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Despite systemic viral suppression, people living with HIV (PLHIV) on anti-
retroviral therapy (ART) remain highly susceptible to pneumococcal coloni-
sation and disease. Here, we show that long-term ART does not restore nasal
mucosal immunity. Using flow cytometry, single-cell transcriptomics, and
neutrophil functional assays, we identify a persistent mucosal immune sig-
nature in PLHIV-ART >1yr marked by epithelial-driven neutrophilic inflam-
mation, T cell exhaustion, and cellular senescence. Neutrophils exhibit

mitochondrial stress, senescence-associated secretory phenotype (SASP) gene
expression, and impaired oxidative burst, particularly in individuals with
pneumococcal carriage. Epithelial cells express elevated neutrophil-recruiting
ligand genes, while nasal T cells display pro-apoptotic and exhaustion gene
profiles. Neutrophilic inflammation is strongly associated with pneumococcal
carriage density, implicating a feedforward loop between inflammation and
microbial persistence. Our findings reveal tissue-specific immune dysregula-
tion despite ART and suggest that targeting epithelial-immune signalling or
neutrophil senescence may offer novel therapeutic avenues to reduce
respiratory pathogen burden in PLHIV.

People living with HIV (PLHIV) remain at an elevated risk of respiratory
infections, including Streptococcus pneumoniae (S. pneumoniae), despite
long-term antiretroviral therapy (ART) and viral suppression'™. S. pneu-
moniae continues to be a leading cause of morbidity and mortality in
PLHIV on suppressive ART, with studies showing a 30-100-fold increased
risk of invasive pneumococcal disease, alongside a 5-fold increase in

mortality in PLHIV on suppressive ART than HIV-uninfected® . In addi-
tion, nasopharyngeal carriage is more frequent and persistent in PLHIV
on suppressive ART than in HIV-uninfected individuals®. Pneumococcal
carriage is a prerequisite for pneumococcal disease’. These patterns
suggest that immune reconstitution under ART may be incomplete,
particularly at mucosal surfaces where pathogen colonisation initiates.
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While ART is known to restore peripheral CD4* T-cell counts'*"
and reduce systemic immune activation®, its effects on local immunity
at the upper respiratory tract mucosa remain poorly understood. The
nasal mucosa, the primary site of pneumococcal colonisation, plays a
critical role in host-pathogen interactions”™. However, a limited
number of studies have characterised immune cell composition,
epithelial-immune interactions, or functional mucosal responses in
this tissue in the context of HIV.

Evidence from viral infection studies and controlled human
infection models have shown that mucosal inflammation can enhance
pneumococcal acquisition and persistence'*®. Neutrophils as among
the predominant innate immune cells in the nasal mucosa'®*, are key
to controlling colonisation®-*%. However their recruitment and function
are tightly regulated by epithelial cues®* and their dysregulation
could impair mucosal defence. Whether HIV infection alters this
epithelial-neutrophil axis and whether such changes persist despite
ART remain open questions.

To address this knowledge gap we investigated the upper
respiratory mucosal immune landscape in HIV-uninfected adults and
PLHIV at different stages of ART. We applied multiparameter flow
cytometry single-cell transcriptomics and neutrophil functional pro-
filing to evaluate immune cell composition, epithelial-immune com-
munication and their relationship with pneumococcal carriage. This
study aims to define how HIV and ART shape nasal immunity and to
identify mechanisms that may underlie persistent pneumococcal
colonisation susceptibility in PLHIV on long-term ART.

Results

Cohort characteristics and sampling

We recruited 132 adults in Blantyre, Malawi. The cohort comprised 37
PLHIV within 3 months of ART initiation (PLHIV-ART <3 months) and
49 PLHIV on ART for over 1 year (PLHIV-ART >1 year), both enroled
from Gateway Voluntary Counselling and Testing Centre and Light-
house ART Clinic. In addition, we recruited 46 HIV-uninfected adults
(HIV-adults) from Gateway Voluntary Counselling and Testing Centre
and surrounding communities in Blantyre through our community
engagement work (Fig. 1a). Nasal mucosal cells, nasal lining fluid and
peripheral blood were collected from all participants.

Baseline characteristics, including median age, sex distribution
and number of under-five children per household, were comparable
across study groups (Table 1). Socioeconomic status (SES) was higher
among HIV-adults compared to PLHIV groups, although no significant
SES difference was noted between PLHIV-ART <3 months and PLHIV-
ART >1year (Table 1). Among PLHIV, the median duration of ART was
1 month (IQR; 0, 1) for PLHIV-ART <3 months and 5.7 (IQR; 3.1, 9.25)
years for PLHIV-ART >1 year. Median peripheral CD4* T-cell counts
were 475 cells/pl (IQR; 285 cells/pl, 674 cells/pl) and 512 cells/ul (IQR;
366 cells/pl, 671 cells/pl) for PLHIV-ART < 3 months and PLHIV-ART >1
year, respectively. Detectable plasma viral load was observed in 24%
(9/37) of PLHIV-ART < 3 months and 10% (5/49) of PLHIV-ART >1 year
(Table 1).

HIV alters nasal immune cell composition despite long-

term ART

To investigate the impact of HIV on upper respiratory tract mucosal
immunity, we performed flow cytometry for profiling of nasal cells
collected using nasal curettes from HIV-adults, PLHIV-ART < 3 months
and PLHIV-ART >1 year (Fig. 1a). In HIV-adults, the nasal mucosa was
predominantly populated by CD66b* neutrophils and CD3* T cells, with
a smaller proportion of CD14* monocytes (Fig. 1b and Supplementary
Fig. Sla). Neutrophil abundance was significantly higher in PLHIV-
ART >1 year compared to HIV-adults, but only marginally higher com-
pared to PLHIV-ART < 3 months, however, this was not statistically sig-
nificant (Fig. 1c). Monocyte levels were comparable across all cohorts
(Fig. 1d). Subset analysis of lymphocyte populations revealed a lower

proportion of CD4* T cells in PLHIV-ART <3 months relative to HIV-
adults and PLHIV-ART >1 year participants, with the latter two groups
showing similar levels (Fig. 1e and Supplementary Fig. S1b). There were
no significant differences observed in the proportions of CD8* T cells,
mucosal-associated invariant T (MAIT) cells (CD3*CD161**TCRVa7.2*),
or yo T cells (CD3*TCRy&*) across study groups (Fig. 1f-h). On the other
hand, natural killer T (NKT) cells were higher in PLHIV-ART >1 year
compared to PLHIV-ART < 3 months, but not significantly different from
HIV-adults (Fig. 1i). These findings indicate persistent perturbations in
nasal immune cell composition among PLHIV on long-term ART, par-
ticularly involving neutrophil accumulation.

