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Abstract

Background HIV-tuberculosis (HIV-TB) coinfection poses a significant public health
challenge among children in high-burden African regions. Most previous transcriptomic
studies have concentrated on adults andnon-African populations, primarily analyzing gene-
level differential expression. This approach overlooks multi-isoform complexity and may
obscure both inherent and pathogen-induced intragenic heterogeneity. This multi-center
case-control study aimed to identify and characterize the transcript-level landscape of HIV-
TB coinfection in children from different African regions.
MethodsWeanalyzedwhole-bloodRNAsequencing data from97childrenwith andwithout
tuberculosis from Uganda (East Africa) and from Botswana and Eswatini (Southern Africa).
Reads were quality-controlled, and low-abundance transcripts filtered out. Differential
transcript expression was estimated using models that adjusted for batch, age, and sex,
withmultiple testing controlled by theBenjamini–Hochberg procedure. Pathwayenrichment
was performed on the set of differentially expressed transcripts.
Results Our analyses show geographic heterogeneity in immune responses; however, the
top three gene pathways – immune system, innate immune system, and neutrophil
degranulation are consistently conserved across regions. Although there is limited overlap
among upregulated transcripts, four of the six shared differentially expressed transcripts
(DETs) are enriched in neutrophil degranulation pathways, indicating a conserved
transcriptional signature of HIV-TB coinfection. Additionally, we identify five genes with
region-specific, non-overlapping isoforms, a distinction not detectable through gene-level
analysis.
Conclusions These findings demonstrate a conserved whole-blood transcriptomic
signature in pediatric HIV-TB coinfection, while also highlighting regional variation at the
isoform level. This supports the use of transcript-level analyses to identify biomarkers and
enhance understanding of host responses in diverse African settings.

Human ImmunodeficiencyVirus (HIV) and tuberculosis (TB) co-infection
remains an important pandemic syndrome or ‘syndemic’ in Sub-Saharan
Africa, where the dual burden of these diseases is among the highest in the
world1,2. In 2023, of the 39.9 million people living with HIV globally, 25.9
million (65%) were in Sub-Saharan Africa3. Similarly, of the 10.8 million
newTB infections in the same year, 2.6million (24%) occurred in theWHO
African Region4. The co-infection presents unique diagnostic and ther-
apeutic challenges due to the interaction between the two pathogens. The
immunocompromised state following chronic HIV infection exacerbates

Mycobacterium tuberculosis (MTB) pathogenesis, resulting in atypical TB
presentations5.

Children living with HIV who acquire TB are confronted with a dis-
proportionately high risk of morbidity and mortality compared to their
HIV-negativepeers, particularly thoseunder three yearsof age.Co-infection
frequently complicates clinical presentation and management and is asso-
ciated with rapid progression to severe or disseminated disease and sub-
optimal treatment outcomes. The immature immune systems of young
children reduce their ability to control Mycobacterium tuberculosis
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Plain language summary

Tuberculosis (TB) is difficult to diagnose in
children with HIV, yet they are at a high risk of
contracting it. We analyzed gene expression
in thebloodof children livingwithHIVwithand
without TB in Uganda, Botswana, and
Eswatini. We focused on transcripts with at
least a fourfold increase in abundance in HIV-
TB coinfection. While children from different
regions had different gene expression, many
were involved in similar cellular processes,
such as certain parts of the innate immune
system,with four of thesix shared transcripts.
Our findings highlight the conserved nature of
the immune response and underscore the
need for studies across different regions to
better understand these infections in children.
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infection, resulting in increased susceptibility to TB. Additionally, there are
atypical, nonspecific symptoms that canbe easilymistaken for those of other
illnesses. This is particularly challenging in children due to the difficulty in
obtaining adequate respiratory specimens formicrobiological confirmation
ofMycobacterium tuberculosis.

Furthermore, TBpresents as a spectrum, including latent infection and
subclinical infection, which limits the utility of current pathogen-centric
diagnostic approaches6,7. Moreover, there is still an incomplete under-
standing of the pathophysiological mechanisms in coinfected children
whose immune systems are still developing8. There is therefore a need to
understand better the pathobiology of M. tuberculosis—HIV coinfection
with the ultimate aim of developing new diagnostic approaches, therapies,
and vaccines9.

