The Role of T-bet in Chronic Lymphocytic Leukemia (CLL)
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Conclusions: T-bet acts as tumor suppressor by enhancing interferon signaling
and suppressing proliferation of malignant B cells, and its expression positively
correlates with longer overall survival of patients with CLL.

Roessner et al.




T-bet suppresses proliferation of malignant B cells in chronic

lymphocytic leukemia

Philipp M Roessner’, Isabelle Seufert”, Vicente Chapaprieta®, Ruparoshni Jayabalan® 3, Hannah

Briesch®, Ramon Massoni-Badosa™®, Pavle Boskovic™?, Julian Beckendorff®, Tobias Roider” ®, Lavinia
Arseni®, Mariana Coelho™, Supriya Chakrabortyg, Alicia M Vaca® Mariela Sivina®, Markus
Muckenhuber?, Sonia Rodriguez—Rodriguezll, Alice Bonato®, Sophie A Herbst” & Marc Zapatkal, Clare

sun®?, Helene Kretzmer®®, Thomas Naake', Peter-Martin Bruch” & *°, Felix Czernilofsky7' 8 Elisa Ten

18, 19

Hacken®®, Martin Schneider®’, Dominic Helm"’, Deyan Y Yosifov , Joseph Kauer” 8 Alexey V Danilov'?,

Moritz Bewarder®, Kristina Heynezo, Christof Schneider®, Stephan Stilgenbauerlg, Adrian Wiestner®, Jan
P Mallm?, Jan A Burgerlo, Dimitar G Efremov’, Peter Lichter®, Sascha Dietrich” ®*, Jose | Martin-Subero®

2! Karsten Rippe” and Martina Seiffert*

Affiliations

! Molecular Genetics, German Cancer Research Center (DKFZ), Heidelberg, Germany

2 Chromatin Networks, German Cancer Research Center (DKFZ) & BioQuant, Heidelberg, Germany

* Faculty of Biosciences, University of Heidelberg, Heidelberg, Germany

* Institut d’Investigacions Biomediques August Pi i Sunyer (IDIBAPS), Barcelona, Spain

> CNAG-CRG, Centre for Genomic Regulation (CRG), Barcelona Institute of Science and Technology (BIST),
Barcelona, Spain

® Department of Pathology, University Hospital Ulm, Ulm, Germany

’ Department of Medicine V, Heidelberg University Hospital, Heidelberg, Germany

& Molecular Medicine Partnership Unit (MMPU), Heidelberg, Germany

? Molecular Hematology, International Centre for Genetic Engineering and Biotechnology, Trieste, Italy

10 Department of Leukemia, University of Texas MD Anderson Cancer Center, Houston, TX, USA

! Department of Hematology, City of Hope National Medical Center, Duarte, CA, USA

12 Laboratory of Lymphoid Malignancies, Hematology Branch, NHLBI, NIH, Bethesda, MD, United States

13 Department of Genome Regulation, Max Planck Institute for Molecular Genetics, Berlin, Germany

* Genome Biology Unit, European Molecular Biology Laboratory (EMBL), Heidelberg, Germany

> Department of Hematology, Oncology and Clinical Immunology, University Hospital Dusseldorf,
Disseldorf, Germany

16 Department of Medicine, Weill Cornell Medicine, New York, USA

7 proteomics Core Facility, German Cancer Research Center (DKFZ), Heidelberg, Germany

'8 Division of CLL, Department of Internal Medicine Ill, Ulm University, UlIm, Germany



% Cooperation Unit “Mechanisms of Leukemogenesis”, German Cancer Research Center (DKFZ),

Heidelberg, Germany

2% José Carreras Center for Immuno- and Gene Therapy and Internal Medicine |, Saarland University
Medical School, Homburg/Saar, Germany

2! Institucié Catalana de Recerca i Estudis Avancats (ICREA), Barcelona, Spain.

Correspondence

Martina Seiffert
Molecular Genetics, German Cancer Research Center (DKFZ), Heidelberg, Germany
m.seiffert@dkfz.de

Running title: T-betin CLL

Key words: T-bet, TBX21, Chronic lymphocytic leukemia, NF-KB


mailto:m.seiffert@dkfz.de

Key points

e T-bet acts as tumor suppressor by enhancing interferon signaling and suppressing proliferation in
malignant B cells

e T-bet expression in CLL cells is positively correlated with longer overall survival of patients with CLL

Abstract

The T-box transcription factor T-bet is known as a master regulator of T-cell response but its role in
malignant B cells is not sufficiently explored. Here, we conducted single-cell resolved multi-omics
analyses of malignant B cells from patients with chronic lymphocytic leukemia (CLL) and studied a CLL
mouse model with genetic knockout of TBX21. We found that T-bet acts as a tumor suppressor in
malignant B cells by decreasing their proliferation rate. NF-kB activity induced by inflammatory signals
provided by the microenvironment, triggered T-bet expression which impacted on promoter proximal
and distal chromatin co-accessibility and controlled a specific gene signature by mainly suppressing
transcription. Gene set enrichment analysis identified a positive regulation of interferon signaling, and a
negative control of proliferation by T-bet. In line, we showed that T-bet represses cell cycling and is
associated with longer overall survival of CLL patients. Our study uncovers a novel tumor suppressive
role of T-bet in malignant B cells via its regulation of inflammatory processes and cell cycling which has
implications for stratification and therapy of CLL patients. Linking T-bet activity to inflammation explains

the good prognostic role of genetic alterations in inflammatory signaling pathways in CLL.



