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Background: Primary central nervous system lymphoma (PCNSL) is characterized by a
lack of specificity and poor prognosis. Further understanding of the tumor heterogeneity
and molecular phenotype of PCNSL is of great significance for improving the diagnosis
and treatment of this disease.

Methods: To explore the distinct phenotypic states of PCNSL, transcriptome-wide
single-cell RNA sequencing was performed on 34,851 PCNSL cells from patients. The
cell types, heterogeneity, and gene subset enrichment of PCNSL were identified. A
comparison of the PCNSL cells with 21,250 normal human fetal brain (nHFB) cells was
further analyzed to reveal the differences between PCNSL and normal sample.

Results: Six cell populations were mainly identified in the PCNSL tissue, including four
types of immune cells—B cell, T cell, macrophage and dendritic cell—and two types of
stromal cells: oligodendrocyte and meningeal cell. There are significant cellular interactions
between B cells and several other cells. Three subpopulations of B cells indicating diffident
functions were identified, as well as a small number of plasma cells. Different subtypes of T
cells and dendritic cells also showed significant heterogeneity. It should be noted that,
compared with normal, the gene expression and immune function of macrophages in
PCNSL were significantly downregulated, which may be another important feature of
PCNSL in addition to B cell lesions and may be a potential target for PCNSL therapy.

Keywords: primary central nervous system lymphoma (PCNSL), single cell sequencing, cellular heterogeneity,
immune microenvironment, pathogenic and therapeutic, cell communication
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INTRODUCTION

Primary central nervous system (CNS) lymphoma (PCNSL),
defined as diffuse large B cell lymphoma (DLBCL) confined to
the CNS, can occur in the setting of immunosuppression (HIV/
AIDS, post-transplant) or in immunocompetent individuals (1, 2).
The incidence of PCNSL accounting for 2% to 3% of all CNS
neoplasms (3) has reportedly increased in the immunocompetent
population (4). Incidence of PCNSL is recently increasing in the
elderly (5). It is not possible to morphologically distinguish
PCNSL and peripheral DLBCL. This non-Hodgkin aggressive B-
cell lymphoma is distinguished from extra-cerebral DLBCL by its
poorer prognosis. The tumor cells are mainly large, with
numerous apoptotic cells or widespread necrosis, which
commonly hinders diagnosis in small biopsies (6, 7).

The molecular subtype of PCNSL has been studied by
different methodological approaches with conflicting
conclusions. On the basis of several IHC studies, an ABC-like
immunophenotype is typical (8, 9), but immunoglobulin heavy-
chain gene mutational signatures also provide evidence for
germinal center exposure, indicating that PCNSL develops
from a B-cell that has been exposed to a germinal center
influence outside the CNS (10-12). In addition, results of
immunophenotyping studies suggest that tumor cells originate
from a late germinal center to an early postgerminal center stage
(13), while gene expression profiling studies indicate that
PCNSLs are distributed among the spectrum of systemic
DLBCL with roughly equal proportion of ABC and GC cases
(14, 15).

Standard chemotherapeutic regimens for systemic DLBCL
show little efficacy in PCNSL, likely because of inefficient drug
delivery across the blood-brain barrier (16). High-dose
methotrexate-based chemotherapy is the standard therapy for
PCNSL. Chemotherapy with whole-brain radiation therapy has
produced response rates up to 80%-90% and median overall
survival up to 5 years. While treatment response rates are high,
relapses are frequent and prognosis after recurrence is poor with
5-year survival rates ranging from 22% to 40% (17, 18). Up to
50% of patients with PCNSL will relapse, and 10%-15%
demonstrate primary refractory disease, indicating a significant
unmet therapeutic need (19). However, PCNSL has a poor
prognosis compared with that of DLBCL (20) and the reason
for the difference in prognosis between PCNSL and DLBCL has
not been elucidated.

