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Bruton tyrosine kinase covalent inhibition shapes the
immune microenvironment in chronic lymphocytic
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Abstract

Continuous treatment with ibrutinib not only exerts tumor control but also enhances T-cell function in patients with chron-
ic lymphocytic leukemia (CLL). We conducted longitudinal multi-omics analyses in samples from CLL patients receiving
ibrutinib upfront to identify potential adaptive mechanisms to Bruton tyrosine kinase (BTK) inhibition during the first 12
months of continuous therapy. We found that ibrutinib induced a decrease in the expression of exhaustion markers and the
proportion of regulatory T cells and T-follicular helper cells normalized to levels observed in healthy donors. Functionally,
the expression of genes related to activation, proliferation, differentiation, and metabolism were downregulated in T cells;
after in vitro stimulation, proliferation capacity was only slightly modified by ibrutinib treatment, while cytokine production
was increased. In CLL cells, we observed a downregulation of immunosuppression, adhesion, and migration proteins. Ad-
aptation at molecular level, characterized by an increase in cancer cell fraction of CLL cells with mutated driver genes, was
observed in around half of the patients and was associated with retained migrative capacity towards CXCL12/CXCR4 axis.
Interestingly, BTK C481S mutations were detected as early as after 6 months of treatment, particularly enriched in subsets
of malignant cells retaining migrative capacity. These CLL cells with potential migrative capacity under ibrutinib also exhib-
ited a distinct transcriptomic profile including upregulation of mMTOR-AKT and MYC pathways. We identified the high expres-
sion of TMBIME6 as a potential novel independent poor prognostic factor. Of note, BIA, a TMBIM6 antagonist, induced CLL
cell apoptosis and synergized with ibrutinib. In summary, our comprehensive multi-omics analysis of CLL patients under-
going ibrutinib therapy has unveiled early immunomodulatory effects on T cells and adaptative mechanisms in CLL cells.
These findings can contribute to the identification of resistance mechanisms and the discovery of novel therapeutic targets.
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Introduction

Bruton tyrosine kinase (BTK) inhibition with ibrutinib is cur-
rently used in both treatment-naive and relapsed/refractory
CLL patients.? BTK inhibition in B cells mainly blocks B-cell
receptor (BCR) signaling, which translates into diminished
cell survival and proliferation. This inhibition also reduces
homing capacity, leading to the release of CLL cells from
secondary lymphoid organs and bone marrow (BM) into
peripheral blood (PB), which deprives malignant cells of
the supportive niche.?®

CLL is characterized by a marked T-cell dysfunction, in-
cluding a pseudo-exhausted phenotype, defective immune
synapse formation, and accumulation of effector memory
T cells and regulatory T cells (Tregs)"® that aggravates from
diagnosis to clinical progression.® Several reports indicate
that ibrutinib improves T-cell function by reducing the
pseudo-exhaustion, the number of Tregs, and by polarizing
T-helper (Th) cells towards Th1/°"2 The immunomodulatory
effects of ibrutinib are often attributed to its off-target in-
hibition of ITK, primarily observed in vitro®*"* Similar effects
have been reported in patients, though some inconsisten-
cies exist across reports2

Patients receiving continuous treatment with ibrutinib
rarely achieve undetectable minimal residual disease (UM-
RD) and have cumulative risk of discontinuation due to
adverse events or progression, which is often caused by
selection of subclones carrying BTK mutations that impede
covalent union of the drug to its target!® The elucidation
of the adaptation mechanisms to BTK inhibition may help
to overcome future resistances and to identify potential
novel targets that can help improving the quality and depth
of the clinical response.

The Spanish Group of CLL (GELLC) recently conducted
the GELLC-7 trial, a multi-center phase Il study aiming
to determine whether consolidation with monoclonal an-
tibody anti-CD20 ofatumumab improves the response in
treatment-naive CLL patients receiving ibrutinib. Thus,
previously untreated patients received 12 cycles of ibrutinib
monotherapy at 420 mg. Patients not attaining a complete
remission (CR) after this induction continued with ibruti-
nib and received an additional consolidation with seven
doses of ofatumumab, whereas those achieving a CR also
continued ibrutinib until progression or exceeding toxicity.”
Using PB samples from patients included in the trial, we
longitudinally evaluated the changes within the immune
compartment, as well as the phenotypic and molecu-
lar evolution of malignant CLL cells over the course of a
12-month period of ibrutinib treatment. This enabled us
to assess the impact of ibrutinib on T-cell functionality
and to identify adaptive mechanisms employed by CLL
cells in response to BTK covalent inhibition. This unveiled
novel potential targets that could inform the prospective
design of new therapeutic consolidation strategies aiming
to achieve deeper responses.
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Methods

Patient samples

A total of 26 patients from the GELLC-7 clinical trial (clinical-
trials gov. Identifier: NCT03280160) with two or more samples
of the longitudinal study were included. The median age of
the study cohort was 65 years (range, 48-82 years). Of the
patients, 21 of 26 (81%) were male, and 19 of 26 (73%) had
unmutated /IGHV (Online Supplementary Table S7). Addition-
al peripheral blood mononuclear cells (PBMC) from seven
treatment-naive CLL patients were used for in vitro cell
cultures. PBMC from ten age-matched healthy donors (HD)
with a median age of 65 years (range, 64-69 years) were also
analyzed as a reference control group. A written informed
consent was obtained from all individuals in accordance with
the declaration of Helsinki and the study was approved by
the local clinical research ethics committee.

Flow cytometry

Cells were stained at 10x10° cells/mL in a final volume of
100 ul of phosphate-buffered saline + bovine serum albumin
(BSA) 0.5% + 01% sodium azide at room temperature for 15
minutes. Fluorochrome-conjugated antibody information
is listed in Online Supplementary Table S2 (see Extended
methods in the Online Supplementary Appendix).

