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Clonal germinal center B cells function as a niche
for T-cell lymphoma
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•ACH-derived GCB cells
with aberrant
expression profiles
underwent
independent clonal
evolution in the
microenvironment of
AITL.

• Inhibition of the
CD40–CD40LG axis, as
revealed by in silico
network analysis, is a
potential novel
therapeutic target.
4

Angioimmunoblastic T-cell lymphoma (AITL) is proposed to be initiated by age-related
clonal hematopoiesis (ACH) with TET2 mutations, whereas the G17V RHOA mutation in
immature cells with TET2mutations promotes the development of T follicular helper (TFH)-
like tumor cells. Here, we investigated the mechanism by which TET2-mutant immune cells
enable AITL development using mouse models and human samples. Among the 2 mouse
models, mice lacking Tet2 in all the blood cells (Mx-Cre × Tet2flox/flox × G17V RHOA
transgenic mice) spontaneously developed AITL for approximately up to a year, while
mice lacking Tet2 only in the T cells (Cd4-Cre × Tet2flox/flox × G17V RHOA transgenic mice)
did not. Therefore, Tet2-deficient immune cells function as a niche for AITL development.
Single-cell RNA-sequencing (scRNA-seq) of >50 000 cells from mouse and human AITL
samples revealed significant expansion of aberrant B cells, exhibiting properties of acti-
vating light zone (LZ)-like and proliferative dark zone (DZ)-like germinal center B (GCB)
cells. The GCB cells in AITL clonally evolved with recurrent mutations in genes related to
core histones. In silico network analysis using scRNA-seq data identified Cd40–Cd40lg as a
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possible mediator of GCB and tumor cell cluster interactions. Treatment of AITL model mice with anti-Cd40lg inhib-
itory antibody prolonged survival. The genes expressed in aberrantly expanded GCB cells in murine tumors were also
broadly expressed in the B-lineage cells of TET2-mutant human AITL. Therefore, ACH-derived GCB cells could undergo
independent clonal evolution and support the tumorigenesis in AITL via the CD40–CD40LG axis.
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Introduction

The discovery of age-related clonal hematopoiesis (ACH) has
resulted in a paradigm shift in research on hematopoiesis in aging.
ACH occurs when hematopoietic stem/progenitor cells (HSPCs)
acquire somatic mutations, particularly in genes encoding epige-
netic regulators, such as DNMT3A, TET2, and ASXL1.1 They
frequently occur in various age-related diseases such as diabetes,
ischemic heart disease, atherosclerosis, as well as hematological
and solid cancers.2 Various lineages of immune cells with somatic
mutations derived from ACH infiltrate cancer tissues3,4; however,
their function in cancer development remains poorly understood.

Angioimmunoblastic T-cell lymphoma (AITL), a neoplasm
of mature T cells,5 is a representative cancer derived from
ACH. Genetically, loss-of-function TET2 mutations occur in
HSPCs,6 which then acquire disease-specific p.Gly17Val
RHOA mutations leading to T-lineage tumor development.7,8

Pathologically, as the name “immunoblast” implies, AITL
tissues are characterized by abundant infiltration of B immu-
noblasts.9 AITL tumor cells exhibit characteristics of T follic-
ular helper (TFH) cells,

10 which are physiologically localized
in lymph node (LN) follicles and mainly interact with germi-
nal center B (GCB) cells to facilitate their maturation and
function.11-14

Here, we investigated how ACH-derived immune cells are
involved in AITL pathogenesis by using originally established
mouse models and human samples. Single-cell RNA-sequencing
analysis (scRNA-seq) revealed the marked expansion of
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abnormal GCB-related clusters simultaneously having a cell
activation profile like light zone (LZ) GCB and a cell proliferation
profile like dark zone (DZ) GCB in both mouse and human AITL
samples. Notably, these GCB cells clonally evolved with
recurrent mutations in genes related to core histones. In addi-
tion, in silico interactome analysis using scRNA-seq data of GCB
cells and tumor cells harboring TFH features (TFH tumor cells)
showed a strong association of Cd40–Cd40lg. Finally, a
blockade of the Cd40–Cd40lg axis by administration of an anti-
Cd40lg antibody suppressed the tumor growth.

These data suggest that aberrant GCB cells, which have
undergone their own clonal evolution from ACH, play funda-
mental roles in AITL development. Furthermore, our findings
provide a new therapeutic concept to target ACH-derived
immune cells in AITL.

Materials and methods
The details were described in supplemental Methods.

Mice and human samples
Mx-Cre mice15 were crossed with Tet2flox/flox mice16 and human
G17V RHOA transgenic (G17VRHOA) mice17 to generate
Mx-Cre × Tet2flox/flox × G17VRHOA mice, as described
previously.17 Tet2flox/flox mice served as the control. Poly-
inosinic:polycytidylic was injected intraperitoneally intoMx-Cre ×
Tet2flox/flox × G17VRHOA and Tet2flox/flox mice at 3 to 4 weeks of
age at a dose of 20 mg/kg of body weight every other day, for a
total of 4 times, and these mice are referred to as MxTR and
MxWT, respectively. Cd4–Cre transgenic mice18 were crossed
with Tet2flox/flox and G17VRHOA mice to generate Cd4–Cre ×
Tet2flox/flox × G17V RHOA (CD4TR) and Tet2flox/flox mice
(CD4WT). In all experiments, MxTR, MxWT, CD4TR, and CD4WT
were analyzed at the same age.

