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Spatial transcriptomic analysis of tumor s
microenvironment in esophageal squamous
cell carcinoma with HIV infection
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Abstract

Background Human Immunodeficiency Virus (HIV) is one of the most prevalent viruses, causing significant immune
depletion in affected individuals. Current treatments can control HIV and prolong patients' lives, but new challenges
have emerged. Increasing incidence of cancers occur in HIV patients. Esophageal squamous cell carcinoma (ESCC) is
one of the most common cancers observed in HIV patients. However, the spatial cellular characteristics of HIV-related
ESCC have not been explored, and the differences between HIV-ESCC and typical ESCC remain unclear.

Methods We performed spatial transcriptome sequencing on HIV-ESCC samples to depict the microenvironment
and employed cell communication analysis and multiplex immunofluorescence to investigate the molecular
mechanism in HIV-ESCC.

Results We found that HIV-ESCC exhibited a unique cellular composition, with fibroblasts and epithelial cells
intermixed throughout the tumor tissue, lacking obvious spatial separation, while other cell types were sparse.
Besides, HIV-ESCC exhibited an immune desert phenotype, characterized by a low degree of immune cell infiltration,
with only a few SPP1* macrophages showing immune resistance functions. Cell communication analysis and
multiplex immunofluorescence staining revealed that tumor fibroblasts in HIV-ESCC interact with CD44* epithelial
cells via COL1A2, promoting the expression of PIK3R1 in epithelial cells. This interaction activates the PI3K-AKT
signaling pathway, which contributes to the progression of HIV-ESCC.

Conclusions Our findings depict the spatial microenvironment of HIV-ESCC and elucidate a molecular mechanism in
the progression of HIV-ESCC. This will provide us insights into the molecular basis of HIV-ESCC and potential treatment
strategies.
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Background

Human Immunodeficiency Virus (HIV) is a retrovirus
that compromises the human immune system by target-
ing and destroying crucial immune cells [1]. As a result,
individuals infected with HIV are vulnerable to vari-
ous opportunistic infections and malignancies, which
can profoundly affect their overall health and pose life-
threatening risks. The introduction of highly active
antiretroviral therapy (HAART) has revolutionized
the management of HIV, transforming it from a once-
fatal disease into a manageable chronic condition. This
advancement has significantly prolonged the lives of peo-
ple living with HIV (PLWH). However, despite these pro-
gressions, the prevalence of chronic comorbidities within
this population has emerged as a critical concern [2].

Currently, cancer has increasingly emerged as one
of the leading causes of death among individuals living
with HIV. The incidence of tumors in this population is
markedly higher than in the general public. Furthermore,
the interaction between HIV and various tumors poses
considerable challenges in effectively treating patients
affected by both conditions [3, 4]. In recent years, esoph-
ageal squamous cell carcinoma (ESCC) has been found
to be one of the most common cancers in HIV-positive
patients [5, 6].

Esophageal cancer is a prevalent malignant tumor, with
ESCC accounting for over 80% of cases [7]. China is rec-
ognized as a high-incidence region for ESCC, comprising
approximately half of the global population of affected
patients [8]. The early symptoms of ESCC are often
subtle, and clinical treatment outcomes are generally
poor, contributing to a low five-year survival rate among
patients [9]. Surgical resection remains one of the most
effective methods for curing ESCC. However, the tumor’s
anatomical location can complicate surgery, resulting in
significant surgical trauma and reduced patient toler-
ance. These factors consequently increase rates of surgi-
cal mortality and postoperative complications. Moreover,
the pathological and physiological changes brought on
by HIV infection can elevate the risk of opportunistic
infections following surgery. Such complications may
include wound infections, impaired wound healing, and
anastomotic leaks [10]. In severely infected individuals,
these issues can escalate to multiple organ failure and
even death. As a result, there are notable differences in
the clinical presentation and treatment approaches for
ESCC associated with HIV compared to those without
HIV infection.

However, research on ESCC with HIV infection (HIV-
ESCC) remains limited, primarily due to the unique
characteristics of this patient population. Only two ear-
lier studies indicated that HIV infection is a risk factor
affecting the prognosis of ESCC patients [11, 12]. More-
over, broader investigations into HIV-related tumors
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suggest that cancer patients with HIV generally expe-
rience poorer prognoses. For instance, Szychowiak et
al. revealed that individuals with both HIV and cancer
face higher mortality rates [13]. Similarly, Salahuddin et
al. demonstrated that the prognosis for head and neck
squamous cell carcinoma patients living with HIV is sig-
nificantly worse compared to their non-HIV-associated
counterparts, indicating that HIV serves as an indepen-
dent predictor of adverse clinical outcomes [14].

