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Abstract

Older age could be a risk factor for suboptimal CD4+ T-cell recovery in HIV-infected patients despite successful viral
suppression. However, evaluation of this effect could be confounded by age-related immune processes such as
decreased thymus output, increased immune activation and exhaustion. Here, we established a semi-mechanistic
population model simultaneously describing naive and memory CD4+ T-cell trajectories in 122 participants.
Covariate analysis accounting for immune activation showed that older age was significantly associated with faster
apparent elimination rate of the naive T-cells. In addition, female sex predicted slower apparent elimination rate of
memory T-cells. Simulations showed that the median maximal CD4+ T-cell count on ART treatment was 593 cells/
bl (IQR 442-794) in patients aged 50 years or above and 738 cells/uL (IQR 548-1002) in patients aged 18-35 years.
The differences in the percentage of subjects achieving sufficient immune reconstitution (CD4+ T-cell count> 500

cells/pL) between the two age groups were 15, 21 and 26% at year 1, 4 years and steady state, respectively,
suggesting that advanced age may have a greater impact on long-term CD4+ T-cell recovery.
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Introduction

Older HIV-infected patients achieve viral suppression
similar to younger ones under ART [1]. In terms of
immunological response, a negative effect on CD4+
T-cell recovery in older patients was reported, al-
though a few studies found similar immunological
outcomes in older and younger HIV-infected patients.
Table 1 summarizes five studies with inconsistent
findings regarding the influence of age on CD4+ T-
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cell recovery. These studies were selected because of
their relatively large sample sizes of studied patients
and long follow-up period [2-6].

Inconsistency in study design and data analyses, such
as the definitions of CD4+ T-cell recovery and different
age stratifications, may explain the discrepant findings.
In addition, aging may influence CD4+ T-cell recovery
through different mechanisms and sometimes in oppos-
ing directions, and the overall effect of aging may be
masked. Aging is known to decrease thymic output
which leads to the decreased de novo synthesis of naive
CD4+ T-cells [7, 8]. As a potential off-setting effect,
aging could extend the half-life of naive T-cells [9].
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Additionally, age-related factors present in chronic HIV
infection, such as immune activation and immune ex-
haustion, could be potential confounders in these ana-
lyses, as they were also reported to be influential factors
of impaired CD4+ T-cell recovery [10—12]. However, in
most past studies, these factors were separately studied,
and therefore the interactions among these factors were
not evaluated.

Semi-mechanistic mathematical modeling approaches
are particularly useful in describing longitudinal data, by
relating the dynamics of CD4+ T-cells to the rates of
physiological processes. Therefore, the evaluation of the
relevant factors on the process of interest is possible.
Several models have been proposed to describe CD4+ T-
cell recovery in HIV-infected patients on ART (summa-
rized in Fig. 1). A simple exponential function is the
most basic CD4+ T-cell recovery model, but lacks
insight into the various CD4+ T-cell subtypes [7, 13]
(Fig. 1a). CD4+ T-cell dynamics in a joint viral and T-
cell dynamic model in HIV infection (Fig. 1b) describes
non-infected and infected T-cells [14], and can also in-
clude compartments for latently, persistently and defect-
ively infected T-cells [15]. These models provide a
mechanistic ~ framework  for  investigations  of
pharmacokinetic-pharmacodynamic analysis of antire-
trovirals (ARVs), however, they do not address long-
term T-cell homeostasis. Also, not all the parameters of
these models are able to be estimated precisely when fit-
ted to the data, and they often rely on values from the
literature derived under different conditions or different
patient populations. Mechanistic models describe the
system in a more physiologically relevant way and, there-
fore, may be easier to extrapolate to long-term
outcomes.

Two types of theoretical models have been pro-
posed to study the mechanisms of T-cell homeostasis
during HIV infection and after ART. One type of
model consists of resting and activated cells popula-
tions [16, 17] (Fig. 1c), and cell labeling methods
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were used to estimate dynamic parameters which usu-
ally only reflect the status of the time of experiment.
The other type of model includes naive and memory
T-cells populations [18] (Fig. 1d), and is generally
used to investigate the dynamics of thymic output
and proliferation of naive T-cells using biomarker
data in short-term studies [8, 19, 20]. Fitting regular
CD4+ T-cell clinical data using these two types of
models are often difficult due to complexity in model
structure. Without describing variability, analysis of
physiological/biological meaningful factors in these
theoretical models is challenging; measurements of
CD4+ T-cell counts have high inter-subject variability.
In many retrospective cohort studies, the follow-up
period also widely varies for each patient. When im-
mune biomarkers are included, the sparsity in the
measurement of these markers relative to the inten-
sive total CD4+ T-cell data further increases complex-
ity. Given these potential pitfalls, mixed results
among previous analyses are not surprising.

Population modeling provides a solution for these
challenges by accommodating variety in data collec-
tion. Furthermore, it evaluates difference sources of
variability efficiently in one analysis. In this work, we
aimed to use semi-mechanistic population modeling
approaches to evaluate the role of aging on CD4+ T-
cell recovery in HIV-infected patients on effective
ART with adjustment of multiple immunological
factors to overcome the inherent challenges and limi-
tations of the existing models.