Introduction

The T-box transcription factor T-bet encoded by TBX21 is well known for its role in lineage commitment
of CD4" T helper1 cells, effector functions of CD8" T cells, and differentiation of natural killer cells.® But
extensive literature attributes an important role of T-bet also in B cells, mainly in the context of “age-
associated” B cells (ABCs).*® First described in aging mice, ABCs exist also in healthy humans, where they
increase up to the age of 30, followed by a stabilization of their frequency.®® An accumulation of ABCs

was observed during infections, where T-bet" B cells contribute to protective immunity.****

In addition, a
rise in ABC numbers is observed in patients with humoral autoimmune diseases, such as systemic lupus
erythematosus (SLE), scleroderma, rheumatoid arthritis, Crohn disease, and Sjorgen syndrome, and also
in adipose tissue during exacerbated metabolic disorders. Here, ABCs are linked to the production of

auto-reactive antibodies and associated with worse clinical outcome.>®®42?

The expression of T-bet in B cells is induced via the activation of several signaling pathways, including
toll-like receptor (TLR), B-cell receptor (BCR), CD40, and cytokine receptor signaling. These signals are
provided by the microenvironment in lymphoid tissues, e.g. by bystander T cells.*!***% Utilizing Thx21-
deficient B cells, an involvement of T-bet in immunoglobulin class switching and the generation of long-
lived antibody-secreting B cells and their function in anti-viral control was observed in several mouse

9,10,26,27

models. Yang et al investigated a patient harboring a complete deficiency in T-bet and observed

that T-bet is required for the generation of a CD11cMe"

subset of ABC-like B cells, and is dispensable for
memory and plasma cell generation and antiviral control.?® T-bet expression was also detected in B-cell
malignancies, including chronic lymphocytic leukemia (CLL), a disease of mature B cells with a highly

28,29

heterogeneous course. However, its role and potential pathological function remains largely

unexplored.

Here, we explored the role of T-bet in CLL using single-cell resolved multi-omics analyses of patient
samples and a CLL mouse model with TBX21 knockout. We show that T-bet acts as a tumor suppressor in

CLL by reducing proliferation and is associated with longer survival of patients.

Methods

Patient samples, mouse models, cell lines and published data sets

Patient and healthy, age-matched control samples were obtained after approval of study protocols by
the local ethics committees according to the declaration of Helsinki, and after obtaining informed
consent of patients. Patients met standard diagnosis criteria for CLL. Details are provided in Suppl. Table
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1. The Ep-TCL1 mouse model was the basis to generate Tbx217" TCL1 cells as previously described.® A list
of all cell lines is provided in Suppl. Table 2, and an overview of published data sets used in this study in

Suppl. Table 3.

A detailed description of all methods is provided in the Supplement.

Results

CLL cells have enhanced TBX21 expression

We first compared TBX21 expression levels in CLL cells and untransformed B cells of age-matched
healthy controls which revealed higher T-bet transcript and protein levels in CLL cells (Figure 1A-B). This
was also the case when comparing CLL cells with several developmental states of untransformed B cells,
including mature CD5" and memory B cells which have been suggested as the cellular origin of CLL

31,32

(Figure 1C, Suppl. Figure 1A), suggesting that high TBX21 expression in CLL cells is disease-specific.

We next explored potential similarities between CLL cells and ABCs by analyzing typical ABC marker
genes,*?® revealing a particularly high expression of TBX21, ITGAX (CD11c), and FCRL5 accompanied by
low expression levels of MS4A1 (CD20) (Figure 1D) in CLL cells, suggesting a phenotypical overlap with
ABCs.

We further compared TBX21 expression in genetically-defined, prognostic subgroups of CLL patients and
did not observe major differences in cases with or without deletion of chromosome 13q (del13q) or
somatic hypermutations of the IGHV gene locus, two commonly assessed prognostic features in CLL
(Figure 1E). In contrast, patients with trisomy 12, associated with an intermediate prognosis,** showed a
significantly higher expression of TBX21, whereas in patients with ATM mutation, a driver of more
aggressive disease,®® TBX21 expression was significantly lower compared to cases without these
aberrations.

To infer whether expression of TBX21 is epigenetically imprinted in CLL cells, we compared chromatin
accessibility by ATAC-seq, as well as H3K27-acetylation (H3K27ac) of the TBX21 gene locus in CLL versus
healthy control B cells.*® This demonstrated that CLL cells not only show a higher transcriptional activity
in TBX21 but also higher signs of epigenetic activation and chromatin accessibility in comparison to B

cells or B-cell subsets from healthy controls (Figure 1F, Suppl. Figure 1B-C).

Inflammatory signals drive TBX21 expression in CLL cells via NF-kB activity



To explore signals that induce TBX21 expression in CLL cells, we used data of CLL long-term cultures
including so-called nurse-like cells and T cells,®” as well as co-cultures of CLL cells with in vitro activated T

cells. >3

In both these cultures, TBX21 expression was induced in CLL cells (Figure 2A, Suppl. Figure 2A).
By in vitro stimulation of CLL cells, we identified IFNy, IFNB, and CpG oligos as TLR9 ligand as TBX21-
inducing signals, as well as combinations of these stimuli with BCR activation by algM (Figure 2B-C,
Suppl. Figure 2B-C). These data suggest that the inflammatory milieu in CLL is responsible for the
enhanced TBX21 expression in the malignant B cells.*>*!

