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Abstract

Ibrutinib is a covalently binding inhibitor of the B-cell receptor signaling-mediator Bruton’s tyrosine kinase (BTK) with great efficacy in
chronic lymphocytic leukemia (CLL). Common side effects like atrial fibrillation (AF), bleeding and infections might be caused by ibru-
tinib’s inhibition of other kinases in non-B cells. Five-year follow-up of plasma biomarkers by proximity extension assay and immune
cell numbers by flow cytometry during ibrutinib treatment revealed that 86 of the 265 investigated plasma biomarkers significantly
changed during treatment, 74 of which decreased. Among the 12 markers that increased, 6 are associated with cardiovascular
diseases and therefore potentially involved in ibrutinib-induced AF. Comparison between healthy donors and X-linked agamma-
globulinemia (XLA) patients, who have nonfunctional BTK and essentially lack B cells, showed indicative changes in 53 of the 265
biomarkers while none differed significantly. Hence, neither B cells nor BTK-dependent pathways in other cells seem to influence the
levels of the studied plasma biomarkers in healthy donors. Regarding immune cells, the absolute number of T cells, including subsets,
decreased, paralleling the decreasing tumor burden. T helper 1 (Th1) cell numbers dropped strongly, while Th2 cells remained rela-
tively stable, causing Th2-skewing. Thus, long-term ibrutinib treatment has a profound impact on the plasma proteome and immune

cells in patients with CLL.

Introduction

Chronic lymphocytic leukemia (CLL)/small lymphocytic
lymphoma (SLL) is associated with a broad immunodeficiency
that causes frequent infections, autoimmune reactions and sub-
optimal antitumor immunity.! Despite their ability to survive
in the circulation, CLL cells expand in the secondary lymphoid
organs and are highly dependent on the tumor microenviron-
ment (TME).
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Ibrutinib is a potent and irreversibly binding small-molecule
inhibitor of Bruton’s tyrosine kinase (BTK).? BTK inhibition
blocks the transmission of important growth and survival sig-
nals through the B-cell receptor (BCR) in CLL cells. Ibrutinib
therapy has substantially improved the prognosis of patients
with relapsed or refractory (R/R) CLL, including those with
tumor cells that carry del(17p) and/or TP53 mutations.

It has been clearly shown that ibrutinib interferes with the
homing of B cells. BTK is essential for C-X-C motif chemo-
kine ligand 12 (CXCL12)- and CXCL13-dependent integ-
rin-mediated adhesion and migration of B cells into lymph
nodes.> Inhibition of BTK by ibrutinib reduces the expression
of the CXCL12 receptor C-X-C motif chemokine receptor 4
(CXCR4) on leukemic B cells, which in turn leads to a rapid
release of CLL cells from the lymphoid organs into the periph-
eral blood (PB).c® CLL cells with low CXCR4 surface expres-
sion do not migrate back to tissue niches and are therefore
deprived of survival signals.”

Nonmalignant B cells that exist in the shadow of their trans-
formed counterparts in CLL are presumably affected by ibru-
tinib as well, since BTK is an essential enzyme in physiological
B-cell development.” Moreover, the enzymatic activity of other
kinases that have a similarly aligning cysteine residue to BTK is
also inhibited by ibrutinib.>'%"" Such “off-target” binding could
potentially contribute to the clinical efficacy of ibrutinib, as well
as to side effects.

Patients with X-linked agammaglobulinemia (XLA) have
germline mutations in the gene that encodes BTK.!>™* Affected
males essentially lack B-cell areas in lymphoid organs, with the
ensuing loss of circulating mature B cells and serum immuno-
globulins from birth. In the bone marrow, an increase in pro-B
and pre-B cells and a reduction of all subsequent stages is
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observed.'>!¢ Patients with XLA are therefore an ideal reference
to study BTK- or B cell-independent protein expression patterns.

