
Recovery of effective H
IV-specific CD4R T-cell
activity following antiretroviral therapy in paediatric
infection requires sustained suppression of viraemia

Emily Adlanda, Luisa Morib, Leana Lakerb, Anna Csalaa,

Maximilian Muenchhoffa, Alice Swordya, Masa Moria,

Philippa Matthewsc, Gareth Tudor-Williamsd,

Pieter Joosteb and Philip Gouldera
aDepartment of Pa
South Africa, cNuf
London, UK.

Correspondence t

E-mail: philip.gou
Received: 2 Nove

DOI:10.1097/QAD

ISSN 0269-9370 Cop
Creative Commons A
original work is prop
Background: The success of increasing access to antiretroviral therapy (ART) in paediat-
ric HIV infection prompts the question of the potential for eradication of HIV infection in
this age group. ‘Shock-and-kill’ HIV cure approaches, currently in development, may
depend upon an effective antiviral T-cell response to eradicate virus-infected cells.

Method: We here investigate the ability of HIV-infected children receiving ART from
early childhood (median 24 months’ age) to generate effective HIV-specific CD4þ and
CD8þT-cell immune responses that would facilitate future immune-based cure therapies.

Results: Initial analysis of ART-naive HIV-infected children demonstrated that mainte-
nance of normal-for-age absolute CD4þ T-cell counts was strongly linked to high IL-2
production and polyfunctional HIV-specific CD4þ T-cell responses (P<0.0001 in each
case). Low viral load was, similarly, strongly associated with markedly low IFN-g and
high IL-2 HIV-specific CD4þ T-cell responses (P<0.0001). In children receiving ART,
establishment of this immune profile (high IL-2 and low IFN-g HIV-specific T-cell
production) was strongly related to the duration of viraemic suppression. Failure to
suppress viraemia on ART, and even the successful suppression of viraemia interrupted
by the occurrence of transient viraemia of more than 1000 HIV copies/ml, was
associated with an immune profile of high IFN-g and low IL-2 HIV-specific T-cell
responses and low polyfunctionality.

Conclusion: These data are consistent with recovery of functional CD4þ T-cell
responses in ART-treated children, in contrast to relative lack of CD4þ T-cell function
recovery described in ART-treated adults. However, the challenges of achieving long-
term suppression of viraemia in ART-treated children through adolescence remain
daunting. Copyright � 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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�40% in the preantiretroviral therapy (ART) era [1]. The
numbers of new paediatric infections are therefore
decreasing (http://www.unaids.org/en/resources/fact-
sheet). Furthermore, increased use of ART has made
an especially dramatic impact in paediatric infection, as
without ART, approximately 50% of HIV-infected
children have died by 2 years of age [2]. These successes
bring the new prospect of a lifetime of ART dependence
for children, the cost and potential toxicity of long-term
ART taken throughout childhood, the reality of poor
ART adherence often accompanying adolescence [3–7].
Resources that have been successfully invested into ART
initiation now also are required to maintain uninterrupted
maintenance of treatment.

These factors prompt the need to consider alternative
options for HIV-infected children other than the prospect
of a lifetime on ART. Reports of posttreatment remission
of HIV infection in children receiving ART early in life
[8,9] suggest that in children there may be unique
possibilities for immune-based therapies [2,10–12], as a
result of the impact of immune ontogeny [13]. A numberof
studies have demonstrated more rapid immune reconsti-
tution in ART-treated children compared with adults [14–
18] and in part this has been related to increased thymic
output [19]. However, many of these studies have focused
principallyon recoveryof CD4þ T-cell numbers [20,21]
as opposed to functional reconstitution.