The rarity of the disease and the difficulty of obtaining
intracranial specimens have hindered understanding of the
pathophysiology of PCNSL. The observed overexpression of
BCL6 and aberrant somatic hypermutation (aSHM) of many
genes, together with expression of immunoglobulin M at the cell
surface, have suggested that PCNSL cells may be arrested at the
stage of terminal B-cell differentiation (21). The genomic alterations
(GAs) underlying PCNSL have not been comprehensively studied.
Single-nucleotide mutations in various genes, including MYD88,
CD79b, PIM1, and BTG2, have been reported as the most prevalent
genetic alterations in PCNSL (22-24).

Genome-wide gene expression in PCNSL compared with
non-CNS DLBCL suggests that PCNSL has specific signatures

to be distinguished from non-CNS DLBCL and greater
molecular heterogeneity (14, 25). Of the genetic changes that
lead to PCNSL, very little is known and no characteristic genetic
alterations have been defined thus far. However, few
retrospective studies have examined the detailed molecular
network and cell signaling based on diagnosis with gene
mutations and CNVs or the prognosis of patients with PCNSL.

Some vague evidences suggest that CNS lymphoma and
peripheral lymphoma are heterogeneous, which may be related
to different immune environments and different origins of
lymphoma cells. At present, there is no clinical significance to
reveal the molecular characteristics of CNS lymphoma.

Here, we performed an analysis of scRNA-seq data of CNS
tissue sequenced by 10x Genomics to identify the cell types of
CNS cells; we next performed differential expression (DE)
analysis on two PCNSL-associated cells (i.e., B cell, plasma
cell) and gene set enrichment analysis (GSEA) of their DE
genes on the cell type-specific marker genes to examine the
cell-specific functionalities in PCNSL development.

MATERIALS AND METHODS
Single-Cell RNA Sequencing

Human PCNSL tumor samples were obtained surgically from
clinical patients confirmed by pathology from our hospital. After
sample collection processing and suspensions, we performed
scRNA-seq following the manufacturer’s protocol. Briefly, the
cells were washed with PBS and resuspended in 500 ul PBS.
scRNA-seq libraries were prepared using a Chromium Single cell
3’ Reagent kit, version 2. Amplified cDNA and final libraries
were evaluated using a High Sensitivity DNA Kit (Agilent
Technologies). Sequencing was performed on NovaSeq 6000
(Illumina) at a depth of approximately 400M reads.

Single-Cell Data Processing

The Cell Ranger software pipeline (version 4.0, http://support.
10Xgenomics.com/single-cell-gene-expression/software/
overview/welcome) provided by 10x Genomics was used to
demultiplex cellular barcodes. Unique molecular identifier
(UMI) counts were obtained by mapping reads to the human
reference genome (GRCH38 3.1.0) genome and align
transcriptomes using the STAR aligner and down-sample reads
as required to generate normalized aggregate data across
samples. In the end, a matrix of gene counts by cells was
produced. We processed the UMI count matrix using the
Seurat R package (version 4.0.2), resulting in 34,851 cells with
36,601 genes for PCNSL samples.

We first removed the likely multiplet captures, which is a
major concern in microdroplet-base experiments through
DoubletFinder. We filtered cells at the cell and gene levels to
obtain the reliability results of PCNSL scRNA-seq data,
respectively. We removed the low-quality cells with the
following criteria: (i) the number of expressed genes was <200
or >2,000; (ii) the number of total counts was > 20,000; and (iii)
the percentage of mitochondrial counts > 10%. We only kept the
genes detected in at least 20 cells. After applying these quality
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control criteria, we obtained 20,307 cells with 12,229 genes in
total, which were used for downstream analysis.

To analyze the differences between PCNSL and normal brain
cells, we referred to a published scRNA-seq data of normal
human fetal brain (nHFB). The raw data are from the
European Genome-Phenome Archive: EGAS00001004422
(https://ega-archive.org/studies/EGAS00001004422). For
accessibility reasons, we directly used the cellranger matrices
from HFA567_total.filtered_gene_matrices, HFA570_total.
filtered_gene_matrices, and HFA571_total.filtered_gene_
matrices (https://datahub-262-c54.p.genap.ca/GBM_paper_
data/GBM_cellranger_matrix.tar.gz) (26). The following
criteria were used for nHFB scRNA data processing: (i) the
number of expressed genes was <100 or >3,000; (ii) the number
of total counts was > 20,000; and (iii) the percentage of
mitochondrial counts > 10%. We only kept the genes detected
in at least 20 cells. After applying these quality control criteria,
we obtained 20,015 cells with 16,608 genes from 21,255 cells with
33,694 genes in total, which were used for downstream analysis.

