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Introduction
The approval of Bruton tyrosine kinase (BTK) inhibitor ibrutinib and 
PI3K inhibitor idelalisib has revolutionized chronic lymphocytic leu-
kemia (CLL) therapy (1–4). These B cell receptor (BCR) inhibitors 
induce transient peripheral blood lymphocytosis in CLL lasting for 

several months by inhibiting CLL cells’ adhesion and chemokine 
responsiveness (5–7). This was an unexpected consequence of BTK 
or PI3K inhibition and is coupled with the relatively weak induction 
of CLL cell death by these drugs. Resistance to ibrutinib has been 
linked to BTK and/or PLCG2 mutations and several chromosomal 
aberrations (8–11). However, these mutations occur late on therapy 
(typically >12 months) and cannot explain why CLL cells initially 
undergo apoptosis at a slow rate, with the lymphocytosis lasting for 
several months, allowing for a large pool of malignant B cells that 
can later develop resistance (1–3, 12). Notably, increased CLL cell 
resistance to apoptosis during the period of lymphocytosis has been 
associated with higher levels of minimal residual disease (13).

We hypothesized that early nongenetic adaptation mecha-
nisms to BCR inhibitors might exist, allowing CLL cells to survive 
the lack of recirculation to immune niches and microenvironmen-
tal interactions that provide them with antiapoptotic signals. Non-
genetic mechanisms of resistance or adaptation to ibrutinib have 
been described in mantle cell lymphoma (MCL) and diffuse large 
B cell lymphoma (DLBCL) and involve CD79b overexpression 
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initial drop in Akt phosphorylation, its levels were induced within 5 
days (fold-change ~40 between day 1 versus day 5, P = 0.012; Figure 
1, C and D), allowing us to study this phenotype in a CLL-derived 
cell line. This process was not due to a selection of apoptosis-resis-
tant MEC1 cells, since ibrutinib did not cause apoptosis under the 
used conditions (2 μM ibrutinib, Supplemental Figure 2). Akt phos-
phorylation induction was reflected in its increased activity in cells 
exposed to ibrutinib, namely Akt-mediated inhibitory phosphoryla-
tion of GSK3αS21/βS9 (Figure 1C; day 5). Importantly, patients with 
upregulated pAktS473 levels upon ibrutinib therapy had a more prom-
inent and longer lasting lymphocytosis compared with those with 
downregulated pAktS473 levels (P = 0.012, month 1 and 3; Figure 1E 
and Supplemental Figure 1D). Furthermore, CLL cells were high-
ly sensitive to the Akt inhibitor and more sensitive when obtained 
during ibrutinib treatment in vivo (P < 0.05; Figure 1F). Notably, 
Akt was also phosphorylated (S473) at the time of relapse on BTK 
inhibitors in several analyzed samples with clonal BTK mutations 
(Supplemental Figure 3). Altogether, this shows that CLL cells can 
relatively rapidly activate Akt phosphorylation independently of 
BTK kinase activity, which correlates with the extent of ibrutinib-in-
duced lymphocytosis and supports CLL cell survival.

Upregulation of Rictor/mTORC2 complex induces Akt phosphor-
ylation during ibrutinib therapy. To identify the factors responsi-
ble for Akt phosphorylation, we performed a transcriptome anal-
ysis (RNA-Seq) of paired samples (n = 11) obtained from patients 
before and during ibrutinib treatment in vivo (median time on 
therapy, 2 weeks; range, 1–12 weeks; all samples had WT BTK/
PLCG2 at both analyzed time points). This identified 1,034 differ-
entially expressed genes during ibrutinib treatment (fold-change 
>1.5, P adjusted < 0.05; Supplemental Table 1). As expected, Gene 
Ontology analysis revealed changes in cell adhesion, BCR signal-
ing, immune response, and other related pathways (Supplemental 
Table 2). Notably, the differentially expressed mRNAs included 25 
genes (12 upregulated, 13 downregulated) annotated in databases 
as involved in the PI3K/Akt pathway (Figure 2, A and B, and Sup-
plemental Table 3). Rictor induction on ibrutinib was particularly 
notable since it is an essential assembly protein for the mTORC2 
complex, which is known to directly phosphorylate Akt on S473 
(34). Rictor upregulation was further confirmed at a protein level 
in 25 out of 39 patients (64.1%) treated with ibrutinib in vivo (P = 
0.02; Figure 2, C and D) as well as in ibrutinib-treated MEC1 cells 
(from day 3, fold-change, ~2.2, P = 0.035; Figure 1C and Figure 2E). 
This led us to hypothesize that higher Rictor levels during ibruti-
nib therapy are responsible for increased mTORC2 activity and 
AktS473 phosphorylation. Indeed, Rictor KO in MEC1 cells result-
ed in a dramatic decrease in pAktS473 and phosphorylated mTOR 
(phospho-mTOR) levels (Figure 2F), and these cells were unable 
to recover pAktS473 levels after ibrutinib treatment in vitro (Figure 
2F). This demonstrates that the Rictor level determines the Ric-
tor/mTORC2 complex’s ability to maintain basal pAktS473 levels. 
Importantly, Rictor KO cells had a significant growth disadvantage 
during competitive culture in the presence of ibrutinib (4 weeks) 
compared with control MEC1 WT cells (Figure 2G). In line with 
these observations, mTOR inhibitor AZD8055 (specific Rictor 
inhibitor is not available) also inhibited Akt phosphorylation in WT 
MEC1 cells (Figure 2H). mTOR inhibition also completely blocked 
AktS473 phosphorylation in primary CLL cells induced by short-term 

or compensatory PI3K activation (14–17). Nonmutational mech-
anisms of resistance/adaptation have also been described with 
other kinase inhibitors, such as BRAF or ALK inhibitors (melano-
ma, lung cancer) (18–22). In CLL, we have previously described 
ibrutinib therapy as inducing cell-surface IgM and BCR adaptor 
protein GAB1, suggesting a compensatory response (23–25), and 
rewiring of the signaling pathways upon ibrutinib treatment has 
also been shown by others (26). CLL provides a unique opportu-
nity to sample primary malignant cells during targeted therapy to 
study “compensatory” signaling pathway activation. We focused 
on the possible role of the Akt pathway in adapting to BCR inhib-
itors since, in mouse models, PI3K/Akt activation rescues the 
apoptosis induced by complete loss of BCR signaling via deletion 
of cell-surface BCR in mature B cells, which could be seen as par-
allel to inhibiting an essential BCR-associated kinase. Inducing 
PI3K/Akt represents a known rescue mechanism for BCR loss in 
normal mature B cells, and activating NF-κB, MAPK/ERK, or Bcl2 
is not sufficient to prevent cell apoptosis (27, 28). Moreover, Akt 
activity has been identified as a critical prosurvival signal in CLL 
and mature B cells (28–33).