Previous studies that have investigated immune reconstitu-
tion of T-cell function in children have, with notable
exceptions [22], demonstrated clear-cut functional differ-
ences between infected adults and children on ART. For
example, children aged more than 5 years achieving
suppression of viraemia on ART showed strong Gag-
specific CD4þ T-cell proliferative capacity, whereas
chronically infected adults who also achieved suppression
of viraemia on ART typically showed no Gag-specific
proliferative response [23]. CD4þ proliferation requires
suppression of viraemia, whereas IFN-g production does
not [24]. In perinatally-infected children aged 10–11 years
with suppressed viraemia, the dominant CD4þGag-specific
response was IL-2 production, whereas in children with
uncontrolled viraemia, IFN-g CD4þ T-cell activity
predominated [25]. These findings would be consistent
with a more differentiated CD4þT-cell compartment in the
setting of persistent viraemia, with effector memory
responses characterized by IFN-g production, limited
proliferative activity and high expression of T-cell exhaus-
tion markers [26,27]. In contrast, in the absence of viraemia,
these findings suggest a less differentiated CD4þ T-cell
compartment, comprising a greater proportion of naive and
central memory CD4þT cells, functionally designed for IL-
2 production and high proliferative capacity, with relatively
low expression of exhaustion markers.

Together these studies indicate, in ART-treated children
aged more than 5 years with suppressed viraemia, a strong
recovery of absolute CD4þ cell count, and CD4þ T-cell
function results. However, there are few data describing
reconstitution of CD4þ T-cell function in HIV-infected
children in whom ART is initiated prior to 5 years of age,
when the majority of HIV-infected children now initiate
ART. We here undertook a study of two distinct groups of
HIV-infected children to assess the recovery of CD4þ

function in children initiating ARTat a median of 2 years
of age. We first defined in a group of 58 ART-naive
children the HIV-specific CD4þ responses that were
associated with maintenance of normal CD4þ cell counts
for uninfected age-matched children. We then assessed
immune function in 84 ART-treated children, catego-
rized according to duration of ART-mediated suppression
of viraemia.
Methods

Patients and samples
We studied functional patterns of HIV-specific T-cell
responses in of 58 ART-naive children and 84 ART-
treated children with chronic HIV-1 C-clade infection
from Kimberley, South Africa. The 58 ART-naive
children, aged 115 months (mean; interquartile range
(IQR) 91–150 months), had absolute CD4þ cell counts
of 850 cells/ml (mean; IQR 512–1050); CD4þ% 26.5%
(mean; IQR 21.9–30.4%) and viral load 32 909 (median;
IQR 9947–153 674) had not met 2010 WHO clinical or
CD4þ criteria for ART initiation (being: age< 1 year; or
age 1–4 years: CD4þ< 750 or CD4þ%< 25%; age> 5
years: CD4þ< 350; or WHO clinical disease stage 3 or 4).

The ART-treated children (n¼ 84) were aged 80 months
(IQR 53–103), all of whom had met the CD4þ criteria
to commence ART described above. CD4þ cell counts
and viral loads at ART initiation and at the time of
evaluations here are shown in Suppl Table 1, http://
links.lww.com/QAD/B273. ART-treated children were
grouped as follows: ‘Viraemic nonsuppressors’ did not
achieve suppression of viraemia (<50 HIV copies/ml).
‘Aviraemic suppressors’ maintained viraemic suppression,
other than for isolated ‘blips’ (viral load of<1000 copies/
ml followed by a viral load of <50 copies/ml at the
following timepoint). In ‘Transient Suppressors’, viral
loads of less than 50 copies/ml were interrupted by spikes
of viraemia (>1000 HIV copies/ml). Viraemic spikes in
this group ranged from 1180 to 450 000 copies/ml
(median 159 644 copies/ml), and arose a mean of eight
times (range 4–15) over 6.5 years of follow-up on ART.
These spikes were likely due to nonadherence as
suppression of viraemia followed on the same medication.

