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Abstract

Background—Increased exposure to a broad array of pathogens in children residing in sub-
Saharan Africa may lead to heightened immune activation and increased proportions of memory T
cells. Changes in the size of these cellular subsets have implications for restoration of normal
immune function after treatment with HAART and are not well-characterized in young sub-
Saharan African children.

Methods—CD4* and CD8* T cell subsets were measured by flow cytometry in 157 HIV-
infected Zambian children before and at 3-month intervals during HAART for up to 30 months
and in 34 control children at a single study visit.

Results—Prior to HAART, HIV-infected children had higher levels of activated and effector
memory (EM) CD4* and CD8* T cells, and lower levels of naive T cells and CD8" T cells
expressing IL-7Ra, compared to control children. The median duration of follow-up was 14.9
months (IQR: 6.4, 23.2) among 120 HIV-infected children with at least one study follow-up visit.
Levels of immune activation and EM CD4" T cells declined within six months of HAART but the
percentages of EM CD4" T cells and effector CD8" T cells remained elevated through 30 months
of HAART. IL-7Ra-expressing CD8* T cells increased with HAART, suggesting expansion of
memory capacity.
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Conclusions—HAART significantly reduced levels of immune activation and EM CD4* T
cells, and promoted reconstitution of naive T cells and IL-7Ra-expressing CD8" T cells. However,
persistently high levels of EM CD4* T cells in HIV-infected children may reflect chronic
perturbations in T cell subset composition.

Introduction

An estimated 2.5 million children are infected with human immunodeficiency virus (HIV)
worldwide and the vast majority of these children live in sub-Saharan Africa.l Children in
this region experience high rates of morbidity and mortality due to poverty, poor nutrition,
and increased exposure to acute and chronic infections. Infection with HIV further
diminishes the immunologic capacity of these children to respond to disease challenges and
is characterized by high levels of activated cell phenotypes, depletion of CD4™ T cells, and
decreased quantity and quality of memory T and B cells.2~’

As access to highly active antiretroviral therapy (HAART) increases, HIV-infected children
are achieving improved health outcomes and prolonged survival.® Despite this enormous
progress, increased exposure to a broad array of pathogens in children residing in sub-
Saharan Africa may lead to heightened immune activation and increased proportions of
memory CD4* T cells, with implications for restoration of normal immune function after
treatment with HAART. Changes in the size of the memory and activated CD4* T cell
subpopulations after HAART initiation have not been well characterized in young children,
particularly among HIV-infected children in sub-Saharan Africa. Identifying the
contributions of repopulated cellular subsets after HAART initiation is critical for estimating
levels of polyfunctional T cells available for normal immune function and vaccine responses
as well as evaluating strategies for HIV remission and cure.

Many studies report total CD4* memory T cells based on surface expression of CD45R0 or
the lack of CD45RA expression® and distinguish central memory T cells from effector
memory T cells by expression of CCR7 or CD62L.19 However, only two studies specifically
examined central memory CD4* T cells among children born to HIV-infected mothers, both
of which used cross-sectional study designs.11:12 In the few studies measuring T cell subsets
before and after HAART initiation in HIV-infected children in sub-Saharan Africa, T cell
activation was assessed®:13:14 but changes in T cell subset compositions are largely
unknown. To better understand the impact of HAART on T cell composition in HIV-
infected children residing in sub-Saharan Africa, particularly activated and memory
phenotypes, we measured circulating CD4* and CD8* T cell populations in HIV-infected
Zambian children before and at 3-month intervals after HAART initiation and compared to
levels in control children.

Materials and Methods

Study design and population

HIV-infected children initiating HAART at public clinics in Lusaka, Zambia were recruited
into a prospective, observational cohort study from January 20t, 2009 to February 28t
2012 to assess humoral and cellular immune responses to measles virus.® Eligible children
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were 9 months to 10 years of age with a documented history of measles vaccination. Follow-
up study visits occurred every three months in concert with routine clinical care. A
comparison group of children presenting to the same clinics for routine clinical care were
enrolled for a single study visit and considered population controls. The HIV infection status
of comparison children was not confirmed but was presumed to be negative based on
medical history and clinical assessment.

A questionnaire was administered by trained study nurses to the parent or guardian
accompanying the child to record demographic and clinical information, including age, sex,
height, weight, history of illness, and vaccination history. A 3-5 mL peripheral blood
sample was collected in Vacutainer tubes containing heparin or EDTA (BD Biosciences,
Franklin Lakes, NJ, USA). Informed consent was obtained from each child’s parent or
guardian and assent was obtained from children aged 7 years and older. The study protocol
was approved by the Research Ethics Committee of the University of Zambia and the
Institutional Review Boards at the University of Alabama and the Johns Hopkins Bloomberg
School of Public Health.

