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Cytotoxicity of the CD3×CD20 bispecific antibody epcoritamab in
CLL is increased by concurrent BTK or BCL-2 targeting
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Key Points

• Epcoritamab-mediated
killing of CLL cells by
autologous T cells
correlates with the
effector-to-target ratio
but not CD20
expression.

• Epcoritamab efficacy is
increased by
concurrent use of a
BTKi or venetoclax,
supporting
combination therapy.
a_adv-2022-009517-m
ain.pdf by guest 
Chronic lymphocytic leukemia (CLL) is an immunosuppressive disease characterized by

increased infectious morbidity and inferior antitumor activity of immunotherapies.

Targeted therapy with Bruton’s tyrosine kinase inhibitors (BTKis) or the Bcl-2 inhibitor

venetoclax has profoundly improved treatment outcomes in CLL. To overcome or prevent

drug resistance and extend the duration of response after a time-limited therapy,

combination regimens are tested. Anti-CD20 antibodies that recruit cell- and complement-

mediated effector functions are commonly used. Epcoritamab (GEN3013), an anti–CD3×CD20

bispecific antibody that recruits T-cell effector functions, has demonstrated potent clinical

activity in patients with relapsed CD20+ B-cell non-Hodgkin lymphoma. Development of CLL

therapy is ongoing. To characterize epcoritamab-mediated cytotoxicity against primary CLL

cells, peripheral blood mononuclear cells from treatment-naive and BTKi-treated patients,

including patients progressing on therapy, were cultured with epcoritamab alone or in

combination with venetoclax. Ongoing treatment with BTKi and high effector-to-target ratios

were associated with superior in vitro cytotoxicity. Cytotoxic activity was independent of

CD20 expression on CLL cells and observed in samples from patients whose condition

progressed while receiving BTKi. Epcoritamab induced significant T-cell expansion,

activation, and differentiation into Th1 and effector memory cells in all patient samples. In

patient-derived xenografts, epcoritamab reduced the blood and spleen disease burden

compared with that in mice receiving a nontargeting control. In vitro, the combination of

venetoclax with epcoritamab induced superior killing of CLL cells than either agent alone.

These data support the investigation of epcoritamab in combination with BTKis or

venetoclax to consolidate responses and target emergent drug-resistant subclones.
on 04 June 2024
Introduction

Bruton tyrosine kinase inhibitors (BTKis) and the BCL-2 inhibitor venetoclax have profoundly changed
the treatment landscape of chronic lymphocytic leukemia (CLL).1 Ibrutinib, the first-in-class BTKi,
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covalently binds to a cysteine residue (C481) in the active site,
leading to sustained inhibition of BTK-dependent signaling.2-4 In
addition to BTK, ibrutinib inhibits interleukin-2–inducible kinase
(ITK) and TEC. Covalent BTKis that do not inhibit ITK include
acalabrutinib and zanubrutinib.5,6 Although side effect profiles
differ, the 3 BTKis demonstrated potent clinical efficacy.5-10

Although the depth of response tends to improve with extended
therapy, minimal residual disease–negative remissions are
uncommon with BTKis.11-13 The most common reasons for BTKi
discontinuation are disease progression and side effects.11,14

Acquired resistance to covalent BTKis has been linked to muta-
tions affecting the C481 residue, thereby preventing covalent
binding.15-17 The BCL-2–targeting drug venetoclax is used in
combination with obinutuzumab in first line and with rituximab for
patients with relapsed/refractory (R/R) CLL, including patients
whose conditions progressed while receiving BTKis, and has
resulted in durable responses and minimal residual disease nega-
tivity.18-21 Recently, the focus has been on combination therapies
that could deepen the response, shorten the duration of therapy,
and prevent or overcome drug resistance.