A common feature of IFN-, TLR- and BCR-signaling is the subsequent activation of NF-kB. Therefore, we

42-44

hypothesized that TBX21 expression in CLL is induced via NF-kB. In line, gene expression of TBX21

45,46
b

was reduced in CLL patients during treatment with the BTK inhibitors ibrutini and acalabrutinib,*’

45,48

which among other signaling pathways are known to disrupt NF-kB activity (Figure 2D-E, Suppl. Figure
2D). Further, ibrutinib-mediated reduction of NF-kB signaling prevented an inflammation-associated
induction of T-bet in vitro (Figure 2F, Suppl. Figure 2E). In contrast, neither a 7-day treatment of CLL
patients with the SYK inhibitor entospletinib (Suppl. Figure 2F) affecting downstream AKT signaling,**>*
nor a 48-hour treatment of CLL cells in vitro with the Src inhibitor dasatinib altered the expression of
TBX21 (Suppl. Figure 2G).*

Next, we measured NF-kB p65 phosphorylation after stimulation with microenvironmental factors to
experimentally validate the dependency of TBX21 expression on NF-kB activity in CLL. As expected, CpG
stimulation and the combination of algM and IFNy showed increased total amounts of p65, but also
higher levels of phosphorylation (Suppl. Figure 2H-I). Inhibition of NF-kB signaling by IKK-16 reduced
basal T-bet expression and prevented the induction of T-bet in response to NF-kB-dependent
microenvironmental signals in CLL cells (Figure 2G). In line, kabie'/’ TCL1 leukemic cells, which are
derived from the Ep-TCL1 mouse model of CLL and harbor hyperactive NF-kB signaling,>® showed higher

expression of T-bet than WT control cells (Figure 2H), confirming the importance of NF-kB in the

induction of TBX21 expression.

T-bet activity can be assessed by its target gene expression signature

The regulatory activity of T-bet on transcriptional programs in T cells is well described,> however
transcriptional targets of T-bet in B cells are vastly unknown. Using a CRISPR/Cas9 approach, we
generated Tbx21" TCL1 cells (Suppl. Figure 3A),*° analyzed them by RNA-seq and mass spectrometry
(MS) in comparison to WT control cells, and identified differentially expressed genes (DEGs) and proteins
(Suppl. Table 4-5), respectively. We further stratified RNA-seq data of sorted CLL cells from patients

according to their highest and lowest quartile of TBX21 expression and analyzed DEGs in TBX21°" vs
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TBX21"" cells (Suppl. Table 6).>* We then identified the overlap of all DEGs and proteins in these data
sets with proteins obtained from MS data of CLL patients that correlated with T-bet levels (Suppl. Table
7).>® This integrated multi-omics analysis generated a list of 104 genes that displayed a positive (55
genes) or negative correlation (49 genes) with TBX21 expression (Suppl. Figure 3B-C, Suppl. Table 8).
Using this gene list, we explored whether T-bet activity was epigenetically imprinted in CLL by stratifying
CLL patients according to their H3K27ac levels at the TBX21 promoter, which correlated well with TBX21
gene expression (Suppl. Figure 3D). We observed a clear correlation of differential gene expression and
H3K27ac of T-bet-dependent genes in TBX21°" vs TBX21"" CLL cases, suggesting an epigenetic
imprinting of T-bet activity in CLL (Suppl. Figure 3E). In addition, we independently validated our
signature of T-bet-dependent genes in a published CLL dataset which confirmed that both the inducing
and the repressing T-bet activity was higher in TBX21"" CLL (Suppl. Figure 3F).”’

We next aimed to infer whether T-bet activity is specific to CLL cells or mirrored in B-cell subsets of
healthy donors by comparing their expression of T-bet dependent genes using published transcriptome
data.* Intriguingly, T-bet-dependent genes separated CLL samples from all other B-cell subsets, mature
CD5" B cells being most similar to CLL cells (Figure 3A). We further calculated T-bet activity scores for
induced and repressed genes, separately. Whereas no major differences in the inducing activity of T-bet
were observed (Figure 3B), repressive activity of T-bet was highest in CLL, followed by mature CD5" B
cells (Figure 3C). Correlation of T-bet activity scores and TBX21 gene expression revealed a strong
correlation of the repressive activity (Figure 3D), suggesting that T-bet acts as a silencing rather than
activating transcription factor (TF) in CLL. A single-cell omics study recently defined an atlas of B cells in
tonsils,>® including a cell subset annotated as FCRL4"/FCRL5" memory B cells that showed similarities to
ABCs.*?**%%% We hypothesized that this B-cell subset is controlled by 7TBX21 and investigated T-bet
activity scores across all B-cell subsets of the tonsil atlas. Of note, TBX21 expression was highest in
FCRL4/FCRL5" memory B cells (Figure 3E, Suppl. Figure 4A) which was accompanied by highest T-bet
activity according to the CLL-defined target gene signature (Figure 3F). To confirm the robustness of this
gene signature, we independently calculated T-bet activity in this data using the recently published
pySCENIC tool.®* This confirmed highest T-bet activity in FCRL4*/FCRL5" memory B cells (Suppl. Figure 4B)
and showed that the correlation of activity scores and TBX21 gene expression was similar in both
approaches (Suppl. Figure 4C-D). Of note, the CLL-defined T-bet activity was mainly driven by a gene
module containing NOTCH1, IRF9, and RUNX3 in FCRL4"/FCRL5" memory B cells (Suppl. Figure 4E). Even
though most T-bet-repressed genes in CLL showed also little expression in FCRL4"/FCRL5" memory B
cells, an exceptionally high expression of BHLHE41 was observed in this subset, highlighting distinct

regulatory activities of T-bet in malignant vs untransformed B cells.



