
toring of various aging-related illnesses.

Keywords Immunosenescence, Aging, Flow cytometry, Lymphocytes, Reference range

fSyuan-Ting Chang and Yi-Fang Chuang contributed equally to this work.

*Correspondence:

Yen-Ling Chiu

yenling.chiu@saturn.yzu.edu.tw

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12979-024-00480-x&domain=pdf

Chang et al. Inmunity & Ageing (2024) 21:75

Background

The human immune system, crucial for defending against
infectious pathogens throughout life, continually adapts
to the ever-changing environment by immune cell acti-
vation, proliferation, and differentiation. Over time,
age-related changes in the immune system have been col-
lectively defined as “immunosenescence” [1, 2]. While the
term intuitively implies the progressive deterioration of
the immune system with aging, it is being realized that
the aging process has diverse effects on the immune sys-
tem, and these changes are not always detrimental and
degenerative [3]. For example, the decrease in naive T
cells, a well-characterized aging-related change in the
immune system [4], is associated with decreased vaccine
response [5] and increased COVID-19-associated mor-
tality [6]. On the other hand, the emergence of Tpyra
cells (effector memory T cells with CD45RA re-expres-
sion) during aging could be viewed as a curtailed control
of virus-specific T cell expansion to create resources for
remaining immune cells [7].

Many previous reports from the literature have inves-
tigated the phenotypic characterization of circulatory
immune cells in healthy humans to define the “healthy”
immune system [8]. While some reports have established
the reference values for peripheral blood lymphocytes
[9-11], these reports failed to consider the potential
effects of aging on the immune system. On the other
hand, among studies that did consider age’s effects on the
immune system, they were frequently based on a smaller
number of individuals and/or narrow age ranges, and
some were based on frozen samples, potentially biased by
the viability of immune cells [12, 13]. Furthermore, some
studies focus on only specific cell types or fail to account
for gender differences [14, 15], thereby overlooking
immunosenescence beyond the main lymphocyte subsets
[16]. These limitations hinder a comprehensive under-
standing of age-related changes in the circulatory human
immune profile, complicating the definition of immune
health across different ages.

In this study, we analyzed the peripheral circulatory
T, B, NK cells, and monocyte differentiation subsets
in healthy Taiwanese to define the reference range of
immune cell populations across different age groups. Fur-
thermore, we conducted a systematic literature review
and meta-analysis, integrating our findings with exist-
ing research. The meta-analysis aims to corroborate and
extend several key findings of age effects on immune cell
composition from the literature.

Methods

Enrollment of participants and eligibility criteria

A total of 363 healthy adults, aged between 21 and
87 years old, were recruited from the Health management
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center of Far Eastern Memorial Hospital between Janu-
ary 2021 and December 2022.

The inclusion criteria were as follows: (1) age twenty
years and older, (2) females weighing more than 45 kg,
and males weighing more than 50 kg. To determine
whether an individual is healthy, all participants were
also examined to exclude the following conditions: (1)
women who were pregnant or within six months post-
partum (including after a miscarriage), (2) individuals
who have had major surgery or received a blood transfu-
sion within the last year, (3) individuals who have been
vaccinated against measles, German measles, mumps,
or polio (oral) with live attenuated vaccines within the
last four weeks, (4) individuals currently diagnosed with
or undergoing treatment for: syphilis, acquired immu-
nodeficiency syndrome (AIDS), active tuberculosis, dia-
betes, cardiovascular diseases (arrhythmia, myocardial
infarction, and those who have undergone cardiovascular
surgery), gastrointestinal ulcer bleeding, kidney-related
diseases (chronic renal failure), acute infections, conta-
gious diseases, liver-related diseases (chronic hepatitis,
cirrhosis), various cancers, autoimmune diseases (sys-
temic lupus erythematosus, multiple sclerosis, rheuma-
toid arthritis), (5) participants with coagulopathy, known
anemia with hemoglobin levels below 10 mg/dl, or recent
trauma. Because the recruitment was performed along
at the same time with physical checkups, individuals
with incidental findings of illnesses were also excluded.
All participants provided the informed consent, and
this study was approved by the Institutional Review
Board of the National Yang Ming Chiao Tung University
(YM109137E) and the Far Eastern Memorial Hospital
Research Ethics Committee (108,058-E).

