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SUMMARY

Peripheral T cell lymphoma not otherwise specified (PTCL-NOS) comprises heterogeneous 

lymphoid malignancies characterized by pleomorphic lymphocytes and variable inflammatory 
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cell-rich tumor microenvironment. Genetic drivers in PTCL-NOS include genomic alterations 

affecting the VAV1 oncogene; however, their specific role and mechanisms in PTCL-NOS remain 

incompletely understood. Here we show that expression of Vav1-Myo1f, a recurrent PTCL-

associated VAV1 fusion, induces oncogenic transformation of CD4+ T cells. Notably, mouse 

Vav1-Myo1f lymphomas show T helper type 2 features analogous to high-risk GATA3+ human 

PTCL. Single-cell transcriptome analysis reveals that Vav1-Myo1f alters T cell differentiation and 

leads to accumulation of tumor-associated macrophages (TAMs) in the tumor microenvironment, 

a feature linked with aggressiveness in human PTCL. Importantly, therapeutic targeting of 

TAMs induces strong anti-lymphoma effects, highlighting the lymphoma cells’ dependency on 

the microenvironment. These results demonstrate an oncogenic role for Vav1-Myo1f in the 

pathogenesis of PTCL, involving deregulation in T cell polarization, and identify the lymphoma-

associated macrophage-tumor microenvironment as a therapeutic target in PTCL.

Graphical Abstract

In brief

Cortes et al. show that expression of Vav1-Myo1f, a recurrent peripheral T cell lymphoma 

(PTCL)-associated VAV1 fusion, induces CD4+ T cell lymphoma with features analogous to high-

risk GATA3+ human PTCL. Expression of Vav1-Myo1f induces recruitment of tumor-associated 

macrophages to the tumor microenvironment that can be targeted for therapeutic intervention in 

PTCL.
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INTRODUCTION

Peripheral T cell lymphoma not otherwise specified (PTCL-NOS) encompasses a 

heterogeneous group of mature T cell malignancies that lack specific histopathological 

features that lend assignment to particular diagnostic entities. PTCL-NOS represents almost 

20% of PTCL cases and is associated with poor outcomes. Cell-of-origin classifications 

have subdivided PTCL-NOS cases based on expression levels of TBX21 and GATA3 

(Iqbal et al., 2014; Wang et al., 2014), master transcription factors for T helper 1 (Th1) 

and Th2 development, respectively (Kanhere et al., 2012). Importantly, high levels of 

GATA3 in tumor cells have been associated with poor prognosis (Amador et al., 2019). 

Clonal, neoplastic T cells frequently account for only a small fraction of the tumor 

cellularity in PTCL-NOS biopsies, which also include a rich and polymorphic tumor 

microenvironment primarily composed of reactive T and B lymphocytes, follicular dendritic 

cells, macrophages, and endothelial cells (Pizzi et al., 2018). Interestingly, gene expression 

signatures derived from tumor-infiltrating immune cells have been associated with disease 

prognosis (Sugio et al., 2018), suggesting that functional interactions between lymphoma 

cells and tumor microenvironment are of pathogenic and clinical relevance.

Genomic studies have uncovered specific genetic drivers of PTCL-NOS. These include 

recurrent lesions in genes encoding epigenetic regulators (TET2, DNMT3A, IDH2), a 

highly prevalent RHOA G17V mutation characteristically associated with tumors bearing 

T-follicular helper (Tfh) characteristics, loss-of-function mutations in TP53, and genetic 

alterations resulting in enhanced signaling downstream of T cell receptor activation (Cortes 

and Palomero, 2020). Prominent among them are those resulting in increased VAV1 

signaling (Abate et al., 2017; Watatani et al., 2019). VAV1 alterations in PTCL encompass 

point mutations, focal intragenic deletions resulting in expression of a mis-spliced transcript 

variant, and gene fusions in which the autoinhibitory C-terminal SH3 domain of VAV1 

is replaced by an unrelated protein sequence from the fusion partner (Abate et al., 2017; 

Boddicker et al., 2016; Fujisawa et al., 2018; Fukumoto et al., 2020; Watatani et al., 2019). 

VAV1-MYO1F is a recurrent example of a PTCL-associated VAV1 fusion oncogene in 

which the C-terminal SH3 domain of VAV1 is replaced by that of MYO1F (Abate et al., 

2017; Boddicker et al., 2016). An oncogenic role for PTCL-associated VAV1 fusions is 

supported by cellular models in which VAV1 fusion expression results in strong activation of 

VAV1-dependent signaling cascades, including mitogen-activated protein kinase (ERK1/2), 

c-Jun N-terminal kinase (JNK), and nuclear factor of activated T cells (NFAT) pathways 

(Abate et al., 2017; Fujisawa et al., 2018; Fukumoto et al., 2020).

Here, we leverage a conditional inducible knockin mouse with selective expression of 

Vav1-Myo1f in CD4+ T cells to demonstrate an oncogenic driver role of this gene 

fusion in PTCL-NOS. Importantly, Vav1-Myo1f-induced tumor T cells express GATA3 

and show Th2 features related to high-risk PTCL-NOS. In addition, Vav1-Myo1f-induced 

lymphomas show increased macrophage-associated gene expression signatures associated 

with prominent macrophage infiltration, features that in human tumors correlate with poor 

clinical outcomes. Therapeutic ablation of macrophage populations in this model induced 

strong anti-lymphoma effects, in support of an active role of the tumor microenvironment in 

promoting lymphoma cell proliferation and survival.
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RESULTS

Expression of Vav1-Myo1f in CD4+ T cells alters T cell specification, leading to Th2 
polarization

To investigate the role of the Vav1-Myo1f fusion in T cell development and lymphoma, 

we engineered a Vav1-Myo1f conditional knockin mouse model (Vav1co-Vav1-Myo1f). 

Vav1co-Vav1-Myo1f mice were crossed with a CD4CreERT2 inducible deleter line (Aghajani et 

al., 2012) to enable tamoxifen (TMX)-inducible specific expression of Vav1-Myo1f in CD4+ 

T cells (Figures S1A and S1B).

In vivo TMX treatment of CD4CreERT2 Vav1co-Vav1-Myo1f/wt mice resulted in effective Cre-

mediated recombination at the engineered Vav1co-Vav1-Myo1f locus with specific expression 

of Vav1-Myo1f in CD4+ T cells (Figure S1C). Immunophenotypic analysis of CD4+ T 

cells following Vav1-Myo1f expression revealed increased frequency of activated T cell 

populations as demonstrated by increased CD4+ CD69+ cells and inducible co-stimulator 

(ICOS) upregulation (Figures 1A–1C). Analysis of T helper cell populations identified an 

increase in CXCR5+ PD1+ Tfh cells (Figure 1D) and increased FOXP3+ regulatory T cells 

(Treg) (Figure 1E). In addition, we specifically observed an increase in CD62Llow CD44high 

effector/memory CD4+ T cells and expansion of CXCR3+ CD4+ Th1 cells (Figures 1F and 

1G). These results are in contrast to CD4-specific expression of Rhoa G17V, which shows 

increased Tfh and, to a lesser extent, Treg populations (Cortes et al., 2018) and an absence of 

Th1 expansion (Figures S1D–S1G). These results demonstrate distinct and complex effects 

of Vav1-Myo1f expression in the differentiation of mature CD4+ T cell populations.

To further explore the effects of Vav1-Myo1f in T cell differentiation and homeostasis, 

we performed RNA-sequencing (RNA-seq) profiling of sorted CD4+ T cells from 

Vav1co-Vav1-Myo1f/wt CD4CreERT2 mice after TMX treatment and the corresponding 

vehicle-treated controls. These analyses revealed upregulation of master transcription factor 

regulators of CD4+ T cell lineage differentiation associated with Tfh (Bcl6), Th1 (Tbx21), 

Th2 (Gata3, Maf), Treg (Foxp3), and Th17 (Rorc) (Figure 1H). Despite this apparently 

heterogeneous transcriptional circuitry, gene set enrichment analysis (GSEA) of lineage-

associated transcriptional signatures demonstrated selective significant enrichment of a Th2-

associated transcriptional program in CD4+ T cells following expression of Vav1-Myo1f 
(Figures 1I and 1J) and enrichment of processes involved in the regulation of the immune 

system and cell activation (Figure S1H).

Accordingly, phorbol myristate acetate (PMA)/ionomycin restimulation of wild-type CD4+ 

T cells cultured in vitro in the absence of cytokines, produced preferentially interferon-γ 
(IFNG). In contrast, PMA/ionomycin restimulation of Vav1-Myo1f-expressing CD4+ T 

cells induced preferential secretion of interleukin-4 (IL-4) (Figure 1K), indicating activation 

of a Th2 differentiation program. In addition, anti-CD3/CD28 stimulation of Vav1-Myo1f-
expressing CD4+ T cells induced a prominent increase in the expression of MAF, a master 

regulator of Th2 polarization (Figure 1L). Consistent with the role of MAF as regulator 

of IL-10 cytokine production in Th2 cells (Gabrysova et al., 2018; Rutz and Ouyang, 

2016), Vav1-Myo1f-expressing CD4+ T cells also secreted increased levels of IL-10 upon 

restimulation (Figure S1I). More broadly, GSEA demonstrated significant enrichment of 
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genes upregulated by MAF in Th2 cells (Gabrysova et al., 2018) in CD4+ T cells following 

Vav1-Myo1f expression (Figure S1J). Altogether, these results support an instructive role for 

Vav1-Myo1f in CD4+ T cell MAF-controlled Th2 differentiation.

Vav1-Myo1f expression increases cell proliferation and survival of CD4+ T cells

Next, and given the proposed role for T cell receptor (TCR) signaling as an oncogenic driver 

in the pathogenesis of PTCL (Cortes and Palomero, 2020; Warner et al., 2013), we analyzed 

the effect of Vav1-Myo1f expression on TCR signaling. Analysis of VAV1 phosphorylation 

showed a marked increase in VAV1 phospho-Tyr174 in Vav1-Myo1f-expressing CD4+ T 

cells compared with wild-type controls (Figure 2A). Consistently, TCR engagement also 

led to an increase in ERK1/2 phosphorylation (Figure 2B), cytokine secretion (Figure 

2C), increased T cell proliferation, and upregulation of the activation markers CD69 and 

CD25 in Vav1-Myo1f-expressing CD4+ T cells following TCR activation (Figures 2D and 

2E). Finally, we evaluated the effects of Vav1-Myo1f-expression in cell survival. In vitro 
withdrawal of IL-2, a major contributor in support of mature T cell viability (Malek, 2008), 

demonstrated increased resistance to cytokine-depletion-induced cell death in Vav1-Myo1f-
expressing CD4+ T cells compared with controls (Figure 2F).

Following on from these results, we aimed to evaluate the effects of Vav1-Myo1f 
expression in antigen-specific TCR activation in vivo inVav1co-Vav1-Myo1f/wt CD4CreERT2 

OT-II transgenic mice. Immunization with NP-OVA induced higher proliferation and 

increased CD69 expression within the highly proliferative cell compartment in Vav1-
Myo1f lymphocytes compared with controls (Figures 2G and 2H). Overall, these assays 

demonstrate increased TCR-mediated proliferation, activation, and increased resistance to 

cytokine withdrawal-induced apoptosis in Vav1-Myo1f-expressing T cells consistent with an 

oncogenic role in T cell transformation.