Viral loads were determined using the BioM�erieux
NucliSens Version 2.0 Easy Q/Easy Mag (NucliSens v
2.0; Boston, Massachusetts, USA) assay prior to 2010 and
using the COBAS AmpliPrep/COBAS TaqMan HIV-1
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Test version 2.0 by Roche (CAP/CTM v 2.0; Roche
Molecular Diagnostics, Pleasanton, California, USA)
subsequent to 2010. CD4þ T-cell counts were measured
by flow cytometry.

Informed consent was provided for participation of the
individuals in the study. Ethics approval was given by the
University of the Free State Ethics Committee, Bloem-
fontein, and the Oxford Research Ethics Committee.

Whole blood intracellular cytokine assay
The whole blood intra-cellular staining assay was
designed to quantitate the frequency of specific CD4þ

and CD8þ T cells in small volumes of whole blood from
infants in developing countries [28]. For each antigen
investigated, 1-ml sodium heparinised whole blood was
incubated within 2 h after collection in the presence of
anti-CD28 (BD Biosciences, Oxford, UK) and anti-
CD49d (BD Bioscience). Antigens used included Gag
peptide pool (2 mg/ml), Pol peptide pool (2 mg/ml), Nef
peptide pool (2 mg/ml), CMV lysate (NIH AIDS
Reagent Programme, 5 mg/ml) and noninfected cell
extract (NIH AIDS Reagent Programme, 5 mg/ml).
After 5 h incubation at 37 8C, 5-mg/ml brefeldin A
(Sigma-Aldrich, Gillingham, Dorset, UK) was added and
incubated for a further 5 h at 37 8C. A unit of 2 mmol/l
EDTA was added for 15 min at room temperature (RT).
A unit of 9 ml of 1�fluorescence-activated cell sorting
Lysing solution (BD Biosciences) was added and
incubated for 10 min at RT. The cells were washed
with PBS before being cryopreserved at �80 8C. Cell
surface and intracellular staining following thawing
of cryopreserved cells were performed as previously
described [28]. The stimulation and intracellular staining
for cytotoxic function was performed in a similar fashion
on cryopreserved peripheral blood mononuclear cells
(PBMC) that had been thawed. PBMC were stimulated
for 6 h with 18-mer overlapping peptide pools spanning
HIV clade C Gag at a concentration of 2 mg/ml.

Surface staining for immune activation and
exhaustion markers
PBMC’s were thawed in R20 medium, rested for 1 h at
37 8C, 5% CO2, and stained with surface markers CD3
(Pacific Orange; Invitrogen, Thermo Fisher Diagnostics,
Hemel Hempstead, Hertfordshire, UK), CD4þ (Qdot
605; Invitrogen), CD8þ (Pacific Blue, BD Biosciences),
Live/Dead vivid marker (A750; Invitrogen), HLA-DR
FITC (BD Biosciences), CD38 PECy7 (BD Biosciences),
programmed death 1 (PD-1) APC (eBioscience, Thermo
Fisher Diagnostics), Tim3 (PECy7; Biolegend, London,
UK) and CD95 (APC; Biolegend), for 30 min at RT in
the dark. Cells were then washed twice in PBS and fixed
in 2% paraformaldehyde. Samples were acquired on an
LSR II (Becton Dickinson, Wokingham, Berkshire, UK)
flow cytometer within 12 h of staining and analysed using
FlowJo version 8.8.6; FlowJo LLC, Ashland, Oregon,
USA).
Statistical analysis
Comparisons of clinical parameters in groups of children
were performed using the Kruskal–Wallis test. Correla-
tions were analysed using the Spearman Correlation test.
Results

High IL-2 production and polyfunctionality in
HIV-specific CD4R and CD8R T-cell activity in
nonprogressing paediatric infection
To define the functional profile of CD4þ and CD8þ

T-cells in ART-naive children who maintain absolute
CD4þ cell counts that are normal-for-age for HIV-
uninfected children [29,30], we first analysed a mixed
cohort of HIV-infected infected, ART-naive children
whose absolute CD4þ cell counts ranged from 383 to
2650 cells/ml (Suppl Table 2, http://links.lww.com/
QAD/B273). These children had a mean age of 9.6 years,
CD4þ cell count of 850 cells/ml (IQR 512–1050) and
median viral load 32 909 (IQR 9947–153 674). We first
evaluated the CD4þ and CD8þ T cells in these
individuals on the basis of their ability to secrete IFN-
g, IL-2, MIP1b and TNF-a after stimulation with an
HIV-1 Gag peptide pool (Fig. 1).

