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Background: Human immunodeficiency virus (HIV)-associated lymphomas (HAL), mainly aggressive B-cell lym-
phomas, pose a significant challenge in cancer research due to their multifaceted pathogenesis and aggressive
clinical course. Despite the clinical importance, the genomic and immune characteristics of these lymphomas
remain poorly elucidated.

Methods: We employed single-cell RNA sequencing (scRNA-seq) on lymph node samples from aggressive B-cell
lymphomas, mainly including 6 cases of diffuse large B-cell lymphoma (DLBCL) and 5 cases of Burkitt lymphoma
(BL) from people living with HIV (PLWH), along with 3 DLBCL cases from individuals without HIV for comparison.

Results: Malignant B cells in HAL consistently exhibited high proliferative and oxidative phosphorylation
(OXPHOS)-type metabolic signatures. Moreover, these cells demonstrated loss expression of major histocompati-
bility complex class I (MHC-I), strategically reducing tumor immunogenicity. HAL harbors special populations of
naive and atypical memory B cells that exhibited high metabolic and immune-activated transcriptional profiles.
Additionally, HAL exhibited senescence-like dysfunction in T cells, characterized by the reductions in regula-
tory activity of Treg and cytotoxic activity of CD8" T cells, as well as decreases expression of IL7R genes and
increases expression of FOS and FOSB genes. Our immunofluorescence results showed that the cytotoxic CD8*
T cells in HAL may have a dysfunction of lytic granule polarization. Furthermore, macrophages from HAL ex-
hibited stronger immunosuppressive transcriptional characteristics, and a robust immunosuppressive SPP1-CD44
interaction was predicted between C1QA* macrophages and T cells.

Conclusions: Our findings clearly indicate that HAL differs significantly from non-HAL, ranging from malignant B
cells to the immune microenvironment. This study provides a comprehensive single-cell atlas of HIV-associated
aggressive B-cell lymphomas, offering new insights into aggressiveness and immune evasion observed in HAL.

1. Introduction

Human immunodeficiency virus (HIV) infection significantly ele-
vates the risk of lymphomas, especially aggressive B-cell lymphomas.!
HIV-associated lymphomas (HAL) remain the most common type of can-
cer and a leading cause of mortality in people living with HIV (PLWH),
even in the era of antiretroviral therapy (ART).?® The most prevalent
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histological type of HAL is diffuse large B-cell lymphoma (DLBCL).# The
pathogenesis of HAL is complex and not fully elucidated; it is primar-
ily linked to chronic B-cell activation due to HIV-induced immune dys-
function and the loss of immune surveillance over oncogenic viruses,
such as Epstein-Barr virus (EBV) and human herpesvirus 8 (HHV-8).>-°
Our team and other research groups have reported that HAL exhibit
more aggressive clinical characteristics compared to lymphomas in peo-
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ple without HIV (non-HAL).”-° These characteristics include rapid tu-
mor growth, advanced disease stages at diagnosis, extranodal involve-
ment, and common B symptoms. It is not fully understood what drives
these differential features of HAL and the role of HIV-associated im-
munodeficiency in the progression of HAL. HIV primarily infects CD4+
T cells, leading to their decreased numbers and impaired function. HIV
also infects monocytes/macrophages, weaken their phagocytic capacity
and cytokine release.!?-11 Besides, HIV infection continuously activates
CD8* T cells, resulting in dysfunction such as decreased virus clearance
ability and weakened proliferation capacity.'? In tumor microenviron-
ment, the complex interaction between tumor cells and immune cells
play a crucial role in tumor immune surveillance, immune escape and
immunotherapy.'® From this, elucidating the characteristics of the tu-
mor immune microenvironment in the context of HIV infection is help-
ful for understanding of HAL. In addition, HIV-encoded proteins can
induce and sustain B cells activation, promote proliferation and malig-
nant transformation of B cells.'% 1> The oncogenic effect of HIV-encoded
proteins may predetermine the differences in the genetic characteristics
of HAL.'®:17 However, there is no study at the single-cell level to re-
veal these unique lymphoma immune microenvironments and genetic
properties in the context of HIV infection.

In this study, we conducted single-cell RNA sequencing (scRNA-seq)
to explore the cellular landscapes of HAL, and analyzed the differences
between HAL and non-HAL using DLBCL as the research focal point.
This is the first study to characterize the single-cell immune landscape
of HAL, offering valuable insights into their pathogenesis and potential
therapeutic targets.

2. Materials and methods
2.1. Patient sample collection

We collected 17 lymph node tissues from patients admitted with lym-
phadenopathy through tissue aspiration or surgery. Out of these sam-
ples, 14 were obtained from PLWH. Most patients were newly diag-
nosed, with only one case being a relapse of DLBCL. Clinical charac-
teristics of the participants are summarized in Supplementary Table 1.

2.2. Cell preparation for single cell RNA sequencing

Fresh tissues were dissociated using the multi-tissue dissociation kit
2 (cat#130-110-203, Miltenyi Biotec, Germany), following the man-
ufacturer’s instructions. Cell count and viability were assessed using a
fluorescence cell analyzer (Countstar® Rigel S2, China) with acridine
orange/propidium iodide (AO/PI) reagents. For samples with cell via-
bility <90 %, debris and dead cells removal were carried out using the
dead cell removal kit (cat#130-090-101, Miltenyi Biotec, Germany).
Finally, the fresh cells were resuspended in phosphate-buffered saline
(PBS) containing 0.04 % bovine serum albumin (BSA).