Activated nasal neutrophils accumulate in PLHIV despite long-
term ART

Given the enrichment of nasal CD66b* neutrophils in PLHIV-ART >1
year, we next assessed their activation (CD11b, CD62L)*, maturation
(CD10)” and granule content, tissue residency and maturity (CD63)*
profiles using multiparameter flow cytometry. Uniform Manifold
Approximation and Projection (UMAP) of immune cells from matched
peripheral blood and nasal samples revealed eight clusters, four of
which were CDé66b"neutrophil subsets (Fig. 2a). Clusters 4
(CD11b*CD10-CD63*CD62L CD14") and 6 (CD11b*CD10*CD63"CD62L"
CD14") were predominantly observed in blood, while cluster 7
(CD11b*CD10*"CD63 CD62L°CD14"), representing activated mature
neutrophils, was enriched in the nasal mucosa. Cluster 7 abundance
was elevated in the nasal mucosa of both PLHIV-ART <3 months and
PLHIV-ART >1 year compared to HIV-adults (Fig. 2a). This was corro-
borated by conventional gating on an expanded cohort, which showed
significantly higher frequencies of CD66b*CD11b** neutrophils in
PLHIV-ART >1 year than in HIV-adults (Fig. 2b). These cells strongly
correlated with the UMAP-identified cluster 7 phenotype (Supple-
mentary Fig. S2a), confirming population overlap.

To assess neutrophil-associated inflammation we collected nasal
lining fluid using nasosorption filters and measured nasal myeloper-
oxidase (MPO) levels, which were significantly elevated in PLHIV-
ART >1year relative to HIV-adults (Fig. 2c). MPO levels correlated with
nasal CD66b* neutrophil abundance (Fig. 2d) but not with nasal
monocyte abundance (Fig. 2e), implicating neutrophils as the primary
MPO source. However, despite elevated neutrophil abundance, nasal
concentrations of proinflammatory cytokines and chemokines,
including TNF-q, IL-6, IL-8, IL-1B, IFN-y, IL-2, IL-12p70, IL-13, IL-4 and IL-
10, did not differ significantly across study groups (Supplementary
Fig. S2b-k). Correlation matrices further revealed that in HIV-adults,
neutrophil chemoattractants (IL-8, IL-1B, TNF-a and IL-6) were posi-
tively associated with nasal neutrophil abundance (Fig. 2f), whereas
these associations were lost in the PLHIV groups (Fig. 2g, h), suggesting
dysregulation of neutrophil recruitment pathways. Altogether, these
findings indicate neutrophilic inflammation and activation in the nasal
mucosa of PLHIV-ART >1 year, characterised by high neutrophil
abundance and high levels of MPO.

Airway epithelial-neutrophil crosstalk is amplified in PLHIV on
long-term ART

To investigate the molecular pathways contributing to nasal neu-
trophilia in PLHIV-ART>1 year, we performed single-cell RNA
sequencing (scRNA-seq) on nasal cells from 3 HIV-adults, 3 PLHIV-
ART <3 months and 5 PLHIV-ART >1 year from the same cohort
(Fig. 3a and Supplementary Table S1). All individuals were asympto-
matic and tested negative for common respiratory viruses. Plasma and
nasal lining fluid HIV viral loads were undetectable in all PLHIV parti-
cipants, except in the plasma of one PLHIV-ART < 3 months. Using the
10x Genomics 5" platform, we generated scRNA-seq libraries from
freshly isolated viable nasal cells, yielding 22,119 cells that passed
quality control. Dimensionality reduction using UMAP identified 11
major transcriptional clusters (Fig. 3c), which were annotated by
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Fig. 1| Altered nasal immune cell composition in HIV infection. Nasal mucosal
cells were collected from the inferior turbinate and stained with fluorochrome-
conjugated antibodies to identify major immune populations. a Study overview
and sampling strategy for HIV-uninfected adults (HIV-adults, n=46), PLHIV on ART
for <3 months (PLHIV-ART < 3 months, n=37) and PLHIV on ART for >1year (PLHIV-
ART >1year, n=49). b Box plots illustrating the abundance of neutrophils,
monocytes and T cells in HIV-adults (n=15). ¢, d Comparison of nasal neutrophil
and monocyte abundance among HIV- (n = 32), ART <3 m (n=25) and ART >1year
(n=31) individuals. e, f Frequencies of nasal CD4* and CD8" T cells in HIV-adults
(n=16), PLHIV-ART < 3 months (n =14) and PLHIV-ART >1 year (n = 20). g-i

ART<3m ART>1yr

Abundance of CD3*CD161**TCRVa7.2* MAIT cells, CD3*TCRy&" T cells and
CD3*CD56" natural killer T cells in HIV-adults (n=18), PLHIV-ART < 3 months
(n=14) and PLHIV-ART >1year (n=20). Immune cell abundance was normalised to
epithelial cell count (Epcam*) to account for variation in sample yield. Box plots
show the interquartile range (25th-75th percentiles). The bold horizontal line
inside each boxplot indicated the median. Whiskers extend to the smallest and
largest values within 1.5x the interquartile range (IQR) from the lower and upper
quartiles, respectively. Individual points beyond the whiskers denote outliers.
Statistical significance was assessed using two-sided Wilcoxon rank-sum tests;

P < 0.05 was considered significant.

canonical gene expression and validated through projection onto the
Human Cell Atlas using SingleR and Azimuth® . The epithelial com-
partment included goblet cells (CYP2F1, SERPINB3, MUCS5AC, SPDEFY
and VMOI), secretory cells (SERPINB3, VMOI and MUC5AC™"), basal
cells (CYP2F1 and SERPINB3"e"), ciliated cells (CAPS, CFAP157, DNAF1
and FOX]J1), squamous cells (SPRR3, SPRR2A and KRT4), lonocytes, a
newly identified epithelial celltype responsible for regulating ion
transport and osmotic regulation (CFTR, SCNN1B and RARRES2) and
deuterosomal cells, a transient, intermediate airway epithelial cells
that serve as precursors to multiciliated cells (CDC20B, CCNO and
MSMB). The immune clusters comprised neutrophils (SRGN, CSF3R,
GOS2 and CXCLS8), T cells (CD3E, CD3D, CD8A and PTPRC), B cells
(PTPRC, CD79A, MS4Al and CD19), monocytes/macrophages

(TYROBP, HLA-DPA1 and HLA-DPBI) and dendritic cells (CD83, CD86,
LYZ and FCERIG). Further sub-clustering of the 4099 immune cells
revealed nine subsets: CD8* T cells, NKT cells, B cells, plasma cells,
neutrophils, monocytes, macrophages, dendritic cells and mast cells
(Fig. 3d). Consistent with flow cytometry findings (Figs. 1c and 2d), we
observed a higher abundance of neutrophils in the nasal mucosa of
PLHIV-ART >1 year compared to HIV-adults (Fig. 3e, f).

