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Key Points

• Ibrutinib inhibits both BCR
and NF-kB signaling in lymph
node and bone marrow
resident CLL cells.

• Rapid and sustained
reduction of cellular activation
and tumor proliferation was
achieved in all anatomic
compartments.

Chronic lymphocytic leukemia (CLL) cells depend on microenvironmental factors for

proliferation and survival. In particular, tissue-resident CLL cells show prominent

activation of both B-cell receptor (BCR) and NF-kB pathways. We evaluated the in vivo

effects of ibrutinib, aBruton tyrosine kinase (BTK) inhibitor on tumor cell activation and

proliferation in the blood, lymph node, and bonemarrow of patientswith CLL. Applying

validated pathway-specific gene signatures, we detected a rapid and sustained

downregulation of BCR and NF-kB signaling in CLL cells from both the peripheral

blood and tissue compartments during ibrutinib treatment. Ibrutinib reduced phos-

phorylation of PLCg2 andERKanddecreasednuclear protein expressionof NF-kBp50.

Ibrutinib significantly decreased tumor proliferation and expression of surface activation

markers CD69 and CD86, independent of prognostic factors such as IGHV mutational

status, chromosome 17p deletion, or prior treatment history. Interestingly, stronger

inhibition of BCR signaling in lymph node resident CLL cells after one dose of ibrutinib

was associatedwithahigher rateofnodal responseat the endof cycle 2. Together, thesedata validateon-target effectsofBTK inhibition

in the tissue compartments and demonstrate that ibrutinib effectively inhibits pathways that promote tumor cell activation and

proliferation in vivo. This study is registered at www.clinicaltrials.gov as #NCT01500733. (Blood. 2014;123(21):3286-3295)

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the ex-
pansion of monoclonal, mature CD51 B cells that proliferate in
tissue compartments such as the lymph node (LN) and bone marrow
(BM).1-3Using in vivo labelingwith heavywater, the proliferation rate
of CLL cells was estimated to range from 0.1% to 1% of the clone per
day.4 These differences in tumor proliferation likely account for the
heterogeneous clinical course of CLL and reflect genetic differences
among the malignant lymphocytes as well as the activity of external
signals that drive tumor proliferation.5

CLL cells depend on interactions with cells and soluble factors
present in the tumor microenvironment for proliferation and
survival.2,6,7 Among several pathways that may support CLL
proliferation and survival in vivo, the B-cell receptor (BCR) appears
to be of particular importance.1,6,8 Antigens bound by the BCR of
CLL cells include autoantigens expressed on dying cells,9,10 as well
as microbial antigens.10-12 In vivo, the cellular response may depend
on the degree to which a given BCR can interact with multiple anti-
gens, the strength of the resulting intracellular response, and the
availability of co-stimulatory signals in the tissuemicroenvironment.
Ongoing inducible activation of BCR signaling in vivo is indicated
by the finding that tissue-resident CLL cells, especially those in the
LN, demonstrate more active BCR signaling than the circulating
tumor cells.1Finally, the impressive clinical resultswith smallmolecules

that target kinases in the BCR pathway further support the importance
of this pathway. In particular, inhibitors of LYN (dasatinib),13 SYK
(fostamatinib),14 PI3Kd (idelalisib),15,16 and BTK (ibrutinib, CC-
292)17-20 have shown marked antitumor effects in clinical trials.

BTK, a member of the Tec family of kinases, couples BCR
activation to intracellular calcium release and NF-kB signaling.21

BTK expression is upregulated in CLL cells compared with
normal B cells,22 and its knockdown decreases the viability of
primary CLL cells.23 Furthermore, genetic ablation of BTK in-
hibits disease progression in mouse models of CLL, indicating its
continued importance for malignant B cells.23,24 Ibrutinib co-
valently binds to Cys-481 of BTK, leading to sustained inhibition
of its kinase function.25,26 Ibrutinib has been shown to be well
tolerated and active across a spectrum of mature B-cell ma-
lignancies, with the highest response rates in CLL and mantle cell
lymphoma.17,27,28 In recently completed studies inCLL, the response
rates with single agent were 71% in both relapsed/refractory and
treatment-naı̈ve elderly patients.19,20