Human samples were prospectively collected from patients with
solid tumors (n = 3) who had undergone LN resection and AITL
samples (n = 6) between March 2019 and July 2020.

Statistical analysis
A 2-sided Student t test was used to compare the data from the
2 groups. Statistical significance was set at P < .05. All statistical
analyses were performed using R software on R Studio.

Results
Tet2 loss in microenvironment immune cells and T
cells accelerates TFH-like lymphoma development
To assess the function of Tet2-deficient immune cells in the
context of AITL tumorigenesis, we crossed G17VRHOA mice
with mice exhibiting Tet2 deletion in all blood cells (Mx-Cre ×
Tet2flox/flox × G17VRHOA mice, MxTR) and those with Tet2
deletion only in T cells (Cd4-Cre × Tet2flox/flox × G17VRHOA
mice, CD4TR) (Figure 1A). A total of 43 of the 51 (84.3%) MxTR
succumbed to TFH-like lymphomas at latencies of 20 to 60
weeks (median, 46 weeks) (Figure 1B). Only 5 out of 49 (10.2%)
CD4TR mice died by 60 weeks (median not reached; MxTR vs
CD4TR; P < .001); control (MxWT or CD4WT) mice were alive
(Figure 1B). The spleen weight and the number of Cd4+ T and
Cd4+Pdcd1+Icos+ TFH cells in the spleen increased in MxTR
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compared with that in MxWT, CD4TR, or CD4WT mice at 20
and 40 weeks of age (supplemental Figure 1A-D in the data
supplement). The number of Cd8+ T cells decreased in the
spleen of MxTR compared with that in MxWT, CD4TR, or
CD4WT mice (at 40 weeks, MxTR vs MxWT vs CD4TR vs
CD4WT; CD4+7AAD−, median, 12.0% vs 11.9% vs 12.7% vs
22.8%; P < .05; CD8+7AAD−, median, 7.85% vs 9.44% vs 7.84%
vs 5.87%; P < 0.05; Cd4+Pdcd1+Icos+, median, 0.64% vs 0.82%
vs 0.58% vs 13.9%; P < .05) (supplemental Figure 1B). TFH-like
lymphomas developed in MxTR appeared as previously
described (supplemental Figure 1E-G).17

These data suggest that Tet2-deficient immune cells in MxTR
contribute to TFH-like lymphoma development. It was previ-
ously reported that whole tumor cells transplanted into BALB/c
nu/nu (nude) mice developed TFH-like lymphomas in recipient
mice.17 Furthermore, tumor development could be monitored
by detecting donor-derived Cd4+ tumor cells in peripheral
blood (PB) of recipient nude mice. Therefore, to identify the
lineages of Tet2-deficient immune cells that contribute to
tumorigenesis, we sorted each lineage from the tumors and
prepared 6 different suspensions (supplemental Figure 2A).
We transplanted them into nude mice. H2kb+ donor-derived
cells and Cd3+Cd4+ cells were monitored in PB on day 28
(supplemental Figure 2B-C). Following the transplantation of
cells from Cd4+, B220+, and Cd11b+ fractions, donor-derived
tumor cells were detected only when B-lineage cells were
cotransplanted with Cd4+ tumor-containing cells (groups (i), (ii),
and (vi)) (Figure 1C and supplemental Figure 2C). Macroscopi-
cally, nude mice added Cd4+ tumor-containing cells with
B-lineage cells exhibiting marked splenomegaly with disruption
of follicular structures and hepatic infiltration of tumor cells
(supplemental Figure 2D). Donor-derived Cd4+Pdcd1+ cells
were expanded in the spleen of nude mice in groups (i) and (ii)
on day 28 (supplemental Figure 2E-F).

