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Abstract

The study of immune system aging is of relevance, considering its myriad of interactions and role in protecting and maintaining body homeostasis.
While mouse models have been extensively used to study immune system aging, little is known on how the main immune populations progress
over time and what is the impact of sex. To contribute to filling this gap, male and female BALB/cBy] mice were longitudinally evaluated,
from 3 to 18 months old, for the main blood populations, assessed by flow cytometry. Using linear mixed-effect models, we observed that
the percentages of neutrophils, monocytes, eosinophils, and total natural killer (NK) cells increase with aging, while those of B cells, T cells
(including CD4* and CD8* subsets), and Ly6C* NK cells decrease. Males present higher percentages of neutrophils and classical monocytes
Ly6Chish over time, while females present higher percentages of total T cells, both CD4* and CD8*, eosinophils, and NK cells. Males and females
display similar percentages of B cells, even though with opposite accelerated progressions over time. This study revealed that mouse models
recapitulate what is observed in humans during aging: an overall proportional decrease in the adaptive and an increase in the innate immune
cells. Additionally, it uncovers an age-related sexual dimorphism in the proportion of immune cells in circulation, further strengthening the
need to explore the impact of sex when addressing immune system aging using mouse models.
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The increasingly aged population, and its inherent association with
health decline, challenges the scientific community to better under-
stand the physiology of healthy aging. The immune system is one of
the central body systems, given its own functions and the myriad of
interactions it establishes with other organ systems. Therefore, it is
relevant to understand how the immune system ages, influences, and
is influenced by aging.

The immune system senescence,also known asimmunosenescence,
is characterized by progressive alterations in the proportion and
function of immune cells throughout aging. In the innate immune
system aging, while changes in cell function (eg, reduction in antigen
presentation and in phagocytic capacity) have been consistently re-
ported, studies exploring the numbers and frequency of cells mainly
in humans often present inconsistent findings (1-4). With respect to
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the adaptive immune system, studies mostly in humans showed that
a characteristic feature of aging is the reduction in the number of T
and B cells, which is accompanied by a shrinking of their repertoire
diversity, an increase of memory and activated cells, and a reduction
in naive cells (5-7). However, a comprehensive characterization of
the age-related cellular characterization is poorly studied in rodents.

The cumulative alterations of the immune system over time ul-
timately lead to increased susceptibility to infection and reduced
responsiveness to vaccination (8,9). Of interest, men and women
experience those alterations differently, being the immune response
typically stronger in women than in men (9,10). In other species (eg,
other mammals, insects, and reptiles), a similar trend is observed
regarding the immune response sexual dimorphism (9). In add-
ition, human studies have further denoted a sexual dimorphism in
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age-related changes of blood cellular composition; however, infor-
mation on animal models, especially rodents, is still scarce (11-14).

The mouse model has been unique to understanding human
physiology in health and disease. Most published reports studying
immunosenescence compare young versus aged mice, with a
cross-sectional experimental design (15-17), missing therefore the
opportunity to study inter- and intravariability in the aging pro-
cesses. To contribute in filling this gap, in the present study, we in-
vestigated the individual progressions of the main blood adaptive
and innate immune cell populations and whether those were sex-
dependent in mice.

Method

Animals

Male and female BALB/cBy]J mice, 6 weeks old, were purchased from
Charles River and maintained until 18 months of age at the Life and
Health Sciences Research Institute animal facility. Mice were initially
housed in groups of 5 per cage under standard laboratory conditions
(light/dark cycle of 12/12 hours; 22°C; 55% humidity), food and
water ad libitum. Males were regrouped whenever aggressive behav-
iors were observed. Health monitoring was performed according to
FELASA guidelines, confirming the Specified Pathogen-Free health
status of sentinel animals maintained in the same animal room.
Mice well-being was routinely evaluated: Animals were euthanized
whenever open wounds from aggressions, visible tumors, or over
20% weight loss (in relation to the highest weight achieved) were
observed. Blood samples were collected from the same animal at ap-
proximately 3, 6, 10, 12, 15, and 18 months of age.

Three independent experiments (referred as set 1, set 2, and
set 3) were performed, and the number of mice used is listed in
Supplementary Table 1. A total sample size of 218 mice (approxi-
mately 35 mice per sex/per experiment/set) was used. Sample size
was previously determined using G*Power 3.1.2 (18) assuming an
analysis of variance for repeated measures, a medium effect size
[(A{V) = 0.25)], an alpha of 0.03, a statistical power of 0.8, and 2
groups with 6 measurements.

At the end of the study, mice were anesthetized with a mixture
of ketamine (75 mg/kg, intraperitoneally [i.p.]) and medetomidine
(1 mg/kg, i.p.) and were transcardially perfused with 0.9% saline.
All procedures were carried out following European Regulations
(European Union Directive 2010/63/EU). The animal facility and
people directly involved in animal experimentation were certified by
the Portuguese regulatory entity—Direcdo Geral de Alimentacdo e
Veterindria (DGAV). All experiments were approved by the Ethics
Committee of the University of Minho and by the national compe-
tent entity DGAV (#009458).