Results

Study participant characteristics and available data

In total, the current analysis included data from 102
HIV participants from ACTG A5321, and 20 partici-
pants with measurements at all longitudinal time points
from the control arm of the Bone Loss and Immune Re-
constitution (BLIR) study [21]. The studied subjects had
a median age of 39 years at treatment initiation, with a

Table 1 Controversial findings on aging influence on CD4+ T-cell recovery

Citation Sample Study The effect of age
size length
Kaufmann et al,, 2235 4 years Older age (> 40years) | CD4+ T-cell change by 39 cells/ul over 48 months
JAMA, 2003 [3]
Moore et al, 655 6 years Older age (> 45years) | CD4+ cell change by 60 cells/ul over 6 years
CID, 2007 [5]
Li et al, JAIDS, 2011 [4] 614 men 5-12 Older age (250 years) | CD4+ T-cell counts by 59 cells/ul over 5-12 years
years
Greenbaum, 906 4 years Nonsignificant difference in time to increase by 50 cells/uL or mean increase in CD4+ T-cells from
AIDS, 2008 [2] baseline between > 50 years vs. < 40 years
Wright et al, HIV 3378 = 5years  Nonsignificant difference in CD4+ T-cell increase rate in > 50 years vs. others

medicine, 2013 [6]
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Fig. 1 Different Modeling of T-cell Dynamics. a Simple exponential model of total CD4+ T-cells. T: total T-cell measurement, int: initial CD4 + T-
cell measurement, asy: asymptotic or long-term CD4+ T-cell measurement on treatment, ¢: cell elimination rate constant, In(2)/c: time to achieve
half asymptotic CD4+ T-cell measurement. b Joint viral and T-cell dynamic model in HIV infection. TUI: uninfected T-cells, T*: infected Tcells, V:
infectious HIV virons, A: production rate of uninfected T-cells, d: death rate constant of uninfected T-cells, k: viral infection rate constant, &: death
rate constant of infected T-cells, p: new viron production rate constant, cl: viron clearance rate constant. ¢ and d Mechanistic models of T-cell
homeostasis. R: resting T-cells, A: activated T-cells, a: activation rate constant, r: rate constant of reversion to resting state, m: resting cells
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range of 18-64 years. 80% of the subjects were male. The
median CD4+ T-cell baseline was 256 cells/puL. Subjects
from the BLIR study had significantly lower baseline
CD4+ T-cell counts compared to those from ACTG
(P <0.0001), implying that these subjects were more im-
munocompromised compared to the subjects enrolled in
ACTG A5321. The BLIR study also had more past/
current smokers than ACTG (p = 0.014). Patient charac-
teristics are summarized in Table 2. Additionally, in
terms of ART in the ACTG participants, the median/
interquartile range (IQR) age was similar across regimen
type. For those receiving an NNRTI + NRTI, the me-
dian/IQR age was 38 (31, 44); for PI + NRTI, 39 (30, 48);
and 42 (28-48) years for those receiving RAL + NRTI.
The data available for the current analysis contained
2581 and 175 total CD4+ T-cell counts from the ACTG
cohort (over up to 15years) and from the BLIR study

(over 144 weeks), respectively. The T-cell subtype bio-
marker, CD45RA, was available in 340 and 80 samples
for the computation of naive T-cell counts in the ACTG
and BLIR study, respectively. In addition, 364 CD38/
HLA-DR measurements of activated CD4+ and CD8+
T-cells were available in the ACTG study. The BLIR
study provided for the following biomarkers: 81 CD31 (a
marker of thymic output), 77 CD38/HLA-DR and 81
PD-1/TIM-3 (markers of T cell exhaustion) measure-
ments on CD4+ T-cells, 77 CD38/HLA-DR and 79 PD-
1/TIM-3 measurements on CD8+ T-cells. CD4+ T-cell
counts and biomarker versus time profiles are presented
in Supplementary Figs. 1 and 2, respectively.

Structural CD4+ T-cell recovery model
The schematic of the structural model and the differen-
tial equations are shown in Fig. 2. Naive (defined as



Chen et al. Immunity & Ageing (2022) 19:4

Table 2 Demographics of study populations
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Baseline characteristics ACTG cohort (n =102) BLIR study cohort (n = 20) Total (n =122)
Age (years) 39 (18 - 64) 37 (30 - 51) 39 (18 - 64)
Sex Female 21 (21%) 3 (15%) 24 (20%)
Male 81 (79%) 17 (85%) 98 (80%)
Race Caucasian Non-Hispanic 51 (50%) 5 (25%) 56 (46%)
African American Non-Hispanic 19 (19%) 14 (70%) 33 (27%)
Hispanic 30 (29%) 1 (5%) 31 (25%)
Other 2 (2%) 0 2 (2%)
BMI 257 (186 - 47.2) 233 (189 -35.5) 254 (186 - 47.2)
Prior Smoking History Yes 52 (51%) 16 (80%) 68 (56%)
No 50 (49%) 4 (20%) 54 (44%)
CD4+ T-cells (cells/mm?) 288 (8 - 980) 725 (3 - 268) 256 (3 - 980)
Viral load (log;oRNA copies/mL) 461 (228 - 5.99) 53(215-6.14) 4.67 (2.15 - 6.14)
ART Regimen NNRTI + NRTI 42 (41%) 0 42 (34)
Pl + NRTI 39 (38%) 20 (100%) 59 (48%)
RAL + NRTI 19 (19%) 0 19 (16%)
Other 2 (2%) 0 22
HBV Infection Positive 1 (1%) No data No data
Negative 101 (99%) No data No data
HCV Infection Positive 3 (3%) No data No data
Negative 99 (97%) No data No data

Continuous variables are presented as median (range). Categorical variables are presented as count (percentage)

