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Abstract

The convergence of HIV-1, Mycobacterium tuberculosis, and SARS-CoV-2 infections presents a
formidable challenge characterized by heightened immune suppression and persistent viral replication.
Understanding the shared molecular mechanisms underlying these co-infections is essential, providing
a foundation for future translational research and therapeutic discovery. We analyzed differentially
expressed genes from HIV-1/TB co-infection datasets across multiple tissues, including lung, spleen,
liver, and whole blood. This was followed by PPl network analysis and single-cell multi-gene expression
analysis. Gene set enrichment and pathways enrichment analysis were carried out to reveal the
immune regulatory pathways that are altered during HIV-1/TB infection and SARS-CoV-2 infection.
Gene expression profiling pointed out critical genes, including CXCR4, TAP1, TSC22D3 and FGR,
associated with immune suppression, antigen processing, and viral attachment. TSC22D3 and CXCR4
were found to be crucial immune cell regulators in lung tissue using single-cell analysis. Apart from
this, PPI network analysis revealed that TAP1, TAP2, and CXCR4 are essential hub genes, whereas
the intersectional analysis with the SARS-CoV-2 gene datasets highlighted 27 genes associated with
the immune response and viral persistence. Pathway enrichment analyses noted several processes,
such as protein phosphorylation, apoptosis, and immune evasion, pointing out common mechanisms
across these infections. Our findings suggest shared molecular signatures in HIV-1/TB and SARS-CoV-2
infections, with central genes offering potential therapeutic relevance. Future work will validate these
targets through wet lab experiments to better understand their roles inimmune regulation and develop
novel therapies to enhance viral clearance in co-infected patients.

Keywords: Mycobacterium tuberculosis, HIV-1, SARS-CoV-2, Gene Expression, Gene Ontology, Functional Analysis,

Systems Biology

INTRODUCTION

The co-infection of HIV-1 and
Mycobacterium tuberculosis (Mtb) is one of the
most significant global public health challenges,
particularly in places where both illnesses
are widespread. Tuberculosis (TB) is a highly
infectious disease caused by Mtb, affecting
millions globally.*? It is estimated that one-third
of the world’s population is infected with Mtb,
with 5-10% developing active TB during their
lifetime. The primary site of Mtb infection is the
lungs, leading to pulmonary TB, which can worsen
progressively if not treated. However, TB is not only
limited to the lungs; it can invade other organs,
such as the urinary tract, lymph nodes, and even
the brain, leading to extrapulmonary TB.*® Even
with the significant advancements made in the
treatment of tuberculosis (TB), itsimpact in terms
of morbidity and mortality remains a serious
public health problem worldwide. According to
the report of the World Health Organization, 13
lakh people died due to tuberculosis in the year
2022.% Inflammation caused by HIV-1 infection
impairs the immune system by lowering CD4* T

cells which can trigger acquired immunodeficiency
syndrome (AIDS) without any treatment.® Having
TB and HIV-1 together causes a heightened level of
immune deficiency, a more rapid onset of disease,
and an increased risk of death. TB incidence
among those with HIV is a significant concern,
as about 20% of those living with HIV/AIDS will
develop active TB.%” The function of CD4* T cells
is critical to controlling immune responses to Mtb
infections. They also help in the augmentation
of CD8" T cells, the cells containing the cytotoxic
activity, and other immune cells that produce
effector molecules, such as IFN-gamma, essential
in bacterial replication control.° Such CD4* T cell
depletion as a consequence of HIV-1 infection can
be detrimental to the self-regulatory aspect of
the immune system and accelerate the transition
from latent to active. This fall raises the chances
of contracting tuberculosis in addition to inhibiting
the immune response, and thus, there are higher
chances of TB reactivation and mortality. TB and
HIV-1 have been shown to operate interactively
in a way that explains many aspects of their
detrimental concurrency.’®!* The deficiency of
CD4* T cells enhanced by HIV-1 contributes to TB,
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but TB itself may contribute to HIV-1 spread at the
region of TB, such as tuberculous pleural effusions
(TPE). TB-PE, a widespread extrapulmonary
condition, features the buildup of pleural fluid
between the lungs and the chest cavity, increasing
immune cells’ vulnerability to HIV-1 infection and
boosting the persistence of the virus.'*!? Still,
specific evidence suggests that Mtb might inhibit
HIV-1 replication in some cases, which stresses the
complex nature of these interactions.
Furthermore, the emergence of SARS-
CoV-2 complicates things even more. SARS-
CoV-2 predominantly impacts the respiratory
system but can also affect immune function by
initiating cytokine release and lessening T cells.?***
Previously, it has been shown that SARS-CoV-2
can co-infect those who are HIV-1 or TB-positive,
and this association results in worse clinical
outcomes from common immune evasion, viral
replication, and immune dysfunction. Responses
of CD4* T cells to SARS-CoV-2 are essential for
building lasting immunity and subduing infection.
People infected with both SARS-CoV-2 and HIV-1
suffer from more significant immune dysfunction
caused by CD4* T cell depletion, which lengthens
the duration of their illness and raises their
mortality risk.>'® Understanding typical molecular

Sample

mechanisms related to these co-infections is of
great importance because of the complicated
interactions associated with HIV-1, Mtb, and
SARS-CoV-2. Though research has affirmed a
bidirectional effect between HIV-1 and Mtb in
terms of their pathogenesis, there is an ongoing
gap in comprehensive knowledge about these
pathogens at the molecular level, particularly for
co-infection with SARS-CoV-2.>'7 Such immune
dysfunction is probably due to the common
mechanisms responsible forimmunosuppression,
viral persistence, and immune escape. Subjects
with co-infection have significantly reduced CD4*
T cells, increasing the chances of reactivation and
advancing to active disease, in contrast to those
with single infections.'® The resulting drop in CD4*
T cell counts by SARS-CoV-2 complicates things by
undermining immune responses.