Epithelial cues are known to regulate neutrophil recruitment® %,
To determine which epithelial-immune interactions may be driving
this neutrophilic response, we performed cell-to-cell communication
inference using Multinichenet®>. In PLHIV-ART >1 year, epithelial-
neutrophil interactions were significantly expanded relative to HIV-
adults and PLHIV-ART <3 months (Fig. 4a). Notably, PLHIV-ART >1
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Table. 1| Demographic characteristics of study participants

Characteristic HIV-n=46 PLHIV-ART <3 m n=37 PLHIV-ART >1yrn=49 p-value
Age (years) 32 (25, 37) 32 (25, 36) 33 (26, 37) 0.9899
Sex
Male 23 (50%) 17 (46%) 24 (50%)
Female 23 (50%) 20 (54%) 24 (50%)
Number of under-5 children in the household 0.9902
1 35 (76%) 28 (76%) 36 (75%)
2+ 1 (24%) 9 (24%) 12 (25%)
Socioeconomic status? 9 (6, 10) 5(3, 8) 6 (4, 8) 0.004
ART duration (months) N/A 1(0,1) 68 (37, 111) 2.4946e-15
Absolute CD4 cell count (median (IQR) (cells/ul) 800 (614, 1028) 475 (285, 674) 512 (366, 671) 4.6620e-07
HIV viral load 0.00015
Not detected N/A 28 (76%) 44 (90)
Detected N/A 9 (24%) 5 (10%)

Summary of demographic and clinical characteristics for HIV-uninfected adults (HIV-adults), PLHIV on ART for <3 months (PLHIV-ART < 3 months) and PLHIV on ART for >1 year (PLHIV-ART > 1 year).
Continuous variables are reported as median with interquartile range (IQR), shown as Median (Q1, Q3). Categorical variables are presented as counts with percentages (n (%)). Statistical comparisons
were performed using the two-sided Kruskal-Wallis rank-sum test for continuous variables. A two-sided Pearson’s y? test or Fisher’s exact test was used, as appropriate, for categorical variables.
“The possession index (a proxy for socioeconomic status) was calculated as the sum of positive responses for ownership of any of 15 functioning household items: watch, radio, bank account, iron
(charcoal), sewing machine (electric), mobile phone, CD player, fan (electric), bed net, mattress, bed, bicycle, motorcycle, car and television. N/A means Not applicable.

year showed strong ligand-receptor signalling pathways associated
with neutrophil recruitment, including CXCL1-CXCR1, MIF-CD44 and
ADGRES-CDS5, originating from basal, secretory, goblet, squamous
and ciliated epithelial subsets (Fig. 4a). Gene set scores for these
prioritised interactions were elevated in all epithelial subsets of PLHIV-
ART >1 year compared to HIV-adults and were also higher than in
PLHIV-ART <3 months across all epithelial subsets except squamous
cells (Fig. 4b-f). In PLHIV-ART <3 months, distinct ligand-receptor
pairs predominated, including ICAMI-ITGAX/ITGB2, ICAMI-MSN,
ICAMI-IL2RG and BST2-LILRAS, which also involved major epithelial
subsets and neutrophils (Fig. 4a). In contrast, epithelial-neutrophil
interactions were sparse in HIV-adults and primarily mediated by
MFAP2-NOTCHI signalling between basal and secretory cells (Fig. 4a).

Additional analysis of immune cell-neutrophil interactions in
PLHIV-ART >1 year revealed enriched signalling pathways including
CXCLI-CXCRI, IL-1B-IL-1R2 and IL-18-IL18RAP, predominantly involving
neutrophils, macrophages and dendritic cells (Supplementary Fig. S3).
In contrast, PLHIV-ART < 3 months exhibited distinct ligand-receptor
interactions, including ICAMI-IL2RG and TNF-TNFRSF1A, primarily
associated with neutrophils and T cells, while in HIV-adults, these
interactions involved IL-17A-IL17RA, DLK2-NOTCH and MFNG-
NOTCH]I, involving NKT cells and dendritic cells (Supplementary
Fig. S3). Collectively, these findings suggest that airway epithelial cells
likely contribute to neutrophil recruitment and activation in the nasal
mucosa of PLHIV-ART >1 year.

Nasal neutrophils in PLHIV-ART >1 year exhibit transcriptional
signatures of stress and senescence

To dissect the transcriptional changes underlying neutrophilic
inflammation, we performed differential gene expression analysis on
nasal neutrophils using the Model-based analysis of single-cell tran-
scriptomics (MAST) pipeline®. In PLHIV-ART >1 year, neutrophils
showed upregulation of mitochondrial stress-associated genes,
including MT-ND4, MT-CO1, LYPD2, PRDX1, MSMB and WFDC2, com-
pared to HIV-adults (Fig. 5a and Supplementary Data 1). In contrast,
neutrophils from PLHIV-ART < 3 months exhibited elevated expression
of antiviral response genes, including IFITM1, IFITM3, IRF7 and XAF1,
relative to HIV-adults (Fig. 5b and Supplementary Data 1). When com-
paring PLHIV-ART >1 year to PLHIV-ART <3 months, mitochondrial
stress genes such as MT-CO1, MT-ND6, MT-ND5 and PRDX1 remained
upregulated in the former, while antiviral response genes, including

IFITM1, IFIT2, ISG15, IRF7 and IL1B, were elevated in the latter (Fig. 5¢
and Supplementary Data 1).

To further interrogate gene expression patterns, we employed
CEMiToolP* to identify co-expressed gene modules enriched in neu-
trophils across the study groups. Two modules were uniquely enri-
ched, module M1 in PLHIV-ART >1 year and module M2 in PLHIV-
ART < 3 months (Fig. 5d). Over-representation analysis of M1 revealed
enrichment in pathways linked to homoeostatic regulation and the
Senescence-Associated Secretory Phenotype (SASP) (Fig. Se; Supple-
mentary Fig. S4a and Supplementary Data 2), while M2 was enriched
for pathways involved in cytokine signalling, interferon response,
antigen presentation and immunoregulatory interactions (Fig. 5f;
Supplementary Fig. S4b and Supplementary Data 2). Moreover, SASP
pathway gene module scores were significantly higher in neutrophils
from both PLHIV-ART > 1 year and PLHIV-ART < 3 months compared to
HIV-adults (Fig. 5g and Supplementary Fig. S4c), indicating persistent
inflammatory signalling. In contrast, module scores for genes involved
in interferon signalling, Nef-mediated HIV replication inhibition and
MHC class | antigen presentation were markedly higher in PLHIV-
ART <3months compared to both HIV-adults and PLHIV-ART >1 year
(Fig. 5h—j and Supplementary Fig. S4c), consistent with active antiviral
responses during early ART.

Furthermore, based on the premise that the neutrophils in the
nasal mucosa were likely recruited from the blood, we evaluated the
functional competence of blood neutrophils, assessing phagocytosis
and oxidative burst in the three study groups using our in-house pub-
lished bead-based assay” . The phagocytic capacity of blood neu-
trophils was comparable across the study groups (Fig. 5k). In contrast,
neutrophil oxidative burst capacity was significantly lower in both
PLHIV-ART >1 year and PLHIV-ART <3 months relative to HIV-adults
(Fig. 5i), suggesting potential impairment in killing capacity. Together,
these data indicate that nasal neutrophils from PLHIV-ART >1 year
adopt a transcriptional profile marked by cellular stress and senescence,
indicating inflammaging despite virological suppression.