Cell Subpopulation Detection

scRNA-seq data were normalized using log transforms and scaled
so that the mean expression across cells is 0 and the variance
across cells is 1. Then, we performed dimension reduction and
visualization on the single-cell data through the Seurat R package
(version 4.0.2) (1, 27). We used the VST method (28) to obtain the
top 3,000 highly variable genes and used the PCA method to
reduce dimensionality. The top 21 principal components (PCs)
were selected for tSNE to visualize the cell clustering (29). We then
clustered the cells using the Leiden algorithm (30) implemented in
the Seurat package, with the resolution parameter set to be 0.7.
There are two methods for annotation cell types: (i) the Wilcox
test was used to identify significantly differentially expressed genes
(DEGs) between clusters. To identify the marker genes of each
cluster, we combined the rest of the cells and set them to control
cells. For the process of identifying DEGs between PCNSL and
normal samples, we set cells of one cluster in PCNSL samples as
the treatment group and the cells of this cluster in normal samples
as the control group. We considered the genes with adjusted
p-value < 0.05 and [log2FC|> 0.58 for each scRNA-seq cell type as
the DEGs. The top 30 genes are used for the annotation cell type
manual. According to the detailed intracellular marker gene, we
combined with the CellMarker (http://bio-bigdata.hrbmu.edu.cn/
CellMarker/) database. (ii) By comparing scRNA-seq with
HumanPrimaryCellAtlasData and BlueprintEncodeData data,
we utilized both the SingleR R package (version 1.4.1) and
manual work to assign cell types to cluster automatic
annotation. Finally, we compare the annotation results and
determine the cell types.

Gene Function Enrichment Analysis

We then performed gene ontology (GO) enrichment analysis using
the database for annotation, visualization, and integrated discovery
database (DAVID: version 6.8, with the significant DEGs https://
david.ncifcrf.gov/summary.jsp). It is an essential tool for
systematically extracting biological information from a set of
genes. Adj. p-value < 0.05 was considered statistically significant.

Cell Communication Analysis

In order to concretely prove the direct interaction between cell
subpopulations, we used CellPhoneDB (version 2.1.7) to conduct
interactive analysis on cell subpopulations. CellPhoneDB is a publicly
available repository of selected receptors, ligands, and their
interactions (31). Here, we used it (version 2.1.7) to explore the
cell-cell communication by immune-related proteins. Here, we focus
on the four classes of immune cell subpopulations and immune-
related genes. There are eight classes of gene lists collected in our
research: chemokines, T helper type 1 genes (Th1), T helper type 2
genes (Th2), T helper 17 genes (Th17), T regulators (Treg), and
costimulatory, coinhibitory, and immune niche genes. The circle edge
width is proportional to the number of cells in each cell cluster and the
communication score between interacting cell clusters, respectively.

RESULTS

Identification of Cell Types in PCNSL

and nHFB

After quality filtering, 40,322 cells with 20,452 genes were obtained
from the PCNSL and nHFB samples (details in Materials and
Methods). All cells were classified into 13 subpopulations by
combining the automatic and manual annotation methods. The
cell types were identified as B cell, T cell, macrophage, dendritic cell,
oligodendrocyte, meningeal cell, excitatory neuron (EN),
interneuron (IN), radial glia (RG), inhibitory neuronal progenitor
cell (INP), excitatory neuronal progenitor (ENP), astrocyte, and
oligodendrocyte progenitor cell (OPC) (Figure 1A and Table 1).
The combination comparison (Figures 1A, B) indicated that
PCNSL and nHFB had significant differences in cell
heterogeneity, and there were certain similarities only in
macrophages and meningeal cells. The B cell, T cell, macrophage,
and dendritic cell population accounted for the highest proportion
in PCNSL (Table 2, Figure 1C). By extracting the average value of
top 30 gene expression in each group, and performing Pearson
correlation coefficient (PCC) expression correlation analysis, the
difference between groups is greater than the difference within the
groups, which proves that our subpopulation annotation has high
sensitivity and specificity (Figure 1D). The result of the bubble plot
reveals that typical marker genes are particularly expressed in the
cell subpopulations (Figure 1E). Overall, the annotation results
show the complex cell composition in PCNSL tissue.

