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Objective: To develop a mechanistic physiologically-based model describing
CD4" T-lymphocyte homeostasis across the human lifespan, incorporating
maturation, differentiation, migration aspects and the impact of age on distinct
cell subpopulations.

Methods: A stepwise modeling approach was implemented by integrating
published quantitative data on CD4" T-cell concentration in blood and various
tissues for narrowly de ned age ranges, together with experimental kinetic
parameters. The homeostatic CD4" T-lymphocyte kinetics model was
represented as a system of ordinary differential equations for four thymocyte
subpopulations and six CD4" T-lymphocyte subpopulations, incorporating ve
physiological compartments: the thymus, blood, lymphoid tissue, the gastro-
intestinal tract, and lung tissue. A series of empirical functions was sequentially
tested to describe age-related changes in homeostasis. Reciprocal cellular
feedback functions were assessed for incorporation in the model, as an
alternative to age-dependent functions. An extensive set of model evaluations
was performed, including model validation on total and memory CD4" T-cell
concentrations, simulations of homeostasis perturbations following
thymectomy, and global sensitivity analysis, to determine the processes most
in uential in shaping CD4" T-cell homeostasis.

Results: Age-related shifts in proliferation of naive and activated cells,
differentiation of memory subsets, survival of recent thymic emigrants (RTE)
and migration aspects of CD4" T-cells — together with reduced thymic output —
were identi ed as key determinants of immune homeostasis. Sensitivity analyses
showed that thymocyte and naive cell homeostasis drives early differentiation
stages, whereas clonal expansion dominates memory and effector cell
maintenance, with the in uence of all processes declining with age. Although
increased naive T-cell proliferation and reduced RTE death may partially
compensate for thymic loss, these mechanisms are insuf cient to restore
long-term CD4" T-cell counts after thymectomy.
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Conclusion: By unifying diverse clinical and experimental observations within a
multiscale mechanistic quantitative framework, the proposed model offers a
robust tool for predicting CD4" T-cell dynamics and assessing the impact of
physiological changes or interventions on immune homeostasis.

KEYWORDS

age-dependent homeostasis, CD4+ T-lymphocytes, mechanistic modeling,
thymectomy, thymus involution, aging

1 Introduction

CD4" T-lymphocytes represent a key component of adaptive
immunity, responsible for orchestrating and regulating human
immune reactions. The mission of these cells extends beyond the
assisting of cytotoxic CD8" T-lymphocytes and B-lymphocytes in
their functions, activation of antigen-presenting cells, induction of
early innate in ammatory responses, immune memory
maintenance and other protecting functions (1). T-lymphocytes
are widely targeted by newly developed immunotherapy
medications, especially in Oncology applications. Genetically
modi ed T-lymphocytes by chimeric antigen receptor (CAR) are
used as immunotherapeutic agents in the treatment of
hematological oncological diseases and solid tumors (2). Other
types of immunotherapies, such as immune checkpoint inhibitors
and the emerging T-cell engagers also interact with CD4" T-
lymphocytes, by virtue of their targeting of malignant cells (3).
Dysfunctions of these immune cells contribute to a potentially
severe deterioration of human immunity. CD4" T-cells are the
main targets of the human immunode ciency virus (HIV); their
depletion and exhaustion lead to acquired immunode ciency
syndrome (AIDS). Moreover, these cells are highly involved in
autoimmune reactions (4). Homeostatic properties of CD4" T-
lymphocytes, together with their regulation and quanti cation are
of great interest to researchers in fundamental and clinical
immunology, in their journey to both unravel unknown immune
mechanisms and develop novel targeted pharmacological
treatments and vaccines (5).

T-cell development begins in the thymus gland and continues
through peripheral maturation with sequential differentiation from
recent thymic emigrants (RTE) to nave T-cells (6). The rst
encounter with a foreign antigen leads to the activation of speci ¢
na ve cells coupled with clonal expansion and formation of both
effector and memory phenotypes (7). Memory CD4" T-cells
comprise a heterogeneous subpopulation of cells, including stem
cell-like-, central-, effector-, and resident-memory subsets, and
provide rapid and robust responses upon re-exposure to antigens
(8). Cell migration relies on a differentiation stage of cell surface and
expression of homing markers, i.e., CCR7" and CD62L" (9).

Next to differentiation and transition aspects, another
homeostatic property of CD4" T-lymphocytes and the immune

Frontiers in Immunology

system in general pertains to age-dependent alterations. Aging of
the immune system is a complex and multifactorial physiological
process that unfolds across various biological scales, from molecular
signaling pathways to cellular populations and entire tissues. It
encompasses a wide range of changes, including a gradual thymus
involution reducing mature T-lymphocytes output, systemic
in ammation and immunosenescence, revealing functional
impairment of immune cells (10). These changes contribute to a
progressive decline in immune system function, affecting its ability
to eliminate infectious agents or malignant cells.

The investigation of immune T-cells homeostasis, their kinetics
and distribution aspects as well as age-related changes continues to
receive high attention from experimental and theoretical
immunologists. A large variety of experimental in vitro and in
vivo data, obtained by ow cytometry, BrdU of deuterium labeling
methods, signal joint TCR excision circles (TRECs) content
measurement and others, have been used to explore and quantify
T-cell homeostasis (5). Computational modeling is one quantitative
tool to describe kinetics of immune cells; among other features, it
has provided well-established estimates of cellular turnover rates
(11, 12). However, in order to further sort through intricate mutual
in uences of immune cells in the context of homeostasis, it is
necessary to consider aspects of cell differentiation and migration
throughout the organism.

