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In this work our aim was to identify early biomarkers in plasma samples associated with mortality 
in children with perinatal HIV treated early in life, to potentially inform early intervention targeting 
this vulnerable group. 20/215 children (9.3%) with perinatal HIV, enrolled within 3 months of age 
died prematurely within the first year of the study, despite early ART initiation. Using a propensity 
score, we selected 40 alive study participants having similar clinical and virological records compared 
to the deceased group. 13 HIV unexposed (HU) healthy children were additionally used as controls. 
Baseline plasma samples were analyzed using a targeted proteomic approach, and to assess pathogen-
associated and damage-associated molecular patterns (PAMPs, DAMPs) levels. Data from deceased 
participants were compared to both control groups, with multivariate logistic regression models used 
to evaluate the association between mortality and plasma proteins. We developed a machine learning 
model to predict mortality risk, finding that IL-6 and CXCL11 not only were higher in deceased children 
than Matched-children with HIV (p < 0.001 and p = 0.0034) but also predictive of mortality (accuracy 
of 77%); levels of PAMPs were higher in deceased children (p = 0.0016). Thus, measuring early 
inflammatory biomarkers, particularly IL-6, could help mortality risk prediction and potentially guide 
targeted interventions.
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Child deaths have rapidly decreased worldwide, from over 17 million per year in the 1970’s to around 5.3 million 
in 20191,2. However, these reductions are relatively modest in low- and middle-income (LMIC) countries, which 
account for up to 99% of all child deaths3,4. Infectious diseases such as HIV are leading contributors to death 
among children under the age of 55, in sub-Saharan Africa and Southern Asia1. Of note, infectious causes of 
child mortality are often preventable through simple interventions if symptoms are recognized early and rapidly 
treated. Therefore, the identification of early markers informative of HIV-related mortality in children, currently 
absent, would be crucial.

Despite improved availability of antiretroviral agents, HIV-related mortality and vertical transmission still 
persist with children currently accounting for 4% of the total people living with HIV6. Through a targeted 
proteomic approach and quantification of plasma levels of circulating levels of pathogen-associated molecular 
patterns (PAMPs), estimated by measuring16S ribosomal (r)DNA and damage-associated molecular patterns 
(DAMPs) by evaluating mitochondrial (mt) DNA molecules, we searched for early biomarkers of mortality in a 
cohort of infants with perinatal HIV.

Results
Mortality incidence in the first 12 months of life
As shown in the study design in Fig. 1A, 20 deceased children (deceased-HIV +), 9.3% of the cohort, 40 survivors 
(Matched-HIV +) matched through the propensity score and 13 HU were included in the study. Causes of deaths 
related to HIV progression in 8/20 cases (40%) are listed in Fig. 1B. Clinical, virological and immunological 
characteristics of the cohort are listed in Table 1. Only age at enrollment was significantly higher in the HU 
group compared to Deceased-HIV + and Matched-HIV + . Data collected from the mothers are listed in Table 2.

IL-6 as the first plasmatic molecule to discriminate mortality risk at the entry visit among 
HIV +  grouEPIICALps
The 92 plasmatic proteins analyzed could partially cluster the participants by study group (Fig. 2A), with the top 
15 proteins contributing to the clusterization shown with lollipop graphs (Fig. 2A).

Fig. 1.  A Study design depicting the numbers of study participants enrolled within the EARTH study and 
of the HU group, with a list of Deceased-HIV + data used to generate the propensity score used to select the 
Matched-HIV + . B Mortality reasons and their HIV progression relationship in the Deceased-HIV group. 
Created with BioRender.com.
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Variable Deceased-HIV +  Matched-HIV +  Significance

WHO classification_Mother Clinical status (1:2:3:4) 15:1:3:1 29:3:6:1

Paid Job (Yes%) 10% 12%

Marital status (Yes%) 45% 47.5%

Educational grade (No school:Primary:Secondary:University) 0:11:9:0 4:13:22:1

HIV diagnosis (Before pregnancy:During pregnancy:During admission for delivery:After discharge) 9:9:0:2 22:12:2:4