CLL is characterized by defects of cellular and humoral immunity
that increase infectious morbidity and mortality, decrease vaccine
responses, and hamper the efficacy of immunotherapeutic
approaches.22,23 Ibrutinib improves T-cell immunity by modulating
T-cell differentiation, reducing the expression of inhibitory receptors,
and restoring immune synapse formation.24-30 Although some of
these effects were initially attributed to ITK inhibition,24,25,31,32 more
recent studies with acalabrutinib, which does not inhibit ITK, have
shown similar changes in the T-cell compartment.25,33,34 Improved
T-cell function in patients on BTKi therapy provides a rationale for
combination immunotherapy. We recently reported superior T-cell
cytotoxicity of an anti–CD3×CD19 bispecific antibody (bsAb)
against CLL cells in peripheral blood mononuclear cells (PBMCs)
from patients being treated with ibrutinib or acalabrutinib.34,35 In a
patient-derived xenograft model, the CD3×CD19 bsAb eliminated
primary CLL cells, including those from patients with disease pro-
gression while receiving ibrutinib.35 Mechanistically, BTKi therapy
downmodulates an immunosuppressive program in CLL cells,
resulting in improved T-cell cytotoxicity.34

Epcoritamab (DuoBody-CD3xCD20, GEN3013) is a full-length
human immunoglobulin G1 (IgG1) bsAb in which Fc-dependent
effector functions are silenced by 3 point mutations that were
selected based on functional assays.36,37 Epcoritamab’s potent
activity was demonstrated ex vivo against tumor cells from patients
who were treatment-naive and had R/R diffuse large B-cell
lymphoma (DLBCL), follicular lymphoma, and mantle cell
lymphoma.37,38 In an ongoing phase 1/2a clinical trial (NCT03625
037), subcutaneous administration of epcoritamab showed effi-
cient antitumor activity as a single agent, achieving 68% and 90%
overall response rates and 45% and 50% complete responses in
R/R DLBCL and follicular lymphoma, respectively.39,40 The first
results from the phase 1b/2 EPCORE CLL-1 trial (NCT04623541)
showed a favorable safety profile and promising antileukemic
activity in patients with R/R CLL.41

To explore the possible benefits of combining epcoritamab with BTKi
or venetoclax, we obtained PBMCs from treatment-naive patients
with CLL and from patients treated with either ibrutinib or acalab-
rutinib and assessed epcoritamab-dependent activation and
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cytotoxicity of autologous T cells in vitro and in patient-derived
xenograft (PDX) models. Combinations with venetoclax were
tested in vitro.

Patients, materials, and methods

Patients and clinical samples

PBMCs were obtained from patients with CLL enrolled in phase 2
clinical trials with ibrutinib (NCT01500733) or acalabrutinib
(NCT02337829), and/or in an observational study
(NCT00923507), samples from treatment-naive patients were
collected. These studies were approved by the institutional review
board, and written informed consent was obtained in accordance
with the Declaration of Helsinki. Patient characteristics are sum-
marized in Table 1, and sample usage in supplemental Table 1.
Samples from all treated patients were collected upon the initiation
of BTKi therapy, irrespective of whether patients continued to
respond or had progressive disease (supplemental Table 2).

Bispecific antibodies

Epcoritamab (DuoBody-CD3xCD20, GEN3013) is a full-length
IgG1 bsAb generated by controlled F(ab)-arm exchange of a
humanized CD3 monoclonal Ab (mAb) and the human CD20 mAb
7D8. The nontargeting mAb B12 IgG1 isotype and bispecific
antibodies B12×CD20 and B12×CD3 were used as controls, all
of which were provided by Genmab.

In vitro cell cultures

Cryopreserved PBMCs were thawed and plated as described in
the supplemental Methods. Epcoritamab, or nontargeting B12
isotype, and bsAbs B12×CD20 and B12×CD3 were added to
cultures at a titrated concentration of 6.6 nM. Cells incubated at
37◦C (5% CO2) were harvested after 0, 3, or 7 days. Antibody
effects were normalized to viability in the B12-control condition. For
combination with venetoclax, the method is detailed in
supplemental Methods.

In vivo murine studies

Experiments using NOD/scid/SCID/IL2Rγnull (NSG) mice (The
Jackson Laboratory, JAX strain 5557) were conducted in accor-
dance with protocols approved by the institutional animal care and
use committee. PDXs of CLL were generated as previously
described.35,42 Briefly, 5 × 107 human CLL PBMCs were intro-
duced into NSG mice via IV tail vein injection on experimental day
0. On day 2, CLL engraftment was confirmed via the flow cytometry
of peripheral blood, and epcoritamab or B12 control (0.5 mg/kg)
was injected intraperitoneally on days 3 and 10. CLL tumor burden
was assessed in peripheral blood on days 10 and 17, and in the
spleen on day 17.