ACTG AIDS Clinical Trials Group, BLIR Bone Loss and Immune Reconstitution, BMI body mass index, HBV hepatitis B virus, HCV hepatitis C virus

CD45RA) and total T-cell counts were simultaneously
analyzed in the structural model, which consisted of the
naive and memory T-cell compartments. The total
CD4+ T-cell count was the sum of the naive and mem-
ory CD4+ T-cell count. The production of naive T-cells

was described using a zero-order process (o). The con-
version of naive to memory T-cells was described using
a first-order process (a). The proliferation process was
not able to be separated from the elimination process,
and therefore combined into the elimination term. The

Naive
T-cells (N)

aM/dt=a

Memory
T-cells (M)

dN/dt=o-a-N-d,-N-N

‘N-d,-M-M

Fig. 2 Structural Model Schematic. a: production rate of naive T-cells, a: activation rate constant of naive T-cells that acquire a memory
phenotype, dN: naive T-cell death rate constant, dM: memory T-cell death rate constant, N: naive T-cell number, M: memory T-cell number
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cell density dependent process best described cell elim-
ination (dy ¢ N for naive T-cell and dy; « M for memory
T-cell). The baselines of naive (baseliney) and memory
(baseliney;) T-cells were estimated. Inter-individual vari-
abilities (IIVs) were added on all parameters, with corre-
lations between the IIVs of ¢ and a. Residual errors were
described using a mixed proportional and additive
model.

The structural model described both the ACTG and
BLIR data reasonably well, as evaluated by the diagnostic
plots and individual model fit (Supplementary Fig. 3).
All the parameters were precisely estimated with percent
relative standard error (RSE%) < 30%, with reasonably
low shrinkage of IIVs, indicating the use of this struc-
tural model for the further covariate analysis was appro-
priate. The parameter estimates of the structural model
established from only the ACTG data and the combined
data, are summarized in Supplementary Table 1. Ac-
cording to the diagnostic plots of stratified by age (Sup-
plementary Fig. 3), there was no obvious bias in the
model across different age groups.

Covariate analysis in the population model

The pre-selected parameter-covariate relationships for
each parameter based on general additive modeling
(GAM) analyses and investigator interest are summa-
rized in Table 3. Hepatitis B (HBV) and Hepatitis C
(HCV) infection were removed from the candidate list
due to the low frequency of co-infected subjects (< 3%).
The stepwise covariate modeling (SCM) analysis found
advanced age at ART initiation was a significant covari-
ate for larger dy, suggesting that aging was a risk factor
for poor CD4+ T-cell recovery. Since dyy was a combin-
ation of cell proliferation and death (dy = rate constant
of cell death — rate constant of cell proliferation), this re-
lationship might indicate that aging was associated with
slower cell proliferation or faster cell death or a combin-
ation of both. Female sex was associated with slower dy,
and similar to the above case, suggests that females had
faster cell proliferation or slower cell death or both, as
this is also a combined parameter. In addition, higher

Table 3 Pre-selected parameter-covariate relationships
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viral load at ART initiation predicted lower naive and
memory T-cell baseline. Higher immune CD4+ T-cell
activation was associated lower memory T-cell baseline.
Table 4 summarizes the SCM analysis in the model.

Final model evaluation

Parameter estimates of the final model are presented
in Table 5. The model point estimates agreed with
the bootstrap median estimates and were precisely es-
timated with reasonably low %RSEs and narrow boot-
strap 95% confidence intervals. The diagnostic plots
for total and naive CD4+ T-cells (Supplementary
Fig. 4) showed that stratified by age (< 35 years, 35- <
50 years, > 50 years), the observed data were well pre-
dicted, with no obvious bias in the model. The
prediction-corrected visual predictive checks demon-
strated a good performance of the model in predict-
ing the overall data and also stratified by age, with
the observed percentiles well captured by the pre-
dicted percentiles and corresponding 95% confidence
intervals (Supplementary Fig. 5 for VPCs of all data
and Supplementary Fig. 6 for VPCs stratified by age).

Simulations of the effect of age on total CD4+ T-cell
counts

The simulated total CD4+ T-cell counts and the per-
centages of simulated subjects demonstrating immune
reconstitution (IR), defined as a total cell count of =500
cells/pL, at different times after ART treatment are sum-
marized in Fig. 3. Twenty years after treatment initiation
was considered steady state as it was sufficiently long for
the CD4+ T-cell recovery of all the studied patients to
reach the criteria for steady state given the predicted in-
dividual parameters (data not shown). At the time of
ART initiation, the simulated CD4+ T-cell counts from
the established model were similar across age groups
(around 210 cells/pL in median). At year 4 after ART
treatment, median CD4+ T-cell counts of all age group
reached 500 cells/pL. At steady state, median CD4+ T-
cell counts were 739 (IQR 548-1002), 641 (IQR 481-860)
and 593 (IQR 441-794) cells/uL for simulated patients

Parameters

Covariates to be included in SCM

o [(cell/uL)*year ']
dy (year*cell/uL)™"
a (year™")

d (yeartcell/uL)™"
Baseliney (cell/uL)

Baseliney (cell/uL)

Age, ART class, viral load, sex, BMI, race

Age, ART class, viral load, sex, smoking status

Age, CD4+ T-cell immune activation, CD8+ T-cell immune activation, smoking status, viral load
Age, ART class, CD4+ T-cell immune activation, CD8+ T-cell immune activation, sex, smoking status
Age, CD4+ T-cell immune activation, CD8+ T-cell immune activation, viral load, sex