These data suggest that B-lineage cells cotransplanted with
Cd4+ tumor-containing cells play critical roles in tumorigenesis
in recipient mice.
Comprehensive analysis of immune cell profiles
and whole transcriptome of tumor-bearing spleen
cells of MxTR
To define immune cell profiles and analyze the whole tran-
scriptome of TFH-like lymphomas in detail, we performed scRNA-
seq on spleen cells from tumor-bearing MxTR (n = 2) and control
MxWT (n = 2) (Figure 1D). We analyzed 10 270 and 10 529 cells
from MxTR and MxWT, respectively (supplemental Figure 3A).
Cell-type annotations were performed based on the expression
of the canonical marker genes in each cluster (mT1_Gzma [mT1],
mT2_Cxcr3 [mT2], mT3_Dapl1 [mT3], mT4_Ccl3 [mT4],
mT5_Cd28 [mT5], mT6_Pdcd1 [mT6], mB1_Ighd [mB1], mB2_I-
cosl [mB2], mB3_Cr2 [mB3], mB4_Parm1 [mB4], mB5_Cd83
[mB5], mB6_Prdm1 [mB6], mM1_Adgre1 [mM1], mM2_Ifitm3
[mM2], and mM3_S100a9 [mM3]) (Figure 1E, supplemental
Figure 3B-C, and supplemental Table 1). Among the 15 clusters
identified through graph-based clustering, the proportion of
Cd4+ T cells (mT4 to 6 clusters) markedly increased in MxTR
compared with that in MxWT; whereas the proportion of B cells
(mB1 to 6) decreased, and the proportion of Cd8+ T cells (mT1
to 3) and myeloid cells (mM1 to 3) remained comparable
FUJISAWA et al
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(supplemental Figure 3D). The proportion of cells assigned to
8 clusters (mT2, mT4, mT5, mT6, mB5, mB6, mM1, and mM2)
was higher in MxTR compared with that in MxWT (Figure 1F-G).
We previously reported that tumor cells in MxTR expressed the
TFH markers Cd4, Pdcd1, Icos, Cxcr5, and Bcl6, similar to those in
human AITL and physiological TFH cells.17 We demonstrated that
the mT6 cluster corresponded to a cluster of TFH tumor cells
in MxTR based on the high expression of these marker genes
and oligoclonal rearrangement of Tcr genes in TFH tumor cells
(supplemental Figure 3B-C,E-F).17

In gene set enrichment analysis (GSEA) between each cluster,
interferon α and γ responses were enriched throughout all T-cell
clusters (mT1 to 6) in MxTR, and IL2-STAT5 signaling was
prominently enriched in mT1 to 4 clusters. Among the clusters,
the number of enriched signaling pathways in MxTR compared
with MxWT was the highest in mT6. In particular, oncogenic
pathways, including the MYC targets and the mammalian target
of rapamycin1 (mTOR1) signaling, were enriched in the mT6 of
MxTR compared with that of MxWT (supplemental Figure 3G).
Gene set variable analysis (GSVA)19 with MsigDB C7 gene
sets20 together with trajectory analysis for mB1 to 6 clusters
revealed that mB1 to 4 groups correspond to naïve or memory
B cells; while mB5 and 6 cells exhibit enrichment of GCB and
plasma cell (PC)-related gene sets, respectively (supplemental
Figure 4A). To assess the relevance of B-cell subclusters in
hematological differentiation, we performed trajectory analysis
of the integrated B-cell cluster data using the Monocle3 pipe-
line.21 Cells with gene expression profiles of the mB1 cluster
were set as the starting point for the pseudotime analysis.
The trajectory progressed from mB1 to mB6, as expected
(supplemental Figure 4B). Expression of genes specific to each
subtype, such as Ighd, Ighm, Cd27, and Cd38 for naïve or
memory B cells; Aicda and Mki67 for GCB DZ; Basp1, Cd40,
Cd83, and Cd86 for GCB LZ; and Prdm1 and Sdc1 for PCs, were
observed along the B-cell differentiation status (supplemental
Figure 4B). These findings support the annotation of mB1 to 4
clusters as naïve or memory B cells, mB5 clusters as GCB cells,
and mB6 clusters as PCs, as suggested by GSVA.

We focused on the mB5 cluster because its proportion was
much higher in MxTR than in MxWT, and it had the greatest
number of differentially expressed genes (DEGs) (supplemental
Figure 4C). Reclustering of mB5 revealed 7 subclusters (GCB1
to 6 and PBL1) (Figure 1H-J). We annotated these clusters from
MxWT data using GCB-related gene sets22: GCB1 to 4 and
GCB5 to 6 exhibited enrichment of DZ- and LZ-related gene
sets, respectively, whereas plasmablast (PBL)-related gene sets
were enriched in PBL1 (Figure 1K). MxTR samples exhibited a
selective increase in the proportion of GCB1 to 3 (Figure 1I-J).
MxTR GCB1 to 3 clusters were characterized by a high
expression of both DZ (Cxcr4, Aicda, and Mki67) and LZ (Cd40
and Cd83) markers (Figure 1L-M). MYC targets and factors
related to proliferative signaling were enriched in clusters GCB1
to 6 in MxTR, compared with MxWT (supplemental Figure 4D).
Figure 1. Tet2 loss accelerates the development of TFH-like lymphomas in all immu
2 genotypes. ***P value < .005; n.s., not significant. (C) Cumulative incidence of engraft
of scRNA-seq in spleen cells; MxTR, n = 2; and MxWT, n = 2. (E) UMAP plot after integ
by dashed lines. Bar graphs indicating the (F) numbers and (G) proportions of cells in eac
(I, left) the number of cells and (J, right) the percentages in each cluster. (K) GSVA with G
feature plots showing GCB markers. *Genes highly expressed in GCB1 to 3 of MxTR co
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In summary, scRNA-seq showed that TFH-like lymphomas were
divided into 15 clusters. Furthermore, among B cells, the mB5
cluster, which has the characteristics of GCB cells, was a pop-
ulation with a large number of DEGs, expanding in MxTR. This
B5 subcluster was subdivided into 7 subclusters (GCB1 to 6 and
PBL1). Three subclusters (GCB1 to 3), greatly expanded in
MxTR, had characteristics of both DZ GCB, expressing Aicda
and proliferative markers such as Mki67, and LZ GCB, ex-
pressing markers such as Cd40 and Cd83.