Blood collection and immunophenotyping of peripheral
immune cell subsets using flow cytometry

Peripheral blood samples (20 ml each) were collected
for all participants before meals at Far Eastern Memo-
rial Hospital. Each sample was processed using a C00162
Duraclone IM Count Tube containing an antibody mix-
ture (Table S1) for staining, followed by adding A09777
VersaLyse buffer to lyze red blood cells. All samples
were analyzed using a multicolor flow cytometer Beck-
man Coulter CYTOFLEX, and after optical scanning
by the flow cytometer, data were analyzed using FlowJo
software.

Three panels (Figure S1) were designed to iden-
tify key immune cell subsets and monocytes, includ-
ing but not limited to: CD3+T cells (CD3+), CD4+T
cells (CD3+CD4+), CD8+T cells (CD3+CD8+), B
cells, and NK cells [17]. In the T-cell panel, subsets of
CD4+and CD8+were determined using CD45RA and
CD197 (CCR?7) to identify naive (CD197+ CD45RA +),
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effector memory RA+(CD197-CD45RA+, Tprypa)
central memory (CD197+CD45RA-, Ty, and effec-
tor memory (CD197-CD45RA-, Tgyy) T cells. CD28 is an
important costimulatory molecule during T-cell activa-
tion and proliferation [18]. CD57 is a surface glycopro-
tein and CD57+T cells exhibit impairment in replication
capacity [19]. Past research has found a high correlation
between the increase in CD57 and the decrease in CD28
with age [20]. CD31, also known as platelet endothelial
cell adhesion molecule-1 (PECAM-1), is upregulated in
naive cells, and progressively downregulated during T
cell differentiation [21]. Thus, we also evaluated the sur-
face expression of CD28, CD57, and CD31 in CD4+and
CD8+T cell subsets.

In the B-cell panel, B cells were identified as CD3-
CD19 +lymphocytes. Different subsets of B cell matu-
ration were examined, including naive (CD27-IgD+),
memory (CD27 +1gD- and CD27-IgD-), and transitional
B cells (CD38highCD24 +). In the NK cell, dendritic cell,
and monocyte panel, three groups of NK cells were iden-
tified based on their expression of CD3- and different
combinations of CD16 and CD56: total NK (CD16+ or
CD56+), CD56high NK (CD16-CD56+), and CD56low
NK (CD16+CD56-). Additionally, three populations
of myeloid cells were identified: CD14+CD16+ mono-
cytes, CD14+ CD16- (conventional/M1) monocytes, and
CD14-CD16 + (non-conventional/M2). Dendritic cells
(DC) were characterized as Lineage (CD3-CD19-CD20-
CD16-CD56- HLA-DR +) PBMCs.

Statistical analysis of the Taiwanese original data

After removing outliers that deviated more than three
standard deviations from the raw data, we conducted a
normality test using Q-Q plots. To explore age-related
changes in healthy Taiwanese adults, we categorized 363
participants into three age groups: individuals under
40 vyears, those between 40-64 years, and those over
64 years. One-way Analysis of Variance (ANOVA) was
used to compare the differences in absolute numbers
among three age groups, with Tukey’s Honestly Signifi-
cant Difference (HSD) post-hoc test for further com-
parison. Differences between genders were analyzed by
independent-sample t-test. Spearman correlation analy-
sis was used to investigate the relationships between
immune cell subsets and age. A spearman correlation
matrix visualization was generated using the R package
“corrplot” Variables are considered correlated only if the
correlation coefficient (r) is greater than 0.2 or less than
-0.2, and the p-value is less than 0.05. Finally, we con-
ducted a non-parametric bootstrap to calculate reference
range (percentile 2.5-97.5). All data synthesis and analy-
sis in this study were conducted using STATA version 18
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and R version 4.3.2. All statistical tests were two-tailed
with a significance level of 5%.

Systematic review of the literature

The systematic review and meta-analysis of this study
followed the PRISMA (Preferred Reporting Items for
Systematic Review and Meta-Analysis) guidelines [22].
We conducted a comprehensive search of medical elec-
tronic databases, including PubMed, MEDLINE, Embase,
and Web of Science, to identify relevant studies pub-
lished from inception to November 2023. Keywords were
organized using Medical Subject Headings (MeSH) such
as "Lymphocytes," "Reference ranges," "Flow Cytometry,"
and "Healthy adults." (Table S2). Additionally, the refer-
ence lists of included studies were searched manually to
increase the retrieval of studies. Two reviewers (STC,
YEC) independently screened the full text of the identi-
fied studies based on the inclusion and exclusion criteria
(Table S3). Eligible studies were selected to extract data,
including sample size, country, and the age group of par-
ticipants. Furthermore, specific details were extracted
regarding the flow cytometry protocol used for measur-
ing lymphocytes, such as the gating strategy, single or
dual platform, and instrument used. Summary statistics,
including mean, median, percentiles, and confidence
intervals, were also extracted for absolute immune cell
numbers and/or the percentage of immune cell subsets
relative to the total numbers.