T-cell proliferation and cytokine production assays

PBMC from CLL patients were labeled with carboxylflu-
orescein succinimidyl ester (Thermo Fisher Scientific) (5
uM). Cells were stimulated with Dynabeads Human T-Ac-
tivator CD3/CD28 (Gibco) in a ratio of 1:10 T cells for 3 days
at 5x10°¢ cells/mL in 200 uL of complete IMDM GlutaMAX
media (Gibco). Levels of soluble proteins related to immune
response were measured with the LEGENDplex Human
CD8/NK Panel (13-plex) (Biolegend). Proliferation and cyto-
kine production levels of PBMC from six age-matched HD
cultured at 1x10° cells/mL were also measured as a refer-
ence control group (see Extended methods in the Online
Supplementary Appendix).

For intracellular staining, 2 million PBMC from CLL patients
and age-matched HD were stimulated with PMA (50 ng/mL)
and ionomycin (1 ug/mL) (Biolegend) with Golgi inhibition
with 5 ug/mL of brefeldin A (Biolegend) for 4 hours (h) at
37°C 5% CO2 in 1 mL of complete IMDM GlutaMAX media
(Gibco). Extracellular staining included CD107a-APC and
major T-cell subpopulations. Intracellular staining included
granzyme B-FITC (Biolegend) (1:50) and IFNy-PC7 (Thermo
Fisher Scientific) (1:50) (see Extended methods in the Online
Supplementary Appendix).

Chemokine determination

Chemokine determination in plasma was performed by
using a custom ProcartaPlex Immunoassay kit of Luminex
(Thermo Fisher Scientific). Duplicates and triplicates for
each sample were included (see Extended methods in the
Online Supplementary Appendix).
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Migration assay

B cells were isolated by using EasySep Human B Cell En-
richment w/o CD43 Depletion kit (Stem cell) and 2x10° cells
in 100 uL were added on the 24-well polystyrene inserts of
5.0 um pore size (Corning). Cells were allowed to migrate
towards CXCL12 (200 ng/mL) (Peprotech) in RPMI media +
BSA 0.5% (Sigma-Aldrich) for 4 h in triplicates at 37°C (see
Extended methods in the Online Supplementary Appendix).

Targeted DNA sequencing

DNA was sequenced with a custom next-generation se-
quencing (NGS) panel targeting codifying regions of 190
genes commonly mutated in hematological malignancies
(Online Supplementary Table S3). Libraries were sequenced
on a NovaSeq 6000 (Illumina) instrument, with a 2x150 bp
paired-end standard protocol at a mean depth of coverage
of 2,000x, to detect variants with a variant allele frequency
(VAF) down to 1% (see Extended methods in the Online
Supplementary Appendix).

RNA sequencing

Total RNA was isolated from purified T cells or migrating
isolated B cells. For each sample, one paired-end library
was prepared using the SMARTseq2 protocol18. Samples
were run on NovaSeq 6000 (Illumina) with a read length of
2x50 bp paired-end (see Extended methods in the Online
Supplementary Appendix).

Chronic lymphocytic leukemia cell cultures

For suspension cultures, PBMC were thawed and plated
in 48-well plates at a concentration of 2x10° cells/mL in
a total volume of 0.5 mL of AIM-V media supplemented
with 2% human plasma and 50 uM pB-mercaptoethanol.
After 30 minutes of resting at 37°C, cells were treated with
increasing concentration of BIA (Axon MedChem) for 48 h.
Co-cultures of PBMC with BM stromal cells (BMSC) were
performed as previously described.® Cells were treated
with increasing concentration of BIA (Axon MedChem) and
ibrutinib (MedChemExpress) for 24 h. Synergy scores were
calculated by using Synergyfinder20 (see Extended methods
in the Online Supplementary Appendix).

Statistical analysis
See Extended methods in the Online Supplementary Ap-
pendix.

Results

Upfront ibrutinib treatment alters the absolute numbers
of immune cells in chronic lymphocytic leukemia
patients

PBMC and plasma were longitudinally collected from
whole blood obtained from 26 CLL patients included in
the GELLC-7 trial. The samples were obtained at a mini-
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mum of two time points: before treatment (BT), and at 1
month, 3 months, 6 months, and 12 months following the
initiation of ibrutinib treatment. To perform a longitudinal
assessment of the concurrent evolution of immune and
malignant cells throughout the treatment, multi-omics
analyses were performed. These analyses encompassed
flow cytometry, RNA sequencing (RNAseq), cytokine and
chemokine determinations, proliferation assays, migration
assays, and targeted DNA sequencing (targeted-DNAseq)
(Figure 1).

Flow cytometric analysis showed the expected progressive
decrease in CLL cell percentage during ibrutinib treatment,
accompanied by an enrichment in T cells, natural killer
(NK) cells and monocytes, as well as a peak in absolute
lymphocyte count after 1 month, followed by normaliza-
tion of blood counts (Online Supplementary Figure STA-E).
Furthermore, CD4* T cells were significantly enriched after
3 months of ibrutinib, leading to an inversion of the CD4/
CD8 ratio (Online Supplementary Figure S1F-H). The com-
position of NK cells, including immature (CD56°"CD16°) and
highly cytotoxic NK cells (CD569mCD16*), remained unal-
tered (Online Supplementary Figure S2A). Additionally, no
changes were found in monocyte subpopulations, including
classical (CD14**CD16"), intermediate (CD14**CD16*), and
non-classical (CD14*CD16**) (Online Supplementary Figure
S2B). These results indicate that ibrutinib initially releases
CLL cells and other immune cells from lymph nodes (LN)
or BM into the PB, with subsequent normalization of ab-
solute numbers as the tumor regresses.