Nasal T cells in PLHIV on long-term ART exhibit transcriptional
signatures of exhaustion, senescence and apoptosis

Given that chronic inflammation can drive T cell exhaustion and
senescence®, we hypothesised that neutrophilic inflammation in
PLHIV-ART >1 year is associated with altered T cell function. Differ-
ential gene expression analysis revealed that nasal T cells from PLHIV-
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ART >1year exhibited upregulation of immune activation genes (HLA-
B, HLA-DQAL1 and TRAV6), chemokine genes (CXCR4, CCL4 and CCL3)
and ageing-associated genes (FKBP5, HMGB2 and BTG1) compared to
HIV-adults (Fig. 6a and Supplementary Data 1). In PLHIV-ART <3
months, nasal T cells showed elevated expression of cytotoxicity-
associated genes (GZMH, GNLY, GZMB and NKG7) and immune acti-
vation genes (LAG3, HLA-DQAIL, HLA-A, IRF1 and STATI) relative to

HIV-adults (Fig. 6b and Supplementary Data 1). Notably, TRAV6,
CXCR4 and FKBPS remained significantly upregulated in PLHIV-ART >1
year compared to PLHIV-ART <3 months (Fig. 6¢ and Supplementary
Data 1), suggesting persistent transcriptional changes with long-
term ART.

Gene co-expression module analysis using CEMiTool identified
distinct modules enriched in each PLHIV group. The M1 module,
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Fig. 2 | Increased abundance of activated CD11b** neutrophils and dysregu-
lated nasal inflammation in PLHIV on long-term ART. Nasal mucosal cells and
paired peripheral blood samples were collected from HIV-adults (n =10), PLHIV-
ART <3 months (n=10) and PLHIV-ART >1 year (n=10). Cells were stained with
fluorochrome-conjugated antibodies targeting CD45, CD66b, CD14, CD10, CD11b,
CD62L and CD63. a UMAP visualisation of 60,000 concatenated CD45" cells from
nasal mucosa and peripheral blood, clustered using FlowSOM. Heatmap indicates
average expression of surface markers across clusters. Tables display the relative
frequencies of each cluster in the blood and nasal compartments across the three
study groups. b Proportion of nasal CD66b*CD11b** neutrophils across study
groups. ¢ Concentration of myeloperoxidase (MPO) in nasal lining fluid measured
by ELISA. Box plots show the interquartile range (25th-75th percentiles). The bold
horizontal line inside each boxplot indicates the median. Whiskers extend to the

smallest and largest values within 1.5x the interquartile range (IQR) from the lower
and upper quartiles, respectively. Individual points beyond the whiskers denote
outliers. d Scatter plot showing correlation between nasal neutrophil and mono-
cyte abundance. e Scatter plot showing correlation between nasal neutrophil
abundance and MPO levels and nasal monocyte abundance and MPO. Error bars
show the 95% confidence interval around the fitted mean. f-h Correlation dot plots
between nasal cytokines and myeloid cell subsets in HIV-adults (n =30), PLHIV-
ART <3 months (n=29) and PLHIV-ART >1 year (n =34) groups. Cytokine levels
were measured using a multiplex MSD assay. Dot size reflects statistical significance
(P<0.05); colour denotes Spearman’s correlation coefficient (R). Statistical com-
parisons were assessed using two-sided Wilcoxon rank-sum test (b, ¢) and two-
sided Spearman correlation (d-h); P < 0.05 was considered significant.

enriched in PLHIV-ART >1 year, was associated with pathways rela-
ted to apoptosis and cell-to-cell communication (Fig. 6d, e; Sup-
plementary Fig. S5a and Supplementary Data 2), while the M2
module, enriched in PLHIV-ART <3 months, highlighted pathways
involved in antigen presentation and immunoregulation (Fig. 6f;
Supplementary Fig. S5b and Supplementary Data 2). Gene set scor-
ing further revealed that exhaustion and senescence-associated
genes (S100A10, PDCL3, CTLA4, PDCD7, PDCDS, LAG3, KLRGI,
TIGIT, CDKNIA and NR4Al) were more highly expressed in
T cells from both PLHIV-ART >1 year and PLHIV-ART <3 months
compared to HIV-adults (Fig. 6g). Similarly, activation-related genes
(STATIL, IRF4, HLA-DRA, HLA-DRBYI, JUN, GZMB and FOS) were ele-
vated in both PLHIV groups (Fig. 6h, i), indicating ongoing T cell
activation.

Considering that chronic T cell activation results in activation-
induced cell death®, we explored T cell death pathways by exam-
ining intrinsic and extrinsic apoptosis-associated gene sets. The
intrinsic apoptosis gene set (BCL2, BAK, CASP3, CASP8, TNFRSFIA,
TP53, BCL2L11, APAF1 and NFKB1) showed higher module scores in
PLHIV-ART >1 year compared to PLHIV-ART <3 months, while no
significant differences were observed for the extrinsic apoptosis
gene set (FAS, TNFRSF1A, TNFRSF10A and TNFRSF10B) (Fig. 6j).
Taken together, these findings suggest that nasal T cells from PLHIV-
ART >1 year are transcriptionally programmed toward heightened
immune activation, exhaustion and intrinsic apoptotic
susceptibility.

Neutrophilic inflammation is associated with pneumococcal
carriage in PLHIV on long-term ART

Next, we investigated whether persistent neutrophilic inflammation in
PLHIV-ART >1 year is linked to increased susceptibility to pneumo-
coccal carriage. Among PLHIV-ART >1year, neutrophil abundance was
significantly higher in individuals with pneumococcal carriage com-
pared to those without (Fig. 7a). Monocyte abundance followed a
similar pattern, with elevated levels in carriage-positive individuals
within the same group (Fig. 7b). In contrast, no significant differences
in neutrophil or monocyte abundance were observed between
carriage-positive and carriage-negative individuals among HIV-adults
or PLHIV-ART < 3 months (Fig. 7a, b).

Further, we found that the proportion of activated nasal CD11b**
neutrophils negatively correlated with pneumococcal carriage density
in PLHIV-ART >1 year, suggesting a potential contribution to carriage
density control without clearance (Fig. 7c). No such correlations were
observed in the HIV-adults or PLHIV-ART <3 months groups. Mono-
cyte abundance did not correlate with carriage density in any group
(Fig. 7d). Using blood neutrophils as a surrogate of infiltrating nasal
neutrophil functional capacity, we observed that the phagocytic
capacity was similar regardless of carriage status across all groups
(Fig. 7e), but the neutrophil oxidative burst capacity was significantly
lower in carriage-positive PLHIV-ART >1 year compared to their
carriage-negative counterparts (Fig. 7f). This impaired neutrophil

oxidative burst capacity was not observed in HIV-adults or PLHIV-
ART <3 months. Collectively, these data support an association
between persistent nasal neutrophilic inflammation, functional
impairment and potential increased susceptibility to pneumococcal
carriage in PLHIV-ART >1 year.

Discussion
Despite long-term viral suppression with ART PLHIV remain dis-
proportionately vulnerable to respiratory infections, including S.
pneumoniae". Our findings show that ART does not fully recon-
stitute upper respiratory mucosal immunity. In PLHIV on ART for
longer than 1 year, we observed a distinct nasal immune profile
characterised by sustained neutrophilic inflammation, repro-
grammed epithelial-immune signalling and transcriptional sig-
natures of T cell exhaustion and cellular senescence. These immune
perturbations were associated with increased pneumococcal car-
riage, offering potential mechanistic insight into the persistent risk
of pneumococcal carriage®* and potentially invasive pneumococcal
disease'” in this population.