The interaction between HIV and TB affects gene expression, leading
to unique transcriptional signatures in coinfected individuals10,11. However,
gene-level differential expressionanalysis collapsesmultiple gene transcripts
or isoforms into a single entity, inherently obscuring induced and intragenic
heterogeneity. Alternative splicing (AS) is one of the post-transcriptional
processes that enables the generationof different gene isoforms froma single
gene by selectively including or excluding exons (or parts of exons/introns)
during messenger RNA (mRNA) maturation12. It is well established that
both HIV and M. tuberculosis affect AS in infected cells, such as in
macrophages13,14 and CD4+T cells15,16. The gene isoforms generated may
be structurally and functionally distinct, often featuring different protein
domains critical to immune regulation (e.g., cytokine receptor signaling
motifs) or pathogen recognition (e.g., antigen-binding domains), among
other differences. Isoform shifts have been linked to TB-specific outcomes
such as interferon-gamma resistance and tuberculin skin test conversion17.
Thus, analyzing differentially expressed transcripts (DETs) offers a more
refined resolution of transcriptome changes, enabling the decoding of
mechanistic drivers of pathogenesis and potentially uncovering variations
that may be overlooked in traditional DGE analysis.

Most prior transcriptomic studies have focused on predicting pro-
gression from latent TB infection (LTBI) to active disease or on treatment
response, predominantly in adults or non-African populations18. These
studies, alongside early adult work such as Berry et al. (2010)19, consistently
highlight, among other enriched pathways, neutrophil-driven signatures,
particularly interferon-related pathways, as central to TB pathogenesis.
However, the extent to which such mechanisms are conserved in children
withHIV-TB co-infection remains poorly understood, especially in those of
African ancestry.

In this exploratory study, we identify differentially expressed tran-
scripts (DETs) distinguishing HIV-TB co-infected from HIV mono-
infected children across geographically distinct African cohorts. While not
driven by a single predefined hypothesis, the unbiased analysis highlights
neutrophil-associated pathways, particularly those related to degranulation.
These findings generate hypotheses for future work, including the potential
of conserved neutrophil degranulation transcripts as biomarkers of TB co-
infection in HIV-infected children and the role of regional transcriptional
differences in reflecting host or pathogen diversity.

Methods
Study design and participant recruitment
This was a multi-center case-control study and was conducted on RNA
sequences obtained fromchildren infectedwithHIV recruitedprospectively
and retrospectively at three Baylor Centers of Excellence in Uganda, Bots-
wana, and Eswatini as part of the Collaborative African Genomics Network
(CAfGEN) of the Human Heredity and Health in Africa (H3Africa)
consortium20. A major goal of the CAfGEN project was to understand
mechanisms of TB Disease among HIV-infected children in Sub-Saharan
African countries. Active TBwas diagnosed by bacteriological confirmation
and clinical acumen, according to the National Institutes of Health (NIH)
classification of intrathoracic TB in pediatric populations21,22. This classified
unconfirmedTB into possible and probable TB. Probable TBwas defined as
a child having at least one sign or symptom suggestive of TB, a suggestive

chest radiography, and a positive clinical response to anti-tuberculosis
treatment or a documented exposure toM. tuberculosis or immunological
evidence of M. tuberculosis infection. Possible TB, on the other hand,
required the presence of at least one sign or symptom suggestive of TB and a
suggestive chest radiography, or a positive clinical response to anti-
tuberculosis treatment, or a documented exposure to M. tuberculosis or
immunological evidence of M. tuberculosis infection23. The bacteriological
diagnosis of TB was made using either GeneXpert, sputum smear micro-
scopy, or culture24. The controls, consisting ofHIVmono-infected children,
were those with confirmed HIV receiving care at the Centers of Excellence
(COEs), who showed no signs or symptoms of TB and were examined by
clinicians to rule out any features of TB. It is worth noting, however, that
latent TB infection (LTBI) was not ruled out, as tuberculin skin tests (TST)
or interferon-gammarelease assays (IGRA)werenot routinely performedat
the time of recruitment. All children were on anti-retroviral therapy (ART)
at the time of sampling, and none were receiving TB therapy.

Ethical considerations
The study was conducted in accordance with the Declaration of Helsinki
and approved by the School of Biomedical Sciences Research and Ethics
Committee (SBS-REC) at Makerere University, the Botswana Ministry of
Health Research and Development Committee, and the Eswatini Health
and Human Research Review Board (EHHRRB). CAfGEN also obtained
IRB clearance from the Baylor College of Medicine (BCM) IRB. Addi-
tionally, in Uganda, the study was registered with the Uganda National
Council of Science and Technology (UNCST). Informed consent was
obtained from the parents/legal guardians of the children, and assent was
obtained from children aged 11 years or older. Consent forms were in both
English and themain local language at each study site (Luganda in Uganda,
and Setswana and siSwati in Botswana and Eswatini, respectively).