Tuberculosis infection (No:Disease:Latent) 15:0:5 32:2:5 p = 0.0025

Tuberculosis prophylaxis (Yes%) 35% 27.5%

ART treatment (No:Before pregnancy: during pregnancy:at delivery:After delivery) 2:6:11:1 1:17:16:6

ART adherence (No:Low:High:Good) 4:2:7:7 2:9:11:18

Weight, kg (min–max) 58.2 (47–96.7) 62.3 (40–116)

Height, cm (min–max) 155.75 (148–168) 159.75 (146–180)

BMI (min–max) 24.41 (19.05–34.8) 24.27 (15.06–36.63)

Table 2.  Medical records collected from mothers of both HIV groups. Data are listed as median and relative 
ranges (min–max).

 

Deceased-HIV + (n = 20)
Matched-HIV + 
(n = 40)

HU
(n = 13) Significance

Age at sampling (months, min–max) 1.34 (0.26—3.67) 1.18 (0.1—4.23) 2.03 (2—12.66)

p < 0.001 
(Matched-
HIV + vs 
HU), 
p < 0.001 
(deceased-
HIV + vs 
HU)

Gender (F%) 40% 40% 30%

Prematurity < 37 weeks (Yes%) 20% 22% NA

Mode of delivery (Vaginal%) 95% 82.5% NA

Breast milk (Yes%) 90% 92.5% NA

Gestational Age (weeks, min–max) 39 (32–42) 38 (26–41) NA

Birth Weight (gr, min–max) 2780 (1830–4000) 2800 (1900–3900) NA

Length at birth (cm, min–max) 48 (42–52) 49 (36–54) NA

Head circumference at birth (cm, min–max) 33 (29–39) 33 (29–39) NA

WHO classification_Clinical status (1:2:3:4) 16:3:0:1 38:2:0:0 NA

Prophylaxis (Yes%) 85% 85% NA

Serious adverse events after birth (Yes%) 20% 10% NA

Site of Birth (AHRI:ARIEL:CISM:PHRU:TCH) 3:4:10:2:1 7:7:12:8:6 NA

Weight at visit (gr, min–max) 3900 (2500–6000) 3900 (2015–6700) NA

Length at visit (cm, min–max) 52.5 (47–59) 51 (41.5–61) NA

Head circumference at visit (cm, min–max) 38 (33–42) 38 (32–42.7) NA

Prophylaxis start from birth (h, min–max) 4 (0–336) 6 (0–192) NA

VL-RNA (cp/ml, min–max) 1,205,095 (30,401–1e + 07) 298,604.5 (20–1e + 07) NA

CD4% 33.5 (1–57) 34 (13–61.04) NA

CD4 count (cells/mm3, min–max) 1436 (14–3163) 1728 (360–4418) NA

Time On ART (months, min–max) 0 (0–0.46) 0 (0–0.46) NA

Age At ART start (months, min–max) 1.34 (0.26–3.67) 1.11 (0.1–4.23) NA

ART_Regimen: LAMIDIVUDINE, LOPINAVIR, ABACAVIR, 
COTRIMOXAZOL; LAMIDIVUDINE, LOPINAVIR, 
ABACAVIR; LAMIDIVUDINE, ZIDOVUDINE, 
LOPINAVIR; LAMIDIVUDINE, NEVIRAPINE, ABACAVIR; 
LAMIDIVUDINE, NEVIRAPINE, ZIDOVUDINE