In vitro studies demonstrated that inhibition of BTK using
ibrutinib antagonizes the protective effect of stromal cells and
induces a moderate degree of apoptosis.22,29 In the Tcl1 transgenic
mouse model, ibrutinib inhibited the growth of malignant (TCL1
leukemic) B cells,29 and in a human CLL xenograft model, ibrutinib
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induced apoptosis and reduced tumor proliferation and total tumor
burden.30 Correlative studies using CLL cells from the peripheral
blood (PB) of patients treated with fostamatinib or ibrutinib have
shown inhibition of relevant phosphoproteins and reduced expres-
sion of the proliferation marker Ki67.31,32 However, the effects of
kinase inhibitors on CLL cells residing in the tissue microenviron-
ment, where multiple signaling pathways may be activated con-
currently,7 have not been examined. Here we analyzed the in vivo
effects of ibrutinib on tumor biology in LN,BM, and circulatingCLL
cells from patients enrolled in a single-agent investigator-initiated
study.

Methods

Patient characteristics and samples

The investigator initiated trial enrolled 2 cohorts of patients with CLL or
SLL that were not well served by current standard chemoimmunotherapy:
patients$65 years old who may experience excess toxicity and patients
whose tumor cells had a deletion of the short arm of chromosome

17 (del(17p)) who have inferior responses to FCR (www.clinicaltrials.gov;
NCT01500733).33,34 Patient characteristics and nodal response at the
end of cycle 2 are summarized in Table 1. Written informed consent was
obtained in accordance with the Declaration of Helsinki, applicable
federal regulations, and requirements of the local institutional review
board. Peripheral blood samples were collected pretreatment (Pre) within
24 hours of the first dose (day 2), 2 weeks after the initiation of therapy
(day 14), and at the end of cycles 1 and 2 (days 28 and 56, respectively).
Lymph node core biopsies from superficial nodes deemed accessible with
minimal risk were obtained both pretreatment and on day 2. When
possible, single-cell suspensions were prepared and viably frozen. Bone
marrow biopsy aspirates were collected both pretreatment and on day 56.
Mononuclear cells were isolated by density-gradient centrifugation
(Ficoll Lymphocyte Separation Media; ICN Biomedicals, Irvine, CA)
and viably frozen in 90% fetal bovine serum (FBS) and 10% dimethyl
sulfoxide (DMSO) (Sigma, St. Louis, MO) in liquid nitrogen.

BTK occupancy

BTKoccupancy inLNcore biopsieswasmeasured using afluorescent affinity
probe (hereafter simply “probe”) assay as previously described.26 Fluo-
rescently stained protein bands were quantified using Molecular Dynamics
ImageQuant 5.2 software (GE Healthcare, Waukesha, WI). The relative

Table 1. Patient characteristics

Patient ID Treatment-naı̈ve* Rai stage IGHV status† del(17p) CD38‡ CD49d‡ Decrease in adenopathy§

01 No 1 U Yes – – 72

02 No 3 U No 1 1 ND

03 No 4 U Yes 1 1 71

04 No 1 M No – 1 51

05 No 4 U Yes – 1 62

06 No 4 M No 1 1 60

07 Yes 3 U Yes 1 – 55

08 No 4 U No – 1 41

09 Yes 2 U Yes – – 39

10 No 4 M Yes 1 – 43

11 Yes 1 U Yes – – 60

12 No 4 U No 1 – 64

13 No 1 U No 1 – 89

14 No 4 U No 1 1 53

15 No 3 U No 1 – 76

16 Yes 4 U Yes – – 74

17 No 3 U Yes – 1 44

18 Yes 4 M Yes – – 42

19 No 4 U Yes 1 1 49

20 Yes 4 M No – – 45

21 Yes 4 M Yes – 1 34

22 Yes 4 M No 1 1 49

23 No 1 M Yes 1 – 70

– Yes 2 M Yes – – 72

25 No 4 M No 1 1 69

26 Yes 4 U No – – 58

27 Yes 2 M No – 1 74

28 Yes 2 M No – – 45

29 No 4 U Yes – 1 65

30 No 4 M Yes – 1 51

31 Yes 1 M Yes – – 53

32 No 4 M No 1 1 42

33 No 4 U Yes 1 1 53

34 No 3 U No – 1 64

35 No 4 M Yes – 1 56

36 No 4 U No 1 1 45

*Among the 13 relapsed patients, the median number of prior treatments was 3 with a range of 1-7.

