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The impact of viraemia on inflammatory biomarkers
and CD4 ™ cell subpopulations in HIV-infected
children in sub-Saharan Africa

Andrew J. Prendergast®*, Alexander J. Szubert®*,
Godfrey Pimundu®, Chipo Berejena’, Pietro Pala®, Annie Shonhai®,
Patricia Hunter!, Francesca I.F. Arrigoni®, Victor Musiime®",
Mutsa Bwakura-Dangarembizi®, Philippa Musoke', Hannah Poulsom’,

Macklyn Kihembo®, Paula Munderi’, Diana M. Gibb®, Moira J. Spyer”,

A. Sarah Walker®*, Nigel Klein"*, the ARROW Trial Team

Objective: To determine the impact of virological control on inflammation and cluster
of differentiation 4 depletion among HIV-infected children initiating antiretroviral
therapy (ART) in sub-Saharan Africa.

Design: Longitudinal cohort study.

Methods: In a sub-study of the ARROW trial (ISRCTN24791884), we measured
longitudinal HIV viral loads, inflammatory biomarkers (C-reactive protein, tumour
necrosis factor alpha, interleukin 6 (IL-6), soluble CD14) and (Uganda only) whole
blood immunophenotype by flow cytometry in 311 Zimbabwean and Ugandan
children followed for median 3.5 years on first-line ART. We classified each viral load
measurement as consistent suppression, blip/post-blip, persistent low-level viral load or
rebound. We used multi-level models to estimate rates of increase or decrease in
laboratory markers, and Poisson regression to estimate the incidence of clinical events.

Results: Overall, 42% children experienced viral blips, but these had no significant
impact on immune reconstitution or inflammation. Persistent detectable viraemia
occurred in one-third of children and prevented further immune reconstitution, but
had little impact on inflammatory biomarkers. Virological rebound to >5000 copies/ml
was associated with arrested immune reconstitution, rising IL-6 and increased risk of
clinical disease progression.

Conclusions: As viral load testing becomes more available in sub-Saharan Africa,
repeat testing algorithms will be required to identify those with virological rebound,
who need switching to prevent disease progression, whilst preventing unnecessary
second-line regimen initiation in the majority of children with detectable viraemia who
remain at low risk of disease progression.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

AIDS 2021, 35:1537-1548

Keywords: Africa, antiretroviral therapy, blip, children, HIV, viral load

“Queen Mary University of London, PMRC Clinical Trials Unit at UCL, London, UK, “Joint Clinical Research Centre, Kampala
Uganda, YUniversity of Zimbabwe, Harare, Zimbabwe, “MRC/UVRI Uganda Research Unit on AIDS, Entebbe, Uganda, UCL
Great Ormond Street Institute of Child Health, #Kingston University, London, UK, "Makerere University College of Health
Sciences, and 'Baylor-Uganda, Mulago Hospltal Kampala, Uganda.

Correspondence to Andrew J. Prendergast, Blizard Institute, 4 Newark Street, London ET 2AT, UK.
Tel: +44 20 7882 2269; fax: +44 20 7882 2195; e-mail: a.prendergast@gmul.ac.uk

“Drs Andrew ). Prendergast, Alexander J. Szubert contributed equally to this study.

Received: 25 May 2020; revised: 5 July 2020; accepted: 21 September 2020.

DOI:10.1097/QAD.0000000000002916

ISSN 0269-9370 Copyright © 2021 This is an open access article distributed under the Creative Commons Attribution License 4.0 (CCBY), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1537


mailto:a.prendergast@qmul.ac.uk
http://dx.doi.org/10.1097/QAD.0000000000002916

1538

AIDS 2021, Vol 35 No 10

Introduction

Of the 1.8 million children living with HIV globally, over
80% live in sub-Saharan Africa. Although antiretroviral
therapy (ART) has transformed clinical outcomes in
HIV-infected children [1], only two-thirds were receiving
treatment in 2019 [2]. World Health Organization
(WHO) recommendations [3] for universal treatment
mean that large numbers of HIV-infected children still
need to start ART in sub-Saharan Africa.

HIV infection is characterized by inflammation and
cluster of differentiation 4 (CD4") depletion, which
underlie mortality in both children [4] and adults [5—8].
Virological suppression following ART leads to increases
in CD4" cell count and reductions in morbidity and
mortality [1]. Although there has been considerable
research in adults [9—16], much less is known about the
relationships between CD4 " reconstitution, inflamma-
tion and viral load (VL) dynamics following ART
initiation in children, particularly in sub-Saharan Africa.

We therefore characterized the interplay between VL
suppression and loss of suppression, immune reconstitu-
tion, inflammation and clinical disease progression in a
large cohort of HIV-infected children starting ART in
Uganda and Zimbabwe.

Methods

This was a sub-study of the ARROW trial
(ISRCTN24791884), in which 1206 children (age 3
months—17 years), eligible for first-line ART using
WHO 2006 criteria [17], were recruited in Uganda
and Zimbabwe [18]. The trial tested four HIV
management strategies [18—20]. Children initiated
ART with a regimen containing lamivudine + abacavir
plus a non-nucleoside reverse transcriptase inhibitor
(NNRTTI), and had CD4™ cell counts assayed 12-weekly.
Long-term, two-thirds received 2NRTI + NNRTI
maintenance, and one-third 3NRTTIs.

Immunology sub-study

From June 2008, 316 children (97%) were enrolled in this
sub-study (Figure, Supplemental Digital Content 1,
http://links.lww.com/QAD/C105). HIV VL was
assayed retrospectively on cryopreserved plasma taken
pre-ART, at weeks 4, 24, 36 and 48 post-ART initiation,
then every 24 weeks; additional VLs were assayed in
children randomized to once- vs. twice-daily lamivudine
+ abacavir [20]. The lower limit of detection was
80 copies/ml because many low-volume samples were
diluted 1:2. No VLs were used in real-time to make
treatment decisions [18]. Children fulfilling WHO
clinical or immunological criteria for failure switched

to boosted protease second-

line ART.

inhibitor-containing

Inflammatory biomarkers [C-reactive protein (CRP),
tumour necrosis factor alph (TNF-a), interleukin 6 (IL-
6), soluble CD14"] and IL-7 were assayed by ELISA on
cryopreserved plasma taken pre-ART and then every
24 weeks. In Uganda, whole blood immunophenotyping
by flow cytometry was done pre-ART and at weeks 4, 12,
24,36 and 48 post-ART initiation, then 24-weekly. Assay
details are in Text, Supplemental Digital Content 2,
http://links.lww.com/QAD/C106.