Expression of Vav1-Myo1f in CD4+ T cells induces peripheral T cell lymphoma

The identification of recurrent VAV1 genetic alterations suggests a driver pathogenic role 

for deregulated VAV1 signaling in PTCL (Abate et al., 2017; Boddicker et al., 2016; 

Fujisawa et al., 2018; Fukumoto et al., 2020; Watatani et al., 2019). To assess the role of 

Vav1-Myo1f in T cell transformation, we generated T cell-specific Vav1-Myo1f-expressing 

animals by crossing our Vav1co-Vav1-Myo1f/wt knockin model with CD4Cre mice, a T cell-

specific Cre recombinase-expressing mouse line (Lee et al., 2001), and monitored them 

for signs of disease. In this cohort, 63% (7/11) of animals expressing Vav1-Myo1f in the 

T cell compartment developed lymphomas with a median latency of 370 days (Figure 

S2A). Mice harboring Vav1-Myo1f-induced lymphomas developed splenomegaly and 

generalized lymphadenopathy compared with age-matched wild-type controls (Figure S2B). 

Histopathologic examination of lymphoid tissues from diseased animals showed variable 

white pulp expansion by small- to medium- and occasionally large-sized pleomorphic 

lymphocytes in 75% of the mice examined and paracortical infiltrates of similar atypical 

lymphocytes in the lymph nodes of two out of two mice examined. Additionally, a moderate 

infiltrate of histiocytes was seen to be admixed. Immunohistochemical analyses confirmed 

the atypical lymphoid cells to be CD3+ and CD4+ (Figure S2C). RT-PCR analysis of CD4+ 

T cells from the spleens of diseased mice confirmed the expression of Vav1-Myo1f in tumor 
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cells (Figure S2D). Further immunophenotypic characterization of the tumor population in 

mouse Vav1-Myo1f-induced lymphomas revealed accumulation of activated CD69+ CD4+ 

T cells (Figure S2E) with a specific CD62LlowCD44high memory-like immunophenotype 

(Figure S2F). Analysis of the TCR repertoire by flow cytometry demonstrated the 

clonal expansion of distinct CD4+ T cell subsets (Figure S2G). Notably, theVav1-Myo1f-
induced lymphomas showed increased expression of the Th2 master regulator transcription 

factors GATA3 and MAF (Figure S2H) and displayed prominent Stat6 phosphorylation, 

a feature required for the induction of Th2 cell fate (Kaplan et al., 1996) (Figure S2I). 

Moreover, stimulation of Vav1-Myo1f-expressing lymphoma cells with PMA/ionomycin 

induced increased secretion of the Th2 cytokines IL-4 and IL-10 when compared with 

non-stimulated lymphoma cells (Figure S2J).

Transcriptome profiling of whole spleen from normal and diseased mice and sorted normal 

CD4+ lymphocytes and Vav1-Myo1f-induced lymphoma CD4+ T cells showed broad 

differences in gene expression (Figures S3A–S3F). Functional annotation of differentially 

expressed genes in Vav1-Myo1f-induced CD4+ tumor T cells compared with normal CD4+ 

T cell controls revealed a significant enrichment in Th2-associated signatures (Wei et al., 

2009) but not in Tfh, Treg, Th1, or Th17 gene sets (Figure S3G) (Chtanova et al., 2004; 

Miyara et al., 2009; Wei et al., 2009). Prominent Th2-associated genes upregulated in 

Vav1-Myo1f-induced lymphoma CD4+ T cells included Gata3, Maf, Il4, Il10, Il5, and Il13 
(Figure S3H). In all, these results demonstrate an oncogenic role of Vav1-Myo1f in the 

development of PTCL-NOS with Th2-like characteristics.

TET2 mutations are early genetic events in PTCL (Couronne et al., 2012) and 

have been shown to cooperate with secondary genetic lesions in the pathogenesis 

of this disease (Cortes et al., 2018; Moon et al., 2021; Ng et al., 2018). To 

address the significance of co-occurring Tet2 loss and Vav1 alterations, we generated 

Vav1co-Vav1-Myo1f/wt,Tet2fl/fl, CD4CreERT2 mice, in which TMX treatment induces 

simultaneously loss of Tet2 and expression of Vav1-Myo1f in CD4+ T cells. We used 

vehicle-treated Vav1co-Vav1-Myo1f/wt,Tet2fl/fl, CD4CreERT2 as control, as previous results 

from our group have consistently shown the lack of lymphoma development in the inducible 

CD4CreERT2 or CD4CreERT2 Tet2f/f models (Cortes et al., 2018; Moon et al., 2021). 

Control (vehicle-treated) and experimental (Vav1co-Vav1-Myo1f/wt,Tet2fl/fl, CD4CreERT2 

TMX-treated) mice were immunized with sheep red blood cells for antigenic stimulation 

and monitored for development of disease. In this setting, 100% (10/10) of mice in the 

experimental cohort developed lymphomas, with a median survival of 365 days. In contrast, 

all mice in the control group remained lymphoma free at the end of follow-up (427 days) (p 

< 0.0001) (Figure 3A). Histopathologic examination of lymphoid tissues from diseased mice 

revealed moderate (50%) or mild (12%) white pulp expansion of the spleen by pleomorphic 

medium- to large-sized lymphocytes, while the splenic architecture was relatively preserved 

in the remainder. The atypical lymphocytic infiltrate was also identified in the lymph 

nodes (2/2), liver (3/8), lung (3/8), and kidney (2/8). Similar to the Vav1-Myo1f-induced 

lymphomas developing in Tet2 wild-type mice, increased numbers of histiocytes were also 

noted. Immunohistochemical analyses confirmed the atypical lymphoid cells to be CD3+ 

and CD4+ (Figure 3B). Flow-cytometric analysis of T cell populations revealed marked 

expansion of activated CD69+ CD4+ T cells (Figure 3C), while analysis of the distribution 
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of TCR beta (TCRB) repertoires showed evidence of clonal expansions, consistent with 

lymphoma development (Figure 3D). Analogous to the Vav1co-Vav1-Myo1f/wt CD4Cre model, 

Tet2−/−Vav1-Myo1f-expressing lymphoma cells also showed increased expression of MAF 

and GATA3 (Figure 3E) and increased secretion of IL-4 and IL-10, compared with normal 

CD4+ T cell controls (Figure 3F).

Gene expression profiling revealed significant enrichment of Th2-associated gene expression 

signatures (Chtanova et al., 2004; Miyara et al., 2009; Wei et al., 2009) in Vav1-Myo1f-
induced lymphoma samples compared with vehicle-treated controls (Figures S3I–S3N, 3G, 

and 3H). Meanwhile, analysis of the Tfh compartment showed no expansion of CXCR5+ 

PD1+ Tfh cells (Figures S4A and S4B) and GSEA revealed no significant enrichment 

of a gene signature associated with human angioimmunoblastic T cell lymphoma (AITL) 

(de Leval et al., 2007) in Vav1-Myo1f and Tet2−/−Vav1-Myo1f lymphomas (Figures S4C 

and S4D). These results, together with the presence of GATA3 expression in Vav1-Myo1f-
expressing lymphoma cells detected by immunohistochemistry (Figure S4E), indicate that 

Vav1-Myo1f-induced lymphomas closely resemble a GATA3+ Th2 PTCL-NOS.

Transcriptional analysis of lymphoma cells from the two models revealed slight enrichment 

in the Tfh signature in Vav1-Myo1f lymphoma cases (false discovery rate [FDR] 

0.116) (Figures S4F and S4J), whereas tumor cells from lymphomas originating in the 

Tet2−/−Vav1-Myo1f genetic background showed enrichment in genes associated with human 

hematopoietic stem cells (Eppert et al., 2011), supporting a stemness-like phenotype in 

Tet2−/−Vav1-Myo1f lymphomas. This is consistent with the known role of Tet2 loss in 

promoting stem cell-like self-renewal (Moran-Crusio et al., 2011) (Figures S4K–S4M).

Transplant of sorted CD4+ T cells isolated from Tet2−/−Vav1-Myo1f diseased mice 

demonstrated spontaneous proliferation of the CD4+ population in transplanted recipients 

(Figure S5A) and accelerated development of secondary lymphomas (Figure S5B) that 

retain Th2-associated features, including GATA3 expression (Figure S5C). Analysis of 

two serial transplants and a Tet2−/−Vav1-Myo1f-derived lymphoma cell line showed 

progressive expansion of the original malignant clone, as identified by analysis of TCRB 

rearrangements, and continuous decrease of the CXCR5+ Tfh population, with concomitant 

increased expression of PD1 and CD69 activation markers and GATA3 (Figures S5D–S5K). 

Remarkably, GATA3 expression is increased in the CD4+CD69+ T cell fraction compared 

with CD4+CD69− T cells (Figure S5L), suggesting that this CD4+CD69+GATA3+ Th2-

like population is enriched in malignant cells. To validate this hypothesis, we sorted the 

CD4+CD69+ (GATA3high) and CD4+CD69− (GATA3low) cells and transplanted them into 

secondary recipients. In this setting, only the mice transplanted with CD4+CD69+GATA3high 

T cells developed lymphoma (Figures S5M–S5O). Secondary tumors retained high CD69 

expression and, more importantly, expressed increased levels of GATA3 compared with 

the non-malignant CD4+CD69−GATA3low cells (Figures S5P and S5Q). This result 

demonstrates that the tumor-initiating cell of Vav1-Myo1f-induced PTCL lies within the 

Th2 CD4+CD69+GATA3high fraction.

Finally, genomic analysis of Vav1-Myo1f and Tet2−/−Vav1-Myo1f CD4+ lymphoma cells by 

whole-exome sequencing identified somatic mutations that could potentially cooperate with 
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expression of the Vav1-Myo1f fusion to promote transformation (Table S1). Interestingly, 

these included two mutations (2/10 cases; 20%) in Gna13, the gene that encodes the G 

alpha sub-unit 13 protein. GNA13 mutations are frequent in diffuse large B cell lymphoma 

(DLBCL) and Burkitt lymphoma (Lohr et al., 2012; Love et al., 2012; O’Hayre et al., 

2016), albeit present at low frequency in human PTCL cohorts (3/293) (Abate et al., 2017; 

Palomero et al., 2014; Watatani et al., 2019).

Single-cell RNA-seq mapping of changes in CD4+ T cell populations during Vav1-Myo1f-
induced transformation

To characterize the pre-malignant and lymphoma states induced by Vav1-Myo1f expression 

in CD4+ T cells, we analyzed single-cell transcriptomes of 44,262 cells from 12 

whole-spleen cell preparations, including Vav1-Myo1f-induced lymphomas (Vav1-Myo1f, 
Tet2−/−Vav1-Myo1f), Vav1-Myo1f pre-lymphoma, and normal healthy wild-type isogenic 

control samples (n = 3) (Table S2). We defined pre-lymphoma as an early time point 2 

weeks after induction of Vav1-Myo1f expression in CD4+ T cells before clonal expansion. 