With respect to HIV-specific CD4þ T-cell responses
(Fig. 1a), the relative contributions to the total Gag-
specific CD4þ T-cell response of IL-2 and TNF-a
production were strongly correlated with increasing
absolute CD4þ cell count (r¼ 0.66, P� 0.0001; and
r¼ 0.37, P¼ 0.004, respectively), whereas that of IFN-g
and MIP1b was not significantly correlated with absolute
CD4þ cell count. For CD8þ T cells (Fig. 1b), the relative
contribution to the total Gag-specific CD8þ T-cell
response of IFN-g, MIP1b and TNF-a responses was not
significantly correlated with absolute CD4þ cell count,
whereas that of IL-2 production to the total CD8þ T-cell
response increased somewhat in association with absolute
CD4þ cell count (r¼ 0.28, P¼ 0.028). IL-2 production
by CD8þ and CD4þ T cells in response to Gag was the
cytokine most strongly correlated with increasing
absolute CD4þ cell count (r¼ 0.72, P< 0.0001; and
r¼ 0.37, P¼ 0.003, respectively; Suppl Fig. 3, http://
links.lww.com/QAD/B273), whereas IFN-g production
by CD8þ and CD4þ T cells was unrelated to absolute
CD4þ cell count. Similar results were observed when Pol
or Nef pools were used to stimulate CD4þ or CD8þ T
cells in these children (Suppl Table 3, http://links.lww.
com/QAD/B273).

We next evaluated T-cell polyfunctionality in the ART-
naive children as polyfunctionality has previously been
associated with viral control in adults [31–33]. As
expected, increasing polyfunctionality in both CD8þ

T cells and CD4þ T cells responding to Gag was
associated with increasing absolute CD4þ T-cell count,
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Fig. 1. Increasing absolute CD4R cell count is associated with an increase in IL-2 production in CD4R and CD8R T cells in HIV
infected antiretroviral therapy naive children. Percentage of contribution of the indicated functional response towards the total (a)
CD4þ T-cell and (b) CD8þ T-cell responses to HIV Gag peptide pool stimulation. Spearman correlations shown. (c) Polyfunctional
T cells are associated with increasing absolute CD4þ cell count. Y-axis indicates the number of functional responses (IFN-g, IL-2,
MIP1b and TNF-a) made by each subject in response to HIV gag stimulation in (c1) CD4þ T cells and (c2) CD8þ T cells. X-axis
indicates absolute CD4þ cell count. Spearman correlations shown.
especially so in the case of CD4þ T-cell responses
(r¼ 0.56, P� 0.0001; Fig. 1c). The polyfunctional HIV-
specific T cells expressed predominantly the terminally
differentiated effector memory phenotype CD45RAþ/
CCR7�. Similar findings were observed in response to
the HIV-Pol and Nef peptide pools also tested (Suppl
Table 3, http://links.lww.com/QAD/B273).