†Unmutated indicates ,2% change in IGHV gene sequence compared with germline.

‡CD38 or CD49d positive (1) indicates $30% of CLL cells express surface antigen above isotype control.

§Decrease in lymphadenopathy was determined by the percent reduction in the sum of the product of the diameters of up to 4 lymph nodes on CT scan after 2 cycles

compared with baseline. A nodal response is defined as .50% reduction. Samples that were not determined are indicated by ND.
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density of each band was quantified using volume integration and local
average background correction as previously described.17

Tumor cell purification

Where indicated, purified CLL cells were used instead of mononuclear cells.
Tumor cells were purified using a CD191 selection with MACS Cell
Separation Columns as described by the manufacturer (Miltenyi Biotec,
Cambridge, MA), resulting in .96% purity (normal B cells are ,1% of
CD191 cells).

Gene expression

Total RNA was extracted from either CD191 cell pellets (PB and BM) or LN
core biopsies using RNeasy kits (Qiagen, Valencia, CA), and cDNA was
prepared using the High Capacity cDNA RT Kit (Applied Biosystems,
Carlsbad, CA). Expression of 11 previously validated BCR and NF-kB target
genes (supplemental Table 1)1 was quantified by real-time polymerase chain
reaction (RT-PCR) on TaqMan CustomArrays (microfluidic cards) on an ABI
PRISM 7900HT Sequence Detection System (Applied Biosystems). The
pathway-specific signature scorewas determined as previously described.1,30,32

Briefly, the difference in threshold cycle (DCt) for each gene of interest was
calculated from the Ct of the housekeeping gene (VCP)—Ct of the gene of
interest (eg, EGR1). TheDCt for the pathway-specific geneswere averaged into
a signature score (5 unique genes for BCR, 5 unique genes for NF-kB, and
1 gene [CCL4] shared by both pathways).

Flow cytometry

Mononuclear cells were stained as previously described30 with the following
antibodies: anti-CD45-APC, anti-CD19-PECy5, anti-CD5-PECy7 (to iden-
tify the CLL population), and one of the following PE-conjugated antibodies:
IgG1-isotype control, CD69, or CD86 (BDBiosciences, Franklin Lakes, NJ).
Stainingwith the anti-Ki67-FITC conjugated antibodywas done after surface
staining. Cells were fixed with 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) and permeabilized with 70% ice-cold ethyl alcohol
(The Warner-Graham company, Cockeysville, MD). Analysis of phospho-
protein expression was done using the BD cytofix buffer and BD phosflow
perm buffer III. Cells were fixed and permeabilized according to the
manufacturer’s directions and stained with one of the following Alexa488-
conjugated antibodies: IgG1-isotype control, anti-pPLCg2 (Y759), or anti-
pErk(T202/pY204). Cells were analyzed on a FACS Canto II flow cytometer
(BD Biosciences) using FACS-DIVA 6.1.1 and FlowJo software (version
8.8.6; TreeStar, Ashland, OR).

NF-kB activity assay

NF-kB activity was measured using the TransAM NF-kB p50 transcription
factor assay kit (Active Motif, Carlsbad, CA) as previously described.35

Nuclear lysates of purifiedCLL cells pretreatment and on day 28were applied
to 96-well plates coated with oligonucleotides containing the NF-kB con-
sensus sequence (59-GGGACTTTCC-39). Concentration of p50 was de-
termined by comparing samples with a standard curve of purified p50 protein
(Active Motif).

Immunohistochemistry

Lymph node core biopsies were fixed in 10% formalin, paraffin embedded,
sectioned, and stainedwith hematoxylin and eosin stain (H&E) or human anti-
Ki67 antibody. Images were collected using the Olympus Bx41 microscope
(Center Valley, PA) at the indicated magnifications.

Statistical analysis

To compare nonrandom measurements in an individual patient either across
time or compartment, a paired Student t test was used; otherwise an unpaired
Student t test was used. Correlations were evaluated using the Pearson test
(Prism5, GraphPad).