Ibrutinib reverts phenotypic features associated with
T-cell dysfunction in chronic lymphocytic leukemia

T cells in CLL patients exhibit a dysfunctional phenotype
resembling pseudo-exhaustion, characterized by con-
served cytokine production and an inability to form ef-
fective immune synapses. These cells also show elevated
expression of exhaustion markers, including PD-1, CD244
and CD160.° In our cohort, baseline analysis showed that
the most abundant T-cell subsets were effector memory
and effector memory-RA in CD8", and central memory and
effector memory in CD4* T cells (Online Supplementary
Figure S3A-D). The analysis of the distribution of T-cell
differentiation subsets during ibrutinib treatment showed
no variations after 12 months compared to BT. However,
there was a significant decrease in the percentage of CD8*
and CD4* T cells expressing PD-1 overtime, although levels
remained higher than the ones observed in aged-matched
HD, indicated by the dashed red line (Figure 2A; Online
Supplementary Figure S4A). CD244 expression was higher
than that observed in HD only for CD8* T cells and an initial
reduction was observed in the first months in both CD8*
and CD4* T cells that was not further maintained (Figure
2B; Online Supplementary Figure S4B). T cells also exhibited
a reduction of the expression of other exhaustion-related
proteins, CD39 and TIGIT, that reached values similar to
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those observed in HD (Figure 2C, D; Online Supplemen-
tary Figure S4C, D.). CD160 expression was only found in
CD8* T cells and decreased upon 12 months of ibrutinib,
although expression levels were still over those observed
in HD-derived CD8* T cells (Figure 2E; Online Supplemen-
tary Figure S4E). In our cohort, T cells were predominantly
negative for TIM3 and LAG-3, similar to what was observed
in HD (data not shown). Most of the exhaustion markers
were co-expressed with PD-1, and this double-expressing
populations also diminished after 12 months of ibrutinib
monotherapy. Interestingly, although PD-1 expression re-
mained higher in CLL, co-expression of PD-1with CD39 and
TIGIT decreased over time to values similar to HD (Online
Supplementary Figure S5A-G). Overall, ibrutinib treatment
lowers the expression of markers associated with pseu-
do-exhaustion in CLL.

Regarding CD4* Th cells, previous reports have indicated
increased Tfh, Th1, Th2, and Th17 levels in PB of CLL pa-
tients compared to HD.?-?* Additionally, Treg frequency is
also higher in CLL.2% In our series, we observed a reduction
in the percentage of Tfh cells after 12 months of ibrutinib
treatment (Figure 2F; Online Supplementary Figure S6A).
The immunosuppressive Tregs were reduced already after
1 month of treatment and progressively decreased up to
12 months reaching levels similar to those observed in

Treatment-naive
CLL patients
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HD (Online Supplementary Figures 2F and S6B). The fre-
quency of Th1 cells was lower after 12 months of ibrutinib
treatment, while Th2 and Th17 subpopulations remained
mainly unchanged (Online Supplementary Figure S6C, D).
Thus, ibrutinib influenced CD4* Th cells by reducing Tfh,
Tregs and Th1 subpopulations that are enriched and play
a tumor-supportive role in CLL.?52¢

Proliferation capacity of T cells from chronic
lymphocytic leukemia patients after ex vivo stimulation
is normalized by ibrutinib treatment, while cytokine
release capacity increases

Next, we characterized genome-wide transcriptional chang-
es in T cells upon ibrutinib treatment. To address this, we
isolated CD3* cells from 11 paired samples at BT and after 6
months of treatment (median purity ~94%, assessed by flow
cytometry; Online Supplementary Figure S7) and performed
bulk RNAseq analysis. Over 200 genes were identified as
differentially expressed (DEG), 54 of them upregulated and
151 downregulated. Unsupervised hierarchical clustering
based on the DEG categorized the paired samples into
two different clusters, corresponding with the ibrutinib
treatment groups (Figure 3A; Online Supplementary Table
S5). Overrepresentation pathway analysis (ORA) with down-
regulated genes revealed 110 significantly enriched Gene

N=26
Ibrutinib
I I
BT 1m 3m 6m 12m
N=21 N=15 N=22 N=24 N=14
Flow /y{;:\») /QJ & /@ /;i:j\ & Q?\/ 3
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PBMC PBMC PBMC PBMC PBMC
N=11 N=11
RNAseq (& )
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y 4 Y 4
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Figure 1. Schematic representation of the multi-omics analyses of GELLC-7 clinical trial samples. BT: before treatment; PBMC:
peripheral blood mononuclear cells; 1-12m: 1-12 months after treatment; DNAseq: DNA sequencing; RNAseq: RNA sequencing.