In the study of age-dependent homeostasis of T-lymphocytes,
several questions related to the nature of compensatory mechanisms
on the age-related decrease in thymic output, as well as mechanisms
of T-cell memory longevity remain unresolved (13, 14). Most of the
experimental research in the eld is based on “young” vs. “old” group
comparisons, which hampers the extrapolation of results across
multiple age groups spanning the human lifespan (15). To derive
further detailed insights on the mechanisms of age-related changes
and the most critical determinants of T-cell homeostasis, a thorough
curation of the available quantitative information on T-lymphocyte
homeostasis, with respect to the characteristics of the performed
experiments (particularly in terms of the age of the studied subjects)
is required. There have been several attempts to evaluate the age
dynamics of immune cell counts, based on large amounts of
quantitative data (16—18). In the recent work of Schr ter et al., age-
related changes of lymphocyte concentrations were mathematically
described, using a modi ed exponential decay function with a delay,
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based on an extensive dataset of speci ¢ data on various cell
subpopulations (17). Schr ter and colleagues were among the rst
to quantitatively identify the age dynamics of cells, in the rst years of
human life. We recently performed a systematic review and meta-
analysis, gathering all available quantitative information from
multiple sources, on concentrations of multiple lymphocyte
subpopulations in blood and peripheral organs (18). As a result, we
obtained generalized estimates of cell concentrations across narrow
age groups. While a further standalone description of distinct
immune cell subpopulations may provide an accurate quantitative
capture of cell homeostasis, it may not allow to decipher speci ¢
mechanisms of age-related changes and their regulation.

The primary objective of the present study was 1) to
quantitatively characterize age-related homeostasis of CD4" T-
lymphocyte subpopulations, by curating information and data on
cellular kinetics and age-dependent dynamics and 2) to integrate
these into a quantitative, physiologically-based mathematical
model. The homeostatic model was developed with respect to the
biology of differentiation, proliferation and migration of multiple
subpopulations of CD4" T-lymphocytes. Combining multi-level
data into a mechanistic model enabled the investigation of
changes in cellular homeostasis in response to perturbations, to
test the hypothesis on the mechanisms of age-related alterations in
homeostasis and to determine which homeostatic processes are
most in uenced by age-related changes.

2 Materials and methods
2.1 Data

2.1.1 Clinical data on T-lymphocytes homeostasis

Clinical data on T-lymphocyte counts for several cell
subpopulations spanning diverse age groups were required for
homeostatic model development. Results from a previously
performed systematic review and meta-analysis on age-dependent
human T-lymphocyte homeostasis were used as a main source of
quantitative data (18). The weighted averages as generalized estimates
calculated within prespeci ed age intervals for each CD4" T-
lymphocyte subpopulation in each organ were used for parameter
estimation and model validation. Quantitative data on speci ¢
subpopulations of CD4" T-lymphocytes, such as RTE, na ve,
activated, central-memory, effector-memory and effector cells in
blood, lymphoid tissue, the gastro-intestinal tract and lungs were
used for calibration purposes, while the total subpopulations were
used for model validation. Subsequent gating strategies and phenotypes
of these cell subpopulations were fully described in the previous work
(18). To evaluate the ability of the model to predict the overall immune
status with age, model validation was performed against concentrations
of total CD4" T-lymphocytes and of total memory (CD45RO") CD4*
T-lymphocytes in blood and lymphoid tissue.

In addition to cell concentration data, quantitative estimates on
the total blood volume for different age groups and thymus wet
weight were collected (19-26). Total blood volume data were used
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for parameterization of its dependency with age, to obtain the
model-predicted values on cell concentrations in blood (19-24). An
additional thymus wet weight data source (26), with data for the
rst years of life was exploited to inform the previously developed
model of thymocytes homeostasis in healthy subjects (27). Since
this sub-model was used as one of the mechanistic model building
blocks, the data on thymus wet weight were used to parameterize
the age dependency of wet weight (25, 26). Moreover, to evaluate
the model’s ability to capture cell dynamics under cellular
homeostasis perturbations, individual data from patients who
underwent complete thymectomy in their childhood, from early
infancy to 6 years of age, were additionally collected (28, 29).
Detailed information on the clinical data used in the analysis,
including age group ranges and evaluation procedure, is presented
in the Supplementary Table 1.

2.1.2 Experimental estimates of homeostatic
processes

To obtain quantitative information on CD4" T-lymphocyte
subpopulation kinetics, various sources of experimental in vitro
and in vivo mouse data, as well as clinical data from deuterium
labeled T-cell kinetic studies and modeling results were examined
(15, 30-49). Death rates for CD4" T-lymphocyte subpopulations
were calculated according to the half-life estimates obtained mostly
from deuterium labeling kinetic data modeling (30, 32, 3537, 46).
Allometric scaling was used for the calculation of kinetic rates, from
mouse data (50, 51). Transition rates of distinct T-lymphocytes
across tissues were assessed following the Ganusov and Tomura
analysis (48). Moreover, point estimates of mechanistic quantitative
systems pharmacology (QSP) models were also used to obtain
physiologically meaningful intervals for model parameters (38,
42). The proposed ranges were used to inform initial parameter
values for calibration. The values of experimental ranges, as well as a
detailed description of the proposed assumptions are summarized
in Supplementary Tables 2, 3, respectively.