Results

Ibrutinib induces rapid and sustained inhibition of BCR and

NF-kB signaling in vivo

We first sought to determine the on-target effects of BTK inhibi-
tion in circulating CLL cells of patients treated with single-agent
ibrutinib. BTK is essential for BCR signaling and activation of the
NF-kB pathway downstream of the BCR.21 We therefore assessed
the expression of 11 genes regulated by these pathways (supple-
mental Table 1) by quantitative RT-PCR in purified CLL cells from
the PB. As a measure of pathway activation, the mRNA levels of the
respective target genes were averaged into gene signature scores.
Already after one dose of ibrutinib, BCR signaling was significantly
inhibited and remained suppressed throughout treatment (P , .01;
n5 8; Figure 1A). Concurrently, ibrutinib also significantly reduced
NF-kB signaling; however, the degree of NF-kB pathway inhibition
increased with time on treatment through at least the first few weeks
(Figure 1A). Although both BCR and NF-kB signaling were in-
hibited in all patients evaluated, the extent to which this occurred
was highly variable (median reductions on day 28 of 81% and 74%,
respectively; P# .005; n5 25; Figure 1B). This variability was not
associated with any of the typical prognostic factors such as IGHV
mutational status, del(17p), or previous treatment history (supple-
mental Figure 1). Consistent with NF-kB activation downstream of
the BCR, the degree of reduction in the 2 gene signature scores was
highly correlated (R 5 .66, P, .001; n5 25; Figure 1C).

Next, we assessed the phosphorylation state of proteins involved
in BCR signal transduction.Wefirst evaluated PLCg2, a direct target
of BTK.A representative histogram showing the reduction in PLCg2
phosphorylation (pPLCg2) on day 28 compared with pretreatment is
depicted in Figure 1D. In all patients studied, circulating CLL cells
showed a significant reduction in pPLCg2 (P , .001; n 5 30,
Figure 1E). Next, we evaluated phosphorylation of ERK, an event
further downstream of BCR and BTK activation, and also found
a significant reduction (P , .001; Figure 1E). Both pPLCy2 and
pERK were reduced as early as day 2 and progressively decreased
further over the first few weeks on treatment (n5 12; supplemental
Figure 2). Finally, consistent with inhibition of NF-kB target gene
expression, we found significantly reduced levels of NF-kB p50 in
the nucleus of CLL cells on day 28 compared with pretreatment
(P 5 .004; n 5 10; Figure 1F). Together, these data demonstrate
that ibrutinib leads to a rapid and sustained inhibition of BCR and
NF-kB signaling in circulating CLL cells.

On-target effects of BTK inhibition in tissue-resident CLL cells

Both BCR and NF-kB pathways are activated in CLL cells in the
tissue microenvironment.1,6 To determine the effect of ibrutinib on
tissue-resident tumor cells, we obtained matched LN core biopsies
pretreatment and after one dose of ibrutinib (day 2) and BM aspirates
pretreatment and after 2 cycles on drug (day 56). Using the probe
assay, we detected a high degree of BTK occupancy in the LNwithin
24 hours, demonstrating comparable target inhibition in the tissue to
what has previously been shown in peripheral blood mononuclear
cells (PBMCs) (n 5 6; Figure 2A).17,19 In keeping with effective
inhibition of BTK, ibrutinib significantly reduced both BCR and
NF-kB target gene expression in the LN after just one dose (median
reduction of respective gene signature scores by 53% and 43%,
P, .001; n 5 24; Figure 2B). Because of the rapid and substantial
reduction in lymphadenopathy, a repeat LN biopsy at a later time
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point was not practical. We therefore analyzed purified CLL cells
obtained from BM aspirates on day 56 and again found sustained
inhibition of both BCR and NF-kB signaling (median reduction in
the respective scores 73% and 68%, P , .05; n 5 8; Figure 2C).
Although every patient evaluated demonstrated a reduction in the
tissue compartment of both gene signature scores, there was sub-
stantial interpatient variability. As was already shown for circulating
CLL cells, this variability was not correlated with IGHV mutational
status, presence of del(17p), or previous treatment history (supple-
mental Figures 3 and 4) but the reductions in BCR andNF-kB scores
were also strongly correlated in both LN (R5.77, P, .001; n5 24,
Figure 2D) and BM resident CLL cells (data not shown).