To tackle these challenges, bioinformatics
and systems biology afford essential techniques
for understanding the molecular interactions
involving HIV-1, Mtb, and SARS-CoV-2. We aim to
apply large-scale gene expression data, protein-
protein interaction networks, and pathway
enrichment analyses to identify the common
molecular determinants among these pathogens.*
Notably, multi-omics, such as tissue and single-cell-

@ Grouping Sample TB-PE (tuberculous pleural effusion) A
tabasy) > and l:> et
Conditions Design ,
GSE248986 I:| ll
w3 Ak

HIV-1/TB co-infection

Investigate the Mechanism of Action
(MOA), Functional and Genomic Signatures

in Host-Pathogen Interactions of Triple
Infections: HIV-1/Mtb and SARS-COV-2

Smgle Cell Mu Protein-Protein Network
Expression Anaiysns Interactions

16,850 Identifying Common

Genes between SARS-
COV-2 and HIV-1/Mtb

genes

Common Genes 27

Gene Ontology and Pathway
Enrichment Analysis for HIV-1/TB
and SARS-CoV-2 Co-infection

Figure 1. The workflow design of the study illustrates the key steps and methodologies employed in the analysis,

from data collection to the results
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based gene expression profiling, elucidate how
the pathogens hijack the host immune system.
Targeting critical regulatory centers or pathways
may provide us with the potential strategy for
the treatment of co-infectious diseases in a
more effective manner. In this study, we sought
to explore the molecular pathways and immune
regulatory mechanisms underlying co-infections
with HIV-1, TB, and SARS-CoV-2. Using the above
methods, we analyzed the dynamic patterns of
gene expression and host-pathogen interactions
that impaired immune signals and favored the
maintenance of the virus and evasion from
immunity. The workflow of the study is given in
Figure 1. This comprehensive approach allowed
us to identify fundamental regulatory mechanisms
and shared molecular pathways, offering new
insights that could inform future therapeutic
strategies for enhancing immune responses in
co-infected individuals (Figure 1).

MATERIALS AND METHODS

Dataset acquisition and experimental design

The transcriptomic data relevant to
this study was downloaded from the NCBI GEO
database,?® and the accession number GSE248986
was used.’ This set includes mMRNA expression
profiles of CD4* T cells from three HIV-negative
healthy or Mtb-exposed donors (Donors, 30,
31, 32). The study aims to measure how the
environmental factors associated with tuberculosis
influence the propagation and persistence of HIV-1
in CD4* T cells.?

Sample grouping and conditions

The sample contains twelve samples
from four experimental groups: Control, TB-PE
(tuberculous pleural effusion), Activated, and
Activated+TB-PE. CD4* T cells isolated from
healthy donors served as the Control group. The
TB-PE group consisted of CD4* T cells treated with
the acellular fraction of TB-PE to simulate the
tuberculosis-associated microenvironment. The
Activated group involved CD4" T cells activated
with anti-CD3/CD28 antibodies to mimic immune
activation. The final group, Activated+TB-PE,
included CD4* T cells simultaneously activated
with anti-CD3/CD28 and exposed to TB-PE.

Each donor provided samples across all four
experimental conditions, ensuring consistent
group comparisons.

RNA sequencing and data processing

The Illumina NovaSeq 6000 platform
performed RNA sequencing on mRNA expression
data from 12 samples (GPL24676). Before further
analyses, the raw expression data were pre-
processed to make them comparable across
different sources and eliminate batch and other
confounding effects. Data normalization was
performed using the Robust Multi-array Average
(RMA) method, followed by log2 transformation
to reduce variability in the data. Such data
normalization allowed unbiased gene expression
comparison across various treatments and all
other experiment conditions.

Differential gene expression

To identify differentially expressed genes
(DEGs), GEO2R was employed to design an R script
to analyze the RNA-seq data GSE248986. The R
version 4.2.2 and several Bioconductor packages,
including GEOquery (2.66.0), limma (3.54.0),
and DESeq2, were employed in this process. The
GEO-derived raw count data were also internally
retrieved along with the pre-processed and
normalized RNA-seq data obtained using DESeq?2.
The DESeq?2 algorithm was utilized to carry out the
differential expression analysis. At first, low-count
genes were excluded, retaining genes with at least
ten counts across samples. The expression of
genes was normalized using the DESeq2 method,
comprising a multi-factor analysis registered to
tick the presence of DEGs for all the contrast
comparisons. Following the aforementioned
stepwise examination of over-expressed DEGs,
the Wald test was implemented to examine the in-
between differences between the clinical groups.
For the results, the adjustment was made for
multiplicity using the Benjamini-Hochberg FDR.
DEGs with an adjusted p-value <0.05 and absolute
log, fold change >1 were considered statistically
significant. In addition, volcano plots were used
to show the DEG distribution, and a Venn diagram
was utilized to assess the number of those genes
shared by DEGs for various comparisons.
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Curating genes from the CTD database and
identifying common genes

After identifying the 31 common genes
from the Venn diagram analysis using GEO2R
from five distinct groups, these genes were then
cross-referenced with genes related to SARS-CoV-2
from the Comparative Toxicogenomics Database
(CTD).?* This step aimed to determine which
shared genes from the Tuberculosis-associated
microenvironment study also directed activities
in the SARS-CoV-2 pathways. Such genes that
have significant roles in both conditions were
highlighted, which would mean that such diseases
have a certain degree of similar genetic regulatory
mechanisms. This approach helped us narrow
the focus and analyze the genes involved in the
pathophysiological overlap of tuberculosis, HIV-1
latency, and COVID-19 and strategize forward.

Gene ontology and pathway enrichment analysis
for HIV-1/TB and SARS-CoV-2 co-infection

The Genes common from the analysis
of co-infections of HIV/TB with SARS-CoV-2 were
then analyzed for GO and Pathway Enrichment
Analysis for biological purposes. Data analysis was
done through the DAVID tool to assess biological
processes, cellular components, and molecular
functions of genes. The enrichment analysis was
supplemented with the KEGG*? and Reactome
pathways databases to elucidate comprehensively
the signaling pathways and molecular interactions
these genes affect. Additionally, GSEA was
performed using the Enricher platform,??
incorporating multiple gene set libraries such as
ChEA 2022, KEGG 2021 Human, and the Elsevier
Pathway Collection. This allowed for a more
comprehensive investigation into the shared
pathways and molecular interactions that drive
the immune dysregulation and viral persistence
observed in these co-infections.