Analysis

Analysis considered all measurements on first-line ART.
To estimate the impact of long-term VL dynamics on
immune responses, we first classified each individual VL
measurement as consistent suppression, blip/post-blip,
persistent low-level VL (pLLVL) or rebound [21]. We
predefined consistent suppression as <10 000 copies/ml
or >1log;y drop at week 4, <5000 copies/ml at week 24,
declining or <400 copies/ml at week 36 and subse-
quently <80 copies/ml at all measurements. VL mea-
surements >80 copies/ml were classified as a blip if the
child had a previous VL <80 copies/ml and either
subsequently re-suppressed <80 copies/ml (one or two
VL>80 copies/ml allowed; n=150) or their last mea-
surement was a single value >80 copies/ml (n=231;
Supplementary Methods). Those not re-suppressing
<80 copies/ml but remaining <5000 copies/ml were
defined as persistent low-level VL (pLLVL), whereas
rebound was defined as confirmed VL >5000 copies/ml
(following WHO 2010 guidelines [22]). We recorded the
greatest degree of viral replication observed to have
occurred, meaning children could move from response to
blip, pLLVL and rebound states but not backwards
through these states, 1.e. if a child had ever experienced a
VL blip they were subsequently classified as having
previously ‘blipped’.

Compared to those on 2NRTI + NNRTI long-term,
children on 3NRTI maintenance were more likely to
experience pLLVL and rebound [21]; however, as our
goal was to estimate the impact of VL dynamics on
biomarkers regardless of cause, we did not adjust for first-
line regimen or other randomizations. We used multi-
level models to estimate rates of increase or decrease for
each of the following outcomes: inflammatory biomark-
ers; CD47%; CD4+—f0r—age (the ratio of observed:ex-
pected count for the child’s age [23]); CD8"-for-age;
CD4"/CD8™ ratio; CD4" sub-populations; weight-for-
age and height-for-age (details in Text, Supplemental
Digital Content 2, http://links.Iww.com/QAD/C106).

Incidence of clinical events (WHO stage 3/4 events and
deaths) were estimated using Poisson regression, and the
impact of time-dependent biomarker values on clinical
outcomes estimated using time-updated Cox regression.
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All analyses used Stata 15.1 (StataCorp, College Station,
Texas, USA). All P-values are two-sided.

Ethical approvals

Caregivers gave written informed consent for all children;
if older children (8—17 years) were aware of their HIV
status, they gave additional assent or consent following
national guidelines. ARROW was approved by Research
Ethics Committees in Uganda, Zimbabwe and the UK.

Results

Of 316 children in the immunology sub-study, three
(0.9%) died before week 4. Of the remaining 313
children, 311 (99.4%) achieved an initial VL response
<5000 copies/ml at week 24 and were included in
analyses; two children never achieved VL response.
Median (interquartile range, IQR) age at ART initiation
was 5.4years (2.2, 9.4) and median CD4"% 13% (8%,
19%) (Table 1). Median follow-up on first-line ART was
3.6years (IQR 3.5, 3.7). Only four (1.3%) children
switched to second-line regimens during follow-up.
Cytokine measurements were available for 99.4%
(n=309) children pre-ART and for 83.6% of subsequent
24-weekly measurements [median (IQR) 7 (7, 8) time-
points per child].

Overall changes in CD4" populations and
inflammatory biomarkers on first-line
antiretroviral therapy

Children showed rapid CD4" reconstitution on ART
(Fig. 1a). CD4"% increased by 10% [95% confidence
interval (CI) 9-10%)] over the first 12 weeks on ART, 7%
(6—8%) through week 72, then 0.2% (0.2—0.3%) every
12 weeks throughout follow-up (all P< 0.001). CD4*-
for-age and CD4"/CD8™ ratio increased similarly, with
the mean CD4"/CD8" ratio stabilizing at just over 1.
CD8 " -for-age declined more slowly, stabilizing at around
1.6 by week 96.

CD4" reconstitution was driven by increases in the
proportion of naive (CA45RA™ CD4™ cells over the first
24 weeks (P < 0.001), most of which were CD317", with
slower rises subsequently (P<0.001) (Fig. 1b). Con-
versely, the proportion of CD45RA~CD31~ CD4 " cell
counts decreased over the first 24 weeks (P=0.001), then
more slowly throughout follow-up (P < 0.001).

IL-7 decreased substantially over the first 24 weeks
(P<0.001), then more slowly throughout follow-up
(P<0.001) (Fig. 1c). The proportion of proliferating
(Ki67") CD4" cells dropped strikingly by 8% (7—9%)
over the first 48 weeks (P < 0.001) (Fig. 1¢), then rose by
1% (1-2%) to week 72 (P < 0.001), driven by increases in
memory (CD45RA™) CD4" cells, and did not change
significantly thereafter (P=0.58).

The proportion of activated (HLA-DR™*) CD4" cells
decreased more slowly and over a longer period, by 5%
(4—6%) over the first 72 weeks on ART (P < 0.001), and
then by 0.4% (0.3—0.5%) every 24 weeks thereafter
(P<0.001) (Fig. 1c¢).

Difterent trajectories on first-line ART were observed for
each of the inflammatory markers (Fig. 1d). TNF-a
declined over the first 48 weeks then rose again to week
72, before subsequently declining more slowly (all
P <0.001). CRP also dropped substantially over the first
48 weeks, but then rose through week 96 and subse-
quently declined (P < 0.001). IL-6 dropped by 28% (24—
32%) over the first 24 weeks (P < 0.001), but did not
change significantly thereafter (P=0.69). sCD14
declined much more slowly throughout follow-up

(P=0.001).

At ART initiation, CD4 "% was strongly associated with
cell populations and biomarkers [4]. Despite this, initial
responses to ARTwere broadly similar, and normalization
of each pathway occurred regardless of CD4™" cell count
(Figure, Supplemental Digital Content 3, http://
links.Iww.com/QAD/C107) or age at ART initiation
(data not shown).