We identified 16 different expression-based cell clusters (Figures S6A and 4A; Table S3), 

which segregated independently of cell proliferation signatures (Figure S6B). Transcription-

based cluster annotation based on gene expression programs selectively associated with 

sorted mouse immune cells (ImmunCC) (Chen et al., 2017, 2018) identified ten different 

immune cell types with prominent representation of B cells, included in cluster 0 (naive 

B cells expressing Cd79a and Ighd), cluster 1 (mature B cells expressing Cr2 and Ebf1), 

cluster 4 (marginal zone B cells expressing Mzb1), and cluster 9 (plasma cells expressing 

Mk167); T cells, dendritic cells, and monocyte-macrophage populations (Figures 4B and 

S6C; Table S4; STAR Methods). Further analysis segregated the CD4+ T cell population 

into eight subclusters (Figure 4C) with distinct representation in normal, pre-lymphoma, and 

tumor states (Figure 4D). Lineage and functional annotation of CD4+ T cell populations 

based on the expression of selective marker genes and signatures (Figures 4E and S6D; 

Table S5) defined groups corresponding to activated (cluster 0, expressing Cxcr3 and Cd44), 

naive (cluster 1, expressing Cd62l and Klf2), Treg (cluster 2, expressing Foxp3, Ctla4, and 

Il2ra), memory CD4+ T (cluster 3, expressing Npm1, Eif5a and Eif4a1), Th2 (cluster 4, 

expressing Il1rl1, Gata3, and Pprag), and Tfh cells (cluster 5, expressing Cxcr5, Bcl6, and 

Pdcd1). Cluster 6, expressing Il21 and Zap70, could potentially represent a transitional or 

mixed phenotype state closer to Tfh cells. Finally, cells in cluster 7 lacked a clear set of 

differentially expressed genes, potentially indicative of cells of mixed phenotype (Table 

S6). Across samples, naive cells (cluster 1) were prominent in normal control and Vav1-
Myo1f pre-lymphoma samples and were less frequent in Vav1-Myo1f-induced lymphomas. 

In contrast, activated T cells (cluster 0), Th2 cells (cluster 4), and the mixed phenotype 

population characterized by T cell activation markers (cluster 3) were characteristically more 

abundant in Vav1-Myo1f-induced lymphomas compared with normal and pre-malignant 

states, including the expression of Th2-associated markers Gata3 and Maf (Figure 4F), 

consistent with our previous data showing increased GATA3 and MAF expression in Vav1-
Myo1f lymphomas (Figures S2H and 3E).

Consistently, analysis of lineage marker genes demonstrated predominance of naive CD4+ 

T cells in control and Vav1-Myo1f pre-malignant samples and upregulation of markers 
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corresponding to activated T cell (Cd44 and Cd69) and Th2 helper (Cxcr4, Il4, Gata3, and 

Maf) subsets during lymphomagenesis (Figure 4G).

Single-cell RNA-seq defines a tumor-associated macrophage population in the 
microenvironment of Vav1-Myo1f-induced lymphomas

RNA-seq analysis of spleens from Vav1-Myo1f-lymphoma diseased mice identified 

a significant enrichment in genes associated with macrophages (Figures S7A–S7C). 

Interestingly, Vav1-Myo1f-expressing CD4+ T cells also promoted increased macrophage 

activation in vitro compared with wild-type CD4+ T cells (Figures S7D and S7E). To 

explore the potential role of macrophages in mouse Vav1-Myo1f-induced lymphomas, 

we analyzed the integrated monocyte/macrophage population identified in our single-cell 

RNA-seq cohort (Figures 5A and S6A). This analysis revealed the presence of two 

macrophage clusters (1 and 5) strongly associated with lymphoma development (Figure 

5B and Table S7). Lineage and functional annotation of macrophage populations based on 

the expression of selective marker genes and signatures (Figure 5C and Table S8) defined 

clusters corresponding to Ly6C+ monocytes, predominantly found in non-diseased mice 

(cluster 0, expressing Ly6c, Ccr2, and Irf5), tumor-associated macrophages (TAMs) (cluster 

1, expressing Vcam1, Hmox1, Axl, Cd163, and Mrc1 and Klf2), monocyte-macrophage 

dendritic cell progenitors (MDP) (clusters 2 and 3, expressing Bcl2, Flt3, Bcl11a, Runx3, 

and Bmyc), and Ly6C− monocytes (cluster 4, expressing Itgax and Pprag). In these analyses, 

cluster 5, expressing Maf and Ccr3, shares many expressed genes with cluster 1 and 

potentially represents a transitional state, while clusters 6 and 7 express genes related to 

common monocyte progenitors (cMoP), including S100a9 and Mif (Mildner et al., 2017).

These analyses demonstrated an enrichment in TAMs in Vav1-Myo1f pre-malignant 

samples, which was further increased in Vav1-Myo1f-induced lymphomas (Figure 5B 

and Table S5). This supports an early role for Vav1-Myo1f-expressing CD4+ T cells 

in the remodeling of the splenic microenvironment. In agreement, immunohistochemical 

analysis with the pan-macrophage marker F4/80 and M2 macrophage-specific markers 

CD163 and MRC1/CD206 confirmed enrichment in M2 macrophages in Vav1-Myo1f-
induced lymphomas (Figure S7F). Moreover, analysis of lineage marker genes demonstrated 

a predominance of monocytes in control and Vav1-Myo1f pre-malignant samples and 

upregulation of markers corresponding to activated TAMs during malignant transformation 

(Figures 5D and S8A). To further address whether TAM expansion is driven by lymphoma 

progression, we used NicheNet to predict ligand-to-target interactions (Browaeys et al., 

2020). Ligand activity prediction identified the proteins most likely to explain the TAM 

transcriptomic profile observed in Vav1-Myo1f lymphomas (Figure S8B). Interestingly, 

IL-4, a cytokine secreted by Th2 and Tfh cells that drives M2-macrophage polarization 

(Shapouri-Moghaddam et al., 2018), was identified as one of the top-ranked ligands involved 

in the regulation of the TAM transcriptional program in these analyses (Figure S8B). 

We then inferred specific regulatory interactions between the lymphoma-derived ligands 

(‘‘prioritized ligands’’) and the TAMs’ most differentially expressed genes (‘‘target genes’’) 

in our Vav1-Myof lymphoma model (Figure 5E). This analysis also identified IL-4 as the 

ligand with the strongest impact on the transcriptional program associated with TAMs. 

Consistently, IL-4 is enriched in Vav1-Myo1f lymphoma samples (Figure 5F) and, more 
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importantly, among prioritized ligands IL-4 is the only one whose expression is mostly 

restricted to activated CD4+ lymphoma cells (Figures 5G–5I and S8C). To explore the 

potential driver role of Vav1-Myo1f-induced IL-4 expression in macrophage differentiation 

in our lymphoma models, we neutralized IL-4 in vivo in Vav1-Myo1f-expressing mice 

and analyzed its effect on M2 macrophage populations. In these experiments, we treated 

CD4CreERT2 Vav1co-Vav1-Myo1f/wt mice with vehicle (control) or TMX to induce expression 

of Vav1-Myo1f and then injected them with an anti-IL-4 antibody or immunoglobulin G 

isotype control (n = 5 mice/group), and macrophages were analyzed by flow cytometry. 

These analyses revealed an increase in the CD206+CD163+ cell population in response to 

expression of Vav1-Myo1f, which is abolished by treatment with anti-IL-4 (Figures S8D–

S8F).

In all, these analyses demonstrate profound and early effects of Vav1-Myo1f in the 

differentiation and activation of CD4+ T cells, in line with increased activation and Th2 

polarization, and secretion of IL-4 by activated malignant CD4+ T cells, which results in a 

marked increase in TAMs in the lymphoma microenvironment.

Vav1-Myo1f-induced PTCL tumors are related to human macrophage-rich high-risk PTCL-
NOS

The identification of a Th2 signature and a macrophage-rich tumor microenvironment 

in mouse lymphomas induced by Vav1-Myo1f suggests that these lymphomas could be 

phenotypically and mechanistically related to high-risk GATA3+ macrophage-rich PTCL 

tumors in humans. To explore this hypothesis, we performed RNA-seq profiling in cohort 

of 42 human PTCL-NOS cases including an index sample harboring the VAV1-MYO1F 
oncogenic fusion (Abate et al., 2017). Unsupervised consensus clustering analysis of this 

series revealed the presence of six stable gene expression groups (Figure 6A). Among these, 

GSEA revealed significant enrichment of upregulated genes associated with Tet2−/−Vav1-
Myo1f mouse tumors in cluster 1, which accounts for 14% (6/42) of the samples analyzed, 

including the VAV1-MYO1F positive index case (Figure 6B). Reciprocally, genes associated 

with human PTCL-NOS samples in cluster 1 showed significant enrichment in Tet2−/−Vav1-
Myo1f mouse lymphomas (Figure 6C). Given the prominent reactive tumor infiltrate 

found in most PTCL-NOS samples and the association of immune cell microenvironment 

composition signatures with prognosis (Sugio et al., 2018), we evaluated the relationship of 

the Vav1-Myo1f-like cluster 1 gene expression signature with that of B cells, dendritic 

cells, and macrophages. In these analyses, GSEA demonstrated a significant positive 

enrichment in macrophage-associated genes and negative enrichment of B cell and dendritic 

cell signatures in cluster 1 human PTCL-NOS cases, including the index VAV1-MYO1F 
sample (Figure 6D). Moreover, the mouse Vav1-Myo1f lymphoma-associated macrophage 

gene set was significantly enriched in cluster 1 human PTCL-NOS cases (Figures 6E 

and 6F). We also observed increased expression of the TAM markers AXL, HMOX1, 

and VCAM1 (Figure 6G) associated with our mouse lymphomas (Figure 5D) in cluster 1 

PTCL-NOS cases. Consistent with transcriptomic changes, immunohistochemistry analysis 

in representative cases for clusters 1 and 2–6, including the index case carrying the VAV1-
MYO1F fusion, showed marked enrichment in CD163+ macrophage populations in samples 

from cluster 1, whereas samples from clusters 2–6 were characterized by prevalence of 
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B cells, as determined by positivity for the CD20 B cell marker (Figure 6H). This result 

validates our transcriptional classification of human PTCL cases and further supports the 

similarity in the macrophage-rich microenvironment between mice and human lymphoma.

Targeting the tumor microenvironment has anti-lymphoma effects in a Vav1-Myo1f-induced 
lymphoma model

Tumor-driving microenvironment mechanisms result from complex interplay between 

different cellular populations that are relevant in promoting tumor growth, local invasion, 

metastasis, and resistance to therapy (Li and Dalton, 2006). The association of a 

macrophage-rich tumor microenvironment with Vav1-Myo1f-induced mouse lymphomas 

and the prominent macrophage-associated signature of VAV1-MYO1F-like cluster 1 human 

PTCL-NOS cases supports a pathogenic role for VAV1-driven mechanisms in promoting 

macrophage infiltration. However, the significance of this finding, beyond the association 

of a macrophage-rich histology with poor prognosis, remains to be elucidated. To test 

the potential pathogenic role of TAMs in Vav1-Myo1f lymphomas, we evaluated the 

effect of ablating macrophages using liposome-encapsulated clodronate, which induces 

apoptosis in macrophages following endocytosis (van Rooijen et al., 1996). In vitro, M2 

macrophages exhibited up to an 80% decrease in viability when cultured with clodronate-

containing liposomes (Figure S9A). Meanwhile, survival of Vav1-Myo1f CD4+ tumor cells 

was unaffected (Figure S9B), demonstrating that encapsulated clodronate has no activity 

against tumor T cells. To test the therapeutic effect of macrophage ablation in lymphoma 

progression, we transplanted Vav1-Myo1f lymphoma cells into recipient mice and allowed 

the tumor to engraft (Figure S9C). We then treated lymphoma-bearing mice with clodronate- 

or PBS-loaded liposomes every 3 days for 3 weeks. Endpoint flow-cytometry analysis 

of spleen cell suspensions from mice allografted with Vav1-Myo1f-induced lymphomas 

demonstrated effective depletion of macrophage populations following liposome-clodronate 

treatment (Figure S9D). Most notably, macrophage depletion in this model resulted in a 

marked anti-tumor effect as shown by reduced spleen size and weight (Figures 7A and 

7B), and decreased lymphoma burden, measured by the number of CD4+ lymphoma cells 

(Figure 7C). Immunohistochemical analysis of tumor cell proliferation and content in spleen 

sections from clodronate- and vehicle-treated mice verified these results, showing marked 

reduction in CD4+ lymphoma cells and decreased proliferation as determined by Ki67 

staining (Figure 7D). Interestingly, phenotypic analysis of residual tumor cell populations in 

clodronate-treated animals revealed decreased Vav1-Myo1f CD4+ lymphoma cell activation, 

as documented by downregulation of the CD69 marker (Figure 7E), with the remaining cells 

corresponding to the normal CD4+CD69−GATA3low lymphocytes. Moreover, clodronate 

liposome-induced depletion of macrophages in recipient mice prior to lymphoma transplant 

(Figure S9E) also resulted in profoundly impaired tumor progression when compared with 

PBS-treated mice (Figures S9F and S9G). Together, these results demonstrate a critical role 

for TAMs in supporting activation, proliferation, and survival of Vav1-Myo1f-expressing 

PTCL-NOS tumor cells at every stage in tumor development.
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DISCUSSION

PTCL comprises a highly diverse group of hematologic malignancies (Swerdlow et al., 

2016). Among these, AITL and PTCL-NOS are the most common subtypes of PTCLs in 

Europe and North America (Vose et al., 2008). Much of the histopathological heterogeneity 

of PTCLs is related to their correspondence to different functionally specialized mature 

lymphoid populations, which are considered the probable cell of origin of these tumors. 