Flow Cytometry

Peripheral blood was collected through a small incision on the
tail to heparin-coated capillaries. Fifty microliters of blood were
incubated for 20 minutes in the dark, at room temperature (RT),
with the following combination of previously titrated antibodies
(all from BioLegend, San Diego, CA, USA): anti-mouse CD49b
FITC (clone: DXS); anti-mouse CD62L PE (clone: MEL-14); anti-
mouse CD19 PercpCyS5.5 (clone: 6DS5); anti-mouse CD3 PECy7 or
APC (clone: 145-2C11); anti-mouse CD44 APC or BV605 (clone:
IM7); anti-mouse CD4 BV421 (clone: RM4-5); anti-mouse CD8
BV510 (clone: 53-6.7); anti-mouse Ly6G BV650 (clone: 1A8);
anti-mouse Ly6C BV711 (clone: HK1.4); and anti-mouse CD45.2
BV785 or PECy7 (clone: 104). Erythrocytes were lysed with

ammonium—chloride-potassium buffer (0. 15 M NH,CI, 10 mM
KHCO,, 0.1 mM Na, EDTA) for 10 minutes in the dark, RT. Samples
were washed twice with fluorescence-activated cell sorting (FACS)
buffer (phosphate-buffered saline with 0.5% bovine serum albumin
and 0.01% sodium azide) and centrifuged at 300 xg for 5 minutes,
RT. Samples were acquired (minimum of 100 000 CD45.2* events/
sample) on a BD LSRII flow cytometer using the FACS DIVA soft-
ware (Becton and Dickinson, Franklin Lakes, NJ, USA). Samples
from each set timepoint were acquired in the same run. Data were
analyzed using Flow]Jo software (Becton and Dickinson), and the
different immune cell populations were defined as follows: eosino-
phils (CD45.2* Ly6C- SSC-AM#h), NK cells (CD45.2* CD49b*; nega-
tive for CD4, CD8, CD19, and Ly6G; subcategorized as Ly6C- and
Ly6C*), neutrophils (CD45.2* Ly6G*; negative for CD4, CD8, and
CD19), classical monocytes (CD45.2+ Ly6Cs; negative for CD4,
CD8,CD19), B cells (CD45.2* CD19%; negative for CD3 and LY6G),
total T cells (CD45.2* CD3"; negative for CD19 and LY6G), among
which CD4* and CD8* T cells were defined (CD4* CD8 and CD4-
CD8, respectively); CD4* and CD8* T cells were also divided in dis-
tinct activation subsets based on the expression of CD62L (CD62L;
CD62L™; CD62L"e"), The gating strategy used is represented in
Supplementary Figures 1 and 2.

Statistical Analysis

Mixed-design analysis of variance (ANOVA), the most used stat-
istical approach in biological sciences to explore between-subject
differences in repeated measures data sets, does not allow missing
values. In a longitudinal experimental design, losing subjects over
time (in this case due to mice death) results in extra loss of infor-
mation. To overcome this gap, we took advantage of linear mixed
models for repeated measures that allow exploring the progression/
trajectory of the main cell populations of the peripheral immune
system over time/during aging and to dissect the impact of sex on
that progression. This approach prevented listwise deletion from
missing data (considering that some mice died during the 18 months
evaluation, as given in Supplementary Table 1). The survival rate in
all sets combined was 89% for females and 44% for males, com-
prising an overall survival rate of 67%. All the analyses were per-
formed with combined results from the 3 sets. Due to an atypical
leukocyte profile, 4 females were excluded from the analysis (1
from set 1, 1 from set 2, and 2 from set 3) throughout the whole
evaluation.

The relation between time and the percentage of cells can either
be linear or quadratic. Time, represented by each month of evalu-
ation, was introduced in the models either as a linear variable (Time)
or as a quadratic variable (by calculating the time square; Time?).
To avoid collinearity, time was centered to the mean (cTime = each
timepoint — mean of time points) and only then computed cTime?.
The cTime, sex, cTime x sex (interaction), cTime?, and cTime? x sex
(interaction) were used as fixed factors. A multivariate analysis was
performed with all independent variables analyzed simultaneously.
Whenever a significant interaction between Time and Sex is observed,
the slope of the progression over time for females is B[cTime], and
for males is B[cTime] + B[cTime x Sex]. Whenever B[cTime| presents
negative values, a negative B[cTime?] indicates an acceleration and
a positive B[cTime?] a deceleration over time. On the other hand,
whenever B[cTime] presents positive values, a positive B[cTime?] in-
dicates an acceleration and a negative B[cTime?] a deceleration over
time. A random intercept per subject was introduced in the model to
analyze the changes in the percentage of immune cells over time con-
sidering the within-subject correlations between the percentage of
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immune cells. Models were tested for various covariance structures
(Level 1: repeated covariance type and Level 2: random covariance
type), and the pair with the lowest Akaike’s Information Criteria
was used. The estimation method used was the restricted maximum
likelihood.

The variable “sets” were also included as covariates in the
models (results given in Supplementary Material) to account for
interexperiments variability. Additionally, the same models were
tested with standardized measures, z-scores (computed considering
the mean of each population for all the time points at each set inde-
pendently). To assess the possible bias caused by missing data (mice
that died before the last time point), the same analyses were per-
formed only with survivors.