Viral load is associated with high IFN-g, low
IL-2, TNF-a and MIPb HIV-specific CD4R T-cell
responses
We next assessed the relationship between viral load and
CD4þ and CD8þ T-cell function. The total Gag-specific
CD4þ T-cell response was significantly related to
decreasing viral load (r¼�0.26, P¼ 0.04, Fig. 2a),
whereas the total Gag-specific CD8þ T-cell response was
not (r¼ 0.19, P¼ ns, Fig. 2b). Similarly, CD8þ responses
stratified by IFN-g, IL-2, MIP1b and TNF-a function
were unrelated to viral load (data not shown). Among the
Gag-specific CD4þ T-cell responses, the percentage of
contribution of IFN-g production by CD4þ T cells was
associated with increasing viral load (r¼ 0.73, P� 0.0001,
Fig. 2c) and IL-2, TNF-a and MIP1b responses with
decreasing viral load (r¼�0.53, P� 0.0001; r¼�0.42,
P¼ 0.001; r¼�0.39, P¼ 0.002, respectively, Fig. 2c).
The same result was observed when quantifying the
magnitude of the indicated functional response, IFN-g
production being positively associated with viral load
(r¼ 0.73, P� 0.0001) and IL-2, TNF-a and MIP1B
responses being associated with decreasing viral load
(r¼�0.53, P� 0.0001; r¼�0.42, P¼ 0.001; r¼�0.39,
P¼ 0.002, respectively, Fig. 2d) Similar relationships
were observed in response to stimulation of CD4þ and
CD8þ T cells with HIV-1 Pol and Nef peptide pools
(Suppl Table 3, http://links.lww.com/QAD/B273).
Thus, the functionality of the HIV-specific CD4þ

T-cell response, but not the CD8þ T-cell response, is
significantly associated with viral load among these ART-
naive HIV-infected children.

Increased duration of viral suppression in
antiretroviral therapy-treated children is
associated with increased IL-2 and decreased
IFN-g production in CD8R and CD4R T cells
To determine whether ART-treated children can gener-
ate the same functional HIV-specific CD8þ and CD4þT-
cell activity as in ART-naive paediatric nonprogressors,
we recruited 84 HIV-positive, ART-treated children.
These were categorized into three groups: children who
achieved control of viraemia to less than 50 copies/ml and
maintained viral load thereafter at less than 400 copies/ml
(‘Aviraemic suppressors’, n¼ 55); children in whom
suppression of viraemia was periodically interrupted by
transient viraemia (>1000 HIV copies/ml) (‘Transient
suppressors’) (n¼ 9); and children who failed to suppress
viraemia to less than 50 copies/ml (‘Viraemic non-
suppressors’, n¼ 20) (Suppl Table 1, http://links.lww.
com/QAD/B273). The age of children at ART initiation
did not differ between the three groups (23–24 months),
nor did viral load, absolute CD4þ cell count or CD4þ%.

In children who maintained suppression of viraemia on
ART, the relative contribution of IFN-g production to
the total Gag-specific CD4þ and CD8þ T-cell response
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Fig. 2. Viraemia is positively related to CD4R IFN-g and inversely related to CD4R IL-2, TNF-a and MIPb responses to HIV Gag
peptide pool stimulation. Viral load is (a) inversely correlated with the total percentage of Gag-specific CD4þ T-cell response
(P¼0.04, r¼�0.26); (b) not associated with the total percentage of Gag-specific CD8þ T-cell response (P¼ns, r¼0.19); (c)
positively correlated with percentage of CD4þ T-cell IFN-g production (P�0.0001, r¼0.73); and inversely correlated to
percentage of CD4þ T-cell IL-2 production (P�0.0001, r¼�0.53); MIP1b production (P¼0.001, r¼�0.42); and TNF-a
production (P¼0.002, r¼�0.39); (d) positively correlated with magnitude of CD4þ T-cell IFN-g production (P�0.0001,
r¼0.73); and inversely correlated to magnitude of CD4þ T-cell IL-2 production (P�0.0001, r¼�0.53); MIP1b production
(P¼0.001, r¼�0.42) and TNF-a production (P¼ 0.002, r¼�0.39); n¼58. Spearman correlations shown.
was significantly lower, whereas that of IL-2 substantially
higher, than in children who failed to maintain
suppression of viraemia (Figs. 3 and 4a and b). Of note,
among the ‘transient suppressor’ children in whom
viraemic episodes interrupted successful periods of
aviraemia, HIV-specific CD4þ and CD8þ T-cell
responses were indistinguishable from those of children
who failed to achieve undetectable viral loads on ART
(Figs. 3 and 4a and b). Among all the children studied, IL-
2 production increased and IFN-g production decreased
in association with increasing duration of viral suppres-
sion (Fig. 4c and d). With respect to polyfunctionality,
increasing polyfunctionality was strongly associated with
duration of viraemic suppression in the case of CD4þ