Protein-protein network interactions

To analyze the functional interactions
of genes originating from HIV-1/TB and SARS-
CoV-2 co-infections, we deployed protein-protein
interaction (PPI) network analysis. Protein-protein
interaction (PPI) networks were predicted and
constructed using the STRING database,* which
used high confidence (>0.7) to ensure that all valid
interactions were captured within the network.

The PPl network was visualized and further
analyzed using Cytoscape?® and Gephi software.?®
The PPI Network analysis showed the presence of
crucial hub genes functional inimmune responses,
controlling the viral load, and controlling immune
response and evasion by calculating PPI network
graphical parameters like degree, betweenness
centrality, and closeness centrality. Furthermore,
modularity analysis was also done to identify
functional groups of the network related to the
presentation of antigens, signaling and entry of
viruses.

Single cell multi-gene expression analysis in lung
tissue

Based on the results obtained from the
Gene Ontology and Pathway Enrichment Analysis,
GTEx Single Cell Multi-Gene Expression Analysis?’
was conducted to examine the expression profiles
of the commonly surveyed genes at the lung
tissue level. This focus was particularly relevant,
as the lungs are a primary site of infection for both
SARS-CoV-2 and Mycobacterium tuberculosis,
making them a critical tissue for understanding the
underlying biology of viral propagation, immune
evasion, and co-infection strategies in specific lung
cell types.

RESULTS

Differential gene expression analysis

The analysis of differentially expressed
genes (DEGs) in the HIV-1/TB co-infection dataset
(GSE248986) aimed to enhance our understanding
of the mechanisms underlying tuberculosis pleural
effusion (TB-PE), HIV-1 latency, and T cell activation.
These observations corresponded to a systematic
and the highest performance correlation in the
profiles for upregulation and downregulation of
expression of genes when various conditions of
Control, TB-PE, Activated, and Activated_TB-PE
were applied and based on a set statistical log2 fold
change and Benjamini-Hochberg adjusted p-value
(padj <0.05) (Table S1-S5). In the interaction of
Control and TB-PE conditions, 433 DEGs have
been identified, of which 207 were upregulated
and 226 downregulated. This suggests that TB-PE
exerts a considerable effect on gene expression,
likely contributing to immune suppression and viral
persistence. When comparing Control vs Activated,
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a more significant number of DEGs (8096)
were observed, split almost equally between
upregulated (4024) and downregulated (4072)
genes (Figure 2). This reflects the robust activation
of immune responses upon T-cell stimulation.
Interestingly, the TB-PE vs Activated
comparison showed an even higher number of
DEGs (8629), with 4321 genes upregulated and
4308 downregulated, indicating a dynamic shift
in gene regulation when immune cells transition
from a suppressed state (under TB-PE influence)
to an activated state. The comparison between TB-
PE and Activated_TB-PE showed 5750 DEGs, with
2669 genes upregulated and 3081 downregulated,
further highlighting the modulatory role of TB-PE in
shaping immune responses. Lastly, the comparison
between the Activated and Activated_TB-PE
conditions identified 282 differentially expressed
genes (103 upregulated and 179 downregulated)
Figure 2, suggesting that TB-PE may continue to
modulate gene expression patterns following
T cell activation, though the extent of change
appears reduced. These findings underscore the
critical role of TB-PE in modulating the immune
landscape, leading to both suppression and
selective activation of vital immune pathways.
The presence of 31 common genes across the
five comparison groups, as indicated by the Venn

HIV-1/Mtb SARS COV-2

16823

(99.8%)

diagram (Figure 2 and Table S6), highlights shared
regulatory mechanisms that are likely central to
the interplay between immune suppression and
activation during HIV-1/TB co-infection

Key gene regulation in HIV-1/TB co-infection

The detailed examination of crucial
DEGs provides further insights into the molecular
mechanisms regulating immune responses in
HIV-1/TB co-infection. Several genes, including
FGR, SNHG12, FASLG, CXCR4, and PSMD1,
demonstrated significant expression changes
across the conditions, shedding light on their role
in modulating immune activity (Table S6). FGR,
a proto-oncogene belonging to the Src family
tyrosine kinases, showed negative expression in
the Control vs TB-PE comparison (log2 fold change:
-1.95). This means the TB-PE microenvironment
can suppress FGR expression, leading to more
immune suppression in the affected persons
(Figure 3). However, in the TB-PE vs. Activated
comparison, FGR was upregulated (log2 fold
change: 1.818), indicating that T cell activation
reverses this suppression, possibly restoring
immune function and promoting viral reactivation.
The dynamic effect of FGR seems to be imperative
for the regulation of the immune system during
co-infection.

Control vs Activated

TB-PE vs Activated

Control vs TB-PE

<

Y/
TB-PE vs Activated_TB-PE
B

Activated vs Activated_TB-PE

Figure 2. The image displays a Venn diagram; (A) The common genes between identified groups for differentially
expressed genes (DEGs); (B) illustrates the common genes between HIV-1/Mtb and SARS-CoV-2
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Similarly, SNHG12 (small nucleolar RNA
host gene 12) was involved in RNA metabolism and
regulation and downregulated in Control vs TB-PE
(Log2 fold change: -1.241). Following activation
of T-cells (TB PE vs activated), expression levels of
SNHG12 were upregulated (log2 fold change 3.79),
thus supporting the premise that T-cell activation
restores its function, altering expression patterns
of genes and assisting the immune response.
This regulation pattern indicates that SNHG12 is
sensitive to changes in the immune environment,
making it a critical player in regulating responses
during co-infection.