Age, CD4+ T-cell immune activation, CD8+ T-cell immune activation, race, sex

o: production rate of naive T-cells, a: activation rate constant, dy: naive T-cell death rate constant of naive T-cells that acquire a memory phenotype, dy: memory
T-cell death rate constant, baseliney baseliney: naive or memory T-cell count at ART initiation

ART antiretroviral therapy, BMI body mass index, SCM stepwise covariate modeling
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Table 4 Stepwise covariate analysis
Parameter Covariate P value Coefficient
Forward Addition (a = 0.05)
o [(cell/uL) - year’1 No significant covariates NA NA
dy (year « cell/uL)™" Age <0001 0.0467
dw (year « cell/uL) ™ Sex (Female) 0.0039 ~0.510
Smoking Status (No prior smoking history) 0.019 0.573
a(year ) Age 0.046 0.0203
%Activated CD4+ T-cells 0.042 0.228
baseliney (cell/ulL) Viral load (logoRNA/mL) <0.001 —-0.636
%Activated CD4+ T-cells 0.015 —-0.446
baseliney, (cell/uL) Viral load (logoRNA/mL) <0.001 -0.388
%Activated CD4+ T-cells <0.001 -0.3%
%Activated CD8+ T-cells 0.0091 0.249
Backward Elimination (a=0.01) P value AV (%)
o [(cell/uL) - year’1 No significant covariates <0.01 NA NA
dy (year - cell/uL)™ Age -96 0.0389
dw (year - cell/ul)™" Sex (Female) -50 —-0.597
a (year’]) No significant covariates NA NA
baseliney (cell/uL) Viral load (log;oRNA/mL) -20 —0.648
baseliney, (cell/uL) Viral load (logoRNA/mL) -17.3 —-0422
%Activated CD4+ T-cells -83 -0.378

o: production rate of naive T-cells, a: activation rate constant of naive T-cells that acquire a memory phenotype, dy: naive T-cell death rate constant, dy: memory
T-cell death rate constant, baseliney: naive T-cell count at ART initial, baseliney: memory T-cell count at ART initial, IIV: inter-individual variability, NA: not
applicable. Parameter-covariate relations are described using a linear function, e.g. P; = P « (1+ b * age), with P; as the individual value, P as the population value
and b as the covariate coefficient. Immune activation, presented as %CD38+/HLA-DR+ on the cells, are log-transformed

aged <35vyears, 35-<50years and>50years, and the
percentage of subjects showing sufficient IR were 81, 72
and 65%, respectively. Comparing the younger (<35
years) and older (=50 years) age groups, the differences
of median CD4+ T-cell counts between the two groups
were 93, 137 and 145 cells/pL at year 1, 4 years and
steady state, respectively, suggesting that advanced age
had a greater impact on impaired CD4+ T-cell recovery
over extended periods of time.

Preliminary analysis of the effects of thymus output and
immune exhaustion

Thymic output and immune exhaustion were explored
using the available data in BLIR study (relevant data
were not available from the ACTG cohort). As expected,
the production rate of naive T-cells (o) was significantly
associated with %CD31 expressed on CD4+ naive T-
cells, a biomarker of thymus output (P <0.001). For the
apparent elimination rate constant of naive T-cells (dy),
age and activation level on CD8+ T-cells were statisti-
cally significant covariates when tested separately, while
age was the only significant predictor in the multivariate
regression model (p <0.001). Higher levels of immune
exhaustion were significantly associated with a faster

activation rate constant of naive T-cells (a) (P =0.022).
Sex was a significant covariate for the apparent elimin-
ation rate constant of memory T-cells (d;;) (p <0.001).
When adjusted for these effects, age was not a significant
predictor of either g, a or d,;. The covariate effect of age
in this analysis was consistent with the findings in the
model. Visual relationships discussed above are shown
in Fig. 4. Linear regression analyses are summarized in
Supplementary Table 2.

Discussion

In this study, we evaluated the impact of aging, in terms
of chronological age, on the CD4+ T-cell recovery in
HIV-infected patients with successful viral suppression.
To our knowledge, this is the first semi-mechanistic
population model describing longitudinal CD4+ T-cell
dynamics under ART treatment, incorporating the
evaluation of important immune biomarkers. Using T-
cell subtype biomarker data, we divided the total T-cell
kinetics into naive and memory T-cell dynamics, enab-
ling a more mechanistic evaluation of aging effects on
CD4+ T-cell recovery. Our analysis highlights that older
age may be a predictor of suboptimal immune recovery
by influencing CD4+ naive T-cell homeostasis. Among
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Table 5 Final parameter estimates
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Parameter (units)

Estimates (RSE%)