Here, we describe an early adaptation mechanism by which 
CLL cells increase Akt phosphorylation during in vivo ibrutinib 
therapy. This supports CLL cell survival and is clinically associat-
ed with more prominent ibrutinib-induced lymphocytosis during 
the first months of therapy. We describe for the first time, to our 
knowledge, that FoxO1 acts as a direct transcriptional activator of 
Rictor during BTK inhibitor therapy, leading to mTORC2-mediat-
ed phosphorylation of Akt (S473) and thus contributing to the sur-
vival of CLL cells. We also show that inhibition of FoxO1 decreases 
CLL cell viability and reduces CLL cell proliferation induced by T 
cell signals, suggesting a potential therapeutic target.

Results
Akt phosphorylation is induced during ibrutinib therapy in vivo. We 
hypothesized that CLL cells with inhibited BTK might adapt via 
compensatory Akt activation since PI3K/Akt represents a known 
rescue mechanism for BCR loss in normal mature B cells (27, 28). 
Indeed, we observed that primary CLL cells obtained from patients 
treated continuously with ibrutinib in vivo gain Akt phosphorylation 
on serine 473 (pAktS473) within several weeks on the therapy (in total 
31 patients with 87 samples; fold-change 3.2 at week 4, P = 0.004; 
Figure 1, A and B). The induction of AktS473 phosphorylation in these 
samples obtained at the time of ibrutinib-induced lymphocytosis 
exceeded the pretherapy levels in approximately 70% of cases, and 
an additional approximately 6% of cases had stable pAktS473 levels (n 
= 22 out of 31 induced pAktS473, 2 patients had stable pAktS473 levels; 
Figure 1, A and B). This is independent of major clinicobiological 
CLL characteristics, such as immunoglobulin heavy chain variable 
region gene (IGHV) status or the presence of recurrent chromo-
somal aberrations (Supplemental Figure 1, A and B; supplemental 
material available online with this article; https://doi.org/10.1172/
JCI173770DS1), and is not related to BTK/PLCG2 mutation evolu-
tion, since these are not present in a detectable fraction of CLL cells 
early during therapy (also see below). On the contrary, the T308 
phosphorylation of Akt was not significantly induced during ibru-
tinib therapy (n = 20; Supplemental Figure 1C). The pAktS473 was 
restored in MEC1 cells treated with ibrutinib in vitro, where after an 
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FoxO1 has been shown to transcriptionally activate Rictor in renal 
cancer cells (35). Moreover, Rictor contains putative FoxO1 bind-
ing sites in its promoter (35, 36), and this led us to hypothesize that 
FoxO1 can contribute to Rictor upregulation in CLL. We have also 
noticed that other previously characterized FoxO1 transcription-
al targets, such as CXCR4, CD20, P27, BACH2, or NF1 (7, 37, 38), 
are changed during ibrutinib treatment (Supplemental Table 4) (7, 
23). The FoxO1 protein levels increased during ibrutinib treatment 
in vivo in approximately 75 % of cases (n = 23 out of 31 patients, 
fold-change, ~1.4, P = 0.005; Figure 3, A and B), and patients who 
had more prominently upregulated FoxO1 levels also had signifi-
cantly higher Rictor protein levels (Supplemental Figure 4). The 
extent of FoxO1 induction was not associated with CLL clinico-

(soluble anti-IgM) and long-term (bead-bound anti-IgM) BCR 
crosslinking, a known mTORC1/2 pathway activator (Figure 2, I, 
J, and K), and significantly impaired cMYC induction upon long-
term BCR stimulation by bead-bound anti-IgM (Figure 2, J and K). 
The combination of mTOR inhibitor with ibrutinib or idelalisib was 
more toxic (P < 0.05) to primary CLL cells than each BCR inhibitor 
alone (Figure 2L). Altogether, these data indicate that induction of 
Rictor, a key assembly protein of the mTORC2 complex, is respon-
sible for the basal, BCR-induced, and compensatory AktS473 phos-
phorylation during ibrutinib therapy.

FoxO1 activates Rictor/pAktS473 axis during BCR inhibitor treat-
ment. The RNA-Seq of in vivo ibrutinib-exposed CLL cells revealed 
FoxO1 induction (Figure 2A), and this attracted our attention, since 

Figure 1. CLL cells induce Akt phosphorylation during ibrutinib treatment. (A) Representative pAktS473 immunoblots in primary CLL samples (n = 
2) obtained before and during ibrutinib treatment in vivo. (B) Densitometric quantification of relative pAktS473 protein levels in primary CLL samples 
obtained before and during ibrutinib treatment in vivo (n = 31). P value for trend calculated with linear mixed-effect model; other P values were calculat-
ed using paired t test. Black lines indicate samples with pAktS473 upregulation (n = 22) or stable levels (n = 2); blue lines indicate samples with pAktS473 
downregulation (n = 7). The pAktS473 levels were normalized to both total Akt and GAPDH (loading control) to obtain precise quantification. For patient 
characteristics, see Supplemental Table 8. (C) Representative immunoblot of MEC1 cells treated with ibrutinib (2 μM, 1–5 days). (D) Densitometric quan-
tification of relative pAktS473 protein levels in MEC1 cells treated with ibrutinib (2 μM) for 1–5 days (n = 4). The pAktS473 levels at day 0 were set as 1. Fresh 
ibrutinib was added to culture media each day. P values were calculated using paired t test. (E) Relative absolute lymphocyte count (ALC) in patients 
treated with ibrutinib in vivo that had upregulated/stable (n = 23) or downregulated (n = 6) levels of pAktS473 in the first 12 weeks of the therapy (stratifi-
cation according to B). All samples with available clinical data were analyzed. P values were calculated using Mann-Whitney U test. (F) Relative viability 
of CLL samples (n = 4) obtained from patients before and after 4 weeks (n = 2), 6 weeks (n = 1), or 8 weeks (n = 1) of ibrutinib therapy in vivo and treated 
(72 hours) with Akt inhibitor MK-2206 (1.25, 2.5, 5, and 10 μM) or a combination of ibrutinib (ibr, 1 μM) and MK-2206 (1.25, 2.5, 5, and 10 μM), or vehicle. 
Statistical difference was tested using 2-way ANOVA with Geisser-Greenhouse correction. For patient characteristics, see Supplemental Table 8.
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with binding of polymerase II, and contained a well-known FoxO1 
DNA-binding motif (as defined in ref. 39), suggesting a direct tran-
scriptional regulation (Figure 3H).