2.2 Modeling work ow

A sequential modeling approach was applied to formulate,
calibrate and validate the model of CD4" T-lymphocytes age
homeostasis. The proposed data-based work ow includes four
stages (Figure 1):

1. Model-based description of CD4" T-lymphocytes cellular
kinetics in homeostasis following a multi-compartmental
framework (Figure 1A)

. Parameterization of age-dependent changes in
homeostasis (Figure 1B)

. Incorporation of intercellular regulation and its in uence
on age-dependent homeostasis (Figure 1C)

. Analysis and evaluation of the effect of various perturbations
on cellular age-dependent homeostasis (Figure 1D)
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FIGURE 1

Scheme for the model-based description and analysis of age-dependent CD4" T-lymphocyte homeostasis (stage 1 (A) — model-based description
of CD4" T-lymphocytes cellular kinetics in homeostasis following a multi-compartmental framework; stage 2 (B) — parameterization of age-
dependent changes in homeostasis; stage 3 (C) — incorporation of intercellular regulation and its in uence on age-dependent homeostasis; stage 4
(D) — analysis and evaluation of the effect of various perturbations on cellular age-dependent homeostasis).
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2.2.1 Mathematical biology of CD4*
T-lymphocytes cellular kinetics
2.2.1.1 Model structure: multiple organs and cell
compartments

To capture T-lymphocyte homeostasis and kinetics, several key
aspects needed to be accounted for, such as T-lymphocyte maturation
and development, circulation capacity, distinct subpopulation

10.3389/ mmu.2026.1742817

differentiation and expansion properties. The complete mechanistic
homeostatic CD4" T-lymphocyte cellular kinetics mathematical model
was formulated with a system of 24 ordinary differential equations
(ODEs), with 59 parameters presented in Supplementary Table 4. The
schematic structure of the mathematical model is shown in Figure 2.
To account for T-lymphocyte maturation processes, we used
our previously developed mechanistic model of thymocytes
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homeostasis as one of the building blocks of the cellular kinetics
model (27). This model described the kinetics of the main
thymocyte subpopulations — double-negative (DN, CD4°CD8"),
double-positive (DP, CD4*CD8") and single-positive CD4" (SP4)
and CD8" (SP8) cells (Supplementary Table 4, Equations 6-9).
Moreover, the model, by virtue of incorporating thymus involution
(Supplementary Table 4, Equations 1-5), captured age-related
changes in thymocyte subpopulation counts as well as the
number of egressed T-lymphocytes. As the thymus is the main
source of mature T-cells, it was crucial to consider this physiological
compartment within the cellular kinetics model.

Upon reaching the periphery, T-lymphocytes undergo further
differentiation as a result of interactions with antigen-presentation
and self-renewal mechanisms. We proposed six CD4" T-
lymphocytes subpopulations to be included in the cellular kinetic
model: recent thymic emigrants (RTE, Tgrre, CD31" CD45RA™),
na ve (N, Tys, CD45RA™ CD45RO™ CCR7/CD62L"), activated (A,
Tas, HLA-DR™ CD38"), central-memory (CM, Tcpma, CD45RA™
CD45RO" CCR7¥/CD62L"), effector-memory (EM, Tema,
CD45RA™ CD45RO™ CCR77/CD62L"), and effector (EFF, Term,
CD45RA" CD45RO~ CCR77/CD62L") cells (Supplementary
Table 4, Equations 16-35). CD4" T-lymphocytes enter the blood
circulation as a distinct subpopulation of nave T-cells — CD31*
RTE T-cells (Tgr) Which differentiate into mature na ve cells (Tya
) in secondary lymphoid organs. Homeostatic proliferation of RTE
cells (Trm) Was neglected in the model, due to evidence of a lower
level of proliferation, as compared to na ve cells (Ty4) (31). Upon
speci ¢ antigen encounter, nave T-cells (Ty4) become activated
and undergo clonal expansion, which prompted us to include a
distinct subpopulation of activated T-cells (Tp4) in the model. The
expansion of activated T-cells (T,,) was described by a logistic
growth equation, to limit excessive and non-physiological cell
proliferation (Supplementary Table 4, Equation 22). The
subsequent differentiation of T-lymphocytes was described with
respect to bifurcation theory, which favors a simultaneous
formation of effector (Tgem) and memory (Tepe and Teya) T-
cells (52, 53). The diversity of memory T-cell subsets was accounted
for in the model, by including central-memory (Tcw,) and effector-
memory (Tgwa) Subpopulations with respect to their longevity and
self-renewal mechanisms, as well as the progressive differentiation
into effector cells (Tgrm) upon antigen re-exposure. Effector T-
helper cells (Tegw), as a short-lived subpopulation with immediate
immune response function, were described as a terminal non-
proliferating subpopulation.

Beyond the thymus, four physiological compartments — blood,
lymphoid tissue, gastro-intestinal tract and lungs —were included in
the model, to describe T-lymphocyte traf cking. While T-
lymphocyte differentiation originates in lymphoid tissue,
subsequent distribution of cells throughout the body occurs in
blood. Circulatory aspects of distinct T-lymphocyte subpopulations
were considered in the model structure. T-lymphocyte subsets (Tys4
and Tcpy) that express lymph-homing markers — the adhesion
molecule CD62L and the chemokine receptor CCR7 — were
described as subpopulations which can migrate to other organs
and recirculate to lymphatic tissue (8). In contrast, for T-
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lymphocyte subsets (Tgyma and Tgpm) that lack expression of
CCR7 and CDG62L, recirculation to lymphatic tissue was not
included in the model. Moreover, for effector cells (Tgrm),
emigration to an infection site only was considered.

Several assumptions were made to reduce the dimensionality of
the model parameter space. Firstly, the death rate for each of the
proposed T-lymphocyte subsets was assumed to be the same for
each physiological compartment, except for blood, where the rst-
order disappearance rate represents not only cell apoptosis but also
distribution to other organs. Secondly, the migration rates from
blood to/from the gastro-intestinal tract and to/from the lungs were
assumed to be the same within each T-cell subpopulation. This
assumption is supported by the similar cell percentage in these
organs during the rst year of life (18). The validity of the proposed
assumptions was tested in a sensitivity analysis.