Bootstrap estimates

Point estimates RSE (%) Median 95% Cl
o [(cell/uL) - year™ " 703 19 700 (484, 1006)
dy (year - ceII/pL)’1 0.0410 22 0.0410 (0.0255, 0.0661)
dw (year - cell/uD)™" 0.000432 13 0.000435 (0.000314, 0.000559)
a (year") 1.10 13 1.1 (0.85, 1.45)
baseliney (cell/uL) 30.5 13 298 (20.3, 38.9)
baseliney, (cell/uL) 21 10 210 (173, 250)
Covariate Effects
VL-Baseliney, -0422 20 -0424 (=0.552, = 0.174)
IACD4-Baseliney -0378 18 -0.375 (0435, -0.138)
VL-Baseliney —0.648 3.8 —0.645 (—0.733,-0477)
Age-dy 0.0389 37 0.0394 (0.0124, 0.0514)
Sex-dy (Female) —048 25 —0485 (0664, —0.212)
Inter-individual variability (CV%) Shrinkage (%)
o 116 7.3 7.5 115 (99.7, 136)
dn 63.7 20 4 634 (289, 82.7)
dwm 59.9 14 38 57.7 (37.3,782)
a 125 9.8 58 123 (97.3, 148)
baseliney 135 89 93 137 (105, 165)
baseliney, 858 9.5 32 836 (68.5, 101)
cor(w’o ~w’a) -0.802 7.2 - -0.805 (-0913, —0679)
Residual variability (CV%/SD)
Total, proportional 16.3 33 6.9 16.3 (15 7.3)
Total, additive 31.2 22 18 31.7 (154, 44.9)
Naive, proportional 42.1 6.6 15 415 (357, 46.7)
Naive, additive 203 14 23 201 (1.19, 2.68)

o: production rate of naive T-cells, a: activation rate constant of naive T-cells into memory phenotype, dy: apparent naive T-cell elimination rate constant, dp:
apparent memory T-cell elimination rate constant, baseliney: naive T-cell count at ART initial, baseliney: memory T-cell count at ART initial, VL: HIV viral load

(log10RNA/mL), IACD4: CD4+ T-cell activation

T-cell activation is defined by %CD38/HLA-DR, and is analyzed as log-transformed values

CV coefficient of variance, Cl confidence interval, RSE relative standard error

the three age groups (18- <35, 35- <50 and >50), the
percentages of simulated participants achieving sufficient
immune reconstitution were 42, 32 and 26% at the first
year after ART treatment, and 81, 72 and 65% at steady
state, respectively. The differences of CD4+ T-cell recov-
ery between age groups increased over time, indicating
that the negative impact of older age on CD4+ T-cell re-
covery becomes more profound with longer follow up.
We also observed that thymus output, immune activa-
tion and immune exhaustion affected immune
reconstitution.

The model describes naive and total CD4+ T-cell sim-
ultaneously. According to the current data, the naive T-
cell dynamics are described using a zero-order input and
a cell density-dependent elimination process. The mem-
ory T-cells are converted from the naive T-cells with a
first-order process and are eliminated following a cell

density-dependent elimination process. Our data did not
support the estimation of the proliferation process, even
with different variations in parameterization. We chose
not to fix the proliferation parameter to the literature
values due to the large variation and uncertainty in this
estimate; previous studies using isotope labeling
methods measured the proliferation rate for total T-cells
without differentiating naive and memory T-cells as we
did [16, 20]. In studies quantifying thymus output and
proliferation, instead of fitting the data, the proliferation
rate was studied in an exploratory manner by simulating
different CD4+ T-cell dynamic scenarios, therefore those
values were theoretical and no validation was performed
[8, 20]. Therefore, we chose to define the apparent elim-
ination in our model as a combination of the cell prolif-
eration and of cell death, with the rate proportional to
the number of cells in the compartment.



Chen et al. Immunity & Ageing (2022) 19:4 Page 8 of 13

16% 16% 16% 33% 25% 22% 42% 32% 26% 57% 44% 37% 71% 58% 50%

81% 72% 65%
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B3 <35 years E3 35-<50 years E3 >=50 years

10001

500 Jeseadeccssccdeccccccdeccnncenacs

CD4+ T-cell Counts (cells/pL)

Baseline 6 Months 1 Years 2 Years 4 Years Steady State

Fig. 3 Simulated CD4+ T-Cell Recovery after Antiretroviral Therapy by Age Group. CD4+ T-cell count at 5th, 25th, 50th, 75th and 95th of the
simulations (represented by the whiskers and horizontal lines of the boxplots) of each age group at time after treatment are presented. The
median CD4+ T-cell counts are indicated for each group. Dotted line at 500 cells/uL is chosen as the index for CD4+ T-cell count recovery. The

percentages of the simulated subjects achieving immune recovery are indicated for each group on the top of the figure

The model was developed using data from two co-
horts, which represented long-term (ACTG) and short
term (BLIR) CD4+ T-cell recovery profiles, respectively.
The model was primarily developed from the ACTG
model with a larger sample size (n = 102), and the model
was able to well-describe the data from the BLIR study
(n =20). To minimize the variability in measuring the
biomarkers, the gating strategies from the ACTG study
were applied to the BLIR study data as much as possible.
In the final model, different residual error models were
used for ACTG data (proportional) and BLIR data (pro-
portional + additive), however, the proportional error re-
siduals were similar between the two studies and
therefore combined in one term for both total and naive
T-cell observations.