Hematology

Blood arrived in the laboratory within 6 hours of collection and processed immediately.
White blood cell (WBC) counts and lymphocyte percentages were measured using 100 L
of whole blood with a Sysmex Kx-21 automated hematology analyzer (Sysmex Corporation,
Kobe, Japan). Plasma HIV viral load measurements were not performed.

Immunophenotyping

Immunophenotyping was performed to determine the composition of CD4* and CD8* T cell
populations. Briefly, 50 uL of heparinized whole blood was mixed with monoclonal
antibodies against cell surface markers (described below), red blood cells were lysed with
FACSLyse (BD Biosciences, Franklin Lakes, NJ, USA), and cells were washed with PBS
and resuspended in 1% paraformaldehyde. Flow cytometry data were acquired with
CellQuest Pro (BD Biosciences) on a FACSCalibur flow cytometer and analyzed using
FlowJo v7.5 (Treestar, Ashland, OR, USA). The gating strategy for identification of cell
subsets is presented in Supplemental Figure 1.

T cells were stained with monoclonal antibodies to CD45RA, CCR7, CD3, and CD4 or CD8
(BD Biosciences) (Supplemental Table 1). Total T cells were defined by expression of the
pan-T cell marker CD3. To distinguish T cell subsets, CD4" and CD8" T cells were defined
as: naive (CCR7*CD45RA™), central memory (CCR7*CD45RA™), effector
(CCR7-CD45RA"), and effector memory (CCR7-CD45RA™*). Activated phenotypes were
assessed using HLA-DR and CD38,6 and interleukin 7 receptor-a (IL-7Ra) was used to
detect CD8" T cells with the potential to develop into long-lived memory cells.17:18

Data analysis

Children missing date of birth or both total CD4* and total CD8" T cell data were excluded
from analysis. The Wilcoxon rank-sum test was used to compare medians of continuous
outcomes and Fisher’s exact test was used to compare proportions between HIV-infected
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and control children at enrollment. The percentages of T cell subsets were calculated using
the respective parent population (CD3 and CD4 or CD8) as denominator. Absolute counts
were calculated as the product: WBC count x lymphocyte percentage/100 x cell subset
percentage/100. Percentages and counts of cell subsets were transformed by natural
logarithm or square root to approximate normal distributions for regression models.

Multivariable linear regression (MLR) was used to compare cellular subsets between HIV-
infected and control children at enrollment. Linear mixed effects (LME) models with
unstructured variance-covariance structures and a random intercept for each child were used
to estimate changes in each cellular subset after HAART initiation in HIV-infected children.
Both MLR and LME models adjusted for age at enrollment (in months) and sex. The LME
models accounted for repeated measures in the same individual over time and included a
fixed effect for each 3-month interval of HAART exposure up to 30 months. LME models
incorporating a random intercept for each study participant and a random slope for each 12-
month age category were also explored. Standard deviations of random slopes indicated a
difference of less than 0.01% between age categories in the rate of change in cell subsets and
models with random slopes produced higher Akaike's Information Criteria values compared
to models with individual-level random intercepts alone, indicating models with only
random intercepts represented the data better than models with both random intercepts and
slopes.1?

Predictions of T cell subset percentages and counts were estimated for each child at each
time point from LME models and used to compute means and 95% confidence intervals
(CI), which were then back-transformed to the linear scale. The means and 95% CI for each
subset from regression models are presented in Supplemental Tables and original data
presented in Supplemental Figures. Given that model predictions were drawn from normal
distributions, the percentages and counts of T cell subsets do not necessarily sum to 100%
and total T cell counts, respectively, at each time point. Statistical analyses were performed
using Stata version 10.1 (Stata Corp., College Station, TX, USA) and R v.3.1.0 (R
Foundation for Statistical Computing, Vienna, Austria).2 Data are presented as the mean
(95% confidence interval) unless otherwise noted. The Benjamini and Hochberg method
was used to assess the false discovery rate due to multiple comparisons (Supplemental
Figure 2).21 Of the 224 statistically significant differences we observed among 364
statistical comparisons, 214 remained significant after adjustment for multiple comparisons