2.2.1.2 Model calibration via data-driven parameterization

To calibrate CD4" T-lymphocyte cellular kinetics parameters,
cell concentration data from the youngest age group for each cell
subpopulation within each physiological compartment were
applied. The youngest age group was chosen for calibration, to
initially omit any age-related processes which may in uence cellular
homeostasis. The proposed dataset of 20 datapoints, which included
weighted averages of cell concentrations (cells/rL for blood and %
for other compartments) for the speci ¢ age interval were used as
steady-state values for each model variable (18). The age of the
“youngest” interval for each subpopulation was set to 0 and
considered as a predictor variable (regressor) in the model, to
calculate maximal cortex and medulla capacity in the thymocyte
homeostasis sub-model, and to subsequently account for the extent
of T-cells egressed from the thymus (27).

Several structural model adaptations were made accordingly,
during the model calibration phase. Firstly, as model variables
represented numbers of cells in distinct compartments
(Supplementary Table 4, Equations 16-35), a calculation of cell
concentrations was performed. For example, in lymphatic tissue,
the gastro-intestinal tract and the lung compartments, percentages
of cell subpopulations were calculated based on the sums of the
model variable values within the compartments (Supplementary
Table 4, Equations 50—63). To convert numbers of cells in blood to
measured cell concentrations (cells/mL) (Supplementary Table 4,
Equations 36—41), an age-dependent function of blood volume was
used (Supplementary Table 4, Equation 15). The parameterization
of this dependency was based on a mathematical model of body
weight vs age (Supplementary Table 4, Equations 10-14) (54). The
blood volume was scaled relative to body weight using individual
and aggregated data on blood volume (see Section 2.1.1 and
Supplementary Table 1), with the assumption that these
physiological parameters feature the same dynamics across age
groups. Secondly, as the cellular kinetics model was calibrated on
data from the rst years of life with respect to the observed increases
in cell concentrations during early childhood (18), the thymus
involution part of the previously developed thymocyte
homeostasis sub-model required adaptation (27). To capture
changes in thymus function during the rst two years of age,
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thymus wet weight vs. age dependency (Supplementary Table 4,
Equation 1) was taken into account using additional data (see
Section 2.1.1 and Supplementary Table 1).

As thymus involution and blood volume changes were the only
age-dependent processes incorporated in the homeostatic cellular
kinetics model, the ability of the developed model to describe age-
related changes in cell concentrations was additionally evaluated.

2.2.2 Description of age-dependent changes in
homeostasis processes

To capture age-related changes in CD4" T-lymphocyte
homeostasis, various functional forms of the parameter age
dependency were evaluated. A sequential stepwise approach with
forward selection and backward elimination was applied, to identify
all relevant age dependencies and build the full age-dependent
CD4" T-lymphocyte homeostasis model. The calibration dataset
featured cell concentrations vs. age data for 20 model variables (see
Section 2.1.1 and Supplementary Table 1), which were treated as
steady-state values. Age was incorporated in the model as a
regressor. Cellular kinetics model parameter values were xed
based on results from the homeostatic model developed in the
previous step (see Section 2.2.1). In the forward selection step, four
types of empirical functional age dependencies — linear,
exponential, hyperbolic and quadratic (Figure 1B) — were tested
sequentially, on each model parameter. As a result of the iterative
forward selection step, the full model with all consistent age
functions was built. In the backward elimination step, the selected
age dependencies were sequentially removed from the full model, to
test whether an age-dependent function would not signi cantly
contribute to data description, once other age dependencies were
included in the model. Model selection at each step was based on
the identi ability of age-dependent parameters and lower Akaike
information criterion (AIC) values. All selected age dependencies
were also evaluated in terms of physiological relevance.

2.2.3 Quantitative assessment of CD4™" T-
lymphocyte homeostasis regulation

To better capture dynamical changes in CD4" T-lymphocyte
kinetics and homeostasis in response to speci ¢ perturbations (e.g.,
thymectomy and/or acute infection), empirical age-dependent
functions in the model were evaluated and replaced with more
physiologically-justi ed mechanistic dependencies (Figure 1C). The
hyperbolic dependencies of model parameters vs. cell counts and
concentrations were explored and tested sequentially with respect to
their physiological meaning. Parameters from non-replaced age
dependencies from the previously developed model were estimated
alongside with the tested functions. The nal age-dependent CD4*
T-lymphocyte homeostasis model was selected according to the
identi ability of parameters and AIC comparisons vs. the model
developed in the previous step (see Section 2.2.2).
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2.3 Methodology of model development,
performance evaluation and validation

Model development and evaluation were conducted according
to the current standards of quantitative system pharmacology and
physiologically-based mechanistic modeling (55-59). A sequential
modular approach was used, both to distinguish homeostatic and
age-dependent processes of T-lymphocytes functioning and to
reduce the parameter space per optimization procedure. Several
parameter values were xed based on prior knowledge on
homeostasis processes (see 2.1.2 Section) (55-59). For the xed
parameter values with non-informative priors, a likelihood function
pro ling was applied to obtain the best estimates of the model
objective function and to evaluate uncertainty. A plausible
uncertainty range (95% con dence interval) for each parameter
was obtained via pro le the likelihood method, by xing the
parameter across a grid of values, re-optimizing the remaining
parameters, and retaining values that yielded near-minimal negative
log-likelihood while demonstrating practical identi ability. A
proportional residual error model was chosen for all model
variables with xed residual error parameter values, on the
respective coef cients of variation (CV) of dependent variables,
calculated using the calibration dataset. Identi ability of the
estimated parameters was assessed via parameter relative standard
error (RSE) values, where parameters with RSE greater than 51%
were considered unidenti able (55, 59). Model comparison and
selection on the 2" and 3™ steps during age-dependent model
development were based on identi ability analyses, as well as an
AIC-based assessment of models; the model featuring the lowest
AIC was then selected. To ensure the computed best- t solution was
at a non-improvable minimum, a multi-start parameter
optimization procedure was applied, with 15 iterations.

