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Alveolar macrophages from persons with
HIVmount impaired TNF signaling networks
to M. tuberculosis infection

Khanyisile Kgoadi 1,5, Prashant Bajpai1,5, Chris C. Ibegbu1,
Hedwin Kitdorlang Dkhar1, Ana Beatriz Enriquez1, Stanzin Dawa1,
Sushma K. Cribbs 2,3,6 & Jyothi Rengarajan 1,4,6

People living with HIV (PLWH) have an increased risk for developing tuber-
culosis afterM. tuberculosis infection, despite anti-retroviral therapy (ART). To
delineate the underlying mechanisms, we conducted single cell tran-
scriptomics on bronchoalveolar lavage cells from PLWH on ART and HIV
uninfected healthy controls infected with M. tuberculosis ex vivo. We identify
an M1-like proinflammatory alveolar macrophage subset that sequentially
acquires TNF signaling capacity in controls but not in PLWH. Cell-cell com-
munication analyses reveal interactions between M1-like macrophages and
effector memory T cells within TNF superfamily, chemokine, and costimula-
tory networks in the airways of controls. These interaction networks were
lacking in PLWH infectedwithM. tuberculosis, where anti-inflammatoryM2-like
alveolar macrophages and T regulatory cells dominated along with dysregu-
lated T cell signatures. Our data support a model in which impaired TNF-TNFR
signaling, M2-like alveolar macrophages and aberrant macrophage-T cell
crosstalk, lead to ineffective immunity to M. tuberculosis in PLWH on ART.

Tuberculosis (TB), caused by lung infection with Mycobacterium
tuberculosis (Mtb), is the leading cause of mortality in people living
with human immunodeficiency virus (HIV) and accounts for an
estimated 6.3% of TB cases and 167,000 deaths in 2022 alone1.
Globally, persons living with HIV (PLWH) are about 20-fold more
likely to develop TB compared to those living without HIV2–4. Anti-
retroviral therapy (ART) has led to significant improvements in
clinical outcomes for PLWH by decreasing HIV viral loads to near
undetectable levels and restoring CD4 T cell counts5,6. However,
despite successful ART treatment, PLWH on ART continue to have a
4-fold higher risk of developing TB compared to HIV uninfected
persons7. The higher rates of TB and other opportunistic respiratory
infections in PLWH on ART, despite restoration of CD4:CD8 ratios,
suggest that pulmonary immune responses in PLWH remain

defective and are unable to provide protection against respiratory
pathogens such as Mtb.

Alveolar macrophages (AMs) are the major immune cell type
present in the upper respiratory tract. AMs play critical roles in host
defense by maintaining homeostasis in lung tissue, where they are
prevented from being continuously activated by receiving inhibitory
signals8–11 and are the first cells to encounter and become infected by
Mtb12–14. Upon phagocytosis of microbes, AMs rapidly mount pro-
inflammatory and antimicrobial responses and shape the nature of
protective T cell immunity15,16. However, wehave a poor understanding
of whether AMs from PLWH are compromised in mounting immune
defense against Mtb. A number of observational studies and clinical
trials have shown that systemic residual inflammationpersists in PLWH
on ART despite suppressed viral loads17–19. AMs from PLWH have been
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found to harbor proviral HIV DNA and even HIV RNA, regardless of the
presence of detectable plasma HIV RNA20. Moreover, PLWH showed
lower levels of reduced glutathione and increased H2O2 and NADPH
oxidase enzymes21 in bronchoalveolar lavage (BAL) compared to per-
sons without HIV, suggesting heightened oxidative stress in the lungs
of PLWH. Interestingly, AMs from PLWH on ART infected with Mtb
were reported to have limited changes in chromatin accessibility
compared to persons without HIV, suggesting that AMs from PLWH
have altered epigenetic responses to Mtb infection22. We sought to
further investigate AM functions in PLWH via high-dimensional flow
cytometric immunophenotyping and single cell transcriptional pro-
filing of BAL cells from PLWH and HIV-uninfected healthy controls
(HC), both at baseline and in response to ex vivo Mtb infection.

Here, we show that PLWH and HC exhibit significant differential
gene expression acrossmultiplemyeloid and lymphoid subsets in their
airways following Mtb infection. We identify an M1-like AM subset in
HC that sequentially acquires TNF signaling capacity following Mtb
infection and promotes crosstalk with CD4 and CD8 effector memory
T cell networks. In contrast, PLWH induce IL-10-expressingM2-like AM
subsets upon Mtb infection and promote interactions with the
immunosuppressive receptor CD200R. Overall, our studies suggest a
model in which poor AM-T cell crosstalk in the lung compartments of
PLWH on ART leads to aberrant immune responses to Mtb in PLWH.

Results
Comparable distribution of immune cell populations in
bronchoalveolar compartments frompeople livingwithHIV and
healthy controls
To characterize the immune cells in the bronchoalveolar compart-
ments of PLWH on ART and HIV-uninfected persons and to study their
responses to Mtb infection, we enrolled two groups of study partici-
pants: PLWH on ART and HIV-uninfected healthy controls (HC). We
collected bronchoalveolar lavage fluid (BALF) samples from PLWH on
ART (n = 7) and HC (n = 9). Table 1 shows the demographic character-
istics of study participants enrolled in the study. All PLWH were stable
on ART with median CD4 counts of 493 cells/ul; interquartile range
(IQR) (271–833); and all the participants had undetectable HIV viral
load. BAL cells isolated from the BALF of participants from HC and
PLWH on ART were used for immunophenotyping at baseline and
infected with Mtb for single-cell transcriptomics (10X Genomics) and
analysis of immune function by high-dimensional flow cyto-
metry (Fig. 1A).

To determine the composition of immune cell populations in BAL
cells from HC and PLWH on ART, we performed comprehensive
immunophenotyping using multiparameter flow cytometry (Fig. 1B
and Supplementary Fig. 1). Alveolar macrophages (AMs) were the
predominant immune cells in BAL cells from both groups, with a
median of 78.6% (IQR: 67.2–90.0) in HC and 75.1% (IQR: 61.5–76.1) in
PLWH, as expected (Supplementary Table 1). Other notable immune

cell types included CD4 T cells, CD8 T cells, monocytes, neutrophils,
and epithelial cells; however, we did not observe any significant dif-
ferences in the frequencies of these cell types between the two
groups (Fig. 1C).

Single cell transcriptional profiling reveals global transcrip-
tional changes across multiple cell types in response to Mtb
We sought to investigate the transcriptional responses of AMs and
other BAL cells from PLWH and HCs to ex vivo infection with Mtb by
carrying out single cell transcriptomic profiling (scRNA-seq;10X
Genomics) at baseline (no infection) and after infection with Mtb
H37Rv at an MOI of 2 for 4 h. After this time, cells were collected for
bacterial enumeration and processing for ScRNA-seq. After plating
intracellular Mtb, colony forming units (CFUs) were 1 × 106 (IQR:
0.5 × 106–1.37 × 106) inHCand 1.25 × 106 (IQR: 0.4 × 106–2.12 × 106)CFU/
ml in PLWH, demonstrating that bacterial loads were comparable
between the two groups. After alignment and preprocessing of the
ScRNAseq data, we obtained an average of 3362 cells per sample,
yielding a total of 57,160 cells. Uponmapping sequences to theHuman
Primary Cell Atlas reference dataset, we identified 12 distinct cell
populations (Supplementary Fig. S2A): alveolar macrophages
(MACRO+, CD68 +, FCGR3A+), monocyte derived macrophages
(MACRO+, SIGLEC5−), neutrophils (S100A8+, S100A9+), dendritic cells
(CD1C+, CD207 +), monocytes (LYZ +), CD4 T cells (CD3D+, CD3E +,
CD4 +), CD8T cells (CD3D+, CD3E +, CD8A+), gammadelta T cells (CD3E +,
CD3G +), T-regulatory cells (FOXP3 +), B cells (MA4A1 +, CD79A +), NK
cells (GNLY +, PRF1 +) and epithelial cells (MUC5AC +). Cell types pro-
jected in two dimensions using UniformManifold Approximation and
Projection (UMAP) are shown in Fig. 2A. Cell populations were further
validated using canonical gene expression markers (Supplementary
Fig. 2A). Overall, the cell types identified by scRNA-seq are consistent
with our flow cytometry data (Fig. 1B and Supplementary Fig. 2B).
Notably, after Mtb infection, in AMs from both HC and PLWH, we
identified AM clusters that were distinct from the AM clusters in the
Mtb-uninfected groups (Supplementary Fig 2C), demonstrating that
Mtb infection leads to significant changeswithin theAMcompartment.

We next sought to identify genes whose expression varied sig-
nificantly across the four groups (HC, PLWH, HC +Mtb, and PLWH+
Mtb) and across the different cell types. A heatmap of the top differ-
entially expressed genes indicates that the greatest differences
between PLWH and HC occurred following Mtb infection, across
multiple cell types (Fig. 2B). We then performed differential gene
expression analysis to identify genes that were upregulated or down-
regulated in PLWH versus HC, in the presence or absence of Mtb,
across all cell subsets. Using cutoff criteria of foldchange greater than
1.3 or less than−1.3 andadjustedp value < 0.05,we founda totalof 1105
differentially expressedgenes (DEGs) inHC +Mtb compared toHCand
902 DEGs in PLWH+Mtb compared to PLWH group (Fig. 2C). Of the
total DEGs, 710were commonbetween theHC+Mtb and PLWH+Mtb,
while 395 and 192 genes were unique to HC +Mtb and PLWH+Mtb
respectively (Fig. 2C and Supplementary Fig. 2D). Pathway enrichment
analysis of common and unique DEGs across all cell types indicated
that while both HC and PLWH showed positive enrichment ofmultiple
pathwaysuponMtb infection, includingTNF signaling viaNFκB, and IL-
1 signaling, enrichment of many of these these pathways were lower in
PLWH+Mtb compared to HC+Mtb (Fig. 2D).