Taken together, the post-ART dynamics showed a sharp
rise in CD4 ™ cells, particularly over the first 12 weeks,
driven predominantly by recent thymic emigrants, and an
initial decline in activated and proliferating CD4 ™" cells
over 24—48 weeks, accompanied by substantial decreases
in IL-7 and inflammatory biomarkers (except sCD14).
After 48 weeks of ART, the proportion of proliferating
CD4% cells, and concentrations of TNF-a and CRP,
began to rise.

Despite good immunological responses, a proportion of
children experienced VL blips and loss of VL control, to
either pLLVL (<5000 copies/ml) or rebound (confirmed
>5000 copies/ml) (Fig. 1e). Fastest transitions occurred
between consistent VL suppression and blip, and between
pLLVL and rebound (Figure, Supplemental Digital
Content 4, http://links.Iww.com/QAD/C108). We
therefore investigated how changes in CD4 " subpopula-
tions and biomarkers related to consistent VL suppression
or VL non-suppression after initial virologic response.

Consistent viral load suppression

Of 311 children achieving an initial VL response, 103
(33.1%) consistently sustained VL <80 throughout
follow-up, 93 (29.9%) experienced pLLVL or rebound,
and 115 (37.0%) had one or more VL blips (Fig. 1E).
Whilst VL was consistently maintained <80 copies/ml,
increases in CD4"%, CD4 " —for-age and CD4"/CD8*
ratio on ART (Figure, Supplemental Digital Content 5,
http://links. lww.com/QAD/C109) were only slightly
greater than the whole cohort, which included children
with blips, pLLVL and rebound (Fig. 1).
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Fig. 1. Overall changes in biomarkers and VL on first-line ART. (a) CD4" and CD8"; (b) CD4" subpopulation; (c) IL-7,
proliferating and activated CD4™" cells; (d) inflammatory biomarkers; and (e) VL. VL, viral load.

After children were stable on ART from 48 weeks, those
with consistent VL suppression had ongoing increases in
CD4"%, CD4"-for-age and CD4"/CD8™ ratio (Fig. 2),
while their CD8"-for-age, IL-7 and TNF-a continued
to decrease (Figs. 2 and 3, and Figure, Supplemental
Digital Content 6, http://links.lww.com/QAD/C110).

There was no evidence of changes in other inflammatory
biomarkers (IL-6, CRP, sCID14) once children were stable
with consistent VL suppression (P> 0.3). The proportion
of naive (CD45RA™) and recent thymic emigrant
(CD45RATCD31") CD4" cells continued to increase
significantly, while the proportion of CD45RACD31™~
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Fig. 2. CD4" and CD8™ over time with consistent VL suppression, previous VL blips, pLLVL and rebound. pLLVL, persistent low-

level viral load; VL, viral load.

and CD45RATCD31 CD4" and HLA-DR™ cells
decreased (Figure, Supplemental Digital Content 7,
http://links.Ilww.com/QAD/C111).

Impact of viral load blips

Opverall, 130 (41.8%) children experienced blips to a
median (IQR) 200 (110, 750) copies/ml; 19 (14.6%) had
already experienced a blip by week 48 and 43 (33.1%) had
more than one blip on first-line ART. After their first blip,
children still had significant increases in CD4 "%, CD4™ -
for-age and CD4"/CD8" ratio, and non-significant
decreases in CD8+—for—age, which did not differ from
those during consistent suppression (P> 0.7, Fig. 2, Table
2). There was also no evidence that changes in IL-6,
sCD14, TNF-« and IL-7 differed between children with
blips and children with consistent suppression (P> 0.2;
Table 2). If anything, CRP actually decreased faster in
those with blips compared to consistent VL suppression
(P=0.03). After their first blip, children still had non-
significant increases in CD45RATCD31" and naive
CD47" cells, and decreases in CD45R " CD31~ and HLA-
DR ™" CD4™ cells, which did not differ from those during
consistent suppression (P>0.3). Ki67" CD4" cells

decreased (P=0.02), whereas they did not change
during suppression (suppression vs. blips P=0.01).

Impact of persistent low-level viral load

Overall, 59 (19.0%) children experienced pLLVL after
median 72 weeks on ART (IQR 36, 120), with median
(IQR) VL 720 copies/ml (IQR 150, 2430) and CD4"%
31% (24%,37%) during pLLVL. Over half (53.6%) of time
in pLLVL was spent with the most recent VL
measurement <1000 copies/ml. VL did not increase
over time during pLLVL (P=0.32). Although pLLVL did
not lead to CD4 " depletion, it arrested further immune
reconstitution (Table 2): none of CD4"%, CD4"-for-
age, CD4"/CD8" ratio or CD8'-for-age changed
significantly over time during pLLVL (Fig. 2), although
the proportion of memory (CD45RACD317) and
activated (HLA-DR ™) CD4™ cells continued to decrease
(Figure, Supplemental Digital Content 6, http://
links.Iww.com/QAD/C110; and Figure, Supplemental
Digital Content 7, http://links.lww.com/QAD/C111).
Similar to findings after a first blip, Ki67 ™" cells decreased
(P=0.04), whereas they did not change during
suppression (suppression vs. pLLVL P=0.02); there
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Fig. 3. Inflammatory cytokines over time with consistent VL suppression, previous VL blips, pLLVL and rebound. pLLVL,

persistent low-level viral load; VL, viral load.

Table 2. Comparisons of trajectories in CD4" subpopulations, inflammatory biomarkers, weight-for-age and height-for-age according to VL

dynamics.
Consistent
suppression vs. Consistent Consistent Consistent Consistent
blips vs. pLLVL suppression suppression suppression Rebound vs. suppression + blips
vs. rebound vs. blips vs. pLLVL vs. rebound pLLVL vs. pLLVL + rebound

CD4%% P <0.0001 0.94 0.003 <0.0001 0.85 <0.0001
CD4"-for-age 0.004 0.75 0.046 0.003 0.34 0.0001
CD8"-for-age 0.17 0.71 0.053 0.17 0.42 0.01
CD4%/CD8 ratio <0.0001 0.72 0.02 <0.0001 0.45 <0.0001
% CD4" CD45RA™ 0.83 0.61 0.64 0.54 0.43 0.33