FASLG (Fas ligand), which is involved
in inducing apoptosis, was upregulated in
Control vs TB-PE (log2 fold change: 1.209),
reflecting the activation of apoptotic pathways
under TB-PE conditions. However, FASLG was
markedly downregulated in TB-PE vs. Activated
(log2 fold change: -2.374), implying that T cell
activation suppresses apoptosis, favoring cell
survival. This shift from promoting cell death to
enhancing survival could play a significant role
in viral latency and reactivation, where immune

-log10(Pvalue)

-log10(Pvalue)

suppression is lifted, allowing for T cell survival
and viral persistence (Figure 3). CXCR4 (C-X-C
motif chemokine receptor 4), which plays a role in
immune cell trafficking and serves as a co-receptor
for HIV entry, was significantly downregulated in
the Control vs. TB-PE comparison (log, fold change:
-1.382). This downregulation may reflect altered
chemotactic signaling and potential changes
in cellular susceptibility to HIV under TB-PE
conditions. In contrast, CXCR4 was upregulated
in the TB-PE vs. Activated comparison (log, fold
change: 2.545), suggesting that T cell activation
may restore its expression. This upregulation
could be associated with increased chemotactic
potential and possibly greater susceptibility to
HIV-1 entry, although functional outcomes require
further validation. This dual role of CXCR4 in both
immune regulation and viral infection highlights
its significance in the context of HIV-1/TB co-
infection.?®

PSMD1 (proteasome 26S subunit, non-
ATPase 1) showed a more complex expression
pattern, with a slight upregulation in TB-PE vs
Activated (log2 fold change: 0.336) and significant

-og10(Pvalue)

log2(fold change)

Hog10(Pvalue)
-log10(Pvalue)

log2(fold change)

log2{fold change)

log2(fold change)

— T T T T T T T T T T
16 5 4 3 2 4 0 1 2 3 4 5
log2(fold change)

Figure 3. Volcano plots displaying differentially expressed genes across five comparison groups in the HIV-1/TB co-
infection datasets: (A) Control vs. TB-PE, (B) Control vs Activated, (C) TB-PE vs. Activated, (D) TB-PE vs. Activated_TB-

PE, and (E) Activated vs. Activated_TB-PE
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downregulation in TB-PE vs Activated_TB-PE
(log2 fold change: -1.818). PSMD1 is a protein
degradation-related mechanism that regulates the
immune response through viral and host protein
turnover. This differential expression suggests that
PSMD1 is vital for the homeostasis of cells during
both immune suppression and reactivation by
facilitating protein degradation with the changing
immune environment. The configuration of these
shared genes in different conditions reflects the
dynamic control over immunological pathways in
the case of HIV-1/TB co-morbidity. The changes in
expression, especially regarding TB-PE and T-cell
stimulation, provide critical molecular pathways

GO Biological Process

that may be harnessed to develop therapies to
alterimmune responses to reduce viral reservoirs.

Cross-referencing common genes between HIV-1/
TB and SARS-CoV-2

After identifying 31 common genes
from the HIV-1/TB co-infection dataset using
Venn diagram analysis of five distinct groups
(Control, TB-PE, Activated, Activated_TB-PE),
these genes were cross-referenced with genes
associated with SARS-CoV-2 from the Comparative
Toxicogenomics Database (CTD). The CTD database
yielded 16,850 genes associated with COVID-19.
Upon comparison, 27 common genes were
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Figure 4. Gene Ontology and Pathway Enrichment Analysis of genes between SARS-CoV-2 and HIV-1/TB co-infection.
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identified between HIV-1/TB and SARS-CoV-2
infections (Figure 2 and Table S7). These shared
genes highlight potential overlapping molecular
pathways involved in immune regulation, viral
persistence, and the host’s response to co-
infection and viral infection. The 27 common
genes identified between SARS-CoV-2 and HIV-
1/TB include crucial regulators such as FASLG,
SPON1, CXCR4, PSMD1, TAP1, and PIK3IP1, all of
which play significant roles in immune signaling,
apoptosis, and viral trafficking. These genes could
represent key molecular players mediating the
pathogenesis of SARS-CoV-2 and HIV-1/TB co-
infection, offering insights into shared mechanisms
of immune suppression and viral reactivation.
Cross-referencing genes from two infectious
diseases points to potential targets that could
be explored for therapeutic intervention. This
observation, as highlighted in the present analysis,
allows addressing further questions about the
potential roles of viral co-infections in inducing
immune dysregulation and impacting disease
progression.

G0:0006915~apoptotic process.

in cancer
Gene-Term Associations

Gene ontology and pathway enrichment analysis
of genes between SARS-CoV-2 and HIV-1/TB co-
infection

To understand the functional significance
of the 27 common genes identified between
SARS-CoV-2 and HIV-1/TB co-infection, we
used the David module for Gene Ontology (GO)
analysis and Pathway Enrichment analysis.
According to GO analysis, the positive regulation
of protein phosphorylation (GO:0001934, p-value
=0.000123) was indicated with five genes (DAB2,
RALB, GPNMB, PELI2, AXIN2) as a crucial biological
process (Figure 4). This process is central to
immune signaling and modulation of cellular
interactions, which is significant in the immune
response to viral infections, such as SARS-CoV-2
and HIV-1/TB co-infection. Another essential
biological process was the positive regulation of
cell migration (GO:0030335, p-value = 0.0055), in
which FGR, DAB2, GPNMB, and CXCR4 are involved
(Table S8). Furthermore, cell migration is an
essential need for the recruitment of immune cells
to the infection sites for both pathogen clearance
and the integration of immune responses against
the co-infection.
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Additionally, the analysis revealed analysis revealed several significant associations
enrichment for antigen processing and  withthe plasma membrane (GO:0005886, p-value
presentation via MHC class | (GO:0019885, p-value = 0.0030) comprising 15 genes, including RALB,
= 0.0125), driven by the TAP1 and TAP2 genes. It  SDC2, C5AR1, TAP1, CXCR4, etc. This suggests that
is essential in activating cellular adaptiveimmune  many identified genes are involved in membrane-
responses, especially the activation of cytotoxic  associated processes integral to cell signaling and
T-cells to eliminate viral pathogens during co- interaction with external pathogens. Also, the
infections. The cellular component enrichment  TAP complex (G0O:0042825, p-value = 0.0049),
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Figure 6. Scatterplot representing terms from a specific gene set library. Term frequency-inverse document
frequency (TF-IDF) values were calculated for each gene set, followed by UMAP for dimensional reduction. The
terms are displayed based on the first two UMAP dimensions, with similar gene sets appearing closer together.
Colors represent clusters identified using the Leiden algorithm, applied to the TF-IDF values. Larger and darker
points indicate terms with higher enrichment significance. Hovering over a point reveals the term, its enrichment
p-value, and its assigned cluster. Panels A-C highlight transcription factor-related DEGs, D-J show various annotated
pathways, K-L represents disease-associated genes, and M-P highlights cell types and gene sets from cell markers
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which enriches TAP1 and TAP2, suggests why
these genes are essential in processes involved
in antigen presentation. This is very important
in identifying viral antigens tissue and cells that
contain viral persistence and immune evasion
strategies employed by HIV and Mtb.