The Heterogeneity of B Cells in PCNSL
and Their Communication Interaction With
Other Immune Cells

Malignant proliferation and abnormal differentiation of B cells
(toward plasma cells) are the main pathological characteristics of
PCNSL. Molecular targeted therapy targeting B cells has also been
considered as a promising way to treat PCNSL in recent years.
Nevertheless, the heterogeneity of B cells in PCNSL remains unclear.
Therefore, we first analyzed the heterogeneity of B-cell subtypes and
genetic characteristics in PCNSL from single-cell resolution. CD79A
served as a typical marker gene of the B cell population in total PCNSL
cells (Figure 2A). Then, the identical methods with cell population
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FIGURE 1 | Single-cell analysis of CNS scRNA-seq data sets. (A) The visualization results of cell subpopulations in PCNSL and normal CNS tissue samples. (B) The tSNE
displays PCNSL and normal CNS cells: red indicates PCNSL cells, and green indicates normal cells. (C) The barplot represents the proportion of various cell subgroups in

bubble chart shows that three marker genes are selected for each cell subgroup, and their expression in all cell subpopulations is plotted.
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PCC values of the average expression values of the top 30 genes in each cluster. (E) The

detection were used to re-cluster B cells into four distinct subclusters:
B cell-1, B cell-2, B cell-3, and plasma cell (Figure 2B). We identified
the marker genes for each subcluster among the B cell population
(Figure 2C and Supplementary Table 1). The functional
annotations of each subcluster were counted (Supplementary
Table 2) and the three significant pathways are shown in
Figure 2D. The B cell-1 cluster highly expressed marker genes (e.g.,
CD79A, CD79B, TCL1A) of the classical B cells. The B cell-2 cluster
was significantly marked by, e.g., NCL, LTB, NEAT1, and enriched
functional pathways of antigen processing and presentation of

endogenous peptide antigen via MHC class I and positive
regulation of T cell-mediated cytotoxicity, suggesting that these B
cells have strong antigen-antibody immunity and synergistic
disturbance with T cells. The B cell-3 cluster (e.g., CST7, CXCL13,
MT-ND3) indicated functions of cell-cell adhesion regulation,
neuroinflammation response, and hydrogen peroxide biosynthetic
process. Plasma cells (e.g., IGHG1, IGHG3, IGHG4) played a
significant role in complement activation.

Cell-cell communication is a fundamental process that shapes
biological tissue. In particular, ligand-receptor pairs can infer
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TABLE 1 | The top30 marker genes in scRNA-seq data.

series no. p_val

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

10 0

1 0

12 0

13 0

14 0

15 0

16 6.43E-267
17 1.10E-249
18 2.27E-243
19 1.99E-206
20 3.12E-146
21 1.37E-108
22 1.09E-55

23 1.56E-44

24 2.28E-42

25 9.31E-34

26 3.17E-24

27 1.71E-15

28 2.95E-14

29 4.09E-07

30 2.90E-05

31 0

32 0

33 0

34 0

35 0

36 5.79E-285
37 3.44E-243
38 3.20E-232
39 1.63E-199
40 1.02E-193
41 2.29E-193
42 4.65E-155
43 1.28E-1563
44 4.56E-148
45 1.32E-133
46 4.80E-128
47 1.47E-115
48 2.11E-100
49 2.47E-96