The poor prognosis of patients with HIV-related
tumors could be due to significant changes at the cel-
lular and molecular levels. In patients with both HIV
and lung cancer, there is a markedly higher frequency
of microsatellite alterations and genomic instability
[15]. Furthermore, compared to cancer patients who are
not infected with HIV, those with HIV may experience
declines in CD4* T cell counts and increased mortality
rates as a result of chemotherapy and radiotherapy [16].
In addition, HIV infection is closely associated with ele-
vated PD-L1 expression in liver cancer cells and the sur-
rounding tumor microenvironment, which contributes to
a highly immune-exhausted state. This condition alters
the functions of cytotoxic and regulatory T cells and
disrupts pro-inflammatory pathways, ultimately impact-
ing the efficacy of immunotherapy [17]. Despite these
findings, there lacks the study to explore the molecular
mechanisms underlying HIV-ESCC. Therefore, there is
an urgent need to understand the cellular and molecular
characteristics of HIV-ESCC. Such investigations could
offer new insights and directions for the diagnosis and
treatment of this complex condition.

Currently, spatial transcriptomics is an innovative
technique employed to study gene expression across dif-
ferent tissue and cell types. Unlike traditional transcrip-
tomic studies, which often homogenize tissue samples
and consequently lose critical spatial information, spa-
tial transcriptomics preserves this spatial context. This
approach allows for a more comprehensive understand-
ing of the heterogeneity and interactions among various
cell types within the tumor microenvironment, providing
new insights to improve cancer treatment strategies. Sev-
eral studies have explored the application of spatial tran-
scriptomics in ESCC. For example, Guo et al. integrated
spatial transcriptomics with single-cell transcriptomics
to reveal the distributional heterogeneity of various stro-
mal cells and their subpopulations in ESCC [18]. Simi-
larly, Liu et al. utilized spatial transcriptomics to identify
key genes involved in the progression from precancerous
lesions to malignant tumors in ESCC [19]. These findings
indicate that employing spatial transcriptomics to inves-
tigate HIV-ESCC could illustrate the specific changes
in the tumor microenvironment attributable to HIV
infection, thus uncovering critical underlying mecha-
nisms. Here, this study aims to leverage advanced spatial
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transcriptomics sequencing technology to thoroughly
explore the essential molecular mechanisms of HIV-
ESCC at the spatial cellular level of tumor, highlighting
the mechanistic differences between HIV-ESCC and
non-HIV-associated ESCC.

Methods

Sample collection

Patients included in this study were recruited from The
Public Health Clinical Center of Chengdu. The inclusion
criteria were as follows: (1) patients who underwent sur-
gical treatment without any prior neoadjuvant therapies
such as chemotherapy, radiotherapy, or molecular tar-
geted therapy; (2) individuals confirmed to be HIV-pos-
itive through standardized HIV diagnostic testing, with
esophageal squamous cell carcinoma verified through
preoperative and postoperative biopsies; (3) patients
with no evidence of tumor metastasis; (4) aged between
18 and 95 years. Written informed consent was obtained
from all participants involved in this study. Here, we
selected two samples for spatial transcriptomic sequenc-
ing (Table S1).

Spatial transcriptome sequencing

Fresh tissue samples were embedded in pre-cooled
OCT and stored at -80 °C. Sections were cryosectioned,
assessed for RNA integrity (RIN>7), and stained with
hematoxylin and eosin (H&E) for structural evaluation.
Using the 10X Genomics Visium platform, tissue sections
were permeabilized to optimize mRNA capture, with
optimal conditions determined based on fluorescence
signal quality. Library construction followed the Visium
Spatial Gene Expression protocol, including reverse
transcription, cDNA amplification and quality control.
Sequencing was conducted on an Illumina NovaSeq 2000
system, achieving a depth of 50,000-100,000 reads per
spot.