2.3. Single cell RNA sequencing

Single-cell RNA-Seq libraries were prepared using SeekOne® Digital
Droplet System (SeekOne® DD, China) with the SeekOneDD Single Cell
3’ library preparation kit (cat#K00104-04 SeekGene, China). Briefly,
the cell suspension was mixed with the reverse transcription reagent
and then added to the sample well in the SeekOne® DD Chip S3. Subse-
quently, barcoded hydrogel beads and partitioning oil were dispensed
into corresponding wells separately. After generating emulsion droplet,
reverse transcription was performed at 42°C for 90 mins and then inacti-
vated at 85°C for 5 mins. The resulting cDNA was purified and amplified
by polymerase chain reaction (PCR). The amplified cDNA product was
then cleaned, fragmented, end-repaired, A-tailed, and ligated to the se-
quencing adaptor. Indexed PCR was performed to amplify the DNA rep-
resenting the 3’ polyA part of expressing genes. The indexed sequencing
libraries were cleaned up with SPRI beads and quantified by quantitative
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PCR (cat#KK4824, KAPA Biosystems, USA). Subsequently, the libraries
were sequenced on Illumina NovaSeq 6000 (Illumina, USA) with PE150
read length.

2.4. Processing the scRNA-seq data

Fastp (v0.20. 1) was utilized to trim primer sequences and remove
low quality bases from the raw reads.'® Subsequently, the cleaned reads
were processed using SeekSoul Tools to generate the transcript expres-
sion matrix for further analysis. Seurat (v4.1.2) was employed to process
the transcript expression matrix.'° Briefly, the following quality control
criteria were applied to filter out low-quality and potential doublet cells:
feature counts over 6000 or <500, rates of mitochondrial transcripts
over 20 %, and rates of hemoglobin genes over 1 %. The raw matrix was
normalized using LogNormalize and SCTransform, with the effects of
mitochondrial percentage regressed out. The SCTransform normalized
data was then subjected to principal component analysis for dimension
reduction, and the top 30 principal components were selected for single-
cell clustering. The resolution parameter for clustering granularity was
set to 0.5. To visualize the clusters in a two-dimensional space, non-
linear dimensional reduction techniques, t-distributed stochastic neigh-
bor embedding (tSNE) and uniform manifold approximation and projec-
tion (UMAP), were applied. Differential expression genes (DEGs) anal-
ysis was performed using the FindMarkers or FindAllMarkers function
in Seurat (v4.1.2) between cell types, employing the pseudo-bulk anal-
ysis (DESeq2-LRT) in Libra (v1.0.0)>° between HIV* DLBCL and HIV-
DLBCL groups (|avg_log,FC| > 0.25, P-value < 0.05).

The cell types were determined based on the expressions of known
markers: MS4A1, CD19, CD79A, CD79B for B and malignant cells; IGKC
for plasma cells; CD3D, CD3E, CD3G for T cells; LYZ, CD68, FCGR3A,
CD14 for macrophages; LILRA4, IL3RA, JCHAIN for plasmacytoid den-
dritic cells (pDCs); CPA3, TPSAB1, TPSB2 for mast cells; LUM, DCN,
COL3A1 for non-endothelial stromal cells; VWF, PECAM1, and CDH5
for endothelial cells; and EPCAM, KRT19, and KRT18 for epithelial
cancer cells. No plasmablastic lymphoma cells (CD38 and SDC1) were
identified in this plasmoblastic lymphoma (PBL) sample. For the sub-
clustering of B & malignant cells, the same approach as described
above was followed. Additionally, Harmony was used to remove po-
tential batch effect between samples during sub-clustering of T cells,
macrophages, and B cells. For each main cell type’s sub-clustering, sub-
clusters that did not express the marker genes of that particular cell type
or expressed marker genes of other cell types were excluded from further
analysis.

2.5. Identification of malignant B cells using infer CNVs

The InferCNV R package (v1.2.2) was utilized to estimate the initial
copy number variations (CNVs) for each region.?! The CNV of the total
“B & malignant cells” sub-clusters was calculated based on the expres-
sion levels from single-cell sequencing data for each cell, using the pa-
rameters —cutoff 0.1 and —noise filter 0.2. The reference group for CNV
calculation was the “B cells” cluster, as all non-malignant B cells identi-
fied from single-sample inferCNV analysis of non-lymphomas cases (in-
cluding HIV* RLH and HIV*™ TM_LN) were clustered within this group.
The CNV score for each cell was then computed following the method
described previously.?? Briefly, the gene expression values of cells were
re-standardized and limited to a range of —1 to 1. The CNV score of each
cell was calculated as the quadratic sum of CNVregion.

2.6. GO and KEGG enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis were performed using the ClusterProfiler R
package.?® For the sub-clusters of B & malignant cells, DEGs with a P-
value adjusted (p_val_adj) <0.05 and an avg_log,FC greater than 0.5 (in-
dicating high expression) or less than —0.8 (indicating low expression)
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were considered for the enrichment analysis. Enrichment analysis items
with a corrected P-value (p.adjust), calculated using the Benjamini-
Hochberg method, <0.05 were considered significantly enriched and
were ranked according to their p.adjust values.

2.7. Gene set variation analysis

Using the Molecular Signatures Database (MSigDB), gene set varia-
tion analysis (GSVA)?* was employed to identify differentially activated
biological processes in T cells sub-clusters across different samples. The
results were visualized using the pheatmap R package.

2.8. Gene set score

The gene set score for various biological processes were calculated
using the AddModuleScore function in Seurat. Signature gene lists for
scores were provided in Supplementary Table 10. Additionally, pathway
scores were determined using gene lists obtained from validated KEGG
pathways and GO biological processes.

2.9. Transcription factor regulon analysis

Transcription factor regulon analysis was performed using SCENIC
(R package v0.1.7) (https://github.com/aertslab/SCENIC).%> The ex-
pression matrices of B & malignant cells from Seurat were used to gener-
ate the regulon activity score of transcription factors for each cell type,
respectively. During the analysis, genes were filtered, retaining only
those with a sum of count greater than 6 % of the number of cells and
detected in at least 1 % of the cells. For inferring potential transcription
factor targets, the GENIE3 algorithm was chosen.