A central finding was the expansion of nasal neutrophils in PLHIV-
ART >1 year, enriched for mitochondrial stress and SASP-related
gene programmes. Notably, SASP-related inflammation can
perpetuate neutrophil recruitment through paracrine mechanisms*°,
suggesting the presence of a chronic, self-reinforcing inflammatory
circuit in the nasal mucosa of PLHIV. Our cell-to-cell communication
analyses identified epithelial cells as key orchestrators of this
altered mucosal state. Moreover, neutrophils exhibited diminished
oxidative burst in peripheral blood, especially in pneumococcal
carriers. Considering that neutrophils are generally short-lived
and that nasal neutrophils likely traffic from peripheral blood, it
is plausible to assume that the defective neutrophilic oxidative
function extends to nasal neutrophils. This is consistent with
prior reports linking neutrophil dysfunction in HIV to increased
susceptibility to secondary infections* and those linking peripheral
neutrophil dysfunction to pneumococcal nasopharyngeal carriage
susceptibility”. In PLHIV-ART>1 year, epithelial subsets expressed
higher levels of neutrophil-activating ligands genes***¢, such as
CXCL1, MIF and ADGRES5, potentially sustaining recruitment of
functionally compromised neutrophils. These ligand-receptor
interactions were attenuated or absent in HIV-uninfected adults,
suggesting that HIV-associated epithelial reprogramming may be
a persistent consequence of chronic immune activation or
microbial exposure. Given the known impact of HIV on mucosal
barrier integrity and the influence of cotrimoxazole prophylaxis in
PLHIV on microbiota composition*, epithelial inflammation may
reflect both direct and indirect consequences of HIV infection. How-
ever, while we used peripheral neutrophils as a surrogate, direct
assessment of mucosal neutrophil function remains an important
future direction.

Surprisingly, we did not detect corresponding increases in cano-
nical proinflammatory cytokines and chemokines across study groups.
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It is plausible that chemokine activity is spatially restricted or tempo-
rally dynamic, thus, not fully captured by bulk single-timepoint nasal
lining fluid measurements. However, neutrophil chemo-attractants
correlated positively with neutrophil abundance in HIV-uninfected
adults, consistent with physiological recruitment patterns**2. By
contrast, this correlation was absent in ART-treated PLHIV, potentially
indicating dysregulated chemotactic signalling or compensatory

ART<3m ART>1yr

epithelial-derived pathways. Further spatially resolved and long-
itudinal studies are needed to ascertain the recruitment pathways
sustaining mucosal neutrophilia in ART-treated PLHIV.

We also observed transcriptional evidence of T cell exhaustion,
senescence and apoptosis in the nasal mucosa of PLHIV, particularly
in those on long-term ART. This immune profile mirrors observa-
tions from gastrointestinal®*** and pulmonary tissues®*** in HIV and
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Fig. 3 | Single-cell transcriptional profiling of nasal mucosal cells in HIV
infection. Nasal cells from HIV-uninfected adults (HIV-adults, n=3), PLHIV on ART
for <3 months (PLHIV-ART < 3 months, n=3) and PLHIV on ART for >1 year (PLHIV-
ART >1year, n = 5) were processed for single-cell RNA sequencing using the 10x
Genomics 5’ platform. After quality control and normalisation, 22,119 cells were
analysed using the Seurat pipeline with Harmony integration. a UMAP visualisation
of all nasal cells coloured by major cell types. b Distribution of major cell clusters
across study groups. ¢ Violin plots showing expression of canonical marker genes
used for broad cell-type identification. d UMAP visualisation of 4099 immune cells
coloured by fine-grained immune cell annotations. e Bar plot showing the

distribution of immune cell subsets across study groups. f Box plots comparing
neutrophil abundance among HIV-, PLHIV-ART < 3 months and PLHIV-ART >1 year
groups. Box plots show the interquartile range (25th-75th percentiles). The bold
horizontal line inside each boxplot indicates the median. Whiskers extend to the
smallest and largest values within 1.5x the interquartile range (IQR) from the lower
and upper quartiles, respectively. Individual points beyond the whiskers denote
outliers. Cell type: NK natural killer cells; Mono monocytes; Mac macrophages; DCs
dendritic cells. Statistical significance was determined using the two-sided Wil-
coxon rank-sum test; P < 0.05 was considered significant.
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Fig. 4 | Enhanced epithelial-neutrophil communication in PLHIV on long-
term ART. Epithelial-to-neutrophil ligand-receptor interactions were inferred using
the Multinichenet framework to model intercellular communication. a Circos plots
illustrating significant epithelial cell-to-neutrophil communication networks in HIV-
uninfected adults (HIV-adults), PLHIV on ART for <3 months (PLHIV-

ART <3 months) and PLHIV on ART for >1year (PLHIV-ART > 1 year). Shown are top-
ranked ligand-receptor pairs with adjusted P < 0.05 and expression in >10% of

PLHIV-ART>1yr

Legend
Receiver
Neutrophils
Sender

M Basal.cells

[ Ciliated.cells
Goblet.cells
Neutrophils
Secretory.cells

M Squamous.cells

Goblet cells Squamous cells
1.24 p = 6.06e-05 1.0 =0.008
. Pp=522e67 _ p=861e05
5 5
D 0.8+ p=1.29e-28 ] p =8.33e-09
1] $0.8-
S S
X >
i} ww
2 044 e
B 8 0.4
= =
2 2
o 0.0 o}
0] [O]
0.0
-0.4-
HV-  PLHIV  PLAIV HV-  PLHIV  PLAIV

ART<3m ART>1yr ART<3m ART>1yr

cells. Gene module scores representing average expression of neutrophil
recruitment-associated ligand-receptor pairs in epithelial subsets: b basal cells;

c ciliated cells; d goblet cells; e squamous cells; f secretory cells. Scores were
calculated using the AddModuleScore function in Seurat v5, based on expression of
curated neutrophil-recruitment gene sets versus randomly selected control genes.
Statistical differences were assessed using Holm-adjusted two-sided Wilcoxon
rank-sum tests; adjusted P < 0.05 was considered significant.

likely reflects incomplete mucosal immune restoration. It is also
consistent with observations in peripheral blood, where a more
proinflammatory transcriptome state in T cells remained during
ART®. Moreover, the upregulation of apoptotic and senescence

pathways in nasal T cells from PLHIV also highlights the broad
immune dysregulation influenced by SASP****=% T cells play an
important role in the host response to HIV infection and S.
pneumoniae® **, Therefore, these altered T cell states may further
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contribute to suboptimal control of local bacterial burden, though
functional validation of these cells remains necessary.