Raw data processing

Histological images were manually aligned using 10X
Visium Loupe Browser (v4.0.0), marking spots with >50%
tissue content as tissue regions and others as background,
to refine tissue boundaries. Alignment results were
exported for processing with Space Ranger (v1.3.0; 10x
Genomics). Raw FASTQ files, histological images and the
JSON alignment file were aligned to the GRCh38 refer-
ence genome, generating the primary gene expression
matrix. For details on Loupe Browser usage, see https://s
upport.10xgenomics.com/spatial-gene-expression/softw
are/visualization/latest/alignment; the reference genome
can be downloaded from https://cf.10xgenomics.com/su
pp/spatial-exp/refdata-gex-GRCh38-2020-A .tar.gz.
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Quality control and dimensionality reduction clustering
For the Gene-Spot matrix generated by Space Ranger,
initial statistical analyses were conducted, including
calculating the number of UMIs and genes detected in
each spot. For each ST sample, spots with fewer than
200 detected genes or with over 20% mitochondrial gene
expression were filtered out. The filtered data were then
processed using stLearn [20], including gene filtering,
total count normalization, log transformation, data cen-
tering, and PCA for dimensionality reduction (selecting
the top 50 principal components). Subsequently, each
valid spot’s image area was extracted, and high-level fea-
tures were obtained using deep learning. The SME (Spa-
tial Morphological Extraction) normalization algorithm
was then applied, smoothing gene expression values at
each center spot based on the morphological similarity
of its neighboring spots. This normalized data was fur-
ther scaled and dimensionally reduced. Finally, a neigh-
borhood graph (n_neighbors=17) was constructed from
the SME-normalized data, and Louvain clustering (reso-
lution=1.19) was performed. The results were visualized
using a UMAP (Uniform Manifold Approximation and
Projection) plot, which effectively displayed the spatial
distribution of clusters.

Histopathological notes

In this study, pathologists annotated the H&E-stained
images of the sequencing specimens. Based on the histo-
morphological characteristics of samples, they identified
and delineated tumor tissue regions and adjacent normal
tissue regions.

Inference of CNV

We inferred copy number variation (CNV) abnormalities
based on disturbances in chromosomal gene expression.
The inferCNV method was employed to estimate the
CNV of each tumor spot according to its transcriptomic
profile [21]. For each patient, spots annotated by patholo-
gists as adjacent normal regions were defined as normal
references. The gene expression count matrix served
as the input, and CNV distribution was detected using
inferCNV. Genes with an average count of 0.1 or less
across spots were excluded. We set the parameter ‘Clus-
ter_by_groups’ to True to examine CNV status within
each cluster. Additionally, to facilitate a clearer assess-
ment of CNV, the denoising option was applied. The
results from inferCNV were visualized using heatmaps.

ESTIMATE

We used the R package ESTIMATE (v1.0.13) to estimate
the presence of stromal and immune cells within tumor
tissues. ESTIMATE utilizes 141 marker genes from
immune cells and 141 marker genes from stromal cells
to compute two enrichment scores: the ImmuneScore
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and the StromalScore. Tumor purity was then calculated
using the formula described by Yoshihara et al. (Eq. 1)
[22]. Normalized expression data for each spatial feature
were estimated to analyze the returned StromalScore,
ImmuneScore, and tumor purity for each feature, which
were subsequently visualized on spatial spots.

0.6049872018 + 0.0001467884
X ESTIMATE score

) @

Tumor purity = cos (

Cell type signature score

We reviewed several studies on esophageal squamous
cell carcinoma to collect classical marker genes for cell
types within esophageal tissues, which were used for cell
type annotation. At the current Visium ST resolution,
each spot may contain approximately 8—20 cells, making
it challenging to assign a precise cell type to each spot.
Therefore, we utilized Seurat’s AddModuleScore function
to calculate the normalized weighted average expression
of classical marker genes for each cell type. By examining
the scoring of classical marker genes across clusters, we
compared the relative enrichment of cell types in differ-
ent clusters, facilitating cell type annotation.

Deconvolution of spatial data

We obtained scRNA-seq data of ESCC samples from
the Sequence Read Archive database (accession number
SRP327447) [23]. After preprocessing and dimensional-
ity reduction of the raw data, cell types were annotated
based on classic marker genes we collected. We then used
the CARD [24] package in R to perform spatial deconvo-
lution of cell types. Using CARD_deconvolution, cell-
type proportions were generated for each spatial spot,
based on references from the scRNA-seq data. Visualiza-
tion of these results with CARD.visualize.pie displayed
the distribution of cell types across spatial spots.