The stepwise covariate analysis in the model suggested
that age at ART initiation was positively associated with
the apparent naive T-cell elimination rate constant, the
parameter describing both naive cell proliferation and
death. The literature findings support the negative

association between age and cell proliferation. It is pos-
sible that aging is associated with cell replicative senes-
cence as a result of age-dependent DNA demethylation
[22]. A study that directly measured cell proliferation
rate of CD4+ T-cells in mice using a DNA labeling
method showed that there was a two-fold drop of prolif-
eration rates of T-cells in thymus with aging in two dif-
ferent mice strains [23]. On the other hand, a previous
study showed a 3-fold increase in the half-life of naive
T-cells in aged mice compared to younger ones, suggest-
ing an extended cell life span, or slower cell death, as
protective mechanism for naive T-cell pool in elderly,
which is contrary to the positive relationship between
age and cell death. Therefore, we propose that aging im-
pairs CD4+ T-cell recovery by decelerating naive T-cell
proliferation. Our analysis showed that a 10-year in-
crease in age is associated with a 4% increase in the ap-
parent naive T-cell elimination rate constant. In terms
of CD4+ total T-cell counts, simulation showed that
steady state median CD4+ T-cell counts decrease by 13

-
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Fig. 4 Post Hoc Analysis of CD4+ T-Cell Dynamic Parameters. o: production rate of naive T-cells, a: activation rate constant of naive T-cells that acquire a
memory phenotype, dN: naive T-cell death rate constant, dM: memory T-cell death rate constant. %CD31 on naive CD4+ T-cells defines thymus output of
naive CD4+ T-cells, %PD-1/TIM-3 coexpression defines immune exhaustion. P values from the linear regression for each relation are indicated
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and 20% in a patient aged 40 years and 50 years, respect-
ively, compared to a patient aged 30 years. However,
these changes are not profound compared to the large
variability in CD4+ T-cell counts (~30% coefficient of
variance) [24], and their clinical significance is likely
minimal. The current simulation does not account for
the reduced thymus function and impaired immune re-
sponse in older individuals (e.g. reduced responses to
vaccination). The T-cell receptor (TCR) repertoire
undergoes contraction with age, and the reduced TCR
repertoire, combined with the inadequate T-cell recon-
stitution after ART initiation, may amplify the defects
observed in immune recovery in older HIV-infected sub-
jects. Further investigation on CD4+ T-cell functions is
warranted to better evaluate the clinical importance of
these findings.

In our analysis, female sex was favorably associated
with CD4+ T-cell recovery as it reduced the apparent
memory T-cell elimination rate by 48%. As discussed
above, the interpretation of this relationship could be
multidirectional. Though the mechanism has not been
clearly elucidated, it has been hypothesized that female
hormones provide a beneficial environment for CD4+ T-
cell homeostasis, both in the general [25] and the HIV-
infected population [26]. Our simulation showed that at
steady state, the median change in CD4+ T-cell counts
from baseline was 592 cells/pL (IQR 474-704) in female
and 416 cells/uL (IQR 348-463) in male, with a~42%
increase in females compared to males. Our analysis as-
sociated higher HIV viral load at ART initiation with
lower naive and memory T-cells. Moreover, a one-log
increase in viral load had a greater impact on naive T-
cell baseline compared to that of memory T-cells (de-
crease by 65% versus 42%). In addition, higher level of
CD4+ T-cell activation was associated with lower mem-
ory T-cell baseline, which might be a result of increased
activation-induced T-cell apoptosis [27].

Thymic output is the mechanism for naive T-cell gen-
eration. The current post hoc analysis with the 20 sub-
jects in the BLIR study suggested a strong association
between CD31 expression on naive T-cells and naive T-
cell production rate (P <0.001). This finding is consist-
ent with the well-delineated relationship between thy-
mus involution and aging in the literature [7, 8]. The
activation level on CD4+ T-cell was nominally associated
with the activation rate constant of the conversion from
naive to memory T-cells, however, this effect was not
detected in the final model, probably due to the adjust-
ment for immune activation on the baseline memory T-
cells. However, we found that a higher activation rate
was significantly associated with higher immune exhaus-
tion (Fig. 4). Immune exhaustion is characterized by a
progressive loss of T-cell functions, and commonly de-
velops during viral-persistence in HIV infection as a
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result of chronic immune activation and persists even in
individuals fully suppressed on ART [28]. Our analysis
suggested that the higher level of immune exhaustion
was unfavorable for naive T-cell restoration as a result
of increased activation rate.

Our study has several strengths and provides a new
way to approach longitudinal CD4+ recovery data. Using
a semi-mechanistic population model, we were able to
determine the effect of aging on naive T-cell dynamics,
and to our knowledge, this is the first time this relation-
ship was observed in HIV-infected patients. Though the
exact mechanism is not known, our study may stimulate
future investigations into the impact of aging on T-cell
dynamics in HIV-infected patients. We included mul-
tiple immune parameters and their changes in relation
to age, data that informed the potential roles of these pa-
rameters in CD4+ T-cell dynamics, and allowed us to
correct for potential confounding effects. We performed
the analysis using data from two studies with long-term
and short-term follow-up, which effectively informed
different phases of CD4+ T-cell recovery that do not
exist in a single study. The data from the ACTG study
cover the CD4+ T-cell trajectory with the longest study
period reported in the literature thus far (up to 15 years),
which provided a robust perspective of the steady-state
CD4+ T-cell counts in the HIV-infected population on
ART and supported predictions of the long-term trajec-
tory with more confidence. The intensive biomarker data
available in the BLIR study added to the granularity of
early stage of immune recovery when CD4+ T-cell re-
constitution undergoes the greatest changes.

