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INTRODUCTION

Malnutrition and immunosuppression frequently co-exist among children with advanced HIV
in sub-Saharan Africa, and both are risk factors for mortality after antiretroviral therapy
(ART) initiation [1]. We previously reported that 11% of children starting ART with severe
immunosuppression and low weight-for-age in the ARROW trial in Uganda and Zimbabwe
were hospitalized with severe malnutrition (marasmus, kwashiorkor or marasmic
kwashiorkor) in the first few weeks after ART initiation [2]. Children frequently had co-
infections, and high mortality: 20% and 32% of those who developed oedematous and non-

oedematous malnutrition, respectively, died in the first six months of ART.

The pathogenesis of malnutrition in children with HIV remains poorly understood, and the
underlying mechanistic pathways may differ from HIV-uninfected children [3]. Both HIV
infection and malnutrition are characterized by immune dysfunction, inflammation, co-
infections, enteropathy and metabolic disturbance, and the complex interplay between
these factors needs to be better elucidated, particularly when children initiate ART. The
cause of oedema in children with kwashiorkor remains enigmatic; in HIV-infected children,
oedema tends to occur in those with higher CD4 counts, suggesting a degree of immune
competence is required [4]. We previously hypothesized that early onset of severe
malnutrition (and, in particular, oedema in half the cases) after ART initiation was due to
immune restoration in children with very low baseline CD4 counts [2]. We further
speculated that this phenomenon was a manifestation of the immune reconstitution
inflammatory syndrome (IRIS), which has manifold presentations [5]. In particular, changes
in the inflammatory milieu among children starting ART in the context of baseline

malnutrition and advanced HIV may underlie the onset of severe malnutrition.



Here, we set out to address this hypothesis using stored biospecimens from children in the

ARROW trial in Uganda and Zimbabwe [6].

METHODS

The design and outcomes of the ARROW trial have previously been reported [6]. Briefly,
ARROW was a randomized trial of monitoring and first-line ART strategies among 1207 HIV-
infected children in Uganda and Zimbabwe enrolled between 2007-2008 (ISCRTN24791884).
Eligible children were aged 3 months to 17 years and met World Health Organization (WHO)

criteria for ART initiation at the time.

Anthropometry and clinical evaluation was undertaken at trial screening, at enrolment and
at follow-up visits. Weight was converted into weight-for-age Z-scores using UK reference
values [8], because WHO reference data did not cover the full age range of enrolled children.
Before enrolment, children were categorized as having kwashiorkor (60-80% weight-for-age
with oedema), marasmus (<60% weight-for-age without oedema), or marasmic kwashiorkor
(<60% weight-for-age with oedema), according to the Wellcome classification in use at the
time [7]. Children with severe malnutrition who were clinically stable, had no concurrent
infections and good appetite, or whose caregivers refused admission, received
supplementary feeding at home with high-energy milk (or ready-to-use therapeutic food,
from 2008). Children who were clinically unstable, had evidence of infections or poor

appetite were admitted to hospital for management as previously described [2].

Following written informed consent, children started abacavir, lamivudine and either
efavirenz or nevirapine, together with cotrimoxazole prophylaxis; children randomized to an
induction-maintenance regimen also received zidovudine for the first 36 weeks. No child had

oedema at the time of ART initiation. After starting ART, children were hospitalized for



severe malnutrition if they developed oedema, loss of appetite and/or infections requiring
treatment. Hospitalized children received standard-of-care inpatient nutritional

rehabilitation and continued ART, as previously described [2].

Cryopreserved plasma samples from enrolment (pre-ART) or screening (maximum 30 days
before enrolment) were retrieved for all children who were subsequently hospitalized with
severe malnutrition, and a subgroup of participants who did not develop severe malnutrition
enrolled in an immunology sub-study [9]. Among children hospitalized for severe
malnutrition, plasma samples from 4 weeks post-ART were also retrieved, where available.
We measured plasma inflammatory markers (C-reactive protein (CRP), tumour necrosis
factor-o. (TNFa), interleukin-6 (IL-6) and soluble CD14 (sCD14)) by enzyme-linked
immunosorbent assay (ELISA; R&D Systems, Oxford, UK), according to the manufacturer’s
instructions. Viral load was measured using the Abbott m2000sp/rt (Uganda) or Roche
COBAS Amplicor Monitor v1.5 (Zimbabwe). CD4 counts were measured in real-time and
expressed as CD4-for-age, calculated as the ratio of the child’s CD4 count to the count

expected in a healthy child of the same age.

Baseline factors were compared between groups with and without subsequent
hospitalization for severe malnutrition using Mann-Whitney tests and fractional polynomial
logistic regression. Independent associations were identified using multivariable fractional
polynomial logistic regression. Within-child differences in cytokines between weeks 0 and 4
were compared using paired Wilcoxon sign-rank tests. All analyses were undertaken using

Stata 15.1 (StataCorp).

The trial was approved by ethics committees in Uganda, Zimbabwe and the United Kingdom.