50 3.97E-89

51 8.47E-87

52 9.13E-64

53 1.10E-58

54 1.25E-42

55 5.60E-40

56 4.81E-32

57 5.08E-29

58 8.52E-16

59 712E-14

60 0.001593
61 0

62 0

63 0

avg_log2FC

0.637447
0.631036
0.612104
0.575307
0.574816
0.552174
0.5637386
0.524888
0.5621612
0.519335
0.516538
0.515477
0.514764
0.502641
0.502393
0.501824
0.634266
0.804043
0.738747
0.511718
0.51492
0.569554
0.546826
0.518154
0.509425
0.502253
0.582639
0.532131
0.778102
0.741066
1.207199
1.032656
1.008933
0.918082
0.910773
1.19201
0.867936
1.150913
1.087939
0.867767
1.141927
1.01862
0.891872
0.919638
0.875134
1.079405
0.917095
1.079114
0.999457
1.099723
0.925325
1.1652
1.102035
0.948514
0.956439
1.013335
1.011943
0.996155
0.974021
1.060656
1.356559
0.750511
0.655106

pct.1

0.18
0.233
0.128
0.996
0.304
0.927
0.233
0.089
0.181
0.145
0.103
0.139
0.995
0.912
0.981
0.849
0.354

0.3
0.296
0.623
0.717
0.482
0.597
0.437
0.429
0.367
0.558
0.464
0.451
0.468
0.783
0.779
0.474
0.261
0.229
0.658
0.292
0.645
0.637
0.323
0.294

0.63
0.332
0.332
0.336
0.626
0.345
0.343
0.353
0.364
0.373
0.549
0.369

0.4
0.551
0.533
0.402
0.518
0.515

0.44
0.894
0.743
0.835

pct.2

0.658
0.692
0.648
0.995
0.757
0.946
0.725
0.567
0.698
0.656
0.619
0.644
0.995
0.948
0.988
0.913
0.43
0.704
0.689
0.733
0.864
0.66
0.81
0.8
0.623
0.571
0.817
0.701
0.767
0.786
0.849
0.854
0.449
0.68
0.667
0.796
0.699
0.791
0.799
0.714
0.677
0.794
0.701
0.706
0.703
0.795
0.709
0.694
0.702
0.715
0.729
0.761
0.699
0.729
0.775
0.751
0.713
0.764
0.759
0.72
0.232
0.272
0.284

p_val_adj

[eNeoNeoNoNoNoNoNoNoNoNeoNoNoNe]

0
1.29E-263
2.19E-246
4.55E-240
3.97E-203
6.24E-143
2.74E-105

2.18E-52
3.11E-41
4.55E-39
1.86E-30
6.34E-21
3.42E-12
5.90E-11
0.000818
0.057983

1.16E-281
6.88E-240
6.41E-229
3.27E-196
2.05E-190
4.58E-190
9.29E-152
2.56E-150
9.11E-145
2.63E-130
9.60E-125
2.95E-112
4.21E-97
4.95E-93
7.93E-86
1.69E-83
1.83E-60
2.20E-55
2.50E-39
1.12E-36
9.62E-29
1.02E-25
1.70E-12
1.42E-10
1

0
0
0

cluster

B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
B_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
T_cell
EN

EN

EN

gene

PDLIM1
CHCHD10
SH3TC1
RPS2
LTB
RPL5
CD53
S100A13
RGS10
POU2F2
MGST1
MTHFD2
RPS16
RPL7A
RPL12
RPS20
NCL
CD79A
GRHPR
HSPO0AB1
EEF1B2
TPI
NAP1LA1
ARPC1B
ENO1
PRDX1
NME2
HNRNPA2B1
CD37
LAPTM5
CCL5
S100A4
VIM
TGB2
IL7R
CRIP1
CD53
RGS1
SRGN
NEATH
ITM2A
CCL4
PRDM1
CD69
IFITM2
HMGB2
RAC2
TRBC1
DUSP2
CCL4L2
LTB
TRAC
TRBC2
PTPRC
S100A6
ZFP36L2
LGALS1
HLA-E
HCST
FXYD2
ENC1
EGR1
SLA