0:10:8:0:2 1:28:7:1:3 Not Applicable

Table 1.  Medical records of all participants presenting data as median and range (min–max). AHRI: Africa 
Health Research Institute; ARIEL: Ariel Foundation in Mozambique; CISM: Centro de Investigação em Saúde 
de Manhiça; PHRU: Perinatal HIV Research Uni; TCH: Tygerberg Children’s Hospital.
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Fig. 2.  A Principal Component Analysis (PCA) was performed using the prcomp R function to evaluate the 
distribution of participants according to the data variance of inflammatory plasma markers (Olink T96) data 
variance. The top 15 proteins contributing to clusters both in PC1 and PC2 components are listed on the side 
of PCA. B Proteins differentially produced between Deceased-HIV + and Matched-HIV + (ANOVA) and 
ordered by the rank values calculated as -log10(Adjusted p-value)*log2(Fold Change). Positive values indicate 
up-regulated proteins. C Violin plots showing the NPX distribution and significance of the 3 proteins with the 
highest rank values. Statistical analysis was performed using ANOVA. D Univariate logistic regression analysis 
of the 3 proteins with the highest rank values. The curve shows how the probability of classification between 
the two groups (Deceased-HIV + in red and Matched-HIV + in orange) varies as protein levels change. E 
Partial regression plot showing the correlation between the multivariate regression analysis classification 
probability and the protein levels. Linear regression analysis was used to quantify this relationship.
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ANOVA among all three groups identified 23 differentially produced proteins (adjusted p-value < 0.05), 
of which 10 differed between Deceased-HIV + and Matched-HIV + groups (Supplementary Fig.  1), ranked 
according to p-values and fold changes (Fig. 2B). IL-6, CXCL11 and CCL20 occupied the first three positions 
indicating their highest impact. IL-6 ranked highest and was significantly higher in the Deceased-HIV + group 
than Matched-HIV + and HU (p < 0.001) (Fig. 2C). CXCL11 (C-X-C Motif Chemokine Ligand 11) a chemokine 
involved in the chemotactic response especially for activated T lymphocytes, was higher in Deceased-HIV + group 
than Matched-HIV + and HU (p = 0.0034 and p < 0.001 respectively) (Fig. 2C). Also, CCL20, a chemotaxin that 
attracts lymphocytes to the sites of inflammation, was significantly higher in Deceased-HIV + than both control 
groups (p = 0.012) (Fig. 2C).

To better evaluate the association between the mortality outcome and the plasma proteins, we built a 
multivariate logistic regression model for each protein including potentially confounding variables as covariates. 
In fact, after testing multiple clinical variables (see materials and methods section) we selected the type of delivery 
at birth, and HIV WHO status classification. We found 27 proteins significantly associated with mortality, 9 of 
which were included in the 10 proteins identified through ANOVA analyses between the Deceased-HIV + and 
Matched-HIV + groups (Supplementary Fig. 2). To visualize these results in two dimensions, IL6, CXCL11 and 
CCL20 were plotted by univariate logistic regression (Fig. 2D) and partial regression (Fig. 2E) plots. A strong 
linear association (p < 0.001) between the probability informed by the multivariate model and the proteins NPX 
values is shown in Fig. 2E.

Deceased-HIV + shows enrichment in pathways involved in pathogens fight
Gene ontology (GO) analyses were used to outline the pathways enriched in the proteins identified by ANOVA 
and logistic regression analyses (Fig.  3). We observed that pathways involved in activating human immune 
responses such as cytokine-cytokine receptor interactions and signaling pathways mediated by chemokine, 
P13K-Akt, IL-17, TLR, and TNF were significantly enriched between Deceased-HIV vs. HU. Such differences, 
albeit at a lower level, also emerged between Deceased-HIV + and Matched-HIV + . Conversely, MAPK, Ras, 
and Ras-associated protein-1 (Rap1) pathways were altered only between the HIV groups vs HU.

The analysis of the biological roles of the 27 proteins associated with mortality risk through the LR analysis 
(Fig. 3B), confirmed similar enriched pathways as in the GO results except for the MAPK pathway which instead 
showed a weaker association with mortality.

Furthermore, additional pathways involved in responding to pathogens such as malaria, amoebiasis, 
legionellosis, pertussis, salmonella and African trypanosomiasis were observed in the Deceased-HIV + group 
at enrollment compared to matched group (Fig. 3B). The network plot of the proteins found to be associated 
with mortality (by both ANOVA and LR) indicated that are all effector proteins and up-regulated in Deceased-
HIV + compared to Matched-HIV (Fig. 3C).