Flow cytometric analysis of intratumoral B cells in
TFH-like lymphomas
To verify that B-cell subclusters mB5 and mB6, which corre-
spond to GCB cells and PCs, respectively, were increased in
MxTR compared with MxWT in scRNA-seq, we performed flow
cytometric analysis. B220+Cd19+ total B cells were significantly
decreased in spleen cells of MxTR compared with MxWT at 40
weeks of age, whereas Cd138−B220+Cd19+Fas+Gl-7+ GCB
cells and Cd138+Cd19dull PCs were significantly increased in
spleen cells of MxTR compared with MxWT at 40 weeks of age
(Figure 2A-C). Notably, the decrease in the ratio of total B cells,
as well as the increase in the ratio of GCB cells and PCs, were
prominent in tumor-bearing mice of MxTR (supplemental
Figure 5A-C). These results were consistent with those of
scRNA-seq.

To further characterize the expanded GCB DZ cells with an
aberrant expression profile in MxTR, we performed flow cyto-
metric analysis using markers characteristic of GCB fractions
(Cd138, B220, Cd19, Fas, Gl-7, Cd86, and Cxcr4). MxTR GCB
cells showed high expression of Cxcr4 as well as Cd86, which is
different from the physiological DZ and LZ fractions (Figure 2D-E
and supplemental Figure 6A-E).

In summary, the B-cell subtypes that were increased in TFH-like
lymphomas of MxTR were also GCB cells and PCs in flow
cytometric analysis. In addition, MxTR GCB cells highly ex-
pressed both Cxcr4 and Cd86.

Tet2-deficient GCB cells support the engraftment
of TFH tumor cells when cotransplanted into nude
mice
To confirm whether GCB cells in tumor-bearing MxTR con-
tributed to the development of TFH-like lymphomas, we pre-
pared 5 different cell suspensions: (i) n = 3, TFH and
Cd138−B220+Cd19+Fas+Gl-7+ GCB cells; (ii) n = 4, TFH and
Cd138−B220+Cd19+Fas−Gl-7− B cells excluding GCB cells; (iii)
n = 3, TFH cells only; (iv) n = 3, uninjected; and (v) n = 4, whole
cells. Cell suspensions from each group were injected into nude
mice using a protocol modified for deep immunodeficiency
(Figure 2F). The proportion of donor-derived cells in group (i)
was significantly higher than that in groups (ii) or (iii) but lower
than that in group (iv) in the spleens of nude mice on day 7 after
transplantation (Figure 2G).
ne cells. (A) Characteristics of the 2 genotypes. (B) Overall survival of mice with the
ment in nude mice injected in 6 different suspensions. *P value < .05. (D) Overview
ration of data from spleen cells of MxTR and MxWT. Three cell types are indicated
h cluster. (H) UMAP plots showing reclustering of mB5 cluster. The bar graphs show
CB-related gene sets for each mB5 subcluster. (L) Stacked violin plot split and (M)
mpared to those of MxWT.
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These data support that aberrant increases in GCB cells play
key roles in the expansion of TFH-tumor cells in MxTR.

Global transcriptional regulation by DNA
methylation in Tet2-deficient GCB cells
To investigate the mechanism by which methylome modifica-
tions following Tet2 deficiency alter GCB cell expansion,
we performed whole-genome bisulfite sequencing (WGBS) in
GCB cells sorted from tumor-bearing MxTR (n = 2) and control
MxWT (n = 2) mice (Figure 3A). The number of hypermethylated
differentially methylated regions (DMRs) (hyper-DMRs; n = 4356)
was markedly greater than the number of hypomethylated
DMRs (hypo-DMRs; n = 18) in GCB cells from MxTR compared
Figure 2. Flow cytometric analysis of B-lineage cells and transplantation of TFH-tu
B220+Cd19+/Cd138− cells, Cd138+/7AAD− cells, and Cd138−B220+Cd19+Fas+Gl-7+ (GCB
of age. MxTR, n = 6; MxWT, n = 4; CD4TR, n = 4; and CD4WT, n = 5. (B) Representative t-D
B-cell fractions in the spleen of mice of the indicated genotypes at 40 weeks of age. B-line
gated and integrated Cd138−Cd19+B220+Fas+Gl-7+ (red), Cd138−Cd19+B220+Fas−Gl-7−

(D) Representative flow cytometry plots of Cd138, Cd19, Fas, Gl-7, Cxcr4, and Cd86 in sple
Cd86 or Cxcr4 expression of GCB fractions in spleen cells from tumor-bearing MxTR and
tumors of MxTR transplanted into nude mice. i.p., intraperitoneal injection; no. inj., no in
groups on day 7 after injection. Five groups (i–v) represent (i) TFH + GCB cells, (ii) TFH + n
significant.