(Continued)
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series no. p_val avg_log2FC pct.1 pct.2 p_val_adj cluster gene

64 0 0.599588 0.857 0.383 0 EN JUN

65 0 0.551619 0.273 0.043 0 EN NRP1

66 0 0.483026 0.905 0.309 0 EN BASP1

67 0 0.481532 0.807 0.271 0 EN SDCBP

68 0 0.452978 0.799 0.292 0 EN EIF1B

69 0 0.421184 0.898 0.423 0 EN FOS

70 0 0.407631 0.738 0.216 0 EN MIAT

71 0 0.360442 0.285 0.063 0 EN COL9A2

72 3.82E-183 0.35539 0.695 0.21 7.64E-180 EN APLP1

73 1.89E-128 0.508965 0.651 0.193 3.79E-125 EN STMN4

74 1.74E-119 0.390235 0.612 0.165 3.47E-116 EN MDK

75 5.25E-113 0.631659 0.387 0.074 1.05E-109 EN EPHB6

76 2.18E-112 0.382722 0.399 0.08 4.37E-109 EN EEF1A2

7 9.93E-107 0.367838 0.274 0.076 1.99E-103 EN KLHL23

78 4.55E-73 0.326634 0.344 0.114 9.09E-70 EN MED19

79 1.36E-60 0.318347 0.441 0.091 2.73E-57 EN FRMD4B

80 2.36E-58 0.707397 0.588 0.199 4.72E-55 EN SRM

81 2.71E-45 0.395402 0.38 0.104 5.42E-42 EN FOXO3

82 7.79E-43 0.54251 0.396 0.096 1.56E-39 EN SERPINE2

83 3.08E-37 0.324371 0.435 0.104 6.07E-34 EN TTLL7

84 4.47E-25 0.326771 0.572 0.169 8.95E-22 EN RHOB

85 4.47E-23 0.430262 0.573 0.133 8.94E-20 EN PPP2R2B

86 3.75E-19 0.439356 0.344 0.091 7.50E-16 EN MCUR1

87 8.63E-12 0.380793 0.364 0.119 1.73E-08 EN DLGAP4

88 3.86E-07 0.498475 0.451 0.17 0.000772 EN MSMO1

89 0.000886 0.317082 0.531 0.145 1 EN ZNF462

90 0.001322 0.379811 0.491 0.146 1 EN RNF24

91 0 1.176093 0.843 0.301 0 IN MAP1B

92 0 0.863669 0.267 0.152 0 IN VCAN

93 0 0.685366 0.306 0.165 0 IN RNF24

94 0 0.606377 0.305 0.211 0 IN DDX6

95 0 0.587995 0.275 0.211 0 IN MDK

96 1.05E-283 0.607314 0.263 0.177 2.09E-280 IN FBXO21

97 6.00E-273 0.616947 0.276 0.21 1.20E-269 IN RHOB

98 3.29E-271 0.726179 0.677 0.288 6.57E-268 IN TCF4

99 2.30E-196 0.558874 0.378 0.231 4.60E-193 IN BCL11A

100 1.02E-175 0.641551 0.407 0.299 2.05E-172 IN ENC1

101 4.35E-175 1.296428 0.326 0.062 8.70E-172 IN PDE4DIP

102 1.78E-170 0.602025 0.372 0.234 3.45E-167 IN GPM6EB

103 3.09E-168 0.604573 0.757 0.424 6.18E-165 IN FOS

104 4.13E-161 0.654075 0.394 0.122 8.26E-158 IN RBP1

105 1.42E-146 0.963071 0.339 0.138 2.85E-143 IN TMEM123

106 2.34E-122 0.874289 0.381 0.217 4.68E-119 IN CITED2

107 1.37E-91 0.743314 0.384 0.219 2.73E-88 IN KLCH

108 9.12E-75 1.675168 0.389 0.023 1.82E-71 IN PLS3

109 1.00E-74 0.84027 0.41 0.277 2.01E-71 IN IGFBP2

110 2.07E-71 0.77259 0.999 0.754 4.14E-68 IN CXCR4

111 4.90E-64 0.711377 0.425 0.238 9.79E-61 IN APP