Cell-cell interaction analysis

We used the CellChat [25, 26] package in R to evalu-
ate cell-cell communication between different clusters
in the sample. CellChat initially builds an intercellular
communication network by identifying ligand-receptor
(LR) pairs based on known interactions. For each cluster,
CellChat quantifies the strength and probability of these
interactions, thus modeling the communication pathways
active between clusters. Then we employed stLearn [20]
to assess the significance of LR signaling within spatial
spots. We detected LR pairs within spots by setting a fil-
ter threshold of at least 20 detectable pairs per spot. To
evaluate statistical significance, we performed permuta-
tion testing with 10,000 randomly generated gene pairs
(n_pairs =10000).
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Differentially gene expression

To compare the differential genes between spots with
significant COL1A2-CD44 interactions and those with-
out, we used Seurat FindMarkers function to calculate
the log2 fold change (log2FC) between the two groups.
The Wilcoxon test and Bonferroni correction were
applied to determine the significance of the differences.
Genes were selected as differentially expressed based
on the following statistical thresholds: average log2 fold
change (avg log2FC)>1, p-value<0.01, and adjusted
p-value (Bonferroni) <0.01, with an expression propor-
tion greater than 25% in either group. The differentially
expressed genes were visualized using a volcano plot.

KEGG pathway enrichment analysis

Significantly over-expressed genes were used as the input
gene list for enrichment analysis, with the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) serving as the gene
function annotation source. The clusterProfiler package
was utilized for gene enrichment analysis. First, the bitr()
function was used to convert GeneSymbols to EntrezIDs.
Then, the enrichGO() and enrichKEGG() functions were
applied to perform GO functional enrichment analysis
and KEGG pathway enrichment analysis on the differen-
tially expressed genes, respectively. Finally, significantly
enriched molecular signaling pathways were identified
based on a threshold of p.adj<0.05.

Survival analysis

To evaluate the impact of COL1A2 on the prognosis of
ESCC, we obtained RNA-seq and clinical data of ESCC
samples from the TCGA database. Tumor samples were
divided into two groups based on the average expres-
sion level of COL1A2. Survival curves were fitted using
the Kaplan-Meier method from the ‘Survival’ R package,
and visualized with the ggsurvplot function from the
‘survmine’ R package.

Multiplex immunofluorescence

We performed multiplex immunofluorescence on HIV-
ESCC tissue samples to investigate the presence of
mixed epithelial and fibroblast cells, and to examine
the interaction between fibroblasts and epithelial cells
via COL1A2-CD44 promoting the PI3K-AKT signaling
pathway. Tissue sections were prepared and subjected
to antigen retrieval, followed by blocking with normal
ovine albumin (ZSGB-BIO, ZLI-9056). Primary antibod-
ies, including KRT14 (ThermoFisher, MA5-11599) for
epithelial cells, FN1 (Proteintech, 15613-1-AP) for fibro-
blasts, COL1A2 (Abcam, b96723), CD44 (ThermoFisher,
14-0441-82), and PIK3R1 (Proteintech, 60225-1-Ig) for
PI3K-AKT pathway analysis, were applied overnight
at 4 °C. Fluorescence-conjugated secondary antibodies
were used to visualize the primary antibody binding, with
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DAPI staining for nuclear visualization. Fluorescence
microscopy was employed to capture images of distinct
fluorophore signals, which were then analyzed to assess
co-localization and pathway activation. This method
enabled us to validate cell interactions and investigate
the molecular mechanisms involved in HIV-ESCC tumor
progression.

Results

Spatial landscape of HIV-ESCC

To characterize the spatial cellular composition of HIV-
ESCC, we first employed stLearn to cluster the spatial
spots based on gene expression profiles and histologi-
cal similarity of each spot. Ultimately, spatial spots from
patient 1 (P1) were categorized into 15 clusters, while
those from patient 2 (P2) were grouped into 13 clusters.
The spatial cluster distribution map illustrates that the
tumor tissue of HIV-ESCC exhibits a complex cellular
composition and spatial distribution, reflecting signifi-
cant intra-tumoral heterogeneity. Additionally, substan-
tial variations in cell distribution among different samples
highlight pronounced inter-tumoral heterogeneity.
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Based on the analysis of pathological slices (Figure S1A,
B), we identified specific tissue regions. In P1, cluster 0,
1,2,3,5 6,9, 11, 12, and 13 were designated as tumor
regions, while cluster 4, 7, 8,10 and 14 were classified as
peritumoral regions (Fig. 1A, B). In P2, cluster 1, 2, 3, 4,
5,7,8,9,10, 11, and 12 were identified as tumor regions,
whereas cluster 0 and cluster 6 were categorized as peri-
tumoral regions (Fig. 1C, D). The UMAP clustering dia-
gram demonstrates a clear separation between the tumor
region spots and the peritumoral region spots in both
samples, highlighting the significant differences between
HIV-ESCC tumor tissue and adjacent tissue. However,
we also observed that the spots at the tumor boundary
regions (cluster 11 and 12 in P1; cluster 1 and 3 in P2)
(Fig. 1A, C) were clustered between the tumor and peri-
tumoral regions, suggesting a potential intermediate state
from normal to tumor.