Next, we produced 15 independent FoxO1-KO MEC1 clones 
(generated via single cell sorting of Cas9-sgRNA edited cells) and 
noted prominent Rictor and pAktS473 downregulation (fold-change, 
0.6 and 0.3, P < 0.001 and P < 0.0001, respectively; Figure 4A) as 
well as some pAktT308 downregulation (Supplemental Figure 6A). 
FoxO1-KO cells were substantially less able to restore pAktS473 lev-
els during ibrutinib treatment (Figure 4B), and pAktS473 levels were 
rescued in FoxO1-KO by artificial FoxO1 overexpression (Supple-
mental Figure 6, B and C). The FoxO1-KO in MEC1 cells dramati-
cally decreased the fitness (P < 0.0001) of MEC1 cells treated with 
ibrutinib for 4 weeks in the competitive growth assay in compari-
son with FoxO1 WT cells (Figure 4C). Moreover, FoxO1-KO MEC1 
cells were completely outcompeted by WT cells in a competitive 
growth assay in immunodeficient NSG mice (Supplemental Fig-
ure 6D), confirming the important role of FoxO1 for malignant B 
cell growth. Treatment of MEC1 WT cells with FoxO1 inhibitor 
(AS1842856) resulted in Rictor downmodulation accompanied 
by pAktS473 level repression (Figure 4, D and E). FoxO1 inhibitor 
also resulted in impaired signaling downstream of the crosslinked 
BCR, as evidenced by impaired pAktS473 and cMYC induction in 
primary CLL cells (fold-change, 0.4 for both, P < 0.01; Figure 4, 
F–H), similarly to mTOR inhibitor. Overall, this demonstrates that 
FoxO1 plays an important role in activating the Rictor/pAktS473 axis 
and is required for adaptation to ibrutinib.

Next, we tested to determine whether the FoxO1/Rictor/
pAktS473 pathway was activated not only in response to ibrutinib 
but also in response to acalabrutinib or pirtobrutinib. Indeed, 
FoxO1 and Rictor were also induced in response to acalabrutinib 
in vivo (n = 8 patients with 16 paired samples; fold-change, 1.3 and 
2.1, respectively; P < 0.05; Supplemental Figure 7A) and pAktS473 
was induced in 4 out of 8 analyzed cases and stable in 1 additional 
case (Supplemental Figure 7A). In vitro, treatment of MEC1 cells 
with acalabrutinib or pirtobrutinib initially led to a decrease of 
AktS473 phosphorylation, similarly to ibrutinib, followed by recov-
ery of the FoxO1/Rictor/pAktS473 axis (Supplemental Figure 7B). 
However, a stronger pAktS473 repression was observed follow-
ing acute ibrutinib treatment than acalabrutinib or pirtobrutinib 
treatment in BCR-stimulated cells in vitro (Supplemental Figure 
7C). This is likely caused by ibrutinib off-target inhibition of other 
BCR-associated kinases such as LYN, BLK, or HCK (16, 40, 41). 
In line with this, FoxO1 and Rictor levels increased at day 5 of in 
vitro treatment of MEC1 with acalabrutinib or pirtobrutinib, but 
the pAktS473 upregulation between day 1 and 5 was not as dramatic 
as with ibrutinib. Together, the results from samples obtained on 
acalabrutinib in vivo and the in vitro acalabrutinib/pirtobrutinib 
treatments confirm that changes in FoxO1 and Rictor are BTK 
dependent and contribute to pAktS473 induction.

To test the relevance of the FoxO1/pAktS473 axis further, we 
investigated the effects of the PI3Kδ inhibitor idelalisib in this con-
text. We performed RNA expression profiling of samples obtained 
from patients before and during single-agent idelalisib therapy (n = 
9 patients, 18 samples; median time on therapy, 4 weeks; range, 2–5 
weeks; Supplemental Tables 5 and 6). We profiled genes involved 
in the PI3K/Akt pathway and found a major overlap with the ibruti-

biological features such as IGHV status or the presence of chro-
mosomal abnormalities (del17p13, del11q22, del13q14, trisomy 
12; data not shown). Increased FoxO1 activity was also observed 
in ibrutinib-treated MEC1 cells as evidenced by a decrease in lev-
els of inhibitory FoxO1T24 phosphorylation (fold-change, ~0.5, P < 
0.005; Figure 3, C and D), and this preceded the induction of Akt 
phosphorylation. To study FoxO1 activity during ibrutinib therapy, 
we performed CUT&RUN experiments to directly assess genome-
wide FoxO1 binding to DNA in MEC1 cells with and without ibruti-
nib treatment in vitro. This revealed clearly increased FoxO1 DNA 
binding activity in ibrutinib-treated MEC1 cells with 3,354 regions 
being bound by FoxO1 and containing its canonical DNA bind-
ing motif as compared with 1,190 FoxO1-bound regions in vehi-
cle-treated MEC1 cells (Figure 3E). BCR signaling was the most 
enriched pathway among FoxO1-bound genes in both conditions 
(vehicle and ibrutinib; P < 0.0001), while mTOR signaling was 
specifically enriched among genes preferentially bound by FoxO1 
in ibrutinib-treated cells (P < 0.001; Figure 3, F and G). Notably, 
the FoxO1 targets identified by CUT&RUN in ibrutinib-treat-
ed MEC1 cells included 7 out of 25 PI3K/Akt pathway regulators 
changed during ibrutinib therapy in vivo including Rictor (Figure 
2A, Figure 3H, and Supplemental Figure 5). The FoxO1 binding 
to Rictor was located close to its transcription start site, coincided 