In summary, we defined a T-bet-dependent gene expression signature in CLL cells, which allowed us to

robustly assess T-bet activity in CLL cells.

T-bet regulates transcription via suppression of long-range chromatin interactions

To dissect the mechanisms of transcription regulation by T-bet, we generated scATAC-seq data of
Tbx21"* vs Thx217 TCL1 cells with our TurboATAC protocol.?? This protocol provides a very high Tn5
integration efficacy and yielded a mean of approximately 58,000 fragments per cell for a high coverage
of regulatory elements. We analyzed the genomic location of accessible T-bet binding motifs associated
with the T-bet-dependent gene set (Suppl. Figure 3C, and 5A-D). We identified T-bet binding motifs in 23
% of all peaks from the pseudo-bulk scATAC-seq data, subsequently referred to as T-bet peaks. Using the
RWire software, we detected simultaneously accessible peaks in single cells between T-bet-dependent
genes and T-bet peaks.®*®* About 26 % of T-bet-dependent genes contained an ATAC peak with the T-bet
binding motif at their promoter (Figure 4A). These T-bet promoter peaks showed a higher number of co-

+/+

accessible links to distal peaks in Tbx21"" vs Tbhx21"* TCL1 cells (Figure 4B). In contrast, there was no
difference in the number of co-accessible links from T-bet-dependent gene promoters without T-bet
peak between Thx217 vs Thx21"* TCL1 cells. We conclude that promoter-bound T-bet represses

+/+

regulatory interactions with distal genomic loci in Tbx21”" TCL1 cells. In addition, we were able to link
approximately 60 % of T-bet-dependent genes without a T-bet promoter peak to distal T-bet peaks by
co-accessibility analysis of Thx217 and Thx21"* TCL1 cells (Figure 4A). The number of co-accessible links
between T-bet-dependent genes and distal T-bet peaks increased in Thx217 (n = 170) vs Thx21** TCL1
cells (n = 151; Figure 4C). Roughly 15 % of co-accessible links were detected in both Tbx217 and Thx21**

+/+

TCL1 cells, however, most were unique to either Tbx21"" or Thbx21*"* TCL1 cells. These findings point to a
rewiring of distal gene regulation at T-bet-dependent genes in Thx21” TCL1 cells. For 15 % of T-bet-
dependent genes, no regulatory link to accessible T-bet binding motifs was detected (Figure 4A), which
could reflect genes regulated indirectly by T-bet. An example of transcription regulation by T-bet that
involves long-range interactions is given for Nos1, which is negatively regulated by T-bet (Figure 4D-E,
bulk RNA-seq). Different T-bet-dependent regulatory mechanisms appear to be active when comparing 1
kb regions around the three transcriptional start sites (TSSs) of Nos1 indicated as TSS1, TSS2 and TSS3 in
Figure 4E: TSS1 is inaccessible in Tbx21" and Thx21"* TCL1 cells, and does not contain a T-bet binding
motif. TSS2 is moderately accessible in Tbx21" and Tbx21"* TCL1 cells, but does not contain a T-bet

+/+

binding motif. It shows increased accessibility in Tbx21™" TCL1 cells with additional and enhanced co-
accessible links from the promoter to surrounding T-bet peaks. Thus, the lack of a T-bet binding motif at

TSS2 is compensated by putative repressive interactions to distal regulatory T-bet peaks in Thx21*"* TCL1
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cells. TSS3 is highly accessible in both Tbx21"" and Thx21"* TCL1 cells and contains a T-bet motif. A co-
accessible link to a downstream peak was found only in Tbx21" TCL1 cells. We conclude that the loss of
repressive T-bet binding at TSS3 in Thx21” TCL1 cells facilitates the formation of a regulatory link to a
downstream peak.

In summary, T-bet controls the expression of most T-bet dependent genes via binding to cis-regulatory
elements and modulating long-range interactions that enhance transcription of target genes as inferred

from the co-accessibility analysis.

T-bet enhances interferon and represses cell cycle signatures in CLL

Next, we elucidated the function of TBX21 in CLL cells with a gene set enrichment analysis (GSEA) of
published transcriptome data of human CLL cells and our RNA-seq data of Thx21”" vs Thx21** TCL1 cells.
Differentially expressed gene sets (FDR < 0.05) were computed to identify TBX21-regulated pathways
that are conserved across species. In total, 327 gene sets were differentially enriched in human and

low/KO

mouse, with 298 gene sets downregulated and 11 upregulated in TBX21 cells (Figure 5A, Suppl.
Figure 6A). Of interest, TBX21"°"/° cells showed a lower abundance of interferon-associated pathways
and an enrichment of a cell cycle signature (Figure 5A, Suppl. Figure 6B). KEGG pathway analysis using T-
bet correlated genes and proteins derived from published data in CLL,>® revealed that T-bet™ CLL samples
were enriched in B-cell, NF-kB, TLR and Ty17 pathways. In line with the GSEA results, TBX21"°W/*0 samples
were enriched in cell cycle pathways (Figure 5B). To confirm the positive regulation of interferon
pathway activity by T-bet, we compared the expression of interferon-stimulated genes (ISGs) of Thx217

+/+

vs Thx21** TCL1 cells. At steady-state, we noted a higher expression of many ISGs in Thx21*""* compared

to Thx21” TCL1 cells in our RNA-seq data (Figure 5C). Stimulation of these cells with IFNB in vitro

+/+

resulted in a stronger induction of ISGs in Thx21"* compared to Thx21” cells (Figure 5D), confirming a
positive regulation of interferon signaling in CLL by T-bet.