Meta-analysis of included studies and Taiwan’s data

The meta-analysis included studies that provided data on
both the dispersion (e.g., standard deviation) and central
tendency (e.g., mean) of immune cell subsets estimation.
Studies that only reported a wide age range (> 40 years)
were not included in the meta-analysis. Details for fea-
sibility of including studies in a meta-analysis are pre-
sented in Table S4.

Two approaches of meta-analysis were utilized to assess
the mean and normal ranges (2.5th-97.5th percentile)
of immune cell numbers from the included studies and
our results in Taiwan. First, corresponding to our data
analysis, separate meta-analysis was conducted for three
distinct age groups: individuals under 40 years old, those
between 40-64 years old, and those over 64 years old.
This approach allowed comparisons of immune cell num-
bers within similar age groups. Second, we combined
data from all eligible studies and estimated the relation-
ship between immune cell numbers and continuous age
from 18 to 95 years old. This approach provided insights
into how immune cell numbers change across the entire
age spectrum. Both approaches of meta-analysis were
conducted using absolute and percentage of immune
cell numbers. Detailed information on the meta-analysis
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methodology was provided in Additional file 1: Supple-
mentary material. All meta-analysis in our study was
conducted using R version 4.3.2.

Results

Significant differences in immune cell subsets

across different age groups

A total of 363 healthy Taiwanese adults (median age
42 years [IQR 30, 62], age range 21 to 87 years, 43.3%
male) were recruited, including 158 individuals under
40 years old, 127 between 40—-64 years old, and 78 over
64 years old. The demographics and average distribution
of immune cell subsets in each age group are detailed in
Table 1.

Our data revealed a significant age-related increase
in NK cells and CD4/CD8 ratio, along with a decrease
in CD8+T cells and CD19+B cells (Table 1). In detail,
naive CD4+T cells (Fig. 1la) and naive CD8+T cells
(Fig. 1b) decreased as individuals aged, while the numbers
of memory cell subsets like the CD8+ effector memory
RA+(Tgpygra) T cells (Fig. 1b), CD4+ central memory
(Tew) T cells, CD4 + effector memory (Tgy,) T cells, and
CD4 + effector memory RA+(Tgypa) T cells (Fig. 1a)
were significantly increased with age. Although the num-
bers of CD4+T cells remained relatively stable, age-
related reverse trends of naive and memory T lymphocyte
subsets were clearly demonstrated (Fig. le). In the older
age group, there was also an increase in absolute numbers
of NK cells, primarily attributed to a significant increase
in CD56,,, NK cells (Fig. 1c). Lastly, although total
CD19+ B cells decreased with age (Fig. 1d), the decrease
was not due to changes in the naive, memory, or transi-
tional B cell subsets, which remained relatively stable.

Besides changes in the aforementioned T differen-
tiation status, T cells exhibit many other phenotypic
changes during aging. With increasing age, a significant
increase in absolute numbers of CD8+CD28-CD57+T
cells were observed, while CD8+ CD31+T cells (Fig. 1b)
decreased significantly with advancing age. Neverthe-
less, the numbers of CD4+CD31+T cells (p=0.59),
CD4+CD28+T cells (p=0.55), and CD4+CD28null T
cells (p=0.1) remained relatively stable across three age
groups (Table 1).

As expected, the number of total monocytes increased
with increasing age. Cell numbers of different monocyte
subsets (M1, M2, M3) also showed tendencies to increase
with age. Nevertheless, the number of dendritic cells was
not affected by age.

Correlations between immune cell subsets and age

Since peripheral blood immune subsets showed signifi-
cant differences between age groups, a Spearman correla-
tion matrix was used to analyze all possible correlation

Page 4 of 12

coeflicients between immune cell subsets and age, or
between the subsets themselves (Figure S2).

The percentage of CD3+T cells showed a signifi-
cant negative correlation with age (percentage: r=-0.34,
p<0.0001), while their absolute numbers also decreased.
There was a significant correlation between age and
CD8+T cells (absolute: r=-0.27, p<0.0001; percentage:
r=-0.38, p<0.0001), as were CD4/CD8 ratio (r=0.31,
»<0.0001), NK cells (absolute: r=0.21, p<0.0001), and
CD19+B cells (percentage: r=-0.23, p<0.0001). Again,
CD4+T cells did not correlate with age in either absolute
or percentage numbers. Finally, there was a strong cor-
relation between age and naive CD8+T cells (absolute:
r=-0.76, p<0.0001).