Figure 2. Induction in Akt activity during ibrutinib treatment is caused by 
Rictor upregulation. (A) Heatmap of differentially expressed genes from 
samples obtained before and during ibrutinib treatment in vivo (P adj < 
0.05; base mean > 100; n = 11 pairs). List includes genes overlapping with 
genes involved in PI3K/Akt signaling (gene sets: no. M27162, reactome_
PI3K_AKT_signalling _in_cancer and has04151, KEGG: PI3K-Akt signaling 
pathway). (B) PI3K/Akt pathway with visualization of genes differentially 
expressed in patients treated with ibrutinib in vivo. (C) Representative 
immunoblots of Rictor in primary CLL samples obtained before and during 
ibrutinib treatment in vivo (n = 2). (D) Densitometric quantification of 
Rictor protein levels in primary CLL samples obtained before and during 
ibrutinib treatment in vivo for 2–8 weeks (n = 39). (E) Relative Rictor 
protein levels analyzed by densitometric quantification of immunoblots 
in MEC1 cells treated with ibrutinib (2 μM) for 5 days (n = 5; representative 
immunoblot in Figure 1C). (F) Representative immunoblot of WT and 
Rictor-KO MEC1 clones (Rictor-KO). Cells treated with ibrutinib (2 μM) for 
1 or 9 days. (G) Competitive growth of WT versus Rictor-KO MEC1 cells. (n 
= 4 repetitions for each of the 2 clones, WT clones are marked by numbers 
corresponding to the specific KO clone that was used in the correspond-
ing competitive growth experiment). Cells were treated with ibrutinib (2 
μM, fresh ibrutinib was added 3 times a week) or vehicle (DMSO). Graph 
represents percentage of KO versus WT ibrutinib-treated cells, and this 
is plotted relative to vehicle-treated (DMSO) KO or WT cells, respective-
ly, to correct for any effect of the KO on ibrutinib-unrelated cell fitness. 
Statistical difference was tested using 2-way ANOVA with Geisser-Green-
house correction. (H) Representative immunoblot of MEC1 cells treated 
with mTOR inhibitor AZD8055 (0.1–10 μM, 24 hours). (I) Representative 
immunoblot of primary CLL cells treated with mTOR inhibitor AZD8055 
(0.5 μM) for 24 hours and then stimulated with anti-IgM (20 μg/ml) for 10 
minutes. (J) Representative immunoblot of primary CLL cells treated with 
mTOR inhibitor AZD8055 (0.5 μM) for 24 hours and then stimulated with 
bead-bound anti-IgM for 3 hours. (K) Relative protein levels of pAktS473 and 
cMYC obtained by densitometric quantification of immunoblots from the 
experiment described in J (n = 5). (L) Relative viability (WST-1 absorbance) 
in CLL cells (n = 6) treated with ibrutinib (ibr, 1 μM), idelalisib (idela, 1 μM), 
AZD8055 (mTOR inh, 0.5 μM), or their combination (48 hours). P values in 
D, E, K, and L were calculated using paired t test. For patient characteris-
tics, see Supplemental Table 8.
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Figure 3. FoxO1 is more active in ibrutinib-treated CLL cells and binds 
to RICTOR promoter. (A) Representative immunoblots of FoxO1 in pri-
mary CLL samples obtained before and during ibrutinib therapy in vivo 
(n = 3). (B) Densitometric quantification of relative FoxO1 protein levels 
(immunoblots) in primary CLL samples obtained before and during 
ibrutinib therapy in vivo (2–8 weeks, n = 31). P value was calculated 
using paired t test. For patient characteristics, see Supplemental Table 
8. (C) Representative immunoblot of MEC1 cells treated with 2 μM ibru-
tinib (1–5 days). The immunoblot is from the same samples as in Figure 
1C to allow a comparison. (D) Densitometric quantification of relative 
pFoxO1T24/FoxO1 protein levels analyzed by immunoblot in MEC1 cells 
treated with 2 μM ibrutinib for 1–5 days (n = 4). FoxO1T24 phosphoryla-
tion inhibits FoxO1 functions in the nucleus. Fresh ibrutinib was added 
to culture media each day. P values were calculated using paired t test. 
(E) Heatmap of FoxO1 binding to transcription start site (TSS) regions 
containing its binding motif in MEC1 cells treated 6 days with vehicle 
(DMSO) or ibrutinib (1 μM). (F and G) Pathway enrichment analysis of 
FoxO1-bound genes in MEC1 cells treated with ibrutinib (1 μM) or vehi-
cle (6 days). (F) Pathway enrichment analysis (Enrichr tool) of FoxO1-
bound genes overlapping between vehicle (DMSO) and ibrutinib-treat-
ed MEC1 cells. (G) Pathway enrichment analysis (Enrichr tool) of genes 
bound by FoxO1 preferentially in ibrutinib-treated MEC1 cells compared 
with vehicle -treated (DMSO) cells. P values were calculated by Enrichr 
tool using Fisher’s exact test. (H) FoxO1 binding to Rictor promoter 
region in MEC1 cells treated with vehicle (DMSO) or ibrutinib (1 μM) for 
6 days revealing increased reads per kb per transcript per million reads 
mapped (RPKM) in ibrutinib-treated cells. FoxO1 Ab represents pull-
down with anti-FoxO1 antibody, Pol II Ab represents pull-down with 
anti-polymerase II antibody (serves as control), and IgG Ab represents 
pull-down with control IgG antibody (negative control).
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nib effect in vivo, with 16 genes being changed in the same manner 
during both ibrutinib and idelalisib therapy, including upregulated 
FoxO1 and Rictor (Figure 5A and Supplemental Table 7). We also 
confirmed FoxO1 and Rictor protein level upregulation during 
idelalisib treatment (P = 0.002 and 0.027, respectively; Figure 5, 
B and C) and increase in pAktS473 in approximately 64% of samples 
obtained during idelalisib treatment (7 out of 11 patients; Figure 5, B 
and C). This is in line with a recent publication describing Akt phos-
phorylation in response to PI3Kδ inhibition in some patients (42). 
Notably, FoxO1-KO MEC1 cells had decreased fitness when treated 
with idelalisib for 4 weeks compared with FoxO1 WT cells (Figure 
5D). Moreover, higher FoxO1 levels in primary CLL samples were 
also associated with increased resistance to ibrutinib or idelalisib 
in vitro (Supplemental Figure 8). Altogether, FoxO1 induces Rictor 
as an adaptation mechanism to BTK or PI3K inhibition that acts by 
Akt activation downstream of these BCR-associated kinases.

FoxO1 inhibition induces apoptosis and potentiates BTK inhibi-
tors’ effects. We next tested the effects of the FoxO1 inhibitor on 
cell viability and CLL cell adaptation to ibrutinib. The combina-
tion of ibrutinib and FoxO1 inhibitor blocked ibrutinib-induced 
Rictor upregulation and pAktS473 restoration in MEC1 cells (Figure 
6, A and B). Similarly, Akt phosphorylation was nearly complete-
ly eliminated in primary CLL cells treated with a combination 
of FoxO1 inhibitor with ibrutinib or idelalisib (Figure 6C). Nota-
bly, a submicromolar concentration of FoxO1 inhibitor (0.5 μM) 
decreased primary CLL cells’ viability by approximately 40% (n = 
7, P = 0.001; Figure 6D and Supplemental Figure 9A), and FoxO1 
inhibition combined with ibrutinib or idelalisib was more potent 
in inducing primary CLL cells and MEC1 cell apoptosis in vitro (P 
< 0.05, mostly additive effect; Figure 6, D–F). AktS473 phosphoryla-
tion and primary CLL cell viability was also reduced by the combi-
nation of FoxO1 inhibitor with acalabrutinib or pirtobrutinib (Sup-
plemental Figure 9, B and C).

The high degree of spontaneous apoptosis did not allow us 
to study the adaptation of primary CLL cells to ibrutinib in vitro, 
since FoxO1/Rictor/pAktS473 axis induction requires continuous 
ibrutinib exposure for several days. To overcome this, we took 
paired samples from CLL patients before and during ibrutinib 
treatment in vivo and exposed them to FoxO1 inhibitor in vitro (72 
hours). This showed that the FoxO1 inhibitor is highly toxic to CLL 
cells obtained during ibrutinib therapy, but there was no increase 
in apoptosis compared with pretherapy samples (Figure 6G). We 
attribute this to the high toxicity of the FoxO1 inhibitor alone (cell 
killing ~70%), and it demonstrates that CLL cells exposed to ibru-
tinib are sensitive to FoxO1 inhibition. The FoxO1 inhibitor was 
also toxic for CLL cells obtained during acalabrutinib in vivo ther-
apy (~55% killing, P = 0.026; Supplemental Figure 9D).