Altered alveolar macrophage and T cells profiles in PLWH on
ART following Mtb infection
To further evaluate how Mtb infection impacts the transcriptional
profiles of themain innate and adaptive cell types from PLWH and HC,
we compared the DEGs between PLWH and HC in the following major
cell types: AMs, monocytes, CD4 T, CD8 T, and NK cells, at both
baseline and after Mtb infection. Using cutoff criteria of foldchange ≥
1.3 or ≤−1.3 and adjusted p value < 0.05, we found 50 genes to be

Table 1 | Clinical characteristics of healthy controls (HC) and
people living with HIV (PLWH)

HC (n = 9) PLWH (n = 7)

Age (median, range) 60 (30–73) 58 (49–66)

Male % 88.88% (n = 8) 100% (n = 7)

Female % 11.11% (n = 1) 0%

Smoking status

• Non-smoker 4 4

• Smoker 3 2

• Ex-smoker 2 1

Viral Load NA Undetected

CD4 Count (median, range) NA 493 (271–833)
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upregulated, and 45 genes downregulated in AMs from PLWH com-
pared to HC at baseline as shown in the alluvial plots in Fig. 3A. Upon
Mtb infection, the number of DEGs in AMs increased to 103 upregu-
lated and 206downregulated (Fig. 3A). Similar trendswereobserved in
CD4 T cells, CD8 T cells and NK cells (Fig. 3A). Other cell subsets either
showed minimal changes in response to Mtb (DCs and monocytes) or
had no significant DEGs (γδT, Treg, Fig. 3A). Focusing on the DEGs post-
Mtb infection, we found that AMs from PLWHdownregulatedmultiple
cytokine and chemokine genes relative to HC, such as IL-6, TNF, IL1A,
IL23A, IL1B, CCL4/5, CXCL1/3/8 and the antioxidant SOD2, suggesting
that AMs from PLWH on ART are unable to mount robust pro-
inflammatory and antimicrobial responses to Mtb (Fig. 3B). Moreover,
CD4 T cells, CD8 T cells and NKs cells from PLWH+Mtb showed sig-
natures of immune activation andheightened inflammation (HLA-DRA/

DRB, TNF, CCL4) relative to HC +Mtb and downregulation of GZMA,
GZMB, and GNLY which encode granzyme A, B and granulysin,
respectively, suggesting blunted cytotoxic T cell responses in
PLWH (Fig. 3B).

To identify pathways that differ between innate and adaptive
immune cells from PLWH +Mtb versus HC +Mtb, we performed
gene set enrichment analysis (GSEA) using Hallmark and Reactome
reference datasets. Host pathways corresponding to proin-
flammatory cytokine signaling, such as TNF, IL-1, IL-6, IFN-α, and
IFN-γ, were significantly lower in AMs, DCs, and monocytes from
PLWH +Mtb compared to HC +Mtb (Fig. 3C) following Mtb infec-
tion, along with diminished IL-4/13 and IL-10. These data suggest
that in contrast to HC, which successfully mounts a robust and
balanced innate inflammatory response, PLWH are defective in

Fig. 1 | Cellulardistributionofbronchoalveolar lavage (BAL) cells.AOverviewof
experimentalmethodology. Briefly, BAL fluid was collected through bronchoscopy
from HCs (n = 9) and PLWH (n = 7). BAL fluid was processed to obtain BAL cells,
portion of which were used for immunophenotyping and intracellular cytokine
staining (ICS) atbaseline. Parallelly, BAL cells fromHCandPLWHwere infectedwith
Mtb for 4 h and processed further for flow cytometry, ICS, and ScRNAseq. Created
in BioRender. Bajpai, P. (2025) https://BioRender.com/u96g032 (B) Distribution of

immune cells in BAL identified through flow cytometry. Each bar represents one
subject, and color shows different cell types.C Boxplot shows distribution ofmajor
cell types in the BAL between HC (n = 9) and PLWH (n = 7) identified through
immunophenotyping. Individuals are represented as dots. The following para-
meters are shown: minimum, lower quartile, median, upper quartile, and max-
imum. Two-sided Student’s t-test was used to compare difference between sample
means. ns; p value >0.05. A was generated using BioRender.
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responding to Mtb infection. This is supported by the lack of
upregulation of glycolysis in PLWH, where genes involved in oxi-
dative phosphorylation (OXPHOS), electron transport, and tri-
carboxylic acid (TCA) cycle metabolism were enriched in innate cell

subsets (Fig. 3C). In contrast, OXPHOS and TCA metabolic genes
were lower in CD4 and CD8 T cells from PLWH along with lower IFN-
α and IFN-γ signaling (Fig. 3C), suggesting poorly functional T cells
in lung compartments of PLWH.

Fig. 2 | Landscape of transcriptional responses to Mtb in HC and PLWH.
A Concatenated UMAP of HC (n = 5), PLWH (n = 3), HC+Mtb (n = 5), and PLWH+
Mtb (n = 4) shows the annotated cell types in the BAL cells. B Heatmap of top 10
variable genes per group. Color represents the Z-scores (row normalization) of the
average expression of each gene for each group and cell type. Genes with high
expression are shown in red and low expression in blue. Genes in each row were
clustered using hierarchal clustering by farthest neighbormethod.C Venn diagram
of differentially expressed genes (DEGs) between the HC+Mtb compared to HC

and PLWH+Mtb compared to PLWH. D Manhattan plot shows the pathways enri-
ched in unique DEGs in HC+Mtb vs HC (green), unique DEGs in PLWH+Mtb vs
PLWH (orange), and common DEGs between HC+Mtb vs HC and PLWH+Mtb vs
PLWH (violet). Y-axis shows the FDR corrected p value obtained from the pathway
enrichment analysis, and size of each bubble shows the count of genes that over-
lapped with reference pathway. P value was estimated using overrepresentation
analysis in R package enrichR.

Article https://doi.org/10.1038/s41467-025-57668-y

Nature Communications |         (2025) 16:2397 4

www.nature.com/naturecommunications


Fig. 3 | Differential gene expression analysis of major cell types in BAL in HC
and PLWH in response to Mtb infection. A Alluvial plot shows the change in
number of differentially expressed genes between PLWHvs HC and PLWH+Mtb vs
HC+Mtb. Up-regulated genes are shown in red, while downregulated genes are
shown in blue.Only the cell typeswith significant number ofDEGs are shown.BMA-
plot shows the gene expression profile of PLWH+Mtb vs HC+Mtb in major cell
types. X-axis shows the normalized log2 mean expression of each gene, and y-axis

shows the log2 foldchange. Up-regulated genes are shown in red, while down-
regulated genes are shown in blue. C Bubble plot shows the enriched pathways
between PLWH+Mtb and HC+Mtb obtained from gene set enrichment analysis
(GSEA). Up-regulated pathways in PLWH+Mtb vs HC+Mtb are shown in red, while
downregulated pathways are shown in blue. The size of the bubble represents the
size of the reference pathway (i.e., number of genes which compose that pathway).
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T cell subsets in the airways of PLWHreflect heightened immune
activation and dysregulation
We characterized the T cell subsets present in the bronchoalveolar
compartments of PLWH and HC at baseline and assessed changes

following infection with Mtb. We identified multiple subsets of CD4
and CD8 T cells as shown in the concatenated UMAP plot of all 4
groups (Fig. 4A and Supplementary Fig. 3A). Figure 4B shows that
uninfected BAL cells from PLWH and HC both harbored similar CD4 T

Fig. 4 | Overview of T cell transcriptional response to Mtb infection in HC
and PLWH. A Concatenated UMAP of HC (n = 5), PLWH (n = 3), HC+Mtb (n = 5),
and PLWH+Mtb (n = 4) shows various T-cell subsets annotated using canonical
referencemarkers.BUMAPof T-cell subsets identified inHC, PLWH,HC+Mtb, and
PLWH+Mtb groups. C Pseudotime trajectory of T cell subsets inferred using
Monocle 3. Cells were colored by pseudotime. D MA-plot shows the gene expres-
sion profile of PLWH+Mtb vs HC+Mtb in T cell subsets. X-axis shows the nor-
malized log2 mean expression of each gene, and y-axis shows the log2 foldchange.