Tissue-resident CLL cells also showed a significant reduction in
pPLCg2 (P 5 .02; n 5 8, and P 5 .005; n 5 10, for LN and BM,
respectively; Figure 2E) and pERK (P5 .05, LN and P5 .004, BM;
Figure 2F). Pretreatment, the proportion of CLL cells having
detectable levels of the activated signaling molecules was higher in
the LN than in the BM and the reduction on treatment, although
significant in both tissues, appeared to be more pronounced in the
BMsamples. However, this is likely because of the difference in time
points analyzed because the repeat measurement in the LNwas taken
after just one dose of drug (day 2), whereas the BM cells were
reanalyzed after 2 complete cycles of therapy. Interestingly, both
pPLCg2 and pERKwere substantially reduced in CLL cells aspirated

from the BM at 2 months (P # .005). Thus, ibrutinib effectively
inhibits BCR and NF-kB signaling not only in circulating cells but
also in tumor cells within the tissue microenvironment.

Ibrutinib inhibits activation and proliferation of CLL cells in vivo

We next assessed the effect of ibrutinib on cellular activation as
reflected in the expression of cell surfacemarkers on circulating CLL
cells.After just one dose, therewas amodest but significant reduction
in CD69, a classic lymphocyte activation marker (P, .05; n5 20;
Figure 3A), paralleled by a more pronounced downregulation of
CD86, an activation marker regulated by NF-kB (P, .001; n5 20;
Figure 3B). Expression of both markers decreased further over
the subsequent weeks, and a reduction in cellular activation was
seen in all but one evaluated patient at the end of cycle 1, albeit
with considerable interpatient variability (P , .001; n 5 30;
Figure 3C-D).

Similarly, both CD69 and CD86 expression was also signifi-
cantly reduced in tissue-resident CLL cells (P # .02; n 5 8 for LN
and n 5 10 for BM; Figure 3E-F). Consistent with our gene ex-
pression data, baseline expression of both activation markers was
stronger in CLL cells isolated from the LN than from the BM.
Consistent with what we observed in the PB, we again see that both
markers were rapidly and sustainably downregulated by ibrutinib in

Figure 1. Ibrutinib induces rapid and sustained

inhibition of BCR and NF-kB signaling in vivo in

circulating CLL cells. (A-C) Change in BCR

and NF-kB signature scores (identified in reference 1

and described in Materials and methods) in purified

CLL cells on treatment. (A) Mean (6 SEM) percent

reduction in signature scores (n 5 8 patients, in whom

all time points were available). Comparisons by paired

Student t test: *P , .05, **P , .01, and ***P , .001.

(B) Percent reduction on day 28 compared with

pretreatment. Each dot represents a different patient

(n 5 25). The line represents the median. (C)

Correlation of reduction in BCR and NF-kB signature

scores. Each dot represents one patient. R and P values

of Pearson correlation are displayed (n 5 25). (D-E)

PBMCs were fixed, permeabilized, and stained with

the indicated antibody. Results shown are for the CLL

population (CD51/CD191). (D) A representative histo-

gram of pPLCg2 staining. Isotype control is represented

by the gray shaded area, the dashed line represents

pretreatment, and the solid black line day 28. (E) The

mean (6 SEM) percent of pPLCg2 and pERK express-

ing CLL cells pretreatment (Pre) and on day 28 of

ibrutinib treatment is shown (n 5 30). (F) Quantification

of nuclear p50 was done on nuclear lysates from CLL

cells pretreatment (Pre) and on day 28 of ibrutinib

treatment (n 5 10).
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the tissue compartment, as seen on day 2 in the LN and after 2 cycles
in theBM.Together these data show inhibition of tumor cell activation
in a time-dependent manner that appears to affect the tumor cells in all
tissues analyzed.