Among the hallmarks of CLL are a compromised function of
cytotoxic lymphocytes and an expansion of immunosuppressive
immune cells. Circulating T-cell subsets have a terminally differ-
entiated and pseudoexhausted phenotype, with less naive and
more effector and effector memory T cells."'7 CD8* T cells have
reduced cytotoxic capabilities.! CD4* T cells are skewed toward
a tumor growth-favoring T helper 2 (Th2) phenotype!”'® and
the fraction and absolute number of regulatory T cells (Treg)
cells is increased in the PB.'"” Myeloid cells also add to the
immunodeficient state of patients with CLL.2*2!

The observation that infections are among the most frequent
adverse events in ibrutinib clinical trials, especially during the
first 6 months of treatment,?? has prompted investigations into
the influence that this drug has on the profile and function of
immune cells.?® Ibrutinib reduces the number of Th2 cells** and
of myeloid-derived suppressor cells,”® might potentiate T-cell
therapies,? improves dendritic cell activation,?” impedes natural
killer (NK) cells in performing antibody-dependent cellular cyto-
toxicity?® and also affects granulocytes.?* T-cell numbers seem
to normalize after 6-12 months of ibrutinib treatment,?*-' but
data on the very long-term effects on immune cells are limited.

Ibrutinib treatment also results in rapid changes in plasma
biomarkers, the majority of which are not B cell-derived.®** By
investigating the effects on plasma biomarkers and cells other
than tumor cells during long-term treatment, further insight can
be gained not only into the mechanism of action of this drug,
but also into CLL biology. To that end, we have analyzed the
largest number of plasma biomarkers reported to date in both
CLL and XLA and performed immunomonitoring.

Patients and methods

Patients and donors

Thirteen patients who started ibrutinib at the Hematology
Department of the Karolinska University Hospital were
included in this study. Seven of these patients were analyzed in
our previous work, in which the baseline, 9 hours, 2 days, and
4 weeks timepoints have been reported.® For 2 of these patients,
follow-up was interrupted after 4 weeks. The baseline charac-
teristics of the other 11 patients are listed in Table 1. PB samples
were collected before the start of treatment, after 9 hours and

Patient Characteristics at Study Entry
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2 days in the 7 previously reported patients, at week 4, 10, 16,
and 22, and after 8, 12, 24, 36, 48, and 60 months, or until
treatment cessation. PB samples from 9 healthy donors were
used as controls and PB samples from 8 patients with XLA har-
boring a verified mutation in BTK were acquired from the hos-
pital’s immunodeficiency unit. The study was approved by the
local ethics committee and all participating subjects gave writ-
ten informed consent. Immunoglobulin heavy chain variable
region mutational status was assessed as previously described.!”
Chromosomal abnormalities, transformation-related protein 53
(TPS3) mutations and absolute lymphocyte counts were deter-
mined by the hospital’s routine laboratories.

Peripheral blood mononuclear cells (PBMCs) were isolated
from whole heparinized blood by density gradient centrifuga-
tion using a Ficoll-Hypaque gradient (GE Healthcare, Uppsala,
Sweden) and washed twice in Dulbecco’s Phosphate-Buffered
Saline (Gibco, Life Technologies, Carlsbad, CA). Cells were
stained freshly for flow cytometry analysis or vitally frozen in
10% dimethyl sulfoxide (Sigma-Aldrich, St. Louis, MO) and
stored in liquid nitrogen until further use. Plasma was purified
from whole heparinized blood by centrifugation and stored at
-80°C until further use.

Proximity extension assay on plasma samples

Proximity extension assay (PEA; Olink Bioscience, Uppsala,
Sweden)* was performed on plasma from patients with CLL/
SLL and XLA as well as healthy donors. By using 3 precision
protein target panels (Olink Target 96 Inflammation, Immune
Response and Oncology II), we have simultaneously studied 265
unique biomarkers. On samples from 7 patients from the earli-
est time points (ie, 9 hours, 2 days, and 4 weeks), we previously
ran the Olink Target 96 Inflammation panel only, as reported.®
These data were added to the analyses in the current study. Here,
we extended the data by performing PEA with 2 additional pan-
els (ie, Olink Target 96 Immune response and Olink Target 96
Oncology II) on the earliest time points from the 7 previously
reported patients and with all 3 panels on the samples from the
11 patients that were followed-up for longer time (up to 5 y).
A complete list of all the biomarkers analyzed is provided in
Supplemental Digital Table 1; http:/links.lww.com/HS/A152.
One microliter of plasma was used for each measurement and
duplicates were run for each sample. The Wilcoxon signed-rank
test was performed to compare paired measurements at baseline