Up-regulated genes are shown in red, while downregulated genes are shown in
blue. Only the subsets with enough DEGs are shown. E Bubble plot shows the
enriched pathways between PLWH+Mtb and HC+Mtb obtained from gene set
enrichment analysis (GSEA) in various T cell subsets. Up-regulated pathways in
PLWH+Mtb vs HC+Mtb are shown in red, while downregulated pathways are
shown in blue. The size of the bubble represents the −log10 p value. The larger the
size of the bubble, lower the p value. P value and enrichment score are obtained
from GSEA analysis using R package fgsea.
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centralmemory (TCM), CD4 and CD8 T effectormemory (TEM) and Treg

subsets. However, Mtb exposure led to shifts in the TCM and TEM

populations in each group, with a distinct CD4 TEM2 cluster in HC that
was absent in PLWH, and aCD8TEM2 cluster in PLWH thatwas absent in
HC (Fig. 4A). These population shifts were not associated with cell
death as cell viability and percentage of mitochondrial content were
observed to be similar before and after Mtb infection (Supplementary
Fig. 3B, C). Pseudotime and GSEA analysis suggest that upon Mtb
infection, resting CD4 and CD8 T cells in HC likely differentiate into
effector memory CD4 T cells with an antimicrobial gene expression
profile (CD4TEM2), and CD8 T cells with cytotoxic profiles (CD8 TEM1),
including a granzyme K-expressing CD8 T cell subset (CD8 TEM GZK+)
(Fig. 4C). Importantly, these effector memory CD4 and CD8 T cell
subsets are not present in PLWH; instead, Mtb infection leads to dif-
ferentiation into a unique subset of effector memory CD8 T cells (CD8
TEM2), and a small IFN-γ-expressing CD8 effector memory subcluster,
both of which are absent in HC (Fig. 4C).

To further understand the functional capacity of these T cell
subsets, we analyzed the DEGs that differed the most between
PLWH+Mtb and HC+Mtb. Figure 4D, E shows that multiple genes
within the effector memory CD4 TEM2 and CD8 TEM1 subsets were
downregulated in PLWH compared to HC, and GSEA shows that these
downregulated genes corresponded to IL-2, IL-6, IL-10, IL-15, IL-17, IL-21
and TNFR1 signaling pathways, suggesting substantially reduced CD4
and CD8 T cell functionality in PLWH. Further, effector memory CD8
TEM2 subsets present in PLWH significantly upregulated immune acti-
vation genes (e.g., HLADRA/B1) and were enriched for IL-10 signaling
pathways, alongwith reduced cytokine signaling pathways (Fig. 4D, E).
Finally, Tregs from PLWH+Mtb also displayed gene signatures of hyper
immune activation and were significantly enriched for signaling path-
ways corresponding to anti-inflammatory IL-10 and IL-4/IL-13 cytokine
signaling, suggesting that Tregs, preferentially induced in PLWH, may
contribute to skewing away from a proinflammatory milieu and
towards an immunosuppressive or anti-inflammatory lung micro-
environment (Fig. 4D, E).

Cell-cell communication networks reflect divergent immune
responses to Mtb in PLWH versus HC
To identify cell-cell communication networks operant in PLWH versus
HC following Mtb infection, we used CellChat, which uses a compre-
hensive curated database of ligand-receptor interactions and network
analysis to predict communication probabilities for different pathways
from single cell transcriptomics data.We calculated the relative flowof
information for each pathway within the database by aggregating
communication probabilities across all cell types for each pathway. A
higher relative information flow score indicates increased commu-
nication between cell subsets. CellChat predicted significant induction
of IL-6, IL-1, TNF signaling networks, CD86 costimulatory, and MHC-I
signaling pathways in HC+Mtb (Fig. 5A). However, these interaction
networks were either absent or significantly lower in PLWH+Mtb.
Notably, further analysis predicted crosstalk primarily between AMs
and lymphocytes in HC infected with Mtb (Fig. 5B) within costimula-
tory and TNFSF-TNFRSF member signaling networks: TNFRSF1A/1B
(TNF), TNFRSF13 (APRIL), and TNFRSF13B (BAFF). The TNF signaling
network, which involves interaction between TNF and TNFRSF1A/1B,
was predicted to be the strongest with the highest number of edges
(represented by thicker lines) connecting AMs to CD4 T cells as well as
other T cell and innate cell types (Fig. 5B, top panel). Interestingly, AMs
were also central to the anti-inflammatory cell-cell communication
networks that dominated in PLWH+Mtb compared to HC +Mtb, such
as CD39 and LIGHT (TNFRSF14), as shown in Fig. 5A, B (bottom panel).
The predominance of LIGHT in PLWH over the more proinflammatory
TNF, APRIL, and BAFF signaling networks seen in HC following Mtb
infection suggests that TNFSF networks are dysregulated in PLWH and
likely hinder effective host defense against Mtb infection.

Impaired TNF-TNFR signaling networks in alveolar macro-
phages from PLWH
Since our data highlighted defective inflammatory responses toMtb in
PLWH, in particular, TNFSF-TNFRSF signaling pathways, we sought to
infer the strength of inflammatory activity across each immune cell
type present in BAL. We calculated pathway scores for inflammatory
response pathways that were found to be downregulated in PLWH+
Mtb compared to HC+Mtb (Fig. 6A, left). The pathway activity score
for combined inflammatory response pathways was significantly lower
in PLWH+Mtb compared with HC+Mtb. Similar results were seen for
the TNF-TNFR signaling pathway (Fig. 6A, right), with AMs being the
dominant contributors to inflammatory and TNF signaling pathways
(Fig. 6A). To assess the TNF-TNFR signaling pathways more closely in
AMs from PLWH and HC, we overlayed the fold changes of all genes
involved in the TNF signaling pathway obtained from the KEGG data-
base. Figure 6B shows that several genes within these pathways were
lower in PLWH+Mtb compared to HC+Mtb. These genes include
NFKB, IKBA, AKT, MKK3, TRAF1, and JUN. We also observed significantly
lower expression of genes downstream of TNFR1 that encode IL-6, IL-
1β, chemokines involved in leukocyte recruitment (CCL20, CXCL1,
CXCL2, CXCL3, and CXCL5), transcription factors (Ap1, c-Fos, c-Jun),
inflammatory mediators (PtgS2) and negative regulators of intracel-
lular signaling (Tnfaip3). In contrast, CCL2, associated with chronic
immune activation in PLWH on ART, was upregulated (Fig. 6C). To
validate these data at the protein level, we quantified the levels of
multiple cytokines from the supernatants of Mtb-infected BLCs from
PLWH and HC using multiplex ELISAs. Several proinflammatory cyto-
kines were significantly higher in HC compared to PLWH, including
TNF, IL-6, IL-1β, and GM-CSF (Fig. 6C). Overall, these data show that
AMs from PLWH are defective in mounting TNF and downstream sig-
naling pathways.

Impaired induction of M1-like AMs and TNF signaling in PLWH
on ART following Mtb infection
To further dissectAMfunctions in response toMtb inHCversus PLWH,
we asked which specific AM subpopulations contribute to the differ-
ential inflammatory responses in the two groups. Using Seurat clus-
tering, we identified 5 distinct transcriptional subclusters of AMs (AM1
to AM5; Fig. 7A–C). Of these, subclusters AM2, AM3, and AM4 were
prominent afterMtb infection inbothHCandPLWH(Fig. 7B), while the
AM1 cluster, which displayed a resting cell signature, was present
mostly at baseline in both groups. The AM5 subcluster, which co-
expressed lymphocyte markers, was excluded from subsequent ana-
lyzes. Interestingly, the AM3 subcluster displayed an activated,
strongly proinflammatory M1-like signature which included NFKBIA,
IL1B, IL1RN, IL-6, TNF, chemokine genes (CXCL2, CXCL3, CXCL5, CXCL8,
CCL3, CCL4, CCL20) and the antimicrobial gene superoxidedismutase 2
(SOD2; Fig. 7C–E). The AM2 subcluster also shared many of these
proinflammatory genes, but at lower levels than AM3, and had poor
upregulation of NFκB signaling, suggesting a less-activated inter-
mediate AM phenotype (Fig. 7D). The AM4 subcluster, which was
enriched in PLWH compared to HC post Mtb infection, displayed a
unique transcriptional signature that lacked expression of proin-
flammatory genes but expressed genes that contribute to anti-
apoptotic and anti-inflammatory responses (BCL2, AKT3, SMAD2;
Fig. 7D). A GSEA plot of the four subsets (Fig. 7E) confirms the distinct
gene expression patterns for each AM subset: AM1 exhibit a quiescent
metabolic state, theM1-like proinflammatory AM3 subset show potent
TNF signaling via NFκB activation, and AM4 subsets upregulate TGF-β
family signaling and cholesterol storage pathways.