Results

Characteristics of study children

One hundred and sixty-nine HIV-infected children were enrolled on the day of HAART
initiation between January 2009 and February 2012. Eleven HIV-infected children were
missing both CD4* and CD8* T cell data at baseline, five of whom did not have subsequent
follow-up data, and one child was excluded due to missing date of birth, resulting in 157
HIV-infected children eligible for baseline analysis. One-hundred and twenty HIV-infected
children had at least one study follow-up visit and the median duration of follow-up was
14.9 months (interquartile range [IQR]: 6.4, 23.2). Approximately half (46%) of children
were female and the median age at study enrollment was 26.0 months (Table 1). The
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unadjusted median CD4* and CD8* T cell percentages on the day of HAART initiation were
11.8% and 43.7% (Figures 1a and 1b). The median CD4* T cell percentage was slightly
higher among HIV-infected girls (12.8%) than boys (10.3%) (p=0.08), but no significant
differences in median CD8" T cell percentages were observed by sex (p=0.93). Children
returning for follow-up study visits did not differ significantly by age, sex, or CD4* and
CD8™ T cell percentages compared to children completing only baseline study visits.

Thirty-four control children with one study visit each were enrolled. Forty-seven percent of
these children were female and their median age was 24.2 months (Table 1). As expected,
the control children had a significantly higher median CD4* T cell percentage (33.4%,
range: 17%, 48%) (Figure 1a) and lower CD8* T cell percentage (23.6%, range: 0.4%, 35%)
(Figure 1b) than HIV-infected children, consistent with few, if any, of the control children
being HIV-infected.

T cell subsets at baseline

Before HAART initiation, effector memory cells constituted the largest mean percentage of
CD4* T cells in HIV-infected children (37.2%), followed by effector (27.4%), naive
(19.4%) and central memory CD4* T cells (4.6%) after adjusting for age and sex (Figures 2a
and 2b; Supplemental Table 2a). In contrast, naive cells were the largest subset in control
children and comprised one-third of CD4* T cells. While statistically significant differences
in CD4™ T cell subsets between age categories and sex were observed among HIV-infected
and control children, these differences were less than 1% (Supplemental Figure 3 and
Supplemental Table 3a).

A majority of CD8* T cells were of the effector phenotype in both HIV-infected (46.6%)
and control children (50.7%) (Figure 3; Supplemental Table 2b). While naive cells
comprised the next largest percentage of CD8* T cells in control children (24.2%), effector
memory CD8* T cells were the second largest percentage in HIV-infected children (39.8%).
Central memory cells constituted a substantially smaller percentage of CD8* T cells in the
circulation of both HIV-infected and control children at less than 0.1%, reflecting
recruitment to the bone marrow.%2

Consistent with increased cellular immune activation during HIV infection, the percentages
of activated CD4* and CD8* T cells in HIV-infected children were 3- and 2-fold higher,
respectively, than those of control children (Figure 4 and Supplemental Figure 5).
Additionally, the memory capacity of CD8* T cells, as measured by expression of IL-7Ra,
was 27 percentage points lower in HIV-infected children than in control children. Similar to
CD4™* T cells, differences among CD4* T cell subsets by age categories and sex were less
than 1% for HIV-infected and control children except for naive CD8* T cells, which were
2.75% (95% CI: 0.16, 8.51) higher in female compared to male control children
(Supplemental Figure 4 and Supplemental Table 3b).

Changes in CD4" T cell subsets after HAART

Almost three-quarters (73%) of HIV-infected children achieved at least 20% CD4" T cells
within six months of HAART initiation. After adjusting for age and sex, the mean
percentage of total CD4™ T cells increased significantly within three months of starting
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HAART and continued to increase through nine months of treatment, reaching 27.5% of the
T cell population, after which no statistically significant changes occurred (Figure 1c;
Supplemental Table 2a). The rate at which total CD4" T cell percentages increased from
baseline to 9 months after HAART did not differ between age groups (Supplemental Figure
6a).

During the first 6 months of HAART, naive and central memory CD4* T cells increased
significantly and maintained percentages similar to those of control children for the
remainder of study follow-up (Figure 2a). There were no differences in the rates of naive
and central memory CD4* T cell increases after HAART initiation between age groups
(Supplemental Figures 6b and 6c). Effector memory cells decreased in HIV-infected
children on HAART, although not to percentages observed in control children (Figure 2b),
and the rate of decrease did not differ with age (Supplemental Figure 6d). Effector cell
percentages remained similar to those of control children (Figure 2b). Changes in the mean
absolute counts of CD4* T cell subsets showed patterns similar to CD4* T cell subset
percentages after children began HAART (Supplemental Table 4a). These findings suggest
increases in CD4* T cells were driven primarily by gains in naive CD4* T cells.