Effects of gender on immunosenescence

In our study of 363 healthy adults, which comprising
157 males and 206 females across various age groups,
we discovered significant gender-related differences in
immune cell numbers. Notably, CD4/CD8 ratio was
significantly higher in females than in males (»p=0.017,
Table S5). This distinction was also significant in the age
group of 40—64 years (p=0.017, Table S7) and in those
over 64 years (p=0.035, Table S8). Meanwhile, females
showed a higher level of memory B cells (»p=0.005,
Table S5) and CD4+CD31+T cells (»p<0.001, Table S5),
while males demonstrated a higher level of monocytes
(p=0.001, Table S5), CD14+CD16- (conventional/
M1) monocytes (p=0.004, Table S5) and CD8+ CD28-
CD57+T cells (p=0.021, Table S5).

Given the notable effect of age and gender on the
immune system, we established estimated reference
ranges for immune cell subsets in Taiwanese males and
females separately across different age groups, detailed in
Table S6-S8.

Study selection for systemic review

The selection of studies was guided by the PRISMA
(Preferred Reporting Items for Systematic Review and
Meta-Analysis) guidelines, as shown in Figure S3. After
reviewing the titles and abstracts of 236 articles found
in the electronic database, 50 articles were selected for
a thorough full-text review. 29 studies [8—13, 15, 16, 23—
43] met the eligibility criteria for inclusion and the rel-
evant data was extracted as shown in Table S9.

Due to insufficient data for estimation (e.g. only
reported median) and/or wide age range, 18 studies [8, 9,
11, 12, 23, 25-30, 32, 33, 35, 37, 38, 41, 43] were excluded
from the meta-analysis (Table S4). Data from 11 studies
[10, 13, 15, 16, 24, 31, 34, 36, 39, 40, 42] and Taiwan’s data
were used: 12 studies for the meta-analysis of immune
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Table 1 Demographics and immune cell subsets distribution of study population (n=363) by three age groups

<40 years old 40-64 years old >64 years old p-value
(n=158) (n=127) (n=78)
Age, median (Q1, Q3) 29 (27, 34) 47 (43,55) 70.5 (67, 76) <0001
Gender; Male, n (%) 72 (45.6%) 56 (44.1%) 29 (37.2%) 0.46
Immune cell subsets, mean (SD)
Lymphocyte (cells/pL) 1942 (631) 1992 (668) 2069 (706) 038
CD3 +T cells (%) 68.2 (7.0) 663 (7.4)" 603 (96)" <0.001
CD3 +T cells (cells/pL) 1324 (459) 1316 (452) 1253 (499) 0.52
CD4 +T cells (%) 347 (6.5) 36.8(7.3) 35.1(87) 0.054
CD4 +T cells (cells/pL) 682 (286) 735 (293) 731 (341) 0.26
Naive T cells (cells/pL) 331(178) 303 (186)" 221(158)" <0.001
Central memory T cells (T, (cells/uL) 138 (79)° 174 (114) 198 (122)" <0.001
Effector Memory T cells (Tgy), (cells/ul) 192 (99)° 236 (125) 271 (213)" <0.001
Effector memory RA+T cells (Tgygy), (cells/ul) 20 (22) 22027)f 40(83) 0.003
CD4+CD28+T cells (cells/pL) 624 (266) 659 (274) 642 (276) 0.55
CD4+CD28null T cells (cells/uL) 58 (56) 76 (86) 89 (193) 0.100
CD4+CD31+T cells (cells/pL) 292 (144) 277 (122) 280 (145) 0.59
CD8+T cells (%) 250 (5.6)% 223677 183(69)" <0.001
CD8+T cells (cells/pL) 480 (175) 434 (170)"" 382(219) <0.001
Naive T cells (cells/uL) 223 (115)% 119 (80)"" 31(33)" <0.001
Central memory T cells (Te), (cells/uL) 24 (33) 33(51) 24 (38) 0.18
Effector Memory T cells (Tgyy), (cells/pL) 153 (72) 167 (102) 182 (135) 0.088
Effector memory RA+T cells (Tgygy), (cells/ul) 80 (83) 116 (106)" 145 (130)" <0.001
CD8+CD31+T cells (cells/uL) 344 (142)% 285 (107) 264 (154)" <0.001
CD8+CD28-CD57+T cells (cells/uL) 43 (57)% 68 (68) 84(83)" <0.001
CD4/CD8ratio 148 (0.54)% 187 (0.82)" 230(1.34)" <0001
CD19+ B cells (%) 14.7 (4.4) 14.0 (4.5)" 114 (5. 5)” <0.001
CD19+ B cells (cells/pL) 285 (129) 282 (150)7 237(148) " 0.032
CD19+4CD20+ B cells (cells/uL) 280 (127) 279 (148)* 234( 7 0.036
Naive B cells (cells/uL) 127 (70) 131 (94) 5(96) 0.75
Memory B cells (cells/uL) 70 (43) 78 (48) 75 (5 1) 034
Transitional B cells (cells/uL) 9(11) 7(7) ( 0) 0.16
NK cells (%) 143 (7.9) 145 (9.0)"* 9.7 (104)" <0001
NK cells (cells/pL) 279 (146) 326 (211)° 403 (244)" <0.001
NK cells/CD56 high NK cells (cells/uL) 119) 12 (24) 7 (4) 0.14
NK cells/CD56 low NK cells (cells/uL) 268 (146) 314 (208)" 396 (243)" <0.001
CD86 + monocytes (cells/pL) 399 (151)° 400 (138)" 451 (119) 0017
Monocytes (cells/uL) 457 (178) 453 (165)" 509 (131) 0.042
CD14+CD16- monocytes (M1), (cells/uL) 334 (131) 326 (120) 361 (98) 0.14
CD14+CD16+monocytes (cells/ul) 14(17) 16 (24) 20 (14) 0.053
CD14-CD16- monocytes (M2), (cells/uL) 24 (37) 29 (49) 35(19) 0.17
Dendritic cells (DC), (cells/pL) 267 (141) 263 (135) 257 (100) 0.86