Moreover, the lysosomal lumen
(G0:0043202, p-value = 0.0065), represented by
genes such as SDC2, FASLG, and HPSE, stresses
the necessity of lysosomal degradation in antigen
processing. Lysosomes play a crucial role in
breaking down pathogens and presenting their
antigens to the immune system, thus initiating an
effective immune response. The GO molecular
function analysis revealed that the term with
the highest enrichment was protein binding
(G0O:0005515, p-value = 0.0006), executed by
24 out of 27 genes (88.88%). This function
is important for regulating viruses’ immune
response, signaling, and replication (Figure
4). Genes such as LRRC25, SPON1, RALB, and
FASLG are crucial in protein-protein interaction/
mediated processes that are required to effectively
coordinate the immune response towards a viral
infection. In addition, it has been shown that
ABC-type peptide antigen transporter activity
(G0:0015433, p-value = 0.0037) and peptide
transmembrane transporter activity (G0:1904680,
p-value = 0.0037) exemplified by TAP1 and TAP2
are involved in the transport of molecules for the
presentation of antigens on the cell surface. These
activities are essential as they are vital in ensuring
that any viral antigens taken up are accurately
processed and displayed on the cell surface for the
immune system to identify and attack the infected
cells.

The KEGG pathway analysis was useful
in revealing the role of some notable pathways,
such as Human immunodeficiency virus one
infection (hsa05170, p-value =0.0073) and Primary
immunodeficiency hsa05340 (p-value = 0.0706).
These pathways included the genes TAP1, TAP2,
CXCR4, and FASLG, all suggesting a possible role in
viralimmune evasion and persistence, especially in
co-infection scenarios. In the Reactome pathway
analysis, ER-Phagosome pathway (R-HSA-1236974,
p-value = 0.0123) and Antigen Processing-Cross
presentation (R-HSA-1236975, p-value = 0.0165)
were significant, involving TAP1, TAP2, and PSMD1.
These pathways are vital in presenting viral

peptides for effectively killing T-cells against HIV-
1 and Mtb. Related pathways such as Infectious
disease (R-HSA-5663205, p =0.0384) and Immune
System (R-HSA-168256, p = 0.0775) were also
found to be enriched, which further suggests
that these common genes have a broader role
in the control of responses to viral and bacterial
challenges (Figure 4 and Table S8). The genes
FGR, SDC2, CD9, and PSMD1 could contribute to
immunity by playing significant roles in controlling
both viral and host defenses, potentially affecting
viral replication.

Functional annotation clustering and enrichment
analysis

To investigate the biological roles found
in the common genes between HIV-1/TB and
SARS-CoV-2 infections, we performed functional
annotation clustering for biological processes,
molecular functions, or cellular component
enrichment (Table S9). This analysis clarified
the possible similarities in molecular pathways
that are common in managing infections. These
circumstances may be helpful for a better
understanding of viral persistence, evasion of
the immune response, and co-infection. Looking
into the enriched terms and the gene clusters
associated with them, we were interested in
the biological function and cellular distribution
of these genes concerning changing immune
response and the virus replication cycle (Figure 5).
The first cluster, with an enrichment score of 1.72,
highlights terms such as membrane (GO:0016020),
transmembrane helix, and extracellular region.
Notable genes like LRRC25, SDC2, TAP2, TAP1,
CXCR4, FASLG, and PSMD1 are highly involved in
membrane-associated processes (Table S9). Panel
A shows that many of these genes are positively
associated with membrane and extracellular
domain functions (green areas), underscoring
their roles in immune responses and viral-host
interactions. However, the black areas reveal
gaps where gene associations for terms such as
“Transmembrane Helix” and “Topological Domain:
Extracellular” remain underexplored. The second
cluster, with an enrichment score of 1.30, focuses
on signaling receptor binding (G0:0005102)
and the extracellular space. Genes such as FGR,
PIK3IP1, LPL, and FASLG are significantly enriched
in receptor-binding functions, crucial forimmune
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modulation and signal transduction during viral
infection. As illustrated in Panel B, these genes
are predominantly associated with receptor
binding and extracellular functions, reinforcing
their importance in immune signaling. However,
the black gaps indicate that certain associations,
especially those involving the extracellular region,
are underexplored.

The third cluster, with an enrichment
score of 1.12, includes genes involved in the
apoptotic process (GO:0006915), such as DAB2,
CXCR4, RALB, and FASLG. These genes play
essential roles in programmed cell death, critical
for regulating immune responses and controlling
viral infections by eliminating infected cells. As
shown in Panel C, these gene-term associations
are positively reported, underscoring the role of
apoptosis in managing co-infections. However,
unreported associations suggest further areas
for investigation. The fourth cluster, with an
enrichment score of 1.07, focuses on pathways
related to Human Immunodeficiency Virus
1 infection (hsa05170) and cytomegalovirus
infection (hsa05163), involving genes such as TAP2,
TAP1, CXCR4, and FASLG. These genes are pivotal in
viral infection pathways, particularly in modulating
immune responses and processing viral antigens.
Panel D highlights their strong association with

positive regulatkyf. protein phos

positive regulatiof cell mig?do

\
o
apoptoti@process

N
D

R

i}

Infectious;disease
rang roopr gy |
signaling receptor-binding
LRLZ ,Exajmpfo te
W/
memprane!
EWSR1PIK3IP1 \

\
\

Tsca2p3  MAFB IRRE25 - SPONT

phorylation

H\\ i o[e/culaf’/Function s 'aHNRNPM
7 /1 :

' Primary immunodeficiency

viral pathways, particularly in antigen processing
and immune evasion by viruses like HIV-1 and
SARS-CoV-2 (Figure 5). Thus, this functional
annotation clustering provides valuable insights
into how shared molecular pathways contribute
to immune regulation, viral persistence, and host
response in co-infected individuals.