To assess the spatial distribution of cell types in HIV-
ESCC, we first utilized ESTIMATE to calculate the stro-
mal scores for each cluster, providing a rough estimate of
stromal cell proportions. The results indicated that clus-
ter 2 and 5 in P1 exhibited lower stromal scores, while
the stromal scores for each cluster in P2 were relatively
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Fig. 1 (A) Spatial distribution and (B) UMAP of clusters in P1; (C) Spatial distribution and (D) UMAP of clusters in P2
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uniform (Fig. 2A, B). Furthermore, we calculated tumor
purity for each spot based on the ESTIMATE scores,
reflecting the proportion of tumor epithelial cells, which
exhibited an opposite trend compared to the stromal
scores (Figure S1C, D).

To further elucidate the composition of different cell
types in each spot, we collected classic cell marker genes
from existing literature and statistically analyzed their
expression across the spots. The results revealed that
EPCAM, a widely used gene for epithelial cell annota-
tion, was expressed at significantly lower levels in HIV-
ESCC compared to other maker genes of epithelial cell
such as SEFN and KRT14 (Fig. 2C, D). Kimura et al. found
that the survival rates of patients with tumors with high
EPCAM expression was significantly higher than those
for patients with tumors with low EPCAM expression
[27]. And Driemel et; al. showed that low EPCAM phe-
notype was associated with migration, invasion and dis-
semination of esophageal cancer [28]. This suggest that
HIV-ESCC might have a higher degree of malignancy.
Moreover, the cell types indicated by the marker genes
were consistent with the ESTIMATE estimates. In P1,
cluster 2 and cluster 5 were predominantly composed
of epithelial cells, whereas clusters 0 and 7 contained a
higher proportion of fibroblasts. In contrast, cluster 2
in P2 exhibited a greater abundance of fibroblasts, while
the distribution of epithelial cells was relatively uniform
across different clusters. Furthermore, both epithelial and
fibroblast marker genes were expressed in all the clus-
ters, suggesting a mixed presence of these two cell types
in HIV-ESCC, indicating that they tend to be mixed with
each other rather than clustered independently in HIV-
ESCC. Additionally, the abundance of marker genes indi-
cates a small population of endothelial cells is present in
HIV-ESCC, primarily located in the peritumoral tissues
(cluster 10 in P1 and cluster 6 in P2).

To validate these findings through an alternative
approach, we downloaded publicly available single-cell
sequencing data for ESCC [23] as reference data and
employed CARD to perform deconvolution analysis on
our spatial transcriptomics data. This analysis provided a
rough estimate of the proportions of different cell types
in each spot. The results indicated that the primary cell
types in HIV-ESCC tumor tissue are epithelial cells and
fibroblasts, with a minor presence of endothelial cells,
while the proportions of other cell types were very low
(Figure S2A, B). Additionally, the cell proportion statis-
tics revealed that specific spots consist entirely of epi-
thelial cells (e.g., cluster 2 and cluster 5 in P1, as well
as certain spots in cluster 7, 11, and cluster 12 in P2),
whereas most of other spots contain both epithelial cells
and fibroblasts. This observation reinforces the notion
that a mixed spatial distribution of epithelial cells and
fibroblasts is characteristic of HIV-ESCC (Figure S2C-F).
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Meanwhile, the results from inferCNV also showed
that clusters with a higher proportion of epithelial cells
had more CNV (Figure S2G, H). To verify the analysis
results, combined with the existing literature and analy-
sis results, we selected FN1 and KRT14 as markers of
fibroblasts and epithelial cells respectively, and verified
the distribution of these two populations in HIV-ESCC
with multiplex immunofluorescence assay. The results
confirmed that fibroblasts in HIV-ESCC were highly
infiltrated and widely distributed in tumor tissues, and
mixed with epithelial cells, which was consistent with
the analysis results (Fig. 2E; Figure S3). To determine
whether the extensive mixing of these two cell types is
unique to HIV-ESCC or common across all ESCC cases,
we reviewed existing spatial transcriptomics studies on
ESCC. And we found that in Guo’s study, tumor regions
and stromal regions are enriched with epithelial cells and
stromal cells, respectively, without significant mixing
[18]. This may indicate that the extensive integration of
fibroblasts with epithelial cells in tumor tissue is specific
to HIV- ESCC.