" p<0.05:<40 years vs.> 64 years

" p<0.001:<40 years vs. > 64 years

$ p<0.05:< 40 years vs. 40-64 years

55 p<0.001:<40 years vs. 40-64 years

T p<0.05:40-64 years vs.> 64 years

™ p<0.001: 40-64 years vs. > 64 years

P-values were all determined with the Tukey’s Honestly Significant Difference (HSD) post-hoc test
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Table 2 Summary of immune cell subsets change associated with aging

Immune cell subsets

Result from
meta-analysis

Result from
original study in Taiwan?

CD3 +T cell number
CD4+T cell number

Naive T cell number NP
Central memory T cell (T¢yy) number NP
Effector Memory T cell (Tg,,) number NP
Effector memory RA+T cell (Tgyga) NUMber NP
CD8+T cell number l

Naive T cell number NP
Central memory T cell (T¢,) number NP
Effector Memory T cell (Tg,,) number NP
Effector memory RA+T cell (Tgypa) NUMber NP
CD4/CD8 ratio 0

NK cell number 1

CD56high NK cell number NP
CD56low NK cell number NP
B cell number l

Naive B cell number NP
Memory B cell number NP
Transitional B cell number NP

1 (Absolute) /|, (Percentage)
1 (Absolute) /| (Percentage) —

— (Absolute) /|, (Percentage)

| > = <

| < <

D T T S

Changes are indicated with an up arrow (1) for increase, a down arrow () for decrease, and absence of changes with a horizontal bar (—)

NP Not provided in meta-analysis

2 Results from original study in Taiwan were according to the spearman correlation matrix analysis as shown in Additional file 1: Figure S2

cell absolute numbers and 11 for the meta-analysis of the
percentage numbers of immune cells.

The detailed characteristics of the included stud-
ies were described in Table S10. Our research included
various geography setting: 9 studies in Asia [9, 13, 14, 16,
27, 29, 34, 38, 39], 5 in Middle East [15, 23-25, 40], 4 in
Europe [8, 12, 26, 28], 4 in South America [10, 31, 35, 37],
3 in Africa [30, 33, 36], 1 in USA [41], and 1 in Australia
[11]. These studies all focused on immune cell numbers
in healthy adults using flow cytometry, totaling 17 stud-
ies [8, 11, 13, 16, 23, 24, 26, 27, 31, 32, 35, 36, 38-40, 42,
43] that employed CD45 versus side scatter and 3 studies
[8, 9, 24] that used forward and side scatter as a gating
strategy. The gating strategy in the remaining studies was
not clearly defined. All studies had reported the type of
anticoagulants used: 27 used EDTA, 1 used Acid Citrate
Dextrose (ACD), and 3 used heparins.