1942 3 NOVEMBER 2022 | VOLUME 140, NUMBER 18
with that in MxWT (supplemental Tables 2 and 3). The number
of DMRs was higher in all functional genomic elements,
including promoters, exons, introns, untranslated regions, and
intergenic regions (Figure 3B). Twenty-two genes observed as
hyper-DMRs in the WGBS data were found to be down-
regulated based on the corresponding RNA-seq data (Figure 3C
and supplemental Figure 7A-D). scRNA-seq confirmed the
downregulation of Atp13a2, Pdzd2, and Rapgef4 in GCB1 to 3 of
MxTR. Irf4, which encodes a key regulator of B-cell differentia-
tion,23 and Egr3 were downregulated in GCB5 to 6 (Figure 3D).
We conclude that Tet2-deficiency in GCB cells induces specific
changes in the DNA methylome, resulting in aberrant gene
expression profiles.
mor and GCB cells from the spleen of tumor-bearing MxTR. (A) Proportions of
)/B cells in the spleen from mice with the indicated genotypes at 20 and 40 weeks
istributed Stochastic Neighbor Embedding (tSNE) plots of flow cytometric data from
age markers, including Gl-7, Fas, B220, Cd138, and Cd19. (C) tSNE plots of manually
(orange), Cd138+ (light blue) cells, and others (gray) using data from Figure 2B.
en cells from tumor-bearing MxTR and MxWT at ~50 weeks of age. (E) Histogram of
MxWT. (F) Workflows of transplant experiments with GCB and TFH cells sorted from
jection. (G) Proportions of H2kb+ donor-derived cells in spleen cells of the indicated
on-GCB cells, (iii) TFH cells, (iv) no. inj., and (v) whole cells. ***P value < .001; n.s., not
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Clonal expansion of Tet2-deficient GCB cells
sorted from tumor-bearing MxTR
Next, to identify the clonal rearrangements of the B-cell receptor
(BCR) gene, we subjected bulk RNA-seq data from GCB cells to
the MiXCR algorithm (supplemental Figure 7E-F).24 The number
of rearranged BCR genes detected in GCB cells in tumor-bearing
MxTR was significantly lower than that in MxWT (Figure 4A and
CLONAL GERMINAL CENTER B CELLS IN AITL
supplemental Table 4), suggesting that Tet2-deficient GCB cells
harboring some BCRs clonally expand in MxTR.

To explore the difference between aberrant clonal GCB cells of
MxTR and Tet2-mutant B-cell lymphomas, we compared the
RNA-seq results of Tet2-deficient clonally expanded GCB cells in
MxTR and those of Tet2-deficient mice with B-lymphoproliferative
3 NOVEMBER 2022 | VOLUME 140, NUMBER 18 1943
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disease or those of human diffuse large B-cell lymphomas
(DLBCLs) with TET2 mutations. Overall, the RNA-seq results of
Tet2-deficient GCB cells sorted from TFH-like lymphomas in the
spleen of MxTR and B-lymphoproliferative diseases in VAV1–Cre
TET2flox/flox mice25 or those of DLBCL tissues with/without TET2
mutations (n = 735 vs n = 45)26 were less common than expected.
For example, 17 and 28 genes were commonly up- and down-
regulated in Tet2-deficient GCB cells from both TFH-like lym-
phomas and B-lymphoproliferative disease. Interestingly, though
downregulated pathways were commonly found between 2
groups to some extent, upregulated pathways were not shared at
all (supplemental Figure 8A-C). We found that only 1 gene
(PLAC8/Plac8) was commonly downregulated in both Tet2-
deficient GCB cells and human tissue DLBCLs, while 19 pathways,
including a proliferation signature, were commonly upregulated
(supplemental Figure 8D-F).

Furthermore, to analyze the clonal evolution of GCB and TFH cells
during tumorigenesis, we performed whole exome sequencing
(WES) of these cells sorted from spleens of tumor-bearing MxTR,
using tail DNA as a reference (n = 6) (Figure 4B-D and supple-
mental Table 5). The frequencies of somatic mutations in GCB
samples were significantly higher than those in TFH samples
(median, 19.0 vs 1.8; P < .05) (Figure 4E). We identified recurrent
mutations in genes encoding core histones (2 in histone H2 and
4 in H3, core histone mutations) in 4 of the 6 GCB samples but
did not identify mutations in TFH samples (Figure 4E). The
c.G>A260 (p.Ser87Asn, H3S87N) mutations of canonical paralog
histone H3 genes were detected in 3 of the 6 GCB samples
(Figure 4F-G). Analysis of 3-dimensional (3D) structures of proteins
indicated that all these core histone mutations reside in the
interacting loci between histones and DNA (Figure 4H). Mice
expressing histone H3-mutant under the Ighg1 promoter
(c.G>A260, p.Ser87Asn; H3S87N KI) exhibited expansion of GCB
cells (supplemental Note 1 and supplemental Figure 9). These
data suggest that during clonal evolution in tumorigenesis,
recurrent H3S87N mutations accumulate in Tet2-deficient GCB
cells.