RESULTS

Of 1207 children enrolled in ARROW, 39 (3%) were hospitalized for severe malnutrition, a
median of 28 days (IQR 14,36) post-ART initiation for marasmus (n=19) and 26 days (IQR
14,56) post-ART for kwashiorkor or marasmic kwashiorkor (n=20). Pre-ART inflammatory
biomarkers were available for 613 (51%) children, including all 39 who were hospitalized
with severe malnutrition (6% of those with biomarkers). As previously reported [2], children
who developed severe malnutrition were younger than those who did not (median 2.3 (IQR
1.6,8.0) versus 6.3 (2.5,9.7) years; p=0.003) and had lower baseline weight-for-age Z-scores
(median -4.8 (-5.7,-3.9) versus -2.2 (-3.2,-1.3); p<0.0001) and CD4-for-age (median -2.5 (-

5.9,-1.6) versus -1.9 (-2.9,-1.3); p=0.02).

Children who developed severe malnutrition, compared to those who did not, had
significantly higher baseline CRP (median 13.5 (IQR 5.5,41.1) versus 4.1 (1.4,14.4) mg/L,
respectively; p=0.003) and IL-6 (median 9.2 (6.7,15.6) versus 5.9 (4.6,9.3) pg/mL; p<0.0001),
but similar overall TNFa (median 22.2 (16.1,26.6) versus 22.6 (18.9,28.0) pg/mL; p=0.39),
sCD14 (median 2.2 (1.7,2.7) versus 2.1 (1.7,2.6) mg/L; p=0.79) and HIV viral load (median 5.6
(5.2,5.9) versus (5.3 (4.8,5.8) logio copies/mL, p=0.07). However, there was evidence that
univariable associations between TNFa and subsequent hospitalization for severe
malnutrition were non-linear and, allowing for this, the risk of hospitalization increased
markedly at lower TNFa (p=0.01). In a multivariable model, higher pre-ART IL-6, lower pre-
ART TNFa and lower pre-ART weight-for-age were independently associated with
subsequent hospitalization for severe malnutrition (Table 1). Relationships between baseline
IL-6 or TNFa and odds of severe malnutrition were non-linear (Figure 1A and 1B). There was
no independent effect of pre-ART CD4 (p=0.38), age (p=0.22), CRP (p=0.66), sCD14 (p=0.29)

or viral load (p=0.69).



Among the 39 children who were hospitalized for severe malnutrition, 17 had bio-specimens
available for analysis at week 4. There was a significant rise between weeks 0 and 4 in IL-6
(median difference +6.6 (IQR 3.0,24.2) pg/mL, p=0.01; Figure 1C), CRP (median difference
+31.7 (IQR 23.2,65.0) mg/L, p=0.0008; Figure 1D) and sCD14 (median difference +0.9 (IQR
0.4,1.4) mg/L, p=0.003), and a significant fall in TNFa (median difference -3.7 (IQR -10.9,-0.2)
pg/mL, p=0.003; Figure 1E) and HIV viral load (median difference -2.6 (IQR -2.9,-2.0) log RNA
copies/mL, p<0.0001; Figure 1F). Changes in biomarkers between weeks 0-4 were not
significantly different between children who developed marasmus versus kwashiorkor or

marasmic kwashiorkor (Fig 1C-E; p>0.14 for all).

DISCUSSION

The combination of low weight and baseline inflammatory status at the time of ART
initiation was associated with subsequent hospitalization for severe malnutrition in this
cohort of Zimbabwean and Ugandan children with HIV. Children who were hospitalized for
severe malnutrition, approximately one month after ART initiation, had higher baseline IL-6
and lower baseline TNFa than children who did not develop severe malnutrition. Baseline IL-
6 and TNFa were more strongly associated with severe malnutrition than baseline CD4
count or viral load, providing further evidence for the importance of the inflammatory milieu
at the time of ART initiation [9]. These findings highlight the complex interplay between
nutritional status, inflammation and immune restoration in children with HIV, and suggest
that interventions to modulate inflammation might have a role in improving outcomes on

ART.

The patterns of inflammatory biomarkers in this study were complex and associations with
severe malnutrition were non-linear. Baseline CRP and IL-6 were both higher in children who

were hospitalized for severe malnutrition compared to those who were not, and rose



further on ART. We have previously shown in this same cohort that high IL-6 was associated
with on-ART mortality independently of CD4-for-age [9]. The current study provides further
evidence that high IL-6 at ART initiation is deleterious in HIV-infected children. However, in
contrast to IL-6, baseline TNFa was similar overall in children who did and did not develop
severe malnutrition, but lower (rather than higher) levels at baseline were associated with
subsequent malnutrition. In those developing severe malnutrition, TNFa concentrations
dropped further during the first weeks of ART. These findings highlight the network of
cytokines that are differentially dysregulated in advanced HIV. TNFa and IL-6 are both
pleiotropic, but have distinct properties. TNFa is a stereotypical pro-inflammatory cytokine
produced by monocytes and macrophages, which promotes Thl-polarized immune
responses [10]. By contrast, IL-6 is a multifunctional cytokine produced by multiple cell
types, which promotes acute phase responses (such as hepatic CRP production), but is Th2-
polarizing [11] and can have anti-inflammatory effects [12]. Unlike IL-6, circulating levels of

TNFa might not reflect biological activity in tissues [13].