In this context, AITL tumor cells are related to CD4+ Tfh lymphocytes (Cortes and 

Palomero, 2016; de Leval et al., 2007; Lunning and Vose, 2017), while different PTCL-NOS 

subsets may arise from Th1 or Th2 cells (Iqbal et al., 2014; Wang et al., 2014). This 

observation suggests that the transcriptional, signaling circuitries responsible for CD4+ T 

helper differentiation and plasticity could be of particular relevance in the pathogenesis of 

these diseases (Timmins et al., 2020). Moreover, functional characterization of recurrent 

genomic alterations in PTCL has also demonstrated a driver role for PTCL-associated 

mutations in controlling T cell differentiation (Cortes and Palomero, 2020).

Here, we demonstrate that expression in CD4+ T cells of Vav1-Myo1f, a recurrent gene 

fusion in PTCL-NOS, alters TCR-activation-induced transcriptional programs, resulting 

in simultaneous expression of generally mutually exclusive master regulators of CD4+ T 

cell differentiation, including Tfh (Bcl6), Th1 (Tbx21), Th2 (Gata3, Maf), Treg (Foxp3), 

and Th17 (Rorc) cells. Despite this ambiguity, expression of Vav1-Myo1f drives specific 

differentiation of CD4+ T cells toward a Th2 cell fate, likely as a result of Vav1-induced 

Maf expression (Capitani et al., 2010; Tanaka et al., 2005). Consistently, expression of 

Vav1-Myo1f specifically results in the development of CD4+ T cell lymphomas that closely 

resemble human PTCL-NOS with Th2 features. The spontaneous development of PTCL-

NOS in Vav1-Myo1f knockin mice strongly supports a driving oncogenic role for this 

oncogene fusion, which is further supported by Vav1-Myo1f-induced CD4+ T cell survival 

following cytokine withdrawal in vitro and increased proliferation following TCR activation 

in vivo. This is in contrast with the reported failure of Vav1-Stap2 and Vav1 p.165–174del 

transgenic mice to develop lymphomas without concomitant loss of Tp53 (Fukumoto 

et al., 2020), suggesting differences in the temporal control and oncogene expression 

levels between the different models or a specific oncogenic potential of VAV1-MYO1F. 

A specific finding of the model presented here is the characterization of pre-lymphoma 

(early induction) phenotypes, which points to a direct driver role of deregulated Vav1 

signaling in increasing TCR-signaling-induced proliferation, T cell activation, and Th2 

specification. Interestingly, pre-lymphoma samples of Vav1-Myo1f knockin mice reveal 

an early expansion of Th2, Tfh, and Treg populations, which are predominantly replaced 

by CD4+ Th2-like cells as lymphomas develop. These results could be related to our 

observation of upregulated expression of multiple transcription factors implicated in T cell 

lineage fate specification and speak of a dynamic interplay between TCR stimulation and 

Vav1-Myo1f expression in favoring Th2 T cell polarization and transformation.

An important finding from the characterization of our Vav1-Myo1f-induced lymphoma 

model is the identification of profound and specific changes in the composition of the 

tumor microenvironment associated with T cell transformation. Tumor initiation and, most 

prominently, disease progression, dissemination, escape from immunosurveillance, and 
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resistance to therapy in human cancers have been shown to be largely dependent on the 

tumor microenvironment (Pizzi et al., 2018). In-depth single-cell RNA-seq characterization 

of Vav1-Myof-driven mouse pre-lymphoma and lymphoma spleen samples identified a 

distinctive macrophage population with expression of M2 macrophage and TAM markers, 

an important finding when considering the association of human PTCL-NOS Th2-GATA3 

lymphomas with poor outcomes (Ham et al., 2017; Wang et al., 2014; Zhang et al., 2016). 

The identification of macrophage expansions at the earliest stages of disease development 

following induction of Vav1-Myo1f expression in CD4+ T cells supports an instructive 

role of pre-lymphoma and lymphoma T cell populations in reshaping the structure 

and composition of the splenic microenvironment. Of note, convergent gene expression 

signatures, including the presence of a macrophage-rich gene expression program, between 

Vav1-Myo1f mouse lymphomas and a subset of human PTCL-NOS cases supports the 

relevance of these mechanisms in the pathogenesis of human disease.

In this context, it did not escape our attention that mouse Vav1-Myo1f pre-lymphoma 

samples were specifically enriched in a TAM-associated signature, supporting an early 

crosstalk between Vav1-Myo1f-expressing CD4+ T cells and the tumor microenvironment 

implicated in tumor initiation. In human PTCL, the presence of tumor-infiltrating myeloid 

cells, including TAMs, has been associated with poor prognosis, suppression of anti-tumor 

responses, and limited response to initial therapy (Allavena et al., 2021; Skytthe et 

al., 2020; Wang et al., 2021). Here we show that in vivo depletion of macrophages 

inhibits Vav1-Myo1f CD4+ lymphoma cell proliferation and survival, demonstrating a close 

interdependency between lymphoma cells and TAM and supporting a role for TAM-directed 

targeted therapies for the treatment of this disease.

Limitations of the study

In this study we demonstrate that the Vav1-Myo1f oncogenic fusion protein induces 

oncogenic transformation in T cells, leading to the development of aggressive T cell 

lymphomas with Th2 features, a phenotype driven by constitutively active VAV1 signaling. 

However, it also is possible that the MYO1F moiety in the VAV1-MYO1F fusion 

oncoprotein results in specific neomorphic functions not shared with other oncogenic forms 

of VAV1, or that weaker levels of VAV1 activation such as those observed in the case of 

VAV1 mutations may favor a different phenotype. Conversely, while the Vav1-Myo1f model 

most closely recapitulates high-risk GATA3+ human PTCL, VAV1 genetic alterations are 

present only in a fraction of tumors with these characteristics. Thus, yet to be identified, 

convergent mechanisms of PTCL transformation may be at play in GATA3+ VAV1 wild-type 

PTCL cases. Finally, although in vitro studies do not show any cytotoxic effect of clodronate 

against malignant T cells, supporting that the therapeutic activity of this agent in vivo is 

mediated primarily by macrophage depletion, a direct anti-tumor effect of clodronate against 

the malignant clone in vivo cannot be completely ruled out.
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STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Teresa Palomero 

(tp2151@columbia.edu).

Materials availability—The isogenic Vav1-myo1f models generated in this study are 

available from the lead contact with a completed Material Transfer Agreement.

Data and code availability

• Mouse RNAseq and single cell RNAseq data have been deposited at Gene 

Expression Omnibus (GEO) and are publicly available as of the date of 

publication. Accession number is listed in the Key resources table.

• Mouse whole exome sequencing data have been deposited at the Sequence Read 

Archive (SRA) repository and are publicly available as of the date of publication. 

Accession number is listed in the Key resources table.

• This paper analyzes existing, publicly available data. The accession numbers and 

links for the datasets used are listed in the Key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request

EXPERIMENTAL MODELS

Mice—We maintained all mouse lines in specific pathogen-free facilities at the Irving 

Cancer Research Center (ICRC) at Columbia University Irving Medical Center (CUIMC) 

campus. All animal procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at CUIMC. The Vav1WT/co–Vav1-myo1f conditional knock-in mouse line 

was generated at Cyagen Biosciences (Santa Clara, CA). In this model, we introduced a 

floxed Vav1 exon 25–27 minigene in intron 24 and replaced the downstream exons 25 

and 26 with Vav1 exon 25 fused to the cDNA sequence corresponding to exons 25–28 of 

Myo1f (Figure S1A). In basal conditions, the exon 24 of Vav1 is spliced into the exon 

25–27 minigene resulting in expression of a wild type Vav1 mRNA. Expression of Cre 

recombinase removes the floxed exon 25–27 minigene leading to exon 24 being spliced 

into the Vav1 exon25-Myo1f exons 25–28 minigene, resulting in the expression of the 

Vav1-Myo1f oncogenic fusion. The Tet2f/f mouse line was generously provided by Dr. Ross 

Levine at Memorial Sloan Kennedy Cancer Center (MSKCC) (New York, NY) (Moran-

Crusio et al., 2011). The CD4Cre line (B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ) used to specifically 

express Cre recombinase in CD4+ T-cells Lee (Lee et al., 2001); the CD4CreERT2 line 

(Tg(Cd4-cre/ERT2)11Gnri) mice, which expresses a tamoxifen-inducible form of the Cre 

recombinase under the control of the mouse Cd4 promoter (Aghajani et al., 2012); 

the Rag2 immunodeficient knockout mice (B6(Cg)-Rag2tm1.1Cgn/J) used as recipients 

for lymphoma transplants; OT-II (B6.Cg-Tg(TcraTcrb)425Cbn/J) and Ly5.1+ (CD45.1) 
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C57BL/6 mice were all purchased from Jackson Laboratories (Bar Harbor, ME). We bred 

Vav1-Myo1ff/WT conditional knock-in mice with CD4Cre to generate Vav1-Myo1ff/WT; 

CD4Cre mice that constitutively expressed the Vav1-Myo1f fusion in CD4+ T-cells (Vav1-
Myo1f WT/co-Vav1-myo1f;CD4Cre). We bred Vav1-Myo1ff/WT conditional knock-in mice 

with CD4CreERT2 line to generate conditional inducible CD4 specific Vav1-Myo1f mice 

(Vav1-Myo1fWT/co-Vav1-myo1f; CD4CreERT2) that express Vav1-Myo1f in CD4+ T-cells 

upon treatment with tamoxifen in vivo. Vav1-Myo1f WT/co-Vav1-myo1f;CD4CreERT2 mice 

were bred with OT-II mice to generate OT-II; Vav1-Myo1f WT/co-Vav1-myo1f;CD4CreERT2 or 

with Tet2fl/fl;CD4CreERT2 to generate Vav1-Myo1f WT/co-Vav1-myo1f;Tet2fl/fl;CD4CreERT2). 

8–12 week old age- and sex-matched male and female mice of each genotype were used 

in experiments in which different genotypes were compared. For drug treatment and tumor 

transplant studies, 6–8 week old age-matched female mice were randomly assigned to 

different treatment groups.

METHOD DETAILS

Drugs—(Z)-4-hydroxytamoxifen (Santa Cruz Biotechnology, SC-3542) was dissolved in 

ethanol and added to the cell culture media at a final concentration of 1 μmol/L. Tamoxifen 

(Sigma T5648) was dissolved in corn oil to a final concentration of 30 g/mL. Phorbol 

12-myristate 13-acetate (PMA) (P1585), ionomycin (I3909) and Brefeldin A (B7651) were 

purchased from Sigma.