Insight from gene set enrichment in HIV-1/TB and
SARS-CoV-2 co-infection

To explore shared molecular mechanisms
and pathways between HIV-1/TB co-infection
and SARS-CoV-2 infection, we analyzed multiple
gene set libraries using term frequency-inverse
document frequency (TF-IDF) values followed
by UMAP for dimensional reduction. This
analysis identified clusters of enriched gene
sets, highlighting common regulatory pathways
(Table S10). Figure 6 provides a visualization of
the gene sets, with clusters color-coded based on
their significance, illustrating transcription factor-
related gene sets, pathways, disease associations,
and cell types. The clustering of these gene
sets reveals significant molecular interactions
that could contribute to immune evasion, viral
persistence, and co-infection dynamics. The
analysis began by identifying transcription
factor-related gene sets, shown in panels A-C of
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Figure 7. Protein-protein interaction network analysis of the overall pathways. The nodes and edges are color-coded
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KEGG pathways, orange for biological processes, and violet for Reactome pathway analysis
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Figure 6. Cluster 2, highly significant in the ChEA
2022 dataset (panel A), included transcriptional
regulators such as SUZ12, RNF2, and ATF6B,
linked to genes like SPON1, MAFB, CXCR4, and
HPSE. These transcription factors are essential in
modulating gene expression during viral infections
and immune responses. SUZ12 and RNF2, involved
in chromatin remodeling, impact the host’s
response to viral infections. Their enrichment
in both HIV-1/TB and SARS-CoV-2 infections
highlights their critical role in viral persistence
and immune suppression, making them potential
therapeutic targets.

Next, we explored pathway enrichment,
focusing on common antigen presentation
pathways, immune response, and viral infections.
Gene cluster 7 of the KEGG 2021 Human database
(panel G) depicts the contribution of TAP1, TAP2,
CXCR4, and FASLG, essential in antigen processing

and presentation, a hallmark in any immune
response. The disruption of this process has
crucialimplications in the phenomenon of immune
evasion which is commonly observed in HIV-1
and SARS-CoV-2 infections.?® Enriching antigen
presentation genes in both infections suggests
that improving this immune function could
help develop therapies that enhance immune
recognition and virus elimination. Particular
pathways, such as human immunodeficiency
virus one infection and ABC transporters, were
significantly enriched, and this suggests potential
molecular pathways that these viruses may
utilize to manipulate the host immune response.
Immune evasion mechanisms were particularly
evident in Cluster 5 of the Elsevier Pathway
Collection (Panel H) showed strong enrichment
for genes such as TAP1, TAP2, and FASLG, which
are associated with antigen presentation and
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immune evasion mechanisms. These genes have
also been implicated in CXCR4-associated signaling
cascades involved in HIV-1 entry and may play
a similar role in SARS-CoV-2 infection, although
this potential functional overlap requires further
investigation. The finding poses a possibility
of co-infections taking advantage of these
immune pathways to make the immune system
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more suppressed; hence, the disease becomes
complicated. The two viruses implemented the
same immune evasion, suggesting plausible
considerations in administering these viruses. In
addition to pathways, disease-associated gene sets
were explored in panels K and L, where Cluster
9 was highly significant. This cluster consisted
of immunologically essential genes FGR, MAFB,
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and CXCR4 in HIV-1/TB and SARS-CoV-2 infection.
For example, it is well known that CXCR4,
which is expressed on activated T cells and is
important in recirculating T cells, is also involved
in immunological aberrations in both infections.
These examples also indicate that unique gene
sets amplify the comorbid conditions of disease
and, therefore, share therapeutic endpoints.

In addition, further examination of
the gene sets in specific cell types gave further
information about the immunological landscapes
of these infections. Panels M-P showed strong
enrichment of macrophage, dendritic cell, and
monocyte-associated genes, which are vital
contributors in the first line of innate defense.
Cluster 3, especially abundant in the ARCHS4
Tissues data set (panel M), consisted of genes
such as LRRC25, CXCR4, and HPSE, all of which
undergo high expression in macrophages and
monocytes. These cell types play an early role
during infection by responding to pathogens
and eliciting an immune response against the
pathogen. Enriching immune cell-specific gene
sets suggests their crucial role in orchestrating the
immune response to HIV-1/TB and SARS-CoV-2,
mainly through cytokine production and antigen
presentation. This underscores the importance of
these cell types in managing viral infections and
their potential as targets for therapies aimed at
boosting innate immunity. Across the various gene
set libraries, several clusters consistently pointed
to immune modulation, viral entry, and immune
escape mechanisms shared between HIV-1/TB
and SARS-CoV-2. Cluster 1, identified in several
datasets (panels F, I, and N), showed significant
involvement of antigen processing and immune
signaling pathways, highlighting the interplay
between viral infections and immune suppression.
The co-enrichment of genes like TAP1, TAP2, and
CXCR4 suggests that these genes are central to the
immune evasion strategies used by both viruses.
Identifying these overlapping pathways opens
up new avenues for developing broad-spectrum
therapies that target immune regulation in viral
co-infections.

Insights from Protein-Protein Network Interaction
Analysis

After identifying the shared genes
between HIV-1/TB and SARS-CoV-2 infections,

we performed a protein-protein interaction
(PPI) network analysis to explore the functional
relationships among these genes, aiming to
uncover critical molecular pathways and regulatory
hubs involved in these infections (Figures 7 and 8).
The final merged network, as shown in Figure 7,
consists of 57 nodes and 153 edges, illustrating
the complex molecular interactions that drive
the progression of both infections. The clustering
coefficient 0.118 reflects moderate clustering of
functional gene groups, while the characteristic
path length of 1.032 suggests that the network is
highly efficient, with most nodes being connected
through short paths (Table S11). The network’s
diameter of 2 and radius of 1 further emphasize
the compact and highly interconnected structure,
with hub genes such as TAP1, TAP2, and CXCR4
playing central roles in immune regulation and
viral evasion (Figure 7).