FoxO1 inhibition overcomes microenvironmental protection and 
blocks proliferation induced by T cell factors. The FoxO1 inhibitor 
had a strong effect on CLL cell viability in vitro (see above), and 
we further tested its effects in coculture models, which provide 
resistance to cytostatic drugs, venetoclax, or monoclonal antibod-
ies (43–46). FoxO1 inhibitor induced significant apoptosis (85%-
90% at 10 days; P < 0.0001) in primary CLL cells cocultured with 
HS5 stromal cells or with HS5 stromal cells engineered to produce 
T cell factors CD40L, IL-4, and IL-21 (Figure 7, A and B) (47). The 
effect of the combination of the FoxO1 inhibitor with ibrutinib 

or acalabrutinib was mostly additive in HS5WT cocultures (day 5; 
Figure 7A). The FoxO1 inhibitor was also able to reduce the prolif-
eration of CLL cells cocultured with HS5CD40L,IL-4,IL-21, and this was 
further decreased when combined with ibrutinib (Figure 7, C and 
D). The FoxO1 inhibitor also significantly reduced the percentage 
of MEC1 cells in the S phase (Figure 7E and Supplemental Figure 
10A). Interestingly, ibrutinib alone also slightly inhibited prolifer-
ation, but acalabrutinib did not (Supplemental Figure 10B), sug-
gesting the role of ibrutinib off targets in this phenomena. To study 
the FoxO1/Rictor/pAktS473 axis in the coculture setting, we cocul-
tured MEC1 with HS5WT in the presence or absence of ibrutinib 
for several days. This showed that, similarly to MEC1 cultures on 
plastic, the ibrutinib treatment increases Rictor levels and leads to 
some pAktS473 recovery (Supplemental Figure 11A). However, this 
phenotype is less pronounced, as the HS5WT coculture itself leads 
to changes in FoxO1 levels (degradation) due to microenviron-
mental stimuli. Together the data show that ibrutinib is able to also 
initially repress the pAktS473 in the context of CLL cell interaction 
with HS5WT cells and that over time pAktS473 is partially restored. 
Notably, the FoxO1 inhibitor was toxic (> 70% cell killing) for BTK 
inhibitor–resistant primary CLL cells with BTK mutations cultured 
on plastic or in the coculture setting (P < 0.05; Figure 7, F and G, 
and Supplemental Figure 11B). Importantly, in a cell line–derived 
xenograft mouse model, the bone marrow infiltration of immu-
nodeficient mice by MEC1 cells was reduced by approximately 
2.6-fold when ibrutinib was combined with the FoxO1 inhibitor 
as compared with treatment by ibrutinib alone (36% versus 14% 
marrow infiltration, P = 0.027; Supplemental Figure 12).

The therapeutic potential of FoxO1 inhibition might be 
increased by the observation that it upregulated CD20 levels 
(fold-change, 1.6, P < 0.001, n = 9; Figure 7H), which is in line 
with FoxO1 being a CD20 repressor (48–50). It has been shown 
that CD20 levels are repressed by ibrutinib and idelalisib thera-
py as single agents (7, 51, 52), suggesting a potential synergism of 
FoxO1 inhibition with BCR inhibitors and anti-CD20 antibodies 
or anti-CD20 antibodies alone. Furthermore, the FoxO1 inhibitor 
reduces cell-surface CXCR4 and thus potentially impairs CLL cell 
migration (fold-change, 0.4, P < 0.0001, n = 9; Figure 7H). Togeth-
er, the data suggest that FoxO1 inhibition disrupts microenviron-
mental signaling and is a promising therapeutic strategy alone or 
in combination with BCR inhibitors.

Discussion
Here we show that induction of transcription factor FoxO1 during 
ibrutinib therapy upregulates Rictor, an mTORC2 assembly pro-
tein, leading to phosphorylation of Akt, an essential molecule sup-
porting CLL cell survival. This adaptive increase in pAktS473 levels 
occurred in approximately 70% of CLL cases during ibrutinib 
therapy and was associated with a more prominent ibrutinib-in-
duced lymphocytosis. FoxO1 inhibition decreases CLL cell viabil-
ity alone and more potently with BCR inhibition and blocks CLL 
proliferation induced by T cell signals (a combination of CD40L, 
IL-4 and IL-21).

We hypothesized that CLL cells might use nongenetic adap-
tation to survive BTK kinase inhibition. It has been shown that 
PI3K/Akt pathway modulation appears to be the key element con-
trolling mature B cell survival, and constitutively active PI3K res-

https://doi.org/10.1172/JCI173770
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd
https://www.jci.org/articles/view/173770#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2024;134(23):e173770  https://doi.org/10.1172/JCI1737708

https://doi.org/10.1172/JCI173770


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

9J Clin Invest. 2024;134(23):e173770  https://doi.org/10.1172/JCI173770

BTK inhibitor–resistant patients with BTK mutations harbor phos-
phorylated Akt (Supplemental Figure 3) (55, 56). It is plausible that 
the early adaptation via pAktS473 might support later development 
of fully resistant clones carrying mutations in BTK and/or PLCG2 
and/or other genes or might combine with the occurrence of such 
mutations later during therapy. It remains unclear whether BTK or 
PLCG2 mutations are fully responsible for the survival of the whole 
CLL cell clone on therapy/during relapse since they are often pres-
ent in a small CLL cell subpopulation (<5% variant allele frequency 
[VAF]) (8, 9), and 20%–35% of relapsing CLL patients do not carry 
mutations explaining the resistance (57–59).

Our RNA profiling of paired CLL samples obtained before and 
during ibrutinib therapy in vivo revealed upregulation of Rictor, 
an indispensable protein for mTORC2 protein complex assem-
bly and function that directly phosphorylates Akt at S473 (34). 
Rictor KO in MEC1 cells confirmed its critical role for adaptive 
AktS473 phosphorylation during ibrutinib exposure. To understand 
the mechanisms leading to Rictor upregulation, we analyzed the 
expression of transcription factors during ibrutinib therapy in 
CLL in vivo. This revealed that transcription factor FoxO1 direct-
ly binds in the Rictor promoter, and its activity determines Rictor 
levels in CLL cells during ibrutinib therapy. Notably, the FoxO1 
targets identified by CUT&RUN in ibrutinib-treated MEC1 cells 
included 7 out of 25 PI3K/Akt pathway regulators changed during 
ibrutinib therapy, suggesting that FoxO1 plays a complex role in 
the PI3K pathway changes. Importantly, the FoxO1-KO cells had 
a significant disadvantage in competitive growth assay with ibru-
tinib when compared with FoxO1 WT MEC1 cells (P < 0.0001), 
and FoxO1-KO MEC1 cells were also outgrown by the WT cells 
in immunodeficient mice. FoxO1 KO or its chemical inhibition 
led to a dramatic downregulation of basal AktS473 phosphoryla-
tion and also blocked pAktS473 induction after BCR crosslinking. 
This demonstrates that FoxO1 is directly responsible for the Ric-
tor activation and mTORC2’s subsequent ability to phosphory-
late Akt at S473. This is in line with studies of mutated FoxO1 in 
DLBCL, where FoxO1 mutations causing its increased activity in 
the nucleus lead to increased Akt phosphorylation (60). Rober-
to et al. (60) suggested that FoxO1 regulates the transcription 
of PHLPP1 phosphatase responsible for Akt dephosphorylation. 
However, we did not observe PHLPP1 changes after ibrutinib/
idelalisib therapy in CLL, and its promoter was not bound by 
FoxO1 (data not shown). We have previously shown that FoxO1 
can transcriptionally induce the adaptor protein GAB1, an adap-
tor molecule for PI3K, and thus also contributes to PI3K/Akt axis 
activity via another mechanism (23, 61). Therefore, the increased 
AktS473 phosphorylation after FoxO1 induction in CLL cells might 
be caused by the cooperation of 2 mechanisms, i.e., (a) Rictor 
upregulation leading to direct increase of mTORC2 kinase activ-
ity responsible for AktS473 phosphorylation and (b) induced GAB1 
levels leading to PI3K signaling amplification (23). Our data 
from experiments with idelalisib suggest that the former mech-
anism is of larger importance since PI3K kinase activity is not 
essential for the FoxO1/Rictor/pAktS473 axis. The FoxO1/Rictor/
pAktS473 axis bypasses both BTK and PI3K, but the GAB1/PI3K 
axis requires functional PI3K. However, our data do not exclude 
the possibility that other mechanisms may (co)exist that support 
“tonic” Akt activity, such as the induction of surface BCR during 