Blood sample collection and processing
PAXgene RNA stabilization tubes (QIAGEN Inc., Valencia, CA), which
stabilize intracellular RNA at the time of blood collection, were used to
collect peripheral whole blood samples from children at the time of
recruitment.Tubeswere stored at−80 °Cprior toRNAextraction, using the
Manual PAXgene blood RNA extraction procedure according to the
manufacturer’s instructions.

RNA sequencing (RNA-seq)
RNA was isolated from whole blood using the PAXgene Blood RNA Kit
(Qiagen, USA) at the Genomics, Molecular and Immunology (GMI)
laboratory in Uganda and the University of Botswana for samples from
Botswana and Eswatini. The RNA was then shipped on dry ice to the
Laboratory for Translational Genetics (LTG) at the Children’s Nutrition
Research Center (CNRC) at Baylor College of Medicine, Houston, Texas.
Complementary DNA (cDNA) libraries were prepared at the LTG lab from
messenger RNA(mRNA) using theTruSeq StrandedmRNA(Illumina, San
Diego, CA) sample preparation kit, as per the manufacturer’s instructions.
In brief, poly-T oligo-attached magnetic beads were used to purify poly(A)
tails containingmRNAmolecules. This was followed by fragmentation into
small pieces. The fragments were then copied into cDNA using reverse
transcriptase and random primers, resulting in the first and second strands.
The cDNA underwent end repair with the addition of an “A” base and
adapter ligation. Purification and PCR enrichment were performed prior to
paired-end RNA sequencing. The samples were sequenced in two batches
using a 98-base-pair read length protocol on a HiSeq 2500 (batch 1) and
subsequently on aNovaSeq 6000 Illumina platform (batch 2) (Illumina, San
Diego, CA), with an average read length of 139 bp. Sequencing was per-
formed according to the platform manufacturer’s instructions, and base-
calling files were converted to FASTQ files using bclToFastq.

Bioinformatics analysis
FastQC25 and MultiQC26 were used to assess the sequencing quality of the
raw reads, and FastP27 was used to clean out adapter sequences and low-
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quality reads using the default settings. The cleaned reads were mapped
using Salmon v1.2.1 to the human reference genome (GRCh37). To ensure
accurate quantification, mapping validation, GC bias correction, and
sequence bias correction were enabled. Additionally, bootstrapping of 30
iterations was performed to estimate uncertainty. The sequencing depth of
the cleaned reads ranged from14 to 50million reads (mean ± SD: 29.9 ± 9.6
million) for Uganda and from 17 to 46 million (mean ± SD: 29.8 ± 8.1
million) reads for SouthernAfrica. Filteringwasperformedon the identified
transcripts, retaining only those with at least 10 reads in at least three
samples. Differential transcript expression between the conditions was
performed on the filtered transcript counts using DESeq2 (v1.42.1)28 in R
(v4.3.1) while correcting for batch, sex, and age (linearly scaled).

Additionally, correction for hidden batch effects was performed using
ComBat-Seq, using the surrogate variation analysis (SVA v3.50.0) R
package29. Normalization and batch correction were evaluated using MA
plots (pre- and post-VST transformation) and unsupervised PCA plots
generated before and after ComBat-Seq correction. To formally assess batch
effects, we also performed PERMANOVA on VST counts, testing variance
explained by sequencing batch before and after ComBat-Seq adjustment. A
country-stratified PCA of the Southern Africa cohort was computed on
VST-transformed, ComBat-Seq–adjusted counts using DESeq2 plotPCA
(grouped by country and condition) to assess potential country structure.
Functional enrichment analysis was performed using the STRINGdatabase
(v12.0) (https://string-db.org/)30 with a similarity setting of 1.0 and default
settings for all other parameters. Ensembl transcript IDs were mapped to
their corresponding HUGO names, which were then used for the pathway
analyses in STRING. All visualizations, except those from STRINGdb, were
created in R using ggplot2 v3.5.131.