Cytogenetic Abnormalities (FISH)

Age Ann Arbor Stage CIRS-G TP53 IGHV
(Y)—Sex (SLL)/Modified Score (Miller trisomy Complex Mutation Mutation Hypogamma-  Prior
Patient (Female/ Rai Stage (CLL)/ and Towers 12 del(13q) del(17p) del(11q) Karyotype? Status Status globulinemia Treatment
Number Male) Diagnosis Binet Stage (CLL) 1991)  (Yes/No) (Yes/No) (Yes/No) (Yes/No) (Yes/No) (Yes/No) (UM/M)  (Yes/No) Lines (n)
01 77—M SLL IV/—/— 6 No Yes No Yes No No P No 1
02 57—M CLL —/high/C 0 No Yes No Yes No No um No 2
03 73—M CLL —/inter./B 8 No Yes Yes No No No M* Yes 4
04 74—M CLL —/high/C 4 Yes Yes Yes No Yes No M Yes 1
05 73—M CLL —/inter./B 3 No Yes Yes No No No M N/A 1
06 75—F CLL —/high/C 0 No Yes Yes No No Yes M Yes 2
07 64—M CLL —/high/C 4 No Yes Yes No No No um Yes 1
08 79—M CLL —/high/B 4 No Yes No No No Yes um N/A 2
09 52—M CLL —/high/C 0 No Yes Yes No No N/A N/A YES 2
10 68—F CLL —/inter./B 3 No Yes Yes No No N/A N/A YES 1
1 66—F CLL —/high/C 0 Yes Yes Yes No Yes N/A N/A Yes 1

aComplex karyotype was defined as the presence of >3 cytogenetic abnormalities as measured by FISH.
bBorderline IGHV mutated (defined as 97%—98% sequence identity to germling).

CLL = chronic lymphocytic leukemia; CIRS-G = Cumulative lliness Rating Scale for Geriatrics; FISH = fluorescence in situ hybridization; IGHV = immunoglobulin heavy chain variable region; inter. = inter-

mediate; M = mutated; N/A = not available; SLL = small lymphocytic lymphoma; UM = unmutated.
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(pretreatment) with measurements during treatment. To correct
for multiple-testing, the Benjamini-Hochberg procedure was
applied and the molecules with an adjusted P <0.05 for one or
more time points were considered significantly changed. For fur-
ther details, see Supplemental Digital Methods; http:/links.lww.
com/HS/A152.

Validation of our data in a second cohort could strengthen
our conclusions, but it would also delay the disclosure of our
findings and the subsequent possibility of independent confir-
mation and was therefore omitted. Besides, a systems biology
approach could in theory provide important complementary
information and allow a deeper understanding of the integrated
interactions between CLL and TME cells. However, it would
also be challenging to perform computational modeling with
only 265 selected biomarkers and we therefore chose to not pur-
sue this strategy.

RNA sequencing of reference cells

The RNA sequencing data that is shown has been published
previously.®¥ For further details see Supplemental Digital
Methods; http://links.lww.com/HS/A152.

Flow cytometric characterization of immune cell
subsets

For lymphocyte profiling, fresh whole blood cells from
patients 01 to 08 and thawed PBMC from patients 09 to 11 were
stained with antibodies from panel 1 in Supplemental Digital

www.hemaspherejournal.com

Table 2; http:/links.lww.com/HS/A152, then subjected to red
blood cell lysis and washed once before data acquisition. PBMC
from patients 01 to 08 and thawed PBMC from patients 09 to
11 were stained with antibodies from panel 2 in Supplemental
Digital Table 2; http:/links.lww.com/HS/A152. PBMC from
all CLL/SLL patients were thawed, washed, subsequently FcR
blocked (Miltenyi, Bergisch Gladbach, Germany) and stained
with antibodies from panel 3 in Supplemental Digital Table 2;
http://links.lww.com/HS/A152. PBMC from patients 01 to 10
were thawed, washed and stained with antibodies from panel
4 in Supplemental Digital Table 2; http:/links.lww.com/HS/
A152. See Supplemental Digital Methods; http://links.Iww.
com/HS/A152 for full details of the staining procedures and
Supplemental Digital Figure 1; http:/links.lww.com/HS/A152
for gating strategies.