cues BCR-deficient mature B cells from apoptosis (27, 28). Indeed, 
we observed that 70% of CLL patients on ibrutinib therapy (2–12 
weeks) and 50% of patients on acalabrutinib (4–12 weeks) thera-
py had induced pAktS473 levels, and pAktS473 level recovery was also 
observed in MEC1 cells treated with BTK inhibitors in vitro. This 
is partially conterintuitive since the acute effect of ibrutinib is a 
reduction in pAktS473 levels (see Figure 1C and Supplemental Figure 
13) and suggests that CLL cells utilize pAktS473 to survive the BTK/
BCR signaling inhibition. This is in line with data from DLBCL cell 
lines where constitutively active Akt rescued BCR KO in vitro (53). 
Indeed, we observed that patients with upregulated pAktS473 levels 
during ibrutinib therapy experienced higher and longer-lasting lym-
phocytosis after the start of treatment (Figure 1E). CLL cells obtained 
during ibrutinib therapy are also highly sensitive to Akt inhibition, 
with an increase in the apoptosis rate compared with pretherapy 
samples. This suggests a direct role for Akt in the survival of CLL 
cells during ibrutinib therapy and within the relatively stimuli-poor 
microenvironment of peripheral blood. The essential role of Akt in 
CLL cell survival has been shown previously, including its inhibition 
causing cell apoptosis and overactivation triggering Richter trans-
formation (29–33, 54). BCR inhibitors induce mild cell apoptosis 
and have substantial cytostatic effects shown by interfering with 
CLL cell entrance to lymph nodes to obtain proproliferative CLL–T 
cell interactions (12, 37). pAktS473 supports CLL cell survival, but it is 
not sufficient to allow for CLL cell proliferation and thus provides a 
survival adaptation, but not a complete resistance to BTK inhibition. 
Unfortunately, the short follow-up of the analyzed patient samples 
(and a small number of samples without pAktS473 induction) did 
not allow us to study the association of pAktS473 levels with Richter 
transformation or time to relapse. Notably, CLL cells obtained from 

Figure 4. FoxO1-KO or inhibition leads to decrease of Rictor and pAktS473 
levels. (A) Representative immunoblot of FoxO1-KO MEC1 clones and den-
sitometric quantification of relative Rictor and pAktS473 protein levels in all 
obtained FoxO1-KO MEC1 clones with complete FoxO1 KO (n = 15). P values 
were calculated using unpaired t test. (B) Representative immunoblot of 
WT and FoxO1-KO MEC1 clones (n = 4). Cells were treated with ibrutinib 
(1 μM) for 7 days. Fresh ibrutinib was added to culture media every other 
day. (C) Competitive growth of WT MEC1 cells versus FoxO1-KO MEC1 
clones in medium with ibrutinib (2 μM, 4 weeks) relative to growth in 
medium with vehicle (DMSO). WT and FoxO1-KO cells marked with GFP or 
AZURIT (and vice versa) and mixed in 1:1 ratio (n = 4 repetitions for each 
of the 3 clones, WT clones are marked by numbers corresponding to the 
specific KO clone that was used in the corresponding competitive growth 
experiment). Cells were treated with ibrutinib (fresh ibrutinib was added 
3 times a week) or DMSO. Graph represents the percentage of KO versus 
WT ibrutinib-treated cells, and this is plotted relatively to vehicle-treat-
ed (DMSO) KO or WT cells, respectively, to correct for any effect of the 
KO on ibrutinib-unrelated cell fitness. Statistical difference was tested 
using 2-way ANOVA with Geisser-Greenhouse correction. (D) Represen-
tative immunoblot of MEC1 cells treated with various FoxO1 inhibitor 
concentrations (72 hours). (E) Representative immunoblot of MEC1 cells 
treated with FoxO1 inhibitor (inh) or mTOR inhibitor (both 0.5 μM, 24 
hours). (F) Representative immunoblot of primary CLL cells treated with 
FoxO1 inhibitor or mTOR inhibitor for 48 hours (both 0.5 μM) and then 
stimulated with anti-IgM (20 μg/ml, 10 minutes). (G) Representative 
immunoblot of primary CLL cells treated with FoxO1 inhibitor (0.5 μM) for 
48 hours and then stimulated with bead-bound anti-IgM (3 hours). (H) 
Relative protein levels of pAktS473 and cMYC obtained by densitometric 
quantification of immunoblots from experiment in G (n = 6). P values 
were calculated using paired t test.
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We show that the FoxO1/Rictor/pAktS473 axis is induced 
during ibrutinib treatment, and this helps CLL cells adapt and 
survive in peripheral blood, which associates with the extent of 
lymphocytosis following the treatment initiation. This may be 
a “preprogrammed” mechanism for CLL cells’ survival in stim-
uli-poor peripheral blood, as FoxO1 and Rictor are upregulated 
in intraclonal CXCR4brightCD5dim subpopulations (Supplemental 
Figure 14A), the CLL cell subpopulation circulating in peripheral 
blood for an extended time (7, 23, 68). Moreover, BTK inhibition 
in vivo causes changes in intraclonal CXCR4/CD5 composition, 
and CXCR4brightCD5dim cells become a dominant subpopulation 
(Supplemental Figure 14B). FoxO1 might also be involved in the 
transcriptional regulation of other proteins contributing to adap-
tation or resistance to BCR inhibition, such as integrin signaling 
(17, 69) or CXCR4 induction (70), and this likely depends on 
interactions with other transcription factors as evidenced in MCL 
(71). For example, it has been shown that FoxO1 induces IGF1R, 
and this contributes to idelalisib resistance in TCL1-transgenic 
mice (72); however, we did not observe IGF1R induction during 

ibrutinib therapy described by us previously (24). Notably, induc-
tion of FoxO1 and Rictor also occurs upon treatment with highly 
selective BTK inhibitors, namely acalabrutinib and pirtobrutinib. 
However, the initial inhibition followed by recovery of pAktS473 
levels in vitro is more pronounced with ibrutinib, likely due to its 
off-target activity on other BCR-related kinases (40, 41, 62). We 
also observed a decrease in pAktT308 in FoxO1-KO MEC1, likely 
due to impaired PI3K recruited to the plasma membrane caused 
by lower GAB1 levels (23) and decreased recruitment of Akt to 
the plasma membrane (dependent on binding to PIP3 produced 
by PI3K). Moreover, Akt’s phosphorylation at S473 facilitates 
Akt’s phosphorylation at T308 by PDK1 (34, 63, 64). Notably, 
an increase in FoxO1/Rictor/pAktS473 axis activity during BTK 
inhibitor treatment might also result in an increased propensity 
for signaling after BCR ligation with antigen once the BTK inhib-
itor is discontinued due to reasons other than the acquisition of 
BTK/PLCG2 mutations (such as surgical intervention or toxicity) 
(65–67), since the same axis is involved in the amplification of the 
BCR signal (see Figure 2, I–K, and Figure 4, F–H).