To better understand the relationship between the different
AM subpopulations that develop following Mtb infection in HC and
PLWH, we conducted pseudotime analysis to infer the pseudo-
temporal trajectories of the AM subsets and their underlying gene
expression programs. Pseudotime analysis indicates that the
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AM1 subset is present mainly at baseline in both groups, while the
other subsets arose sequentially from AM1 following infection
(Fig. 8A, B). Interestingly, comparison of PLWH +Mtb versus HC +
Mtb groups by GSEA across the four AM subsets reveals that deficits
in the AM3 subset proinflammatory functions are primarily
responsible for the inability to upregulate inflammatory cytokine-
mediated signaling pathways in PLWH following Mtb infection.
AM3 subsets present in PLWH +Mtb have prominent defects in TNF
signaling pathways (Fig. 8C) and have significantly lower expression
of key proinflammatory genes (Fig. 8D). Pseudotime analysis

comparing TNF signaling cascades across AM1-AM4 subsets in
HC +Mtb versus PLWH +Mtb shows a striking pattern of
AM3 subsets acquiring TNF-TNFR signaling following Mtb infection
in HC (Fig. 8E). In contrast, AM3 subsets from PLWH do not acquire
these genes upon stimulation with Mtb and show impaired TNF
signaling via NFκB. Thus, AM3 subsets from PLWH are significantly
impaired in their activation status and capacity to induce TNF and
other proinflammatory cytokine responses necessary for control-
ling Mtb infection. Taken together, these results demonstrate that
AMs from PLWH are impaired in their capacity to develop into fully

Fig. 5 | Cell-cell communication networks in PLWH in response to Mtb infec-
tion. A Figure shows the strength of cell-cell communication of significant path-
ways in HC+Mtb and PLWH+Mtb groups. X-axis shows the relative flow of
information obtained from the sum of cumulative probabilities between interact-
ing cell types and then scaled from 0 to 1. Higher value indicated higher ligand-

receptor interaction between cells in each pathway. B Cell-cell communication
network shows the putative interactions between ligand and receptor pairs. The
arrow indicates the directionality of interaction, and thewidth of the edge indicates
the strength of communication.
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Fig. 6 | Inflammatory responses and TNF signaling in Mtb-infected AMs from
PLWH compared to HCs. A UMAP shows the pathway enrichment score for
inflammatory pathway (left panel) and TNF signaling pathway (right panel). Path-
way enrichment score for each cell ranges from low (blue) to high (pink).B Pathway
analysis of KEGG TNF signaling pathway using pathview. Genes are colored by log2
fold change between PLWH+Mtb vs HC+Mtb. C Concentration of inflammatory

cytokines quantified using Luminex technology in HC+Mtb (n = 6) and PLWH+
Mtb (n = 3). X-axis shows the various cytokines, and y-axis shows the concentration.
Each dot represents individual sample, and the bar shows the mean. Data is
represented asmean ± SEM.Difference in themeanswas estimated using two-sided
Wilcoxon non-parametric t-test. ***, p <0.001; ****, p <0.0001.
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Fig. 7 | Distinct AM subsets in the airways of HC and PLWH with and without
Mtb infection. A Concatenated UMAP of HC, PLWH, HC+Mtb, and PLWH+Mtb
shows various AM subsets identified using Seurat clusters. B UMAP shows AM
subsets in HC, PLWH, HC+Mtb, and PLWH+Mtb groups. C Transcriptional profile
of top genes representative of each cluster is shown as heat map. Normalized
expression values are plotted ranging from low (pink) to high expression (yellow).
Notable genes from AM3 and AM4 clusters are labeled at the bottom.D Violin plot

shows the normalized expression of genes representative of each AM subset.
E Bubble plot shows the significantly enriched pathways each AM subset obtained
from gene set enrichment analysis (GSEA) in various T cell subsets. Up-regulated
pathways in each AM subset compared to other AM subsets are shown in red, while
downregulated pathways are shown in blue. The size of the bubble represents the
size of the reference pathway.
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Fig. 8 | TNF signaling networks in AM3 subsets from PLWH in response toMtb
infection. A Concatenated UMAP of HC, PLWH, HC+Mtb, and PLWH+Mtb shows
AM subsets color coded by pseudotime. The cells are color-coded from early
(violet) to later (yellow) timepoint in pseudotime.BUMAP shows the AM subsets in
HC+Mtb and PLWH+Mtb colored by pseudotime. C Bubble plot shows the enri-
ched pathways between PLWH+Mtb and HC+Mtb in different AM subsets
obtained from gene set enrichment analysis (GSEA). Up-regulated pathways are
shown in red, while downregulated pathways are shown in blue. The size of the
bubble represents the size of the reference pathway. D Violin plot shows the

distribution of top DEGs in PLWH+Mtb vs HC+Mtb in AM3 subset. E Heatmap
shows the expression of differentially expressed genes in the TNF signaling path-
way across the pseudo-space. Each row shows the gene clustered hierarchically in
HC+Mtb and PLWH+Mtb groups. The bar at the top indicates the estimated
annotation of cells. F Cell-cell communication network shows the putative inter-
actions between ligand and receptor pairs in HC+Mtb and PLWH+Mtb. The arrow
indicates the directionality of interaction, and the width of the edge indicates the
strength of communication.
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activated M1-like proinflammatory effector cells that are necessary
for mounting effective immune responses to Mtb.

Defects in crosstalk between M1-like alveolar macrophages and
airway T cells in PLWH on ART
We next asked whether cell-cell communication networks between
specific AM and T cell subsets were altered in PLWH compared to HC
following Mtb infection. CellChat analyzes highlighted key AM-T cell
interaction networks that were significantly enriched in HC +Mtb
versus PLWH+Mtb. Specific pathways of interest are represented in
Fig. 8F, showing crosstalk between AM and T cell subsets within each
pathway. Cell-cell communication network analysis shows that the
activated M1-like AM3 subset is the major immune cell predicted to
engage with T cells via TNF-TNFRSF1A/1B, Lck-CD8A/B1, CXCL16-
CXCR3, CD86-CTLA4 and PGE2-PTGES interactions (Fig. 8F and Sup-
plementary Fig. 4). The AM3 subset shows strong interactions with
CD4 effector memory T cells in HC (CD4 TEM2), in the context of
pathways related to proinflammatory responses, T cell activation and
immune cell recruitment. However, these interactions are significantly
diminished or absent in PLWH, where interactions with chronically
immune-activated CD8 TEM subsets and Tregs dominate. Moreover,
PLWH harbor interactions between anti-inflammatory AM4 and T cells
within the CD96-PVR axis, which is involved in promoting immuno-
suppression inmany pathological conditions, such as tumors (Fig. 8F).
These results suggest that critical AM interaction networks required
for effective immunity againstMtb in lung compartments are absent in
PLWH on ART.

Alveolarmacrophages fromPLWH exhibit an anti-inflammatory
and immunosuppressive profile
To validate our bioinformatics predictions at the cellular level, we
performed flow cytometry analysis and intracellular cytokine staining
on BAL cells after 4 h and 24h of ex vivo Mtb infection using a panel
that included phenotypic and functional macrophage markers. We
observed that frequencies of TNF secreting AMs were lower in PLWH
compared to HC after 4 h ofMtb infection. Additionally, we found that
even after 24 h of Mtb infection, TNF secreting AMs did not recover
and continued to remain at relatively low levels in PLWH compared to
HC (Fig. 9A, B and Supplementary Fig 5A). Responses to stimulation
with TLR ligands were, however, comparable in both groups (Supple-
mentary Fig. 5B–E). The frequencies of IL-6+, HLA-DR+, CD40+ and
CD80+ were also observed to be relative lower in PLWH compared to
HC at both 4 h and 24 h after Mtb infection, indicating potential
impaired activation and costimulatory capacity (Fig. 9B). To further
understand differences between the profiles of AMs in HC versus
PLWH, we performed high dimensional analysis of the flow cytometry
data using a combination of phenotypic and functional markers from
all timepoints. TNF, IL-6, CD38, HLA-DR, IL-10, and CD200R were used
for dimensionality reduction using UMAP and then clustered using
ClusterExplorer. We identified three distinct subsets of AMs consisting
of one smaller population, Pop0, and two larger populations, Pop1 and
Pop2 (Fig. 9C, E). Pop0 was IL-6+, TNF+ but negative for activation
markers CD38 and HLA-DR and negative for IL-10 and the immuno-
suppressive receptor CD200R. Pop1, annotated as proinflammatory
and activated (IL-6+, TNF+, CD38+, HLADR+, IL-10+, CD200Rlow; Fig. 9D),
emerged as the major population in HCs (Fig. 9E, F top panel). Pop2
expressed both the anti-inflammatory cytokine IL-10 and high levels of
the immunosuppressive receptor CD200R but was negative for TNF
and IL-6 (IL-6neg, TNFneg, CD38+, IL-10+ and CD200R+, Fig. 9D) and was
the dominant population in PLWH (Fig. 9E, F). The enrichment of TNF
and IL-6 expression in Pop1 from HC versus the enrichment of IL-10
and CD200R in Pop2 from PLWH is further highlighted in Fig. 9F. We
next quantified Pop1 and Pop2 subsets in uninfected andMtb-infected
samples from HC and PLWH groups. Fig. 9G, H show that frequencies
of IL-10+CD200R+ AMs were significantly higher in PLWH compared to

HCs both at baseline and after Mtb infection. Further, we found that
TNFneg AMs from PLWH expressed both IL-10 and CD200R, whereas
HCs had very low frequencies of TNFneg IL-10+CD200R+ AMs. In con-
trast, AMs that were positive for TNF+ did not express IL-10 and
CD200R.

In summary, our data indicate that PLWH on ART are unable to
mount effective TNF-TNFR signaling networks and related proin-
flammatory responses to Mtb in their airways. Further, we provide
evidence for impaired crosstalk between AMs and T cells in PLWH,
which together suggest aberrant immunity to Mtb infection in lung
compartments. Moreover, the presence of AM subsets expressing IL-
10 and CD200R in PLWH following Mtb infection suggest immunor-
egulatory functions that may suppress proinflammatory responses
and hinder effective immunity. Developing therapies that target these
deficits has potential to improve outcomes for PLWH on ART. More-
over, our studies provide new insights that may be applicable to other
opportunistic respiratory infections that affect PLWH on ART.