112 5.25E-64 0.807829 0.424 0.239 1.05E-60 IN APLP1

113 3.96E-49 1.093898 0.541 0.209 7.92E-46 IN PFN2

114 1.36E-27 0.584614 0.457 0.242 2.73E-24 IN FSCN1

115 5.58E-24 1.118658 0.472 0.111 1.12E-20 IN MEG3

116 5.81E-15 0.781082 0.508 0.294 1.16E-11 IN EGR1

117 9.38E-09 0.934276 0.553 0.276 1.88E-05 IN POLR2J3

118 7.60E-07 0.599253 0.493 0.252 0.001521 IN FEZA

119 0.00353 1.132764 0.461 0.211 1 IN HBA2

120 0.004891 0.843926 0.537 0.226 1 IN MIAT

121 0 1.014604 1 0.962 0 RG RPS26

122 0 0.886849 0.789 0.228 0 RG FDFT1

123 0 0.825342 0.802 0.174 0 RG TSPAN13

124 0 0.781591 0.734 0.203 0 RG GADD45G

125 0 0.605244 0.802 0.254 0 RG IGFBP2

126 0 0.589859 0.869 0.345 0 RG IER2
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series no. p_val avg_log2FC pct.1 pct.2 p_val_adj cluster gene
127 0 0.567736 0.793 0.277 0 RG Ctorfé1
128 0 0.567529 0.814 0.266 0 RG NFIB
129 0 0.566018 0.922 0.444 0 RG FOS
130 1.25E-285 0.805904 0.773 0.291 2.50E-282 RG EGR1
131 5.47E-262 0.74324 0.728 0.208 1.09E-258 RG STMN4
132 3.04E-251 0.590931 0.307 0.061 6.08E-248 RG MYC
133 2.03E-230 0.774518 0.721 0.214 4.06E-227 RG BCL11A
134 1.05E-186 1.101851 0.659 0.163 2.11E-183 RG MSMO1
135 7.67E-174 0.837303 0.669 0.151 1.63E-170 RG NELL2
136 9.27E-170 0.833079 0.656 0.186 1.85E-166 RG SQLE
137 3.38E-145 0.667656 0.713 0.249 6.77E-142 RG EZR
138 5.61E-110 0.662248 0.292 0.047 1.12E-106 RG EPB41L3
139 5.28E-105 0.647077 0.332 0.081 1.06E-101 RG FGFBP3
140 1.25E-89 0.567749 0.382 0.055 2.50E-86 RG PRDM8
141 3.72E-80 0.587963 0.386 0.088 7.45E-77 RG EPHB6
142 7.85E-62 0.57208 0.604 0.163 1.57E-58 RG NFIA
143 3.31E-60 0.589274 0.612 0.15 6.63E-57 RG PPP2R2B
144 5.69E-56 0.745958 0.334 0.058 1.14E-52 RG CDK2AP1
145 2.73E-42 0.875257 0.506 0.137 5.47E-39 RG SSBP2
146 3.01E-31 0.84995 0.505 0.122 6.02E-28 RG PLK2
147 2.38E-22 0.634789 0.555 0.151 4.75E-19 RG ACAT2
148 1.99E-18 0.753573 0.556 0.141 3.98E-15 RG HMGCS1
149 2.60E-09 0.640016 0.437 0.075 5.21E-06 RG LIMCH1
150 2.78E-09 0.67092 0.52 0.11 5.55E-06 RG SEZ6
151 0 3.222196 0.767 0.601 0 Macrophage Lyz
152 0 1.918849 0.971 0.86 0 Macrophage FTL
153 0 1.883297 0.951 0.858 0 Macrophage FTH1
154 0 1.563697 0.495 0.285 0 Macrophage CST3
155 0 1.601245 0.769 0.766 0 Macrophage HLA-DRB1
156 0 1.290652 0.899 0.857 0 Macrophage HLA-DRA
157 8.32E-238 1.636765 0.459 0.322 1.66E-234 Macrophage PSAP
158 1.62E-132 1.097258 0.171 0.504 3.03E-129 Macrophage GPNMB