Importantly, our study provides evidence of a strong
association between mucosal inflammation, specifically neutrophilic
abundance and dysfunction and pneumococcal carriage. Among
PLHIV-ART >1 year, carriage prevalence and density were significantly
higher in individuals with increased nasal neutrophil abundance
and reduced oxidative function. This association was not observed
in HIV-uninfected adults or recently treated PLHIV, suggesting
that long-term ART may promote a chronic inflammatory niche

conducive to pneumococcal colonisation. Inflammatory mucosal
environments are known to alter epithelial glycosylation patterns
and increase the availability of host-derived nutrients such as sialic
acids, promoting S. pneumoniae adherence, colonisation and
outgrowth® ¢, Moreover, pneumococcus can amplify inflammation
through epithelial activation®’, suggesting a bidirectional
relationship. The inability of neutrophils in PLHIV-ART>1 year to
resolve carriage despite increased abundance suggests functional
alteration, possibly driven by chronic SASP signalling or microbial
persistence.
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Fig. 5 | Neutrophils from PLHIV on long-term ART upregulate senescence-
associated secretory phenotype (SASP) and exhibit impaired oxidative capa-
city. Differential gene expression analysis was performed on neutrophils using the
MAST algorithm via the FindMarkers function in Seurat. Volcano plots showing
differentially expressed genes in neutrophils comparing: a PLHIV-ART >1 year vs.
HIV-uninfected adults (HIV-adults); b PLHIV-ART < 3 months vs. HIV"; ¢ PLHIV-
ART >1 year vs. PLHIV-ART < 3 months. d Dot plot showing gene co-expression
modules enriched in neutrophils from HIV", ART <3 months and ART >1 year
groups, calculated using CEMiTool. Dot colour reflects normalised enrichment
score (NES), while size corresponds to —logio(adjusted P value) and intersection
size with Reactome pathways. Bar graphs of the top 10 significantly enriched
pathways from overrepresentation analysis in e Module 1 (M1), overexpressed in
PLHIV-ART >1 year; and f Module 2 (M2), overexpressed in PLHIV-ART < 3 months.
g-j Gene module scores for immune-related KEGG pathways enriched in neu-
trophils, stratified by study group. k-i Functional assessment of neutrophils using:

k phagocytic index (HIV-, n =25; PLHIV-ART < 3 months, n =19; PLHIV-ART > 1 year,
n=22); 1 oxidative index (HIV-, n=24; PLHIV-ART < 3 months, n=19; PLHIV-ART >1
year, n=20). Indices were calculated by multiplying the frequency of neutrophils
that internalised or oxidised beads with their corresponding median fluorescence
intensity (MFI). Box plots show the interquartile range (25th-75th percentiles). The
bold horizontal line inside each boxplot indicates the median. Whiskers extend to
the smallest and largest values within 1.5x the interquartile range (IQR) from the
lower and upper quartiles, respectively. Individual points beyond the whiskers
denote outliers. Statistical significance was determined using Holm-adjusted two-
sided Wilcoxon rank-sum tests; P< 0.05 was considered significant. SASP
senescence-associated secretory phenotype; NES normalised enrichment score;
-logl0 Adj.p-value, -loglO of Holm adjusted p-value; IFN signalling, interferon
signalling; MHC1 APC major histocompatibility complex class-1 antigen-present-
ing cells.

While our cross-sectional study cannot infer causality, the con-
sistent link between inflammation and pneumococcal carriage, com-
bined with reduced neutrophil function, supports a model in which
chronic mucosal inflammation undermines host pneumococcal clear-
ance. These findings echo experimental human carriage studies, where
inflammation similarly increased susceptibility to colonisation*%, Our
data suggest that such vulnerability extends to PLHIV, despite immune
reconstitution at the systemic level. This study is strengthened by its
integration of flow cytometry, single-cell transcriptomics and neu-
trophil function assays in a well-characterised cohort stratified by ART
duration. However, several limitations must be acknowledged. Single-
cell analyses were conducted on a limited sample size, potentially
underpowering the detection of rare cell subsets. Functional studies
were restricted to blood-derived neutrophils and the sample size was
smaller, likely underpowering subgroup analysis. Direct assessment of
mucosal neutrophils remains an important future direction. We also
lacked assessment of microbial community composition, which may
shape mucosal immunity and carriage risk.

In conclusion, our findings uncover a persistent mucosal
immune signature in PLHIV on long-term ART, marked by epithelial-
driven neutrophilic inflammation, neutrophil senescence and T cell
dysfunction, that associates with increased susceptibility to pneu-
mococcal carriage. These findings highlight the need for immune
interventions beyond systemic viral control, including strategies to
reprogramme epithelial-immune interactions, enhance neutrophil
function, or interrupt chronic SASP signalling using
senotherapeutics®®. Addressing mucosal immune dysfunction may
be critical for reducing respiratory pathogen burden in this
population.

Methods

Study design

The study was a cross-sectional observational cohort design, con-
ducted between September 2021 and December 2023 and aimed to
assess upper airway mucosal immune responses in PLHIV at different
stages of ART. Healthy adults aged 18-45 years were recruited from
Queen Elizabeth Central Hospital Lighthouse HIV Clinic and Blantyre
District Office Gateway Clinic in Blantyre, Malawi, during routine HIV
or ART clinics and from surrounding communities following commu-
nity engagement activities. Participants were stratified into three
groups: (1) HIV-uninfected adults, (2) PLHIV on ART for less than
3 months (PLHIV-ART < 3 months) and (3) PLHIV on ART for more than
1 year (PLHIV-ART >1 year). HIV status for PLHIV on ART was self-
reported and confirmed in the health passport book (a personal health
record), for the HIV-uninfected individuals, this was confirmed using a
standard HIV rapid test protocol (2 independent rapid tests). ART
duration and regimen were confirmed using official clinic records and
ART adherence was confirmed via official clinic pharmacy refill
records. In addition, viral control was confirmed using plasma viral

load suppression. Exclusion criteria included any signs or symptoms of
acute illness, chronic medical conditions, active SARS-CoV-2 infection
using polymerase chain reaction (PCR), or self-reported SARS-CoV-2
infection within the preceding 14 days. Participants were screened in
accordance with local clinical protocols.

Nasal sample collection

Nasal cells were collected by gently scraping the nasal inferior turbi-
nate using curettes (Rhino-Pro, Arlington Scientific). Two curettes per
nostril were transferred into cold RPMI 1640 medium supplemented
with 10% Fetal Bovine Serum (Sigma-Aldrich), 1% HEPES (Fisher Sci-
entific) and 1% Penicillin and Streptomycin (Fisher Scientific), trans-
ported on ice and processed within 30 min. All samples with visible
blood or mucus contamination were excluded from the analysis. For
flow cytometry analysis, cells were dislodged by pipetting liquid up
and down the tip of the curette, centrifuged at 500 x g for 10 min at
4 °C. The supernatant was completely removed and cells were resus-
pended in 500 pl of PBS (Fisher Scientific). Nasal lining fluid was col-
lected using a synthetic absorptive matrix (Hunt Development (UK)
Itd) and eluted with 200 pL PBS (Fisher Scientific), then centrifuged at
1500 x g for 10 min. The eluate was stored at —80 °C until the day of the
analysis. The full list of reagents has been provided in Supplementary
Table S2.