We further characterized effects of T-bet on chromatin accessibility and T-bet controlled TFs using our
ScATAC-seq of Thx21"" vs Tbx21*"* TCL1 cells and ATAC-seq data of TBX21°" vs TBX21"9" CLL patients.
This showed that TBX21°/“° cells harbor a higher accessibility of multiple chromatin sites (+500 % in
TCL1 CLL and +200 % in human CLL cells; Figure 6A-B). Motif enrichment analyses inferred differential TF
activities in Thx217 vs Tbx21** TCL1 cells (Suppl. Figure 7A) and TBX21"" vs TBX21"" CLL cells from
IGHV-unmutated (U-CLL) and mutated (M-CLL) patients (Suppl. Figure 7B). This analysis confirmed the
mostly repressive transcriptional activity of T-bet in CLL. Overlap of differential binding motif enrichment

of TCL1, U-CLL and M-CLL cells (Suppl. Figure 7C-D) identified an enrichment of 3 and a depletion of 9
binding motifs in TBX21"" compared to TBX21" cells (Figure 6C, Suppl. Figure 7D). IRF, IRF and BATF co-
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regulation, and type-1 interferon-sensitive response element (T1ISRE) motifs were enriched in TBX21"9"

cells (Figure 6C), which is in line with our results above showing that T-bet induces interferon signaling.
In contrast, motifs of NF-kB p50, BORIS, CTCF, the B-cell TF E2A, and members of the POU TF family were
enriched in TBX21°" cells. These TFs were shown to prevent spontaneous apoptosis in CLL,** and
enhance proliferation of B cells,?® which is in line with the negative correlation of T-bet with cell cycle
observed by GSEA and KEGG analysis (Figure 5A and B).

In summary, our data show that T-bet maintains an inflammatory program, particularly type 1 interferon

signaling, and represses cell cycle signatures in CLL cells.

T-bet suppresses cell proliferation
To validate the observed association of T-bet with cell cycle activity, we performed scRNA-seq of Thx21"
vs Thx21"" TCL1 cells. First, we detected a higher fraction of Tbx21" cells in G2/M or S phase in

+/+

comparison to Thx21"" cells (Figure 7A, Suppl. Figure 8). Second, by analyzing KI-67 expression of TCL1
cells isolated from peritoneal cavity (PC), bone marrow (BM) and spleen (SPL) of leukemic mice, we
observed a higher frequency of KI-67" cells in Tbx21" compared to control mice (Suppl. Figure 9A). Third,
phospho-proteomic analysis of Thx217 vs Tbx21** TCL1 cells revealed an overrepresentation of AKT and
PKC networks, as well as an enrichment of the CMGC kinase group in Thx21” cells (Figure 7B, Suppl.
Figure 9B-C). The latter included important mediators of cell cycle progression, such as CDK1, CDK2, and
CDKS5, which showed higher activity in the absence of T-bet. In support of that, 13 of in total 104 T-bet-
dependent genes, all of which are repressed by T-bet, were associated with cell cycling (Suppl. Figure
3C), including Bub1 which is involved in G1/S phase entry and cell-cycle progression.®’

Next, we investigated published scRNA-seq data of CLL lymph nodes, in which CLL cells have been
annotated to be either quiescent, activated, or proliferating.?® Using our list of T-bet-dependent genes,
we observed the lowest repressive T-bet activity in proliferating CLL cells (Figure 7C, Suppl. Figure 9D)
which is in line with the proposed repressive activity of T-bet for cell cycle activity. Analysis of published
data from cells of patients with monoclonal B lymphocytosis (MBL), a precursor state of CLL with a yearly
progression rate of 1-2 % of cases,® revealed no differences in T-bet activity before and after
progression to CLL (Suppl. Figure 10A), suggesting no major differences in cell cycle activity at the stage
of disease progression.7°

Finally, to experimentally validate the regulation of cell cycling by T-bet, we generated a CLL-like MEC-1
cell line and two B-cell lymphoma cell lines, OCI-Ly7 and U-2940, with inducible T-bet expression.

Overexpression of T-bet upon doxycycline treatment (Suppl. Figure 10B-C) resulted in lower expansion
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and proliferation rates in comparison to either GFP-transduced or non-treated control cells (Figure 7D,
Suppl. Figure 10 D-E). Thus, T-bet plays a central role in suppressing proliferation of malignant B cells.
In summary, the omics data analyses of TCL1 and human CLL cells, followed by functional assays shows

that T-bet activity inhibits malignant B-cell proliferation.