Normal distribution of the residuals from each model was
checked based on skewness (<3) and kurtosis (<8), and all the popu-
lations present a normal distribution (excepting CD62L- popula-
tions and total NK cells).

The variance of each immune cell population at the various time
points was calculated on normalized values (z-scores).

A one-way repeated measures ANOVA and multiple compari-
sons with Bonferroni correction were used to identify the differences
in the expression of CD44 among the different CD4+ and CD8+
T-cell subsets (CD62L-; CD62Lin; CD62Lksh),

A significant result was considered for p value < .05. The stat-
istical procedures were performed in IBM SPSS Version 25 (IBM
Corp., Armonk, NY, USA), and the graphs were designed using
Prism7 (GraphPad Software, San Diego, CA, USA).

Results

Age and Sex-Related Alterations in the Percentage

of Blood Innate Immune Cells

The results are presented as a combination of 3 independent experi-
ments (referred as set 1, set 2, and set 3). The percentage of blood
innate immune cells varies with age (eosinophils, total NK cells, neu-
trophils, and classical monocytes increase, while Ly6C* NK cells de-
crease). Sex dimorphism was observed in the progression of most cell
populations throughout aging. Specifically:

(1) Eosinophils (Figure 1A and Table 1): males present lower cell
percentages than females (B[sex] = —0.889, the reference category
is females) and a slower linear increase over time (+0.225%
per month for females vs +0.129% per month for males;
B[cTime] = 0.225 and B[cTime x Sex| = -0.096).

(2) Total NK cells (Figure 1B and Table 1): males present lower cell
percentages (B[sex] = =1.410) than females. Male percentages re-
mained constant throughout time, while in females an increase is
observed over time (+0.138% per month for females vs -0.008 %
for males; B[cTime] = 0.138 and B[cTime x Sex| = -0.146) with
a mild acceleration (B[cTime?] = 0.007; meaning that for each
month there is an increment [acceleration] of 0.007% added to
B[cTime] for the first month, 0.028% for the second, 0.063%
for the third, and so forth—same rationale for the following
models). A similar profile is observed for Ly6C- NK cells (Sup-
plementary Figure 3 and Supplementary Table 2).

(3) Ly6C* NK cells (Figure 1C and Table 1): males present lower cell
percentages than females (B[sex] = -0.681) and a faster decrease
over time (-0.017% per month for females vs -0.049 % for males;
B[cTime] = -0.017 and B[cTime x Sex] = -0.032). Females dis-
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Figure 1. Longitudinal evaluation of blood immune cells. Percentages of the
main innate (eosinophils [A], total NK cells [B], Ly6C* NK cells [C], neutrophils
[D], and monocytes Ly6CMs" [E]) and adaptive immune cell populations
over time (total B cells [F], total T cells [G], CD4*T cells [H], CD8*T cells [L],
and activation compartments within CD4* and CD8* T cells: CD62L- [l and
M, respectively], CD62L"¢" [J and N, respectively] and CD62L™ [K and O,
respectively]). The representation combines the results of 3 independent
experimental sets. Each dot represents one animal, where males are
depicted as diamonds (teal in online version) and females as circles (orange
in online version). Lines represent the best-fit equation representative of
the data (either linear regression or second-order polynomial [quadratic]
functions).

play an accelerated decrease over time, while males present only
a linear decrease (-0.007% per month for females vs 0.000% for
males; B[cTime?] = -0.007 and B[cTime? x Sex| = 0.007).

(4) Neutrophils (Figure 1D and Table 1): males present higher cell
percentages than females (B[sex] = 8.308) and a faster increase
over time (+1.639% per month for females vs +1.950% for
males; B[Time| = 1.639 and B[cTime x Sex] = 0.311). A slight
accelerated increase in the percentage of neutrophils during
aging is observed, mainly for females (+0.055% per month for
females vs =0.025% for males; B[cTime?] = 0.055 and B[cTime?
x Sex] = -0.080).

(5) Monocytes Ly6Chieh (Figure 1F and Table 1): males present higher
cell percentages (B[sex] = 0.617), and similar increase over time
is observed for both sexes (+0.176% per month; B[Time] = 0.176
and [cTime x Sex] not significant). The percentual increase of
monocytes during aging gradually accelerates over time, more
pronouncedly in females (+0.024% per month for females
vs +0.015% for males; B[cTime?] = 0.024 and B[cTime? x
Sex] = -0.009).
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Table 1. Linear Mixed Models Testing the Effect of Time (aging) and Sex on the Percentages of the Blood Main Innate Immune System