PAMPs and DAMPs levels at enrollment
Plasma aliquots at baseline were also investigated for PAMPs, measured by quantification of 16S rRNA and 
DAMPs measured by quantifying mtDNA. While DAMPs showed similar levels in all study participants, higher 
levels of PAMPs (p = 0.0016) were detected for Deceased-HIV + (Fig.  3D). A positive association between 
DAMPs and proteins that inform mortality (by both ANOVA and LR) was found in Deceased-HIV + (Fig. 3E). 
Indeed, IL6, CXCL11, CCL20 and CCL8 were positively correlated with DAMPs in Deceased-HIV + . Conversely, 
Matched-HIV + were positively correlated only to the extent of viremia and negatively to CD4 percentage and 
PAMPs levels (Data not shown).

IL-6 as a molecule to be tested at entry to predict mortality risk
Predictive models informed by the targeted plasma proteomic levels and participants’ clinical data collected 
through the REDCap application were tested. The best model mispredicted 5 subjects (3 Deceased-HIV + children 
and 2 Matched-HIV + children) giving an accuracy of 77%, sensitivity of 57% specificity of 87% (Fig. 4). This 
model shown in Fig. 4 was built using CXCL11 and IL-6 as variables. Of note, 2 out of 3 incorrectly identified 
Deceased-HIV + children died of pneumonia. One Matched-HIV + survivor who was mispredicted in this 
model later died of tuberculosis at 22 months of age.

Discussion
HIV-associated mortality in infants remains relatively high in sub-Saharan Africa despite the significant 
advances in ART. During the first year of the project, 20 children (9.3%)7 died prematurely. Early mortality 
predictors in this population would facilitate optimized patient’s follow-up schedule aiming to reduce the risk 
of death with closer visits. Using plasma to evaluate proteomic inflammatory pathways, together with PAMPs 
and DAMPs levels, we hypothesized that a differential concentration of inflammatory molecules at systemic 
levels at study enrollment could identify those children with higher risk of mortality within the first year of the 
study. ANOVA analysis highlighted among all differentially expressed molecules, IL-6, CXCL11 and CCL20 
as the most impactful, all higher in deceased children than survivors and unexposed controls. IL-6 is a classic 
example of a cytokine with multifaceted and overlapping functions8, and as in our study, was linked to mortality 
risk prediction in cohorts of young adults and adults9,10. For example in the adult Multicenter AIDS Cohort 
Study (MACS) in the US, higher IL-6 levels showed more than a threefold hazard for long-term mortality risk, 
suggesting how even despite ART-induced HIV suppression, underlying inflammation significantly contributed 
to an increased mortality risk10. Additionally, in a recent trial, the anti-IL-6 monoclonal antibody Tocilizumab, 
used with the goal of reducing inflammation and thus serious clinical consequences, was safe and able to reduce 
inflammation in people living with HIV11.
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Fig. 3.  Pathway enrichment analysis in the KEGG databases31 using the R package “enrichr” v3.2 to investigate 
the biological role of the A proteins differentially produced between the 3 groups (ANOVA analysis) and 
B proteins associated with mortality through multivariate logistic regression analysis. Only pathways with 
an adjusted p-value < 0.01 were shown. The size of each bubble corresponds to the number of differentially 
produced proteins that enrich that pathway. The color gradient is proportional to the log10 adjusted p-value. 
C Analysis of protein–protein interaction networks showing up-regulated (yellow) proteins and their function 
[target (cycle) or effector (square)] in Deceased-HIV + versus Matched-HIV + . The relationships between 
proteins are sourced from the Omnipath database using the OmnipathR v3.2.8 R package32. D Violin plots 
illustrating PAMPs and DAMPs distributions and differences. E Spearman correlation heatmap between 
PAMPs and DAMPs values and the levels of the 9 proteins in common between the ANOVA and the logistic 
regression analyses. The red color gradient indicates positive correlations, while the “x” highlights significant 
results (p-value < 0.05). F Scatter plots to focus on the strongest relationships between DAMPs and proteins 
observed in the heatmap in panel B. These associations were measured by linear regression (R2) and Spearman 
correlation (rho).
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Similarly, cytokine CXCL11 with chemoattractant properties has an important role in inducing immune 
cell activation12. For example, the combination of CXCL11 levels with CXCL9 and CXCL10 in primary HIV 
infection was correlated to HIV disease progression13, or polymorphisms in the CXCL11 gene were associated to 
sustained virologic responses in HCV/HIV co-infected patients14. Again, blood-increased levels of chemokine 
(C–C motif) ligand 20, also known as Macrophage Inflammatory Protein-3 Alpha (MIP-3α) was recently 
negatively correlated to CD4 + T cells depletion in people living with HIV15.