Results and discussion
Treatment outcome

For the 11 patients that were followed-up beyond 4 weeks
of ibrutinib treatment, the objective response rate at 12 months
was 100%, with 63% clinical complete responses according to
iwCLL criteria (bone marrow aspirate and biopsy, as well as CT
scan and minimal residual disease assessment were not always
performed).’* A summary of the treatment duration and out-
come, reasons for interruption, and of occurrence and severity
of infections and atrial fibrillation (AF), is provided in Figure 1.
In 2 patients, temporary dose reductions were applied due to
toxicity.
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Figure 1. Treatment outcome and occurrence of infections and AF. Patients 01 and 07 already had AF before starting ibrutinib, while patients 06 and
10 developed AF after 3 and 55 mo of treatment, respectively. Colored dots indicate the timing and reason for discontinuation of follow-up. AF = atrial fibrillation;
Allo-HCT = allogeneic hematopoietic cell transplantation; CR = complete response; G-CSF = granulocyte colony stimulating factor; PR = partial response.
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Overview of the plasma biomarker analysis

The levels of 86 out of 265 (32%) analyzed plasma biomark-
ers were significantly different from baseline at >1 time point
during treatment (Supplemental Digital Figure 2; http://links.
lww.com/HS/A152). The majority (74/86) was reduced and an
overview of how all biomarkers were categorized, as presented
in the following sections, is shown in Figure 2. The biomarkers
always remained either reduced or increased. RNA sequencing
data from another study,* which were used to cross-reference
our data, showed that about one third of these 86 molecules
are not normally produced by B cells. Some of these are known
to originate from the CLL TME,* others could be secreted by
various other hematopoietic and non-hematopoietic cells. All 86
biomarkers that changed during treatment are listed with their
alternative names in Supplemental Digital Table 3; http://links.
lww.com/HS/A152.

Most of the CLL-associated plasma biomarkers
that change during ibrutinib treatment decrease

Among the 86 biomarkers that significantly changed during
ibrutinib treatment, 58 (67%) were classified as CLL-associated
(Figure 3). Our arbitrary definition of “CLL-associated” is: bio-
markers with levels that were significantly different between
pretreatment and control samples. Thus, “CLL-associated” does
not mean that these proteins originate from the tumor cells,
but only that their levels differ between patients with CLL and
healthy donors.

At baseline, the levels of most of these biomarkers, namely
53 (91%) of them, were higher in patients with CLL than in
healthy donors and decreased during treatment. The majority
of these are produced, although not exclusively, by non-ma-
lignant B cells or CLL cells. However, 12 of them, including
CD28, CD137 (TNFRSF) and 6 chemokines, are not. On
the other hand, 5 of the CLL-associated biomarkers, that is,
CXCL12, Delta and Notch-like epidermal growth factor-related

Ibrutinib’s On- and Off-target Effects on Plasma Biomarkers in CLL

receptor (DNER), islet cell autoantigen 1 (ICA1), interleukin
(IL)-22 receptor a1 (IL-22Ra1) and wingless-type (Wnt) inhib-
itory factor 1 (WIF-1), were significantly lower at baseline and
increased during treatment instead (Figure 3). A possible expla-
nation could be that CLL cells repress the expression of these
genes in the microenvironment, and hence their levels increase
during effective ibrutinib therapy.

Here, we also confirm the reduction of all 23 markers that
were reported in our previous study.® As depicted in Figure 4
and elaborated on in the Supplemental Digital Results and
Discussion; http://links.lww.com/HS/A152, the extended list
contains 4 members of the chemokine ligand (CCL) family, 6
chemokine (C-X-C motif) ligand (CXCL) proteins, 9 IL and IL
receptors, 8 of which decreased, and IL-22 receptor a1, which
increased during treatment, as well as 9 members of the TNFSF
and TNFRSF families. Moreover, altogether, 27 CD markers
were significantly altered during treatment (Figure 4).