2.10. Trajectory analysis of B cells

The single-cell trajectory of B cells was analyzed by the Monocle2.
Highly variable genes identified by Monocle were used to sort cells
into pseudotime order. Dimensional reduction and cell ordering were
performed using the DDRTree method and orderCells function. DEGs
along the pseudotime were identified by differentialGeneTest function.
To analyze branched-dependent genes and capture divergent develop-
mental paths, branched expression analysis modeling (BEAM) method
was applied. These branched-dependent genes were visualized using the
plot_genes_branched_heatmap function. The GO biological processes en-
richment analysis of these branched-dependent genes was performed
using ClusterProfiler R package.

2.11. Cell—cell communication analysis

The CellChat R package (https://github.com/sgjin/CellChat) was
used to infer, visualize and perform comparison analysis of intercellu-
lar communications between HIV* DLBCL and HIV~ DLBCL samples.2®
The total number of interactions and interaction strength, as well as
the number of interactions and interaction strength among different cell
types, were compared. Then, the conserved and context-specific signal-
ing pathways were identified by comparing the information flow for
each signaling pathway and the overall signaling associated with each
cell type. Lastly, the up-regulated and down-regulated signaling ligand-
receptor pairs from malignant cells to T cells sub-types and from C1QA
macrophages to T cells sub-types were identified.

2.12. Immunofluorescence

Paraffin-embedded sections of tumor tissues (5 HIV* DLBCL and 5
HIV~ DLBCL) were deparaffinized in xylene followed by rehydration in
ethanol. After antigen retrieval and blocking, the sections were incu-
bated with the primary antibodies to GZMB (Abcam, ab283315, 1: 500,
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USA) and CD8 (Absin, abs171445, 1:200, China), MHC-I (Santa cruz, sc-
55582, 1:100, USA) and CD19 (Proteintech, 27949-1-AP, 1:200, China)
overnight at 4 °C. Then, the sections were incubated with fluorescence-
conjugated secondary antibodies (ab150073 and ab175700, 1:500, Ab-
cam, USA). Nuclei were labeled with DAPI (C1002, Beyotime, China).
Images were acquired with a Leica TCS SP8 confocal microscope (Ger-
many). LAS X office soft was used to analyze the fluorescence intensity
of GZMB in cells with CD8-positive staining, and 3-5 fields were selected
for each section.

2.13. Statistical analysis

DEG analysis in this study was performed by using the Wilcoxon
rank-sum test or Likelihood ratio test. In Fig. 4E and 4F, statistical anal-
yses were conducted with the GraphPad Prism 9 software, using Mann-
Whitney test (nonparametric data) and two-sample t-test (parametric
data), respectively.

3. Results
3.1. The identification of main cell types in HAL

scRNA-seq was performed on lymph node biopsy samples from 14
patients with HIV, who sought medical attention at our center from
June to October 2022 due to lymphadenopathy. The clinicopatholog-
ical diagnosis revealed 6 cases of DLBCL, 5 cases of burkitt lymphoma
(BL), 1 case of plasmoblastic lymphoma (PBL), 1 case of reactive lym-
phoid hyperplasia (RLH), and a tumor metastatic lymph node (TM_LN)
of nasopharyngeal carcinoma. Additionally, 3 biopsies from DLBCL pa-
tients without HIV were subjected to scRNA-seq as non-HAL controls
(Fig. 1A and Supplementary Table 1). After quality control of the scRNA-
seq data, 83,962 single cells were obtained for analysis. Based on canon-
ical markers, we identified nine main cell types, including B & malignant
cells (including non-malignant and malignant B cells), plasma cells, T
cells, macrophages, pDCs, mast cells, non-endothelial stromal cells, en-
dothelial cells, and epithelial cancer cells (only in the TM_LN sample)
(Fig. 1B-E). Our scRNA-seq data showed no plasmablastic lymphoma
cells (CD38 and SDC1) in this PBL sample, of which T cells accounted for
91 %. This might be attributed to procedural factors during the biopsy.
On average, each sample contained 4939 (1047-8905) cells (Fig. 1F
and Supplementary Table 2). T cells were the most dominant immune
cells across all samples, followed by macrophages (Fig. 1G). The propor-
tion of each cell type exhibited significant fluctuations across different
samples, irrespective of HAL or non-HAL (Fig. 1H). Notably, there were
no discernible differences in the proportions of B cells, malignant cells,
plasma cells, T cells, macrophages, pDCs, mast cells, non-endothelial
stromal cells, and endothelial cells between HIV+ DLBCL and HIV* BL,
as well as between HIV*T DLBCL and HIV~ DLBCL (Fig. 1H-I). Above all,
we revealed that the major cell type composition of HAL was similar to
that of non-HAL.

3.2. The distinct characteristic of malignant B cells from HAL

To characterize malignant B cells in HAL, we first sub-clustered B &
malignant cells population, and distinguished the malignant B cells from
the non-malignant B cells using inferCNVs analysis (Supplementary Fig.
1A-B). From this sub-clustering, we identified a total of 11 cell clusters.
Further CNV analysis revealed that 10 of these clusters were malignant
B cell clusters (M01-M10) with high CNV scores, while the remaining
cluster was a non-malignant B cell cluster with low CNV scores (Fig. 2A
and B). The cluster of non-malignant B cells comprised 3096 cells from
the majority of samples, representing 10 % of the population of B &
malignant cells (Figs. 2C and D, Supplementary Fig. 1C and D). Each
sub-cluster of malignant B cells predominantly contained cells from a
single sample, except for cluster M0O4. Specifically, cluster M04 mainly
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consisted of malignant cells from HIV* BL2/3/4, with a minor pres-
ence of cells from HIV* DLBCL1/3/4 and HIV~ DLBCL3 (Fig. 2C and D,
Supplementary Fig. 1C and D). These distinctive clusters revealed both
intertumoral and intratumoral heterogeneity, alongside a certain degree
of intertumoral homogeneity. On the whole, M01-M02, M03-M05 and
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MO06-M10 correspond to malignant cells originating from HIV~ DLBCL,
HIV* BL and HIV*™ DLBCL, respectively.