Gene ontology analysis of proteins associated with mortality risk and of proteins differentially produced 
between the deceased-HIV + and survivors revealed the enrichment in pathways primarily revolved around 
stimulating human immune responses (encompassing interactions between cytokines and cytokine-receptors, 
and the modification of several signaling pathways such as chemokine, IL-17, TNF, and P13K-AKT). Moreover, 
gene ontology also revealed enrichment in pathways involved in human immune defense against bacteria. 
Since the number of co-infections was similar between the groups (measured as serious events rate), the higher 
PAMP levels found in deceased children, could support either the presence of microbial translocation at the 
time of sampling, but also an impairment of the immune system to counteract the inflammation. In particular, 
HIV-induced damage to the gastrointestinal tract results in the translocation of microbial products, known as 
PAMPs, into the systemic circulation16,17 along with the release of endogenous damage-associated molecular 

Fig. 4.  Cartoon that illustrates the stepwise workflow in constructing the mortality predictive model. Created 
with BioRender.com.
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patterns (DAMPs) due to cellular injury18–20. The presence of both PAMPs and DAMPs contributes to chronic 
immune system activation, thereby triggering a pro-inflammatory cascade characterized by elevated expression 
of inflammatory markers, as observed in the deceased children who vertically acquired HIV. These results 
suggest that the measurement of such inflammatory molecules might have significant repercussions in the early 
detection of mortality cases.

In our final predictive model of mortality risk in this cohort in which IL-6 had a critical impact, it was reached 
an accuracy of 77%, a sensitivity of 57% and specificity of 87%. Five patients were misclassified, especially those 
who died of pneumonia. While the model had good predictive capability, other markers would undoubtedly 
be important to be included to foster model predictive performance14. Interestingly, a participant, misclassified 
by the model as a death, died at 22 months of age of tuberculosis. Given the strong predictive ability of IL-6, 
measuring its levels in plasma as a routine marker may provide useful information on the general health status 
in vulnerable infants, favoring closer follow-up visits and possibly avoiding severe irreversible outcomes21. In 
summary, although we are conscious that the limited number of subjects in our study may have impacted the 
robustness of our results and that larger studies could help us to corroborate our findings, we still identified 
that early inflammation might predict mortality in the pediatric population. Therefore, implementing future 
interventions that target the reduction of early inflammation could be crucial in decreasing early mortality rates 
in African infants, potentially improving long-term health outcomes and survival in this vulnerable population.

Materials and methods
Ethics statement
The independent Ethics and Institutional Review Boards of all the participating institutions and Countries 
approved the study. Study participants’ management and biological sampling were performed in accordance 
with guidelines of the Declaration of Helsinki guidelines.

Informed consent
Informed consent to participate to the study was obtained from parents or legal guardians of all enrolled 
participants. The participants’ numbers inserted in the manuscript, table, and figures are for readability 
purposes only and not related to the actual study patient IDs, so that the de-identification of study participants 
is maintained.

Study participants
This sub-study is from a prospective, observational cohort, from the multicenter transnational Early Anti-
Retroviral Treatment in HIV- infected Infants (EARTH) study (NCT05784584) through the Early treated 
Perinatally HIV Infected individuals: Improving Children’s Actual Life (EPIICAL) Project (epiical.com). 
Study participants who tested positive for both HIV-DNA and RNA within 3 months from birth, either due to 
perinatal or breastfeeding infection and also started ART therapy within the following 90 days were enrolled. 
Recruitment was performed in 4 urban and 2 rural areas: Johannesburg, Cape Town, uMkhanyakude District 
in Kwa-Zulu Natal (South Africa), Maputo and Manhiça (Mozambique), and Bamako (Mali)22. Of 215 children 
enrolled, 20 died in the first year of the project (Fig. 1A) and were included in our study sample (mean age at 
sample collection = 1.34 months). A comparison cohort of 40 survivors from the same study (mean age at sample 
collection = 1.18 months) was selected through propensity score matching, discussed later in methods. With the 
exception of one child that could only be matched to one surviving child, due to sample unavailability, the others 
were matched to two surviving children.