While the onset of the decrease varied profoundly among
the biomarkers (Supplemental Digital Results and Discussion;
http:/links.lww.com/HS/A152), for most of them the plasma
level changes seemed to be maintained throughout 4-5 years
of treatment.

Ibrutinib reduces CLL nonassociated plasma
biomarkers

Interestingly, among the 86 biomarkers that were significantly
altered over time, 24 (28%) were classified as “CLL nonassoci-
ated.” These correspond to the plasma biomarkers that neither
differed significantly nor showed trends between healthy donors
and patients with CLL before start of treatment (Figure 5).
Moreover, only 2 of them were modestly altered in XLA as
compared to pretreatment samples (Figure 5), suggesting that
the levels of most of these biomarkers are unrelated to BTK
activity in non-B cells and instead represent “off-target” effects.
In this group, we mainly observed decreasing levels during treat-
ment as well. Interestingly, 7 CLL non-associated biomarkers,

265 plasma biomarkers
(SDC, Table 1)

86 significantly altered levels —

(SDC, Figure 2)

among those 86 biomarkers

28/86
belong to the families of
CCL, CXCL, IL, IL-R, TNFSF & TNFSRF

27/86
are CD markers

58/86 24/86
CLL-associated CLL non-associated
(Figure 3) (Figure 5) 25/28 \, 3/28 1 26/27 1 1/27 1
53/58 higher than in 5/58 lower than in
healthy controls and healthy controls and 17/24 4 7/24 1 (Figure 4a) (Figure 4b)

all Y during treatment  all 9 during treatment

in total 12 biomarkers 1

6 cardiovascular-related
(Figure 6 and Table 2)

6 non-cardiovascular

For additional information about
the biomarkers see SDC, Figure 3

Figure 2. Schematic representation of the analysis 265 biomarkers in plasma from patients with CLL before and after treatment with ibrutinib.
Biomarkers were subdivided into CLL-associated and CLL nonassociated (left) and were further assembled into CD markers and other families of proteins
(right). Only 12/86 markers increased, 8 of which were cardiovascular-related, and indicative of “off-target” effects. Among the 86 biomarkers, 4 do not belong to
either the CLL-associated, or CLL nonassociated biomarkers, IFNLR1, IL-12B, TXLNA, and SEZ6L, but are indicatively downregulated. Among the 2 categories
CD-marker and other protein families (right) some of these biomarkers belong to both groups. CLL = chronic lymphocytic leukemia.
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Figure 3. Significantly changed CLL-associated molecules during ibrutinib treatment (n = 58). Biomarkers that were different between healthy donors
and patients with CLL at baseline were regarded as CLL-associated. (Left to right) The first heat-map shows significance and increase or decrease of the bio-
markers at different time points during treatment compared to pretreatment; the second shows the comparison between healthy donors (6 males and 3 females,
median age 65 vy, range 45-79; Don), patients with CLL before the start of ibrutinib treatment (PreT) and patients with XLA (XLA); the third shows the row-nor-
malized Olink data; the fourth shows mRNA expression in different cell types, from healthy individuals for comparison (data from Uhlen et al*®®); the fifth shows
the mMRNA expression in healthy donor and CLL B cells before and after 4 weeks of ibrutinib treatment in lymph nodes (LN) and peripheral blood (PB) (data from
Palma et alf). All RNA sequencing data has been published previously.®*® IL10 and TGF-alpha are depicted twice because 2 different Olink probes were used to
assess them. The number of data points (n) is indicated per time point. B = B cells; CLL = chronic lymphocytic leukemia; DC = dendritic cells; gdT = gamma delta T cells; MAIT =
mucosal-associated invariant T cells; mem = memory; Mono = monocytes; NK = natural killer cells; T =T cells; Treg = regulatory T cells.

that is, amphiregulin (AREG), cystatin D (CSTS5), ectodyspla-
sin A receptor (EDAR), epidermal growth factor (EGF), plex-
in-A4 (PLXNA4), R-spondin-3 (RSPO3), and TNESF13,
increased during treatment (Figure 5). See Supplemental Digital
Results and Discussion; http:/links.lww.com/HS/A152, for
other findings.