CD4+ T cell isolation, primary culture, and activation—Single-cell suspensions 

were prepared from spleen and/or lymph nodes from male and female animals (6–8 weeks 

old) using standard procedures. CD4+ T-cells were harvested by negative selection using 

the mouse naive CD4+ T-cells Isolation Kit (Milteny, Cat. No. 130–104-453) according 

to the manufacturer’s protocol. Purified CD4+ T-cells were cultured in RPMI-1640 media 

containing 10% FBS, glutamine, 100 U ml−1 penicillin G, 100 μg ml−1 streptomycin, 100 

μM 2-mercaptoethanol and 10 ng ml−1 IL2 (Peprotech, 200–02). We maintained all cell 

cultures at 37◦C in a humidified atmosphere under 5% CO2.

For isolation of CD4+CD69+ and CD4+CD69- lymphoma cell fractions, we first isolated an 

enriched CD4+ T cell population from the spleen of lymphoma diseased mice using negative 

selection as indicated above. The resulting population was stained with a fluorochrome-

conjugated anti-CD69 antibody and CD69+ and CD69- fractions were selected using an 

SH800 cell sorter (SONY Biotechnologies).

To induce the expression of the Vav1-Myo1f mutant allele in CD4+ T-cells in vitro, naive 

CD4+ T-cells isolated from Vav1-Myo1f WT/co-Vav1-myo1f; CD4CreERT2 mice were treated 

with vehicle or 4-hydroxytamoxifen (Santa Cruz Biotechnology, sc-3542) for 48 h. To 

assess cell proliferation, vehicle and 4-hydroxytamoxifen treated cells were washed in 

PBS and activated on plates coated with anti-CD3 (clone 145–2C11, BD Biosciences) and 

media supplemented with soluble anti-CD28 (clone 37.5B, BD Biosciences) antibodies. 

T cell proliferation was measured by flow cytometry on cells stained with Cell Trace 

Violet (CTV) (Life Technologies, C34557) following standard procedures. For cell survival 

analysis, we cultured isolated CD4+ T-cells as indicated above in absence or presence of 

Cortes et al. Page 15

Cell Rep. Author manuscript; available in PMC 2022 May 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increasing concentration of IL2; viability was assessed with Cell Titer-Glo® Luminescent 

Cell Viability Assay (Promega) following manufacturer’s protocol.

To study the role of Vav1-Myo1f on TCR signaling, we stimulated vehicle- or 4-

hydroxytamoxifen-treated naive CD4+ T-cells with soluble anti-CD3 (1 μg/mL) and 

anti-CD28 (1 μg/mL); together with anti–Armenian Hamster IgG F(ab′)2 (20 μg/mL) 

crosslinking antibody (Jackson ImmunoResearch). Cell activation was arrested by fixation 

with 4% formaldehyde and cells were permeabilized with 90% ice-cold methanol for 

immunostaining analysis by flow cytometry. To analyze cytokine secretion, cultured T 

helper cells were extensively washed and then restimulated for 4 h with 50 ng/mL phorbol 

myristate acetate (PMA) and 750 ng/mL ionomycin (P + I) plus brefeldin A (1 μg/mL).

Detection of Vav1-Myo1f fusion transcript—RNA was isolated from CD4+ T-cells 

using the RNAeasy kit (Qiagen) and cDNA was generated using random hexamers and 

the SuperScript™ IV Reverse Transcriptase (Thermofisher) following the manufacturer’s 

instructions. To detect the expression of WT Vav1 and Vav1-Myo1f fusion, we performed 

polymerase chain reaction (PCR) amplification using the following primers: Vav1_Fw 

CCGGATCACAGAGAAGAAGG, Vav1_Rv ATGGCTCTCCTCTCAGGTTC and Vav1-
Myo1F_Rv ATTCAAACCTCTGGGAGGCC and the Q5® High-Fidelity 2X Master Mix 

(NEB).

In vivo induction of Vav1-Myo1f expression—For in vivo induction of Vav1-Myo1f 
expression in CD4+ T-cells, Vav1-Myo1f WT/co-Vav1-myo1f; CD4CreERT2 male and female 

animals (6–8 weeks old) were treated with tamoxifen (3 mg) (Sigma, T5648) dissolved 

in corn oil and administered via intraperitoneal injection. Analysis of the distribution and 

characteristics of T cell populations in response to the expression of the Vav1-Myo1f 
mutant allele was performed 14 days after tamoxifen treatment. Samples obtained in these 

conditions are defined as a pre-lymphoma throughout the text.

Generation of bone-marrow-derived macrophages—Bone marrow cells were 

isolated form from 6 to 8 week old wild-type female mice and cultured (2 × 106 cells/mL) 

in Dulbecco’s Modified Eagle Medium (DMEM) + 10% FBS +10 ng/ml M-CSF. Growth 

medium was changed on day 3 and on day 7 it was replaced by fresh stimulation medium 

containing 10% FBS with 10 ng/mL IL4 and/or 10 ng/mL IL10. Macrophage polarization 

was detected by flow cytometry using CD11b, CD206, CD69 and Arg1 antibodies using 

standard procedures.

In vitro clodronate treatment—Clodronate (dichloromethylene bisphosphonate 

(Cl2MBP) containing liposomes were purchased from LIPOSOMA research liposomes; 

Amsterdam, The Netherlands (van Rooijen et al., 1996). To determine the direct effects 

of clodronate on cells in vitro, cultured M2 macrophages and Tet2−/−Vav1-Myo1f CD4+ 

tumor cells were exposed to clodronate- or PBS-containing liposomes at a concentration of 

0.5–1%. After three days of incubation, cell viability was analyzed with Cell Titer-Glo® 

Luminescent Cell Viability Assay (Promega) following manufacturer’s protocol.
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In vivo macrophage depletion—To test the contribution of macrophages to lymphoma 

development, we depleted macrophages using clodronate-containing liposomes (van Rooijen 

et al., 1996), (LIPOSOMA research liposomes; Amsterdam, The Netherlands). Following 

manufacturer’s directions, we intravenously injected 100 µL of liposome suspension per 10 

grams of animal body weight every 3 days during three weeks.

Adoptive transfer—CD4+ T-cells were isolated from OT-II;Vav1-Myo1f 
WT/co-Vav1-myo1f;CD4CreERT2 mice and 5×105 cells were transferred into each 6 to 8 

week-old Ly5.1 + C57BL/6 female recipients by retro-orbital injection. We immunized 

the recipient mice by standard foot pad immunization using 50 μg NP14-OVA (Biosearch 

Technologies) precipitated in alum adjuvant (Pierce).

Lymphoma development—For analysis of lymphoma development, Vav1-Myo1f 
WT/co-Vav1-myo1f;Tet2fl/fl;CD4CreERT2 male and female mice (6–8 weeks old) were treated 

with a single dose of 3 mg of tamoxifen to induce Vav1-Myo1f expression and Tet2 deletion 

in CD4+ T-cells. To generate germinal center responses and T cell activation, mice were 

immunized with 1×109 sheep red blood cells (SRBC; Cocalico Biologicals, Inc.) delivered 

by intraperitoneal injection every 3 weeks.

Tumor transplantation—We injected cell suspensions containing 2×106 million cells 

isolated from tumor containing spleen from diseased mice into immunodeficient 6 to 8 

week-old female Rag2 knockout mice using retroorbital injection.

In vivo IL-4 blocking—To assess the role of IL4 in macrophage differentiation in 
vivo, CD4CreERT2 Vav1WT/co–Vav1-Myo1f mice were treated with 1.5 mg of anti-IL4 

(11B11, BioXCell) or anti-HRP control (BE0088, BioXCell) in 200 μL of PBS injected 

intraperitoneal. The first dose was administered the day before the treatment with tamoxifen 

to induce Vav1-Myo1f expression or with vehicle for the control mice. Mice were treated 

with anti-IL4 or anti-HRP control every other day for 3 weeks. Endpoint analysis of 

macrophage population in mouse spleens was performed by flow cytometry using anti 

CD163, CD206 and VCAM1as described (Rose et al., 2012). We used 6–8 weeks old male 

and female mice.

Antibody staining and flow cytometry analysis—We stained single cell suspensions 

following standard procedures using fluorochrome-conjugated antibodies supplied by 

eBiosciences and directed against CD4 (RM4–5), CD8a (53–6.7), PD1 (J43), ICOS 

(C398.4A), CD25 (7D4), CD69 (H1.2F3), CD44 (IM7), F4/80 (BM8), c-MAF (sym0F1), 

FOXP3 (150D/E4), IL10 (JES5–16 × 103) and IL4 (8D4–8). Anti-CD183 (CXCR3–

173) and were obtained from Biolegend. The anti-IFNG (XMG1.2) and anti-CD106 

(429 (MVCAM.A) antibodies were purchased from BD Biosciences. The anti-CD163 

(EPR19518) was supplied by Abcam and anti-MMR/CD206 by R and D Systems. For 

detection of CXCR5, we used purified anti-CXCR5 antibody (2G8) from BD Biosciences 

and followed a three-step staining protocol as previously described (Johnston et al., 

2009). Intracellular detection of GATA3 (D13C9) (Cell Signaling), c-MAF (sym0F1) and 

FOXP3 (150D/E4) (eBiosciences) was performed under standard conditions using the 

FOXP3 transcription factor staining buffer (eBiosciences) as directed by the manufacturer’s 
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protocol. Intracellular detection of IL4, IL10 and IFNG cytokines were performed using 

the Intracellular Fixation & Permeabilization Buffer Set (eBiosciences). For flow cytometry 

detection of phosphorylated intracellular proteins, cells were fixed with 4% formaldehyde 

and permeabilized with 90% ice-cold methanol and then incubated with phosphor-VAV1 

(EP510Y, Abcam), phosphor-ERK (197G2) or phosphor-STAT6 (D8S9Y) rabbit antibodies 

followed by secondary antibody staining using an anti-rabbit Alexa 647 antibody (all by 

Cell Signaling). We acquired flow cytometry data using a FACS Canto cytometer (BD 

Biosciences) and analyzed them using FlowJo software (TreeStar).

We analyzed the repertoire of cytokines present in the supernatants of T cell primary 

cultures by flow cytometry using the BD™ Cytometric Bead Array (CBA) (BD Biosciences, 

Cat. No. 560485) according to the manufacturer’s directions.

T cell receptor variable beta chain (TCR Vβ) repertoire analysis—TCR Vβ 
repertoire analysis of the CD4+ T cell population was analyzed by flow cytometry using 

a panel of 15 monoclonal antibodies directed against the variable (V) region of the TCRβ 
chain from the Mouse Vβ TCR Screening Panel (BD Pharmigen) as previously described 

(Salameire et al., 2012). Clonal expansion was determined by comparing the TCR Vβ 
repertoire distribution of Vav1-Myo1f CD4+ T-cells obtained from diseased mice with naive 

CD4+ T-cells obtained from age-matched WT healthy mice as a reference.