T cells (r¼ 0.55, P< 0.0001) but not in the case of CD8þ

T cells (r¼ 0.26, P¼ ns, Suppl Fig. 1, http://links.lww.-
com/QAD/B273). Similar observations were made
following stimulation of CD4þ and CD8þ T cells with
Pol and Nef peptide pools (Suppl Table 3, http://links.
lww.com/QAD/B273).

In summary, increasing duration of viraemic suppression
in ART-treated HIV-infected children is associated with
restoration of the profile of CD4þ T-cell function that
is observed in ART-naive HIV-infected children who
maintain normal-for-age absolute CD4þ cell counts,
namely decreased IFN-g production, increased IL-2
production and increased polyfunctionality in response to
stimulation by pools of peptides spanning the HIV
proteins Gag, Pol and Nef. This same broad phenotype
was expressed in CD8þ T cells in ART-treated children
maintaining viraemic suppression and in ART-naive
children maintaining normal-for-age absolute CD4þ cell
counts; however, the associations with decreased IFN-g
production, increased IL-2 production and increased
polyfunctionality were consistently weaker for CD8þ

T cells than for CD4þ T cells.

A similar HIV-specific cytolytic CD4R phenotype
is observed in antiretroviral therapy-naive
children with low viraemia and in antiretroviral
therapy-treated aviraemic suppressors
To further investigate the quality of HIV-specific CD4þ

T-cell responses in ART-treated children we examined in
a subset of children the cytolytic phenotype of the HIV-
specific CD4þ T-cell response to HIV Gag stimulation, as
assessed by the expression of granzyme A, granzyme B,
perforin and CD107a. In the ART-naive children, as
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Fig. 3. Representative clinical data for an aviraemic suppressor, a viraemic nonsuppressor and a transient suppressor. Absolute
CD4þ cell count shown in blue and viral load shown in red. Vertical black arrows indicate the timepoint of the assay. In the bottom
panel, CD4þ T-cell plots are shown for these representative subjects after stimulation with the HIV-Gag peptide pool with IFN-g
production on the x-axis and IL-2 production on the y-axis.

Fig. 4. An increase in the duration of viraemic suppression is associated with a decrease in IFN-g production and an increase in IL2
production in CD4R and CD8R T cells in HIV infected antiretroviral therapy treated children. Percentage of contribution of the
indicated functional response towards the total (a) CD4þ T-cell and (b) CD8þ T-cell responses to HIV Gag peptide pool stimulation.
Viraemic nonsuppressors, n¼20, transient suppressors, n¼9; aviraemic suppressors, n¼ 55. P values obtained from analysis of
variance. Percentage of contribution of the indicated functional response towards the total (c) CD4þ T-cell and (d) CD8þ T-cell
responses to HIV Gag peptide pool stimulation in aviraemic suppressors n¼55. X-axis denotes duration of viraemic suppression in
months. Spearman correlations shown.
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Fig. 5. Antiretroviral therapy naı̈ve children who maintain low viral loads exhibit an HIV-specific cytolytic CD4R phenotype
similar to aviraemic suppressors. (a) Viral load in antiretroviral therapy naı̈ve children is inversely associated with CD4þ T-cell
Granzyme B production (P¼0.03, r¼�0.883) (a1), and positively associated with CD4þ T-cell IFN-g production (P¼�0.043,
r¼0.700) (a2), n¼9. Spearman correlations shown. (b) percentage of CD4þ T cells expressing the relevant function as indicated
after HIV-gag peptide pool stimulation in ART-naive children with ‘high’ viral load, high defined as more than 100 000 copies/ml
n¼5; ART-naive children with ‘low’ viral load, low defined as less than 10 000 copies/ml n¼4; aviraemic suppressors n¼ 4;
transient suppressors n¼4; and viraemic nonsuppressors n¼5. Mann–Whitney t tests shown � indicates P�0.05.
before we observed a strong positive correlation between
IFN-g production and viral load, and inverse correlations
with markers of cytolytic activity, most significantly
between Granzyme B production and viral load (Fig. 5a).
Among the ART-treated children, again we observed
strong similarities and no significant differences between
the responses made by children maintaining viraemia on
ART and those made in ART-naive children with low
viral loads (<10 000 HIV RNA copies/ml) (Fig. 5b).