Six cardiovascular disease-related plasma
biomarkers increase during ibrutinib treatment

We observed that the levels of 12 of all 86 changing biomark-
ers significantly increased during treatment, 9 of which are not
derived from B cells (Figures 2 and 6).
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Figure 4. Timeline of plasma biomarkers that change during ibrutinib treatment. (A) Timeline for CCL proteins, CXCL proteins, ILs, IL-Rs, TNFSF, and
TNFRSF members. (B) Timeline for CD molecules. Plasma biomarkers expressed by B cells are listed in green. Statistically significant changes in the plasma
levels between the respective time points and pretreatment are depicted as a dark blue (decrease) or dark red (increase) bar with a thick arrow. Trends are
depicted as a light blue (decreasing tendency) or light red (increasing tendency) bar with a thin arrow. CCL = chemokine ligand; CXCL12 = C-X-C motif chemokine ligand 12.

Six of the 12 significantly increased plasma biomark-
ers have been related to AF or other cardiovascular diseases.
These are: AREG, CXCL12, EGE, PLXNA4, TNFSF13, and
WIF-1 (Supplemental Digital Figure 3; http:/links.lww.com/
HS/A152). Extracellular newly identified RAGE-binding pro-
tein (EN-RAGE; also known as S100A12) and stem cell factor
(SCF; also known as Kit ligand) are two additional cardio-
vascular disease-related biomarkers that showed an increas-
ing trend. TNFSF13, also known as “a proliferation-inducing
ligand” (APRIL), is a growth factor for B cells.

Apart from CXCL12 and WIF-1, all cardiovascular dis-
ease-related biomarkers whose levels increased during treatment
were CLL nonassociated. CXCL12 and WIF-1 levels were lower
in the pretreated patients compared to healthy donors, and
both increased, essentially normalizing. Considering this, and
because they are CLL-associated, we regard them as less likely
candidates for reflecting cardiovascular toxicity. Moreover,
AREG, EGF, EN-RAGE, PLXNA4, and WIF-1 are not expressed
by B cells nor CLL cells. Importantly, these biomarkers seem
to be BTK-independent, since their plasma levels do not differ
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between healthy donors and patients with XLA (Figure 6).
References to publications that show the expression of these
biomarkers in human cardiac tissue and their association with
AF are listed in Table 2 and Supplemental Digital Table 4; http://
links.lww.com/HS/A152.

Ibrutinib-treated patients have a higher risk of developing
AF than age-matched healthy individuals or patients with CLL
who do not take the drug.’® Other cardiovascular events, such
as ventricular arrhythmias, conduction disorders, and hyperten-
sion, have also been observed under ibrutinib.%

Here, we hypothesize that the plasma levels of 6 of the bio-
markers which increase, 4 statistically significant, 2 trending
(ie, AREG, EGF, EN-RAGE, PLXNA4, TNFSF13, and SCF)
may be related to AE. Their characteristics are detailed in the
Supplemental Digital Results and Discussion; http://links.lww.
com/HS/A152. Five of them are mainly expressed in cardiac tis-
sue (Table 2 and Supplemental Digital Table 4; http://links.lww.
com/HS/A152), while TNFSF13 is also synthesized by CLL cells
(Figure 6). It may seem contradictory that TNFSF13 is catego-
rized as a non-associated marker, since it can be produced by
B cells as well. However, as discussed in the next section, the
TNFSF13 level is increased in XLA patients who essentially lack
B cells and, moreover, the level increases in patients with CLL
during ibrutinib treatment.