CLL: chronic lymphocytic leukemia.
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Ontology biological processes (Online Supplementary Table
S6). REVIGO clustering of these processes disclosed a pre-
dominant relation to immune response and regulation of
cell activation?” (Online Supplementary Figure S8A). Further
ORA of downregulated genes against KEGG and Reactome
databases revealed an enrichment of terms related to
T-cell activation, such as Th differentiation, PD-1 signaling
or phosphorylation of CD3 and TCR € chains (Figure 3B;
Online Supplementary Table S6). Gene set enrichment anal-
ysis (GSEA) demonstrated negative regulation of activation
(interferon y response and allograft rejection), metabolism
(e.g., glycolysis or reactive oxygen species pathway) and
proliferation processes (E2F targets and G2M checkpoint)
(Figure 3C; Online Supplementary Table S7). Collectively,
these data show that ibrutinib not only reduces the ex-
pression of exhaustion markers and immunosuppressive
cell subpopulations, but also downregulates pathways
associated with T-cell activation, proliferation, differenti-
ation, and metabolism which may indicate a restoration of
a quiescent state more comparable to healthy conditions.
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Deconvolution of T-cell subpopulations using RNAseq data
was performed using the CIBERSORTx algorithm.?® Data
showed a significant increase in memory activated CD4* T
cells and a marked decreased in Tfh cells upon ibrutinib
treatment as observed in flow cytometry analyses (Online
Supplementary Figure S8B; Online Supplementary Table S4).
T cells from CLL patients show increased expression of
exhaustion markers, defects in proliferation but maintain
cytokine secretion capacity, therefore they are considered
to be in a pseudo-exhausted state.® To evaluate the ef-
fect of ibrutinib on T-cell function in our cohort, we ini-
tially assessed the proliferation capacity upon unspecific
T-cell receptor (TCR) stimulation using beads coated with
anti-CD3/CD28. After 3 days of culture, a significant but
modest decrease of proliferating CD4* T cells was observed,
while CD8* T cells retained proliferation capacity upon 12
months of ibrutinib, both showing a tendency to approach
levels similar to those observed in HD (Figure 3D). Next,
to assess the cytotoxic potential of T cells after ibrutinib
treatment, we analyzed the expression of CD107a, gran-
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Figure 2. Inmunophenotypic effect of ibrutinib on T cells. (A-D) Longitudinal analysis of the PD-1, CD244, CD39 and TIGIT expres-
sions during ibrutinib treatment in CD8* and CD4* T cells. (E) Longitudinal analysis of the CD160 expression during ibrutinib treat-
ment in CD8* T cells. (F) Longitudinal analysis of the percentage of T-follicular helper (Tfh) cells defined as CXCR5*CD4* T cells
and regulatory T cells (Tregs) defined as CD25*CD127'- CD4* T cells. Flow cytometry analyses included before treatment (BT)
N=21, 1 month after treatment (Im) N=15, 3m N=22, 6m N=24 and 12m N=14 samples. Wilcoxon matched paired signed rank test
was performed to compare statistical differences between BT and the subsequent time points. Grey lines represent the dynam-
ics of individual patients, while the blue line represents the mean values across all patients. Red dashed line represents the mean
value of age-matched healthy donors (HD) (N=10). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.
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Figure 3. Transcriptomic and functional effect of ibrutinib on T cells. (A) Clustered heatmap of the differential expressed genes
(DEQG) (false discovery rate [FDR]<0.05) in T cells after 6 months of ibrutinib treatment compared to before treatment (BT). (B)
Dot plot of a summary of the significantly enriched terms of Kyoto Encyclopedia of Genes and Genomes (KEGG) and Reactome
gene set databases from the overrepresentation analysis with the downregulated DEG. Intersection size represents the num-
ber of DEG present in a specific gene set and recall represents the intersection size divided by the number of genes of the
specific gene set. (C) Summary of the significantly enriched processes (FDR<0.05) from the gene set enrichment analysis (GSEA)
against Hallmarks from MSigDB. (D) Effect of ibrutinib in the percentage of proliferating CD8* and CD4* T cells (CFSE"Y") after
3 days of unspecific T-cell receptor (TCR) stimulation with Dynabeads Human T-Activator CD3/CD28. (E) Effect of ibrutinib on
the expression of CD107a and granzyme B (GzmB) in CD8* T cells and interferon y (IFNy) in CD8* and CD4* T cells upon 4 hours
of PMA/lonomycin stimuli. Wilcoxon matched paired signed rank test was performed to compare statistical differences between
BT and the subsequent time points. Grey lines represent the dynamics of individual patients, while the blue line represents
the mean values across all patients. Red dashed line represents the mean value of age-matched healthy donors (HD) (N=6).
*P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. 6m: 6 months after treatment; IGHV: immunoglobulin heavy chain variable region;
NES: normalized enrichment score; Act.: activation; Prol.: proliferation; CFSE: carboxylfluorescein succinimidyl ester; 12m: 12
months after treatment.
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zyme B and IFNy by flow cytometry upon PMA/lonomycin
stimulation. We observed that the percentages of CD107a*
and granzyme B* CD8* T cells, as well as IFNy* CD8* and
CD4* T cells, were not altered by ibrutinib and they were
superior than the HD values for the cytotoxic proteins (Fig-
ure 3E). Lastly, in order to assess whether treatment with
ibrutinib can induce changes in the capacity of T cells to
secrete soluble proteins, we stimulated the T cells with
beads coated with anti-CD3/CD28 for 3 days and analyzed
the cell supernatants from patients BT and after 6 and
12 months of treatment with ibrutinib. We subsequently
assessed the concentration of several soluble proteins
related to immune response (IL-2, IL-4, IL-6, IL-10, IL17A,
IFNy, TNFa, Fas, FasL, granzyme A, granzyme B, perforin,
and granulysin). Our results indicate that after 12 months
of ibrutinib treatment, T cells from CLL patients secrete
higher levels of IL-2, IL-4, IL-6, IL-10, IL-17A, IFNy, TNFa,
Fas and granzyme B compared to BT whereas the secre-
tion of FasL, granzyme A, perforin and granulysin did not
significantly changed, although all showed a tendency to
increase (Online Supplementary Figure S9). The production
of IL-2, IL-4, IFNy, TNFa, Fas and perforin was comparable,
or superior compared to HD T cells, whereas the levels of
IL-6, IL-10, IL-17A, FasL, and granzymes, even the observed
increased induced by ibrutinib, did not reach HD levels.
These results suggest a potentially improved cytotoxic
capacity of T cells from patients with CLL after treatment
with ibrutinib.

Ibrutinib reduces the concentration of plasma

chemokines related to inflammation and migration.
An increase of different inflammatory and regulatory cy-
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tokines and chemokines in plasma has been previously
reported in CLL patients compared to healthy donors.?®
Due to the crucial role that cytokines and chemokines
play in the interactions of CLL cells with the microenvi-
ronment, we aimed to measure the plasma concentra-
tion of chemokines related to inflammation (CCL2, CCL3,
CCL4, CXCL10) and migration/homing to the tumor niche
(CXCL13, CCL19, CXCL12) in paired samples obtained at
BT and after 6 months of ibrutinib from 18 CLL patients.
We observed a decrease of the levels of all the assessed
chemokines (Figure 4), indicating that ibrutinib reduced
the inflammatory state and homing signals during BTK
inhibition treatment.