Statistics and reproducibility
Descriptive statistics were used to analyze the participant study character-
istics, specifically age and sex. Fisher’s exact test was used for categorical
characteristics between the cases (HIV-TB coinfected) and controls (HIV
mono-infected). The Mann-Whitney U-test was used for continuous
variables. The differential analysis by DESeq2 uses a negative binomial to
test for significance. Statistical significance for DET analysis was considered
at a log2-fold change of 2 and an adjusted p-value < 0.05. Our study was
adequately powered to identify DETs at the above-stated threshold in both
regions. We performed region-specific statistical power analysis using the
RNASeqPower R package. Power was estimated as a function of absolute
log₂fold-change ( | log₂FC | ), using the actual mean sequencing depths
(Uganda: 29.93 million reads/sample; Southern Africa: 29.76 million), and
dispersion values (biological coefficient of variation, BCV) derived fromour
DESeq2 fits, stratified by lower quartile (Q1), median, and upper quartile
(Q3) values (Supplementary Table 3) with the significance threshold set at
α = 0.05. Power in the Uganda cohort (n = 59) exceeded 0.95 for detecting
large transcript changes ( | log₂FC | ≥ 2.0) and remained ≥ 0.8 for moderate
effects ( | log₂FC| ≈ 1.0–1.5) under typical dispersion levels. The Southern
Africa cohort (n = 38) demonstrated reduced sensitivity at comparable
effect sizes, although power remained ≥0.8 for |log₂FC | ≥ 2.0 under lower
dispersion. For small effects ( | log₂FC | ≈ 0.5), both cohorts were under-
powered, particularly Southern Africa (Supplementary Fig. 5). Although
there is a risk of false negatives for modest transcript-level changes, espe-
cially in the Southern Africa subset, we appropriately controlled for false-
positive rates using the Benjamini-Hochberg FDR correction within the
DESeq2 analysis pipeline.

Results
Patient characteristics
The study included RNA sequences from 97 HIV-infected children from
Uganda (n = 59) and Southern Africa (Botswana/Eswatini; n = 38), with a
median age of 12 years (Q1–Q3: 7–14) and a 56% female representation.
Active tuberculosis (ATB) was diagnosed in 60% of participants overall
(Table 1). Further breakdown of the distribution of the different NIH TB
diagnostic categories by country is shown in Supplementary Table 1. The

age and sexdistributionswere similar betweenUganda andSouthernAfrica,
as shown in Table 1. Within Southern Africa, Botswana and Eswatini
exhibited no significant differences in age (Wilcoxon p = 0.063) or sex
distribution (Fisher’s exact p = 0.511, Supplementary Table 6). Uganda had
a marginally higher proportion of ATB compared to Southern Africa (61%
vs. 58%; Table 1). Clinical laboratory parameters such as CD4 count, total
white blood cell count, and HIV viral load were inconsistently recorded
across study sites in Uganda, Eswatini, and Botswana, precluding their
systematic inclusion in the analyses.

Data quality control
MA plots demonstrated stabilization of variance following VST normal-
ization for both Uganda and Southern Africa (Supplementary Fig. 6).
Unsupervised PCA plots before and after ComBat-Seq correction showed
no evident clustering by condition (ATB vs.NoTB) in either region, norwas
there obvious clustering by batch (Supplementary Figs. 3 and 4). Within
Southern Africa, a country-stratified PCA showed overlap between Bots-
wana and Eswatini with no country-specific clustering. We demonstrated
effective batch correction for both Uganda and Southern Africa by com-
paring variance in two principal components–PC1 and PC2. Uganda
exhibited a pronounced batch effect, with batch explaining 20.7% of the
variance (PERMANOVA: R² = 0.207, F = 14.84, p = 0.001). However, this
batch effect was effectively removed by ComBat-Seq (R² = 0.019, F = 1.10,
p = 0.339), without introducing differences in dispersion. The condition
(ATB vs. NoTB) showed only a weak, non-significant trend before cor-
rection (R² = 0.053, p = 0.070), which disappeared post-correction (R² =
0.016, p = 0.336). The Southern Africa cohort showed no significant batch
effect even before correction (R² = 0.051, p = 0.217), and ComBat-Seq fur-
ther reduced the variance attributable to batch (ΔR² ≈ −0.029). Batch-
associated dispersion remained non-significant both pre- and post-
correction. Regional effects and condition effects were similarly non-
significant across analyses. (Supplementary Tables 4 and 5). Quality control
metrics derived from fastp analysis, such as the percentage of sequencing
reads passing quality filters, base quality scores at or above Q30, and
duplication rates, were consistent across all collection sites in Uganda,
Botswana, and Eswatini. The Kruskal-Wallis test revealed no significant
difference in the proportion of reads passing filters among the cohorts
(p = 0.139). This result suggests the absence of site-specific technical bias in
sequencing library quality (Supplementary Table 6 and Supplemen-
tary Fig. 7).