We performed an analysis of DEGs across the 11 sub-clusters, as
shown in Supplementary Table 3. As illustrated in Supplementary Fig.
1E, each sub-cluster exhibited a unique set of highly expressed genes
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Fig. 2. Gene expression signatures of malignant B cells in HIV-associated lymphomas. (A) The UMAP showing sub-clustering of B & malignant cells, colored by cell
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(avg_log2FC > 1.5). Of the 35 key genes associated with DLBCL,*” 23
were prominently expressed across various sub-clusters, with 15 in the
HIV~ DLBCL (M01-M02) and 8 in the HIV* DLBCL (M06-M10). These
findings underscore the intertumoral heterogeneity and highlight the
genetic disparities between HAL and non-HAL.

To further delineate the characteristics of each sub-cluster, we con-
ducted GO and KEGG analysis of the DEGs, and identified three dis-
tinct patterns of biological activity. The first pattern, observed in B
cells and the M01-MO2 clusters, featured an enrichment of genes highly
expressed in processes such as antigen processing and presentation,
leukocyte adhesion, B cell receptor signaling, and apoptosis (Fig. 2E~
F). Conversely, genes with low expression were predominantly involved
in metabolic processes, including ATP metabolism and glycolysis (Sup-
plementary Fig. 2A-B). The second pattern, exclusive to the malignant
MO01-MO2 clusters associated with HIV~ DLBCL, showed high expression
of genes involved in NF-xB signaling, necroptosis, and the PD-1 check-
point pathway in cancer, with NFKB1, JUN, and STAT3 identified as
central hub genes (Fig. 1G). The third pattern, found in the malignant
MO03-M10 clusters from HIV't DLBCL and HIV™* BL, was characterized
by high expression of genes related to oxidative phosphorylation (OX-
PHOS), ATP metabolism, aerobic respiration, and ribosome biogenesis
(Fig. 2E-F). Furthermore, genes with low expression were associated
with antigen processing and presentation, as well as leukocyte adhe-
sion (Supplementary Fig. 2A-B). Gene set score analysis further showed
that malignant B cells from HAL exhibited increased activity in OX-
PHOS, glycolysis/gluconeogenesis, DNA replication, and the cell cycle.
Conversely, these cells showed decreased activity in antigen process-
ing and presentation and apoptosis compared to malignant B cells from
non-HAL (Fig. 2H). Consistent with prior bulk-RNA sequencing studies,
16 genes involved in cell cycle progression (CCNA2, CCNB1, CDC25A)
and DNA replication (MCM2, MCM4, MCM7) were significantly upregu-
lated in malignant B cells from HAL (M03-M10). In contrast, apoptosis-
related genes (BCL2, BAX, BID) were downregulated in comparison to
those from non-HAL (M01-M02) (Supplementary Fig. 2C-D). These re-
sults provide critical insights into HAL, highlighting the differences in
tumor biology and potential therapeutic strategies between HAL and
non-HAL.

We subsequently applied SCENIC analysis to identify transcription
factor regulons specific to sub-clusters. Notably, malignant B cells (M01-
MO02) from HIV~ DLBCL displayed an activated regulon group consisting
of the NFxB (REL, RELB, NFKB1, NFKB2) and AP-1 (JUND, JUN, JUNB)
families (Supplementary Fig. 2E). These regulons play a role in promot-
ing cell proliferation and survival, thereby contributing to lymphoma
growth and progression. In contrast, malignant B cells from HIV+ DLBCL
and HIV* BL (M03-M10) demonstrated elevated activity of AKR1A1 and
ENO1 regulons (Supplementary Fig. 2E), which are implicated in glycol-
ysis and energy metabolism.?8-2° These findings suggest that a distinct
metabolic profile may be fundamental to the unique biology of HAL.

3.3. The atypical B cells in HAL

Following the sub-clustering of non-malignant B cells, we identified
four sub-types of B cells: two naive and two memory sub-types (Fig. 3A
and B). Non-malignant B cells were found in eight out of the fourteen
lymphoma samples, with their proportions ranging from 0 % to 79.19 %
within the B & malignant cell population across samples (Fig. 3C). Of
note, the B_naive2 and B_memory2 sub-types were observed exclusively
in HIV* samples, absent in three HIV- DLBCL samples, while B_naivel
and B_memoryl sub-types were present in both HIV* and HIV~ sam-
ples (Fig. 3D). The correlation heatmap and hierarchical clustering of
gene-expression signatures revealed that B_memory2 was a distinct type
separate from B_memoryl (Fig. 3E). A previous study suggested the
presence of an unusual memory B cell subpopulation in PLWH, termed
as atypical B cells (ABCs).> Gene signature scores were generated for
our four B cell sub-types using the unique gene signatures of naive B
cells, classical memory B cells (MBCs), activated MBCs and ABCs as re-
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ported in a previous study.?? As expected, B_naivel and B_naive2 had
high naive-related gene signature scores (Fig. 3F). Notably, B_memory2
exhibited significantly high gene signature scores related to ABCs, and
upregulated HCK, TBX21, ZEB2, ZBTB32, SOX5, FCRL4, FCRL5, ITGXA
and FGR (Fig. 3G and Supplementary Table 4), which genes are fre-
quently to mark ABCs.®! In contrast, B_memoryl demonstrated a gene
signature typical of MBCs. Subsequent analysis of pathway enrichment
among DEGs between B_memory2 and B_memoryl revealed that up-
regulated genes in B_memory2 were primarily enriched in OXPHOS,
nucieotide metabolism, carbon metabolism, cell cycle and apoplosis
(Fig. 3H). Downregulated genes in B_memory2 were mainly enriched in
pathways such as MAPK, IL-17, TNF, FaxO, NF«B signaling, mitophagy
and apoplosis (Fig. 31). All identified pathways were associated with the
survival and proliferation of B cells.