Chronic lymphocytic leukemia cells show reduced
expression of immunosuppression, adhesion, and
migration-related proteins and upregulation of CXCR4
expression upon ibrutinib treatment

Next, we characterized longitudinal changes in the sur-
face expression of proteins related to immunosuppres-
sion (CD200, BTLA, PD-L1, PD-1), adhesion (CD44, CDG2L,
CD49d), and migration (CXCR5, CCR7, CXCR4) on CLL cells
during 12 months of ibrutinib treatment (Figures 5A-C; On-
line Supplementary Figure ST10A-C.). We observed a marked
reduction of the levels of expression of CD200 and BTLA
(Figure 5A; Online Supplementary Figure S10A), while the
percentage of PD-L1* CLL cells only significantly decreased
when we analyzed samples with more than 10% positive
cells at baseline (Figure 5A; Online Supplementary Figure
S70A). Remarkably, PD-1 expression, a marker of B regula-
tory function also expressed by CLL cells,*® was strongly
reduced after 1 month and maintained after 12 months
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Figure 4. Changes in the concentration of chemokines related to inflammation (CCL2, CCL3, CCL4 and CXCL10) and migration in
plasma (CXCL13, CCL19 and CXCL12) (N=19). Wilcoxon matched paired signed rank test was performed to compare statistical
differences between before treatment (BT) and 6 months after treatment (6m). Graphs show individual values and mean. *P<0.05;

**P<0.01; ***P<0.001; ****P<0.0001.
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(Figure 5A; Online Supplementary Figure S10A). Regarding
adhesion molecules, we observed a decreased expression
of CD44 and CD62L, while the percentage of CD49d* CLL
cells remained stable (Figure 5B; Online Supplementary
Figure S10B). Overall, ibrutinib treatment induced a CLL

D.

Medina-Gil et al.

phenotype compatible with reduced capacity to immu-
nomodulate T cells and reside in secondary lymphoid or-
gans. Regarding markers related to chemotaxis, there was
a decrease of the expression of CXCR5 and CCR7 (Figure
5C; Online Supplementary Figure S10C). Conversely, CXCR4
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Figure 5. lbrutinib altered immunosuppression, adhesion, and migration proteins in chronic lymphocytic leukemia cells. (A) Lon-
gitudinal analysis of the CD200, BTLA, PD-L1 and PD-1 expressions on CLL cells during ibrutinib treatment. The percentage of
PD-L1 expressing chronic lymphocytic leukemia (CLL) cells is only represented for the patients with >10% of expression at before
treatment (BT). (B) Longitudinal analysis of the CD44, CD62L and CD49d expressions on CLL cells during ibrutinib treatment. (C)
Longitudinal analysis of the CXCR5, CCR7 and CXCR4 expressions on CLL cells during ibrutinib treatment. (D) Representative dot
plots of the proliferative population of CLL cells CXCR44mCD5"", (E) Dynamics of the percentage of CXCR44™CD5"" cells out of CLL
cells. Flow cytometry analyses included BT N=21,1 months after treatment (1Im) N=15, 3m N=22, 6m N=24 and 12m N=14 samples.
Wilcoxon matched paired signed rank test was performed to compare statistical differences between BT and the subsequent
time points. Grey lines represent the dynamics of individual patients, while the blue line represents the mean values across all
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Figure 6. Molecular subclonal changes after 6 months of ibrutinib treatment in chronic lymphocytic leukemia cells with migra-
tive capacity. (A) Migration assays of purified B cells from samples before treatment (BT) and 6 months after ibrutinib treatment
(6m) of 12 chronic lymphocytic leukemia (CLL) patients were performed and analyzed by targeted DNA sequencing (targeted-DNA-
seq) and bulk RNA sequencing (RNAseq). (B) Representation of the changes in cancer cell fraction (CCF) of the subclones detect-
ed by targeted-DNAseq between migrated CLL cells from BT and 6m and phylogenetic model inferred represented by Fish plots.
Multiple mutations with a CCF <0.1 in the same patient were considered different subclones. (C) Changes in the percentage of
specific CLL cell migration before and after ibrutinib treatment towards CXCL12/CXCR4 axis (N=12). (D) Changes of the percentage
of specific CLL cell migration of patients exhibiting subclonal stability (N=5) and patients exhibiting subclonal shifts (N=7) and
the difference between ibrutinib-treated samples and BT of both groups. Wilcoxon matched paired signed rank test was per-
formed to compare statistical differences between BT and 6m. Grey lines represent the dynamics of individual patients and bars

represent mean with standard error of the mean. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.

expression was upregulated after just 1 month of treat-
ment, at which point most malignant cells became CXCR4
positive (Figure 5C; Online Supplementary Figure S10C).
Thus, ibrutinib treatment leads to CXCR4 upregulation
but an impaired ability to return to secondary lymphoid
organs where cells receive crucial proliferative and survival
signaling.>*'%2 CLL cells with CXCR49mCD5"" phenotype are
known to have recently egressed from LN or BM and thus
exhibit a proliferative status.*® Herein we observed that
ibrutinib treatment induced an early depletion of these
CLL cells in PB, when most of the malignant clone exhib-
ited a quiescent phenotype (Figure 5D, E), probably due to
the diminished ability of CLL cells to recirculate between
different cellular compartments during BTK inhibition.