% CD4" CD45RATCD31" 0.89 0.64 0.96 0.50 0.62 0.32

% CD4" CD45RA"CD31"~ 0.41 0.61 0.59 0.15 0.14 0.32

% CD4" CD45RAYCD31~ 0.31 0.41 0.12 0.83 0.16 0.84
TNF-a 0.49 0.68 0.35 0.30 0.90 0.07
IL-6 0.03 0.20 0.17 0.04 0.008 0.17
CRP 0.04 0.03 0.34 0.28 0.11 0.18
sCD14% 0.0006 0.23 0.0003 0.98 0.002 0.02
IL-7 0.21 0.94 0.26 0.07 0.73 0.01

% CD47" Ki67" 0.02 0.01 0.02 0.29 0.68 0.34

% CD4" HLA-DR" 0.53 0.34 0.42 0.93 0.66 0.98
Height-for-age Z-score 0.03 0.049 0.85 0.01 0.102 0.13
Weight-for-age Z-score 0.37 0.92 0.98 0.09 0.15 0.38

P values are shown for each comparison. Modelled trajectories are shown in Figs. 2 and 3, and in Supplementary Digital Content 6 and 7 (http://

links.lww.com/QAD/C110 and http://links.lww.com/QAD/C111). pLLVL, persistent low-level viral load; VL, viral load.
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was no evidence that changes in any other CD4" sub-
population during pLLVL were different to those during
consistent VL suppression (P> 0.1). IL-7, IL-6, CRP and
TNF-a did not change significantly over time during
pLLVL (Fig. 3). By contrast, during pLLVL sCD14
decreased significantly, albeit by a relatively small absolute
amount. Although the absolute level of IL-6 was generally
higher in pLLVL than in VL suppression (or after
experiencing blips), there was no evidence of differences
in how these biomarkers changed over time (P> 0.1,
Table 2).

Impact of rebound

Overall, 59 (19.0%) children experienced rebound after
median 72 weeks on ART (IQR 36, 120), with median
(IQR) VL 31910 copies/ml (11 190, 86 430) and CD4 "%
23% (16%, 31%) during rebound (Table 1). Having
experienced rebound led to a significant effect on the
overall levels of CD4", CD8", CD4™ sub-populations,
and proportions of proliferating (Ki67") or activated
(HLA-DR™") cells, but only a modest impact on
inflammatory cytokines (Figs. 2 and 3; Supplemental
Digital Content 8, http://links.lww.com/QAD/C112).
There was no evidence that VL changed over time in
rebound (P=0.14). Similar to pLLVL, there was no
evidence of progressive declines in CD4% during
rebound  (0.1%  decrease/year [95% CI 1.0%
decrease—0.9% increase], P=0.91), or in CD4"for-
age and CD4"/CDS8™ ratio, but changes were signifi-
cantly smaller than the increases seen during suppression
(P<0.001, Fig. 2, Table 2). There was no significant
change in CD8'-for-age or Ki67" cells, with no
evidence of any differences from changes seen in
consistent suppression or pLLVL (P> 0.1). HLA-DR™
and TNF-a continued to decrease despite VL rebound,
with no evidence of a difference in trajectory compared
with consistent VL suppression (P> 0.3). In contrast, IL-
6 increased significantly faster during rebound than
during pLLVL or suppression (P < 0.05); CRP changed
similarly to IL-6 but differences were not significant.
There was no evidence of a change in sCD14 or IL-7
during rebound.

Clinical events and growth by viral load
dynamics

After week 48, clinical events (WHO stage 3/4 events and
deaths) were relatively rare (n=10) but occurred at a
greater rate during rebound (53/1000 child-years [95%
CI20—116]) than during suppression (5/1000 child-years
[95% CI 1-17]) and after blips (9/1000 child-years [95%
CI 1-34]; rebound vs. suppression: P=0.003); there
were no events in children with LLVL (95% CI 0—46).
Both deaths after week 48 (one pulmonary tuberculosis,
one pneumonia) occurred in children with rebound.
Combining LLVL (no events) and blips, the increased risk
associated with rebound persisted after adjusting for time-
updated CD4 " -for-age (rebound vs. suppression: hazard
ratio (HR)=5.94 (95% CI 0.91-38.64), P=0.06).

There was no evidence of additional effects of
inflammatory cytokines (P>0.17). In the subset of
205 children with immunophenotyping, there was some
evidence that high HLA-DR™ was associated with
increased risk of clinical events (HR =1.13 [0.98—-1.30],
P=0.09, adjusting for VL group and CD4"-for-age;
P=0.04 adjusting for VL group alone).

After week 48, height-for-age increased regardless of VL
suppression (all P < 0.0001, Figure, Supplemental Digital
Content 9, http://links.Iww.com/QAD/C113), but
increases were slower during rebound than suppression
(P=0.01) (Table 2). Weight-for-age changes were much
smaller after week 48, with no evidence of changes in
weight-for-age during rebound (P=0.39).

Discussion

In this study of HIV-infected children in Uganda and
Zimbabwe, most had excellent virological, immunologi-
cal and clinical responses on first-line ART. Children
showed rapid immune reconstitution with naive CD4"
cells, and a rapid decline in activated and proliferating T-
cells and most inflammatory biomarkers. Despite good
initial virological suppression, only one-third remained
consistently undetectable long-term; 42% had one or
more blips, and almost one-third had persistent detectable
viraemia. We found no evidence that blips were
deleterious, whereas persistent detectable viraemia pre-
vented further immune reconstitution, and virological
rebound (>5000 copies/ml) was associated with more
inflammation and clinical disease progression.

CD47 counts rose rapidly following ART initiation, with
concomitant declines in IL-7, peripheral T-cell prolifera-
tion and activation. Immune reconstitution was mainly
driven by CD45RATCD31"T CD4™" cells, which are
predominantly recent thymic emigrants [24,25], together
with a decline in memory CD4" cells. Most inflamma-
tory biomarkers (IL-6, CRP, TNF-a) also declined over
the first 48 weeks on ART. Normalization of each
pathway did not strongly depend on the baseline CD4"
cell count or age, suggesting that in settings where
children continue to present with advanced disease [26—
29], excellent restoration of immune and inflammatory
pathways is achievable.