Flow cytometry and immunophenotyping

Dislodged nasal cells were centrifuged (500 x g, 5 min), resuspended in
PBS and stained with Far Red viability dye (1:500) (Thermo Fisher
Scientific) and a panel of fluorochrome-conjugated antibodies. Anti-
bodies included markers for lymphocytes (CD3, CD4, CD8, CD56,
CD161, TCRva7.2 and TCRYS), neutrophils (CD66b, CD63, CD10, CD11b
and CD62L), monocytes (CD14) and epithelial cells (EpCAM). Cells and
compensation tubes were acquired using a BD LSRFORTESSA™ cyt-
ometer (BD Biosciences). A minimum of 50,000 total events was
acquired per sample and FlowJo v10.10.0 (BD Biosciences) was used
for analysis. The full list of reagents has been provided in Supple-
mentary Table S2.

Ex vivo neutrophil bead-based phagocytosis and oxidation assay
We adapted a previously described bead-based assay to assess the
phagocytosis and oxidative capacity of peripheral blood neutrophils
35,37. The assay uses silica beads derivatised with a calibration fluor-
ochrome (Alexa 405-SE) and the fluorogenic reporter substrate Oxy-
burst Green, succinimidyl ester (OGSE) (Molecular Probes, Eugene,
OR) to measure superoxide burst. When the beads are internalised by
neutrophils, they gain fluorescence intensity proportional to the
degree of oxidative burst activity in the phagosome. In brief, 100 pL of
peripheral blood was stimulated with 10 ng/mL LPS and co-incubated
with 120 pL of IgG-coated silica beads. Samples were incubated in the
dark at 37 °C for 45 min on a shaker at 250 rpm. The samples were then
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Fig. 6 | Persistent HIV-associated transcriptional alterations in nasal T cells
during long-term ART. Differential gene expression analysis was performed on
nasal T cells using the MAST algorithm via Seurat’s FindMarkers function. Volcano
plots showing differentially expressed genes in T cells comparing: a PLHIV-ART >1
year vs. HIV-uninfected adults (HIV-adults); b PLHIV-ART <3 months vs. HIV~;

¢ PLHIV-ART >1 year vs. PLHIV-ART < 3 months. d Dot plot showing co-expression
gene modules enriched in T cells across study groups, identified using CEMiTool.
Dot size represents —logio(adjusted P value) and colour denotes normalised
enrichment score (NES). Bar plots of the top 10 enriched pathways in e Module 1

(M1), overexpressed in PLHIV-ART >1 year and f Module 2 (M2), overexpressed in
PLHIV-ART <3 months, based on gene set overrepresentation analysis (ORA) using
Reactome pathways. Gene module scores for key immunological pathways in nasal
T cells, grouped by HIV status: g exhaustion and senescence-associated genes;

h activation-related genes; i intrinsic apoptosis genes; and j extrinsic apoptosis
genes. Statistical comparisons were performed using a Holm-adjusted two-sided
Wilcoxon rank-sum tests; P < 0.05 was considered significant. NES normalised
enrichment score; -logl0 Adj. p-value, —logl0 of Holm-adjusted p-value.

washed with 500 pL pf PBS to remove the unphagocytosed beads. The
supernatant was carefully discarded and samples were stained with
live/dead amine-reactive dye for 15min in the dark, followed by
staining with a cocktail of fluorochrome-conjugated antibodies (CD45
PerCP/Cy5.5, CD66b PE and CD16 PE/Cy7; all from Biolegend). Red
blood cells were lysed with 2 mL of 1X BD FACS Lysing Solution and
samples were washed twice with 500 pL of PBS. Samples were resus-
pended in FACS buffer and analysed using a BD LSRFortessa™ flow
cytometer equipped with FACSDiva software version 8 (BD Bios-
ciences). Data were processed using Flowjo version 10.10.0 (BD Bios-
ciences). The Phagocytic Index was calculated by multiplying the
proportion of Alexa 405" cells with a median fluorescence intensity of

Alexa 405, while the Oxidative Index was calculated by multiplying the
proportion of OGSE® cells with a median fluorescence intensity
of OGSE.

Streptococcus pneumoniae culture and quantitation

Nasopharyngeal swabs were tested for the presence of S. pneumo-
niae using World Health Organisation standardised microbiological
culture®>®’. Briefly 20 pL of the sample was diluted in a 1:10 dilution
using sterile PBS and plated on sheep blood agar (SBG) with genta-
micin. The plates were incubated overnight at 37 °C in 5% CO,.
Pneumococcal isolates were identified by their colony morphology
(alpha-haemolytic on blood agar) and optochin disc susceptibility
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Fig. 7 | Nasal inflammation is associated with pneumococcal carriage in PLHIV
on long-term ART. Nasal cells were collected using a Rhinoprobe and stained with
fluorochrome-conjugated antibodies to identify neutrophils (CD66b*), monocytes
(CD14*) and epithelial cells (EpCAM®). Neutrophil and monocyte abundance was
calculated as the ratio of immune cells to epithelial cells. Pneumococcal carriage
and density were determined from nasopharyngeal swabs using standard culture
methods and Miles and Misra plating. Functional neutrophil activity was assessed
by measuring peripheral blood phagocytic and oxidative capacity following ex vivo
stimulation with lipopolysaccharide (LPS) and incubation with IgG-coated fluor-
escent silica beads. Phagocytosis and oxidation indices were computed as the
product of median fluorescence intensity (MFI) and the frequency of bead-positive
neutrophils. a, b Violin plots comparing nasal neutrophil and monocyte abundance
in pneumococcal carriage-negative (HIV-, n=22; PLHIV-ART <3 months, n=15;

PLHIV-ART >1year, n=21) and carriage-positive (HIV-, n = 5; PLHIV-ART < 3 months,
n=9; PLHIV-ART >1 year, n=12) individuals stratified by HIV status and ART
duration. Scatter plots showing correlation between nasal pneumococcal carriage
density and ¢ CD11b** neutrophil frequency (HIV-, n =25; PLHIV-ART < 3 months,
n=18; PLHIV-ART >1 year, n=34); d monocyte abundance (HIV-, n=38; PLHIV-
ART <3 months, n =31; PLHIV-ART >1 year, n=45). Error bars show the 95% con-
fidence interval around the fitted mean. Violin plots comparing peripheral blood
neutrophil e phagocytosis index and f oxidation index in carriage-negative (HIV-,
n=16; PLHIV-ART < 3 months, n=12; PLHIV-ART >1 year, n="7) and carriage-
positive (HIV-, n=9; PLHIV-ART < 3 months, n=7; PLHIV-ART >1 year, n=15) indi-
viduals. Statistical significance was assessed using a Holm-adjusted two-sided Wil-
coxon rank-sum tests; P< 0.05 was considered significant.

(Oxoid). Isolates with no or intermediate resistance (zone diameter
>14 mm) to optochin were further confirmed using the bile solubility
test. Individuals positive for S. pneumoniae were designated as car-
riage positive, while those without were designated as carriage
negative. Pneumococcal density was determined by serial
dilution***’° culture on SBG and reported as colony-forming units
per millilitre.