Immune microenvironment of HIV-ESCC

HIV infection alters the immune environment within
affected patients. To explore the tumor microenviron-
ment of HIV-ESCC, we first evaluated the immune scores
for each spatial spot. The results indicated that clusters 1,
2, 5,and 9 in P1 — characterized by a higher proportion
of epithelial cells — exhibited relatively lower immune
scores (Fig. 3A). However, there seems no differences
between the different clusters in P2 (Fig. 3B).

To assess the infiltration of immune cells in HIV-ESCC,
we conducted a statistical analysis of the expression
levels of classic marker genes for various immune cell
types. Our findings revealed that classic marker genes
associated with myeloid cells, such as FCGR3A, LYZ,
and CD14, were expressed in HIV-ESCC tissue, while
marker genes for B cells, T cells, and NK cells showed
minimal to no expression (Figure S4A, B). This indicates
that myeloid cells might be the predominant immune cell
type present in HIV-ESCC tissue, with a notable absence
of other immune cell populations. At the same time, we
observed that almost all immune cell marker genes were
not expressed in cluster 1, 2, 5, and 9 of P1, which was
consistent with the ESTIMATE results.

To further delineate the myeloid cell types in HIV-
ESCC, we analyzed the expression levels of several
known molecular marker genes. The results demon-
strated that macrophages are the dominant subtype of
myeloid cells in HIV-ESCC tissue, as indicated by the
presence of marker genes such as CD14, FCGR3A, and
CD68 (Fig. 3C, D). Additionally, two monocyte marker
genes, EREG and IL1B, were relatively highly expressed
in cluster 2, cluster 5, and cluster 9 of P1, as well as in
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P2

cluster 11 and cluster 12 of P2, which coincidentally cor-
respond to clusters with a higher proportion of tumor
epithelial cells. This suggests a potential interactive rela-
tionship between monocytes and tumor epithelial cells.
In contrast, the marker genes for dendritic cells (DCs)
were almost undetectable.

Further statistics showed that M1-type macrophage
marker genes were almost undetected, while M2-type
macrophage marker genes CD163 and MRC1 were
rarely expressed in clusters except in the para-cancerous
regions adjacent to the tumor tissue in P1 (cluster 7 and
10). He et al. observed a barrier between a-SMA™ fibro-
blasts and CD163" macrophages (M2-type macrophage)
in some ESCC invasion front areas [29]. The results may
point to the presence of an immune cell barrier in P1,
while P2 does not. At the same time, we found that SPP1*
macrophages were enriched in the tumor tissues of
both HIV-ESCC samples, and SPP1* macrophages have
been reported to have immunosuppressive and tumor

promoting effects [30, 31]. These observations might
indicate a dysfunctional immune microenvironment in
HIV-ESCC. At the same time, it has been reported that
SPP1* macrophages interact with regulatory T cells
(Tregs) through GALECTIN signaling to enhance the
immunosuppressor environment of ESCC tumors and
reduce the effect of ESCC immunotherapy [32, 33]. The
enrichment of SPP1* macrophages in HIV-ESCC could
potentially influence the effectiveness of immunotherapy.

In addition, the scores on genes associated with the
HIV infection process showed values close to zero and
showed minimal variation among clusters (Figure S4C,
D). This suggests that antiviral drug control of HIV may
prevent it from fully infecting tumor tissue, and regulate
tumor progression by changing the state of immune cells.
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Enriched communication between fibroblasts and
epithelial cells through COL1A2-CD44 in HIV-ESCC
Utilizing the spatial location information provided by
spatial transcriptomics, we can more effectively illus-
trate the interactions among cells. To reveal the key cel-
lular communication processes in HIV-ESCC, we utilized
CellChat to estimate the cell communications across var-
ious clusters. The results indicated that collagen-related
pathways were enriched in both P1 and P2 samples, with
the strongest communications observed between fibro-
blast enriched clusters, like 0, 3, and 6 in P1 and clus-
ters 2, 4, and 8 in P2 (Fig. 4A, B), which indicated that
fibroblasts in these regions communicate with other cells
through collagen secretion.