 The date of blood sampling at baseline, corresponding to age at sampling in Table 1, reports an overlap of 
58.3% (35/60) with ART start.

An additional group of healthy HIV unexposed children (HU, mean age = 2.03  months) enrolled from 
Maputo (N = 13) within the TARA project (Towards AIDS Remission Approaches, 5R01AI127347), was chosen 
for comparison. All the available clinical information for the three groups is listed in Table 1. Serious adverse 
events at each study visit were systematically collected. These included the onset of any new infectious disease, 
including malaria events, any hospitalization, any new antimicrobial treatment initiation or congenital disease 
diagnosis.

Plasma isolation
EDTA whole blood samples were processed according to EARTH study Standard Operating Procedures (SOP) 
at local laboratories. EDTA blood tubes were first centrifuged at 400 g for 10 min (18–25 °C), plasma was then 
recovered and transferred to a 15 ml conical centrifuge tube for second centrifugation at 800 g for 10 min (18–
25 °C) to remove any cellular debris. Thereafter plasma was aliquoted (0.5–1 ml/cryovial) and stored at − 80 °C 
until shipment on dry ice to the Cryolab facility in Rome for storage at − 80 °C until further analysis.

Propensity score calculation and HIV group selection
A propensity score was used to select EARTH survivors with similar baseline clinical, virological, and 
immunological characteristics to the deceased group to limit potential confounding factors for downstream 
analysis (Fig.  1). The variables used to match the participants were selected according to factors associated 
with mortality in previous publications22–24. We performed a 2:1 nearest propensity score matching without 
replacement with a propensity estimated using a random forest on the covariates. After matching, all standardized 
mean differences for the covariates were below 0.1 and all standardized mean differences for squares and two-way 
interactions between covariates were below 0.15, indicating adequate balance. The propensity score matching 
was performed using MatchIt R library25.
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Targeted proteomics
Plasma samples collected at baseline were randomized on a 96-well plate and the Multiplex Proximity Extension 
Assay (PEA technology) was performed using a Target 96 Inflammation Olink kit. 1ul of plasma samples 
was used to investigate for the presence of inflammatory proteins. Data were reported in an arbitrary unit as 
normalized protein expression (NPX), provided by Olink, that enables individual protein analysis across a 
sample set analyzed in log2 scale, wherein a higher NPX correlates with higher protein expression. Data were 
analyzed as previously described26,27.

DAMPs and PAMPS measurement
Aliquots of 200ul of plasma were used to extract DNA with QIAamp DNA Mini Kit (QIAGEN, Hilden, 
Germany) as described by manufacrer’s instructions, and eluted in 50  µl of AE Buffer. Real-time PCR a 
ssays were performed to quantify circulating levels of 16S ribosomal (r)DNA as PAMPs, and mitochondrial 
(mt)DNA as DAMPs. Specifically, forward primer:5’-​A​G​T​T​T​G​A​T​C​C​T​G​G​C​T​C​A​G-3’, reverse primer  : 
5’-GWATTACCGCGGCKGCTG-3’ and probe 5’-FAM-​G​C​T​G​C​C​T​C​C​C​G​T​A​G​G​A​G​T-BHQ-3’ were used to 
amplify 16S rDNA; and forward: 5’-​A​G​G​A​C​A​A​G​A​G​A​A​A​T​A​A​G​G​C​C-3’, reverse: 5’-​T​A​A​G​A​A​G​A​G​G​A​A​T​T​
G​A​A​C​C​T​C​T​G​A​C​T​G​T​A​A-3’ and probe 5’-FAM-​T​T​C​A​C​A​A​A​G​C​G​C​C​T​T​C​C​C​C​C​G​T​A​A​A​T​G​A-BHQ-3’ for 
mtDNA28,29. Results were expressed as 16S rDNA copies/μl plasma and mtDNA copies/μl plasma, respectively.