Subclonal shifts are associated with retained migrative
capacity of chronic lymphocytic leukemia cells upon 6
months of ibrutinib treatment including cells carrying
the BTK C481S mutation

Treatment with ibrutinib reduces the migrative capacity
of CLL cells, which in vitro is observed by a diminished
proportion of CLL cells migrating towards CCL19, CXCL12
and CXCL13.** We hypothesized that this small subset of ex
vivo migrating cells represent those that are still capable
of accessing the nurturing microenvironment and thus may
be implicated in the escape from BTK inhibition eventually
leading to disease progression. Thus, to characterize this
subpopulation of CLL cells, we performed an analysis of
the changes observed in the molecular subclonal com-
position and in the transcriptional program of CLL cells
that retained the ability to migrate towards CXCL12 under
BTK inhibition. To do so, purified B cells obtained at BT
and after 6 months of ibrutinib treatment from 12 patients
were allowed to migrate towards CXCL12 in transwells.

Transmigrated cells were then collected from the bottom
chamber of the transwells for further targeted-DNAseq
and bulk RNAseq (Figure 6A).

Targeted-DNAseq revealed that, in seven of 12 patients
(CLL-01to 07), CLL cells with retained migratory capacity
after 6 months of ibrutinib displayed a subclonal molecular
shift, defined as a differential cancer cell fraction (dCCF)
>0.1 (Figure 6B). This change was however non-specific
for migrating cells since the same shifts were observed
in non-migrating CLL cells (Online Supplementary Figure
S77). Interestingly, in one patient, we identified a BTK
C481S mutant subclone. This mutation was detected ex-
clusively in the fraction of cells retaining CXCR4-mediated
migratory capacity after 6 months of ibrutinib treatment
and represented a CCF of 0.28. This mutated subpopu-
lation was undetectable in the non-migrating fraction or
BT samples. Although our NGS analysis was not sensi-
tive enough to detect BTK C481S cells in the bulk of CLL
cells after 6 months of treatment (limit 1% variant allele
frequency [VAF]), considering the percentage of CLL cells
able to migrate to CXCL12 after 6 months of ibrutinib in
this patient, CLL cells carrying the BTK C481S represented
only a 0.23% of total circulating CLL cells (patient CLL-
01 in Figure 6B; Online Supplementary Figure S71). This
indicates that the BTK C481S mutation after 6 months of
treatment is present in only a very small proportion of
circulating malignant cells, but most of them maintain
their migrative capacity.

We observed heterogeneity in the effect of ibrutinib on
inhibiting CLL cells migrative capacity, however, stratifi-
cation of patients based on molecular changes showed
that subclonal shifts in CLL cells associated with higher
capacity to retain migration compared to clonal stability
including BTK-mutant subclones among others (Figure 6C,
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D). This result suggests that specific molecular alterations
may overcome BTK inhibition and restore homing capacities.

Chronic lymphocytic leukemia cells that maintain
migratory capacity during ibrutinib treatment upregulate
survival and proliferation pathways

We and others have observed how treatment with ibrutinib
impairs but does not completely block migrative capacity of
CLL cells. Also, in some cases, subclonal populations of mu-
tated CLL cells have different migrative capacities, as earlier
described. In addition, we hypothesized that the subpopulation
of CLL cells that retains this capacity during BTK inhibition has
a differential gene expression, which could be interrogated
to identify potential therapeutic targets. To elucidate that,
we analyzed the gene expression profile of those cells that,
even under treatment with ibrutinib, are still able to migrate
to CXCL12 compared to migrating cells before treatment. This
was performed by allowing purified B cells obtained at BT
and after 6 months of ibrutinib treatment from 12 patients
to migrate towards CXCL12 in transwells. Transmigrated cells
were then collected from the bottom chamber of the tran-
swells and RNAseq was performed.

Differential expression analysis revealed only 15 significant
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DEG (at 6 months compared to BT), which did not show a
clear clustering pattern according to ibrutinib treatment in
the unsupervised analysis (Figure 7A; Online Supplementary
Table S8). However, further GSEA, revealed upregulation of
pathways related to activation, survival, and proliferation, re-
flecting the recent entry in proliferative centers of CLL cells
with retained CXCR4-migratory capacity under BTK inhibition
(Figure 7B; Online Supplementary Table S8). Notably, mTORC1
signaling and MYC signaling pathways were among the sig-
nificantly enriched pathways (Figure 7C), both being related
to high-risk CLL and adaptation to ibrutinib treatment.®-%
Altogether, these results show that CLL cells that are still able
to migrate to CXCL12 in vitro after ibrutinib treatment exhibit
a transcriptome associated with increased aggressiveness.

The characterization of adaptive mechanisms to short-term
BTK inhibition could facilitate the identification of potential
new targets. We investigated the potential prognosis value
of the DEG observed in the cells with retained migratory
capacity under ibrutinib using public data from the CLL-map
portal.*® By matching batch-corrected RNAseq expression
from 603 CLL patients and overall survival (OS) from 1,009
patients, we studied a cohort of 566 CLL patients (Online
Supplementary Table S9). Among the downregulated genes,
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Figure 7. Transcriptomic analysis of chronic lymphocytic leukemia cells with retained CXCR4-mediated
migration. (A) Clustered heatmap of the 15 differential expressed genes (DEG) (false discovery rate [FDR]
< 0.05) in chronic lymphocytic leukemia (CLL) cells with conserved CXCR4-migratory capacity under
Bruton tyrosine kinase (BTK) inhibition compared to migrated cells before treatment (BT). One of the
samples from the 6 months after treatment (6m) group was excluded for low quality RNA. (B) Summary
of the significant enriched processes (FDR <0.05) from the gene set enrichment analysis (GSEA) against
Hallmarks from MSigDB of RNA sequencing (RNAseq) of CLL cells from BT and 6m CXCL12-migrated cells.
(C) GSEA plots of mTORC1 signaling and MYC Targets V1 from RNAseq of migrating cells at 6m compared
e to BT. (D) Changes in TMBIM6 expression in CXCL12-migrated cells. IGHV: immunoglobulin heavy chain
variable region; NES: normalized enrichment score; Prol.: proliferation.
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we observed that low expression of /LTORA and ARHGAP2
robustly associated with poor overall survival (OS) and fail-
ure-free survival (FFS) (Online Supplementary Figure S12).
Among the upregulated genes, high expression of TMBIM6
and CD63 strongly correlated with poor OS and FFS in CLL
suggesting that this high expression leads to a more aggres-
sive disease (Online Supplementary Figure S12).