Cells—a Multivariate Analysis

95% CI
Dependent Variable Parameters Estimate (B) SE pt Lower Bound Upper Bound
Eosinophils Intercept 4.582 0.101 <.001 4.383 4.780
cTime 0.225 0.017 <.001 0.191 0.259
Sex* -0.889 0.146 <.001 -1.177 -0.601
cTime x Sex* -0.096 0.028 .001 -0.150 -0.041
cTime? 0.002 0.003 425 -0.003 0.008
cTime? x Sex* 0.004 0.005 331 -0.005 0.013
Total NK cells Intercept 5.410 0.086 <.001 5.241 5.579
cTime 0.138 0.016 <.001 0.106 0.169
Sex* -1.410 0.125 <.001 -1.655 -1.164
cTime x Sex* -0.146 0.025 <.001 -0.195 -0.097
cTime? 0.007 0.003 .012 0.002 0.012
cTime? x Sex* 0.003 0.004 462 -0.005 0.011
Ly6C* NK cells Intercept 1.913 0.037 <.001 1.839 1.986
cTime -0.017 0.004 <.001 -0.024 -0.010
Sex* -0.681 0.054 <.001 -0.787 -0.575
cTime x Sex* -0.032 0.006 <.001 -0.043 -0.020
cTime? -0.007 0.001 <.001 -0.008 -0.006
cTime? x Sex* 0.007 0.001 <.001 0.005 0.009
Neutrophils Intercept 27.114 0.660 <.001 25.815 28.412
cTime 1.639 0.075 <.001 1.490 1.787
Sex* 8.308 0.951 <.001 6.436 10.181
cTime x Sex* 0.311 0.123 .012 0.068 0.554
cTime? 0.055 0.013 <.001 0.030 0.081
cTime? x Sex* -0.080 0.020 <.001 -0.120 -0.041
Monocytes Ly6Chigh Intercept 2.751 0.085 <.001 2.584 2.917
cTime 0.176 0.066 .008 0.047 0.306
Sex* 0.617 0.123 <.001 0.375 0.858
cTime x Sex* -0.060 0.093 518 -0.243 0.123
cTime? 0.024 0.001 <.001 0.021 0.027
cTime? x Sex* -0.009 0.002 <.001 -0.014 -0.005

Note: CI = confidence interval; SE = standard error.
*Reference category is female.
fStatistically significant results (p < .05) are highlighted in bold.

Age and Sex-Related Alterations in the Percentage

of Blood Adaptive Immune Cells

Alike the innate immune cells, the percentage of most cell popula-
tions varies during aging in a process commonly moderated by sex.
Specifically:

(1) B cells (Figure 1F and Table 2): males and females display
similar cell percentages (B[sex| not significant), decreasing
with time, more rapidly in males (-0.697% per month for fe-
males vs —0.908% for males; B[Time] = -0.697 and B[cTime
x Sex] = -0.211). Interestingly, females present an acceler-
ated decrease and males present a decelerated decrease over
time (-0.035% per month for females vs +0.061% for males;
B[cTime?| = -0.035 and B[cTime? x Sex| = 0.096).

(2) T cells (Figure 1G and Table 2): males present lower cell per-
centages than females (B[sex] = -6.995) and a slower decrease
over time (-1.474% per month for females vs -1.158% for
males; B[Time] = -1.474 and B[cTime x Sex| = 0.316), with an
overall acceleration independent of sex (B[cTime?] = -0.058 and
B[cTime? x Sex] not significant).

(3) CD4* and CD8* T-cell subsets (Figure 1H and L, respectively;
Table 2): for both cell subsets males present lower cell percent-
ages than females (B Sex] = -5.403 and B, [Sex] = -1.390).

CD4+ [ CD8+

Moreover, while for CD8* T cells males and females present a
similar decrease in the percentage of cells over time (-0.296%
per month; B[Time] = -0.296 and B[cTime x Sex]| not signifi-
cant), for CD4* T cells females present a faster decrease cells
than males (-1.174% per month for females vs -0.895% for
males; B[Time] = -1.174 and B[cTime x Sex| = 0.279). The
acceleration profile is similar in both sexes for CD4* T cells
(B[cTime?| = -0.037), though for CD8* T cells a more pronounced
acceleration is observed in females than in males (-0.018% per
month for females vs -0.009% for males; B[cTime?] = -0.018
and B[cTime? x Sex| = 0.009).

CD4* and CD8* T cells can be divided into subsets/compartments
based on their activation state. Mouse studies, based mostly on
CS57BL/6 mice, define T cells as: naive, CD44"o"-CD62L"s"; cen-
tral memory, CD44"¢" CD62L"s"; and effector memory, CD44bish
CD62L""- (19,20). However, the expression profile of CD44 and
CD62L is distinct in Balb/c mice. Considering that in Balb/c mice
3 clear populations can be identified based on CD62L in CD4* and
CD8*T cells (Supplementary Figure 2G and H), this study only used
this marker to define the T-cell compartments. Within CD4* T cells,
CD62L- cells present the highest expression of CD44, and CD62L"™
the lowest; within CD8* T cells, CD62L- and CD62L"s" present the


http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glab330#supplementary-data

Journals of Gerontology: BIOLOGICAL SCIENCES, 2022,Vol. 77, No. 5 887

Table 2. Linear Mixed Models Testing the Effect of Time (aging) and Sex on the Percentages of the Blood Main Adaptive Immune System
Cells—a Multivariate Analysis