The description of age-related changes in CD4" T-lymphocyte
concentrations was assessed via simulations of steady-state values
for each dependent variable, at a given age point. According to the
sequential model development approach, model predictions
accounted for uncertainty only in parameters calibrated at the
respective modeling step. Uncertainty in CD4" T-lymphocyte
homeostasis or age- or cell count-dependent parameters were
included in model simulations, with 1000 sampled parameter sets
for simulation. Predicted means with 95% con dence intervals
(Cls) were plotted against the respective observed means and 95%
Cls of the data. Visual model diagnostics were also performed, by
comparing predicted values against observed data and by
presenting weighted model residuals against predicted values and
respective ages.

Model evaluation and analysis steps included a validation
process of age-related changes in cell count representation,
simulation of homeostasis perturbations (e.g., thymectomy), and a
sensitivity analysis (Figure 1D). Along with the representation of
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age-related changes for speci ¢ cell subpopulations, the ability of
the model to predict overall immune status with age was assessed
using concentrations of total CD4" T-lymphocytes and total
memory (CD45RO*) CD4" T-lymphocytes in blood and
lymphoid tissue (18) as well as absolute counts of total CD4" T-
lymphocytes in blood and peripheral organs (60). The accuracy of
independent data description was assessed by comparing the
observed and predicted 95% Cls for each total CD4" T-
lymphocyte population. For each age group (0-1 year of age; 1—
18 year of age; 18—40 year of age; >40 year of age), the percentage of
datapoints for which the observed and predicted 95% Cls
overlapped, or for which the difference between the CI limits did
not exceed 30% of the observed values was calculated. Moreover, a
full thymectomy condition was simulated, to assess the ability of the
model to capture dynamics in T-lymphocyte homeostasis. To
simulate such a condition, the number of SP4 thymocytes
(Supplementary Table 4, Equation 16) was set to zero at the time
of thymectomy and thereafter. For the dynamic simulation, initial
values of the model variables were set to the subsequent steady-state
values at the time of thymectomy, per each individual. If, for a given
individual, data on T-cell counts prior to thymectomy were
available, initial baseline values were corrected by the fraction of
the difference between model-predicted cell count for a typical
healthy subject and the observed data.

Sensitivity analyses were performed to quantify how a change in
model parameter would impact homeostasis of CD4" T-
lymphocytes. The partial rank correlation coef cient (PRCC) was
used as a measure of global sensitivity (61). Global sensitivity
analysis was performed for each dependent variable at select age
points (0, 1, 20, 50, 80 years of age), representative of the chosen age
groups. Three categories of parameters were used for sensitivity
analysis: thymocyte homeostasis; CD4" T-lymphocyte homeostasis;
and age- and cell count-dependent parameters (70 parameters in
total). Thymocyte homeostasis parameters were sampled from
physiologically plausible ranges, as de ned in (27), whereas CD4"
T-lymphocyte homeostasis and age- and cell count-dependent
parameters were sampled from a uniform distribution with — 25%
value ranges, using a latin hypercube sampling method, to conduct
the global sensitivity analysis (61). The sample size (i.e., the number
of simulation runs) was set to 10,000; sensitivity analysis results
were checked for consistency by increasing the sample size. Prior to
PRCC calculation, the monotonic relationship between variables
and parameter values was assessed. The in uence of parameters for
which PRCC was greater than or equal to 0.5 in absolute value was
considered signi cant for the corresponding model outputs. To
assess pairwise parameter interactions affecting the model-
predicted number of CD4" T-lymphocytes, two-parameter iso-
line contour plots were computed for selected parameter pairs at

xed ages. For each pair, parameters were sampled from a uniform
distribution with — 25% value ranges on a 2D grid while all
remaining parameters were held at their nominal values, and iso-
output contour plots were generated to visualize compensation and
nonlinear interaction patterns.
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2.4 Software

Model calibration was performed using the Monolix software
(version 2020R1; Lixoft; https://www.simulations-plus.com/
software/monolix/monolix/). Model evaluation, validation and
sensitivity analyses were performed in the R statistics software
(version 4.2.3; packages: rxode2, sensitivity, tidyverse; www.r-
project.org). Data digitization was conducted in PlotDigitizer
(https://plotdigitizer.com/). Model code is available in the
Supplementary Materials.

3 Results

3.1 Model-based description of
homeostatic CD4" T-lymphocyte kinetics

The homeostatic CD4" T-lymphocyte cellular kinetics model
(Figure 1A) calibration results are presented in Table 1. A total of 26
parameter values were xed, and 19 parameters were estimated
using meta-analytical generalized estimates on cell concentration
data for the rst years of life. Age as a regressor in the model was

xed to 0, in uencing the age-related changes in thymic function
(TE(age and Thai(agd) and blood volume (BV(agg), which
captures cell homeostasis for newborns. Each one of the estimated
parameters was assessed as identi able (RSE< 51%) (Table 1). For
the xed parameters, values were obtained either from derived
physiological experimental estimates (see Supplementary Table 2
for subsequent derivations) or based on sensitivity and likelihood
pro ling analyses.