Enhanced T-cell functionality is associated with
low immune activation and low exhaustion
To assess the degree of residual immune activation in
ART-treated children, we first determined HLA-DR/
CD38 expression in PBMC from these study individuals.
Reduced immune activation (HLA/DR/CD38 expres-
sion) on both CD8þ and CD4þ T cells was associated
with increasing duration of viraemic control (P< 0.0001;
and P< 0.0001, respectively, Suppl Fig. 2, http://
links.lww.com/QAD/B273). We next examined the
expression of PD-1 and T-cell immunoglobulin mucin-3
(Tim-3), cell surface negative regulators of T cells that are
upregulated in the context of immune activation and
markers of immune exhaustion. Similar to immune
activation, PD-1 and Tim-3 expression on both CD8þ

and CD4þ T cells were both reduced in association with
increasing ART duration (P< 0.0001; and P< 0.0001,
respectively, Suppl Fig. 2B and C, http://links.lww.com/
QAD/B273). Finally, we examined CD95 expression in
these ART-treated children, the CD95/APO-1/Fas recep-
tor/ligand system, being critically involved in induction of
apoptosis in mature T cells [34]. As anticipated, we observed
a significant decrease in the percentage of cells expressing
CD95 in association with increasing duration of viraemic
control in both the CD8þ and CD4þ T-cell subsets
(P� 0.0001 and 0.0001, respectively, Suppl Fig. 2D, http://
links.lww.com/QAD/B273).
Discussion

These analyses were designed to determine the impact of
ART in restoring HIV-specific T-cell function in HIV-
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infected children in whom ARTwas initiated in the first
3 years of life. We first demonstrated that maintenance of
with normal-for age CD4þ cell counts among ART-
naı̈ve children was associated with decreased expression
of IFN-g, increased expression of IL-2 and increased
polyfunctionality of CD4þ and CD8þ T cells in response
to stimulation with pools of HIV-1 Gag, Pol and Nef
peptides. CD4þ T-cell functions were consistently more
strongly associated than CD8þ T-cell functions with
absolute CD4þ cell count. Similarly, immune-mediated
control of viraemia in ART-naive children was strongly
associated with this same immune profile. Among
84 HIV-infected children initiating ART at mean age
of 24 months, three groups were distinguished: those
achieving and sustaining suppression of viraemia on ART;
those achieving suppression of suppression of viraemia,
sustained apart from periodic episodes of viraemia
(>1000 HIV copies/ml); and those not achieving
sustained suppression of viraemia. Only in the group
of ART-treated children who maintained viral suppres-
sion was the immune profile characteristic of disease
nonprogression in the ART-naive children observed.