The causes of inflammation in HIV-infected children are
poorly understood, but may include co-infections and
enteropathy as well as HIV itself [30]. There are complex
inter-relationships between inflammatory biomarkers; for
example, pre-ART levels of IL-6 or CRP predict
mortality on ART, whilst levels of TNF-a and sCD14
do not [4]. In this analysis, the pattern of changes in
inflammatory markers showed distinct differences. All
biomarkers declined on ART over 48 weeks, although
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reductions in soluble CD14 were very small, similar to
other cohorts [31,32]. After 48 weeks, IL-6 remained
stable, whilst the concentrations of TNF-a and CRP rose
at the population level, before slowly declining again.
Changes were similar in children who remained
virologically suppressed, suggesting that these popula-
tion-level effects could not be explained by the temporary
or ongoing loss of virological control. It is striking that
detectable viraemia only impacted inflammatory marker
levels once VL was quite high (>5000 copies/ml); at
lower levels, loss of virological control had little effect on
the overall level or subsequent evolution of inflammatory
markers. This suggests that inflammatory pathways are
controlled by a complex system of homeostatic regula-
tion, which tends to maintain an inflammatory equilib-
rium, similar to the stability of the HIV viral load set-
point; it is only once the perturbation is sufficiently great,
due to high-level viral load rebound, that control of the
system is disrupted. Once virological rebound occurred,
and inflammatory markers stabilized at higher levels,
WHO stage 3/4 events and deaths occurred at a greater
rate, independently of CD4 " for-age. In HIV-infected
adults, higher levels of inflammation on ART are
associated with elevated morbidity and mortality and
there is considerable interest in evaluating adjunctive
therapies to reduce inflammation [33,34]. In children, we
did not find evidence that inflammation was associated
with morbidity independently of VL, but few children
had serious morbid events on ART.

Despite limited laboratory (and no VL) monitoring,
children showed a good initial virological response to
ART, as reported in other African cohorts [35], but
frequently had episodes of detectable viraemia during
median 3.5 years of follow-up. This was often due to blips
— that is, isolated detectable HIV RINA followed by a
return to virological suppression [36]. We found that blips
were not deleterious: CD4" populations continued to
normalize during and following blips and there was no
rise in inflammatory biomarkers or increase in the rates of
subsequent progression to pLLVL or rebound. To our
knowledge, no previous studies have evaluated the impact
of blips in HIV-infected children in sub-Saharan Africa.
The mechanisms underlying blips may relate to assay
variability at the limits of detection [15], statistical
variation [11], the release of virus from long-lived
reservoirs [14,16], intercurrent infections or vaccination
[9,10] and incomplete ART adherence [12], although
whether the drivers are the same in adults and children is
unknown. It is interesting that whilst the overall increase
in CD4 ™ cells was comparable to that found in suppressed
individuals, we saw a reduction in inflammation during
blips, with declines in CRP and Ki67" CD4" cells
that were greater than among those with virological
suppression.

One-third of children had persistent detectable viraemia
on ART; however, this was only deleterious for disease

progression when >5000 copies/ml — a level higher than
recent guidelines suggest for the switch to second-line
therapy [37]. In cross-sectional and longitudinal cohort
studies, detectable viraemia has been reported in 24—-34%
children on ART [38—41] and switch to second-line
therapy for ART failure is often delayed [42]. We show
here that while persistent viral replication (<5000 copies/
ml) did not cause a decline in CD4" cells and had no
substantial impact on inflammatory biomarkers or clinical
disease progression, it prevented further immune
reconstitution and rise in CD4"/CD8" ratios. This
indicates that persistent low-level virus prevents children
from realizing their full potential to achieve normal or
high levels of CD4™" cell immune reconstitution. This
may become particularly important when children
enter adulthood.

Children with higher levels of viraemia (>5000 copies/
ml) had poorer immune reconstitution and increased
levels of IL-6, a key inflammatory biomarker associated
with mortality [4]. These children had a greater risk of
clinical disease progression (WHO stage 3/4 events or
death), and slower height gain than children with
virological suppression. Where virological monitoring
is available, it clearly has a role in identifying children with
persistently detectable viraemia at a reasonably high level,
in whom immunological and clinical disease progression
and increased inflammation will develop over time. Our
results suggest that switching treatment at lower VL
thresholds may not necessarily provide long-term
advantages given the limited treatment options for
children in low-income countries, and the challenges

of adherence [43].

The present study had strengths and weaknesses.
ARROW is the largest trial of children initiating ART
in sub-Saharan Africa. Because VL was not measured in
real-time, our data provide a realistic impression of the
long-term impact of blips and virological failure in a large
cohort where adherence counselling was not undertaken
following detectable viraemia. However, several different
VL platforms were used across trial sites, which can affect
the chance of detecting low-level blips [15,44]. We had
good clinical data, including independently adjudicated
WHO stage 3/4 disease and deaths, but event rates on
ART were low, limiting our ability to establish clinical
sequelae of each virological state. However, the low
clinical event rates also support no major clinical harms
being associated with persistent viraemia.

In summary, we show that most children starting ART in
sub-Saharan Africa maintained consistent virological
suppression or only experienced viral blips, which were
not deleterious and do not warrant a switch to second-
line ART. Ongoing recovery of CD4% and CD8"
parameters occurred at the same rate in children with
blips as those who were consistently suppressed, and both
groups maintained stable levels of inflammatory markers.
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In contrast, persistently detectable viraemia occurred in
one-third of children. Persistent low-level viraemia
limited further immune reconstitution, and once
>5000 copies/ml, children had increased inflammatory
biomarkers and clinical disease progression. This high-
lights the importance of strategies to enhance ART
adherence, since even low-level viraemia hinders long-
term immune recovery. Children with confirmed VL
>5000 copies/ml should be prioritized for adherence
support, due to the risk of disease progression, and
switched to second-line regimens. Given the push to
scale-up virological monitoring across Africa, this study
shows the challenges that are likely to arise in interpreting
VL results, especially if only conducted infrequently.
Repeat testing algorithms are required to identify those
with the virological rebound, who need switching to
prevent disease progression, whilst preventing unneces-
sary second-line regimens in the majority of children with
detectable viraemia who remain at low risk of disease
progression.

Acknowledgements

We thank the children, caregivers and staff from all the
centres participating in the ARROW trial, and the
ARROW Trial Steering Committee for access to data.