Subsequent trajectory analysis of non-malignant B cells uncovered
two branchpoints and five distinct states (Fig. 3J). The starting state was
determined to be the branch dominated by B_naivel. This analysis iden-
tified two principal cell fate trajectories: from B_naivel to B_memoryl
in trajectory 1, and from B_naivel through B_naive2 to B_memory2 in
trajectory 2, the latter marking the unique cell fate path in HIV* DL-
BCL (Fig. 3J). Branch analysis to elucidate fate determinants revealed
that gene clusters in trajectory 1 were enriched in biological processes
related to protein folding, intrinsic apoptotic signaling, IxBK/NF«B sig-
naling, and DNA damage repair, whereas those in trajectory 2 predom-
inantly involved energy metabolism and immune response processes
such as ATP metabolic process, ribosome biogenesis, aerobic respiration,
OXPHOS, leukocyte-mediated immunity, B cell activation, and humoral
immune response (Fig. 3K). Collectively, our results indicate that HAL
harbors special populations of naive and atypical memory B cells that
exhibit high metabolic and immune-activated transcriptional profiles.

3.4. The deficiency in immunosuppressive activity of Treg cells in HAL

Across all samples, we identified 15 sub-types of T cells using es-
tablished canonical markers.>> These sub-types included CD4_Naive
(CD4, CCR7, SELL, TCF7), CD4_Thl7 (KLRB1), CD4_Tth (follicu-
lar helper T cells, CXCL13), CD4_Treg (FOXP3, IL2RA), CD8_Naive
(CD8, CCR7, SELL, TCF7), CD8_Naive_ ANXA1 (ANXA1), CD8_ Tissue
resident memory (CD69, FOS), CD8_Cytotoxic (NKG7, PFR1, GZMA,
GZMB), T proliferating (MKI67, TOP2A, PCNA) and natural killer
cell-like T (NKT) cells (TRDC, FGFBP2, TYROBP, KLRD1) (Fig. 4A
and B). We subdivided CD8_cytotoxic into six subsets according to
their gene expression profiles®>-3°: CD8_Cytotoxic, CD8_Cytotoxic_GNLY
(GNLY), CD8_Cytotoxic_Chemokine/IFN (IFNG, CCL4L2, CCL3, CCL4),
CD8_Cytotoxic_XCL1 (XCL1, XCL2), CD8_Cytotoxic_Interferon (IFIT2,
IFIT3), and CD8_Cytotoxic_Exh (LAG3) (Fig. 4A and B). Interest-
ingly, CD8_Cytotoxic Exh was infrequently observed across all sam-
ples (Fig. 4C). Consistent with the known effects of HIV infection, the
CD4/CDS8 ratio in HIV* samples was generally lower than HIV~ samples
across both peripheral blood and tumor tissues (Fig. 4D). Specifically,
the reduction in CD4* T cells in HIV* DLBCL was predominantly due to
a decrease in CD4_Treg cells (Fig. 4E-F). Comparatively, there was no
significant variance in the proportions of CD8" T cell sub-types between
HIV* DLBCL and HIV~ DLBCL (Supplementary Fig. 3A).

We then assessed the differential gene expression in Treg cells be-
tween HIV~ and HIV* DLBCL group (Supplementary Table 5). The up-
regulated genes in Treg cells from HIV* DLBCL included FOS, FOSB,
EGR1 and SNHG32 (Fig. 4G). FOS, FOSB and EGRI1, are known to be
up-regulated by HIV-1 infection to promote HIV transcription and im-
mune activation.>’-° SNHG32 is a non-coding RNA gene, and its func-
tional role in T cells remains unclear. Further analysis showed significant
downregulation of genes pivotal for Treg cell generation and regulatory
functions, such as SATB1, TGFB1 and LAYN in HIVt DLBCL (Fig. 4G).
Additionally, TNFRSF4 and TNFRSF18, which act as brake-blocks on
Treg cells, were downregulated (Fig. 4G). Gene set enrichment analy-
sis (GSEA) revealed enrichment in pathways associated with fatty acid
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Fig. 4. Dysfunction of CD4* T cells from HIV-associated lymphomas. (A) UMAP showing sub-clustering of T cells, colored by sub-types. (B) Violin plot of markers
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catabolism and protein depalmitoylation in Treg cells from HIV* DL-
BCL (Fig. 4H and Supplementary Table 6). Conversely, pathways re-
lated to T cell activation, TGF-p receptor signaling pathway, viral life
cycle and protein palmitoylation, were downregulated (Fig. 4H). Recent
studies indicate that protein depalmitoylation significantly impairs the
functions of Tregs by reducing FOXP3 protein expression.* Qur find-
ings indicate a potential deficiency in the immunosuppressive activity
of Treg cells, extending beyond merely a decrease in their numbers in
HIV* DLBCL.

3.5. Senescence-like dysfunction of infiltrating CD8" T cells in HAL

Similarly, the up-regulation of genes associated with T cell activa-
tion, namely FOSB, FOS, EGR1 and CD44, was observed in sub-types of

CD8™* T cell from HIV* DLBCL compared to HIV- DLBCL (Fig. 5A and
Supplementary Table 5). Conversely, DOK2, which encodes a negative
regulator of T cell receptor signaling and is crucial for memory CD8* T
cell formation and the prevention of CD8 T cell overactivation during
viral infections,*!> > was down-regulated in sub-types of CD8* T cells
from HIV* DLBCL (Fig. 5A). Moreover, CD8* memory cells from HIV™*
DLBCL exhibited elevated levels of the NR4A1 genes, related to T cell
unresponsiveness.*> CD8* naive T cells from HIV* DLBCL displayed re-
duced expression of IL7R (Fig. 5B), correlating with T cell senescence.**
Additionally, CD8% T cells from HIV* DLBCL exhibited significantly
lower cytotoxicity scores and marginally higher exhaustion scores com-
pared to those from HIV~ DLBCL (Fig. 5C). Immunofluorescence analy-
sis confirmed reduced GZMB protein levels in CD8" T cells from HIV*
DLBCL (Fig. 5D and E). Intriguingly, HIV* DLBCL samples had a lower
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proportion of CD8* T cells with polarized GZMB and a higher proportion
with dispersed GZMB compared to HIV™ DLBCL (Fig. 5F). This obser-
vation is consistent with the propensity of differentiated CD8" T cells
from PLWH to form multifocal immune synapses rather than mature
ones, thus impairing efficient cytolytic response.*> These results indi-
cate that, compared to non-HAL, cytotoxic CD8" T cells in HAL exhibit
more pronounced functional impairments, including reduced cytotoxic
capacity and an aging phenotype.