T-bet expression is a marker of good prognosis for CLL

A subset of patients with CLL suffers from disease transformation into the more aggressive Richter’s
syndrome (RS), which often resembles diffuse large B-cell lymphoma (DLBCL) and is associated with a
poor outcome with short overall survival of less than a year. Recently, a novel mouse model mimicking
the transformation of CLL cells into RS cells was published.”* Using this model, we observed a higher
expression of Thx21 in CLL vs RS cells (Suppl. Figure 11A). In addition, analysis of scRNA-seq data of
paired CLL cells and transformed RS cells of 4 patients revealed the lowest repressive T-bet activity in a
distinct cluster of proliferating RS cells (Suppl. Figure 11B).”* Accordingly, comparing patient samples of
CLL and other B-cell non-Hodgkin lymphoma (B-NHL) entities revealed the highest repressive T-bet
activity in CLL and the lowest in DLBCL (Suppl. Figure 11C), which is in line with our observation that T-
bet activity limits proliferation of malignant B cells.

We then assessed the prognostic impact of T-bet in CLL and stratified patients according to their T-bet
expression levels acquired by RNA-seq or mass spectrometry in high and low expressing groups. CLL
patients with high gene expression and protein levels of T-bet showed better outcome, specifically
longer time to treatment and overall survival compared to cases with low expression levels (Figure 7E,
Suppl. Figure 12A-D).>>>” The longer treatment-free and overall survival of CLL patients with high T-bet
expression was independent of their IGHV mutational status or ZAP70 gene expression, which was
confirmed by multivariate analysis (Figure 7F-G, Suppl. Figure 13A-D).

Altogether, our data identify T-bet as a novel prognostic marker in CLL. Mechanistically, this can be
explained by T-bet driving inflammatory processes via IFN signaling and limiting proliferation of
malignant B cells. These novel findings have implications for stratification and therapy of patients with

CLL and likely other B-NHL.

Discussion

Our study provides evidence for a so far unexplored role of T-bet in CLL and provides insights into its

transcriptional regulation and activity, as well as its prognostic role. We show higher T-bet expression in
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CLL cells compared to B cells from healthy donors, and its induction by multiple factors within the tumor
microenvironment via NF-kB and likely other pathways. We observed that T-bet acts mostly as a
transcription repressor, and that its activity maintains IFN signaling and represses cycling of CLL cells.
Therefore, targeting T-bet or its associated pathways might serve as a novel treatment strategy in CLL.

As T-bet expression is a feature of most ABCs,”* we compared phenotypic and functional properties of
CLL cells and ABCs to assess whether CLL cells might originate from this B-cell subset. Similarly as in
ABCs, T-bet expression is induced in CLL cells by inflammatory signals, present in the micromilieu of CLL
through BCR, TLR and IFN stimulation.>**”* In addition, we detected the expression of several ABC
marker genes in CLL but not non-malignant B cells. CLL cells are suggested to derive from self-reactive B-
cell precursors, however do not secrete auto-antibodies, a typical feature of ABC.>”>’® Furthermore,
whereas T-bet expression in ABCs is regulated by STAT signaling, we identified NF-kB as a key mediator
of T-bet expression in CLL cells.?* Thus, the regulatory properties of T-bet induction in malignant vs non-
malignant B cells are likely distinct. To ultimately assess whether CLL cells originate from ABCs, further
cell-of-origin modeling comparing different subsets of CD11c* untransformed B cells and CLL cells will be
necessary.

Our in vitro and in vivo data show that BTK inhibitors reduce T-bet expression in CLL cells which is in line

with these drugs’ negative impact on NF-kB activity.***®

However, the overall clinical efficacy of BTK
inhibition is clearly independent of the altered expression or activity of T-bet.

Type | interferons in the tumor microenvironment are known to suppress tumor growth, but in CLL,
response to IFN differs in good vs bad prognostic subgroups. Whereas in low-risk patients, IFN signaling
is associated with growth arrest, in aggressive CLL, IFN promotes tumor growth.” This might be
explained by recent findings that suggest that aggressive forms of CLL are hypersensitive to autocrine IFN
signaling.”® In the light of our findings that T-bet induces IFN signaling and limits proliferation, this
implies that the chronic inflammatory micromilieu that is mediated by T-bet activity in CLL, is a
characteristic of indolent disease with a low proliferative rate, in contrast to a low T-bet activity in
aggressive lymphoma such as Richter’s syndrome. Of note, clinical IFNa treatment showed overall
limited efficacy, but best responses were noted in a subset of previously untreated, early stage CLL,”
which possibly could resemble CLL patients with high T-bet activity.

Our bulk ATAC-seq analysis of a large cohort of CLL patients combined with the scATAC-seq analysis of
the CLL mouse model revealed a remarkable reduction in chromatin accessibility and subsequent gene
expression by T-bet. This repressive activity of T-bet is in line with published data showing that T-bet
represses specific gene programs in B cells.”’” Our findings show that T-bet has multiple modes of action

to regulate target gene expression including direct promoter binding, but also control of regulatory long-
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range interactions of enhancers. Our finding that T-bet deficiency is associated with an enrichment of
binding sites for the POU TF family is in contrast with observations in human CD21"" ABC-like B cells that
express T-bet and are enriched for POU binding sites in open chromatin regions,® highlighting again a
difference between ABCs and CLL cells. Members of the POU TF family are required for progression of
the cell cycle.’*® In accordance, the enhanced activity of POU TFs in TBX21°“/“° CLL cells is associated
with higher expression of cell cycle-associated gene signatures and higher cell proliferation rates. This is
in line with and might explain the reduced overall survival of CLL patients with lower T-bet expression.
Moreover, Penter et al. noted a reduced activity of POU TF family members in patients with CLL in
comparison to the more aggressive Richter’s syndrome,®® which is consistent with our finding of a
reduced T-bet activity in RS and in more aggressive types of lymphoma like DLBCL.