Distinct upregulated transcripts in HIV-TB coinfection across
geographic regions
We compared transcript abundance in each country by evaluating the [~29
million] transcripts per sample meeting our criterion for sufficient expres-
sion ( > 10 reads in >3 samples); this represented 54.9% and 45.8% of the
total transcripts from our East African (Ugandan) and Southern African
(Botswana andEswatini) samples, respectively (Fig. 1a).Of this number, 566
transcripts were differentially expressed ( | log2FC | > 2, adj. p < 0.05) in
Uganda and 211 transcripts in Southern Africa, using the same criteria.
There were 360 upregulated and 206 downregulated, compared with 166
upregulated and 45 downregulated in Southern Africa (Fig. 1b). Multi-
dimensional Scaling (MDS) analysis using upregulated transcripts revealed
distinct clusters of Active Tuberculosis (ATB) andNoTuberculosis (NoTB)

Table 1 | Patient Characteristics by Region

Age (Q1, Q3) Females ATB NoTB

Uganda 10 (7,14) 32 (54%) 36 (61%) 23 (39%)

Southern Africa 12 (5,15) 22 (58%) 22 (58%) 16 (42%)

Combined 12 (7,14) 54 (56%) 58 (60%) 39 (40%)

Q1 = First Quartile, Q3 = Third Quartile.
ATB Active Tuberculosis, NoTB No Tuberculosis.
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in both regions (Fig. 1c), indicating a transcript-level separation between
coinfected and mono-infected children.

There was, however, a low overlap between the upregulated DETs in
Uganda and those in Southern Africa. Only nine transcripts were com-
monly upregulated inHIV-TB coinfected children between the two regions.
Of these, only six had a baseMean expression greater than50 in either region
(high-confidence transcripts). These included LTF, MMP8, OLFM4,
PRTN3, METTL7B, and DDX39B (Table 2). The baseMean is used to
normalize for sequencing depth and is defined as the mean of normalized
counts of all samples. The minimal overlap and distinct transcripts in each
region were further evidenced by the clear demarcation in the variance-
stabilizing transformed (VST) counts heatmap (Fig. 2).

In addition to the shared differentially expressed transcripts, five
shared genes (HLA-B,PCBP2, ITGB2,HLA-F, andBAG6) exhibited region-

specific isoforms (Table 3), highlighting splicingvariability that ismaskedby
gene-level analysis. Moreover, some genes had multiple upregulated tran-
scripts, particularly PCBP2 and BAG6. These were based on high-
confidence transcripts.

Significantoverlap in immunepathwaysbetweenregionsdespite
minimal concordance in differentially expressed transcripts
Pathway analysis of upregulated transcripts inHIV-TB coinfection revealed
significant enrichment of immune pathways in both regions (Fig. 3).
Notably, the top three pathways in both regions were identical: Immune
System (Uganda FDR = 1.54e-13; SA FDR = 1.80e-12), Innate Immune
System (Uganda FDR= 7.14e-12; SA FDR = 5.70e-11), and Neutrophil
Degranulation (Uganda FDR= 4.92e-15; SA FDR = 1.34e-10). Despite
minimal overlap in differentially expressed transcripts (DETs), eight

Fig. 1 | Transcript filtering, differential expression, and MDS separation in
pediatric HIV–TB coinfection across regions. a Proportion of transcripts retained
after applying the expression threshold ( ≥ 10 reads in ≥3 samples). bVolcano plots
of differentially expressed transcripts (DETs; |log2FC | > 2, adjusted P < 0.05) for

Uganda and Southern Africa. cMultidimensional scaling (MDS) based on upre-
gulated transcripts shows separation between children with active tuberculosis
(ATB) and those without tuberculosis (NoTB) in both regions.
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pathways were shared between Southern Africa (out of 15 total enriched
pathways) and Uganda (out of 14 total enriched pathways), accounting for
53% and 57% of their respective pathway sets (Fig. 4a). The shared path-
ways, in addition to immune and neutrophil function, also included path-
ways related to infectious diseases, such as SARS-CoV infection (Fig. 4b).
Note that these samples were collected before the SARS-CoV-2 pandemic
of 2019.

The seven pathways unique to Southern Africa included: immunor-
egulatory interactions between a Lymphoid and a non-lymphoid cell,
adaptive immune system, Antigen Presentation: folding, assembly, and
peptide loading of class I MHC, ER-phagosome pathway, Signaling by
Interleukins, DAP12 interactions, and SARS-CoV-2 activates/modulates
innate and adaptive immune responses. In contrast, Uganda exhibited six
unique pathways: Antimicrobial peptides, SARS-CoV-2 Infection, Inter-
feron Signaling, Alpha-defensins, Disease, and Interferon alpha/beta sig-
naling (Supplementary Fig. 2).

Shared transcripts are nearly exclusively involved in neutrophil
degranulation
Notably, using the Reactome database in STRING, four of the six high-
confidence shared transcripts were found to be linked to neutrophil
degranulation. Protein-protein interaction networks among shared tran-
scripts revealed strong connectivitywith a network of 14nodes and 69 edges
(Fig. 5).LTF andMMP8 formed a hub interactingwithPRTN3 andOLFM4,
suggesting coordinated regulation in neutrophil-mediated immunity.
Moreover, 7 out of 10 proteins interacting with the input proteins are
involved in neutrophil degranulation, namely: TCN1, DEFA4, CEACAM8,
AZU1, PGLYRP1, ELANE, and CD177. Subcellular localization analysis of
the shared transcripts confirmed their association with granules – tertiary,
specific, and secretory granule lumen (Supplementary Fig. 1).