Furthermore, to determine whether this CD8* cell dysfunction in
HAL is associated with HIV infection, we reanalyzed scRNA-seq data
of PBMCs of six healthy individuals and six PLWH without lymphoma
from previous research.3® The PLWH cohort included three donors with
high viral loads (> 100,000 RNA copies/ml of plasma) and three with
low viral loads (< 20 RNA copies/ml of plasma). Consistently, we ob-
served an increase in the expression of activation-related genes (FOS,
FOSB, EGR1 and CD44), along with a decrease in the expression levels
of IL7R, CD27, CD28, and cytotoxic genes in CD4* and CD8* T cells
from PLWH, irrespective of viral load (Supplementary Fig. 3B-H). These
transcriptional characteristics were demonstrated a strong correlation
with T cell senescence,®*® collectively indicating that HIV infection-
driven T cell senescence could represent a significant aspect of T cells
in HAL.

The top 10 down-regulated genes in CD8* T cells from HIV+ DLBCL
predominantly comprised genes related to protein folding, including
HSPD1, HSPB1, HSPE1, HSPH1, HSPA4, HSPA6 and CACYBP (Fig. 5A).
GSVA further verified that the activities associated with protein fold-
ing, ribosome assembly, and T-cell-mediated immune responses to tu-
mor cells were diminished in CD8* T cells in HIVt DLBCL (Fig. 5G
and Supplementary Table 7). Additionally, biological processes pertain-
ing to telomeres, endoplasmic reticulum stress, DNA replication, his-
tone epigenetic modifications, mitochondrial calcium ion transport, and
ATP synthesis through electron transport were found to be reduced in
CD8* T cells from HIV* DLBCL (Fig. 5G). These mechanisms are intri-
cately associated with T cell senescence, characterized by protein home-
ostasis imbalance, mitochondrial dysfunction, cell proliferation arrest,
and epigenetic modifications.*® Collectively, this evidence indicates a
senescence-like dysfunction in CD8* T cells within HIV" DLBCL.

3.6. Infiltrating myeloid cell exacerbated immunosuppression in HAL

In our study, we identified nine sub-types of myeloid cells, which
comprising four subtypes of macrophages (C1IQA*, SI00A8*, and two
C1QB*S100A8%), three subtypes of conventional dendritic cells (cDCs)
(CD1C*, CLEC9A*, and LAMP3"), one subtype of pDCs, and one sub-
type of mast cells (Fig. 6A and B). No significant differences were ob-
served in the proportions of myeloid cell subtypes between the HIV*
and HIV- DLBCL (Fig. 6C). The four subtypes of macrophages ex-
hibit distinct gene-expression profiles (Fig. 6D and Supplementary Ta-
ble 8). CIQA™ macrophages expressed high levels of genes (SELENOP,
APOE, FOLR2) associated with tissue-resident macrophages (TRMs),"
as well as SPP1, CCL18, GPNMB which are characteristic of M2 type
tumor-associated macrophages (TAMs) with immunosuppressive and
pro-tumor functions.>!-52 SI00A8* macrophages showed distinct gene
expression patterns, with high levels of SI00A8, S100A9, S100A12,
S100A9, S100A4, FCN1, VCAN, TREM1 and AQP9, which are preferen-
tially expressed in blood monocytes, indicating their likely origin from
monocytes. Additionally, SI00A8* macrophages exhibited elevated ex-
pression of inflammatory and chemokine genes, such as IL1B, ILIRN,
CCL3L1, CCL4, CCL4L2, and CXCL8. C1QB*S100A8* macrophages-
1 and C1QB*S100A8* macrophages-2, co-expressed genes S100AS,
S100A9, C1QA, and C1QB. However, C1QB*S100A8" macrophages-1
highly expressed interferon-gamma (IFN-y) response-related genes, in-
cluding CXCL9, CXCL10, CXCL11, CCL2, CCL8, GBP1, GBP4, GBP5, and
IDO1, indicating potential involvement in immune response modula-
tion.>3-54 C1QB*S100A8* macrophages-2 highly expressed genes en-
coding metallothionein 1/2 (MT1/2), such as MT1 G, MT1H, MT1 M,
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MT1F, MT1X, MTI1E, and MT2A. MT1/2 proteins are cysteine-rich
metal-binding antioxidant proteins, previously reported to be present in
some macrophages of DLBCL, but their specific role remains unknown.>®

We then analyzed the DEGs of the main myeloid cell subtypes in
HIV* DLBCL compared to HIV- DLBCL. ID2, a novel marker of M2
polarization,®® was upregulated in main macrophage subtypes from
HIV* DLBCL (Fig. 6E and Supplementary Table 9). The downregulated
genes in macrophage subtypes and CD1C* ¢DCs primarily involved
IFN-y response-related genes and chemokines such as CXCL8, CXCL9,
CXCL10, CXCL11, IDO1, TYMP, CCL3L1, and CCL4L2. Notably, myeloid
cell sub-types from HIV* DLBCL consistently showed decreased ex-
pression of heat shock protein-related genes (HSPA6, HSPE1, HSPDI,
HSPHI1, HSP90AA1 and HSP90ABI). Additionally, HES4 are signifi-
cantly downregulated in the macrophage subtypes from HIV* DLBCL. As
an inhibitory transcription factor, its specific functions in macrophages
remains unclear.