Consistent with our prior study, the average rate of Ki671 CLL
cells pretreatment was higher in the LN (18%) than in the BM
(9%) and PB (3%).1 Figure 4A shows a representative histogram

demonstrating the reduction in Ki67 staining on ibrutinib. Ki67
staining in CLL cells in the LN was already significantly reduced
within 24 hours of the first dose (n 5 8, P 5 .02), and was almost
completely lost in the BM at the end of the second cycle (P5 .003;
n5 10; Figure 4B). Histologic sections of LNon day 2 comparedwith
pretreatment were consistent with a moderate reduction in Ki671

cells at this early time point (Figure 4C). Ki671 cells in circulation,

Figure 2. Ibrutinib has a strong on-target effect in tissue-resident CLL cells. (A) BTK occupancy in lymph node (LN) biopsies on day 2 compared with pretreatment as

determined by probe assay. Each dot represents a different patient (n 5 6). (B-C) Percent reduction in BCR and NF-kB signature scores in either (B) LN biopsies (n 5 24) or

(C) CLL cells purified from bone marrow (BM) aspirates (n 5 8). The line represents the median. (D) Correlation of reduction in BCR and NF-kB signature scores in LN

biopsies (n 5 24). (E-F) Mononuclear cells from LN biopsies (n 5 8) or BM aspirates (n 5 10) were fixed, permeabilized, and stained with the indicated antibody. Results

shown are for the CLL population (CD51/CD191). The mean (6 SEM) percent of (E) pPLCg2 and (F) pERK expressing CLL cells pretreatment (Pre) and on ibrutinib is shown.
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although already infrequent at baseline (,2.5%median expression),
approached undetectable levels (,0.5% median expression) on
treatment (n5 20; Figure 4D). Thus, ibrutinib greatly inhibits tumor
proliferation in both the LN and BM tissue microenvironment in
vivo.

Nodal response, clinical characteristics, and inhibition of

BCR signaling

Except for one, all patients had a response assessment by computed
tomography scan at 2 months on therapy. The nodal response was
calculated as the percent reduction in the sum of the product of the
diameters of up to 4LNs (Table 1). Themedian reduction at 2months
was 55% (range 34%-76%), and 66% of patients achieved a .50%
reduction in lymphadenopathy. The degree of nodal response was
not correlated to any of the clinical or prognostic markers assessed;
in particular there was no difference by del(17p) or IGHV gene
mutation status (Table 1).

Next we tested whether the degree of inhibition of BCR signaling
correlated with nodal response. In 23 patients, paired LN biopsies
pretreatment and on day 2 after one dose of ibrutinib were available.
Reflecting activation of BCR signaling in CLL cells in the LN, the
BCR signature score was higher in LN biopsies than in circulating
CLL cells for patients with both mutated and unmutated IGHV
(P5 .003 andP5 .001, respectively; Figure 5A). The baseline BCR
score in the LNwas not statistically different between IGHV-mutated
and unmutated tumor cells. This appears to be caused by considerable

variability in the IGHV mutated group. Notwithstanding the pre-
treatment difference, the degree of reduction in the BCR score on
ibrutinib was equal for both subtypes (Figure 5B). The BCR gene
signature score on treatment was reduced by.50% from baseline
in 14 patients and all but one of these patients (93%) had a nodal
response (ie, .50% reduction in adenopathy) at 2 months
(Figure 5C). In contrast, the nodal response rate in patients with
#50% reduction in the BCR score was 44% (P5 .01). The degree
of reduction in lymphadenopathy was also significantly different
between the 2 groups (P 5 .01; Figure 5C-D). In circulating
cells, the BCR signature score on day 2 was already reduced
.50% in all but one patient, and there was no correlation with
nodal response.

Discussion

The BTK inhibitor ibrutinib has recently been shown to have robust
clinical activity in CLL.20,36 In vitro, ibrutinib disrupts pathways
involved in tumor-microenvironment interactions but induces only
a moderate degree of apoptosis.22,29,31 Here, we characterized the
treatment-induced effects onCLLcells in the tissuemicroenvironment
of patients treated with single-agent ibrutinib. Ibrutinib effectively
inhibited BCR andNF-kB signaling in CLL cells in LN, BM, and PB.
Activity of the signaling pathways was estimated from the expression
of representative target genes as done in previous studies1,32,37-40 and

Figure 3. Ibrutinib inhibits cellular activation. (A-B)

The percentage of CLL cells expressing the cell

surface marker (A) CD69 and (B) CD86 on CLL cells

from peripheral blood (PB, n 5 20) was compared

between pretreatment (Pre) and various treatment time

points. Comparisons by paired Student t test: *P , .05,

**P , .01, and ***P , .001. (C-D) The percentage of

CLL cells expressing the cell surface marker (C) CD69

and (D) CD86 on CLL cells from PB (n 5 30) was

compared between pretreatment (Pre) and day 28.