159 2.80E-96 1.39112 0.611 0.679 5.60E-93 Macrophage SATH
160 5.33E-65 1.083637 0.165 0.4 1.07E-61 Macrophage CYBB
161 1.47E-60 2.062164 0.475 0.526 2.94E-57 Macrophage NPC2
162 1.89E-57 1.241721 0.308 0.349 2.79E-54 Macrophage CTSD
163 1.76E-36 1.577939 0.275 0.557 3.53E-33 Macrophage PTGDS
164 4.99E-29 1.659169 0.268 0.525 9.99E-26 Macrophage FCER1G
165 5.06E-27 1.090363 0.479 0.584 1.01E-23 Macrophage NFKBIA
166 1.27E-25 1.040474 0.185 0.44 2.54E-22 Macrophage FCGRT
167 2.38E-24 2.544981 0.391 0.47 4.77E-21 Macrophage C1QB
168 6.06E-24 1.728685 0.249 0.486 1.21E-20 Macrophage c1QC
169 4.75E-21 1.259864 0.3 0.553 9.50E-18 Macrophage TYMP
170 6.84E-21 2.1565182 0.432 0.549 1.37E-17 Macrophage TYROBP
171 8.42E-20 1.346076 0.306 0.554 1.68E-16 Macrophage CTSS
172 8.23E-19 2.600418 0.413 0.53 1.65E-15 Macrophage C1QA
173 1.49E-18 1.069653 0.203 0.409 2.98E-15 Macrophage TMEM176B
174 8.04E-14 2.596887 0.437 0.571 1.61E-10 Macrophage APOE
175 7.43E-06 1.203199 0177 0.373 0.014856 Macrophage IER3
176 1.37E-05 1.293348 0.307 0.516 0.027378 Macrophage CTSB
177 0.000228 2.224462 0.347 0.557 0.455699 Macrophage APOC1
178 0.000443 1.193603 0.465 0.649 0.8867 Macrophage NEATH
179 0.00227 1.939978 0.314 0.515 1 Macrophage S100A9
180 0.007066 1.649995 0.395 0.567 1 Macrophage AlF1
181 2.14E-280 1.224818 0.982 0.706 4.29€-277 INP TUBA1B
182 8.01E-272 0.5637767 0.857 0.416 1.60E-268 INP PLK1
183 1.07E-248 1.254634 0.989 0.755 2.15E-245 INP HMGB2
184 1.21E-200 1.068064 0.832 0.472 2.42E-197 INP UBE2C
185 6.38E-181 0.620844 0.812 0.501 1.28E-177 INP NUSAP1
186 1.21E-165 0.661536 0.845 0.415 2.42E-162 INP SOX4
187 1.93E-164 0.64619 0.98 0.55 3.85E-161 INP HMGN2
188 1.20E-109 0.72275 0.722 0.379 2.40E-106 INP MAD2L1
189 1.15E-97 0.906119 0.705 0.236 2.30E-94 INP GADD45G
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series no. p_val avg_log2FC pct.1 pct.2 p_val_adj cluster gene
190 2.94E-69 0.743315 0.614 0.072 5.88E-66 INP ZWINT
191 3.94E-63 0.569061 0.614 0.144 7.88E-60 INP UBE2S
192 9.37E-61 1.365333 0.707 0.37 1.87E-57 INP HIST1H4C
193 1.19E-55 0.605958 0.639 0.089 2.37E-52 INP RRM1
194 1.07E-50 1.254713 0.64 0.285 2.14E-47 INP TOP2A
195 4.06E-40 0.640039 0.612 0.231 8.12E-37 INP H1FO
196 2.21E-32 0.551687 0.639 0.443 4.42E-29 INP TYMS
197 1.10E-31 0.706108 0.66 0.234 2.19E-28 INP TUBB4B
198 1.36E-28 0.550829 0.403 0.295 2.72E-25 INP MCM2
199 5.40E-23 0.568466 0.44 0.348 1.08E-19 INP C