95% CI
Dependent Variable Parameters Estimate (B) SE pt Lower Bound Upper Bound
B cells Intercept 20.193 0.437 <.001 19.333 21.053
cTime -0.697 0.056 <.001 -0.806 -0.587
Sex* -0.230 0.635 718 -1.477 1.018
cTime x Sex* -0.211 0.086 .015 -0.381 -0.041
cTime? -0.035 0.011 .002 -0.058 -0.013
cTime? x Sex* 0.096 0.017 <.001 0.062 0.130
T cells Intercept 34.433 0.417 <.001 33.612 35.254
cTime -1.474 0.052 <.001 -1.577 -1.372
Sex* -6.995 0.604 <.001 -8.184 -5.806
cTime x Sex* 0.316 0.082 <.001 0.155 0.477
cTime? -0.058 0.009 <.001 -0.075 -0.040
cTime? x Sex* 0.017 0.014 221 -0.010 0.045
CD4* T cells Intercept 25.802 0.323 <.001 25.165 26.438
cTime -1.174 0.038 <.001 -1.250 -1.098
Sex* -5.403 0.469 <.001 -6.326 -4.480
cTime x Sex* 0.279 0.061 <.001 0.159 0.399
cTime? -0.037 0.007 <.001 -0.050 -0.023
cTime? x Sex* 0.010 0.011 359 -0.011 0.031
CD62L- among CD4* T cells Intercept 17.174 0.402 <.001 16.381 17.966
cTime 1.789 0.072 <.001 1.647 1.932
Sex* -2.682 0.581 <.001 -3.826 -1.538
cTime x Sex* -0.749 0.113 <.001 -0.971 -0.527
cTime? 0.051 0.009 <.001 0.034 0.069
cTime? x Sex* -0.051 0.014 <.001 -0.078 -0.023
CD62L™ among CD4* T cells Intercept 53.645 0.756 <.001 52.158 55.133
cTime -1.547 0.089 <.001 -1.723 -1.371
Sex* -16.141 1.115 <.001 -18.333 -13.949
cTime x Sex* -0.073 0.139 .601 -0.347 0.201
cTime? 0.048 0.018 .006 0.014 0.083
cTime? x Sex* 0.115 0.027 <.001 0.062 0.168
CD62L"¢" among CD4* T cells Intercept 28.844 0.800 <.001 27.270 30.418
cTime -0.198 0.101 .051 -0.396 0.001
Sex* 19.334 1.171 <.001 17.030 21.639
cTime x Sex* 0.748 0.158 <.001 0.436 1.059
cTime? -0.091 0.019 <.001 -0.128 -0.055
cTime? x Sex* -0.090 0.029 .002 -0.146 -0.033
CD8* T cells Intercept 7.480 0.149 <.001 7.186 7.774
cTime -0.296 0.067 <.001 -0.428 -0.164
Sex* -1.390 0.213 <.001 -1.811 -0.970
cTime x Sex* 0.022 0.095 816 -0.164 0.209
cTime? -0.018 0.002 <.001 -0.021 -0.015
cTime? x Sex* 0.009 0.003 <.001 0.004 0.015
CD62L- among CD8* T cells Intercept 11.359 0.646 <.001 10.084 12.633
cTime 1.372 0.092 <.001 1.189 1.554
Sex* -4.240 0.928 <.001 -6.071 -2.409
cTime x Sex* -1.061 0.146 <.001 -1.349 -0.774
cTime? 0.062 0.014 <.001 0.034 0.089
cTime? x Sex* -0.033 0.021 119 -0.075 0.009
CD62L™ among CD8* T cells Intercept 65.384 0.898 <.001 63.618 67.150
cTime -1.950 0.103 <.001 -2.153 -1.746
Sex* -1.263 1.309 335 -3.837 1.311
cTime x Sex* 0.121 0.165 464 -0.204 0.446
cTime? 0.032 0.019 .092 -0.005 0.070
cTime? x Sex* 0.002 0.029 936 -0.055 0.060
CD62L"¢" among CD8* T cells Intercept 22.334 0.932 <.001 20.501 24.167
cTime 0.588 0.095 <.001 0.401 0.775
Sex* 6.978 1.352 <.001 4.318 9.638
cTime x Sex* 0.975 0.152 <.001 0.674 1.276
cTime? -0.087 0.018 <.001 -0.121 -0.052
cTime? x Sex* 0.024 0.027 <.001 -0.030 0.077

Note: CI = confidence interval; SE = standard error.

*Reference category is female.
fStatistically significant results (p < .05) are highlighted in bold.
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highest expression of CD44 and CD62L" the lowest (Supplementary
Figure 4). The percentage of CD62L- T cells increases over time (in
both sexes among CD4* T cells, and exclusively for females among
CD8*T cells); CD62L™ T cells decrease with aging both in CD4* and
CD8* T cells. While females have a higher percentage of CD62L"
cells than males among CD4* T cells; CD62L"s" T cells increase al-
most exclusively on males. More precisely:

(1) CD62L- T cells (Figure 11 and M; Table 2): males present lower
percentages of CD62L- cells among CD4* and CD8* T cells
(Bpaucpe-lSex] = =2.682 and B, ., [Sex] = -4.240), and
these percentages increase with aging for both sexes. Interestingly,
the increase of CD4*CD62L- T cells is slower in males than in
females (+1.789% per month for females vs +1.040% for males;
B[Time| = 1.789 and B[cTime x Sex| = -0.749), while the increase
in the CD8*CD62L- T cells percentages is more pronouncedly ob-
served for females (1.372% per month for females vs 0.311% for
males; B[Time] = 1.372 and B[cTime x Sex| = -1.061).