Discussion
Although we have known for many years that the risk of chronic lung
disease and respiratory infections suchasMtb in people livingwithHIV
(PLWH) remains highdespite ART4,7,23, the lung immune responses that
promote susceptibility to TB in PLWHundergoingART remainunclear.
Here, we have used single-cell approaches to comprehensively evalu-
ate immune responses to Mtb in BAL cells from the airways of PLWH
and HCs. To our knowledge, this is the first study to assess the single-
cell transcriptome of PLWH on ART, thereby expanding our under-
standing of AMs and their cellular interaction networks in human lung
compartments and providing new insights into aberrant immune
responses to Mtb in PLWH on ART. Using single cell transcriptomics
and high-dimensional flow cytometric data of BAL cells, we showed
that AMs constitutedmost of the BAL cells as expected24–26, butwealso
identified neutrophils, eosinophils, monocytes, NK cells, dendritic
cells (DCs), CD4/CD8Tcells, γδTcells, Tregs, and epithelial cells (Fig. 1).
Notably, we observed high concordance in the identified cell types and
their proportions between ScRNAseq and flow cytometry. Our studies
identified several differentially expressed genes (DEGs) between HC
and PLWH acrossmultiplemyeloid and lymphocytic cell types present
in BAL, with the most significant transcriptional changes occurring
post-Mtb infection (Figs. 2–3). Notably, antigen presenting cells (APCs)
from PLWH, such as AMs, DCs and monocytes, had significantly lower
expression of multiple genes corresponding to proinflammatory
cytokine pathways downstream of TNFSF-TNFRSF signaling: TNF,
APRIL, BAFF, IL-6, IL-1 and IFN-γ, compared to HC (Figs. 3, 5–6) but
showed comparable responses to stimulation with TLR ligands such as
LPS, Pam3Cys4 and zymosan (Supplementary Fig. 4). Importantly, AMs
were themain drivers of both robust TNF signaling inHCs, as well as of
the defects in TNF signaling networks in PLWH on ART.

TNF, a pleiotropic cytokine that is rapidly released by AMs and
monocytes after infection or trauma, plays a central role in activating
macrophages, recruiting inflammatory immune cells, and orchestrat-
ing the induction of pro-inflammatory cascades and antimicrobial
activity against pathogens27,28. TNF binds to its cognate receptors
TNFR1 and TNFR2, resulting in activation of either canonical or non-
canonical NFκB signaling pathways, respectively28,29. The binding of
TNF to TNFR1 triggers TRADD-TRAF2-RIP1 mediated NFκB signaling,
leading to upregulation of inflammatory cytokine and chemokine
production, lipid mediators, and apoptotic pathways28,30. TNF is a cri-
tical cytokine for controlling intracellular bacterial infections and
synergizes with IFN-γ to enhance killing of Mtb and contain bacteria
within organized granulomas31,32. Blockade of TNF has been shown to
increase susceptibility to Mtb infection by disrupting granuloma
structure and promoting dissemination of mycobacteria33. Studies
using mice with cell-type-specific TNF deficiency showed that TNF
frommacrophages andneutrophilsmediated transient early control of
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Mtb, while T-cell derived TNF was necessary for sustained protection
during chronic Mtb infection34. TNF-neutralizing drugs have also been
linked to increased rates of latent TB reactivation in humans. Anti-TNF
monoclonal antibodies or soluble TNF receptors administered to treat
chronic inflammatory diseases, such as rheumatoid arthritis, psoriasis,
and inflammatory bowel disease, can increase the relative risk of TB up
to 25 times, depending on the clinical setting and the TNF antagonist
used; for example, anti-TNF antibodies such as infliximab inhibit T cell

functions, and are associated with a higher risk of TB than soluble TNF
receptor therapywith etanercept35,36. Our data show thatPLWHonART
are inherently unable to mount TNF-TNFR1 signaling networks
between AMs and T cell subsets in the lung, which suggests that their
increased susceptibility to TB in these individuals is in large part due to
defects in TNF and downstream proinflammatory functions of AMs.
Moreover, our data support the idea that the role of TNF signaling in
containing Mtb infection within lung granulomas and preventing
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dissemination, as seen in animal models, is likely also in play in
humans. Indeed, we know that increased rates of disseminated,
extrapulmonary TB are more common in PLWH compared to people
without HIV37. A recent study reported on two patients with inherited
TNF deficiency who presented with recurrent TB even after previous
anti-TB treatment. Alveolar macrophage-like cells derived from these
patients and subsequently infected with Mtb in the presence of exo-
genous TNF showed reduced bacterial burden and increased oxidative
burst compared to cells lacking TNF38. These results suggest that
provision of exogenous TNF to AMs from PLWH on ART may have the
capacity to restore their antimicrobial functions. Our future studies
will explore the impact of exogenous TNF on AM responses to Mtb
in PLWH.

Another recent study reported alterations in TNF signaling in
transcriptionally profiled monocytes obtained from HC and PLWH,
who were either latently infected with Mtb (LTBI) or classified as
resistors (RSTR): i.e., individuals who were highly exposed to TB cases
but who did not test positive by interferon gamma release assay
(IGRA). Monocytes from the RSTR group had significantly higher TNF
signaling and inflammatory responses to in vitro infection with Mtb
compared to LTBI in HIV-uninfected persons. However, in PLWH, TNF
responses were dampened, with no significant differences between
RSTR and LTBI arms39. Notably, in our study, we observed significantly
lower TNF signaling inmonocytes within BAL cells from PLWH on ART
infected with Mtb compared to HC; however, the relatively low pro-
portions of these cells precluded further study. AMs are the major
subset in BAL and are the first cells to encounter Mtb. Macrophages
from ART naïve PLWH have been shown to elicit impaired phagocytic
function40. However, contrasting results have been observed too41, and
detailed understanding of effect of Mtb in AMs from PLWH is lacking.
While the basis for defective TNF-TNFR signaling in PLWH on ART
remains unclear, a recent study of BAL fromPLWH,HC, and individuals
on PrEP reported that AMs from PLWH on ART had weaker TNF
expression and epigenetic impairments following Mtb infection com-
pared to HC22. Specifically, they noted greater chromatin accessibility
and histone acetylation in chromatin regions corresponding to TNF,
IFN, and NFkB signaling, suggesting that defects in TNF signaling may
be due to epigenetic alterations at TNF andother proinflammatory loci
within AMs from PLWH on ART22. We know that histone acetylation is
catalyzed by histone acetyltransferases that transfer the acetyl group
from acetyl-CoA to the ε-amino group of lysine residues, producing
coenzyme A. Thus, production of acetyl-coA is central to carbon
metabolism within cells, connecting catabolism, anabolism, and
energy generation42. In mitochondria, acetyl-CoA is a product of cat-
abolism either from glycolysis-generated pyruvate, fatty acid β-
oxidation (FAO), or amino acid degradation43. Our scRNAseq ana-
lyzes show that Mtb-infected AMs from PLWH show higher levels of
mitochondrial OXPHOS compared to HC, indicating a metabolic
imbalance consistent with lower glycolysis and FAO. Since macro-
phages are known to upregulate glycolysis and downregulate OXPHOS
upon infection with Mtb44,45, our data suggest that AMs from PLWH on

ART are unable to mount adequate metabolic responses to energy-
intensive activities such as Mtb infection. We know that upregulation
of glycolytic metabolism in M1-like proinflammatory macrophages
leads to production of antimicrobial effectors such as iNOS and Th1
responses, while alternatively activated M2-like macrophages have
higher levels of OXPHOS, which promotes anti-inflammatory
functions44. TNF can also mediate control of Mtb infection via induc-
tion of mitochondrial reactive oxygen species (ROS) through RIP1-
RIP3-dependent pathways46, as reflected by the reduced response to
oxidative stress and ROS in AM3 subsets from PLWH on ART. We
speculate that dysregulation of the balance between pro-and anti-
inflammatory AM immunometabolism in response to Mtb in PLWH
leads to suboptimal AM-T cell crosstalk and ineffective T cell functions.
While the links between metabolic state and immune function of
macrophages are increasingly appreciated, very little is known about
how the metabolic state of human AMs influences their effector
functions in response to Mtb in HC versus PLWH. Thus, our data
warrant future studies focused on delineating the relationships
between AM metabolism and their immune effector functions to
understand the mechanisms underlying the TNF signaling defects in
PLWH on ART. Interestingly, glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), a key enzyme in the glycolytic pathway, has been
shown to regulate TNF secretion. When glycolysis is limited, GAPDH
binds to TNF mRNA and limits its translation47. PLWH on ART have
been reported to exhibit lower oxygen consumption rates and mito-
chondrial bioenergetics compared to HC48, consistent with lower gly-
colytic metabolism. In future studies, we will investigate the links
between immunometabolism and chromatin accessibility in AMs at
baseline and after Mtb infection and delineate how they influence TNF
transcription, secretion, and downstream signaling pathways.