Figure 5. FoxO1/Rictor/pAktS473 is responsible 
for adaptation to idelalisib. (A) Heatmap of 
differentially expressed genes from samples 
obtained before and during idelalisib treat-
ment in vivo (P adj < 0.05; base mean > 100; 
n = 11 pairs) and overlapped with 2 databases 
of genes involved in PI3K/Akt signaling (gene 
sets: no. M27162, reactome_PI3K_AKT_signal-
ling_in_cancer and has04151, KEGG: PI3K-Akt 
signaling pathway). Lower expression indicat-
ed in blue, higher in yellow. Genes marked with 
asterisks were also differentially expressed 
after ibrutinib treatment in vivo (see Figure 
2A). List of top 500 differentially expressed 
genes is included in Supplemental Table 5. (B) 
Representative immunoblot of Rictor, FoxO1, 
and pAktS473 in primary CLL sample treated 
with idelalisib in vivo. (C) Densitometric 
quantification of relative pAktS473, Rictor, and 
FoxO1 protein levels analyzed by immunoblot 
in primary samples of CLL patients treated 
with idelalisib in vivo for 2–4 weeks (n = 11 for 
pAktS473 and FoxO1; n = 9 for Rictor). P values 
were calculated using Wilcoxon’s test. For 
patient characteristics, see Supplemental 
Table 8. (D) Competitive growth of WT versus 
FoxO1-KO MEC1 cells in medium with idelalisib 
(2 μM, 4 weeks) relative to growth in medium 
with vehicle (DMSO). WT and FoxO1-KO cells 
marked with GFP or AZURIT (and vice versa) 
and mixed in 1:1 ratio (n = 4 repetitions for 
each of the 3 clones, WT clones are marked 
by numbers corresponding to the specific KO 
clone that was used in the corresponding com-
petitive growth experiment). Graph represents 
the percentage of KO versus WT idelalis-
ib-treated cells, and this is plotted relatively 
to vehicle-treated (DMSO) KO or WT cells, 
respectively, to correct for any effect of the KO 
on idelalisib-unrelated cell fitness. Statistical 
difference was tested using 2-way ANOVA 
with Geisser-Greenhouse correction.
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blocked by PI3K inhibition or independently via the BTK/PLCγ2/
Ca2+ axis (73). It is likely that the inhibition of BCR signaling by 
BTK or PI3K inhibition leads to upregulation of FoxO1 mRNA in 
CLL cells because its transcription is not repressed by the “con-
tinuous” tonic BCR signaling. FoxO1 can also be regulated at the 
protein level by Akt, which phosphorylates FoxO1, leading to sub-
sequent ubiquitination and degradation. Acute exposure of CLL 
cells to ibrutinib leads to a nearly complete loss of pAktS473 and 
stabilization of FoxO1 protein levels, which triggers transcription 

several weeks of idelalisib or ibrutinib therapy in CLL in vivo. 
Activating the FoxO1/Rictor/pAktS473 pathway is not exclusive 
to ibrutinib treatment, as the axis is also induced during acal-
abrutinib or idelalisib treatment. Moreover, FoxO1-KO cells were 
significantly less able to proliferate during competitive culture 
experiments with either idelalisib or ibrutinib (P < 0.02 and P < 
0.0001, respectively). It has been previously shown that strong 
BCR activation downregulates FoxO1 via its degradation via the 
PI3K axis, but also on a transcriptional level, which could be 

Figure 6. FoxO1 is a potential 
therapeutic target alone or in 
combination with BCR inhibitors. 
(A) Representative immunoblot of 
MEC1 cells treated with ibrutinib 
(2 μM), FoxO1 inhibitor (0.5 μM), 
or their combination for 6 days. 
(B) Densitometric quantification 
of Rictor and pAktS473 protein 
levels in MEC1 cells treated with 
ibrutinib (2 μM), FoxO1 inhibitor 
(0.5 μM), or their combination for 
6 days (n = 4). (C) Representative 
immunoblot of primary CLL cells 
pretreated with ibrutinib (1 μM) or 
idelalisib (1 μM) for 24 hours and 
subsequently with FoxO1 inhibitor 
(0.5 μM) or AZD8055 (mTOR inh, 
0.5 μM) added to the culture for 
additional 48 hours. (D) Relative 
viability of primary CLL cells (n = 7) 
pretreated with vehicle, ibrutinib 
(1 μM), or idelalisib (1 μM) for 24 
hours and then treated with FoxO1 
inhibitor (0.5 μM) for additional 48 
hours. Combination index = 1.01 for 
ibrutinib and FoxO1 inhibitor, and 
0.97 for idelalisib and FoxO1 inhibi-
tor. For patient characteristics, see 
Supplemental Table 8. (E) Relative 
viability of MEC1 cells treated with 
ibrutinib (2 μM), FoxO1 inhibitor (0.5 
μM), or their combination (96 hours, 
n = 5). Combination index = 0.64. 
(F) Relative WST-1 absorbance in 
MEC1 cells treated (48 hours) with 
ibrutinib (2 μM), FoxO1 inhibitor (0.5 
μM), or their combination (n = 5). 
(G) Relative viability of paired CLL 
samples (n = 5) obtained before and 
after 1 month (n = 2) or 2 months 
(n = 3) of ibrutinib therapy in vivo. 
Upon thawing, cells were treated 
with ibrutinib (1 μM), FoxO1 inhib-
itor (0.5 μM), or their combination 
(72 hours). For patient characteris-
tics, see Supplemental Table 8. All 
P values in Figure 5 were calculated 
using paired t test.
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It has been suggested that FoxO1 and Akt activity are mutually 
exclusive since Akt activation leads to FoxO1 phosphorylation, its 
sequestration from the nucleus, and degradation (75, 76). Howev-
er, we and others had previously shown that active Akt and nucle-

of FoxO1 targets such as Rictor, but possibly also FoxO1 itself 
(FoxO1 binds its own promotor; ref. 74). This likely explains why 
we observed FoxO1 changes on both protein and mRNA levels 
during BTK/PI3K inhibitor therapy.