Plasma biomarker levels in patients with XLA

To further investigate the origin of the biomarkers, we com-
pared their levels in patients with XLA with those in healthy
donors. Because the CD5* cells represent the B lymphocyte
population most sensitive to BTK deficiency, while, conversely,
CLL cells are known to carry CDS5, B cells in these disorders
could be regarded as representing opposite ends of the spec-
trum. Interestingly, this population, at least in mice, is autoreac-
tive,* similar to the malignant clone in many patients with CLL.
Moreover, CD5 marks both CLL and mantle cell lymphoma,
which both respond to BTK inhibitors, while other B cell malig-
nancies lack, or show low levels, of this surface marker,” sug-
gesting that there may be a functional correlation.

BTK is expressed in hematopoietic cells such as B cells and
myeloid cells, but not in T cells and plasma cells.’**” No signif-
icant changes were observed when comparing the 265 plasma
biomarker levels, when P values were corrected for the number
of comparisons. However, 53 of the biomarkers show indicative
changes and, unexpectedly, 46 (87%) of these were increased in
patients with XLA (Supplemental Digital Table 5; http://links.
Iww.com/HS/A152). Among these, CXCL10, IL-6, IL-10, and
TNFSF13 have been previously reported as elevated in patients
with XLA.%%-6! This verifies our set of data, suggesting that our
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findings might have biological relevance in spite of not reaching
statistical significance.

Two conclusions can be made based on these findings. First,
while nonmalignant B and plasma cells contribute to the large

Eight Cardiovascular Disease-related Biomarkers That Increase
During Ibrutinib Treatment

Expression in Human

Protein Name Cardiac Tissue Association with AF

AREG 35 36,37

CXCL12 (SDF-1)z % B

EGF 40 41

Plexin-A4 see Supplemental Digital Table 4; see Supplemental Digital Table 4;

http://links.lww.com/HS/A152  http://links.lww.com/HS/A152

TNFSF13 (APRIL)  see Supplemental Digital Table ~ #?
4;http://links. lww.com/HS/A152
W|F_1 43,44 43,45
SCF (Kit ligand)® 647 8
EN-RAGE (S100A12)? 4950 5182

aCLL-associated markers normalizing during ibrutinib treatment.
PIncreasing trend (indicative but not statistically significant) in this study.
CCL = chemokine ligand; CXCL12 = C-X-C motif chemokine ligand 12.

immunoglobulin fraction among plasma proteins, other plasma
biomarkers seem to originate only marginally from nonma-
lignant B cells. Second, while many other hematopoietic cells
express BTK,**%7 the plasma proteins that derive from these cells
seem to be essentially independent of BTK. This is compatible
with the fact that the signs and symptoms of XLA are mainly
caused by the B-cell defect.'

Among the molecules that showed a tendency toward reduc-
tion in patients with XLA, T-cell leukemia/lymphoma 1 (TCL1)
was observed (Supplemental Digital Table 5; http:/links.Ilww.
com/HS/A152). TCL1 is a predominantly cytoplasmic, 114
amino acid, lymphocyte-expressed protein, whose activity
causes CLL in IgH-Ep-TCL1-transgenic mice,** a leading model
for experimental CLL. See SDC, Results and Discussion for fur-
ther details.

Reduction of tumor burden drives changes in
T- and NK-cell numbers

In patients with CLL, the CD8* T-cell population consists
of dominant clones and grows in association with the size of
the CLL clone.®*-% Moreover, different patients with CLL with
the same stereotypical BCR on their tumor cells share identical
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Figure 7. Lymphocytes and subsets decrease along with a reduction in tumor burden. (A) ALC is depicted as median and range on a log10 scale and
(B) absolute numbers of CD19* cells are depicted on a linear scale. Stars indicate a statistically significant difference between pre-treatment and the respective
time point as analyzed by Wilcoxon signed-rank tests. (C, E, G, and I) Absolute numbers of cells are depicted per patient. Plus signs indicate a statistically
significant difference between pretreatment and the respective time point as analyzed by Wilcoxon signed-rank tests. Stars indicate a statistically significant
difference between healthy donors (6 males and 3 females, median age 65 vy, range 45-79) and the respective time point as analyzed by Mann-Whitney U
tests. (D, F, H, and J) Log10-transformed absolute cell numbers from all individual patient time points are depicted and lines indicate the linear regression of
the X and Y variables. r indicates the Pearson correlation coefficient. *P < 0.05, **/**P < 0.005, ***P < 0.0005. ALC = absolute lymphocyte count; ns = not significant;
pre = pretreatment.
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dominant T-cell clones, suggesting expansion of tumor-reactive
T cells.