Identification of the Cd40–Cd40lg interaction
between GCB and TFH tumor cell clusters as a
therapeutic target in TFH-like lymphomas
To analyze the mechanisms underlying the crosstalk between
Tet2-deficient immune cells and TFH tumor cells, we performed
intercellular ligand–receptor interaction analyses between
immune cell clusters and TFH tumor cell clusters using CellPho-
neDB (Figure 5A).27 We identified 41 significant interactions
(28 more intense in MxTR compared with those in the MxWT
background). In addition, 11 interactions within the mB5 cluster
were specifically upregulated in MxTR but not MxWT (Figure 5A).

Among the 11 genes involved in these interactions, 6 were
commonly included in the DEGs between MxTR and MxWT
Figure 6. Transcriptomic heterogeneity of human AITL samples analyzed at single-c
nodes (HLNs, n = 3). (B) List of somatic mutations detected using WES in AITL tissues. (C
clusters (T cells [T]; B cells [B]; and myeloid cells [MYE]) and a cluster characterized by pro
proportions of each cluster in the AITL and HLN. Numbers in parentheses indicate the p
integrating scRNA-seq data of AITL and HLN samples. Six subclusters were labeled with
the AITL or HLN samples. (G) Heatmap of the top 50 conserved markers in each T-ce
expressed in each cluster. (I) Feature plots showing CD4, CD8A, and specific markers for
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samples (Figure 5B); Lamp1, Madcam1, and Cd40 were highly
expressed in the mB5 cluster (Figure 5C). Concentrations of
Cd40, a molecule physiologically essential for GCB cell matu-
ration, were significantly higher on the cell surface of GCB cells
and in plasma from MxTR than in MxWT (Figure 5D-E and
supplemental Figure 10A-C). In addition, Cd40 expression
on the cell surface was significantly higher in the GCB cells of
MxTR than in those of MxWT as early as 20 weeks of age
(supplemental Figure 10D). This suggests that the elevated
Cd40 expression occurred before lymphoma development. In
the spleen of MxWT, Cd40lg and Cd40 were expressed in
Cd4+Pdcd1+ cells in the germinal center of the follicle and
Cd19+ cells surrounding the follicles, respectively (supplemental
Figure 10E-G). In contrast, the follicular structure was disrupted in
tumor-bearing MxTR (supplemental Figure 10E-G), and both
Cd40lg+Cd4+ tumor cells and Cd40+Cd19+ cells were diffusely
distributed. However, immunofluorescence revealed the presence
of multiple niches in which both cell types were localized adjacent
to each other in MxTR (Figure 5F and supplemental Figure 10H).

Administration of anti-Cd40lg inhibitory antibodies to tumor-
implanted nude mice prolonged survival (Figure 5G and sup-
plemental Figure 10I). Therefore, the Cd40–Cd40lg interaction
could be essential for mediating the crosstalk between TFH
tumor cells and Tet2-deficient GCB cells (supplemental
Figure 10J). Furthermore, in whole-transcriptome analysis using
RNA extracted from Jurkat cells expressing the G17V mutant or
mock (JurkatG17VRHOA and Jurkatmock), respectively,28 with or
without stimulation by CD40-Fc chimera protein under stimu-
lation by an anti-CD3 antibody, CD40LG signaling in T cells
stimulated by CD40 activated not only IL2 STAT5, and inter-
feron γ response signaling but also mTOR and vascular endo-
thelial growth factor (VEGF) pathway (supplemental Note 2 and
supplemental Figure 11).