The functional phenotypes of macrophages have been reported to
exist in vitro as M1 and M2 polarization states.>” TAMs are predomi-
nantly classified as M2 type, indicative of their immunosuppressive and
pro-tumor activities. Using gene set scores of M1/M2 macrophages, we
discovered that macrophage in DLBCL exhibit co-expression of M1/M2
gene signatures, which varies across subtypes. C1QA™ macrophages
demonstrated the highest M2 signature score, as well as the phagocy-
tosis signature score. Conversely, C1QA*S100A8* macrophages-1 ex-
hibited the highest M1 signature score (Fig. 6F and G). However,
this macrophage subtype was scarcely represented across all samples
(Fig. 6C). SI00A8" macrophages were identified as having the highest
antigen-presenting signature score. When compared to HIV™ DLBCL, all
macrophage subtypes in HIVt DLBCL showed elevated M2 and phagocy-
tosis signature scores and reduced M1 and antigen-presenting signature
scores (Fig. 6F and G). These results suggest that macrophages in HIV+
DLBCL may contribute to a more pronounced immunosuppressive mi-
croenvironment than in HIV™ DLBCL.

3.7. Crosstalk among tumor and tumor-infiltrating immune cells in HAL

To elucidate the variations in cellular communication between HIV*
and HIV~ lymphoma, we employed CellChat for a comparative analysis
of HIV* DLBCL and HIV~ DLBCL, based on gene expression profiles of
receptor-ligand pairs across different cell types. It was observed that the
total number of cellular interactions in HIV* DLBCL was lower than in
HIV~ DLBCL, albeit with no significant difference in the overall strength
of these interactions (Supplementary Fig. 4A). Specifically, HIV* DLBCL
demonstrated predominantly weakened interactions from malignant
cells to other cells, contrasted by strengthened interactions from C1QA
macrophages to other cells (Supplementary Fig. 4B). Given the pivotal
role of T cells in tumor immunity, our analysis concentrated on the inter-
actions between these cells and T cell subtypes. Notably, signaling from
malignant cells to T cell subtypes crucial for T cell recruitment, adhe-
sion, and activation—including CXCL10-CXCR3,%® TNFSF9-TNFRSF9,
IL16-CD4, LGALS9-CD44,/CD45, COL93A-CD44, ALCAM-CD6, ICAM-
(ITGAL+ITGB2), VCAM1-(ITGA4+ITGB1),>° CD86,/CD80-CD28, CD70-
CD27 and CLEC2D/CLEC2C-KLRB1°°—was diminished (Fig. 7A). Fur-
thermore, interactions implicated in T cell co-inhibition, specifically
LGALS9-HAVCR2 and CD86,/CD80-CTLA4, were also reduced in HIV*
DLBCL (Fig. 7A). Moreover, antigen-presenting signaling within the con-
text of MHC class I/II to CD8 and CD4 T cells was lessened in HIV*
DLBCL, attributed to a generalized loss of MHC- I/II gene expressions
(Fig. 7A and B). This was accompanied by a more frequent loss of MHC-
I protein levels in malignant cells of HIV* DLBCL (Supplementary Fig.
5). The loss of MHC-I contributes to immunogenicity reduction and im-
mune escape of tumors.®! The diminished interactions between malig-
nant cells and T cell subtypes in HIVt DLBCL highlight significant im-
pairments in T cell recruitment and activation, as well as enhanced im-
mune evasion.
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Fig. 6. Infiltrating myeloid cell exacerbated immunosuppression in HIV-associated lymphomas. (A) UMAP showing sub-clustering of myeloid cells, colored by sub-
types. (B)Violin plot showing markers that characterize myeloid cell sub-types. (C) The proportions of nine sub-types of myeloid cells in each sample. (D) Heatmap
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approximation and projection.

Next, we analyzed the differences in interactions from C1QA*
macrophages to different T cell sub-types in HIV* DLBCL compared
to HIV- DLBCL. We noted a decrease in interactions facilitating T cell
recruitment and activation, such as CXCL12-CXCR4, CXCL9-CXCR3,
CXCL10-CXCR3, ICAM-ITGAL, ICAM-(ITGAL+ITGB2) and CD86-CD28,
were reduced in HIV*t DLBCL (Fig. 7C). Conversely, interactions promot-
ing adhesion (SIGLEC1-SPN, SELPLG-SELL, LGALS9-CD44, FN1-CD44,
and COL1A1-CD44) and activity inhibition (CD86-CTLA4 and SPP1-
CD44) were elevated in HIVt DLBCL (Fig. 7D). Notably, SPP1-CD44
emerged as the most dominant interaction in HIV* DLBCL (Supplemen-
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tary Fig. 4C), primarily originating from C1QA* macrophages, which
exhibit elevated expression of SPP1 (Fig. 7E and Supplementary Fig.
4D). The SPP1-CD44 interaction is known to inhibit T cell activation and
facilitate tumor immune tolerance.®> An increased expression of CD44
in T cells, coupled with a rising trend in SPP1 in macrophages, led to a
significant enhancement of the SPP1-CD44 interaction (Fig. 7F), which
may intensify tumor immunosuppression in HIV* DLBCL. The analysis
indicates that in HIV* DLBCL, interactions between macrophages and
T cells contribute to the establishment of a more immunosuppressive
microenvironment.
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virus; HLA, human leukocyte antigen; MHC, major histocompatibility complex; pDC, plasmacytoid dendritic cells.
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4. Discussion

HIV infection significantly elevates the risk of lymphoma, with HAL
exhibiting greater malignancy than conventional lymphomas though
the underlying mechanisms remain unclear. This study presents a de-
tailed single-cell atlas of HAL, showcasing a microenvironment cellular
composition similar to non-HAL, except for the presence of naive and
atypical memory B cell subtypes in HAL, which exhibit high metabolic
and immune-activated transcriptional profiles. Distinct transcriptional
expression profiles across major cell types in HAL differ from non-HAL,
suggesting that HAL malignancy may stem from OXPHOS-dependent en-
ergy metabolism in malignant B cells and severe tumor immune evasion.
The evasion involves the loss of antigen-presenting molecules MHC-I on
malignant B cells, senescence-like dysfunction of T cell, and immuno-
suppressive microenvironment mediated by macrophages (Fig. 7G).