TNF signaling is also known to promote macrophage
differentiation29. Thus, the rapid generation of the M1-like AM3 subset
in HC following Mtb infection (Fig. 7), and the failure to acquire
expression of genes associated with full activation and TNF-TNFR
signaling in AMs from PLWH (Fig. 8) suggests that the capacity to
differentiate into potent proinflammatory and antimicrobial AMs,
rather than the numbers of AMs present in lungs of PLWH, drives the
eventual control or expansion of Mtb. Additionally, the pattern of
chemokine expression in AM3 subsets (Fig. 7) characterizes them as
bona fide sentinel cells that produce chemoattractants such as Cxcl2
(MIP2α), Cxcl3 (MIP2β), Cxcl5, and Cxcl8, which promote neutrophil
migration to the site of infection. Ccl20 and Cxcl16 are strongly che-
motactic for T cells via binding to CCR6 and CXCR3, respectively, thus
facilitating antigen presentation and generation of effector Th1 and
cytotoxic CD8 T cells andmemory T cells49. The TNFSFmember APRIL
is also produced by AMs andmonocytes and promotes the expression
of proinflammatory mediators such as Cxcl8 and metalloprotease 9
(MMP-9) upon binding to its receptors TACI and BCMA50. Overall, the
aberrant differentiation trajectory of AMs in PLWH+ART, along with
diminished AM3-CD4 T cell interactions within TNF-TNFR1 and costi-
mulatory networks, demonstrates defective activation and

Fig. 9 | High dimensional flow cytometry analysis of AMs in HC and PLWH in
response to Mtb infection. A Representative flow cytometry plots show the fre-
quency of TNF+ AMs in HC and PLWH at baseline and at 4 h and 24h after infection.
B Frequency of AMs positive for inflammatory cytokine and activation marker of
HC+UN (n = 5), PLWH+UN (n = 4), HC+Mtb 4 h (n = 4), PLWH+Mtb 4 h (n = 3),
HC+Mtb 24h (n = 6) and PLWH+Mtb 24h (n = 3) are shown.Data is represented as
median ± SEM. The difference in the means was calculated using two-sided Wil-
coxon non-parametric test. None of the groups showed significant differences.
C UMAP projection shows the combined events obtained by down sampling to
select 12,000 AM events from each sample (n = 3 for both HC and PLWH). The
clustering was performed using FlowSOM/ClusterExplorer. D Heatmap shows the
relative MFI of markers used for UMAP and clustering in (C). E Percentage of each
population of the total cells. F UMAP of HC and PLWH are shown on the left panel.

The right panel shows the visualization 2D plots from the UMAP. The contribution
of each cluster for the expression of either TNF/IL-6 or IL-10/CD200R is shown.
G Gating strategy of CD200R+IL10+ AMs (top panel), TNFneg CD200R+IL10+ AMs
(bottom panel), and TNF+CD200RnegIL10neg AMs (bottom panel) in HC and PLWH
with and without Mtb infection are shown.H Frequency of CD200R+IL10+ AMs (left
panel), TNFneg CD200R+IL10+ AMs (middle panel), and TNF+CD200RnegIL10neg AMs
(right panel) in HC and PLWH with and without Mtb infection are shown. Unin-
fected groups are labeled as UN (HC, n = 6; PLWH, n = 3), and Mtb group includes
samples after 4 h or 24 h post-infection (HC, n = 11; PLWH, n = 6). Data is repre-
sented as median± SEM. Barplot shows the median, and each dot represents
individual sample. Statistical differencebetweenUNandMtb groupswas estimated
using two-sided Wilcoxson non-parametric test. *, p <0.05; **, p <0.01; ns, not
significant.
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differentiation of AMs in the lung compartments of PLWH. Interest-
ingly, we identified a distinct AM4 subset that was enriched in PLWH
following Mtb infection. AM4 subsets harbored TGF-β signaling and
cholesterol storage pathways but downregulated TNF and other
inflammatory pathways upon Mtb infection, indicating an M2-like
profile with low proinflammatory capacity. Moreover, cell-cell com-
munication analysis highlighted that AM3 subsets from PLWH were
predicted to preferentially interactwith Tregs or CD8T cells rather than
CD4 effector T cells. TGF-βhas been shown tobecritical inmaintaining
immune cells in a resting state by inhibiting cell activation, and resting
cells are the main cellular reservoir for HIV in persons on long-term
ART. TGF-β signaling has been implicated in promoting HIV latency in
the airways of PLWH on ART51, and increasing HIV viral reservoir load
could further exacerbate HIV-associated lung coinfections such as
Mtb. Higher frequencies of provirus have also been seen in Tregs rela-
tive to effector CD4 T cells, and Tregs can inhibit cell-mediated immu-
nity through immunosuppressive mechanisms52. However, the role of
Tregs in the airways of PLWH on ART remains unclear. Additionally,
interactions between AM4 subsets and CD8 T cells within immuno-
suppressive signaling networks such as PVR-CD96, aswell as increased
CD39 and LIGHT signaling between AMs and T cells, were predicted to
occur in PLWH post-Mtb but not in HC. Additional research is needed
to delineate potential links between TGF-β signaling, immunometa-
bolism, and the induction of Tregs and other immunosuppressive
pathways in the lungs of PLWH.

Validation of our scRNAseq results by flow cytometry further
supports the idea that AMs from HCs and PLWH diverge in their
functional responses to Mtb (Fig. 9). TNF and IL-6 secreting AMs were
significantly reduced in PLWH compared to HC along with expression
of other activation and costimulatory markers such as HLA-DR, CD40
and CD80 (Fig. 9). These data mirror the M1-like AM3 subset that was
reduced in PLWH compared to HC (Figs. 4–5). Moreover, high
dimensional analysis allowed us to identify a subset of AMs enriched in
PLWH that displayed features of M2-like macrophages, with high
expression of IL-10 and the immunosuppressive receptor CD200R,
along with the absence of TNF and IL-6 expression (Fig. 9). CD200R is
an immunoglobulin superfamilymember that was first identified as an
orexin receptor type 2 and is largely restricted to myeloid cells53,54.
Interaction between CD200R and its ligand CD200 results in
attenuation of proinflammatory responses in diverse disease states,
including autoimmunity and cancer55–58. In the lung, CD200R engage-
ment has been shown to inhibit effector functions and reduce
inflammation during asthma, indicating an immunoregulatory role for
CD200R59. In macrophages, CD200R engagement inhibited IFN-γ and
IL-17 mediated IL-6 and TNF secretion in macrophages, and alter-
natively activated M2 macrophages were reported to express
CD200R54,60. Leishmania infection of macrophages in vitro was shown
to increase CD200R and IL-10, while blocking CD200-CD200R inter-
action resulted in decreased parasite burden and enhanced macro-
phage activation and Th1 polarization

61. Thus, upregulation of CD200R
and IL-10 inMtb-infected AMs from PLWH reported here (Fig. 9) along
with the predicted enrichment of M2-like AM4 subsets and increased
IL4/IL13/IL-10 signaling (Figs. 7, 8), suggest that manipulating the
CD200-CD200R axis will provide further insights into the potential
immunosuppressive role of this pathway. Overall, our data support a
model in which AMs from PLWH are unable to effectively recruit
inflammatory cells to the lung and mount antimycobacterial defenses
but rather promote immunosuppression and dysfunctional T cell
responses that fail to protect against progression to TB disease.

The wide range T cell subsets in the airways identified by our
scRNAseq analyzes, and the altered AM-T cell interaction networks
inferred from CellChat analyzes, provide important new insights into
the lung environment in otherwise healthy persons with and without
HIV. Effectormemory CD4 T cells expressing IFN-γ and TNF (CD4TEM2)
and CD8 T cells (CD8TEM1) expressing cytotoxic molecules such as

granzyme B, perforin and granulysin were detected in the airways of
HC (Fig. 4) but were almost absent in PLWH, suggesting that effector T
cell responses toMtb infection are likely to be sub-optimal in PLWHon
ART.Moreover, CellChat networks showM1-like proinflammatoryAM1
-effector memory T cell interactions in HC (i.e., TNFSF-TNFRSF,
CXCL16-CXCR3, CD86-CTLA4, PGE2-PGES3/R4), pointing to robust T
cell activation, co-stimulation, and effector functional capacities. On
the other hand, PLWHharbored CD8 T cell subsets (CD8TEM2) that had
a hyper-activated phenotype with higher IL-4/IL-13 and IL-10 signaling,
and Tregs that upregulated IL-10 were also present at significantly
higher levels in PLWH compared to HC. These data are consistent with
the chronic immune activation and residual inflammation reported in
PLWH on ART19,62,63, including after controlling for age and HIV related
factors such as lower CD4 T cell counts64,65. While our data do not
distinguish between bystander versus antigen-specific T cell pheno-
types due to the low T cell frequencies and the short duration of
ex vivo infection, we anticipate that future research focused on
understanding the lung environment in PLWHwith latent or active TB,
particularly in areas where these two pandemics are endemic, will be
fruitful.

Our data extend and support published studies that have char-
acterized the landscape of human BAL cells from persons with latent
Mtb infection (LTBI) and ART-naïve PLWH with active TB26. AMs from
ART-naïve PLWH were impaired in phagocytosis of reporter beads40,
while another study reported normal internalization and killing of
Salmonella typhimurium41. ART-naïve PLWH also showed lower TNF
release and AM apoptosis compared to HCs66. A recent study com-
pared the BAL single cell landscape in ART-naïve PLWHwith orwithout
TB and found that TB led to enrichment of pathways corresponding to
antiviral responses such as to type I interferon, while PLWHwithout TB
were enriched for pathways involved in humoral responses and anti-
gen presentation26. A type I interferon signature was also observed in
the peripheral blood of ART-naïve PLWH at baseline but was absent in
BAL67, highlighting compartmentalization of immune responses that
are likely retained even after ART.