Discussion
In this study, we aimed to identify and characterize differentially expressed
gene isoforms/transcripts in children coinfected with HIV and TB across
two Sub-Saharan regions: East Africa (Uganda) and Southern Africa
(Botswana and Eswatini). The study revealed region-specific differentially
expressed transcripts (DETs), evidenced by limited overlap, particularly
among the upregulated transcripts in the two regions. However, there was
marked concordance in the pathways enriched in both regions, with
immune system, innate immune system, and neutrophil degranulation as
the top three terms in both regions. The marked regional divergence in
DETs may reflect evolutionary pressures from distinct MTB lineages32 and
HIV subtypes (A/D vs. C)33, which may differentially impact the host
immune system. Despite this, the conserved enrichment of neutrophil
degranulation transcripts highlights a shared immunologic signature of
HIV-TB co-infection in children. Because this analysis was conducted on
bulkwhole blood, such signatures could reflect either differences in cell-type
abundance (e.g., neutrophilia) or transcriptional regulation within neu-
trophils. While these findings do not directly imply mechanistic involve-
ment, they may serve as a basis for future studies exploring potential
diagnostic or prognostic utility. Accordingly, our objective was not to dis-
entangle these sources but to characterize a reproducible whole-blood

Table 2 | Shared upregulated transcripts in Uganda and
Southern Africa regardless of base mean

Transcript Gene Uganda BM
(log2FC)

SA BM
(log2FC)

1 ENST00000231751.4 LTF 2149.75 (5.04) 2878.68 (4.02)

2 ENST00000236826.3 MMP8 1009.98 (5.29) 1127.59 (5.60)

3 ENST00000219022.2 OLFM4 228.43 (4.89) 629.02 (4.56)

4 ENST00000234347.5 PRTN3 95.35 (4.88) 223.33 (5.56)

5 ENST00000394252.3 METTL7B 103.66 (4.70) 143.65 (3.82)

6 ENST00000473685.1 DDX39B 450.18 (19.73) 96.45 (23.02)

7 ENST00000177648.9 ALPK1 34.61 (29.37) 146.6 (9.06)

8 ENST00000369733.3 COL17A1 37.09 (4.44) 56.58 (4.50)

9 ENST00000251582.7 ADAMTS2 38.72 (8.26) 15.63 (8.39)

BM baseMean, SA Southern Africa

Fig. 2 | Heatmap of upregulated transcripts across
regions. Variance-stabilized (VST) normalized
counts for upregulated transcripts are shown by
sample (columns) and transcript (rows) for South-
ern Africa and Uganda. Rows highlighted in red
indicate transcripts that are upregulated in both
regions, representing shared differentially expressed
transcripts (DET). Color intensity reflects relative
expression.
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signature that could serve as a practical biomarker in high-burden pediatric
settings.

HIV and MTB have been independently shown to alter the tran-
scriptional profile of the host cells through changes in alternative splicing,
leading to the expression of different gene isoforms. For example, HIV,
through Tat1 protein, alters alternative splicing in CD4+ cells15 while MTB
can cause global perturbations in alternative splicing, particularly in
macrophages13. Because gene isoforms arising from alternative splicingmay
have distinct properties that affect function, stability, and localization,
transcript-level analysis provides a more granular view of host responses to
TB-HIV coinfection than conventional gene-level approaches. In the con-
text of HIV-TB coinfection, DETs can therefore be interpreted as tran-
scriptional signatures shaped by alternative splicing and other regulatory
processes. Such transcript-level signatures may offer valuable insights into
the diversity of host responses across settings and serve as a foundation for
future studies.