Overall, a total of 7,245 healthy adults were involved
in the systematic review, with 4,116 healthy adults aged
between 18 and 95 years included in the meta-analysis.

Meta-analyses of age-dependent immune changes
The meta-analyses based on three age groups (see
Table S11) showed a similar trend in both percentage and

absolute immune cell numbers. We found that the pooled
mean of CD3+T cell decreased in numbers from 1517
cells/i L (or 71.11%) in age <40 years old to 1337 cells/u
L (or 61.13%) in age > 65 years old; CD8 + T cell numbers
decreased from 611 cells/u L (or 27.79%) to 525 cells/u L
(or 23.88%); CD4/CD8 ratio increased from 1.54 to 1.9; B
cell numbers decreased from 244 cells/u L (or 12.99%) to
217 cells/p L (or 8.83%); NK cell numbers increased from
305 cells/u L (or 13.69%) to 355 cells/u L (or 23.59%).
Nevertheless, CD4+ T cells (either absolute numbers or
percentages) showed no specific pattern across the three
age groups.

The meta-analysis considering continuous age in years,
showed that the relationship between immune cell num-
bers and age mirrors the pattern observed in the aggre-
gated results across three age groups (see Fig. 2 and
Table S12).

Most numbers of immune cell subsets changed with
specific pattern across age, except for CD4+ T cells. From
ages 18 to 94, the pooled mean of CD3+T cell numbers
decreased from 1512 cells/u L (74.1%) to 1405 cells/i L
(62.7%) with advancing age (Fig. 2a and g); CD8+T cell
numbers decreased from 598 cells/u L (or 28.4%) to 507
cells/i L (or 23.9%) (Fig. 2c and i) corresponding with an
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Fig. 2 Meta-analysis of absolute numbers and percentage of immune cell subsets according to continuous age (years), including the pooled mean

(red line) and the pooled normal range in 2.5th -97.5.1 percentile (skyblue region) with the liner curve (blue line) fitting of Taiwan's data (black
hollow dots). **p< 0.001 *p< 0.05

increased CD4/CD8 ratio from 1.478 to 1.873 (Fig. 2d); 276 cells/iu L (or 13.9%) to 245 cells/u L (or 9.8%) (Fig. 2f
NK cell increased from 279 cells/u L (or 10.2%) to 352 and k). Despite an increase in the absolute count of
cells/u L (or 23.6%) (Fig. 2e and j); B cells decreased from  CD4+T cells from 843 to 910 cells/uL, their percentage
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declined from 40.9% to 38.8% (Fig. 2b and h). This dis-
crepancy in trends between absolute numbers and per-
centages suggests no specific age-related changes in
CD4+T cells. Lastly, the linear regression analysis of the
Taiwanese immune cell subsets aligned with the normal
range established by our meta-analysis, confirming the
consistency of trends observed in Taiwan’s data with the
aggregated findings (see Fig. 2 and Table 2).

Discussion

In this study, we observed significant age-related changes
in both adaptive and innate immune cell subsets among
healthy adults. Key findings included a decrease in
CD8+T cells and an increase in the CD4/CD8 ratio with
aging, accompanied by a notable increase in NK cells
and a decrease in B cells. Interestingly, the numbers of
CD4+T cells appear less impacted by the aging process
compared to CD8+T cells and other subsets of immune
cells. Additionally, our findings from Taiwan revealed a
clear reverse trend of naive and memory functional sub-
sets in both CD4+and CD8+ T cells. We also established
a robust reference range of peripheral blood immune cell
subsets in Taiwanese healthy adults. Finally, we com-
plemented the original data with a systemic review and
meta-analysis of 12 studies to estimate the normal ranges
for major immune cell subsets. Our analyses concluded
the key immunosenescence characteristics beyond our
original data, significantly enhancing the generalizability
of our findings and aligning the results with most studies
in the meta-analysis. The results and analyses are of high
translational and clinical value and can serve as a basis
for implanting immune monitoring in preventive and
therapeutic scenarios.