Our analysis revealed that malignant B cells in HIV* DLBCL dis-
played more similar transcriptional signatures with HIV* BL than with
HIV- DLBCL. These signatures included high expression of genes in-
volved in OXPHOS, and cell cycle, along with low expression of genes as-
sociated with antigen processing and presentation, apoptosis, BCR acti-
vation, and NFxB signaling. This may underscore universal traits of ma-
lignant universal features of malignant B cells from HAL. Intriguingly,
all HAL cases in our study (5 BL and 6 DLBCL) might be OXPHOS-type,
characterized by genes involved in mitochondrial OXPHOS metabolism,
referring to consensus cluster classification (CCC) for DLBCL.%® Within
the CCC, other subtypes include BCR-DLBCL and host response (HR)-
DLBCL subtypes. The cell of origin (COO) framework categorizes DLBCL
into germinal center B-cell (GCB)-like, activated B-cell-like, and unclas-
sified DLBCL. In the general population, OXPHOS-DLBCL constitutes ap-
proximately 25 % of both GCB and non-GCB DLBCL cases.®® However, in
PLWH, all six DLBCL cases (five GCB and one non-GCB) and five BL ex-
hibited OXPHOS-like characteristics in this study. Previous research has
highlighted that non-GCB DLBCL uniquely depends on BCR-dependent
NF«B signaling activation, a characteristic absent in GC-derived BL and
GCB DLBCL.** Our discovery that the case of non-GCB DLBCL from pa-
tient with HIV exhibited transcriptional signature linked to lower BCR
activation and NF«B signaling. This discrepancy invites further investi-
gation into the genetic divergences between HAL and non-HAL.

In the general population, approximately 50 % of DLBCL cases lack
cell-surface expression of MHC-I. Our findings indicate that MHC-I loss
may be more prevalent in HAL, leading to diminished tumor immuno-
genicity and subsequent evasion of cytotoxic T cell recognition. This
reduction in MHC-I expression likely results from various mechanisms,
including HLA-I, EZH2 mutation.®®-%® Moreover, recent research sug-
gests that disturbances in mitochondrial electron transport can influence
the transcriptional and epigenetic activation of MHC-I via succinate lev-
els.%” This phenomenon suggests that the observed decrease in MHC-I
expression in malignant B cells from HAL could be linked to increased
OXPHOS activity. However, this hypothesis requires further empirical
confirmation.

T cell senescence-like dysfunction may represent a significant mecha-
nism of immune escape in HAL. Previous studies had documented senes-
cence in T cells of PLWH, characterized by various indicators such as low
CD4/CD8 ratio, low naive/memory cell ratio, decreased TCR diversity,
reduced responsiveness to vaccines, decreased proliferative potential,
expansion of CD28 effector T cells, and telomerase shortening.®8-%°
In this study, T cells in HAL exhibited reduced IL7R gene expression
and enhanced FOS and FOSB gene expression. Loss IL7R in T cells is
as potential biomarkers for aging-associated immunodeficiency.** The
FOS family of proteins are components of the activator protein-1 (AP-
1) transcription factor complex. Several studies have pinpointed tran-
scriptional activation of AP-1 as a prominent and conserved signature of
both activation and senescence of T cell, altering chromatin opening and
remodeling enhancer landscape.*®:%8:70 Recently, Wei et al. identified
increased AP-1 accessibility in transcriptionally active HIV-1-infected
cells.”! All of these suggest AP-1 may acts as a crucial intermediary link-
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ing T cell activation to senescence under HIV infection. Moreover, heat
shock proteins, vital for protein folding, were notably reduced in T cells
from HAL, potentially leading to misfolded protein buildup and ensuing
mitochondrial dysfunction.”? Mitochondrial dysfunction in T cells has
been demonstrated in PLWH both on and off ART’® and contributed to T
cell senescence.” The senescence of T cells not only impairs their ability
to combat tumors but also weakens the efficacy of tumor immunother-
apy.”>7% On the whole, senescence-like dysfunction of T cells may be
a significant target for research and potential therapeutic strategies in
HAL.

Macrophages are the most common infiltrating myeloid cells in HAL.
Consistent with previous research,”® C1QA* macrophages expressed
high levels of genes associated with TRMs and M2 type TAMs with im-
munosuppressive and pro-tumor functions. SPP1 is highly expressed in
C1QA™ macrophages and associated with the M2 phenotype. Recent re-
search found that macrophage polarity, defined by CXCL9:SPP1 ratio
had a noticeably strong prognostic association in a variety of solid tu-
mors.”” In this study, CXCL9 was markedly decreased in macrophages
from HAL, including these SPP1* macrophages. It appears that these
SPP1* macrophages have stronger pro-tumor properties in HAL. Fur-
thermore, cellular communication analysis showed SPP1-CD44 interac-
tion was reinforced in HAL. CD44 is a marker of T cell activation dur-
ing immune responses and aging.”®”7° The interaction between SPP1
and CD44 can directly suppress T cell activation.®? Increased expres-
sion of CD44 in T cell subtype was observed in HAL. Therefore, SPP1*
macrophages warrant further investigation in exploring immune escape
mechanisms in HAL and could potentially open avenues for innovative
immunotherapeutic approaches.

Our study presents a single-cell atlas of HAL. However, limitations
such as the small sample size require further validation with larger
cohorts. Despite this, our findings reveal significant differences be-
tween HAL and non-HAL, highlighting the need to understand HAL’s
unique biology. Future research should explore MHC loss mechanisms,
T cell senescence-like dysfunction, and the role of immunosuppressive
macrophages, as these may uncover new targets and strategies for tumor
immunotherapy in PLWH.
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