Histopathology and immunohistochemistry—Mouse tissues were dissected and 

fixed on 10% buffered formalin and paraffin-embedded at the Molecular Pathology Shared 

Resource of the Herbert Irving Comprehensive Cancer Center (HICCC) at Columbia 

University Medical Center. Tissue sections were subjected to hematoxylin-eosin staining 

using standard procedures. Immunostaining for CD3, CD4, F4/80 and GATA3 was 

performed at HistoWiz, Inc. (Brooklyn, NY). To perform CD163 and MRC1/CD206 

immunohistochemistry, tissue sections were de-paraffinized using Histoclear followed by 

antigen-retrieval in citrate buffer at pH 6.4. Endogenous peroxidase (HRP) activity was 

blocked by treating the sections with 3% hydrogen peroxide. Immunohistochemistry 

was performed with antibodies targeting CD163 (EPR19518) obtained from Abcam 

and MRC1/CD206 (R&D Systems) followed by species-specific biotinylated secondary 

antibodies in the presence of by avidin–horseradish peroxidase and DAB color substrate 

(Vector Laboratories). After immunohistochemistry, tissue sections were counterstained with 

hematoxylin. Immunohistochemistry staining for CD20 (clone MJ1, Leica) and CD163 

(clone 10D6, Leica) was performed on formalin-fixed paraffin-embedded human PTCL-

NOS lymph node samples according to standard protocols on a Bond III autostainer 

(Leica) after on-line automated heat-induced epitope retrieval. The Bond Polymer Refine 

detection kit (Leica) was used for visualization. Slides were scanned using a Leica SCN 400 

scanner and photomicrographs were examined with Aperio ImageScope Software (Leica 

Biosystems).

RNA and DNA isolation—Total RNA was extracted from sorted mouse CD4+ T-cells 

or whole-spleen samples using guanidinium thiocyanate phenol-chloroform extraction 

(TriZol) and purified using RNeasy Mini kit (QIAGEN, Cat. No. 74106) following the 

manufacturer’s protocol with some modifications. Briefly, 100% ethanol was added to 
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TriZol lysates, vortexed and applied to QIAGEN RNeasy Mini spin column. The column 

was washed with QIAGEN buffer RW1 and on-column DNase treatment was performed 

(RNase-Free DNase Set, QIAGEN Cat. No. 79254). The filter was subsequently washed 

with QIAGEN buffers RW1 and RPE and 80% ethanol and the RNA was eluted with 

RNase-free water.

We extracted genomic DNA using the DNeasy Blood and Tissue kit (QIAGEN) following 

standard procedures.

RNAseq and analysis of gene expression profiling—RNAseq libraries prepared 

from mouse samples were using the SMARTer Universal Low Input RNA Kit—cDNA 

Synthesis for NGS (Clontech) and sequenced on an Illumina HiSeq instrument. We mapped 

reads to mm10 mouse reference genome using HISAT2 (v 2.1.0) with default parameters. 

Count matrix were generated with Htseq (v 0.5.4) with genecode mouse transcript reference 

annotation vM24. Data normalization and differential analysis were carried out using limma-

voom algorithms in R (v3.6.1) using edgeR (v2.4.2) and Limma (v3.28.14) packages. Gene 

Set Enrichment Analysis (GSEA) (v4.0.3) (Subramanian et al., 2005) was used to test the 

enrichment of signatures associated with T helper (Wei et al., 2009), Treg (Miyara et al., 

2009), and Tfh (Chtanova et al., 2004) cell differentiation; and human AITL (de Leval et al., 

2007).

For the analysis of the transcriptional profile of human PTCL-NOS, we used a previously-

published cohort of 42 PTCL,NOS samples (Abate et al., 2017). RNAseq reads were 

mapped with STAR version 2.4.0 to the human reference genome GRCh37 and the 

count matrix was generated with featureCounts v1.4.6-p5. Downstream analyses were 

performed in R (v3.6.1). Matrix normalization was conducted using limma-Voom method 

with limma package. Consensus clustering was performed using the 5% genes with higher 

coefficient of variation using the Bioconductor package ConsenclusClusterPlus with default 

parameters and clusterAlg = km. GSEA analysis (v4.0.3) on human PTCL-NOS samples 

was performed with indicated tissue microenvironment signatures (Sugio et al., 2018) and 

default parameters.

Whole-exome sequencing and analysis of mutational profile—For the analysis 

of the mutational profile of mouse Vav1-Myo1f-induced lymphomas Genomic DNA was 

isolated from CD4+ T-cells from lymphoma-infiltrated spleens. Paired normal DNA was 

isolated from the non-T cell fraction or tail clips from the same animals. Exome capture 

and sequencing were performed at GENEWIZ (South Plainfield, NJ) using the Agilent 

SureSelectXT Mouse All Exon capture kit (Agilent) and paired-end sequencing (2 × 150 

bp) in a HiSeq2000 sequencing instrument (Illumina). We obtained between 26.6M and 

80.4M paired-end reads per sample, with an average of 53.7M reads. Data pre-processing 

for variant discovery was performed using the Genome Analysis Toolkit (GATK) version 

4.2.0.0 and Picard tools version 2.26.10 following best practices as outlined in GATK 

documentation. Reads are aligned to GRCm38 using Burrows-Wheeler Aligner’s maximal 

exact matches (BWA-MEM) algorithm version 0.7.1. We identified candidate somatic 

variants as those absent in normal and present in tumor using the Mutect2 algorithm.
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Single cell RNA sequencing (scRNA-seq) procedures and data analysis—Cell 

suspensions were prepared by disaggregating whole-spleen tissue isolated from control 

(WT and Vav1-myo1f-expressing mice at premalignant stage) and diseased mice (harboring 

Vav1-myo1f- and Tet2−/− Vav1-Myo1f-induced lymphomas) and eliminating red blood cells 

using lysis buffer. After testing cell viability, cells were resuspended in PBS plus 10% 

FBS at a concentration of 1,000 cells/mL and loaded onto a Chromium Controller (10x 

Genomics) targeting 5,000 cells. Single-cell RNAseq libraries were prepared using the 

Chromium Single Cell 3′ v2 Reagent Kit (10x Genomics CG00052) and sequenced on an 

Illumina HiSeq 4000 instrument (Illumina) as 150-bp paired-end reads at a sequencing depth 

of at least 20,000 reads pairs per cell at Genomics and High Throughput Screening Shared 

Resource at the HICCC/JP Sulzberger Columbia Genome Center.

sc-RNAseq data from 12 samples (3 biological replicates per condition; Table S2) was 

subjected to the Cell Ranger pipeline (Zheng et al., 2017) with default parameters, 

generating the filtered feature-barcode matrixes used in the subsequent single-cell 

computational analyses. The 12 raw expression matrixes were individually processed with 

the python package SCANPY (Wolf et al., 2018). The initial preprocessing consisted in the 

filtering of (i) rRNA transcripts (ii) cells with >20% mitochondrial RNA transcripts; (iii) 

cells expressing less than 200 genes; and (iv) cells with over 25,000 transcripts. Filtered 

expression matrixes were then analyzed with the R packages Liger (Welch et al., 2019) 

and Seurat (Butler et al., 2018) in order to integrate the 12 samples (n = 44,262 total 

cells) and reduce batch effect. Transcript counts were normalized, and highly variable genes 

across all datasets were identified for use in the downstream batch integration process. Then, 

normalized gene expression data was scaled before performing the integrative non-negative 

matrix factorization to obtain the batch-integrated gene expression data. All these steps were 

performed with the default parameters.

Following data integration, a shared factor neighborhood graph was built to jointly cluster 

cells from the 12 samples and the corresponding clusters were quantile normalized. Finally, 

the Louvain algorithm was run with resolution values ranging from 0.05 to 1.0. A sensitivity 

analysis using ‘‘silhouette_score’’ from the Python package Sklearn yielded an optimal 

Louvain resolution of 0.25 resulting in the separation of 16 clusters. Differentially expressed 

genes (DEG) were determined for each cluster using t-tests (Table S3).

To assign cells to specific immune cell types, we correlated the normalized counts for each 

cell with 10 mouse-specific expression profiles (Liu et al., 2017) representing different 

immune cell types: B-cells, CD4+ T-cells, CD8+ T-cells, dendritic cells, eosinophils, 

monocytes, macrophages, mast cells, neutrophils and natural killer cells. The expression 

signatures were based on 149 marker genes. We then classified every cell as the type with 

highest correlation value among the 10 possible categories (Table S4).

According to our cell type classification, the CD4+ T cell population was highly 

concentrated in Louvain clusters 2 and 3. Aiming for an in-depth specific analysis of the 

CD4+ T cell population, we subsequently restricted our analysis to the CD4+ T-cells from 

those clusters (n = 5,086 cells).
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To obtain a high resolution map of the different CD4+ T cell subtypes, we subjected the 

in silico sorted CD4+ T cell cells to a new round of batch integration from raw transcript 

quantification, followed by CD4+ T-cell-specific Louvain clustering using Liger with default 

parameters, obtaining 13 clusters at the optimal 0.4 resolution. Small cell clusters (with 

fewer than 100 cells) displaying a non-CD4 gene expression profile likely due to noise or 

erroneous labeling, were filtered out. Differentially expressed genes (DEG) were determined 

for each of the remaining 8 clusters using t-tests (Table S5). The resulting 8 CD4+ T 

cell clusters (n = 4,808 cells) were assigned to specific CD4+ T cell subtypes based on 

published lineage-specific transcriptional signatures and known canonical markers identified 

within the DEGs. The distribution of the different CD4+ T cell clusters across the different 

experimental conditions was analyzed using Fisher Exact tests. The raw p values were 

adjusted using the Benjamini-Hochberg procedure (Table S6).

To characterize the macrophage/monocyte cell compartment (n = 4,417), we focused on 

Louvain clusters 6, 7, 8, 11 and 13 identified in the whole-spleen analysis, which are 

enriched in these specific populations. As described for the focused analysis of the CD4+ 

T cell compartment, a high-resolution map of monocytes/macrophages was obtained after 

performing a new round of batch integration. Louvain clustering of the final integrated 

monocyte/macrophage population with optimal resolution of 0.15 resulted in 9 clusters. 

A total of 56 cells were filtered out from the final monocyte/macrophage population (n 

= 4,361) as outliers in the UMAP projection. Differentially expressed genes (DEG) were 

determined for each of the 9 clusters using t-tests (Table S7) and the distribution of the 

different macrophage/monocyte clusters across the experimental conditions was calculated 

by means of Fisher Exact tests, and p values were corrected using the Benjamini-Hochberg 

procedure (Table S8).

To predict the potential ligands associated with cell-cell interactions between lymphoma 

cells and Tumor-Associated Macrophages, we used the NicheNet, an R package for cell-cell 

communication analyses. NicheNet predicts ligand-to-target interactions that drive gene 

expression changes in a group of cells of interest, under defined conditions (Browaeys 

et al., 2020). Using the normalized, batch-corrected expression matrix of our 12 samples, 

we considered as list of genes of interest the top 30 DEG in clusters 1 and 5 from the 

macrophage population.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Microsoft Excel 2013 and Prism software v6.0 

(GraphPad Software, La Jolla, CA, USA). Results were reported as mean ± SD (standard 

deviation) as indicated in the figure legends unless otherwise stated. We performed analyses 

of significance using Student’s t-test assuming equal variance. Continuous biological 

variables were assumed to follow a normal distribution. A p value of <0.05 was considered 

to indicate statistical significance. Survival in mouse experiments was represented as a 

Kaplan-Meier curve and Log-rank test was used to determine the significance. All the 

experiments with representative images have been repeated at least twice and representative 

images were shown. For experiments with animals ‘‘n’’ represents number of animals.
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Gene set enrichment analysis was performed as previously described (Subramanian et al., 

2005) using the javaGSEA desktop software. The statistical significance of enrichment 

scores was estimated empirically using a null distribution generated by performing gene 

permutations on the gene expression data.