Author contributions: Conceptualization A.J.P., V.M., PM.,
M.B.-D., N.K., DM.G., AS.W.; Data curation A.J.S.,
MJ.S., A.SW.; Data analysis A.J.S., A.S.W., PH., ELEA.,
MJS.; Funding AJ.P, VM., PM. M.B.-D, NK,,
D.M.G., A.S.W.; Project administration M.].S.; Clinical trial
conduct and oversight V.M., M.B.-D., PM., PM., DM.G;
Laboratory work, oversight and interpretation G.P., C.B., PP,
AS., PH., ELEA. H.P, MK. MJS., AJP, NK;
Writing fust draft A.J.P., A].S., A.SW., N.K.; Reviewing and
editing manuscript G.P., C.B., PP, A.S., PH., ELEA,. VM.,
MB.-D., PM.,, H.P, MK., PM., DM.G., M J.S.

MRC/UVRI Uganda Research Unit on AIDS,
Entebbe, Uganda: P. Munderi, P. Nahirya-Ntege, R.
Katuramu, J. Lutaakome, E Nankya, G. Nabulime, I.
Sekamatte, J. Kyarimpa, A. Ruberantwari, R. Sebukyu,
G. Tushabe, D. Wangi, M. Musinguzi, M. Aber, L.
Matama, D. Nakitto-Kesi, P. Kaleebu, S. Nassimbwa, W.
Senyonga. Joint Clinical Research Centre, Kampala,
Uganda: P. Mugyenyi, V. Musiime, R. Keishanyu, V.D.
Afayo, J. Bwomezi, J. Byaruhanga, P. Erimu, C. Karungi,
H. Kizito, W.S. Namala, J. Namusanje, R. Nandugwa,
T.K. Najjuko, E. Natukunda, M. Ndigendawani, S.O.
Nsiyona, R. Kibenge, B. Bainomuhwezi, D. Sseremba, J.
Tezikyabbiri, C.S. Tumusiime, A. Balaba, A. Mugumya, E
Nghania, D. Mwebesa, M. Mutumba, E. Bagurukira, E
Odongo, S. Mubokyi, M. Ssenyonga, M. Kasango, E.
Lutalo, P Oronon, E.D. Williams, O. Senfuma, L.
Mugarura, J. Nkalubo, S. Abunyang, O. Denis, R.

Lwalanda, I. Nankya, E. Ndashimye, E. Nabulime, D.
Mulima. University of Zimbabwe, Harare,
Zimbabwe: K.J. Nathoo, M.E Bwakura-Dangarembizi,
E Mapinge, E. Chidziva, T. Mhute, T. Vhembo, R.
Mandidewa, M. Chipiti, R. Dzapasi, C. Katanda, D.
Nyoni, G.C. Tinago, J. Bhiri, S. Mudzingwa, D.
Muchabaiwa, M. Phiri, V. Masore, C.C. Marozva, S.].
Maturure, S. Tsikirayi, L. Munetsi, K.M. Rashirai, ].
Steamer, R. Nhema, W. Bikwa, B. Tambawoga, E.
Mufuka, M. Munjoma, K. Mataruka, Y. Zviuya.
Zvitambo, Harare: P. Kurira, K. Mutasa. Baylor
College of Medicine Children’s Foundation Uganda,
Mulago Hospital Uganda: A. Kekitiinwa, P. Musoke, S.
Bakeera-Kitaka, R. Namuddu, P. Kasirye, A. Babirye, J.
Asello, S. Nakalanzi, N.C. Ssemambo, J. Nakafeero, J.
Tikabibamu, G. Musoba, J. Ssanyu, M. Kisekka. MRC
Clinical Trials Unit at UCL, London, UK: D.M. Gibb,
M.J. Thomason, A.S. Walker, A.D. Cook, A.J. Szubert, B.
Naidoo-James, M.J. Spyer, C. Male, A.J. Glabay, L.K.
Kendall, J. Crawley, A.J. Prendergast.

Independent ARROW Trial Monitors: I Machingura,
S Ssenyonjo. Trial Steering Committee: . Weller
(Chair), E. Luyirika, H. Lyall, E. Malianga, C. Mwan-
sambo, M. Nyathi, E Miiro, D.M. Gibb, A. Kekitiinwa, P.
Mugyenyi, P. Munderi, KJ. Nathoo, A.S. Walker;
Observers S. Kinn, M. McNeil, M. Roberts, W. Snowden.
Data and Safety Monitoring Committee: A. Breck-
enridge (Chair), A. Pozniak, C. Hill, ]J. Matenga, ].
Tumwine. Endpoint Review Committee (indepen-
dent members): G. Tudor-Williams (Chair), H. Barigye,
H.A. Mujuru, G. Ndeezi; Observers: S. Bakeera-Kitaka,
M.E Bwakura-Dangarembizi, J. Crawley, V. Musiime, P.
Nahirya-Ntege, A. Prendergast, M. Spyer.

Economics Group: P. Revill, T. Mabugu, E Mirimo, S.
Walker, M.J. Sculpher.

Funding: This work was supported by the UK Medical
Research Council (MRC) [G1001190]. The ARROW
trial was jointly funded by the UK Medical Research
Council (MRC) [G0300400] and the UK Department
for International Development (DFID) under the MR C/
DFID Concordat agreement and was also part of the
EDCTP2 programme supported by the European Union.
This work was also supported by the UK Medical
Research Council [ MC_UU_12023/26]. AJ.P. is funded
by the Wellcome Trust [108065/Z/15/Z]. Drugs were
donated and viral load assays funded by ViiV Healthcare/
GlaxoSmithKline.

Conflicts of interest
There are no conflicts of interest.

Some of the data in this manuscript were previously
presented at the Conference on Retroviruses and
Opportunistic Infections, Boston, MA, 3—6 March
2014 (abstract 910).



Viraemia and inflammatory biomarkers Prendergast et al.

References

Sutcliffe CG, van Dijk JH, Bolton C, Persaud D, Moss WJ.
Effectiveness of antiretroviral therapy among HIV-infected
children in sub-Saharan Africa. Lancet Infect Dis 2008;
8:477-489.