We observedover 2.5 timesmore differentially expressed transcripts in
East Africa than in SouthernAfrica (566 vs 211). This contrast likely reflects
the influence of multiple factors, including host and pathogen genetic
diversity in the two regions. Sub-SaharanAfrica exhibits exceptional genetic

diversity, including substantial intra-region variation, likely shaped by
prolonged evolutionary pressures such as diverse pathogen exposure. This
variation may contribute to differences in host genetic mechanisms,
including gene regulation and pathogen recognition systems (e.g., HLA
heterogeneity). Differences inMycobacterium tuberculosis lineages are well
documented across theAfrican continent32.MTB lineage 4 is common in all
three countries – Uganda, Eswatini, and Botswana34–36, though with dif-
fering sub-lineages.Ugandahas theUganda sub-lineage as the predominant
one, while Botswana has sub-lineages LAM, S, T, and X34. Additionally,
Uganda and Eswatini have a considerable presence of Lineage 337 and
Lineage 236, respectively. Similarly,HIV subtypes vary:Uganda has subtypes
A and D, and recombinants of the two, while Eswatini and Botswana pre-
dominantly have subtypeC33. BesidesHIVandMTB, regional differences in
exposure to endemic pathogens, viral co-infections, and environmental and
sociodemographic factors (e.g., nutrition) may further influence host
transcriptional profiles. For example, we have previously shown that HIV
infected children in Uganda had a higher diversity of viral coinfections
compared to those in Botswana38. These differences may operate through
several mechanisms, including epigenetic modifications or altered immune
responses.

Table 3 | Region-specific transcripts in genes common between the two regions

Gene Uganda Tx Uganda BM (log2FC) SA Tx SA BM (log2FC)

1 HLA-B ENST00000437265 1492.6 (30) ENST00000492573 669.79 (18.2)

2 PCBP2 ENST00000439930 94.46 (14.16) ENST00000552296 146.40 (20.4)

ENST00000552819 81.31 (19.1)

3 ITGB2 ENST00000397854 85.83 (15.6) ENST00000397857 59.83 (25.1)

4 HLA-F ENST00000489502 248.53 (30) ENST00000334668 143.71 (17.7)

5 BAG6 ENST00000443182 60.95 (28.1) ENST00000383446 132.27 (14.5)

ENST00000442479 160.29 (10.1)

Tx Transcript, SA Southern Africa, BM baseMean

Fig. 3 | Pathway chord diagrams for upregulated transcripts. a Southern Africa.
b Uganda. Chord links connect upregulated genes to enriched Reactome pathways,
illustrating membership of genes (left sectors) in immune pathways (right sectors),

including neutrophil degranulation, innate immunity, and adaptive immune pro-
cesses, among others.
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Among the shared DETs across the regions, transcripts from
four genes (LTF, MMP8, OLFM4, and PRTN3) mapped to neutrophil
degranulation. Because our analysis used bulk whole blood, these DETs
could reflect either increased neutrophil abundance or altered transcription
within neutrophils. Regardless of the underlying source, their consistent
detection underscores neutrophil-associated signatures as a defining feature
of HIV-TB co-infection in children. These genes have been shown to have a
dual role: antimicrobial defense (via LTF/PRTN3) and immunopathology
(via MMP8-driven tissue damage). Lactoferrin (LTF) is an iron-
binding glycoprotein found in mucosal secretions and neutrophils39. It
haswide antimicrobial activity against bacteria, fungi, and viruses, including
HIV-140. It has also been proposed as an adjunctive TB therapy39 and, in
addition, to enhance the efficacy of the Bacillus Calmette-Guérin (BCG)
vaccine41.

On the other hand, proteinase 3 (PRTN3) is a serine protease with
broad antimicrobial activity42,43. The other shared transcript from matrix
metalloprotease 8 (MMP8) has been extensively characterized and is known
to drive collagen degradation in pulmonary TB, contributing to cavity
formation. Its secretion is upregulated in TB via AMP-activated protein
kinase (AMPK) signaling in neutrophils, correlating with disease severity44.
MMP8 inhibition (e.g., via doxycycline44) warrants further investigation as a
host-directed therapy to mitigate lung damage in TB-HIV coinfection.
Moreover, neutrophils have been previously proposed as a host-directed
target for TB therapy45,46 or suggested as such47. The fourth transcript in the
neutrophil degranulation pathway, OLFM4, is expressed in two neutrophil
subpopulations, blood and extravascular tissue, and is associated with
NETs48. NETs are involved in neutrophil phagocytic activity. Taken toge-
ther, theseDETs represent a reproducible neutrophil-related transcriptional
signature, consistent with previous reports from adult HIV-TB and TB

cohorts49,50. A question remains as to whether our results could be influ-
enced by the fact that most studies informing the databases are from adults.

We also observed isoform-specific variation in five shared genes
(ITGB2, PCBP2, BAG6,HLA-F, andHLA-B). The isoform difference would
have been masked in conventional differential gene expression (DGE)
analysis. It iswell established that different gene isoforms canexhibit distinct
regulation, localization, and function, among other differences14,51. One of
these genes, ITGB2 (Integrin beta 2), has been previously linked to TB
susceptibility. Among these, ITGB2 is notable, as gene-level studies have
previously linked it to TB susceptibility52. In our data, transcript-level dif-
ferences in ITGB2 and other immune-related genes suggest that isoform-
resolved analysis adds value by uncovering transcriptional signatures that
may refine understanding of host responses in HIV-TB co-infection.While
the functional consequences of isoform variation were not examined in this
study, these findings provide a rationale for future studies that integrate
isoform-specific annotation and validation.