Changes in CD8" T cell subsets after HAART

While the mean percentage of total CD8" T cells in HIV-infected children decreased
significantly after 6 months of HAART, this percentage remained higher (34%) than in
control children (24%) for the remainder of follow-up (Figure 1c). As observed among
CD4* T cell subsets, naive CD8* T cell percentages in HIV-infected children increased
significantly after HAART initiation but maintained mean percentages between 10% and
15% over study follow-up, slightly lower than 24% of CD8* T cells among control children
(Figure 3; Supplemental Table 2b). After HAART, percentages of central memory and
effector cells remained similar in HIV-infected and control children, comprising <0.1% and
50%, respectively, of the total CD8* T cell population. In contrast, the mean effector
memory CD8* T cell percentage in HIV-infected children decreased significantly during
HAART but remained higher than that observed among control children, with effector
memory T cells largely responsible for the decline in total CD8" T cells. Similar changes in
absolute CD8" T cell counts were observed in response to HAART (Supplemental Table
4b). Sex and age were not associated with differences in the rates of change in any CD8+ T
cell subsets among HIV-infected children (Supplemental Figures 7a—7e).

Cellular activation and memory capacity

Activated CD4* T cells decreased to less than half of baseline levels six months after
starting HAART and approached levels observed in control children (Figure 4). Activated
CD8™ T cells demonstrated a similar decline following HAART initiation but remained
slightly higher than was observed in control children (Figure 4; Supplemental Table 3b).
Memory capacity of CD8* T cells, as measured by IL-7Ra expression, more than doubled
after 6 months of HAART, but remained lower than the mean percentage observed in
control children. Sex and age were not associated with changes in activated CD4+ or CD8+
T cell subsets or IL-7Ra expression by CD8+ T cells (Supplemental Figures 8a—8c and
Supplemental Table 3).
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Discussion

The cellular immune activation status and levels of memory T cell subsets in HIV-infected
Zambian children were substantially altered after starting HAART. As expected, untreated
HIV-infected children had lower percentages of naive T cells and higher percentages of
effector memory and activated T cells than control children, consistent with changes in T
cell composition during chronic HIV infection and persistent immune activation.23:24
HAART significantly reduced levels of cellular immune activation and effector memory
CD4™* T cells, and promoted reconstitution of naive T cells and IL-7Ra-expressing CD8* T
cells. Interestingly, CD4" and CD8* effector T cell percentages did not differ between HIV-
infected and control children. However, increased CD8™ effector T cell percentages at
HAART initiation were significantly associated with an increased risk of mortality in this
cohort of children,25 possibly reflecting T cell exhaustion and loss of polyfunctional
cytokine responses commonly observed in HIV-infected individuals.26

Most HIV-infected children require lifelong treatment with HAART, as the major barrier to
cure is the development of a cellular reservoir that harbors latent infectious virus.2’ Current
approaches for HIV cure include purging the latent reservoir through re-activation of resting
cells; 28 thus, understanding both the relative contributions and maximum counts and
percentages of cellular subsets is important for assessing reservoir size, calculating HIV
clearance kinetics and estimating the potential impact of cure strategies. The cellular
distribution of the proviral reservoir in HIV-infected children has not been thoroughly
investigated but evidence suggests it is comprised of resting memory CD4* T cells,
including long-lived central memory T cells?® that predominantly home to lymphoid
organs.30 Whether the increase in central memory T cells observed in Zambian children
represents increased memory cell levels that typically develop with aging or redistribution of
central memory T cells in circulating blood relative to those sequestered in secondary
lymphoid organs is unclear. In healthy children younger than 10 years of age, the
proportions of naive T cells decrease as the immune system matures and encounters
antigens, while memory T cell proportions increase.® Since control children were enrolled
for only a single visit, our ability to differentiate between phenomena associated with aging,
such as antigen exposure, and HAART duration was limited when comparing cellular
subsets among HIV-infected children. We attempted to control for this by adjusting for age
in statistical models and believe a large part of the considerable changes in T cell subsets
can be attributed to HAART, as observed upon stratification of cell subset trajectories by
age and sex. Additionally, the proportion of central memory T cells that developed in
response to HIV and non-HIV antigens was not determined.