A significant strength of our study is the successful comprehen-
sive immunophenotyping and transcriptional profiling of BAL cells at
single-cell resolution from the airways of persons with and without
HIV. However, the relatively low number of individuals within each
group and the inclusion of smokers in both groups are limitations. Our
study also has some other limitations. We recognize that we were not
able to distinguish between the relative contributions of the ART
regimen itself and chronic HIV infection aswe didnot directly examine
the effect of ART on the transcriptional response to Mtb in HIV-
uninfected persons at the single-cell level. The recent study by Correa-
Macedoet al. usedATAC-seq approaches to show that AMs fromPLWH
on ART had impaired epigenetic responses after 18 h of ex vivo Mtb
infection compared to healthyHIV-uninfected controls22. Interestingly,
they also observed some of these changes in individuals receiving ART
regimens as preexposure prophylaxis (PrEP), suggesting that in addi-
tion to HIV infection, ART regimensmay impact AM responses toMtb.
Extending the insights generated from our current single-cell studies
of theBAL cells to examining responses toMtb in individuals onPrEP at
the single-cell level will provide additional key insights into the relative
contributions of HIV infection and ART to immune functions. Rigor-
ously studying the effect of PrEP will involve large cohort sizes and
careful selectionof participants undergoing similar PrEP regimens that
was beyond the scope of our current study. The clinical reality for
PLWH is lifelong treatment; thus, delineating the signaling pathways
that contribute to increased risk of developing TB in PLWH on ART, as
reported here, addresses a critical knowledge gap that could lead to
newadjunctive therapies for people livingwithHIVandTB.Our studies
also do not address whether impaired AM functions and dysregulated
T cell responses toMtb in PLWH are directly impacted by the presence
of intact or defective virus within lung cells. Previous studies
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demonstrated that AMs from the BAL of otherwise healthy PLWH on
ART had detectable HIV proviral DNA, and HIV RNA was quantified
within AMs in a subset of these individuals even when plasmaHIV RNA
wasundetectable20. Further, residual inflammation and higher levels of
oxidative stress have been reported in the BAL of PLWH on ART68.
Assessing the extent to which HIV persistence within AMs and/or CD4
T cells in the lung drives the compromised immune defense pathways
described in this study will be an important future direction of
research thatwouldnot only extendour currentfindings but opennew
avenues for therapeutic intervention.

Methods
Study design and participants
This study protocol was reviewed and approved by the Emory Uni-
versity Institutional Review Board (IRB) and the Research & Develop-
ment Committee of the Atlanta Veterans Administration Medical
Center (VAMC). The study participants consisted of persons living
withoutHIV ashealthy controls (HC, n = 9) and a groupof people living
with HIV on antiretroviral treatment (ART) (PLWH, n = 7). Signed
informed consent was obtained from all the participants. Inclusion
criteria: age > 21 years, no history of TB disease or treatment, no signs
or symptoms of active TB disease, no history of prior latent TB diag-
nosis, no history of prior latent TB treatment. For PLWH, all partici-
pants were stable on ART for greater than or equal to 12months with a
CD4 count greater than or equal to 200 µL (Table 1). Exclusion criteria:
obstructive lung disease (FEV1/FVC< 70% of predicted), active liver
disease (known cirrhosis and/or direct bilirubin > 2.0mg/dL), heart
disease (ejection fraction < 50%, h/o acute myocardial infarction, New
York Heart Association (NYHA) II-IV cardiac symptoms), renal disease
(dialysis-dependent or creatinine > 2.0mg/dL), taking immunosup-
pressive medications, bleeding disorders such as thrombocytopenia
or significant gastrointestinal bleeding within the past year, pregnancy
or currently breast-feeding, new or increasing respiratory symptoms,
fever within 4 weeks prior to enrollment.

Bronchoalveolar lavage and sample processing
Bronchoscopies were performed after an overnight fast. Participants
underwent flexible fiberoptic bronchoscopy with standardized
bronchoalveolar lavage (BAL) performed using standard conscious
sedation techniques as previously described69. Approximately
180–210mL lavagewas collected in the rightmiddle lobe of the lung in
30cc aliquots. Collected BAL fluid samples were transported on ice to
the Emory Vaccine Center laboratories at the Emory National Primate
Research Center within 1 h of sample collection. Fresh BAL fluid was
filtered through a 70-μm strainer into a 50ml falcon conical tube
(Falcon, catalog no. 352098) to remove any clumped cells and mucus.
Pelleted BAL cellswere isolated by centrifugation at 524 × g (1500 rpm)
for 5min at 40 °C, and the supernatant was removed and stored. BAL
cells were washed twice in 1× DPBS (Gibco, catalog no.14190-144) and
resuspended in complete RPMI 1640 media with L-glutamine (Gibco,
catalog no. 11875119), 10% fetal bovine serum (Gibco, catalog no.
A5669801), and penicillin-streptomycin (Gibco, catalog no. 15140122).
Cell counts and viability were determined manually using a hemocyt-
ometer under a microscope and trypan blue staining. Cells were
incubated for 1 h at 37 °C in a 5% CO2 incubator and then infected
in vitro with freshly prepared H37Rv Mtb.

Preparation of Mtb cultures for infection
Live Mtb experiments were conducted under BSL-3 laboratory condi-
tions.Mtb strainsH37Rvwere used aspreviously described70–72. Briefly,
Mtb strains were grown in liquid media Middlebrook 7H9 (BD Difco,
catalog no. 271310) supplemented with 0.5% glycerol (Sigma, catalog
no. G6279-1L), 10% oleic acid-albumin-dextrose-catalase (OADC) (BD,
catalog no. 212351) and 0.05%Tween 80 (VWR, catalog no. 76348-480)
at 37 °C. The Mtb H37Rv stocks were thawed at room temperature in

the biosafety cabinet, and the inoculum was washed once with 7H9
media (BDDifco) by centrifugation at 4000 × g for 10min at 23 °C. The
supernatant was discarded, and the pellet was re-suspended in 7H9
media and inoculum solution transferred to a 30ml inkwell. For
uninfected controls, only 7H9 media was added to inkwell, and both
inkwells were secured into a container and placed onto a 37 °C shaking
incubator at 75–100 rpm for 4h until infection time. The Mtb culture
was removed from the shaking incubator, transferred to a 50ml con-
ical tube, and sonicated twice. Cell densityOD readingsweremeasured
at 600 nm. The volume of the culture required for infection was
transferred to a falcon conical tube and centrifuged at 4000 × g for
10min at 23 °C. Following centrifugation, the supernatant was dis-
carded, and the Mtb pellet was re-suspended in complete
RPMI1640 media.

Mtb infection of BAL cells
BAL cells were suspended in complete media and seeded in 12-well
tissue culture plates (1 × 106 cells per well) and rested for 1 h at 37 °C in
a 5% CO2 incubator before infection. Cells were removed from the
incubator and centrifuged at 524 × g (1500 rpm) for 5min at 23 °C. The
supernatant was carefully removed by pipetting, leaving cells in 100 µl
volume. BLCs were infected withMtb H37Rv at anMOI of 2:1 (bacteria:
cells), and onlymedia was added to control wells. For optimal contact,
the cells in the plate were further centrifuged at 524 × g (1500 rpm) for
5min at 23 °C and placed at 37 °C in a 5% CO2 incubator for 4 h, after
which they were centrifuged at 524xg (1500 rpm) for 5min at 23 °C.
Then cells were washed with once with 1× DPBS (Sigma, catalog no
D8537-500mL) and resuspended in complete media.

Bacterial burden enumeration
Mtb-infected BAL cells (4-h infection) in complete RPMI1640 media
were centrifuged at 524 × g (1500 rpm) for 5min at 23 °C. Following
centrifugation, pelleted cells were re-suspended in Triton X100-
Tween-80 and diluted in Triton X100 (Sigma, catalog no. T8787-
100ML). BAL cells were then plated on 7H10 Middlebrook agar plates
(BD, catalog no. 262710) and incubated at 37 °C for 3 weeks before
enumeration of CFU.