Central hub genes, including TAP1, TAP2,
and CXCR4, were identified based on their degree
of interaction within the network (Table S12).
These genes play an important role in antigen
processing and presenting (TAP1, TAP2) and in
immune-cell trafficking (CXCR4), which is critical in
both activation of the immune system and entry of
viruses. Plasma membrane processes, embedded
with a rank of 16, indicate these functions towards
receptor-triggered immune activation. FASLG,
another hub gene, is vital in inducing apoptosis
in infected cells (score 12), which is essential
in bringing down viral multiplication. Likewise,
PSMD1 and FGR (with scores of 9) participate
in immune signaling and regulation, mainly in
antigen processing and signal transduction, which
supports the idea of their functional importance
in immune response pathways (Figure 8). The
network structure was then further explored
by modularity analysis, which revealed core
functional units of the network that are engaged
in one or more biological processes, cellular,
molecular functioning, and pathways. The outlined
modularity classes are marked in different colors
in Figure 7; class 2 (Pink, 27.42%) is a Modularity
Class focused on antigen presentation and
dependent on specific pathways in KEGG. It
demonstrates how immune evasion strategies
contributed by TAP1, TAP2, and CXCR4 lead to
the persistence of infections like HIV-1 and SARS-
CoV-2. Modularity 4 appeared in grains, targeting
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molecular functions such as protein binding and
transporter activity. It was centered around genes
PSMD1 and SDC2, crucial to cellular signaling and
protein degradation and necessary for proper
immune regulation. Modularity Class 3 (Sky
Blue, 19.35%) emphasizes cellular components,
particularly membrane-associated processes.
CXCR4, HPSE, and FASLG are integral to receptor-
mediated signaling and immune cell activation,
critical for viral entry and cell trafficking.

Modularity Class 1 (Orange, 16.13%)
focuses on biological processes such as apoptosis,
signal transduction, and the positive regulation
of protein phosphorylation. Genes like DAB2 and
GPNMB play vital roles in immune cell survival,
processes that viruses often manipulate to
evade immune responses. Finally, Modularity
Class 5 (Violet, 16.13%) encompasses Reactome
pathways, with genes like C5AR1 and FASLG
regulating inflammatory and immune signaling
pathways. This cluster highlights the role of
immune dysregulation in exacerbating co-
infection dynamics. In the filtered protein-protein
interaction network (Figure 8), we focused on the
most significant interactions, further identifying
TAP1, TAP2, and CXCR4 as central hub genes,
with additional critical players like FASLG and
PSMD1. These genes regulate crucial immune
functions such as antigen presentation, viral
entry, and immune escape, reinforcing their
potential as therapeutic targets to enhance
immune responses and facilitate viral clearance.
The network’s structural properties reveal high
connectivity, with an average of 5.368 neighbors
per node. This suggests that hub genes like TAP1
and TAP2 interact with multiple other proteins and
pathways, further emphasizing their regulatory
importance. The compact nature of the network,
indicated by short path lengths, suggests that
functional signals can spread efficiently between
genes, a hallmark of networks involved in immune
responses and viral infections.

Tissue-specific and single-cell gene expression
analysis in co-infections

To identify essential tissues involved
in immune regulation and mechanisms of viral
persistence during HIV-1/TB and SARS-CoV-2
co-infections, we analyzed gene expression
profiling. Expression patterns of critical functional

genes in the liver, lungs, spleen, and whole
blood were depicted in the heat map (Figure 9)
and are responsible for both local and systemic
immune responses. In these tissues, a ‘core’
pattern that includes elevated expression of
CXCR4, TAP1, TSC22D3, and FGR was identified,
implying these gene’s roles in immune evasion,
T cell antigen presentation, and viral replication
control. High TAP1, TAP2, PSMD1, and CXCR4
gene expression levels were observed in whole
blood and spleen, suggesting that these genes
are pivotal in immunological signaling and MHC-
mediated antigen presentation. This means that
these tissues are crucial for body immunological
responses to co-infections, as timely processing
of viral antigens is essential for eliminating the
pathogens. The upregulation of TAP1 and TAP2,
essential components of the MHC class | antigen
presentation pathway, may represent the immune
system’s response to counteract the immune
evasion strategies employed by HIV-1 and SARS-
CoV-2.

Furthermore, CXCR4, a known co-receptor
for HIV-1 and possibly of critical importance in
SARS-CoV-2 pathogenesis, was highly expressed,
suggesting its involvement in entering viruses into
immune cells, leading to chronic infection. In the
lung tissue, however, the expression of CXCR4
and FGR was also profoundly high, implying that
the lungs are the main host for the movement
of the immune cells and the entry of the virus.
FGR, which is expressed in immune cells such
as macrophages, may be involved in immune
activation and viral clearance, suggesting the
lung as a critical site for immune response
modulation in these co-infections. Similarly, the
detection of HNRNPM in lung tissue points to a
potential role in post-transcriptional regulation,
with possible implications for viral replication
and immune response modulation. While the
liver displayed relatively lower expression levels
for most immune-related genes, SPON1 and
AXIN2 were notably expressed, suggesting that
the liver, although not a primary immune organ,
plays a role in inflammation and tissue remodeling
during viral co-infections (Figure 9). These genes
manage metabolic disturbances and inflammation,
indicating the liver’s contribution to broader
immune-metabolic regulation.
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In addition to the tissue-level analysis, a
multi-gene single-cell analysis (Figure 10) provided
further insight into the cellular-level expression
of critical genes within the lung, an essential
organ in managing immune responses during
viral infections. TSC22D3 exhibited significant
expression across several immune cell types,
particularly mast cells (49.12%) and T cells
(31.97%), indicating its potential role in modulating
immune responses, especially in regulating
inflammation and immune suppression. This gene’s
activity is critical for balancing immune responses
in viral infections, reducing hyperactivation
that could lead to immunopathology. CXCR4,
highly expressed in T cells (32.14%), reinforces
its known role as a receptor in immune cell
trafficking and viral entry. Given that CXCR4 is a
known co-receptor for HIV-1, it likely facilitates
similar viral interactions in SARS-CoV-2 infections,
influencing viral persistence in immune cells. FGR
was notably expressed in alveolar macrophages
(30.7%), highlighting these cells’ crucial role
in lung pathogen recognition and immune cell
activation. Alveolar macrophages are critical for
viral clearance and immune defense in respiratory
infections, which aligns with the gene’s expression
profile during co-infections. This suggests that
alveolar macrophages may be critical mediators
in the localized immune response within the lung
during co-infections of HIV-1/TB and SARS-CoV-2.
Lastly, SPON1 showed significant expression in
lung fibroblasts (46.54%), which are involved in
tissue remodeling and repair (Figure 10). The
upregulation of SPON1 in fibroblasts may indicate
a role in fibrosis and tissue repair, particularly in
severe co-infection scenarios involving extensive
lung damage. This observation is consistent with
existing knowledge of fibroblasts contributing to
tissue remodeling and viral damage management
in chronic and severe infections.