The study, however, faced several limitations, including variable
availability of clinical laboratory parameters, such as CD4+ count, total
white blood cell count, and HIV viral load, which limited their systematic
inclusion in the analyses. Secondly, the inability to rule out latent TB
infection (LTBI) in the control group and the collapsing of the different TB
phenotypes (confirmed, probable, and possible) into active TB may have
diluted the observed transcriptomic differences.We also did not account for
HIV andM. tuberculosis strain types in either region, yet pathogen genetics
is critical for host-pathogen interactions. However, the effect due to
pathogen heterogeneity may have been minimized or controlled for by
conducting analyses by region.We also note that our study did not account
for fine-scale population genetic structure within the Ugandan and
Southern African cohorts.While wemitigated broad ancestral stratification

Fig. 4 | Shared Reactome pathways across regions. a Venn diagram showing the
overlap of enriched Reactome pathways between Uganda and Southern Africa.
b Bar–bubble–line plot for shared pathways: bars show GeneRatio (number of

differentially expressed transcripts with baseMean > 50 divided by total genes in the
pathway) by region; bubble size encodes the number of genes; dashed line indicates
–log10(FDR) on the secondary y-axis.
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by analyzing each region separately, we lacked genotype data and could not
include ancestry principal components as covariates in our models. To
address this limitation, we quantified demographic diversity between and
within regions. Age and sex distributions were similar betweenUganda and
Southern Africa (Table 1) and between Botswana and Eswatini (Supple-
mentary Table 7). These similarities help minimize between-group and
within-group demographic imbalance. Unmeasured host genetic hetero-
geneity may therefore act as a confounding variable, particularly for iden-
tifying transcripts with small or modest effect sizes. Future studies
incorporating genotyping data would be valuable for controlling this
potential source of variation and confirming our findings.

Conclusions
Our transcript-resolution analysis of HIV-TB coinfected children from geo-
graphically distinct African populations reveals a conserved upregulation of
immune pathways despite significant regional heterogeneity in individual
transcripts. The neutrophil degranulation pathway was strikingly enriched
among the small set of transcripts shared between regions. While this sig-
nature could reflect either transcriptional changes within neutrophils or an
increase in neutrophil abundance, a limitation of bulk RNAseq, its
consistent emergence across diverse populations highlights its potential value
as a conserved biomarker signature for pediatric HIV-TB coinfection.
Furthermore, the discovery of region-specific isoforms for immune genes,
such as ITGB2 and HLA-B, which are masked in conventional gene-level
analysis, underscores the value of transcript-resolution studies in
uncovering nuanced and population-specific host responses. This work is
fundamentally exploratory, generating hypotheses for future validation and
verification.

Recommendations
Our findings warrant further investigation to validate the conserved neu-
trophil degranulation transcript signature in independent pediatric cohorts
to confirm its value as a biomarker for HIV-TB co-infection in children
while controlling for pathogen genetic diversity and other factors such as
nutrition.

Data availability
All source data underlying the graphs and charts presented in themain text
and Supplementary Information are available in Figshare under the title
“CAfGEN RNA-seq count matrices and supporting processed data for
‘Conserved neutrophil degranulation transcripts in HIV-TB coinfected
children across East and Southern Africa’” (https://doi.org/10.6084/m9.
figshare.30551264). The RNA-seq datasets generated and analyzed during

the current study are being deposited under the project name “CAfGEN
RNA-seq Data” into the European Genome-phenome Archive (https://
www.ebi.ac.uk/ega/) in accordance with the H3Africa Consortium con-
sensus agreement. Data deposition is being coordinated through H3ABi-
oNet/AfriGen-D, the authorized H3Africa data submission center, in
accordance with the NIH H3Africa Data Access and Release Policy. The
datasets will become publicly discoverable on the EGA once accession
identifiers are issued. Accesswill be controlled and granted only to bonafide
researchers whose proposed use aligns with the participants’ informed
consent, subject to approval by the H3Africa Data and Biospecimen Access
Committee (DBAC). Requests for access should be submitted via the
H3Africa data portal (https://www.h3abionet.org/resources/h3africa-
archive). Until the accession number is available, qualified researchers
may contact the corresponding author for information on the submission
status or to initiate the access request process.

Code availability
Scripts used for data analysis are available at https://github.com/katagirya53.
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