Comparisons are by paired Student t test. (E-F)

Mononuclear cells from lymph node biopsies (LN,

n 5 8) or bone marrow (BM) aspirates (n 5 10) were

stained with the indicated antibody. Results shown

are for the CLL population (CD51/CD191). The mean

(6 SEM) percent of (E) CD69 and (F) CD86 expressing

CLL cells pretreatment (Pre) and on ibrutinib is shown.

Comparisons are by paired Student t test.
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corroborated with flow cytometry for activated signaling molecules
and quantification of nuclear NF-kB p50. The onset of these on-target
effects was rapid as demonstrated in the LN and sustained as shown in
the BM and PB. Although BTK and its direct target PLCg2 are
essential for BCR-dependent NF-kB activation, additional pathways
may cooperate with the BCR to activate NF-kB, including toll-like
receptors, CD40 ligation, and B-cell activating factor (BAFF).41-44

To variable degrees, these pathways can also be inhibited by
ibrutinib.22,45,46 Interestingly, maximum inhibition of BCR signaling
was already achieved with only one dose of drug, whereas maximum
inhibition of NF-kB required repeat dosing. Similarly, after the
first dose of ibrutinib pPLCg2 (a direct target of BTK) and pERK
(aprotein downstreamofmultiple signaling pathways)were decreased
to a comparable degree,whereas the reduction in phosphorylation after
repeat dosing was more pronounced for ERK than for PLCg2.
Together, thismay indicate that not all effects of ibrutinib are direct and
that continued treatmentmay lead to changes in themicroenvironment
that couldhave secondary effects on the tumor cells.Given the recently
appreciated effect of ibrutinib on T cells through inhibition of ITK and
a possible effect on monocytes/macrophages through inhibition of
TEC kinase,47,48 this hypothesis deserves further study. However, it is
notable that the first recognized mechanism of resistance to ibrutinib
are mutations in BTK that lead to loss of Cysteine 481 (C481S), the
amino acid necessary for covalent binding of ibrutinib.49 These data

together with the on-target effects shown here suggest that BTK is
indeed a central signaling node mediating the nourishing and
protective effects of the tumor microenvironment.

It is well appreciated that ibrutinib leads to a transient in-
crease in circulating CLL cells concurrent with the reduction in
lymphadenopathy.17,20,36 In accordancewith this, we observed a rise
in absolute lymphocyte count and a reduction in lymphadenopathy
on treatment in all patients. Thus, shifts in disease distribution may
contribute to changing characteristics of tumor cells. We recently
reported that the onset of treatment-induced lymphocytosis is within
hours of starting ibrutinib and that, consistent with the efflux of
activated cells from the tissue compartments, there is an increase in
Ki67 expressing CLL cells in circulation.50 On continued treatment,
we and others show that the frequency of Ki67-expressing cells in
circulation is greatly reduced.23,31 Whether this reflects inhibition of
tumor proliferation in tissue sites or an inability of the circulating
cells to home into the LNs and BM has not been addressed in patient
samples. Here we show direct evidence for consistent and sustained
inhibition of tumor proliferation in the tissue microenvironment. A
reduction in tumor proliferation was apparent after just one dose of
drug in the LN. Repeat sampling of LNs at later time points was not
feasible, in large part because of the rapid reduction in lymphade-
nopathy. However, we observed sustained inhibition of proliferation
in CLL cells obtained from the BM at the end of cycle 2. In BM