A clear reverse trend of naive and memory func-
tional subsets in both CD4+and CD8+T cells could
be explained by a process known as thymic involution.
Thymic involution significantly impacts cellular aging by
reducing the number of naive T cells and narrowing the
diversity of the T-cell receptor (TCR) repertoire, which
contributes to a weakened and exhausted immune sys-
tem [44]. The age-related decrease in naive T cells may
partially explain the reduced capacity to respond to new
antigens and the increased susceptibility to malignan-
cies in older adults [45, 46]. Furthermore, as reviewed by
Yu et al., the increase in highly differentiated memory T
cell subsets may have pathogenic potential in cardiovas-
cular diseases by releasing pro-inflammatory cytokines
and cytotoxic mediators [47]. These findings highlight
the critical role of lymphocyte numbers of changes in
various age-related diseases and conditions. However,
recent studies suggest that many age-related changes in
the immune system may be beneficial adaptations to the
normal aging process [3]. For example, thymic involution
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may be essential for minimizing energy expenditure in an
organ that, while not crucial for survival, requires signifi-
cant energy to maintain; similarly, an increase in memory
subsets of lymphocytes may enhance the ability to com-
bat pathogens more efficiently. Although immunosenes-
cence may contribute to age-related diseases, its overall
impact on aging remains a debated topic.

The finding that CD4 + T cells showed greater resist-
ance to age-related phenotypic changes compared to
CD8+T cells aligned with results from prior stud-
ies [48, 49]. While the total number of CD4+T cells
remained relatively stable, we observed a significant
change in the composition of memory subsets with
aging. That included a decrease in naive subsets and
a corresponding increase in memory subsets in both
CD4+and CD8+ T cells with a more pronounced mag-
nitude observed in CD8+ T cell. This may also explain
why the ratio of CD4+to CD8+T cells significantly
increased with age. However, the exact mechanisms
involved remain unclear.

With aging and increased exposure to chronic anti-
gens, previous research has also suggested an expansion
of CD28—-CD57+T cells, predominantly within the
CD8+ compartment [20, 50], a trend that was also con-
firmed in our study. The CD8+CD28-CD57+T cells
are characterized as advanced-differentiated cells, with
significantly shortened telomeres, reduced proliferation
capacity, and a shorter replicative lifespan [50]. These
characteristics may contribute to immune incompetence,
susceptibility to persistent viral infections, and reduced
response to anti-cancer treatment or vaccination in
older adults [51]. Along with thymic involution, the age-
related increase of these senescent subsets also results
in a marked decrease in antigenic diversity in older indi-
viduals [52]. This evidence highlights the importance of
monitoring CD8+CD28—-CD57+T cells in aging, and
our data suggest that their decline is a typical feature of
immune aging. Of note, many aforementioned aging-
associated changes in T cells (especially CD8+) have
been associated with CMV infection [53]. CMV infec-
tion drives the expansion of CMV-specific memory T
cells with aging, and these cells frequently reside in the
late-differentiated CD28-CD57 + compartment. Despite
numerous research, CMV’s dynamic, bidirectional inter-
action with immunosenescence remains a poorly under-
stood complex phenomenon [54].

Besides T cells, alterations in the numbers of NK cells
are also a significant marker of immune aging. A remod-
eling of NK cell subsets characterized by a decrease in the
number of the more immature CD56y,;,, NK cells and an
increase of CD56,,,, subsets was clearly shown. Few stud-
ies included in our systematic review have evaluated the
numbers of CD56y,,, and CD56y,, NK cells separately.
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CD56,,, NK cells are mature subsets mainly involved
in cytotoxic activities, while CD56y,,, NK cells are pro-
genitor subsets but primarily responsible for producing
cytokines like TNF-a and IFN-y [55]. During the aging
process, CD56,,,, NK cells continue to differentiate and
increase the expression of CD57 and CD16 markers,
activating receptors such as NKG2D, and experience tel-
omere shortening [56]. Previous research based on sin-
gle-cell RNA expression analysis also found the context
of aging in NK cells, with expansion of low cytotoxic sub-
sets and decreased virus defense responses [57]. In con-
trast to T cells, although we already know that the levels
of CMV antibodies are closely associated with the aging
of T cell immunity [48], whether CMV serostatus affects
the numbers of NK cells is still controversial [56]. Over-
all, there is a great number of knowledges regarding the
alterations in NK cells numbers and function as individu-
als age; however, there remains a gap in understanding
the underlying factors that contribute to these changes.

Aside from NK cells, other subsets of innate immune
cells showed significant age-related changes. There was
an increase in the absolute number of monocytes, while
dendritic cells remained unchanged. This aligned with
the general expectation that peripheral cells of innate
immunity may be better preserved with age compared to
the adaptive immune system [3, 41], while their changes
contribute to an age-dependent increase in chronic
inflammation, or “inflammaging” [58].