DISCUSSION

The interrelation between HIV-1 and Mtb
complex, TB, causes one of the persistent global
health concerns due to their effects on immunity,
which is less understood, leading to increased viral
persistence and ability to suppress immunity. Since
the emergence of the novel coronavirus SARS-
CoV-2, the immune situation in such co-infected

individuals has become even more complicated
because similar molecular pathways of these
pathogens can contribute to a more severe
disease. Understanding these shared mechanisms
is critical for identifying therapeutic targets and
improving treatment outcomes for patients with
viral co-infections. Our study aimed to explore
the molecular pathways and immune regulation
mechanisms linked to these co-infections by
performing an integration of gene expression
profiling, and single-cell multi-gene analysis.
Gene expression studies performed in the
presence of various conditions like Control, TB-PE,
Activated, and activated_TB-PE demonstrated
the critical mechanisms involved in HIV-1/TB co-
infection. TB-PE led to considerable changes in
the levels of immune-responsive genes, where
some genes were upregulated while some were
downregulated. Of the comparisons made,
the most pronounced number of differentially
expressed genes (DEGs) was recorded for TB-PE
vs. Activated, indicating the active mechanism
whereby T cell activation can reverse TB-PE-
associated immunosuppression. Other genes such
as FGR, SNHG12, FASLG, and CXCR4 were found
to be dynamically regulated, further evidencing
that they aid in regulating immune activity and
controlling viral persistence. These changes in gene
regulation reveal the detailed interaction between
suppression and activation of the immune system
during co-infection with HIV-1 and TB, where viral
activity in a latent state and immune response
mechanisms shape the immune environment
continuously. We conducted further analysis by
identifying 27 common genes between HIV-1/
TB and SARS-CoV-2. We also performed several
analyses of how the levels of expression of specific
genes such as CXCR4, TAP1, TSC22D3, and FGR
are correlated with specific tissues-the liver, lung,
spleen, and blood-pivotal for local and systemic
immunity. Some of the most expressed genes,
TAP1, TAP2, PSMD1, and CXCR4, were also found
in the spleen and whole blood and expressed in
high levels, implying their antigen-presenting and
signaling functions. Systemic immune responses
are also crucial in handling co-infection with other
pathogens, making it compulsory to process viral
antigens for recognition and elimination. Increased
CXCR4 and FGR expression in the lung tissue could
further denote the organ’s role as a niche for the
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movement of immune cells and entry of viral
particles. HNRNPM in lung tissues indicates a role
in post-transcriptional processes connected with
potential effects on viral persistency and immunity.
The liver’s lower expression levels of immune-
related genes were noted; however, proteins such
as SPON1 and AXIN2 were quite active, evidencing
inflammation or tissue remodeling by the liver
during co-infections.

Further insight was obtained from the
single-cell multi-gene analysis, which identified
crucialimmune modulation genes in different lung
cells. TSC22D3 was abundantly expressed in mast
and T cells, regulating immunological responses
and inflammation. In T cells, CXCR4 expression
is characteristic of such cell’s role in migration
and entry of viruses to such cells, particularly
with HIV-1 and SARS-CoV-2 co-infection. Alveolar
macrophages were found to express FGR, which
highlights the importance of these immune cells
in activating immune responses and clearing
pathogens in the lungs. The high expression of
SPON1 in lung fibroblasts also indicates that it
plays an active part in fibrosis and lung tissue
remodeling during severe co-infections. Specific
critical hubs such as TAP1, TAP2, and CXCR4
involved in antigen presentation and immune cell
migration were identified by studying protein-
protein interactions. These hubs were part of a
highly connected large network with 57 nodes and
153 edges with evidence of modularity relative
to clusters of function revealing immune evasion,
protein binding, and signal transduction. The
descriptions of these central hub genes point out
their importance in maintaining immune balance
and controlling counter-infection responses.
Examining 31 common genes from the HIV-1/TB
co-infection dataset and those from the SARS-
CoV-2 dataset uncovered 27 overlapping genes,
bringing to light common molecular mechanisms
related to immune regulation, viral persistence,
and immune evasion. Essential genes, including
TAP1, CXCR4, FGR, and PSMD1, were enriched
in pathways related to antigen presentation,
immune signaling, and apoptosis. Functional
and pathway enrichment analyses focused on
protein phosphorylation, cell migration, and
antigen processing and presented the data. The
insights gained from these results relate to the
association between viral persistence and host

immune suppression in the context of HIV-1/TB
and SARS-CoV-2 infections, identifying prospective
therapeutic targets for treating these complicated
infections.

CONCLUSION

In the context of co-morbidities, including
HIV-1, TB, and SARS-CoV-2, there is a critical outlook
that concerns common pathways of immune
suppression and survival strategies employed
by the viruses. Our study was conducted within
a bioinformatic and systems biology framework
involving gene expression profiling, protein-protein
interaction networks, and multi-gene single-cell
analysis. This facilitated the identification of critical
regulatory genes, such as CXCR4, TAP1, TSC22D3,
and FGR, that regulate processes like antigen
presentation, immune system signaling, and viral
entry. Results of systems biology approaches show
how such pathogens induce immune imbalances
and highlight the complex pattern of concurrent
infections. A comprehensive integration of tissue-
type and single-cell approaches underscored the
implications ofimmune regulation at both systemic
and cellular levels and revealed differential gene
expression patterns in the lung, spleen, and whole
blood. The comparison of strongly associated
genes between HIV-1/TB and SARS-CoV-2
viruses focused on deeply interrelated genetic
mechanisms of the pathogens, emphasizing the
necessity for addressing both infections within
combined therapeutic strategies. Further studies,
predominantly in wet-lab and clinical domains,
are necessary to confirm these results and probe
the functional contributions of highlighted hub
genes in regulating immune function. This work
lays a groundwork for designing therapies that
aim to determine the mode of action of immune
responses and advance clinical results for people
struggling with these demanding co-infections.
( )
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