In summary, we show that T-bet is induced in CLL cells by microenvironmental signals present in
lymphoid tissues via NF-kB signaling. It acts as tumor suppressor by maintaining IFN signaling and
repressing cell cycling. As a consequence, T-bet expression levels are positively correlated with longer
survival of CLL patients which has implications for clinical applications.

Towards this goal, specific immune stimulatory agents that lead to induction of T-bet in CLL cells need to
be evaluated in preclinical models. Of note, such compounds likely also have a positive impact on other
immune cells and thereby improve cancer-directed immune responses, which could result in an additive

multi-target therapeutic efficacy.
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Figure Legends

Figure 1: TBX21 expression is higher in CLL in comparison to healthy B cells

A) Gene expression of TBX21 in CLL cells (n = 41) and B cells of age-matched donors (n = 11). p values
were obtained by unpaired t-test. B) Flow cytometric analysis of T-bet levels in CLL cells (n = 20) and B
cells of age-matched donors (n = 5). p values were obtained by unpaired t-test. C) Gene expression of
TBX21 in normal B-cell subsets (n = 5-7) and CLL cells (n = 10). Bar limits indicate mean expression; error
bars indicate sem. p values were obtained by one-way ANOVA controlling the FDR using the Benjamini-
Hochberg (BH) method. D) Expression of ABC marker genes in CLL cells (n = 10) and normal B-cell subsets
(n = 5-7). High (green) and low (blue) expression in ABCs is depicted on the right. E) Analysis of the
association between TBX21 gene expression and the presence of specific driver genetic alterations. Point
estimates with 95 % confidence intervals were calculated for the whole CLL cohort and IGHV subtypes
using two-sided t-tests and controlling the FDR using the BH method. The point estimates represent the
difference between the mean TBX21 expression in individuals with CLL with and without each
corresponding alteration. The point estimates are color-coded based on false discovery rate (FDR). The
Oncoprint shows the association of genetic driver alterations with higher or lower expression of TBX21,
along with additional clinical information such as the IGHV status, time to first treatment and patient
status (treated/untreated). Samples are ordered from lower to higher TBX21 gene expression. MBL cases
are excluded from this analysis. Genetic driver alterations are depicted using distinct colors
corresponding to the alteration type. The number of samples with mutations as well as the percentage
of mutated samples over the whole cohort is shown on the right. The analyzed dataset consisted of gene
expression microarrays from 364 CLL samples.> F) Chromatin landscape of TBX21 showing the median
ATAC-seq, H3K27ac ChIP-seq and positive strand RNA-seq levels from 7 CLL patients and 15 samples
from 4 different normal B-cell subpopulations (naive, germinal center and memory B cells, and plasma

cells).

Figure 2: Inflammatory signals by activated T cells drive TBX21 expression in CLL cells via NF-xB

A) Log2-transformed TBX21 gene expression of CLL cells (n = 5) cultured alone, after co-culture with
CD40L-expressing fibroblasts, or in vitro activated autologous T cells. p values were obtained by RM-one
way ANOVA and controlling the FDR using the Benjamini-Hochberg (BH) method. B-C) Flow cytometric
analysis of T-bet levels in CLL cells. B) CLL PBMCs (n = 7) or C) purified CLL cells (n = 11) were stimulated
with various cytokines and combinations thereof. Induction of T-bet expression was compared to
medium control. p values were obtained by one-sample t-tests and Wilcoxon signed-rank tests and

controlling the FDR using the BH method. D) Flow cytometric analysis of T-bet levels in CLL cells of
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patients prior to ibrutinib treatment, and after 3 and 6 months of ibrutinib (n = 8). p values were
obtained by RM-one way ANOVA and controlling the FDR using the BH method. E) TBX21 gene
expression of CLL cells of patients prior to acalabrutinib treatment, and after 1 and 6 months of
acalabrutinib (n = 20). p values were obtained by RM-one way ANOVA and controlling the FDR using the
BH method. F-G) Flow cytometric analysis of T-bet levels in CLL cells after stimulation of CLL PBMCs with
various cytokines and combinations thereof. F) Cells (n = 7) were stimulated in the presence of vehicle
control or ibrutinib. Quantification displays log2FC in comparison to vehicle control. p values were
obtained by RM-one way ANOVA and controlling the FDR using the BH method. G) Purified CLL cells (n =
8) were stimulated in the presence of vehicle control or the NF-kB-inhibitor IKK-16. Quantification
displays log2FC in comparison to vehicle control. p values were obtained by Friedman’s test and
controlling the FDR using the BH method. H) T-bet levels of two individual TCL1 CLL clones harboring a
hyperactive NF-kB signaling (kabie'/') in comparison to WT controls as analyzed by flow cytometry (n = 3

technical replicates).

Figure 3: T-bet has lineage separating properties in CLL

A) Expression of T-bet-dependent genes in normal B-cell subsets (n = 5-7) and CLL cells (n = 10). B-C)
Activity scores of T-bet were calculated based on B) induced and C) repressed genes individually for
normal B-cell subsets and CLL cells. p values were obtained by One-way ANOVA and controlling the FDR
using the Benjamini-Hochberg (BH) method. D) Correlation of TBX21 gene expression and T-bet activity.
p values were obtained by Pearson correlation testing. E-F) Analysis of B-cell subsets of the human tonsil
atlas with a representation of T-bet expression in different clusters. F) T-bet activity scores in human
tonsillar B cells calculated based on induced genes by T-bet in CLL. P values were obtained by Mann-

Whitney testing.