Information on the number of biological replicates for each experiment, mice age and sex, 

can be found in the Methods Details section and in the Figure Legends. Statistical analysis 

are also indicated in the Figure Legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Vav1-Myo1f induces development of GATA3+ Th2-like peripheral T cell 

lymphoma (PTCL)

• Vav1-Myo1f induces accumulation of tumor-associated macrophages (TAMs)

• Ablation of TAMs highlights the role of tumor microenvironment in 

lymphoma growth

• Tumor-associated macrophages can be targeted for the treatment of high-risk 

PTCL
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Figure 1. Vav1-Myo1f expression alters immune homeostasis and preferentially induces Th2 
differentiation upon MAF upregulation
(A) Representative fluorescence-activated cell sorting (FACS) plot showing CD4/CD8 

staining and associated quantification of CD4+ T cells in spleen samples from 

Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice treated with vehicle (WT) or tamoxifen (TMX) 

(Vav1-Myo1f).
(B and C) Representative histograms and associated quantification of CD69 (B) and ICOS 

(C) in splenic CD4+ T cells from Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice treated in vivo 
with vehicle (WT) or TMX (Vav1-Myo1f).
(D–G) Representative FACS plots of lineage marker staining and associated quantification 

of PD1+CXCR5+ Tfh cells (D), CD25+FOXP3 Treg cells (E), CD44 and CD62L (F), 

and CXCR3 and CCR6 T helper markers (G) in splenic CD4+ T cells isolated from 

Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice treated in vivo with vehicle (WT) or TMX (Vav1-
Myo1f).
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(H) Heatmap representation showing differential expression of genes associated with T 

helper cell differentiation in CD4+ T cells from Vav1WT/co-Vav1-Myo1f;CD4-T2 CreER mice 

treated in vivo with vehicle (WT) or TMX (Vav-Myo1f). Transcription factors implicated in 

T helper cell fate are marked in red. Gene list was curated from public transcriptome and 

gene ontology datasets.

(I) Graph representation of GSEA –log FDR q values for Th2, Tfh, and Th1 signatures.

(J) GSEA showing the enrichment of a Th2 signature associated with the presence of the 

Vav1-Myo1f fusion, and heatmap representation of the top-ranking genes in the leading 

edge.

(K) Analysis of IL-4 and IFNG secretion by wild-type (WT) or Vav1-Myo1f-expressing 

CD4+ T cells isolated from Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice and treated in vitro 
with vehicle (WT) or 4-hydroxytamoxifen (Vav1-Myo1f).
(L) Representative histograms and associated quantification of the transcription factor MAF 

in CD4+ T cells isolated from Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice and treated as 

described in (K).

For gene expression analysis, three independent replicates per genotype were analyzed. 

For in vivo experiments (A–G), the data correspond to two independent experiments (n = 

3 animals/group). p values were calculated using a two-tailed Student’s t test. Error bars 

denote mean ± SD. See also Figure S1.
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Figure 2. Vav1-Myo1f expression enhances TCR signaling and proliferation of CD4+ T cells
(A) Flow-cytometry analysis of VAV1 phosphorylation in 

Vav1WT/co-Vav1-Myo1f;CD4CreERT2 CD4+ T cells treated in vitro with vehicle (WT) or 

4-hydroxytamoxifen (Vav1-Myo1f) upon TCR stimulation.

(B) Representative FACS plot and associated quantification of phosphorylation of ERK1/2 

in CD4+ T cells obtained and treated as in (A).

(C) Quantification of Th1, Th2, and Th17 cytokines from media collected from cells 

obtained and stimulated as in (A). Cytokine quantification is represented as expression ratio 

in Vav1-Myo1f-expressing versus control WT cells.

(D) In vitro cell trace violet (CTV) proliferation assay of CD4+ T cells isolated from 

Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice, treated with vehicle (WT) or TMX (Vav1-Myo1f) 
and stimulated with anti-CD3/anti-CD28.

(E) Representative FACS plot and associated quantification of the upregulation of the 

activation markers CD69 and CD25 in WT or Vav1-Myo1f CD4+ T cells after in vitro 
stimulation with anti-CD3/anti-CD28.
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(F) Analysis of cell viability in CD4+ T cells isolated from 

Vav1WT/co-Vav1-Myo1f;CD4CreERT2 and treated with vehicle (WT) or 4-hydroxytamoxifen 

in absence or decreasing concentrations of IL-2. Mean fluorescence intensity values in (B) 

were calculated as fold change in activated versus non-activated cells from four independent 

experiments. p values in (C)–(F) were calculated using a two-tailed Student’s test in 

triplicate samples.

(G) In vivo CTV proliferation assay of WT and Vav1-Myo1f-expressing CD4+ T cells 

obtained from OT-II;Vav1WT/co-Vav1-Myo1f;CD4CreERT2 mice, treated with vehicle (WT) 

or 4-hydroxytamoxifen (Vav1-Myo1f) and transferred to Ly5.1+ C57BL/6 mice. Data were 

obtained 3 days after immunization of recipients with OVA/Alum.

(H) Analysis of the activation marker CD69 in highly proliferative cells obtained from (G).

p values in (G) and (H) were calculated using a two-tailed Student’s t test with n = 3 

animals/group. Error bars denote mean ± SD.
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Figure 3. Expression of Vav1-Myo1f and loss of Tet2 in CD4+ T cells induces lymphoma with 
GATA3+ PTCL-NOS features
(A) Kaplan-Meier survival curve of Vav1WT/co-Vav1-Myo1f;Tet2fl/fl;CD4CreERT2 animals 

treated with vehicle (WT) or tamoxifen (TMX) (Tet2−/−Vav1-Myo1f) (n = 10 mice/group). 

TMX administration and sheep red blood cells (SRBC) immunizations are indicated by 

arrows in the timeline (black, TMX; red, SRBC).

(B) Histological hematoxylin-eosin (H&E) staining and immunohistochemical analysis of 

the expression of CD3 and CD4 in representative lymph node tissues obtained from Vav1-
Myo1f lymphoma-bearing mice. Image magnifications are indicated by scale bars.

(C) Flow-cytometry analysis and quantification of activated CD4+CD69+ T cells in the 

spleen of Tet2−/−Vav1-Myo1f lymphoma-bearing mice and WT control littermates.

(D) Pie-chart representation of TCRB Vβ clonality analysis by flow cytometry on spleen 

samples from diseased animals. Colored segments indicate specific TCRB rearrangements 
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that show significant expansion in each of the lymphoma samples compared with the 

reference TCR repertoire in WT mice. Data from three representative tumors are shown.

(E) Flow-cytometry analysis of GATA3 and MAF expression in Tet2−/−Vav1-Myo1f CD4+ 

lymphoma cells and WT controls.

(F) Quantification of IL-4 and IL-10 from media collected from Tet2−/−Vav1-Myo1f tumor 

cells upon stimulation with anti-CD3/anti-CD28.

(G) GSEA —log FDR q values of Th1, Th2, Th17, Treg, and Tfh signatures in sorted CD4+ 

T cells from Tet2−/−Vav1-Myo1f-induced lymphoma.

(H) GSEA plot showing enrichment in a Th2 signature in sorted CD4+ T cells isolated from 

Tet2−/−Vav1-Myo1f lymphoma-bearing mice and control WT CD4+ T cells. The heatmap 

represents the top-ranking 20 genes in the leading edge. Lineage marker genes associated 

with Th2 cell differentiation are shown in red. p value in (C) and (E) was calculated with 

two-tailed Student’s t test using n = 5 animals/group. Error bars denote mean ± SD. See also 

Figures S2–S5.
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Figure 4. Immune cell analysis of Vav1-Myo1f-driven lymphomas at single-cell resolution 
identifies Th2-like tumor cells
(A) Uniform manifold approximation and projection (UMAP) representation of 44,262 

single-cell transcriptional profiles corresponding to 12 whole-spleen samples. Cluster 

identification was performed using an optimal Louvain resolution of 0.25.

(B) Cell type classification using the ImmuCC algorithm.

(C) UMAP representation of the 4,808 cells classified as CD4+ T cells and belonging to 

clusters 2 and 3 from (A). T cell lineages are indicated.

(D) Density plots of CD4+ T cell clusters across the different experimental conditions: WT, 

Vav1-Myo1f pre-lymphoma, Vav1-Myo1f lymphoma, and Tet2−/−Vav1-Myo1f lymphoma. 

Color intensity is augmented with increasing cell number.

(E) Heatmap (Z scores) of top 30 differentially expressed genes in each cluster obtained in 

(C).

(F) UMAP feature plots, indicating expression (log scale) of the Th2-associated transcription 

factors Gata3 and Maf. Color intensity is augmented with increasing expression.
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(G) Bubble plot representation of the expression of selected CD4+ T cell lineage marker 

genes in WT, Vav1-Myo1f pre-lymphoma, Vav1-Myo1f lymphoma, and Tet2−/−Vav1-Myo1f 
lymphoma samples. Bubble radius shows the percentage of cells within each condition, and 

color scale represents mean expression. Expression of Klf2 uses a different color legend for 

visualization purposes.

See also Figure S6; Tables S1, S2, and S3.
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Figure 5. Immune cell analysis of Vav1-Myo1f-driven lymphomas at single-cell resolution reveals 
involvement of TAMs during lymphomagenesis
(A) UMAP representation of 4,417 cells classified as monocytes and macrophages included 

in clusters 6, 7, 8, 11, and 13 from Figure 4A. Macrophage/monocyte lineages are indicated.

(B) Density plots of monocyte/macrophage populations across the different experimental 

conditions: WT, Vav1-Myo1f pre-lymphoma, Vav1-Myo1f lymphoma, and Tet2−/−Vav1-
Myo1f lymphoma. Color intensity is augmented with increasing cell number.

(C) Heatmap (Z scores) of top 30 differentially expressed genes in each cluster obtained in 

(A).

(D) UMAP feature plots, indicating expression (log scale) of representative TAM genes.

(E) Receptors of prioritized ligands expressed by TAMs. Color intensity is augmented with 

increasing regulatory potential.
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(F) Bubble plot representation of the expression of Il4 in WT, Vav1-Myo1f pre-lymphoma, 

Vav1-Myo1f lymphoma, and Tet2−/−Vav1-Myo1f lymphoma samples. Bubble radius shows 

the percentage of cells within each condition, and color scale represents mean expression.

(G) Standardized gene expression of the prioritized ligands by the different immune cell 

types present in lymphoma samples.

(H and I) UMAP feature plots, indicating expression (log scale) of Il4 in the whole spleen 

(H) or restricted to CD4+ T cells (I).

Color intensity in (D), (H), and (I) is augmented with increasing expression. See also 

Figures S7 and S8; Tables S4, S5, and S6.
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Figure 6. Vav1-Myo1f mouse lymphomas resemble a human PTCL-NOS subgroup characterized 
by a macrophage signature
(A) Unsupervised consensus clustering of 42 cases of PTCL-NOS (K = 6).

(B) Normalized enrichment scores by GSEA of murine Tet2−/−Vav1-Myo1f signature 

comparing the different clusters of human PTCL-NOS in (A).

(C) GSEA analysis revealed an enrichment of the PTCL-NOS cluster 1 upregulated genes in 

Tet2−/−Vav1-Myo1f mouse tumors versus normal spleen samples (NES = 1.81, FDR = 0.01). 

The heatmap represents the top-ranking genes in the leading edge.

(D) Hierarchical clustering of 42 PTCL-NOS according to specific microenvironment 

signatures (from left to right: B cell, dendritic cell [DC], and macrophage signatures).

(E) Hierarchical clustering of PTCL-NOS samples according to TAM signature containing 

the top 50 upregulated genes identified by single-cell analysis as mouse TAMs enriched 

in Vav1-Myo1f-induced lymphomas. Cluster 1 samples shown in red; clusters 2–6 samples 

shown in gray. The sample with the VAV1-MYO1F fusion is represented by a black square.
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(F) GSEA analysis of top 50 upregulated genes in TAMs in human PTCL-NOS cluster 1.