This is one of the largest studies to assess long-term changes in T cell subsets in HIV-
infected children, particularly in sub-Saharan Africa. Of 13 studies assessing cellular subsets
among HIV-infected children, ten included fewer than 50 children.2:11-14:31-38 Only two
prior studies assessed T cell activation status among HIV-infected children before HAART
initiation in sub-Saharan Africa but these studies used cross-sectional study designs.14:31
After HAART initiation, T cell subsets of European and American HIV-infected children
demonstrated patterns of change similar to those of Zambian children.32:38 Among
European children starting HAART, both naive and total memory CD4* T cells increased
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within three months of HAART but only naive CD4* T cells sustained increases after 12
months.32 Similarly, naive CD4* and CD8* T cell percentages increased after 144 weeks of
HAART in American children, while memory cell percentages decreased or remained
unchanged.38 The shift in T cell composition after HAART initiation, most notably the
increase in naive T cells and reduction in effector memory T cells, is consistent with control
of HIV-mediated T cell stimulation and differentiation.3°

While the pattern of T cell subset changes after HAART initiation was similar between
HIV-infected children in Zambia and those in developed countries, Zambian children had
lower levels of naive T cells and higher levels of effector memory T cells. Among HIV-
infected American and Spanish children, for example, naive cells constituted 55-56% and
30-38% of the CD4* and CD8* T cell populations, respectively, prior to HAART
initiation,33:37:38 while the corresponding percentages in HIV-infected Zambian children
constituted only 19% and 4%. These differences are underscored by the older median ages
of 7 to 10 years in the American and Spanish cohorts, as older age typically is associated
with lower naive T cell percentages. Similarly, control Zambian children had lower
proportions of CD4* and CD8* naive T cells than HIV-uninfected American, Brazilian and
Cameroonian children.11:36:40 Naive T cells comprised 54% of CD4* and 49% of CD8* T
cells in 12-24 month old Cameroonian children*® compared to only 34% and 24% in
Zambian children. These differences are more pronounced upon comparison to HIV-
uninfected American children who had CD4* and CD8* T cell percentages of 75% and 58%,
respectively,38 possibly reflecting more frequent exposures to pathogens that induce cellular
differentiation in the Zambian children.

A limitation of this work was the inability to measure T cell subsets for all children at later
study visits due to short duration of follow-up. We performed sensitivity analyses to
determine the extent to which estimates change after restricting analyses to HIV-infected
children with at least 12 months of follow-up and no more than one missing visit, resulting
in 87 HIV-infected children and 34 control children. However, the estimates did not differ
between the original and sensitivity analyses. Moreover, inferences regarding differences
between HIV-infected and control children remained the same. Although we were unable to
adjust for HIV viral load changes after HAART initiation, the decline in the percentages of
CDA4+ effector memory cells and cellular immune activation are consistent with decreased
HIV stimulation as effector memory cells migrate to non-lymphoid tissues to quickly
respond to cognate antigens®! and turnover rapidly.42

HAART significantly reduced levels of cellular immune activation and effector memory
CD4* T cells, and promoted reconstitution of naive T cells and IL-7Ra-expressing CD8* T
cells. To our knowledge, this is the first study to report the relative proportions and sizes of
T cell subsets, specifically the central memory CD4* T cell population, in HIV-infected
children from sub-Saharan Africa before and after HAART initiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Unadjusted a) total CD4* and b) total CD8* T cells stratified by age (in months) in HIV-

infected and control Zambian children at baseline. Filled and open symbols represent HIV-
infected and control children, respectively.

c) Total CD4" and CD8* T cell percentages in HIV-infected Zambian children at 3-month
intervals following HAART initiation and in control children adjusted for age and sex. Error
bars represent 95% confidence intervals.
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Figure2.
a) Effector (CCR7~ CD45RA") and effector memory (CCR7~ CD45RA™) and b) naive

(CCRT7* CD45RA™) and central memory (CCR7* CD45RA™) CD4* T cell subsets in HIV-
infected Zambian children at 3-month intervals after HAART initiation and in control
children adjusted for age and sex. Error bars represent 95% confidence intervals.
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Figure 3.

Naive (CCR7* CD45RAY"), effector (CCR7~ CD45RA"), effector memory (CCR7~
CD45RA*) and central memory (CCR7* CD45RA™) CD8* T cell subsets in HIV-infected
Zambian children at 3-month intervals after HAART initiation and in control children,
adjusted for age and sex. Error bars represent 95% confidence intervals.
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Figure 4.

CD4" and CD8™ T cells displaying HLA-DR and CD38 (activation markers) and CD8* T
cells displaying IL-7Ra (memory marker) in HIV-infected Zambian children at 3-month
intervals after HAART initiation and in control children, adjusted for age and sex. Error
bars represent 95% confidence intervals.
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