(2) CD62L"e" T cells (Figure 1] and N; Table 2): the percentage of this
CD4+ T-cell subset is higher in males than in females (B[sex] = 19.334).
While cell percentages decrease with aging in females, males dis-
play an increase (-0.198% per month for females vs +0.550% for
males; B[cTime] = -0.198, p = .051 and B[cTime x Sex| = 0.748).
Additionally, females present an acceleration over time, while males
present a deceleration (-0.091% per month for females vs -0.181%
for males; B[cTime?] = —0.091 and B[cTime? x Sex| = —0.090). Re-
garding CD8* T cells (Figure 1N and Table 2), males present higher
percentages of CD62L"¢" cells than females (B[Sex] = 6.978), with a
faster increase over time (0.588% per month for females vs 1.563%
for males; B[cTime] = 0.588; B[cTime x Sex] = 0.975) and overall
deceleration (-0.087% per month for females vs -0.063% for males;
B|[cTime?] = -0.087 and B[cTime? x Sex] = +0.024).

(3) CD62L™ T cells (Figure 1K and O; Table 2): cell percentages de-
crease over time in both CD4* T cells and CD8* T cells (-1.547%
per month [B_,, [Time] = -1.547] and -1.959% per month
[Bpg I Time] = —1.959], respectively), with males and females pre-
senting a similar decrease of CD62L™ T cells within the CD8* T-cell
subset (B[cTime x Sex] and B[cTime? x Sex] not significant),and males
presenting a more pronounced deceleration of CD62L™ T cells within
the CD4* T-cell subsets overtime than females (0.046% per month
for females vs 0.161% for males; B[cTime?] = +0.046, B[cTime? x
Sex] = +0.115, B[cTime x Sex] not significant). Males present lower
percentages of CD62Li™ cells within the CD4* T-cell subsets than fe-
males (B[Sex] = -16 141) and similar profiles regarding the percent-
ages of CD62L™ CD8* T cells (B[Sex] not significant).

Control of the Interexperimental Set Variability and
Exclusion of Mice That Died During the Course of

the Experiment Have No Impact on the Overall
Observations

Because we compiled the data from 3 independent experiments, and to
control for the heterogeneity, the percentages of cells from each of the 3 sets
were standardized by calculating the z-scores. As shown in Supplementary
Figure 5, the progression for standardized measures is similar to that pre-
sented in Figure 1 (unstandardized measures). The results from the linear
mixed models are identical in the standardized and unstandardized meas-
ures except for (a) B cells: sex becomes a significant parameter and the sig-
nificance in the interaction between time and sex is lost when considering
standardized values; and (b) CD4*CD62L™ T cells: the quadratic effect of
time is lost when considered standardized values (data not shown).

To control for a potential effect of individual experimental sets
in the linear mixed models with unstandardized values, the vari-
able “set” was also included (Supplementary Tables 3 and 4). When
controlling for the “set” effect, the significant parameters remain
the same with estimates within the 95% confidence interval of the
first model.

Moreover, the total variability within immune cell populations
increases with aging, as demonstrated by the increased variance in
most populations at 18 months of age (Figure 2). Total NK cells
present the highest variability observed at 18 months of age, more
evidently denoted in female mice. Exploring the covariates associ-
ated with this age-related increased variability will contribute to the
understanding of intervariability in the aging process.

As the survival rate, especially in males, is relatively low (44%),
it is conceivable that mice that died during the experiments might
be different and not representative of the overall population. To
explore the possible impact of a listwise exclusion of all mice that
died throughout the experiment, linear mixed models were also built

Months

ALL MICE 3 6 10 12 15 18
Eosinophils 0,50 0,50 0,51 0,96 2,28
Neutrophils Hm 0,51 0,83 0,89
Ly6C* NK cells 045 054 1,52 1,27 0,86
Total NK cells 0,67 0,78
Monocytes Ly6C"e" n 0,53 0,58 0,93 212
B cells 063 0,60 0,82 087 069
T cells 044 072 | 042 064 054
CD4"* T cells 044 080 0,40 060 051
CD4* CD62L T cells 072 | 184
CD4* CD62L"" T cells 0,61 0,44 1,30 1,01 1,38
CD4* CD62L™ T cells 053 038 1,15 067 081
CD8" T cells 053 0,53 0,64 0,77 0,59

CD8* CD62L T cells
CD8* CD62L"" T cells
CD8* CD62L™ T cells

0,65 0,81 1,25 2,27
0,98 1,34 0,89 1,56
0,68 0,94 0,67 1,04

‘B

FEMALE MICE

Eosinophils BEEl o054 o054 o056 @ 1,13 [HEES
Neutrophils 0,26 0,30 0,68 0,63
Ly6C* NK cells 033 043 091 055 1,02 080
Total NK cells 025 054 | 0834 067
Monocytes Ly6C"" 0,35 024 031 0,52 2,46
B cells 045 055 08 034 076 . 029
T cells 045 037 08 040 060 051
CD4* T cells 045 043 | 028 037 056 049
CD4* CD62L T cells OGEOE o032 o038 079 | 195
CD4* CD62L"" T cells 0,48 0,33 0,55 0,56 0,48 0,50
CD4* CD62L™ T cells 0,39 0,25 0,74 0,47 0,43 0,46
CD8* T cells 0,51 027 068 069 081 0,58
CD8* CD62L T cells 0,29 078 089 130 . 219
CD8* CD62L"" T cells 0,60 0,73 0,50 0,62
CD8* CD62L™ T cells 060 065 044 073
MALE MICE