Figure 4: T-bet regulates gene transcription mainly via distal chromatin co-accessibility in CLL cells

A) T-bet-mediated regulation of T-bet-dependent genes. Promoter with an ATAC peak containing a T-bet
binding motif, blue; co-accessible link of promoter to distal T-bet peak within 1 Mb, orange; no link to T-
bet motif peak, grey. B) Number of co-accessible links from T-bet-dependent gene promoters without
(left) or with (right) ATAC peak with T-bet binding motif within a 1 Mb window in Tbx21”" and Tbx217*
TCL1 cells. Whiskers represent standard error of biological replicates (n = 2). C) Overlap of co-accessible
links from T-bet-dependent genes with distal T-bet peaks within 100 kb in Thx21”" and Thx21** TCL1
cells. Co-accessible links from biological replicates were merged. D) Gene expression of Nos1 in Thx21”"
(n = 6) and Thx21"* TCL1 cells (n = 5) from bulk RNA-seq data. E) Co-accessibility in Thx21”" and Thx21"*

TCL1 cells at the T-bet-dependent gene Nosl region. Browser tracks and co-accessible links from

22



biological replicates were merged. Top: browser tracks of pseudo-bulk chromatin accessibility from
single cells. Middle: 2 kb regions around peaks from pseudo-bulk chromatin accessibility with no
accessibility change (grey), significantly higher accessibility in Tbx21** TCL1 cells (black) and significantly
higher accessibility in Thx21”" TCL1 cells (blue); T-bet binding motif positions and gene annotation in
black. Bottom: co-accessible links between peaks at Nosl promoters and distal peaks in Tbx21”" and

Tbx21"* TCL1 cells. Promoters of Nos1 (1 kb around TSSs) are marked in red.

Figure 5: T-bet is required for interferon signaling in CLL cells

A) GSEA of RNA-seq of Thx21”" (n = 6) vs Tbx21”* (n = 6) TCL1 cells and TBX21"" vs TBX21"" CLL cells was
performed, and commonly regulated gene sets are depicted. NES, normalized enrichment score. B) KEGG
pathway analysis of RNA-seq and mass spectrometry data of T-bet'™” vs T-bet™ CLL cells. NES, normalized
enrichment score. C) Basal expression of interferon-stimulated genes (ISGs) in Tbx21” compared to
Tbx21** TCL1 cells as analyzed by RNA-seq. D) Purified Thx21”" or Tbx21** TCL1 cells were stimulated in
vitro with IFNB. Log2FC of ISG expression in comparison to medium control as analyzed by RT-gPCR. p

values were obtained by multiple t-tests and controlling the FDR using the Benjamini-Hochberg method.

Figure 6: T-bet acts as a silencing transcription factor in CLL cells

A)-B) Differential chromatin accessibility in A) Thbx21”" vs Tbhx21** TCL1 cells as analyzed by scATAC-seq,
and B) TBX21°" vs TBX21"" CLL cells as analyzed by ATAC-seq (FDR 0.05). Numbers of up- and
downregulated peaks are indicated. C) Motif enrichment analysis of ATAC-seq data was performed

individually for U-CLL, M-CLL and TCL1 cells. Commonly enriched motifs are displayed.

Figure 7: T-bet represses cell cycling in CLL cells and predicts good outcome

A) scRNA-seq of Thx217" and Thx21"* TCL1 cells was performed, and single cells were annotated
according to their cell cycle phase. B) Phospho-specific mass spectrometry analysis of Thx21”" and
Tbx21** TCL1 cells was performed, and kinase networks enriched in Tbx21”" TCL1 cells are displayed. C)
T-bet activity score based on repressed genes was calculated from scRNA-seq data of CLL lymph node
samples annotated according to their proliferation status. D) MEC-1 cell lines with inducible
overexpression of T-bet or GFP as control were generated. Using doxycycline, overexpression was
induced and expansion of GFP* control cells and T-bet-overexpressing MEC-1 cells was analyzed by
CellTiter Glow proliferation assay (n = 4 biological replicates @ 3 technical replicates). p values were
obtained by unpaired t-test of the means of biological replicates. E-G) RNA-sequencing of CLL patient
samples was performed at diagnosis. CLL patients were stratified according to TBX21 mRNA abundance
using the maxstat rank statistics-based cutoff. E) overall survival of TBX21"9" vs TBX21"°" CLL patients was

analyzed. F) CLL patients were stratified according to TBX21 mRNA abundance using the maxstat rank
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statistics-based cutoff and their IGHV mutational status (M = mutated vs UM = unmutated). Overall
survival of M-TBX21"" vs M-TBX21"" vs UM-TBX21"" vs UM-TBX21"¥ CLL patients was analyzed. G) CLL
patients were stratified according to TBX21 mRNA abundance using the maxstat rank statistics-based
cutoff and their ZAP70 gene expression level (ZAP70"" vs ZAP70°"). Overall survival of ZAP70""-
TBX21"" vs ZAP70""-TBX21"" vs ZAP70"°"-TBX21""" vs ZAP70"*-TBX21"" CLL patients was analyzed. p

values were obtained by log-rank testing.
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Figure 2
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Figure 4
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Figure 7
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