To further validate these results, we conducted a sig-
nificance analysis of the LR pairs involved in cellular
communication using stLearn. The results indicated
that the top-ranked significant LR pairs in both samples
were collagen-related genes and their receptor proteins,
with the interactions between COL1A2 and CD44, as
well as ITGB1, being particularly pronounced (Fig. 4C,
D). Further analysis of LR potential indicated that the
interaction between COL1A2 and CD44 was particularly
prominent in HIV-ESCC, with significant interactions
observed within P1: cluster O - cluster O, cluster 1 - clus-
ter 1, cluster 3 - cluster 3, cluster 6 - cluster 1, and cluster
6 - cluster 6 (Fig. 4E). In P2, the most significant interac-
tions included cluster 2 - cluster 2, cluster 2 - cluster 7,
cluster 2 - cluster 8, cluster 2 - cluster 12, cluster 4 - clus-
ter 4, cluster 4 - cluster 7, cluster 7 - cluster 7, and cluster
8 - cluster 8 (Fig. 4F). These results suggest that the most
significant LR interactions occur primarily within the
same clusters, although other significant interacting clus-
ters are also spatially proximate (for example, cluster 1
and 6 in P1; cluster 2 with clusters 7 and 8, as well as clus-
ter 4 with clusters 7 and 8 in P2). This indicates that the
interaction between COL1A2 and CD44 is more likely to
involve direct cell-to-cell contact rather than long-range
signaling. Additionally, these significant interacting clus-
ters exhibited high expression levels of both fibroblast
and tumor epithelial cell marker genes, suggesting a
higher abundance of both cell types in these regions.

To compare our findings with those from ordinary non-
HIV-associated ESCC, we also analyzed those reported
key cell communication LR pairs in our HIV-ESCC sam-
ples. For example, Chen et al. reported that interactions
between ESCC epithelial cells through EFNB1-EPHB4
promote epithelial-mesenchymal transition and cell pro-
liferation [34]. Our analysis also revealed that the EFNB1-
EPHB4 interaction was significant within epithelial cell
clusters in HIV-ESCC samples (Fig. 4E, F), indicating the
similar EFNB1-EPHB4 interaction among epithelial cells
in HIV-ESCC; however, its potential role significantly
weaker than that of COL1A2-CD44 interaction. At the
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same time, Jia et al. discovered significant interactions
of COL4A2-SDC1 in ESCC [35], and the interactions of
MIF-(CD74 + CD44) found in studies by Guo et al. [18]
and He et al. [29] were also detected in HIV-ESCC. These
findings suggest that these LR interactions are commonly
present in ESCC. However, their interaction strength in
HIV-ESCC is not as strong as that of COL1A2-CD44,
indicating that the significant interaction of COL1A2-
CD44 may be unique to HIV-ESCC.

At the same time, we found that in the TCGA data,
both COL1A2 and CD44 were significantly up-regulated
in esophagus cancer (Figure S5A, B), and COL1A2 was
significantly correlated with disease-free survival of
ESCA, and patients with high expression of COL1A2 had
worse disease-free survival (Figure S5C). All these find-
ings suggest that COL1A2 and CD44 can promote the
malignant progression of esophagus cancer.

Overall, these results might indicate that in HIV-ESCC,
fibroblasts and tumor epithelial cells are mixed and
enriched in certain regions, where fibroblasts interact
with tumor epithelial cells through the COL1A2-CD44
pair, influencing tumor progression.

COL1A2+ fibroblasts activate the PI3K-AKT signaling
pathway of CD44+ epithelial cells

To investigate the effects of fibroblasts on tumor epi-
thelial cells via the COL1A2-CD44 LR pair, we further
screened for significant spots based on LR score and
p-value (p-value<0.05), classifying the remaining spots
as non-significant (Fig. 5A-F). We then conducted dif-
ferential gene expression analysis between significant
and non-significant spots for both samples. In total,
336 genes were upregulated in the significant spots of
sample P1, while 329 genes were upregulated in the
significant spots of sample P2, with 170 genes show-
ing upregulation in both samples (Fig. 5G; Figure S5D,
E). Fibroblast related genes such as COL1A1, COL3Al,
EN1 and LUM were up-regulated in spots with signifi-
cant interaction. In addition, ADAMI12 and POSTN,
which were reported to promote ESCC metastasis and
invasion, were also up-regulated in these spots [36, 37].
KEGG functional enrichment analysis revealed that these
commonly upregulated genes were primarily enriched
in pathways related to protein digestion and absorption,
muscle cell cytoskeleton, and cell adhesion, all of which
are associated with collagen genes (Fig. 5H). Additionally,
the PIBK-AKT signaling pathway was also enriched, an
important signaling pathway in ESCC linked to its pro-
gression [38]. Based on these findings, we hypothesize
that in HIV-ESCC, fibroblasts interact with epithelial
cells through the COL1A2-CD44 pair, thereby activating
the PI3K-AKT signaling pathway and subsequently pro-
moting tumor progression in HIV-ESCC.
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fluorescence assay (Fig. 5I; Figure S6). The results showed

that COL1A2 and CD44 were very close to each other
in some regions of HIV-ESCC. Moreover, PIK3R1 and