It is important to note that the three treatment groups did
not differ by age, viral load, CD4þ% or absolute CD4þ

cell count prior to ART initiation (Suppl Table 1, http://
links.lww.com/QAD/B273). Also, although duration of
ART and age at the time the current analysis was
undertaken did differ between the three groups, these did
not explain the differences in immune function observed,
as the children experiencing transient viraemia were
older, and were on ART for longer, than the children
who maintained viral suppression; who, in turn, were
older and had been treated for longer than children who
did not achieve viral suppression. Also, although clearly
there were differences in viral load between the three
ART-treated groups of children, the absolute CD4þ cell
counts were maintained in all three groups at levels that
were normal-for-age in HIV-uninfected children [29,30].

These findings are highly consistent with previous
studies [14–16,18,35] showing recovery of CD4þ T-cell
function in children who achieve aviraemia on ART. This
contrasts with the absence of an equivalent recovery in
CD4þT-cell function among ART-treated adults [23,36].
However, it is evident that immune recovery even in
children requires sustained viraemic suppression. The
immune profile of high IL-2 and low IFN-g production
in response to stimulation by HIV peptide pools, is
typically observed only in ART-treated children who
have maintained suppression of viraemia for 5 years or
more. Furthermore, the occurrence of periodic viral
blips, defined here as viral loads of 400–1000 HIV
copies/ml, appears to undo that immune recovery to the
extent that immune function in children exhibiting
periodic viral blips does not differ significantly from
ART-treated children who fail to achieve consistent
suppression of viraemia at all.
The data presented for the ART-naive children demon-
strate a strong relationship between viral load and HIV-
specific CD4þ T-cell activity, however no significant
correlation with CD8þ T-cell activity. This somewhat
unexpected result is consistent with previous studies in
ART-naive children [37,38], in contrast to a strong
correlation between control of viraemia and magnitude of
the HIV-specific CD4þ T-cell response [37,38]. What
drives this relationship between the HIV-specific CD4þ

T-cell response and control of viraemia is the combination
of IL-2, MIP1b and TNF-a CD4þ T-cell production.
These data are consistent with control of viraemia being
dependent upon polyfunctional CD4þ T-cell activity
supporting an effective CD8þ T-cell response character-
ized by low immune activation and low expression of
immune checkpoint markers such as PD-1 and Tim-3.
High magnitude HIV-specific CD8þ T-cell responses are
often driven by high viraemia, in the setting of a more
differentiated CD4þ effector memory T-cell compart-
ment, with high immune activation, high expression of
exhaustion markers and functionality limited to IFN-g
production [38–41]. These findings therefore support the
concept that CD4þ T-cell function is central to
maintenance of nonpathogenesis in paediatric infection
and that CD8þ T-cell activity is secondary.

In relation to HIV ‘shock and kill’ cure strategies
currently being developed [42], the recovery of HIV-
specific CD4þ T-cell function in infected children
receiving ART initiated in early life suggests that
CD8þ T-cell activity in these children will be capable
of contributing to eradication of the viral reservoir.
However, on the basis of the data presented here, this does
depend on maintained viral suppression for a period of
approximately 5 years or more. Transient viraemia may
rapidly undo the painstaking work of years of immune
restoration.

These studies have focused on children initiating ART
at median age 24 months. In the case of HIV-infected
children in whom ART is initiated in the first days or
weeks of life, in whom suppression of viraemia may be
established very early, it is not known what HIV-specific
T-cell responses may be detectable following long-term
suppression of viraemia. In the Mississippi child [8], in
whom ARTwas initiated at 30 h of age, no virus-specific
T-cell responses were detectable prior to viral rebound off
ART. However, most HIV-infected infants have pre-
ART viral loads of �106 copies/ml [43]; and HIV-
specific CD8þ T-cell responses are detectable at birth in
the majority of infected babies [44,45]. Thus, early ART
would not typically prevent priming of HIV-specific
responses by HIV. Nonetheless, it may be necessary to
boost HIV-specific T-cell responses via T-cell vaccination
in ART-treated children, either to augment preexisting
T-cell activity, or to prime novel and potentially
more effective responses and pave the way for ART
discontinuation.

http://links.lww.com/QAD/B273
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