We lack understanding of the causes of inflammation in HIV-infected children. Acute
infections detected at the screening visit were treated prior to ART initiation in ARROW,
although unidentified or unresolved infections may have contributed to heightened baseline
inflammation. There are also subclinical drivers of inflammation in children with HIV, which
may be distinct for different cytokines. For example, TNFa seems to be driven by viral load
more than does IL-6 [9]. Furthermore, children who are already undernourished at ART
initiation may be less able to produce TNFa, as shown in severe malnutrition previously [14].
The relative concentrations of circulating IL-6 and TNFa impact the functionality of the
adaptive immune response [15] and may therefore influence the pattern of immune

reconstitution and clinical outcomes on ART.



We were unable to formally diagnose IRIS with the data available in this study [16], although
children hospitalized for severe malnutrition had a characteristic pattern of whole blood
changes, with a sharp fall in viral load and striking rise in CRP and IL-6 during the first few
weeks of ART [5]. In adult cohorts, IRIS is typically associated with a rise in pro-inflammatory
cytokines such as IL-6 and TNFa [5], although studies variously report pre-ART cytokine
concentrations that are lower [17, 18] or higher [19, 20] than those not developing IRIS. We
only measured a limited range of inflammatory biomarkers; the interacting network of pro-
and anti-inflammatory mediators is likely to be critical in determining the clinical course

after ART initiation.

Multiple processes drive wasting in HIV [21]. Viral replication increases resting energy
expenditure, which is elevated even further with secondary infections [22]. In 142 HIV-
infected Zambian adults with low body mass index (<16 kg/m?), CD4 count (<50 cells/mm3)
or both, elevated pre-ART CRP was associated with mortality over the first 12 weeks of ART
[23]. Failure to reduce inflammation after ART initiation in malnourished adults in Tanzania
and Zambia led to impaired recovery of lean mass, suggesting that inflammation is a key
determinant of both nutritional depletion and recovery [24]. The combination of poor
nutrition and inflammation is similarly deleterious in other chronic diseases such as cirrhosis
[25], cancer [26], heart failure [27] and chronic kidney disease [28]. A recent study of HIV-
uninfected children in Malawi [29] showed that systemic and intestinal inflammation were
independent predictors of mortality in severe acute malnutrition, confirming the importance

of the inflammatory milieu in malnutrition, even outside the setting of HIV.

Collectively, our findings confirm that pre-ART inflammatory biomarkers are important
independent predictors of clinical outcomes after ART initiation, and suggest that

inflammation contributes to the pathogenesis of severe malnutrition in HIV-infected



children. There is a critical need to better understand the interplay between nutritional,
immune and inflammatory pathways to inform future interventions. Our findings suggest
that modulating the inflammatory milieu at ART initiation could improve the outcome of
HIV-infected children in sub-Saharan Africa, particularly among those with the most

advanced disease.
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Table 1: Independent predictors of hospitalisation for severe malnutrition after ART

initiation

Pre-ART
Weight-for-age (per unit higher)
IL-6, pg/mL*

3

4

10
15
20
30
TNFa, pg/mL*
12.5
17.5
225
27.5
32.5

375

Odds ratio (OR)

0.39

0.10
0.40
0.72
1.00
1.39
1.62
1.88
1.98

2.06

6.82
1.79
1.00
0.74
0.63

0.57

(95% Cl) p

(0.29-0.53) <0.0001
0.04

(0.01-1.08)

(0.27-0.59)

(0.69-0.76)

(1.32-1.46)
(1.45-1.80)
(1.57-2.26)
(1.60-2.45)
(1.62-2.61)
0.0004
(3.81-12.24)

(1.69-1.88)

(0.73-0.75)
(0.61-0.65)

(0.54-0.60)

*Best fitting transform inverse square root (Figure 1). OR estimated at values shown.

Note: including 599 children (12 missing IL-6, 10 missing TNFa).
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FIGURE LEGENDS

Figure 1: Inflammatory biomarkers and risk of severe malnutrition

Adjusted odds ratio (with 95% confidence interval) of hospitalization for severe malnutrition
by baseline (pre-ART) (A) IL-6 concentration (pg/mL) and (B) TNFa concentration (pg/mL).
Among 17 children hospitalized for severe malnutrition with available plasma from both
baseline (pre-ART) and 4 weeks post-ART, changes in (C) IL-6 (pg/mL), (D) CRP (mg/L), (E)
TNFa (pg/mL) and (F) log HIV RNA viral load (copies/mL) are shown, split by non-
oedematous malnutrition (marasmus), shown in triangles, and oedematous malnutrition
(kwashiorkor or marasmic kwashiorkor), shown in squares. Hollow symbols indicate children

without week 4 samples.
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