Multiplex cytokine assay

Proinflammatory cytokines (IFN-y, IL-1f, IL-2, IL-4, IL-6, IL-8, IL-10, IL-
12p70, IL-13 and TNF-a) were quantified in nasal lining fluid using a
Mesoscale Discovery 10-plex immunoassay. Following blocking and
sample incubation, plates were washed and developed with SULFO-
TAG detection antibodies. Signals were read using MESO® QuickPlex
SQ 120 MM. Assay details followed the manufacturer’s instructions.
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Samples below the assay detection limit were given the minimum value
for that specific target.

RT-qPCR for detection of respiratory viruses

For respiratory virus detection, nucleic acid was extracted from 50 pL
of nasal lining fluid samples using the QlAamp Viral RNA Mini Kit
(Qiagen, Germany), following a column-based protocol. The process
included lysis with Buffer AVL, ethanol precipitation, binding to silica
columns, washing with AW1 and AW2 buffers and elution with 50 uL of
Buffer. Respiratory viruses were detected using reverse transcription
gPCR (RT-gPCR) targeting the following: respiratory syncytial virus,
influenza A virus, HRV, influenza B virus, parainfluenza virus types 1-4
(HPIV), human metapneumovirus, adenovirus, enterovirus and human
bocavirus. Reactions were conducted using Luna Universal Probe one-
step RT-qPCR Kit (New England Biolabs, E3006S) in a 20 uL volume,
with 5 uL of extracted viral RNA/DNA. Cycling conditions were 52 °C for
10 min, 95 °C for 2 min, followed by 45 cycles of 95 °C for 10 s and 55 °C
for 30 s. Viral positivity was defined as Ct <38. Positive and negative
controls were included in each run.

Myeloperoxidase (MPO) enzyme-linked immunosorbent

assay (ELISA)

MPO levels in nasal lining fluid were quantified using a commercial
ELISA kit (Invitrogen, UK; BMS2038INST) according to the manu-
facturer’s instructions. Samples stored at —80 °C were thawed, diluted
1:50 and added in duplicate to pre-equilibrated wells. After 3h of
incubation at room temperature with agitation, plates were washed,
developed with TMB substrate and the reaction was stopped after
10 min. Absorbance was read at 450 nm. Duplicate readings with >20%
variation were excluded. MPO concentrations were interpolated from
standard curves using MyAssays.com.

Single-cell library preparation

Participants for scRNA-seq were randomly recruited using the same
recruitment criteria and process as the other participants. Only sam-
ples with an initial cell count greater than 200,000 cells, no visible
mucus and no blood contamination were included and further pro-
cessed for single-cell library preparation. Single-cell RNA libraries were
generated from freshly isolated nasal curette samples, collected from
both nostrils, using the Chromium Next GEM Single Cell 5 Reagent Kit
v2 and Chromium Controller (10x Genomics) according to the manu-
facturer’s protocol. Nasal cells were dislodged from the curette,
washed in FACS buffer (PBS with 3% FBS, 5mM EDTA and 32 U/mL
DNase I) by centrifugation at 400 x g for 5 min and the supernatant was
discarded. Cells were resuspended in 1 mL of PBS with 3% FBS, filtered
through a 40-um FlowME filter and 10,000-16,000 cells with >80%
viability were loaded into microfluidic chips to generate gel beads-in-
emulsion.

Purified cDNA was quantified using Qubit 4.0 (Thermo Fisher
Scientific) and its size distribution assessed using Agilent High Sensi-
tivity D5000 ScreenTape on a TapeStation 4200 system. Libraries were
constructed by fragmentation, end-repair, A-tailing, adaptor ligation
and index PCR. Final libraries were quantified and quality-checked,
then sequenced on an lllumina NextSeq2000 platform (150 bp paired-
end reads) to a depth of >50,000 reads per cell. Library sequencing
was performed by Glasgow Polyomics (University of Glasgow, UK).

Single-cell RNA-seq data processing and analysis

Fastq files were processed using Cell Ranger (v8.0.1, 10x Genomics)
and mapped to the human reference genome (GRCh38), including
intronic reads to capture unspliced transcripts. The cell ranger count
pipeline performed alignment, barcode demultiplexing and UMI
counting, generating gene expression matrices for each sample. The
quality metrics for each sample have been summarised in a single cell

metrics table (Supplementary Data 3) and the raw data files, including
fastq files and processed data, have been deposited in the NCBI's Gene
Expression Omnibus and are accessible through the GEO accession
number GSE296893. Downstream analysis was conducted in R (v4.4.1)
using Seurat (v5.0.1). Cells with fewer than 200 detected genes or >30%
mitochondrial gene expression were excluded. Genes expressed in
fewer than 3 cells were removed. Samples were merged and normal-
ised using the SCTransform() function, selecting the top 2000 variable
genes for downstream clustering and batch effects across samples
were corrected using Harmony.

Principal component analysis was performed for dimensionality
reduction, followed by clustering using a shared nearest neighbour
modularity optimisation algorithm and visualised via UMAP. Cell types
were annotated using canonical marker genes and validated with
automated label transfer from the Human Lung Cell Atlas via SingleR
and Azimuth. Differential expression analysis was performed using the
MAST or DESeq?2 function in Seurat. Cell-to-cell communication net-
works were inferred using Multinichenet(), prioritising significant
receptor-ligand interactions across epithelial and immune subsets.

Gene module enrichment and overrepresentation analyses were
performed using CEMiTool (Bioconductor), integrating tran-
scriptomic data with curated interactomes. Gene set enrichment ana-
lysis identified statistically enriched pathways associated with group-
specific modules. All visualisations were generated in R using the
ggplot2 and ComplexHeatmap packages.

Ethics statement

This study was conducted in accordance with the Declaration of Hel-
sinki and adhered to all relevant ethical regulations. Ethical approval
was granted by the National Health Science Research Committee
(protocol #21/24/2680, Malawi) and the Liverpool School of Tropical
Medicine Research Ethics Committee (protocol #21-035, UK). All par-
ticipants provided written informed consent prior to enrolment and
were compensated for their time according to established ethical
guidelines.

Statistical analysis

All statistical analyses were conducted in R version 4.4.1. Unless
otherwise specified, comparisons between groups were performed
using non-parametric tests (the Wilcoxon test or Kruskal-Wallis test).
Categorical data were analysed using Fisher’s exact test. Correlation
analyses were performed using Spearman’s rank correlation coeffi-
cient. For single-cell transcriptomic data, differential expression was
assessed using MAST or DESeq2 as applied in Seurat FindMarkers()
function. Multiplex cytokine data were log-transformed before analy-
sis to approximate normality. Where appropriate, p-values were
adjusted for multiple testing using the Benjamini-Hochberg false
discovery rate method. A two-sided p < 0.05 was considered statisti-
cally significant. Statistical approaches and sample sizes for each
analysis are detailed in the relevant figure legends and Supplementary
Information.

Data availability

The source data generated in this study have been deposited in the
GitHub repository and are accessible through https://doi.org/10.5281/
zenodo.17580059. The raw single-cell sequencing fastq files and single-
cell processed data have been deposited in the NCBI's Gene Expression
Omnibus and are accessible through the GEO accession number
GSE296893.

Code availability

Manuscript code and R script that were used to analyse the datasets
are available in the GitHub repository https://github.com/japhiri/HIV-
PAPER/tree/main.
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