Eosinophils 0,31 03 034 038 060 088
Neutrophils I o029 o073 103 079 | 1,25
Ly6C* NK cells 0,56 0,55 0,87 0,74 0,80 0,43
Total NK cells 039 027 | o056 | 1,37
Monocytes Ly6C"o" 0,73 0,88 0,88 1,54 1,49
B cells 062 057 072 051 1,03 1,26
T cells 032 039 053 048 046
CD4* T cells 0,31 038 050 047 042
CD4* CD62L T cells 037 1,09
CD4* CD62L"" T cells 0,47 0,44 0,44 0,71 0,86 1,59
CD4* CD62L™ T cells 045 040 046 060 063 1,02
CD8* T cells 043 049 044 054 052 061
CD8* CD62L T cells 037 0368 0,38 2
CD8* CDB2L"" T cells 032 080 [175 128

CD8* CD62L™ T cells 026 060 | 128 099 | 161

Figure 2. Variance of each immune cell population at various time points
(overall—top panel; only on females—middle panel; only on males—bottom
panel). Variance calculated on normalized values (z-scores). Dark grey
corresponds to the lowest and highest variances (in online version blue
corresponds to the lowest variances and red to the highest).
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using only the survivors; no impact was observed on the main con-
clusions (Supplementary Figure 6).

Discussion

This longitudinal study shows that the percentages of immune
cells in mice vary with aging and that males and females show
distinct progression profiles. More specifically, the percentage of
neutrophils, monocytes, eosinophils, and total NK cells increases
with age, while that of Ly6C* NK cells, B and T cells (both CD4*
and CD8*) decreases. These observations reveal an overall de-
crease of adaptive and an increase of innate immune cells, a sig-
nature that is in line with some of the known age-related changes
of the immune system that occur in humans (2,12,17,21-24). Of
relevance, a skew in hematopoiesis during aging, favoring the
myeloid lineage, has been shown both in humans and rodents
(25,26), which can contribute to the observed increased propor-
tion of circulating innate cells. In the same line of evidence, both
aged humans and mice present increased levels of total monocytes
in comparison to young subjects (2,17). However, with respect to
classical monocytes, the population explored in this study, hu-
mans and inbred mice seem to differ: in humans, CD14"s" decrease
or remain constant with aging (11,12), whereas in mice, Ly6Chish
are increased in old mice, as demonstrated here and by others
(17). This discrepancy might be related to genetic variability since
CD-1 mice, which present higher genetic variability than inbred
strains, also display decreased numbers of classical monocytes in
aged mice (27). Moreover, a reduction in monocytes’ chemotaxis
has been described (3), which might explain the observed accu-
mulation of these cells in circulation. The percentage of human
neutrophils increases with age (21), similarly to what we observed
here for mice. Neutrophils’ capacity to migrate to inflamed tissues
is also impaired in aged animals (28,29), potentially contributing
to their accumulation in the blood. Concerning NK cells, we ob-
served an overall decrease of Ly6C* NK cells and an increase of
total NK cells. In humans, an increase in total NK cells during
aging has been extensively reported (12,30-32) as we show for
female mice. This is in contrast with reports from experiments
using C57BL/6 mice in which NK cells are selected as NK1.1*
cells (33), a molecule not expressed in Balb/c mice (34). We, and
others using Balb/c mice (35), define NK cells as CD49b* (and
negative for CD4, CD8, CD19, and Ly6G). Recently, the expres-
sion of CD49b was seen to occur also in atypical innate lymphoid
cells (ILC1) (36), which might indicate that we are selecting a
broader population of cells rendering the comparison between
studies difficult. An NK cell subset based on the expression of
Ly6C was identified, even though the expression of this marker on
NK cells is still poorly characterized. It was reported that mature
NK cells (NK1.1* CD11b*) expressing Ly6C present a resting/
inert phenotype with a poor proliferative potential (37), and that
memory NK cells express high levels of Ly6C (and low levels of
CD27) upon viral infection (38,39). Curiously, CD27- CD11b*
NK cells, considered the most mature cells, were shown to de-
crease in the blood of aged mice (15), which is in line with our
findings. However, the mouse CD27- NK cells present some simi-
larities with human CD3564™ NK cells (40), which have been de-
scribed to be increased in older individuals (32,41). Considering
the absence of CD56 expression in mice (40), additional markers
should be used to better characterize the dynamics of the various
NK cells subpopulations during aging to allow a more accurate
comparison with humans.

As for the adaptive immune system, it has been extensively de-
scribed that human B and T (both CD4* and CD8* subsets) per-
centages and absolute numbers decrease with aging (11,12,22,23),
as observed here in mice. Moreover, studies in rats and mice also
evidenced a decrease in splenic T cells (or CD4* T cells) in old ani-
mals (16,42).

Considering the importance to explore sex as a biological vari-
able that might influence preclinical research (43) and the lack of
reports tackling this issue in mouse healthy aging, we explored sex-
related differences in the percentage of immune cells over time.