The observed and predicted steady-state mean values with
respective Cls are presented in Supplementary Figure 1. Since cell
concentration data from the youngest age group were used for
calibration purposes, the corresponding age range varied from the
[0; 0.25] years for na ve, central-memory and effector-memory cell
blood concentrations, to [30; 50] years for the percentage of
activated cells in lymphoid tissue. The age ranges used for model
calibration are also depicted in Supplementary Figure 1. The model
adequately described the data for nearly all CD4" T-lymphocyte
subpopulations, despite its limited ability to capture the % of
activated cells in lymphoid tissue. Since data were only available
for the [30; 50] age group for this variable, and while the model was
considered to re ect cellular homeostasis for newborns and the rst
years of life, the overall results of the model were considered
reliable. Model parameters for the thymus wet weight and blood
volume age dependencies calibrated separately are presented in
Supplementary Table 5. To validate model results, concentrations of
total T-lymphocyte subsets were simulated. The predicted means
with 95% Cls of total CD4"* and total memory CD4* CD45RO™ T-
lymphocyte blood cell concentration were 2402 [2176; 2651] and
300 [263; 334] cells/mL, respectively. These values map well to the
observed values for the 0-0.25 age group: 2215.23 [2023.43; 2407.03]
and 393.33 [316.85; 469.82] cells/mi, respectively.
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TABLE 1 Homeostatic CD4" T-lymphocyte cellular kinetics model calibration results.

10.3389/ mmu.2026.1742817

Parameter o Parameter
] ' Description RSE, % Source *
units P Value
Mereg, A Death rate of RTE CD4* T-cells 0.0076 Fixed based on physiological range
(30, 31)
Wrregy o 07 Transition rate of RTE CD4" T-cells from blood to lymphatic tissue | 0.217 6.21 Estimated
. . . Fixed based hysiological
i Ry dt Differentiation rate of RTE to na ve CD4" T-cells 0.0012 (3:;(632) ased on physiological range
Fi hysiological
Mg, A Death rate of na ve CD4* T-cells 0.000457 xed based on physiological range
(32-39)
I N Fi hysiological
I ng, 0 Proliferation rate of na ve CD4™ T-cells 0.0007 (i)z(veg;g;efofn physiological range
jna d?t Differentiation rate of na ve to activated CD4" T-cells 0.0012 1.01 Estimated
Wiig, o0 07 Transition rate of nave CD4" T-cells from lymphatic tissue to blood | 1.64 6.13 Estimated
- o Fixed based hysiological
Wigy, o d* Transition rate of na ve CD4* T-cells from blood to lymphatic tissue | 40 ( 42(_645) ased on physiological range
il ¢ Transition rate of nave CD4" T-cells from blood to gastro-intestinal
Wi Y d_1 - - . e . .
Nl tung tract/lungs/other peripheral tissues and activated CD4" T-cells from 0.0003 leeq based Or? sensitivity and likelihood
W d? . . pro ling analysis
Ny s o blood to peripheral tissues
Wady 41 }
W : gt - + T r .
Ndgi o . Transition rate of na ve CD4" T-cells from the gastro-intestinal 0.00075 18.63 Estimated
w d tract/lungs to blood
Ndjyng b *
I pg, d™ Proliferation rate of activated CD4" T-cells 1.725 Fixed based on physiological range
(41, 85)
joaand?t Differentiation rate of activated CD4" T-cells 1727 0.12 Estimated
My, d? Death rate of activated CD4" T-cells 0.04 Fixed based on physiological range
(46, 47)
Wy Transition rate of activated CD4" T-cells from lymphatic tissue to 406 1047 Estimated
1ol blood
1 Transition rate of activated CD4" T-cells from blood to lymphatic Fixed based on physiological range
Wag, , d A 40
ol tissue (43-45)
‘. Fraction of activated CD4" T-cells, differentiated to central-memory 04 Fixed based on physiological range
M CD4* T-cells ' (15)
. . . : I Fixed based hysiological
Thadp,. cells Maximal carrying capacity of activated CD4* T-cells proliferation 10% ( 1|g(e6 0 gs)e on physiological range
I Fixed based hysiological
I oma, dt Proliferation rate of central-memory CD4" T-cells 0.0391 (llée%' ;;em)on physiological range
. Fixed based on physiological range
! Death f I- D4" T-cell 041
Mewa, d eath rate of central-memory C cells 0.0 (33, 35, 36, 38, 42)
) 1 Differentiation rate of central-memory to effector-memory CD4" T- Fixed based on physiological range
jcma.d 0.111
cells (15, 38)
Wena, -, A Tran5|t|0n rate of central-memory CD4™ T-cells from lymphatic 0334 9.39 Estimated
el tissue to blood
" at Transition rate of central-memory CD4" T-cells from blood to 10 Fixed based on physiological range
CMAy ! lymphatic tissue (43, 44)
Wepngy g 07 . . . o .
W at Transition rate of central-memory CD4™ T-cells from blood to the 012 Fixed based on sensitivity and likelihood
CMén W'da gastro-intestinal tract/lungs/other peripheral tissues ' pro ling analysis
WeMdy, o0
W, . d.1 . ~ T .
ICMagq o B Trans_ltlon rate of central-memory CD4" T-cells from the gastro 0.09 10.44 Estimated
WCMAg o0 O intestinal tract to blood
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TABLE 1 Continued