(G) Comparison of gene expression levels (normalized log(CPM)) of characteristic TAM 

markers in human PTCL-NOS unsupervised clusters from (A). Cluster 1 samples are shown 

by red circles. The human index case containing the VAV1-MYO1F gene fusion is indicated 

by a black circle. Clusters 2–6 are color coded as indicated.

(H) Representative immunohistochemical micrographs of formalin-fixed sections from 

human PTCL-NOS biopsies stained with the B cell marker CD20 and CD163 M2 

macrophage marker. Cluster 1 samples are shown in red; clusters 2–6 samples in gray. The 

index sample harboring the VAV1-MYO1F oncogenic fusion is labeled as VAV1-MYO1F. 

Scale bar values are indicated.

p values were calculated using a two-tailed Student’s t test. Error bars denote mean ± SD.
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Figure 7. Effect of macrophage depletion on Vav1-Myof-induced lymphoma cell proliferation
(A) Spleens from mice bearing Tet2−/−Vav1-Myo1f-induced lymphoma treated with control 

PBS- or clodronate-containing liposomes. Scale bar values are indicated.

(B and C) Quantification of spleen weight (B) and CD4+ tumor load (C) at endpoint in 

a cohort of mice transplanted with Tet2−/−Vav1-Myo1f-expressing tumors and treated with 

control PBS or clodronate-containing liposomes (n = 7).

(D) Representative micrographs showing expression of CD4 and Ki67 markers by 

immunohistochemistry staining of spleen sections from Tet2−/−Vav1-Myo1f-expressing 

tumor-bearing mice treated with PBS- or clodronate-containing liposomes. Scale bar values 

are indicated.

(E) Representative histogram and associated quantification of CD69 expression in 

Tet2−/−Vav1-Myo1f lymphoma cells isolated from lymphoma-bearing mice treated with 

clodronate (red) or control (black line) liposomes.

In (B), (C), and (E), circles represent individual mice and bar height indicates mean values. p 

values were calculated using a two-tailed Student’s t test. Error bars denote mean ± SD. See 

also Figure S9.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Hamster anti-Mouse CD3e (145–2C11) BD Biosciences Cat#550275; RRID: AB_393572

Hamster anti-Mouse CD28 (37.51) BD Biosciences Cat#557393; RRID: AB_396676

Goat anti–Armenian Hamster IgG F(ab’)2 Jackson ImmunoResearch Cat#127–005-099; RRID: 
AB_2338971

anti-CD4 - PerCP-Cyanine5.5 (RM4–5) eBioscience Cat#45–0042; RRID: 
AB_1107001

anti-CD8a - PE-Cy7 (53–6.7) eBioscience Cat#25–0081; RRID: AB_469583

anti-CD69 - APC (H1.2F3) eBioscience Cat#17–0691; RRID: 
AB_1210796

Biotin anti-mouse ICOS (7E.17G9) Biolegend Cat#117403; RRID: AB_961239

anti-PD1 – PE (J43) eBioscience Cat#12–9985; RRID: AB_466296

anti-CXCR5 (2G8) eBioscience Cat#551961; RRID: AB_394302

Biotin Goat Anti-Rat IgG Jackson ImmunoResearch Cat#112–065-062; RRID: 
AB_2338173

APC Streptavidin BD Biosciences Cat#554067; RRID: 
AB_10050396

PE Streptavidin BD Biosciences Cat#554061; RRID: 
AB_10053328

anti-FOXP3 - PE (150D/E4) eBioscience Cat#1050043; RRID: AB_529581

anti-CD25 - Alexa Fluor 488 (7D4) eBioscience Cat#53–0252; RRID: AB_763470

anti-CD62L-APC (MEL-14) BD Biosciences Cat#553152; RRID: AB_398533

anti-CD44 - PerCP-Cyanine5.5 (IM7) eBioscience Cat#45–0441-82; RRID: 
AB_925746

anti-CD183 (CXCR3)-PE (CXCR3–173) Biolegend Cat#126505; RRID: AB_1027656

anti-CD196 (CCR6) - PerCP-Cyanine5.5 (29–2L17) Biolegend Cat#129809; RRID: AB_2072797

anti-IL4-PE (11B11) eBioscience Cat#12–7041-71; RRID: 
AB_466154

anti-IL10-APC (JES5–16 × 103) eBioscience Cat#17–7101-81; RRID: 
AB_469501

anti-IFNG- PerCP-Cyanine5.5 (XMG1.2) BD Biosciences Cat#560660; RRID: AB_1727533

anti-cMAF - PE (sym0F1) eBioscience Cat#12–9855-42; RRID: 
AB_2572747

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Rabbit 
mAb (197G2)

Cell Signaling Cat#4377; RRID: AB_331775

Anti-rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 647 
Conjugate)

Cell Signaling Cat#4414; RRID: AB_10693544

anti-VAV1 (phospho Y174) (EP510Y) Abcam Cat#ab76225; RRID: 
AB_1524546

GATA-3 XP Rabbit mAb antibody (D13C9) Cell Signaling Cat#5852; RRID: AB_10835690

anti-Phospho-Stat6 (Tyr641) Antibody Cell Signaling Cat#9361; RRID: AB_331595

anti-CD163 (EPR19518) Abcam Cat#ab182422; RRID: 
AB_2753196

anti-MMR/CD206 R and D Systems Cat#AF2535; RRID: AB_2063012

Alexa Fluor® 647 Rat Anti-Mouse CD106 (MVCAM.A) BD Biosciences Cat#561612; RRID: 
AB_10896662
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anti-CD3 (SP7) Abcam Cat#ab16669; RRID: AB_443425

anti-CD4 (EPR19514) Abcam Cat#ab183685; RRID: 
AB_2686917

anti-F4/80 (BM8) eBioscience Cat#14–4801-82; RRID: 
AB_467558

InVivoMAb anti-mouse IL-4 (11B11) BioXCell Cat#BE0045; RRID: AB_1107707

InVivoMAb rat IgG1 isotype control, anti-HRP (HRPN) BioXCell Cat#BE0088; RRID: AB_1107775

Chemicals, peptides, and recombinant proteins

4-Hydroxy-3-nitrophenylacetyl Ovalbumin Biosearch Technologies Cat#N-5051

Imject™ Alum Adjuvant Thermo Scientific Cat#77161

Tamoxifen Sigma-Aldrich Cat#T5648

Corn oil Sigma-Aldrich Cat#C8267

(Z)-4-OHT; 4-Monohydroxytamoxifen Santa Cruz Biotechnology Cat#sc-3542

Guanidinium thiocyanatephenol-chloroform extraction 
(TRIzol®)

Thermo Scientific Cat#15596018

CellTrace™ Violet Cell Proliferation Kit Thermo Scientific Cat#C34557

XenoLight D-Luciferin - K+ Salt Bioluminescent Substrate PerkinElmer Cat#122799

Sheep red blood in Alsevers Cocalico Biological Cat#20–1334A

Clodronate liposomes and control liposomes (PBS) LIPOSOMA research liposomes Cat#CP-005–005

Recombinant Human IL-2 Peprotech Cat#200–02

Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P1585

Ionomycin EMD Millipore Cat#407952

BD GolgiPlug™ Protein Transport Inhibitor (Containing 
Brefeldin A)

BD Biosciences Cat#555029

Histo-Clear II National Diagnostics Cat#HS-202

Antigen Unmasking Solution, Citrate-Based Vector Laboratories Cat#H-3300

Hydrogen peroxide solution 30% (w/w) in H2O, contains 
stabilizer

Sigma-Aldrich Cat#H1009

VECTASTAIN® Elite ABC-HRP Kit (Peroxidase, Universal) Vector Laboratories Cat#PK-6200

DAB Substrate Kit, Peroxidase (HRP), with Nickel, (3,3′-
diaminobenzidine)

Vector Laboratories Cat#SK-4100

Critical commercial assays

Mouse naive CD4+ T cell Isolation Kit Milteny 130–104-453

RNeasy mini kit Qiagen 74106

RNase-Free DNase Set Qiagen 79254

DNeasy Blood & Tissue Kit Qiagen 69506

BD™ Cytometric Bead Array (CBA) Mouse Th1/Th2/Th17 
Cytokine Kit

BD Biosciences 560485

Mouse V β TCR Screening Panel BD Pharmigen 557004

Chromium Single Cell 3ʹ v2 Reagent Kit 10x Genomics CG00052

Cell Titer-Glo® Luminescent Cell Viability Assay Promega G7571

SuperScript™ IV Reverse Transcriptase Thermofisher 18090010

Q5® High-Fidelity 2X Master Mix NEB M0492S

Deposited data

RNA-Seq and Single Cell RNA-Seq sequencing data This manuscript GEO: GSE166673
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Human PTCL RNA-Seq sequencing data Abate et al., 2017 and Moon et al., 
2021

dbGaP: phs001962.v1.p1 
andphs000689.v1.p1s.

Whole Exome Sequencing data This manuscript SRA: PRJNA800774

TH2_VS_NAIVE_CD4_TCELL_UP Immunity. 2009 Jan 16; 30(1):155–67 GEO: GSE14308

TH1_VS_NAIVE_CD4_TCELL_UP Immunity. 2009 Jan 16; 30(1):155–67 GEO: GSE14308

TREG_VS_TCONV_UP Immunity. 2009 Jun 19; 30(6):899–911. GEO: GSE15659

TH17_VS_NAIVE_CD4_TCELL_UP Immunity. 2009 Jan 16; 30(1):155–67 GEO: GSE14308

TFH_CHTANOVA J Immunol. 2004; 173:68–78. N/A

AITL_VS_PTCL_NOS Blood. 2007; 109:4952–4963 N/A

EPPERT_HSC_R Nat Med. 2011, 17(9):1086–93. N/A

EPPERT_CE_HSC_LSC Nat Med. 2011, 17(9):1086–93. N/A

Experimental models: Organisms/strains

Mouse: Vav1WT/co–Vav1-myo1f This manuscript N/A

Mouse: Rhoaco–G17V/+ Cancer Cell, 2018, 33(2):259–273.e7 N/A

Mouse: Tg(Cd4-cre/ERT2)11Gnri Jackson Labs Stock No: 022,356

Mouse: B6.Cg-Tg(Cd4-cre)1Cwi/BfluJ Jackson Labs Stock No: 017,336

Mouse: B6.Cg-Tg(TcraTcrb)425Cbn/J Jackson Labs Stock No: 004,194

Mouse: Ly5.1+ (CD45.1) C57BL/6 Jackson Labs Stock No: 002,014

Mouse: Tet2fl/fl Cancer Cell. 2011; 20:25–38 N/A

Mouse: B6.Cg-Rag2tm1.1Cgn/J Jackson Labs Stock No: 008,449

Mouse: Vav1WT/co–Vav1-myo1f This manuscript N/A

Oligonucleotides

Vav1_Fw CCGGATCACAGAGAAGAAGG This manuscript N/A

Vav1_Rv ATGGCTCTCCTCTCAGGTTC This manuscript N/A

Vav1-Myo1F_Rv ATTCAAACCTCTGGGAGGCC This manuscript N/A

Software and algorithms

FlowJo software https://www.flowjo.com/solutions/
flowjo

N/A

Cuffquant http://cole-trapnell-lab.github.io/
cufflinks/

N/A

JavaGSEA http://software.broadinstitute.org/gsea/
index.jsp

N/A

R https://www.r-project.org/ N/A

Aperio ImageScope Software Leica Biosystems N/A

Prism software v6.0 https://www.graphpad.com/scientific-
software/prism/

N/A
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