UNAIDS: Progress Towards the Start Free, Stay Free, AIDS Free
Targets: 2020 report. Available at https:/www.unaids.org/en/
resources/documents/2020/start-free-stay-free-aids-free-2020-
progress-report [Accessed 11 April 2021]

World Health Organization. Consolidated guidelines on the use
of antiretroviral drugs for treating and preventing HIV infec-
tion. Recommendations for a public health approach. 2nd ed.
Geneva: WHO; 2016. Available at: http://www.who.int/hiv/
pub/arv/arv-2016/en/. [Accessed 11 April 2021]

Prendergast AJ, Szubert AJ, Berejena C, Pimundu G, Pala P,
Shonhai A, et al. Baseline inflammatory biomarkers identify
subgroups of HIV-infected African children with differing
responses to antiretroviral therapy. / Infect Dis 2016;
214:226-236.

Boulware DR, Hullsiek KH, Puronen CE, Rupert A, Baker }V,
French MA, et al. Higher levels of CRP, D-dimer, IL-6, and
hyaluronic acid before initiation of antiretroviral therapy (ART)
are associated with increased risk of AIDS or death. / Infect Dis
2011; 203:1637-1646.

French MA, Cozzi-Lepri A, Arduino RC, Johnson M, Achhra AC,
Landay A, et al. Plasma levels of cytokines and chemokines and
the risk of mortality in HIV-infected individuals: a case—control
analysis nested in a large clinical trial. A/DS 2015; 29:847-851.
Kuller LH, Tracy R, Belloso W, De Wit S, Drummond F, Lane
HC, et al. Inflammatory and coagulation biomarkers and mor-
tality in patients with HIV infection. PLoS Med 2008;
5:€203doi: 10.1371/journal.pmed.0050203.

Ledwaba L, Tavel JA, Khabo P, Maja P, QinJ, Sangweni P, et al.
Pre-ART levels of inflammation and coagulation markers are
strong predictors of death in a South African cohort with
advanced HIV disease. PLoS One 2012; 7:24243. doi:
10.1371/journal.pone.0024243.

Calmy A, Bel M, Nguyen A, Combescure C, Delhumeau C,
Meier S, et al. Strong serological responses and HIV RNA
increase following AS03-adjuvanted pandemic immunization
in HIV-infected patients. H/V Med 2012; 13:207-218.
Gunthard HF, Wong JK, Spina CA, Ignacio C, Kwok S, Chris-
topherson C, et al. Effect of influenza vaccination on viral
replication and immune response in persons infected with
human immunodeficiency virus receiving potent antiretroviral
therapy. / Infect Dis 2000; 181:522-531.

Nettles RE, Kieffer TL, Kwon P, Monie D, Han Y, Parsons T, et al.
Intermittent HIV-1 viremia (Blips) and drug resistance in
patients receiving HAART. JAMA 2005; 293:817-829.
Podsadecki TJ, Vrijens BC, Tousset EP, Rode RA, Hanna GJ.
Decreased adherence to antiretroviral therapy observed prior
to transient human immunodeficiency virus type 1 viremia. /
Infect Dis 2007; 196:1773-1778.

Ramratnam B, Ribeiro R, He T, Chung C, Simon V, Vanderhoe-
ven J, et al. Intensification of antiretroviral therapy accelerates
the decay of the HIV-1 latent reservoir and decreases, but does
not eliminate, ongoing virus replication. / Acquir Inmune Defic
Syndr 2004; 35:33-37.

Rong L, Perelson AS. Modeling HIV persistence, the latent
reservoir, and viral blips. / Theor Biol 2009; 260:308-331.
Ruelle J, Debaisieux L, Vancutsem E, De Bel A, Delforge ML,
Pierard D, et al. HIV-1 low-level viraemia assessed with 3
commercial real-time PCR assays show high variability. BMC
Infect Dis 2012; 12:100.

Shen L, Siliciano RF. Viral reservoirs, residual viremia, and the
potential of highly active antiretroviral therapy to eradicate
HIV infection. / Allergy Clin Immunol 2008; 122:22-28.
World Health Organisation. Antiretroviral therapy for HIV
infection in infants and children: towards universal access.
Recommendations for a public health approach. Geneva:
WHO; 2006. Available at: https://www.who.int/hiv/pub/guide-
lines/art/en/ [Accessed 11 April 2021]

ARROW Trial team. Routine vs clinically driven laboratory
monitoring and first-line antiretroviral therapy strategies in
African children with HIV (ARROW): a 5-year open-label
randomised factorial trial. The Lancet 2013; 381:1391-1403.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bwakura-Dangarembizi M, Kendall L, Bakeera-Kitaka S, Nahir-
ya-Ntege P, Keishanyu R, Nathoo K, et al. A randomized trial of
prolonged co-trimoxazole in HIV-infected children in Africa. N
Engl ] Med 2014; 370:41-53.

Musiime V, Kasirye P, Naidoo—James B, Nahirya-Ntege P,
Mhute T, Cook A, et al. Once- versus twice-daily abacavir
and lamivudine in African children: the randomised controlled
ARROW Trial. AIDS 2016; 30:1761-1770.

Szubert AJ, Prendergast AJ, Spyer MJ, Musiime V, Musoke P,
Bwakura-Dangarembizi M, et al. Virological response and
resistance among HIV-infected children receiving long-term
antiretroviral therapy without virological monitoring in Ugan-
da and Zimbabwe: observational analyses within the rando-
mised ARROW trial. PLOS Med 2017; 14:e1002432doi:
10.1371/journal.pmed.1002432.

World Health Organisation. Antiretroviral therapy for HIV in-
fection in infants and children: towards universal access. Re-
commendations for a public health approach, 2010 revision.
WHO: Geneva; 2010.

Huenecke S, Behl M, Fadler C, Zimmermann SY, Bochennek K,
Tramsen L, et al. Age-matched lymphocyte subpopulation
reference values in childhood and adolescence: application
of exponential regression analysis. Ffur | Haematol 2008;
80:532-539.

Klein N, Sefe D, Mosconi |, Zanchetta M, Castro H, Jacobsen M,
et al. The immunological and virological consequences of
planned treatment interruptions in children with HIV infec-
tion. PLoS One 2013; 8:e76582doi: 10.1371/journal.-
pone.0076582.

Gibbons D, Fleming P, Virasami A, Michel M-L, Sebire NJ,
Costeloe K, et al. Interleukin-8 (CXCL8) production is a signa-
tory T cell effector function of human newborn infants. Nat
Med 2014; 20:1206-1210.