10.3389/ mmu.2026.1742817

Parameter - Parameter
] ' Description Source *
units P Value
iferati Fixed based hysiological
| ena, dt Proliferation rate of effector-memory CD4" T-cells 0.042 (1I;(,635, 2;640)0” physiological range
. Fixed based on physiological range
1 _ + T
Mg, d Death rate of effector-memory CD4™ T-cells 0.11 (33, 35, 36, 38, 42)
i ema, d? Differentiation rate of effector-memory to effector CD4* T-cells 0.035 33.02 Estimated
" at Transition rate of effector-memory CD4" T-cells from lymphatic 0,035 Fixed based on physiological range
EMAc o2 tissue to blood i (43, 44, 48, 49)
Wemt g ¢ Transition rate of effector-memory CD4" T-cells from blood to the
Weadt lon ra v X 0.882 11.95 Estimated
bl lung 4 gastro-intestinal tract/lungs/other peripheral tissues
WEMd o0
WEMAg, 0 d* Transition rate of effector-memory CD4" T-cells from the gastro- 0,04 Fixed based on physiological range
Weng,g o0 07 intestinal tract/lungs to blood ' (48, 86)
Mepp, d7 Death rate of effector CD4" T-cells 0.87 12.16 Estimated
Wepm  d Transition rate of effector CD4* T-cells from lymphatic tissue to 0.253 23.05 Estimated
it bl blood
WERFt g ¢ Transition rate of effector CD4* T-cells from blood to the gastro-
Werp, | ' X g 0.087 23.32 Estimated
ol lung o intestinal tract/lungs/other peripheral tissues
WEFFRy g

* For xed parameters see Supplementary Table 2 for the respective physiological range

The model description of age-related dynamics is presented in
Supplementary Figure 2. Model diagnostic plots are shown in
Supplementary Figure 3. In general, the model was not able to
fully capture long-term age-related changes in CD4" T-lymphocyte
concentrations. Blood concentrations of less differentiated cell
subsets (RTE, nave, activated T-cells) and effector cells decline
with age - which is adequately captured in the homeostatic cellular
kinetics model (Supplementary Figure 2A). Nevertheless, the model
does not reproduce age-related changes for memory subsets
(central-memory and effector-memory) since, for these
subpopulations, blood concentrations do not decrease with age
(Supplementary Figure 2A). Steady-state cell percentages in organs
do not change over age, as no age-dependent variations in cellular
kinetic processes were incorporated in the model (Supplementary
Figures 2B-D). However, the developed cellular kinetics model
described the increase in blood cell concentrations for the rst year
of life (Supplementary Figures 2A). Since the model included age
dependencies only at the level of the thymus and blood volume, it
can be stated that the initial increase in T-lymphocytes and their
expansion are primarily due to thymus production.

3.2 Accounting for the in uence of age on
CD4™ T-lymphocyte homeostasis

Age-dependent changes in CD4" T-lymphocyte homeostasis
processes were described via 13 empirical age-functions
(Figure 1B). Nave (I ns(ag®) and activated (I as(agg) T-cell
proliferation rate, effector-memory T-cell transfer from lungs to
blood (WEM4lung ,(208), and effector cell transfer from blood to
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peripheral organs (Wer, gn(age), WEFF,, .ung(age), WeFr,, . (209)
were found to increase with age. RTE T-cell death rate ("ktm(298)
and transfer rate from blood to lymphoid tissue (Wgrg, ,(298),
differentiation rates of central-memory to effector-memory
( cma(ag9) and effector-memory to effector (j gma(agg) T-cells,
and transfer rates from lymphoid tissues to blood of activated
(Wag, ,(208), central-memory (wcws, ,(2gg) and effector
(Werm, ,(20g9) T-cells exhibited decreasing patterns with age.
Hyperbolic functions were found to be the most adequate way to
capture age-related changes. The schematic structure of the
mathematical model with highlighted age-dependent processes is
shown in Supplementary Figure 4.

The respective formulations and parameter estimates are
presented in Supplementary Tables 6 and 7, respectively. Overall,
15 and 8 parameter values were estimated and Xed, respectively,
during the model calibration process. In the corresponding
hyperbolic functions, the Hill coef cients for nave CD4" T-cell
proliferation rate (I ys(2gg) and central-memory CD4* T-cell
differentiation rate (j cma(2g@) age dependencies were xed to 10
and 3, respectively, to describe the shift in age-related changes in
these processes (Supplementary Table 7, Equations 2, 5 in
Supplementary Table 6). For decreasing age-functions, such as
WrTe, (@08 | cma(208, | ema(208, Wy, (208, Weg, (208 and
Weem, ,(@9¢ (Equations 4-6, 11-13 in Supplementary Table 6,
respectively), parameter values representing the maximal relative
decreases in the respective homeostatic processes were set to 1
(100% decrease), to reduce the dimensionality of the model
parameter space. The validity of the proposed assumption was
tested by sensitivity analysis, assessing the impact of variation in

xed parameter values on model outputs. Age-related changes of
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the effector T-cell migration rate were assumed to have the same
dynamics across different organs (Wegg,, g"(agc}, Werm, Iung(agt),
Werm, . (20¢; Equations 8-10 in Supplementary Table 6). Also, it
was assumed that age-related changes in the homeostasis of
effector-memory (j gms(age, WEMA, g ,(@g9) and effector
(Werm, (209, Werm, (299, Werm, (@99) T-cells begin
around the same age, which is re ected by tting one parameter
corresponding to an age of 50% increase in these processes (ageg;
Equations 610 in Supplementary Table 6). An evaluation of
separate parameters for these dependencies led to non-
identi ability issues for these parameters, due to a larger
parameter space. A graphical representation of each age function
can be found in Supplementary Figure 5. The model selection
process for the backward elimination step is captured in
Supplementary Table 8.

A description of age-related dynamics, based on the age-
dependent CD4" T-lymphocyte homeostasis model is presented
in Figure 3. The complex nature of changes in cell concentrations in
blood and organs with age were well captured, as compared to the
homeostatic cellular kinetics model without the incorporation of
such age effects, indicating the necessity of the proposed age
functions. Diagnostic plots presented in Supplementary Figure 6
also indicated an accurate age dynamics description, with a good
correspondence between observed and predicted values.