Figure 4. Ibrutinib inhibits tumor proliferation in

lymph node and bone marrow. (A) A representative

histogram of Ki67 staining on CLL cells in the lymph

node (LN). Isotype control is represented by the gray

shaded area, the dashed line represents pretreatment,

and the solid black line day 2. (B) Mononuclear cells

from LN (n 5 8) or bone marrow (BM) aspirates (n5 10)

were fixed, permeabilized, and stained with the

indicated antibody. Results shown are for the CLL

population (CD51/CD191). The mean (6 SEM) per-

cent of Ki67 expressing CLL cells pretreatment and on

ibrutinib is shown. Comparisons are by paired Student

t test. (C) Images of LN tissue obtained pretreatment

and on day 2 of ibrutinib stained with hematoxylin and

eosin (H&E) and anti Ki67 were captured at 340

magnification on an Olympus Bx41 microscope. (D)

The percent of CLL cells expressing Ki67 at various

clinical time points in the PB is shown (n 5 20).

Significance compared with pretreatment was deter-

mined by a paired Student t test and is indicated by

asterisks: ***P , .001.
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aspirates, we found a decrease of .70% in the frequency of Ki671

cells at 2 months compared with baseline. Consistently, we noted
that proliferation centers often present in pretreatment biopsies were
consistently absent from on-treatment biopsies (data not shown).

Ibrutinib has been reported to induce dose-dependent apoptosis in
vitro.22,29 However, even in vitro, the degree of apoptosis at drug
concentrations achieved in vivo ismodest.22,31 Similarly, Cheng et al
found no consistent increase in the rate of apoptosis of circulating
CLL cells in their patients.31 The absence of overt cytotoxic effects,
although consistent with the absence of clinical reports on tumor
lysis syndrome, contrasts with the potent inhibition of survival
pathways and the substantial reduction of cellular proliferation. The
often rapid and substantial reductions in tumor burden appear
difficult to explain merely by reduced proliferation, and inhibition of
survival mechanisms downstream of NF-kB likely results in some
increased attrition of cells. Consistent with this notion,we previously
reported a slight increase in the number of dead or dying cells in fresh
whole blood samples of patients on ibrutinib, as well as a reduced
viability of xenografted humanCLL cells in the spleens ofNSGmice
treated with ibrutinib.30

Finally, we tested whether effective inhibition of signaling
pathways correlated with antitumor response. Interestingly, nodal
responses at 2 months were superior in patients who achieved
a.50% reduction in the BCR score after thefirst dose of drug. In this
analysis, we included all 23 patients who provided matched LN
biopsies pretreatment and on day 2. In contrast, reduction in the BCR
score in circulating cells was not correlated to nodal response. In
addition, there was no correlation between nodal response and
clinical characteristics, such as IGHV mutation status, or del(17p).
Although a slower resolution of treatment-induced lymphocytosis in
patientswith IGHVmutated comparedwith unmutatedCLLhas been
described,19,46 we found no significant difference between the IGHV

subgroups in regards to on-target effects of ibrutinib. Thus, the basis
for the observed variability in the inhibition of BCR signaling in the
LN remains to be defined. Next we divided the patients into two
groups based on whether the BCR signature score was reduced
.50% or not. The nodal response rate at 6 months was 94% in
patients with .50% reduction in the BCR score, and 44% in the
remaining patients (P5 .01). It is notable that all patients in this study
had a reduction in lymphadenopathy; thus future correlation to
progression-free survival will be important. Nonwithstanding, these
data provide a first indication of a link between the strength of on-
target effects and tumor response. Future studies are needed to
validate these observations, investigate whether surrogate markers
of pathway inhibition can serve as predictors of response, and
investigate the molecular basis for differential responses to ibrutinib.

In summary, on-target effects of ibrutinib in vivo include
inhibition of critical signaling pathways in particular BCR and
NF-kB, and decreased CLL cell activation, proliferation, and likely
survival in blood, BM, and LN. Extending these analyses to patients
progressing on treatment will be important to unveil mechanisms of
resistance and possible limitations of single-agent therapy.
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et al. Chronic lymphocytic leukaemia is driven by
antigen-independent cell-autonomous signalling.
Nature. 2012;489(7415):309-312.

36. Byrd JC, O’Brien S, James DF. Ibrutinib in
relapsed chronic lymphocytic leukemia. N Engl J
Med. 2013;369(13):1278-1279.
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