Auld AF, Alfredo C, Macassa E, Jobarteh K, Shiraishi RW,
Rivadeneira ED, et al. Temporal trends in patient character-
istics and outcomes among children enrolled in Mozambique’s
National Antiretroviral Therapy Program. Pediatr Infect Dis |
2015; 34:e191-e199.

Ben-Farhat J, Gale M, Szumilin E, Balkan S, Poulet E, Pujades-
Rodriguez M. Paediatric HIV care in sub-Saharan Africa: clin-
ical presentation and 2-year outcomes stratified by age group.
Trop Med Int Health 2013; 18:1065-1074.

Feucht UD, Meyer A, Thomas WN, Forsyth BW, Kruger M. Early
diagnosis is critical to ensure good outcomes in HIV-infected
children: outlining barriers to care. A/IDS Care 2016; 28:32-42.
Sando D, Spiegelman D, Machumi L, Mwanyika-Sando M, Aris
E, Muya A, et al. Time trends of baseline demographics and
clinical characteristics of HIV infected children enrolled in
care and treatment service in Dar es Salaam, Tanzania. BMC
Infect Dis 2015; 15:157.

Muenchhoff M, Prendergast AJ, Goulder PJ. Immunity to HIV in
early life. Front Immunol 2014; 5:391.

Rudy BJ, Kapogiannis BG, Worrell C, Squires K, Bethel ), Li S, etal.
Immune reconstitution but persistent activation after 48 weeks
of antiretroviral therapy in youth with pre-therapy CD4 >350 in
ATN 061. /] Acquir Immune Defic Syndr 2015; 69:52-60.
Wallet MA, Rodriguez CA, Yin L, Saporta S, Chinratanapisit S,
Hou W, et al. Microbial translocation induces persistent
macrophage activation unrelated to HIV-1 levels or T-cell
activation following therapy. A/DS 2010; 24:1281-1290.
Hunt PW, Sinclair E, Rodriguez B, Shive C, Clagett B, Funder-
burg N, et al. Gut epithelial barrier dysfunction and innate
immune activation predict mortality in treated HIV infection. /
Infect Dis 2014; 210:1228-1238.

Tenorio AR, Zheng Y, Bosch RJ, Krishnan S, Rodriguez B, Hunt
PW, et al. Soluble markers of inflammation and coagulation but
not T-cell activation predict non-AIDS-defining morbid events
during suppressive antiretroviral treatment. / Infect Dis 2014;
210:1248-1259.

Ciaranello AL, Chang Y, Margulis AV, Bernstein A, Bassett IV,
Losina E, et al. Effectiveness of pediatric antiretroviral therapy
in resource-limited settings: a systematic review and meta-
analysis. Clin Infect Dis 2009; 49:1915-1927.

Panel on Antiretroviral Guidelines for Adults and Adolescents.
Guidelines for the use of an tiretroviral agents in HIV-1-infected
adults and adolescents. Department of Health and Human Ser-
vices. Available at: http://www.aidsinfo.nih.gov/ContentFiles/
AdultandAdolescentGL.pdf. [Accessed 1 January 2016]

1547


https://www.unaids.org/en/resources/documents/2020/start-free-stay-free-aids-free-2020-progress-report
https://www.unaids.org/en/resources/documents/2020/start-free-stay-free-aids-free-2020-progress-report
https://www.unaids.org/en/resources/documents/2020/start-free-stay-free-aids-free-2020-progress-report
http://www.who.int/hiv/pub/arv/arv-2016/en/
http://www.who.int/hiv/pub/arv/arv-2016/en/
https://www.who.int/hiv/pub/guidelines/art/en/
https://www.who.int/hiv/pub/guidelines/art/en/
http://www.aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf
http://www.aidsinfo.nih.gov/ContentFiles/AdultandAdolescentGL.pdf

1548

AIDS 2021, Vol 35 No 10

37.

38.

39.

40.

World Health Organization. Guideline on when to start anti-
retroviral therapy and on preexposure prophylaxis for HIV.
WHO, 2015. Available at: http://www.who.int/hiv/pub/guide-
lines/earlyrelease-arv/en/. [Accessed 1 January 2016]
Bunupuradah T, Sricharoenchai S, Hansudewechakul R, Klin-
buayaemV, Teeraananchai S, Wittawatmongkol O, et al. Risk of
first-line antiretroviral therapy failure in HIV-infected Thai
children and adolescents. Pediatr Infect Dis | 2015; 34:e58—
€62.

Dow DE, Shayo AM, Cunningham CK, Reddy EA. Durability of
antiretroviral therapy and predictors of virologic failure among
perinatally HIV-infected children in Tanzania: a four-year
follow-up. BMC Infect Dis 2014; 14:567.

Kekitiinwa A, Asiimwe AR, Kasirye P, Korutaro V, Kitaka S,
Maganda A, et al. Prospective long-term outcomes of a cohort
of Ugandan children with laboratory monitoring during anti-
retroviral therapy. Pediatr Infect Dis | 2012; 31:e117-e125.

41.

42.

43.

44,

Makadzange AT, Higgins-Biddle M, Chimukangara B, Birri R,
Gordon M, Mahlanza T, et al. Clinical, virologic, immunologic
outcomes and emerging HIV drug resistance patterns in chil-
dren and adolescents in public ART care in Zimbabwe. PLoS
One 2015; 10:e0144057doi: 10.1371/journal.pone.0144057.

Wools-Kaloustian K, Marete I, Ayaya S, Sohn AH, Van Nguyen
L, Li S, et al. Time to first-line ART failure and time to second-
line ART switch in the leDEA Pediatric Cohort. /| Acquir Im-
mune Defic Syndr 2018; 78:221-230.

Childs T, Shingadia D, Goodall R, DoerholtK, Lyall H, Duong T,
et al. Outcomes after viral load rebound on first-line antire-
troviral treatment in children with HIV in the UK and Ireland:
an observational cohort study. Lancet HIV 2015; 2:e151-e158.
Smit E, Bhattacharya S, Osman H, Taylor S. Increased fre-
quency of HIV-1 viral load blip rate observed after switching
from Roche Cobas Amplicor to Cobas Tagman assay. / Acquir
Immune Defic Syndr 2009; 51:364-365.


http://www.who.int/hiv/pub/guidelines/earlyrelease-arv/en/
http://www.who.int/hiv/pub/guidelines/earlyrelease-arv/en/