Figure 7. FoxO1 inhibition overcomes microenvironmental protection and blocks CLL cells’ proliferation induced by T cell factors. (A and B) Relative viability 
of primary CLL cells cocultured with HS5 cells. CLL cells were cocultured for 5 or 10 days on (A) WT HS5 or (B) HS5CD40L,IL-4,IL-21 and treated with ibrutinib (1 μM), 
acalabrutinib (acal, 1 μM), FoxO1 inhibitor (0.5 μM), or their combination. (C and D) Proliferation of primary CLL cells cocultured with stromal cells HS5CD40L,IL-4,IL-21 
treated with ibrutinib (1 μM), FoxO1 inhibitor (0.5 μM), or their combination. (C) Representative CFSE staining histogram in 2 primary CLL samples. Prolifer-
ation rate quantified by dilution of CFSE signal. (D) Probability (calculated from precursor frequency) that cells will divide at least once (n = 10). (E) Cell cycle 
measured by propidium iodide (PI) staining in MEC1 cells treated with ibrutinib (1 μM), FoxO1 inhibitor (0.5 μM), or their combination for 96 hours (n = 5). P 
values are calculated for differences in percentages of cells in S phase. (F and G) Relative viability of primary CLL cells obtained for patients at the time of 
progression on BTK inhibitors and cocultured for 5 or 10 days on (F) WT HS5 or (G) HS5CD40L,IL-4,IL-21 and treated with FoxO1 inhibitor (0.5 μM). (H) Relative levels 
of cell-surface CD20 and CXCR4 levels in primary CLL cells (n = 9) treated with FoxO1 inhibitor (0.5 μM, 48 hours). For patient characteristics, see Supplemental 
Table 8. All P values in Figure 6 were calculated using paired t test.
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pirtobrutinib, or idelalisib. The FoxO1 inhibitor is also toxic for 
CLL cells resistant to BTK inhibitors due to BTK mutations under-
scoring its therapeutic potential. Furthermore, FoxO1 inhibition 
reduced the viability of CLL cells cocultured with stromal cells 
and CLL cell proliferation induced by the T cell factors (CD40L, 
IL-4, and IL-21), and this was potentiated in combination with 
ibrutinib. The cytotoxic and cytostatic effects of FoxO1 inhibitor 
also translated into reduced MEC1 cell growth in immunodefi-
cient mice treated by a combination of the FoxO1 inhibitor with 
ibrutinib as compared with ibrutinib alone. The antiproliferative 
effects of the FoxO1 inhibitor might be related not only to Akt 

ar FoxO1 are not mutually exclusive in malignant B cells (23, 77) 
and observed FoxO1 nuclear accumulation in CLL cells obtained 
during ibrutinib therapy (23). Despite FoxO1’s reported role as a 
tumor suppressor, recent reports linked high FoxO1 expression 
to poor prognosis in B cell malignancies (77, 78). Approximately 
10% of DLBCL and Burkitt lymphomas carry FoxO1 mutations 
that lead to FoxO1 retention in the nucleus (specifically T24 muta-
tion) and its increased transcriptional activity (77, 79, 80). Here, 
we show that FoxO1 inhibition represents a potential therapeutic 
target in CLL since it decreases CLL cells’ viability, and this effect 
is more profound when combined with ibrutinib, acalabrutinib, 

Figure 8. Role of FoxO1/Rictor/pAktS473 axis in the adaptation to BTK inhibition. BTK inhibitor treatment leads to FoxO1 induction. FoxO1 subsequently 
binds to the Rictor promoter and increases its expression, which supports mTORC2 complex activity. mTORC2 directly phosphorylates Akt at S473 inde-
pendently of BCR-associated kinases BTK and PI3K. This adaptation mechanism to BTK inhibitor treatment can be overcome by FoxO1 inhibition, which 
leads to apoptosis of cells and inhibition of proliferation.
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Genome-wide binding of FoxO1 by CUT&RUN. CUT&RUN was 
performed according to the protocol using protein A/G–Micrococcal 
Nuclease (pA/G-MNase) fusion protein (Addgene ID:123461) and Tri-
ton X-100–based nuclear extraction (86) (see Supplemental Methods).

Cell line–derived xenograft mouse models. For competitive in vivo 
growth assay, MEC1WT and MEC1FoxO1-KO clones were traced with a 
plasmid encoding GFP or AZURIT and were mixed in a 1:1 ratio and 
injected into the tail vein of NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, 
The Jackson Laboratory) mice. Mice were sacrificed 3 weeks after 
the MEC1 injection, and spleen, liver, blood, and bone marrow were 
analyzed for the ratio of GFP+/AZURIT+ cells by flow cytometry. For 
details, see Supplemental Methods.

For in vivo testing of ibrutinib/FoxO1 inhibitor treatment, 
GFP-positive MEC1 cells (3 × 106) were intravenously injected into 
female NRG mice (NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ, The Jackson Lab-
oratory). Mice were divided randomly after 3 days of leukemia engraft-
ment into 2 groups and treated with either ibrutinib or a combination 
of ibrutinib and FoxO1 inhibitor. Mice were sacrificed 14 days after the 
MEC1 injection, and bone marrow was analyzed to determine the per-
centage of GFP+ cells. For details, see Supplemental Methods.

Statistics. Apart from NGS analysis (Supplemental Methods), all 
statistical analyses were performed with Prism, version 8.0.1 (Graph-
Pad). Data in graphs represent mean ± SEM.

Study approval. The institutional review board (Ethics Committee 
of University Hospital, Brno, Czechia) approved the study, and samples 
were obtained with written, informed consent according to the Declara-
tion of Helsinki.

Data availability. The RNA-Seq analysis results may be found 
in a data supplement available with the online version of this article. 
Data have been deposited at the European Genome-phenome Archive 
(EGA), which is hosted by the European Bioinformatics Institute (EBI) 
and the Centre for Genomic Regulation (CRG) (EGAS50000000620 
and EGAS50000000621). Values for all data points in graphs are 
reported in the Supporting Data Values file. For other original data or 
detailed protocols, contact the corresponding author.
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of mice were used and the results were consistent irrespectively of the 
use of male versus female mice. For in vivo testing of ibrutinib/FoxO1 
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the results should not be influenced by use of one animal sex.

CLL samples and cell lines. Purified CLL samples contained 95% 
or more of CD5+19+ cells (see Supplemental Methods). MEC1 and HS5 
cells were obtained from the DSMZ and ATCC, respectively.

Gene expression. For RNA-Seq analysis, libraries were prepared as 
described previously (23, 37) using the TruSeq Stranded messenger 
mRNA (mRNA) LT Sample Prep Kit (Illumina) and sequenced with 
the NextSeq 500/550 High Output, version 2.5, Kit (Supplemental 
Methods).

Cell treatments, competitive assay, and coculture. MEC1 cells (1 × 106/
ml) and CLL cells (10 × 106/ml) were treated with ibrutinib (2 μM for 
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for primary CLL cells), pirtobrutinib (2 μM for MEC1, 1 μM for prima-
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treated with DMSO or ibrutinib/idelalisib. For coculture experiments, 
CLL cells loaded with CFSE were seeded onto γ-irradiated HS5WT or 
HS5CD40L,IL-4,IL-21 cells (20:1 ratio) (47) and treated with DMSO or inhib-
itors (5/10 days). For details, see Supplemental Methods.
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