On the other hand, our analysis also has some limita-
tions. Our analysis is retrospective, and the missing in-
formation in some patients, such as thymus output and
immune exhaustion biomarkers, prevented the evalu-
ation of these factors in the model. Also, a large portion
of our studied population was under 50 years old, and
we did not have many patients with more advanced age
(above 65 years) at ART initiation. The pre-specified bio-
markers for division of naive and memory T-cell were
CD45RA+/CCR7+, however, due to assay issues, the
CCR7 data were not available. We did not include a
common marker of immune aging, the CD4:CDS8 ratio,
due to potential issues with collinearity with the model
structure. Our study sample size was relatively small,
which limited the generalizability of our conclusions;
and these data largely came from patients initiating
treatment at lower CD4 counts with older ART regi-
mens. Current HIV treatment guidelines now recom-
mend treatment initiation immediately upon diagnosis
regardless of CD4+ T-cell count, with more potent, bet-
ter tolerated regimens; therefore, these finding may not
be generalizable to aging patients who have initiated
treatment in the last 5years. As long-term immune
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recovery data from people living with HIV treated earlier
with newer regimens become available, this model can
be further refined and adapted.

In summary, we developed a population model de-
scribing longitudinal CD4+ T-cell recovery in HIV-
infected patient with successful viral suppression under
ART. Our analysis revealed the association between
older age and impaired naive T-cell recovery and the
negative effect of aging on long-term total CD4+ T-cell
reconstitution. Our preliminary analysis shed lights on
the role of immune exhaustion on CD4+ T-cell dynam-
ics as well as the association between higher thymus out-
put and naive T-cell generation. Further analysis will
require more subjects in which these biomarkers were
measured to validate our findings.

Methods
Studied population and data
The data for this analysis were obtained from two
sources, the AIDS Clinical Trials Group Protocol 5321
(ACTG P5321) and the Bone Loss and Immune Recon-
stitution (BLIR) study conducted at Emory University.
The ACTG P5321 is a longitudinal cohort study which
investigates the differences and changes in HIV reser-
voirs over time. Participant enrollment and data collec-
tions were described in the original publication [29].
Briefly, participants in this cohort were treatment-naive
and were on continuous ART during follow-up. All the
participants had undetectable plasma HIV-1 RNA levels
(<50 copies/mL) at 48 weeks of ART and at all subse-
quent time points. T-cell HIV-1 levels, T-cell activation,
T-cell subtype and inflammatory biomarkers were avail-
able in the paired plasma or peripheral blood mono-
nuclear cell (PBMC) samples obtained before ART and
at year 1, 4 and 6-15 on treatment. Total CD4+ T-cell
counts were collected every 8-16weeks during the
follow-up. The data usage for the current analysis was
approved by both ACTG and the UNC Biomedical Insti-
tutional Review Board after an exempt review. Data re-
trieved included the following:

1. Longitudinal total CD4+ and CD8+ T-cell counts,

2. Immune biomarkers: CD4+ T-cell subtype
(%CD45RA), CD4+ and CD8+ T-cell immune acti-
vation (%CD38+/HLA-DR+) before ART and at
year 1, 4 and 6-15 on treatment (depending on the
availability),

3. Initial ART regimens: NNRTI-based (FTC/TDF/
EFV, 3TC/ZDV/EFV, ABC/3TC/EFV, ABC/3TC/
ZDV/EEFV), Pl-based (ABC/3TC/RTV/ATV, FTC/
TDE/RTV/ATV, FTC/TDEF/RTV/DRV), INSTI-
based (FTC/TDF/RAL) or others (3TC/ZDV/EFV/
NFV, EFV/RTV/LPV)

Page 10 of 13

4. Pre-treatment characteristics: age, BMI, race/
ethnicity, sex, plasma HIV-1 RNA level, prior smok-
ing history (yes/no), co-infection with HBV or HCV
(positive/negative).

The BLIR study is a prospective, randomized trial aim-
ing to investigate the association between ART-
associated bone loss and immune reconstitution. All par-
ticipants received ARV/RTV 300/100 mg+ TDF/TFC
300/200 mg once daily for HIV treatment. Paired plasma
and PBMC samples were collected for skeletal and im-
mune profiling at pre-defined time points from week 0
to 144 on treatment. Biomarkers defining T-cell subtype,
thymus output, immune activation and immune
exhaustion were measured at week 0, 12, 24 and 48 on
treatment. Total CD4+ T-cell counts were measured
every 4-24 weeks. The original study was approved by
the Emory University Institutional Review Board
(NCT01228318). The data usage for the current analysis
was approved by both the collaborators and the UNC
Biomedical Institutional Review Board after an exempt
review. Data retrieved included the following:

1. Longitudinal total CD4+ T-cell counts and HIV
viral load at week 0,4, 16, 24, 36, 48, 72, 96, 120 and
144,

2. Immune biomarkers: thymus output (%CD31+),
CD4+ T-cell subtype (%CD45RA), CD4+ and CD8+
T-cell immune activation (%CD38+/HLA-DR+),
CD4+ and CD8+ T-cell immune exhaustion (%PD-
1+/TM-3+),

3. Demographics: age, gender ethnicity, race, smoking
status (ever smoked, prior or current, cigarettes per
day, years smoked), weight, height, BMI

Population modeling

Modeling of the CD4+ T-cell count data was performed
using NONMEM 7.4 (ICON Development Solutions,
Hanover, MD). Data management, graphical analysis,
post-modeling analysis and standard statistical analysis
were conducted in R (version 3.4.3, r-project.org). Pirana
(version 2.9.2) was used for model management and
NONMEM output visualization. The ADVANG6 subrou-
tine and first-order conditional estimation with inter-
action (FOCE-I) method were used for model
development.