COL1A2, CD44 and PIK3R1 using multiplex immuno-

Commun.Prob

* <0.05

* <0.01
receptor pairs in (C) P1 and (D) P2; The enriched signaling ligand-receptor pairs between clusters in (E) P1 and

p-value
Further, we found that the expression of PIK3R1, a

Fig. 4 Circle plot showing the intercellular communication network of collagen pathways in (A) P1 and (B) P2, where the edge thickness represents the
key gene in the PI3K-AKT signaling pathway, was ele-

strength of the interaction. Top 30 ligand-

(F) P2

HIV-ESCC tumor tissue and simultaneously detected CD44 show high colocalization properties. These results

vated in spots with significant interaction (Figure S5F).
To verify this result, we collected another 6 samples of
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might indicate that tumor fibroblasts with high expres-
sion of COL1A2 interact with tumor epithelial cells with
high expression of CD44, promoting the high expression
of PIK3R1 in these cells, thus activating the PI3K-AKT
signaling pathway and ultimately promoting the progres-
sion of HIV-ESCC.

Discussion

HIV infection remains a global health challenge.
Although HAART can control HIV and extend the
life expectancy of individuals, it has transformed HIV
into a chronic disease. With the increased survival rate
of people living with HIV, other health concerns have
emerged, Including a rising incidence of various diseases,
particularly cancers. Detrimental effects of HIV on the
immune system alter the immune microenvironment in
tissues, which may influence tumor development and
progression.

In this study, we used spatial transcriptome technol-
ogy to analyze HIV-ESCC, which has a high prevalence
among HIV-infected peoples. Our goal was to explore the
unique tumor microenvironment for HIV-ESCC at the
spatial cellular level. It was found that fibroblasts and epi-
thelial cells were mainly distributed in HIV-ESCC tumor
tissues, with these two cell types often interspersed,
rather than clearly delineated. Although previous stud-
ies have suggested that HIV promotes tissue fibrosis, the
specific relationship between HIV and fibroblast accu-
mulation in HIV-ESCC remains poorly understood and
warrants further investigation.

Besides, the results of cell communication analysis
showed that these interlaced fibroblasts had strong cell
communication with epithelial cells. Fibroblasts inter-
acted with CD44" epithelial cells by secreting COL1A2.
This interaction up-regulated the expression of the key
gene PIK3R1 in CD44" epithelial cells, activating the
PI3K-AKT signaling pathway, which plays a critical role
in driving HIV-ESCC tumor progression. The discovery
of the cellular molecular mechanism reveals the special
molecular mechanism of HIV-ESCC tumor progression.

In addition, the analysis of the immune microenviron-
ment showed limited immune cell infiltration in HIV-
ESCC tumors, and most immune cells were scarce. Only
a small population of SPP1" macrophages were detected
in tumor tissues, which contributes to the immunosup-
pressive environment within the tumor. This not only
diminished the efficacy of immunotherapy [32, 33], but
also promoted the survival and metastasis of tumor cells
[39, 40]. Furthermore, it has been confirmed that HIV
infection of macrophages can lead to the up-regulation
of SPP1 expression in macrophages, and lead to the sig-
nificant enhancement of HIV infectibility and replica-
tion [41]. In conclusion, these findings suggest that even
though antiviral treatment can stabilize the disease of

Page 12 of 14

HIV-infected people, HIV continues to influence tumor
progression by altering the immune landscape, leading to
changes in the HIV-ESCC tumor microenvironment.

Conclusions

This study confirmed the extensive infiltration of fibro-
blasts in HIV-ESCC and their tendency to fully mix with
epithelial cells. Meanwhile, HIV-ESCC is characterized
by a compromised immune microenvironment. Mecha-
nistically, we found that mixed fibroblasts in HIV-ESCC
strongly interact with epithelial cells, particularly through
COL1A2-CD44 ligand-receptor pairs. This interaction
activates the PI3K-AKT pathway in tumor epithelial cells,
thereby promoting the progression of HIV-ESCC.
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