Transcriptomic heterogeneity of intratumoral B
cells at single-cell resolution in human AITL samples
To extend the findings from our mouse model to human can-
cers, we performed scRNA-seq of 5 human AITL tumors and 3
homeostatic LN (HLN) samples (Figure 6A). TET2 mutations
were identified in 4 AITL tumors available for WES (Figure 6B
and supplemental Table 6). Unsupervised clustering of scRNA-
seq of 36 762 cells identified T-, B-, and myeloid-cell clusters
and a cluster characterized by the presence of proliferative
markers (Figure 6C). Cell clusters were annotated based on the
expression of canonical markers, such as CD3E, CD4, and
CD8A for T cells (T); CD19, CD79B, and SDC1 for B cells (B);
ADGRE1, IFITM3, and S100A9 for myeloid cells (MYE); and
MKI67 for a cluster characterized by proliferative markers (PRO).
The proportion of T cells decreased in AITL samples compared
with that in HLN samples, whereas those of the B and myeloid
cells increased (Figure 6D). In addition, T and B cells were
separated from PRO using T- (CD3E) and B- (CD79B and CD19)
ell resolution. (A) Overview of scRNA-seq for AITL (n = 5) and homeostatic lymph
) UMAP plot after integrating the scRNA-seq data of AITL and HLN. Three lineage
liferative markers (PRO) are indicated by dashed circles. (D) Pie graphs showing the
ercentages of each cluster. (E) UMAP plot of T-cell subclusters sorted in silico after
different colors. (F) Bar graphs showing the percentages of each T-cell subcluster in
ll subcluster from (E). (H) Stacked violin plots showing specific conserved markers
each T-cell subcluster. (J) UMAP plot depicting TCR clone size for each clonotype.
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cell markers with the “subset” function. T- and B-cell subclusters
were subjected to scaling, principal component analysis-based
dimensionality reduction, and unsupervised graph-based reclus-
tering, respectively. T cells weredivided into 6 clusters (hT1_CCR7
[hT1], hT2_FOXP3 [hT2], hT3_PDCD1 [hT3], hT4_IKZF1 [hT4],
hT5_GZMA [hT5], and hT6_GNLY [hT6]); and B cells into 9 clusters
(hB1_CIITA [hB1], hB2_IGHD [hB2], hB3_IFIT3 [hB3], hB4_FOXP1
[hB4], hB5_AIM2 [hB5], hB6_CD40 [hB6], hB7_BCL2A1 [hB7],
hB8_TOP2A [hB8], and hB9_CD38 [hB9]) (Figures 6E-I and 7A-E).
Notably, hT3 corresponded to a TFH tumor cell cluster with oli-
goclonal rearrangement of TCR genes (Figure 6J).

As previously reported,29 the CD8 T-cell subcluster was mark-
edly expanded. In B-cell subclusters, GSVA using datasets from
Chung and colleagues30 and MsigDB C720 identified naïve or
memory B-cell clusters (hB1 to 5), exhibiting the enrichment of
antiapoptotic signaling factors, and GCB (hB6 to 8) and PBL
(hB9) clusters exhibiting the enrichment of proliferative and
proapoptotic signaling factors (Figure 7F and supplemental
Figure 12A). To assess the relevance of B-cell subclusters with
respect to hematological differentiation, we performed trajec-
tory analysis of the integrated B-cell subcluster data similar to
that of the mouse scRNA-seq data (supplemental Figure 12B).
The hB1 clusters were used as the starting point for pseudotime
analysis. The trajectories were split into 2 parts (ie, the memory
B-cell side [hB4 and hB5] and the GCB side [hB6 to 8]) (sup-
plemental Figure 12B). Gene expression characteristics of cells,
such as naïve or memory B cells (IGHD, IGHM, and CD27), GCB
DZ (AICDA and MKI67), GCB LZ (CD40 and CD86), and PBL
(PRDM1) were observed (supplemental Figure 12B).

These results support the conclusion that hB1 to 5 clusters are
naïve or memory B cells, hB6 to 8 clusters are GCB cells, and
the hB9 cluster is PBL, as revealed by GSVA. GSVA with GCB-
related gene sets22 applied to hB6 to 8 revealed the enrich-
ment of gene sets for LZ to intermediate (INT) in hB6, DZ in hB7,
and PBL in hB8 (Figure 7G). The proportion of each fraction was
similar in AITL and HLN; however, hB1 was slightly increased in
AITL compared with that in HLN (Figure 7B-C). Gene ontology
analysis using MsigDB C720 for DEGs showed that GCB-related
gene sets, as well as a CD40-related gene set, were enriched in
GCB (hB6 to 8) and naïve or memory B-cell clusters (hB2 to 5) of
AITL, compared with those in HLN (supplemental Figure 12C).
The expression of GCB-related markers was significantly upre-
gulated in GCB (hB6, CD40, CD83, CD69, XBP1, FOXP1, and
BATF) and naïve or memory B-cell clusters (hB2 and hB3, CD40
and CD83; hB5, CD40, and CD69) in AITL (Figure 7H-I and
supplemental Table 7). GSEA using the MsigDB Hallmark31

showed that the number of significantly enriched genes was
the highest in hB6 (Figure 7J-K [red line in J] and supplemental
Figure 12D), corresponding to the LZ to INT GCB transition,
indicating that this cluster has the properties of AITL, and not
that of HLN. AITL-B–specific gene set, comprising genes highly
Figure 7. Human AITL samples exhibit intratumoral B cells phenotypically similar to
scRNA-seq data of AIT L and HLN samples. Nine subclusters were labeled with different co
percentage of each cluster in indicated samples. (D) Heatmap of the top 50 conserved ma
expressed in each cluster. (F) Heatmap showing pathways differentially enriched at each B
colleagues. Gene sets are listed in supplemental Table 8. (G) Heatmap showing pathways d
Holmes and colleagues. Gene sets are listed in supplemental Table 8. (H) Bar graphs show
Genes in red are included among AIT L-B–specific gene set. (J) Dot plots showing pathwa
sets. Dot size indicates the normalized enrichment score (NES). Cutoff, FDR q-value <0.25
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expressed in mB5 in murine TFH-like lymphomas in scRNA-seq,
was enriched in GCB (hB6) and naïve or memory B-cell clusters
(hB2, 3, and 5) (Figure 7J, blue line). The genes highly expressed
in aberrantly expanded GCB cells in murine TFH-like lymphomas
were also broadly expressed in B-lineage cells in human AITL.