TMBIMG6 (transmembrane Bax inhibitor motif containing 6)
is a negative regulator of apoptosis, and its interaction with
the mTORC2 complex leading to AKT signaling activation has
recently been reported.***' We further explored the prognostic
value of the expression of TMBIM6 in CLL as a significantly
upregulated gene with the highest association with worse
prognosis (Figure 7D; Online Supplementary Figures S12 and
S13A, B). High expression of TMBIM6 was independently
associated with poor prognosis, regardless of age, sex, I1G-
HV mutational status, del(11q), del(17p), TP53 mutations or
amp(12) (Online Supplementary Figures S14A, B and S15A).
The expression of TMBIMG6, located on chromosome 12, was
higher in patients with amp(12). Interestingly, those patients
with high TMBIM6 expression and amp(12) demonstrated a
significantly inferior OS (Online Supplementary Figure S15B, C).
Kim et al. previously identified BIA as an antagonist of TM-
BIMG. BIA refers to the synthesized molecule (E)-1-(2-amin-
ophenyl)-3-(3-nitrophenyl)prop-2-en-1-one, a chalcone de-
rivative that prevents TMBIM®6 binding to mTORC?2, decreases
mMTORC?2 activity and also regulates TMBIM6-leaky Ca?*.#' BIA
has demonstrated inhibitory effects on the proliferation of
various neoplastic cell lines.* Thus, we investigated TMBIM6
as a potential target for CLL and evaluated the effect of BIA
on CLL cells. BIA induced dose-dependent apoptosis in a
co-culture system composed by PBMC from CLL patients
with UEGE7T-2 BMSC, CD40L and ODN CpG that we previ-
ously reported as mimicking the LN or BM microenvironment
(Figure 8A).° BIA concentrations ranged from 1 uM to 10 uM,
based on their negligible effect on TMBIM6 KO cells as pre-
viously reported by Kim et al.. Interestingly, the effect of BIA
on T cells in suspension cultures was only observed at higher
concentrations, indicating less sensitivity of T cells to TMBIM6
inhibition (Figure 8B; Online Supplementary Figure S16A-C).
To evaluate the potential synergistic effect of BIA in combina-
tion with ibrutinib, we used the co-culture setup previously
mentioned. We observed that the combination of BIA and
ibrutinib was able to induce apoptosis. Additionally, at higher
concentrations of ibrutinib, the addition of BIA produced a
synergistic effect (Figure 8C; Online Supplementary Figure
S16D). These results suggest that BIA and ibrutinib target
distinct pathways that inhibit CLL survival. Collectively, our
results revealed TMBIM6 as a potential therapeutic target
in CLL, either alone or in combination with a BTK inhibitor.

Discussion

Unravelling the complex interplay between CLL cells and the

D. Medina-Gil et al.

tumor immune microenvironment is crucial for understand-
ing disease progression and the emergence of treatment
resistances. Here, we aimed to decipher the modulations in
the CLL microenvironment induced after short-term ibruti-
nib treatment to identify potential adaptation mechanisms
that may lead to disease progression and, eventually, be
targeted using novel therapeutic combinations.

The analysis of T cells revealed a decreased expression of
exhaustion markers, the frequency of Th subpopulations
and Tregs, as well as downregulation of genes related to
T-cell activation, differentiation, metabolism, and prolif-
eration. While similar immunophenotypic changes have
been observed in previous studies, "4 limited research
has reported transcriptomic changes in T cells. Rendeiro
et al.”® reported a downregulation of several activation
pathways in T cells of patients receiving ibrutinib in the
relapse/refractory setting through single-cell RNAseq after
120 days, which aligns with our findings after 6 months of
upfront treatment.*®* At a functional level, T-cell prolifer-
ation slightly improved upon ibrutinib treatment whereas
cytokine production was retained after 12 months of ther-
apy similarly to previous reports. However, different ex vivo
approaches for stimulating T cells, including days of pro-
liferation, can account for the modest effects by ibrutinib
herein described.?"?4244 The reduction of the CLL inflam-
matory burden and the off-target effects of ibrutinib may
contribute to the downregulation of several pathways in T
cells. Supporting this, we observed a reduction of pro-in-
flammatory and migratory chemokines in plasma. Based on
our and previous observations, treatment with ibrutinib can
potentially improve T-cell function, which could be related
to decreased risk of secondary malignancies, as observed
in CLL12 trial, although patients under BTKi still remain at
high risk.* Also, however, immunosuppression caused by
inhibition of BTK in B cells is related to poor serological
response to vaccines and higher risk of infections.*¢