Immune biomarker handling

Naive CD4+ T-cell count was calculated by multiplying
%CD45RA+ of CD4+ T-cells and total CD4+ T-cell
count at the corresponding time point. Memory CD4+
T-cell count was described as the difference between
total and naive CD4+ T-cell count. The levels of thymus
output, immune activation and immune exhaustion were
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evaluated as %CD31+, %CD38+/HLA-DR+ and %PD-
1+/TIM-3+, respectively. Thymus output was measured
for CD4+/CD45RA T-cells. Immune activation and im-
mune exhaustion were measured for CD4+ and CD8+
T-cells.

Structural model establishment

The model framework was based on the model proposed
by Hanzenberg et al. [18] to describe the establishment
of the CD4+ T-cell pool in children, both healthy and
with HIV infection. The model consists of two cell pop-
ulations, naive and memory CD4+ T-cells. The thymus
output contributes to the naive T-cell production. The
increase of naive T-cell pool also depends on naive T-
cell proliferation. The expansion of memory T-cell pool
is a result of the activation of naive T-cells and the pro-
liferation of memory T-cells. Both naive and memory T-
cells undergo cell death which decreases the T-cell pool
size. The model illustration is shown in Fig. 5.

The structural model was initially developed using the
ACTG data due to its relatively larger sample size and
longer study period. A zero-order process was used to
describe the naive T-cell production from thymus out-
put. The proliferation process was tested with a first-
order and a capability-limited process. The capability-
limited rate constant was parametrized as below:
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p=p0/(14+"/) (1)

where p denotes the proliferation rate constant, p, de-
notes the maximum proliferation rate constant, n de-
notes the cell number and % denotes the cell number at
half maximum proliferation rate constant.

The cell activation and elimination was tested with
a first-order and a cell density-dependent process.
The cell density-dependent elimination rate was linear
associated with the cell number, denoted as d*n,
where d denotes elimination rate constant and n de-
notes cell number.

Inter-individual variability (IIV) was assumed to be
normally distributed and exponentially related to the
population parameters. Proportional, additive and com-
bined proportional-additive error models were tested for
residual variability. The correlation between the residual
error of total and naive T-cells was explored. Model dis-
crimination was determined by change in OFV, using
the likelihood ratio test (a =0.05), diagnostic plots and
precision of parameter estimates.

The structural model was initially developed from
ACTG data [30], and was then used to fit the combined
dataset from the two studies. The data fitting was exam-
ined by regular diagnostic plots.

Thymus output
(o)

Naive
T-cells (N)

Thymus

Proliferation
[p, = P,,/(1+N/h)]

'8’

Proliferation
[p,, = P,,/(1+M/h)]

Activation

(a)

Death (d,)

Fig. 5 Cartoon lllustration of the Establishment of the CD4+ T-Cell Pool. N: naive T-cell pool size, M: memory T-cell pool size, o: Thymus
production of naive T-cells, a: activation of naive T-cells that acquire a memory phenotype, dN: naive T-cell death, dM: memory T-cell death, pN:
naive T-cell proliferation, pON: maximum proliferation of naive T-cells, pOM: maximum proliferation of memory T-cells, h: pool size at half
maximum proliferation; r: clonal size resulting from activation of a single naive T cell

l Death (d,)
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Covariate analysis

Covariate candidates included chronological age, gender,
race, BMI, smoking status, pre-ART viral load, initial
ART class, initial ART regimes, co-infection of HBV or
HCV and levels of immune activation. Immune activa-
tion data, presented as percent CD38+/HLA-DR+ on T-
cells, were log-transformed to achieve normality and
stabilize the covariate model. Pre-selection of parameter-
covariate relations were based on biologic plausibility,
previous reports and the general additive modeling
(GAM) analysis performed on the model-predicted pa-
rameters. GAM was performed using R package Xpose4
(version 4.5.3, Sourceforge). Model discrimination of
GAM was based on Akaike Information Criteria (AIC).
Covariate analyses in the non-linear mixed-effects model
were conducted using the SCM procedure in PsN (ver-
sion 4.6.0). The significant levels for forward addition
and backward elimination were 0.05 and 0.01,
respectively.

For BLIR data, candidate covariates also included
levels of thymus output and immune exhaustion. Due to
the small portion of subjects from BLIR study in the
combined data (16%), the covariate analysis of these two
factors was performed on the post hoc estimates derived
from the final model from the SCM analysis, using linear
regression methods. The effect of age was re-evaluated.
A P <0.05 was defined as statistically significant.

Simulations of the effect of age on immune recovery
Simulations of total T-cell counts in three age groups, <
35 years, 35- < 50 years and > 50 years, were performed at
year 0, 0.5, 1, 2, 4 and at steady state after ART. Reach-
ing the CD4+ T-cell recovery steady state was deter-
mined as the difference between the CD4+ T-cell counts
at two consecutive years less than 1% of the former sim-
ulated cell count. The age of 50years was the docu-
mented definition of “older” patients in the field of HIV
treatment, and the cut-off of 35 years was chosen based
on the equality of subjects in both groups in the studied
population. For each age group, 100 simulated subjects
aged within the corresponding intervals were created.
All the characteristics of the simulated subjects were
randomly sampled from the distribution of those of the
studied population. Simulations were conducted 200
times. The percentages of simulated CD4+ T-cell counts
reaching 500 cells/uL were calculated. Total CD4+ T-
cell counts greater than 500 cells/uL was chosen as an
indication for sufficient immune reconstitution in HIV-
infected patient on treatment [31].

Standard statistical analysis
Comparisons of continuous and categorical demographic
variables were performed using Wilcoxon-Mann-
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Whitney test and Fisher’s exact test, respectively in R
(version 3.4.3, r-project.org).
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