Analysis
For each continuous variable, normality was assessed using the Shapiro test. Variance homogeneity was evaluated 
using Bartlett’s test for normally distributed variables, otherwise using Fligner’s test. Statistical comparisons 
of proteomics and continuous clinical variables between more than two groups (Deceased-HIV + , Matched-
HIV + , and HU) were performed using One-way ANOVA followed by Tukey–Kramer’s post hoc test if the 
distributions were normally distributed and homogeneous. If variances were unequal, Welch ANOVA followed 
by Games-Howell’s post hoc test were used, provided that distributions were normally distributed. For not 
normally distributed distributions, Kruskal–Wallis’s test was used followed by Dunn’s post hoc test. Post hoc 
tests were applied only to variables with a p-value adjusted for the false discovery rate (FDR) < 0.05. Differences 
between the two groups Deceased-HIV + and Matched-HIV + were evaluated using the t-test whether both the 
distributions were normally distributed and homogeneous. If variances were unequal but the distributions were 
normally distributed, the Welch t-test was used. The Mann–Whitney test was used for distributions not normally 
distributed. Correction for multiple comparisons was addressed by adjusting the p-values with the FDR method. 
Results were considered statistically significant for those with a p-value adj < 0.05. Categorical clinical data 
were analyzed using Fisher’s exact test. To highlight the weight of differentially produced proteins, we plotted 
ranking values calculated as: − log10(Adjusted p-value)*log2(Fold Change). The rank is proportional to both 
the significance and the magnitude of the difference. Spearman’s correlation and linear regression analysis were 
used to examine the association between variables. Statistical analyses were performed with R (version 4.1.1).

Multivariate logistic regression models
Multivariate logistic regression models were used to evaluate the association between mortality and plasma 
proteins. To exclude the effect of potentially confounding variables, we selected the following clinical variables as 
potential covariates: gestational birth, weight, age, viral load (VL) RNA, % of CD4, white blood cell count (WBC), 
type of birth delivery, birth site, prophylaxis, gender, WHO classification, mother’s body mass index (BMI) and 
mother’s WHO HIV status. Some of these variables were already used to produce the propensity-matching score. 
We decided to evaluate them also as covariates to exclude potential residual imbalance between the Deceased-
HIV + and the Matched-HIV + groups. Multicollinearity was evaluated using the findLinearCombos function 
of the caret R package30 and data imputation of variables with not available (NA) values <  = 15% applying the 
k-nearest neighbor (k-NN) method provided by the caret R package. Therefore, a stepAIC backward selection 
was performed in the logistic regression model built with these clinical variables to select the best-fitting model. 
Finally, we build a logistic regression model for each protein using the type of birth delivery and the WHO 
classification variables as covariates. We considered protein-related adjusted p-values < 0.05 and an odds ratio 
(OR) > 2 to be associated with mortality. We visualized the association of these proteins with the outcome by 
univariate logistic regression and partial regression plots.

Machine learning
We built a machine-learning model to predict the mortality risk including just IL-6 and CXCL11 to reduce the 
overfitting risk. Data were scaled and centered, and missing values (< 15%) were imputed using the k-nearest 
neighbor (k-NN) method provided by the R caret package30. The dataset of 60 patients was divided into training 
(60%) and testing (40%) data sets. This ratio between the data sets was chosen to allow enough observations in 
the testing dataset for good accuracy evaluations. Four ML algorithms were tested, including Logistic Regression, 
Random Forest, eXtreme Gradient Boosting (XGBoost) and k-nearest neighbor (k-NN). In the training step of 
each algorithm, the optimal hyperparameters were selected by the random search method and the repeated 
5-time tenfold cross-validation was used as a resampling method. The accuracy, sensitivity, and specificity 
computed in the testing data set were used to evaluate the models by the R caret package30. According to these 
parameters, the XGBoost model shows the best performance with an accuracy of 77%, a specificity of 87%, and 
a sensitivity of 57%.

Data availability
Data will be made available upon reasonable request to the corresponding author Dr. Paolo Palma, after the 
paper is accepted.
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