In our cohort of patients responding to ibrutinib treatment,
we found that the total T-cell, CD8* and CD4* T-cell numbers
decreased and normalized (Figure 7C, E, G), and that the CD3-
CDS56* population (NK cells) also decreased (Figure 7I), cor-
relating positively with CD19* cells numbers (Figure 7D, F, H,
]), that is, with the shrinking of the tumor burden.

Even if an increase in T-cell numbers after 6 months of ibruti-
nib treatment has been reported,®” probably related to a still par-
tial reduction of the CLL clone, our results are consistent with
data from other previous reports with longer follow-up.?*-! See
Supplemental Digital Results and Discussion; http://links.lww.
com/HS/A152 for further details.

T helper cells decrease along with the receding
tumor burden

Ibrutinib has the potential to selectively decrease Th2 cell
numbers by blocking ITK, causing Th1 skewing in patients**®
and it has recently been demonstrated that ibrutinib’s effects
on T cells are completely BTK-independent.® Several studies
have confirmed the reduction of some Th2-cytokines in ibruti-
nib-treated patients.?-3%-67-70

Ibrutinib’s On- and Off-target Effects on Plasma Biomarkers in CLL

However, we observed a steady decline in Th1 cell numbers,
while Th2 cells did not decrease significantly. This led to a signif-
icant decrease of the Th1/Th2 ratio (Figure 8E). No statistically
significant changes were observed in signature Th-cytokines
(Supplemental Digital Results and Discussion; http:/links.lww.
com/HS/A152 and Supplemental Digital Figure 4; http://links.
lww.com/HS/A152). However, a strong reduction in Th1 cells,
which facilitates CD8* T cell-mediated anti-tumor immunity,
might have been triggered by the decreasing tumor burden in
our cohort, which is not mutually exclusive with a selective
reduction of Th2 cell numbers through ITK inhibition. Our
observations from Th17 cells and Tregs are described in the
Supplemental Digital Results and Discussion; http://links.lww.
com/HS/A152 and displayed in Supplemental Digital Figure 5;
http:/links.lww.com/HS/A152.

Chronically activated antigen-experienced T-cell
populations subside

T cells are functionally suppressed in CLL! and ibrutinib might
reduce the expression of suppressive molecules on T cells.?%¢77!
We observed a reduction in CTLA-4 and PD-1 expressing T cells
as well (Supplemental Digital Figure 6; http:/links.lww.com/HS/
A152). Moreover, plasma levels of lymphocyte-activation gene
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3 (LAG-3), another member of the immune checkpoint family
of receptors, were significantly reduced (Figure 3). Furthermore,
CD4+ effector memory (EM), CD8* EM and CD8* T effector
memory re-expressing CD45RA (TEMRA) cells decreased after
12 months as well (Supplemental Digital Results and Discussion;
http:/links.lww.com/HS/A152; Supplemental Digital Figure 7;
http:/links.lww.com/HS/A152; Supplemental Digital Figure 8;
http://links.lww.com/HS/A152).

Effects on non-malignant B cells, monocyte
subsets and dendritic cell in peripheral blood

Long-term ibrutinib treatment also seemed to affect other
immune cells (Supplemental Digital Results and Discussion;
http:/links.lww.com/HS/A152; Supplemental Digital Figure 9;
http:/links.lww.com/HS/A152; Supplemental Digital Figure 10;
http://links.lww.com/HS/A152).

In conclusion, these plasma protein and immune monitor-
ing data confirm that ibrutinib has evident immunomodulatory
characteristics and reveal potential mediators of ibrutinib-in-
duced AE. While it cannot be excluded that the disease sever-
ity, prior treatment history and the relatively low number of
patients examined might have had an impact on our observa-
tions, we believe that these could serve as a starting point for
more in-depth functional studies, for example, to characterize
the effect of BTK inhibitors with a narrower effect on other
kinases using the biomarker assay system.
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