To determine the clonal evolution of each fractionated subtype
of B cells, we sorted each subtype of B cells from the AITL2
sample used for scRNA-seq and performed WES with unsorted
cells (supplemental Figure 12E). Four B-cell fractions were
sorted: naïve B cells (IgD+CD19+CD138−), memory B cells
(IgD−CD38−CD10−CD19+CD138−), GCB cells (IgD−CD38−

CD10+CD19+CD138−), and plasma cells (CD19dullCD138+).
Overall, 309 mutations were detected by WES (supplemental
Table 6). Two types of TET2 mutations were detected,
one of which was only detected in unsorted cells (TET2:
NM_001127208: exon11: c.5446_5450del: pL1816fs), while
the other was also detected in B-cell fractions (TET2:
mNM_017628: exon3: c.1387delC: pP463fs) (supplemental
Figure 12F). Interestingly, 6 mutations characteristic of DLBCL
were detected in GCB and plasma cells. In addition, the
HIST1H1C mutation was detected in all B-cell fractions of
AITL2 and, importantly, 2 core histone mutations (HIST1H3A:
NM_003529: exon1: c.T289A: p.C97S and HIST2H3D:
NM_001123375: exon1: c.G54C: p.R18S) were detected in the
GCB cells of AITL6 (supplemental Figure 12G). In summary, the
B-cell fraction in human AITL has also acquired unique muta-
tions during clonal evolution.

Discussion
Homeostatic TFH cells support the positive selection of GCB
cells in a contact-dependent manner.11-13,32 The transient arrest
of GCB cells in the LZ11,32 and molecular interactions between
GCB–TFH cells (eg, that via Cd40–Cd40lg13); B7 family mem-
bers, including Icosl–Icos,12 play crucial roles in the maturation
of physiological GCB cells as well as the clonal expansion of TFH
cells.14 ACH-derived GCB cells with TET2 mutations could
imitate but have far greater proliferative and activating capac-
ities than physiological GCB cells, and they facilitate the
expansion of TFH tumor cells, possibly through more robust
Cd40–Cd40lg interaction. Disruption of the follicular structure
could enable ACH-derived GCB cells with TET2 mutations to
interact with TFH tumor cells at various sites in mouse TFH-like
lymphomas. A significant interaction between GCB and TFH
tumor cells has been noted in an AITL model in Roquinsan/+

mice33; however, ROQUIN mutations are not identified in
human AITL samples.34

Similar to that in previous studies, Irf4 hypermethylation and
downregulation were observed in Tet2-deficient GCB cells in
mouse TFH-like lymphomas in this study.25 Three genes
(Atp13a2, Pdzd2, and Rapgef4) were hypermethylated and
mouse GCB cells. (A) UMAP plot of B-cell subclusters sorted in silico after integrating
lors. (B) Bar plots indicating percentages of each cluster. (C) Bar graphs indicating the
rkers of each cluster in (A). (E) Stacked violin plots showing specific conserved markers
-cell cluster (hB1 to 9) based on GSVA with B-lineage-related genes from Chung and
ifferentially enriched in hB6 to 8 based on GSVA with GCB-cell–associated genes, from
ing the number of DEGs in the AIT L or HLN samples. (I) Volcano plot of DEGs in hB6.
ys upregulated in hB1 to 9 of AIT L by GSEA with hallmark and AIT L-B–specific gene
. (K) Violin plots of genes included in the AIT L-B–specific gene set.
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downregulated specifically in GCB1 to 3, which specifically
expanded in mouse TFH-like lymphomas; their downregulation
possibly enabled the expansion of these clusters.

Mutations in the core histones were recurrent in the GCB of
mouse TFH-like lymphomas. Mutations in genes encoding
histone H1 isoforms occur across various lymphoma subtypes,
and they alter the 3D structure of DNA, resulting in the
respective gain and loss of H3K36 and H3K27 methylation.35

The specific distribution of histone mutations in B cells sug-
gests their essential contribution to AITL development. Indeed,
mice expressing the H3S87N mutant exhibited expansion of
GCB cells.

Epstein Barr virus (EBV) infection is associated with not only
severe immunodeficiency in AITL9,36 but also disease activity,
including the progression of histological patterns and B-cell
clonality.37-39 However, it is difficult to reproduce EBV infection
in mouse TFH-like lymphomas, which is a limitation of this study.

Conclusions
ACH-derived GCB cells harboring TET2 mutations can inde-
pendently undergo clonal evolution and function as microenvi-
ronmental cells to support AITL tumorigenesis. The interactions
between ACH-derived microenvironmental cells and tumor cells
could serve as a unique therapeutic target.
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