Intracellular cytokine staining and flow cytometry
Two hours after Mtb infection, brefeldin A (BFA) (0.5μg/mL; Sigma,
catalog no. B7651-5MG) was added to the wells per manufacturer’s
instructions. Multiparametric flow cytometry was performed on BAL
cells at 0 h and after 4h of Mtb infection (4 h). Single suspensions of
BAL cells were stained with live/dead fixable Near-IR surface stain on
APC-Cy7 (Invitrogen, catalog no. L10119, 1:2000). Two different flow
panels were used. The first panel for immunophenotyping surface
proteins using the following antibodies: anti-CD4-BUV 395 (BD 564107
clone L200, 1:100), anti-CD8-BUV496 (BD 612943 clone RPAT8, 1:100),
anti-CD169-BUV563 (BD 748926 clone 7-239, 1:100), anti-CD123-
BUV661(BD 741541 clone 7G3, 1:200), anti-CD20-BUV737 (BD612849
clone 2H7, 1:100), anti-CD45-BUV805 (BD 612891 clone H130, 1:200),
anti-CD206-BV421 (BD 564062 clone 19.2, 1:100), anti-CD24-BV480
(BD 746278 clone ML5, 1:200), anti-CD14-BV605 (BD 564054 clone
M5E2, 1:100), anti-HLA-DR-BV650 (BD 564231 clone G46.6, 1:100), anti-
CD16-BV711 (BD563127 clone 3G8, 1:200), anti-CD163-BV750 (BD
747185 clone GH/161, 1:100), anti-CD3-BV786 (BD 563800 clone SK7,
1:100), anti-CD71-BB515 (Biolegend 334104 clone CY1G4, 1:50), anti-
CD56-BB700 (BD 745894 clone NCAM16, 1:200), anti-CD33-PE (Milte-
nyi clone AC104.3E, 1:200), anti-CD11b-PE-TR (Dazzle 594) (BD 562399
clone ICRF44, 1:200), anti-CD11c-PE-Cy7 (Biolegend 301608 clone 3.9,
1:200), anti-CD66abce-APC (Miltenyi clone TET2, 1:100), and anti-
CD326-Alexa700/R718 (BD751942clone EBA-1, 1:50). The secondpanel
for functional assessments used the following antibodies: CD45 on
BUV805 (BD 742005 clone D058-1283, 1:200), anti-CD4-BUV395 (BD
564107 clone L200, 1:100), anti-CD8-BUV496 (BD612943 clone RPAT8,
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1:100), anti-CD169-BUV563 (BD 748926 clone 7-239, 1:100), anti-CD40-
BUV661 (BD 741624 clone 5C3, 1:200), anti-CD80-BUV737 (BD 741865
clone L307.4, 1:100), anti-CD206-BV421 (BD 564062 clone 19.2, 1:100),
anti-PD-1-BV480 (BD 566112 clone EH12, 1:200), anti-CD14-BV605 (BD
564054 clone M5E2, 1:100), anti-HLA-DR-BV650 (BD 564231 clone
G46.6, 1:100), anti-CD163-BV750 (BD 747185 clone GH/161, 1:100), anti-
CD3-BV786 (BD 563800 clone SK7, 1:100), anti-CD38-FITC (Beckman
Coulter IM0775U clone T16, 1:50), anti-CD86-BB700 (BD 566473 clone
FUN-1, 1:200), anti-PD-L1-PE (BD 557924 clone MIH1, 1:200), anti-
CD11b-PE-TR (Dazzle 594) (BD 562399 clone ICRF44, 1:200) and anti-
CD200R-PE-Cy7 (Biolegend 329312 clone OX-18, 1:200). Surface-
stained BAL cells were then fixed and permeabilized using the BD kit
reagents (catalog no. 555028). Following permeabilization cells were
stained against intracellular proteins using the following antibodies:
anti-TNF-Alexa700/R718 (BD 566957 cloneMab11, 1:100), anti-IL-6-APC
(BD 561441 clone MQ2-13A5, 1:100), and Anti-IL-10-BV711 (BD 564050
clone JES3-9D7, 1:200). Cells were washed after intracellular staining
and left in FACS buffer until acquisition on a BD FACSymphony flow
cytometer. The analysis was performed using FlowJo (v10.6.1)
software73.

High-dimensional flow cytometry analysis
Manual gating was performed to identify AMs (CD45+CD206+CD169+)
from both healthy and PLWH samples before and after ex vivo Mtb
infection. Flowjo Downsample plugin v3.3.174 was used to concatenate
equal number of AM events from each sample for further high-
dimensional analysis (12,000events per sample).Using Flowjoplugins,
UMAP projection was generated using default parameters and subse-
quently overlaid with FlowSOM populations to identify the 3 clusters
phenotype. Further identification of each sample’s clusters and 2D
plots was based on the ClusterExplorer74 visualization plugins. The
annotation was based on the combination of fluorophore parameters
and heatmap produced by ClusterExplorer.

Cytokine analysis
BAL cellswere infectedwithH37RvatMOIof 2. After 4 hpost infection,
BAL cells supernatant was collected and filtered through 0.2μM syr-
inge filter (CellTreat, catalog no. 229746) into a new tube. Filtered
supernatants were transferred out of BSL3 to the lab. Cytokines were
measured using the manufacturer's recommended protocol from
ProcartaPlex Multiplex Immunoassay (Invitrogen, catalog no. EPX180-
12165-901), and data was acquired on MAGPIX, Luminex system.

Bacterial burden enumeration
Mtb-infected BAL cells (4-h infection) in complete RPMI1640 media
were centrifuged at 524 × g (1500 rpm) for 5min at 23 °C. Following
centrifugation, pelleted cells were re-suspended in Triton X100-
Tween-80 and diluted in Triton X100. BAL cells were then plated on
7H10Middlebrook agar plates (BD, catalog no. 262710) and incubated
at 37 °C for 3 weeks before enumeration of CFU.

10X genomics 5’ ScRNAseq chromium capture
After infection, cells were centrifuged and resuspended in incomplete
RPMI media at a concentration of ~1 × 106 /ml. Cell counts were per-
formed using Countess slides with viability assessed via trypan blue
exclusion prior to capture. Single cell suspensions were prepared and
loaded onto the 10X Genomics Chromium Controller in the BSL3
facility using the ChromiumNextGEM Single Cell 5’ Library & Gel Bead
Kit v1.1 (10x Genomics, catalog no. PN-1000165) to capture individual
cells and barcoded gel beads within droplets for reverse transcription.
The libraries were prepared according to manufacturer instructions
and sequenced on an IlluminaNovaSeq 6000with a paired-end 26 × 91
configuration targeting a depth of 50,000 reads per cell. Cell Ranger
software75 was used to perform demultiplexing of cellular transcript

data and mapping and annotation of UMIs and transcripts for down-
stream data analysis.

ScRNAseq analysis
Raw data was processed with Cell Ranger v6.1.0 (10x Genomics) using
standard pipeline. The downstream analysis was performed in R
package Seurat v4.3.076. The following criteria were used to filter out
cells: nFeatures > 200 and <4500, mitochondrial genes <10%, HBB
genes <10%, and ribosomal genes <10%. DoubletFinder v2.0.377 was
used to identify and filter doublets using default parameters. All the
samples at 0 h and 4 h timepoints were integrated using Seurat inte-
gration pipeline using default parameters. SCTransform method was
used for normalization. The first 15 PC dimensions were used to run
UMAP and FindNeighbors functions. The clusters were identified using
the FindCluster function with 0.5 resolution.

Major cell types were annotated using SingleR v1.10.0. Human
Primary Cell Atlas Data from Celldex v1.6.0 was used as ref. 78. Cano-
nical markers for each cell type were used to verify SingleR cell
annotation. These include MARCO, CD68, FCGR3A for AMs, CD68,
CD14 and ITGAMforMDMs, S100A8 andS100A9 forneutrophils, CD1C
andCD207 for DCs, LYZ formonocytes, CD3E andCD4 forCD4 T cells,
CD3E and CD8A for CD8 T cells, CD3D and CD3G for gamma delta
T cells, FOXP3 for regulatory T cells, MS4A1 (CD20) and CD79A for B
cells, GNLY and PRF1 for NK cells and MUC5AC for epithelial cells. For
annotation of AM subsets, AMs were extracted from total cells and re-
clustered using the FindCluster function with 0.5 resolution. The top
20markers from each cluster were used to classify the AM subclusters.
T cell subset annotation was performed in an integratedmanner. After
extraction of T cell from the total cells, cells were re-clustered using
resolution of 0.5. Each cluster was then annotated independently by
SingleR using two datasets, Encode and Monaco from Celldex as
reference78,79. Further, marker-based annotation was performed from
previously published lung single cell landscape data80. Cell annotation
was finalized by concordant results from 2 out of 3 cell annotations.

Differential gene expression analysis was performed using Fin-
dAllMarkers function using MAST v1.22.0 algorithm81. Genes with log
fold change greater than 1.3 and adjusted p value less than 0.05 were
considered up-regulated, and genes with log fold lower than −1.3 and
adjusted p value less than 0.05 were considered down-regulated
genes. The heat map was generated using Heatmap function from
ComplexHeatmap package v2.18.082. Venn diagrams were plotted
using ggVennDiagram package v1.5.083. Gene set enrichment analysis
for each annotated cell population was performed on ranked list of all
genes using fgsea v1.22.084. Mapping of gene fold changes to KEGG
oxidative phosphorylation pathway was done using pathview v1.36.185

using default parameters. Ligand-receptor cell-cell communication
prediction between cell populations was done using CellChat v1.5.086

using default parameters.

Single cell pathway scoring
R package SiPSiC v1.2.287 was used to calculate per-cell pathway scores
for pathways of interest. The pathway score is calculated using get-
PathwayScores function using default parameters.

Trajectory analysis
Trajectories for T cell subsets were constructed using R package
Monocle3 v1.3.488 using default parameters. Briefly, cells were ordered
by assigning CD4 TCM cells as the root node. Trajectories for AM
subsets were constructed using R package Slingshot v2.10.089 to
enable downstream differential expression analysis using R package
tradeSeq v1.16.090. Pseudotime analysis was performed by ordering
the cells and assigning resting macrophage cluster AM1 as the root
node. Differential gene expression analysis along the pseudotime tra-
jectory was done using TradeSeq function fitGAM.
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Statistical analysis
All statistical analysis was performed using R v4.2.191 and GraphPad
Prism v10.1.092. The difference in means between the two groups was
calculated using Welch’s t-test. For differential gene expression ana-
lysis and GSEA, adjusted p-values obtained from MAST and fgsea,
respectively, were used.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Raw and processed data files are available on GEO under accession
number GSE266696. All the data used to generate figures are provided
via the GitHub repository described in “Code availability.” All data are
included in the Supplementary Information or available from the
authors, as are unique reagents used in this article. The raw numbers
for charts and graphs are available in the Source Data file whenever
possible. Source data are provided with this paper.

Code availability
All the scripts used in the analysis and to generate figures are available
at https://github.com/prashantbajpai/Human_BAL_10x_analysis. All the
script can also be accessed fromZenedo using https://doi.org/10.5281/
zenodo.14735755.
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