We show that sex is a significant and confounding factor in the
progression of the main blood populations of the immune system
evaluated. Males present overall higher percentages of neutrophils
and classical monocytes compared to females. By contrast, fe-
males present higher percentages of total T cells, and both CD4*
and CD8* T cells, eosinophils, and NK cells. Even though males
and females present similar percentages of B cells, their progres-
sion over time reveals opposing acceleration profiles. Altogether,
this clearly demonstrates an age-related sexual dimorphism in the
proportion of immune cells in circulation. Sex differences in basal
conditions, as shown here, are still poorly characterized, though ex-
tensively explored during immune responses both in humans and
in animal models. In studies comparing the immune response in
males versus females, females usually present a stronger immune
response resulting in a more efficient pathogen clearance but in-
creased susceptibility to autoimmunity (9,10). Additionally, in aged
individuals, women have higher genomic accessibility for genes
(ATAC-seq) related to adaptive immunity and lower for monocytes
and inflammation-related genes than men (11). As described here,
the percentages of total T cells, both CD4* and CD8* subsets, are
lower in males and decrease during aging in both sexes. Accordingly,
human cross-sectional studies demonstrated an identical profile,
even though the impact of sex was only observed for total T cells and
CD4* T cells (11,12). These findings might be related to the fact that
thymic function decreases with aging differently in men and women.
As no direct method is available to quantify thymic function, this has
been estimated using various surrogates, of which the quantification
of T-cell receptor excision circles (TRECs) in peripheral blood (44) is
the most used. The decrease of TRECs with age, from 20 to 70 years
of age, is greater in men than in women (31), thus suggesting an ac-
celerated decrease of thymic function in men, which might explain
the greater percentages of T cells in women.

The most well-described age-related alteration in the adaptive
immune system, mainly in humans, is the shift in the T-cell compart-
ments from a naive into memory and effector phenotypes (5,6,45).
For strains comparisons, a note is necessary on the classification of
T-cell compartments in mice. The classical classification of T-cell
compartments in mice, retrieved essentially from the C57BL/6
strain, is based on the expression of CD44 and CD62L (naive T
cells as CD44"v-CD62L"s" central memory T cells as CD44"e
CD62L"¢" and effector memory T cells as CD44"s" CD62L"v"-)
(19,20). However, the expression profile of CD44 and CD62L is dis-
tinct in Balb/c mice, as shown by others (46) and also here. Balb/c
mice present higher expression of CD62L than C57BL/6 mice (46),
possibly explaining some of the strain differences. In Balb/c mice,
3 distinct populations based on the expression of CD62L are de-
fined: CD62L-, CD62L"™, and CD62L"s". Considering the median
fluorescence intensity of CD44 on each population, we propose that
CD62L- T cells are effector memory cells due to their highest ex-
pression of CD44; CD62L"s" T cells are central memory cells due
to their intermediate expression of CD44; and CD62L™ T cells are
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naive cells due to their lowest expression of CD44 (19,20). Using
this classification, we observe that CD62L- T cells (effector memory
cells) increase over time (in both sexes among CD4* T cells, and ex-
clusively for females on CD8* T cells); CD62L™ T cells (naive cells)
decrease with aging both in CD4* and CD8* T cells, where females
have clearly more naive CD4* T cells; and CD62L"¢" T cells (central
memory cells) increase almost exclusively on males. Concordantly,
in humans, the decrease in naive T cells is more pronounced in CD8*
T cells, with women displaying higher relative amounts of naive T
cells than men (11,12,47). On the other hand, men present a higher
proportion of effector T cells than women (47), mostly at young ages
(11). To note, here we present the proportion of cells among either
CD4* or CD8* T cells, while human studies present mostly absolute
counts or percentages among total peripheral blood mononuclear
cells (11,47), which can explain some of the inconsistencies found.
Moreover, the dynamics of T-cell compartments seem to display con-
siderable species differences, which is of relevance when age is con-
sidered. For instance, the proportion of T-cell compartments in the
adult mouse is more similar to that of neonate humans than adults
(48). Overall, irrespectively from the T-cell compartments analyzed,
the alterations in the proportion of cells are strongly influenced by
sex, reinforcing the need to investigate both males and females when
addressing the impact of aging on T cells.

Potential mechanisms responsible for sex-related differences
are likely related to the effects of sex hormones on the immune
system and to genetic factors, as described elsewhere (8,9,49).
The increased variability in the proportion of immune cells with
aging, which has also been reported at the transcriptional level
(50), reinforces the need to consider individual progressions
when analyzing biological parameters in age-related research.
Longitudinal studies and mixed-effects models are 2 strategies
that should be implemented more often when studying immune
system aging.

The concordance across human and mouse studies suggests that
some of the aging and sex-specific signatures described are conserved
across species, which gives the confidence to use animal models
when seeking further understanding of the sex-related discrepancies
in immune system aging.

Taken together, this longitudinal study comprehensively explores
the evolution of the main immune cell populations during aging, re-
vealing an overall decrease in the adaptive immune cells and an in-
crease in innate cells. It also reveals that sex plays an essential role
in the mouse immune system aging, as described in humans, and
must be taken into account when designing and planning experi-
ments with rodents.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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