The immunophenotyping of CLL cells, consistent with pre-
vious studies, showed a downregulation of surface markers
related to immunosuppression, adhesion, and migration
after 12 months of ibrutinib treatment.?* Notably, the reg-
ulatory marker PD-1 showed significant downregulation.*
Additionally, ibrutinib induced a significant upregulation
of CXCR4 expression, as the proliferative fraction of CX-
CR44mCD5" was depleted. This overexpressed CXCR4 has
been previously observed and been related to diminished
phosphorylation upon CXCL12 stimulation.*® Overall, these
features indicate that after 12 months of treatment with
ibrutinib, the interaction of cytotoxic T cells and malignant
CLL cells generate the potential to be targeted by currently
developing T-cell engager immunotherapies. Not only do
T cells have a less immunosuppressed phenotype after 12
months of treatment with ibrutinib, but malignant cells
diminish their numbers and immunosuppressive features,
feeding the positive feedback loop towards potential-
ly increased cytotoxicity of T cells. Moreover, the effec-
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tor-to-target ratio increases as the number of malignant
cells decreases. This could then be leveraged to design
timely optimized combination therapies that not only en-
gage cytotoxic T cells but previously debulk malignant
cells and improve immune fitness. In this regard, Mhibik et
al.*® have observed increased sensitivity of CLL cells from
ibrutinib-treated patients to bispecific antibodies ex vivo
compared to untreated patients. Also, exposure to ibrutinib
has been shown to enhance the performance of chimeric
antigen receptor T cells.*
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In this scenario of ongoing BTK inhibition, certain CLL cells
are still able to access a nurturing microenvironment. This
likely sustains a small but persistent subpopulation with
continuous survival and proliferative signaling, potentially
leading to clinical progression. This hypothesis is support-
ed by the fact that continuous treatment with BTKi rarely
achieves undetectable minimal residual disease and patients
eventually relapse.®’®s" Combinations, such as BTK plus Bcl-2
inhibitors, are pursued to achieve higher rates of CR.52 For
this reason, and under the hypothesis that subclones with
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Figure 8. TMBIMG as a novel target in chronic lymphocytic leukemia. (A) Relative cell viability of peripheral blood mononuclear
cells (PBMC) from chronic lymphocytic leukemia (CLL) patients in a co-culture with UEGE7T-2 plus CD40L and CpG ODN upon 24
hours of BIA treatment. Relative cell viability was assessed by normalizing the percentage of annexin V-negative/propidium io-
dide-negative (AV-/PI") cells. (B) Early apoptotic (AV*) CLL cells and T cells out of PI- cells upon 48 hours of BIA treatment in
suspension culture. (C) Matrix of relative inhibition of PBMC from CLL patients at different concentrations of BIA combined with
ibrutinib and HSA synergy score plots. Wilcoxon matched paired signed rank test was performed to compare statistical differ-
ences between concentrations. Graphs show individual values, mean and +/- standard error of the mean. *P<0.05; **P<0.01;
***P<0.001; ****P<0.0001. CpG ODN: CpG oligodeoxynucleotide; Pt.: patient; DMSO: dimethyl sulfoxide; HSA: highest single agent.
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retained migrative capacity may be responsible for eventual
progression under ibrutinib treatment, we explored the
characteristics of these cells to identify novel potential
therapeutic targets that could help eradicate CLL cells in
a fixed-duration treatment regimen. For this, we physically
separated CLL cells with retained migrative capacity under
BTK inhibition towards CXCL12 using transwells. We did not
observe clinically significant molecular clonal shifts in these
migrating CLL cells, however, subclonal shifts associated
with retaining of CXCR4-mediated migration upon ibruti-
nib. Remarkably, in one patient, we detected a subclone
carrying the BTK C481S resistance mutation at a CCF of
0.28, but only when analyzing CXCL12-responsive CLL cells.
This finding shows that these cells lack BCR inhibition, al-
lowing them to access a nurturing microenvironment and
potentially drive disease progression.

Transcriptomic analysis of CLL cells with retained migration
under BTK inhibition revealed few significant changes, but
it showed a clear upregulation of survival and proliferation
pathways including mTORC1 and MYC signaling. Increased
MYC activity has been recently associated with a LN-phe-
notype when compared with PB-CLL cells and is also
related to high-risk CLL and adaptation to ibrutinib,3-3853
highlighting the potential of the analysis to define novel
therapeutic targets that are able to eradicate this subset of
migrating cells. With this approach, we foresee the design
of newer combinations with potential to eradicate minimal
residual disease. Therefore, although the overall access to
nurturing microenvironment is impaired by BTK inhibition,
the subset of malignant cells that are still able to access
this microenvironment show transcriptomic characteristics
indicative of increased aggressiveness, which could poten-
tially be related to eventual clinical progression.

As a proof of concept, we analyzed TMBIM6, one of the
most differentially expressed genes in CLL cells retaining
migrative capacity after 6 months of ibrutinib treatment.
TMBIM6 encodes for a protein described as a negative
regulator of apoptosis and a positive a regulator of the
MTOR-AKT axis.*>*®* |Interestingly, Kim et al. identified BIA,
a TMBIMG6 antagonist that inhibits the interaction between
TMBIM6 and mTORC2, ultimately blocking AKT activation.
BIA has demonstrated inhibition of tumor growth in in vitro
and in vivo,* providing us the opportunity to try the BTK
and TMBIM®6 inhibition combination which demonstrated
a synergistic effect in inducing apoptosis, suggesting that
BIA could potentially overcome an adaptive mechanism of
CLL cells to ibrutinib treatment. Additional experiments
specifically targeting cells adapted to BTK inhibition may
elucidate the impact of TMBIMG inhibition in the eradication
of CLL cells. Finally, TMBIM®6 high expression has been as-
sociated with poor survival in solid tumors.* Our study also
demonstrated that TMB/M6 high expression is associated
with poor prognosis in CLL, independent of age, sex, IGHV
mutational status, del(11q), del(17p), amp(12) and TP53 mu-
tations. Further pre-clinical investigations are warranted to
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validate these findings, including the feasibility of targeting
TMBIM6 and explore the translational potential of these
therapeutic strategies in CLL management.

This study presents some limitations, mainly regarding the
small number of patients together with the limited number
of cells available to perform the multiple experiments. This
limitation also impedes us to stratify patients based on clinical
parameters such as sex, IGHV status or molecular alterations.
Nevertheless, this comprehensive multi-omics study sheds
light on the intricate immunomodulatory effects of ibruti-
nib in CLL patients. The observed changes in immune cell
dynamics, T-cell function, and the identification of adaptive
mechanisms in malignant cells highlight the potential for
targeted therapeutic interventions, such as the combination
of BTK and TMBIMG6 inhibition, with the aim of eradicating
minimal residual disease and improving patient outcomes.
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