Compared to other immune cells, conflicting results
have been shown regarding peripheral B cells. B cells are
antigen-presenting cells (APCs) essential for humoral
immunity by secreting antibodies and modulating T cell
activation. Our original data showed an age-dependent
decrease in total B cell number, but subset homeostasis
was unchanged. One study included in our review has
found that B cell subsets are increased in the peripheral
blood of healthy elderly adults [24], while others have not
[12, 16]. However, functional changes in B lymphocytes
associated with aging have been reported. Frasca et al.
[59] observed that although the frequencies of influenza
vaccine-specific memory B cells and plasmablasts were
similar in young and elderly adults, older individuals
exhibited a diminished fold-increase in serum titers fol-
lowing vaccination. This suggests a compromised ability
in older adults to differentiate from memory B cells to
plasma cells. Consequently, older individuals may show a
reduced capacity to generate antibodies even after immu-
nization, underlining a critical aspect of immunose-
nescence. Longitudinal studies involving standardized
methods for B cell count and functional analysis will be
critical to uncovering additional effects of aging on B cell
immunity.
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Our study also demonstrated distinct age-dependent
changes in innate and adaptive immunity between males
and females. The significant increase in the CD4/CD8
ratio, memory B cells, and CD4 T cell subsets in females
and the increase in monocyte numbers in males sug-
gests hormonal influences. Previous reports [60] indicate
that estrogen enhances both cell-mediated and humoral
immune responses, and genes associated with adaptive
immunity are elevated in post-pubertal females [61].
Recently, a study investigating the epigenome signature
of aging revealed that 15 times more monocyte epige-
netic loci were activated in men than women. In con-
trast, B cell-specific loci were significantly inactivated in
men [62]. Additionally, our results revealed an increased
CD8+CD28-CD57+T cells in males compared to
females. As a double-edged sword, the faster aging of the
T cell compartment in males may benefit autoimmune
conditions but also contribute to increased immunose-
nescence and risk of malignancy [61].

Our original study includes a detailed analysis of
immune cell subsets and employs a robust systematic
review and meta-analysis to integrate existing related
research, thereby increasing the overall confidence and
validation of our results. Evidently, age and gender differ-
ences should be considered when interpreting immune
profiles in clinical practice when immune monitoring
is necessary. Therefore, establishing a reference range
is crucial for accurately assessing diverse patients in
clinical settings, particularly for managing age-related
immune changes in geriatrics and immunocompromised
hosts. For example, the number of circulatory naive T
cells could predict the efficacy of influenza vaccination
[63] and severity of COVID-19 infection [6]. Measuring
immunosenescence provided a better prediction of mor-
tality [64] than using well-established cardiovascular dis-
ease risk factors.

Nevertheless, several limitations should be noted.
First, we only examined immune cell subsets in periph-
eral blood and did not analyze tissues like the spleen,
lymph nodes, or interstitial mucosa, where most
immune cells are located. Additionally, we did not
investigate genetic factors or CMV serology status,
which could affect immune responses based on prior
studies. Nevertheless, given the high prevalence rate of
CMV infection in the overall population, a large com-
prehensive study investigating a large population of
only CMV-uninfected individuals will be difficult to
execute. Lastly, estimations of immune cell numbers
can vary depending on the gating strategy used and can
also differ between laboratories, potentially introducing
heterogeneity into meta-analyses.

Not all elderly individuals experience age-related dis-
eases, as evidenced by the healthy older adults in our



Chang et al. Inmunity & Ageing (2024) 21:75

study and, remarkably, by centenarians [65]. Research
has shown that centenarians exhibit well-balanced lev-
els of inflammatory and anti-inflammatory responses
and infections do not necessarily shorten their lifespan.
Future studies should try to monitor an individual’s
immune system over its lifespan, focusing on the asso-
ciation between the immune system and ideal aging,
which involves maintaining a dynamic and resilient bal-
ance in response to various events over time. In con-
trast, an inability to adapt could lead to maladaptation,
manifesting as increased severity of age-related dis-
eases and increased mortality in both acute and chronic
healthcare settings.

Conclusions

Since healthy aging involves maintaining a dynamic equi-
librium of the immune system with the environment, it
becomes essential to identify phenotypic changes in cir-
culating immune cells across age in healthy adults. Exam-
ining a total of 363 healthy Taiwanese adults, this study
thus established detailed reference ranges of peripheral
immune subsets for different age groups to provide val-
ues for clinical decision-making and contribute to the
effective management of various age-related diseases.
Besides novel observations, results were also validated
through a rigorous systematic review and meta-analysis.
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