Each of the proposed age functions carries a plausible, biological
explanation. The increase in activated T-cell proliferation | o,(age
(Supplementary Figure 5A) features a saturation process, indicative
of the evolution of clonal expansion in response to antigen
stimulation in adulthood and its maintenance for the rest of
human life. Homeostasis was most sensitive to the presence of
this age dependence, according to the difference in likelihood values
for the data described by model, with and without the | 5,(agg
function (Supplementary Table 8). The increase in clonal expansion
ef ciency was essential to ensure a suf cient supply of memory cells,
with their subsequent accumulation throughout human life
(Figure 3; central-memory and effector-memory cells). For na ve
T-cells, the observed change in the proliferation rate | y.(agg
(Supplementary Figure 5B) ~50 years of age was consistent with
the adaptation of na ve T-cells to a decreased thymic output. The
same reasoning may apply to explain the increase in the survival
rate of RTE cells, nktm(2gé (Supplementary Figure 5C).

It is known that age-related changes from lesser to more
differentiated T-lymphocytes are observed (10), which is
consistent with cell concentrations simulated in both blood and
other organs (Figure 3) (18). One possible mechanism for this
phenomenon may relate to age-dependent changes of
differentiation rates of memory cells, which would correspond to
immune response activation upon antigen re-exposure
(Supplementary Figures 5E, F). Since the developed model
included distinct subpopulations of human memory T-cells (i.e.,
central-memory and effector-memory), it enabled the examination
of heterogeneity in age-related changes across memory subsets.
Differences in age dynamics were found among memory cell
subpopulations: the percentage of effector-memory T-cells in
lymphoid tissue tended to decrease after 40 years of life, while the
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dynamics of central-memory T-cells exhibited the opposite pattern
(Figure 3B). The same differences were observed for cell percentages
in the gastro-intestinal tract and lungs (Figures 3C, D). Such
dynamics can be explained and described by an age-related
decrease in the differentiation rate of central-memory to effector-
memory cells j cma(2g8 (Supplementary Figure 5E), which may
lead to an accumulation of the former and a decline of the latter. A
decrease in further differentiation from effector-memory to effector
CD4" T-cells (j ema(agd) was also observed (Supplementary
Figure 5F), indicative of age-related changes in the immune
system ability to respond to a secondary antigen exposure.

Age-related changes were also found with respect to transition
rates between organs. Since the transfer rates to and from the
gastro-intestinal tract were assumed to be equal to the respective
rates for lungs (cell percentages for each of the cell subpopulations
were comparable in newborns between these organs), a different
age-related cell dynamics pattern was observed for the effector-
memory subset. In particular, the decrease in the percentage of
effector-memory T-cells, which was observed in the gastro-
intestinal tract, was not observed in the lungs (Figures 3C, D).
Hence, an increasing saturation function for the transfer rate from
lungs to blood, WEMA, g ,(@ge (Supplementary Figure 5G), was
proposed for effector-memory cells, to describe this difference. An
opposing age function was introduced for activated, central-
memory and effector T-cell transfer rates, from lymphoid tissue
to blood (Supplementary Figures 51-K). The transition of effector
cells to peripheral tissues, as terminal action sites, were also
described by increasing saturation functions with age
(Werr, (299, Werm, \,,(299, Werm, . (ag8, Supplementary
Figure 5H). These dependencies delineated a gradual increase in
the rate of dissemination of effector cells and the time of onset of the
immune response up to adulthood (0—20 years), in connection with
the development of organ systems. Incorporation in the model of a
decreasing age function for the RTE T-cell transfer rate from blood
to lymphoid organs, Wgrw,, ,(agg (Supplementary Figure 5D),
enabled a better description of cell concentrations in blood. Since
there was no proliferation of RTE cells included in the model
structure, this age-dependent process captured not only age-related
changes in peripheral transitions of RTE cells, but also the increase
in proliferative activity of these cells and in export rates from the
thymus, due to thymic involution compensation.

3.3 Incorporation of an intercellular
regulation on age-dependent CD4"
T-lymphocyte homeostasis

Empirical, age-dependent functions for homeostatic processes
enabled an accurate description of the age-dependent homeostasis
of CD4" T-lymphocytes. To evaluate a reciprocal cell in uence on
such homeostasis, age-dependent functions were tested by replacing
them with negative or positive feedback functions, depending on T-
cell concentrations or cell counts (Figure 1C). This exploratory
analysis on potential cell count impact was performed by plotting
the homeostatic process vs. cells counts or concentrations of
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FIGURE 3

Description of age-related cell dynamics, based on the homeostatic CD4" T-lymphocyte cellular kinetics model with age effects included: Blood (A),
Lymphoid tissue (B), Gastro-intestinal tract (C), and Lungs (D). Red dots represent observed data as meta-analytical weighted averages with 95% Cls;
blue solid lines with shaded area represent predicted means with 95% Cls; purple shaded areas represent data description for neonates, infants and
toddlers (O to 5 years of age). For improved visualization, the percentage of effector cells is presented for the 0-10% range only, while the 0-100%

range is shown for other cell subpopulations.

precursor cells, using the homeostatic model with the age effect
being incorporated, as described in the previous step (see Section
3.2). This analysis revealed that two age-dependent homeostatic
processes, namely the na ve CD4" T-cell proliferation rate and the
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RTE CD4" T-cell death rate (Supplementary Figures 7A, C; blue
curves), depended on the concentration of RTE CD4" cells in blood
(Supplementary Figures 7B, D; blue curves). The age-increasing
proliferation rate of nave CD4" T cells tended to decrease with
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