Flow cytometry

Cells were stained with commercial Abs (supplemental Table 3).
CLL cells were identified as CD8–CD4– or CD5+CD24+. Cell
viability was assessed using the LIVE/DEAD fixable violet stain
(Invitrogen). Specific lysis rates using the frequency of CLL live
cells after culture with epcoritamab and B12 were calculated as
follows: (B12 control viability – epcoritamab-treated viability) ÷
(B12 control viability) × 100. Effector T-cell–to–target CLL ratios
(E:T) were determined based on frequencies of live cells using this
8 AUGUST 2023 • VOLUME 7, NUMBER 15
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Table 1. Patient characteristics

Treatment-naive, number

or median (% or range)

On ibrutinib, number

or median (% or range)

On acalabrutinib, number

or median (% or range)

Progressing, number

or median (% or range)

Age 59 (48-77) 67 (53-78) 61 (50-74) 64 (39-76)

Sex

Female 10 (50%) 6 (50%) 6 (40%) 0 (0%)

Male 10 (50%) 6 (50%) 9 (60%) 10 (100%)

Prior therapy

No 20 (100%) 6 (60%) 5 (33%) 8 (80%)

Yes 0 (0%) 4 (40%) 10 (67%) 2 (20%)

IGHV

Mutated 8 (40%) 5 (42%) 5 (33%) 0 (0%)

Unmutated 10 (50%) 5 (42%) 10 (67%) 10 (100%)

Missing 2 (10%) 2 (16%) 0 (0%) 0 (0%)

FISH

del 17p 2 (10%) 4 (33%) 1 (7%) 6 (60%)

Absolute lymphocyte count 110 (10-328) 37 (5-317) 31 (4-146) 12 (6-31)

T-cell–to–CLL cell ratio 0.03 (0.01-0.08) 0.5 (0.01-0.40) 0.1 (0.01-0.56) 0.40 (0.08-0.69)

Time on BTKi therapy (mo) - 9 (5.5-57) 6 (5.2-48) 50 (15-72)

All characteristics given apply to the time of sample collection for the study.
Patients treated with ibrutinib (n = 19) or acalabrutinib (n = 18) had completed at least 6 cycles, and 10 (37%) had completed at least 12 cycles.
Among patients with disease progression, 7 (70%) were treated with ibrutinib and 3 (30%) with acalabrutinib.
FISH, florescence in situ hybrization; IGHV, immunoglobulin heavy-chain variable region mutational status.

D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/15/4089/2069547/blooda_adv-2022-009517-m

ain.pdf by guest on 04 June 2024
formula: (CD8+% × CD4+%) ÷ %CLL. For cell immunopheno-
typing, the method is detailed in supplemental Methods.

Luminex cytokine immunoassay

Supernatant from cultured PBMCs with epcoritamab or B12
control was collected after 7 days of culture and analyzed with the
Milliplex MAP Human High Sensitivity T-Cell Magnetic Bead Panel
(Millipore Corporation) following the manufacturer’s protocol
(supplemental Methods).

Clustering of samples based on T-cell response to

bsAb

T-cell activation in response to epcoritamab after 3 days was
assessed via flow cytometry using 8 markers (supplemental Table 3).
Median centered data are displayed in heat maps with samples
grouped based on linkage clustering using GeneCluster 3.0 (http://
bonsai.hgc.jp/~mdehoon/software/cluster/manual/TreeView).

Statistical analysis

The statistical significance between patient groups was calculated
using the Mann-Whitney test. To compare the responses to
different treatments in individual patient samples, Wilcoxon
matched-pair signed rank test and paired t test were used. Data
were analyzed with GraphPad Prism 7 software.
Results

Epcoritamab induced cytotoxicity in vitro in PBMCs

from patients with CLL

We investigated epcoritamab-induced cytotoxicity in PMBCs from
patients with CLL who were either treatment-naive (n = 20) or
8 AUGUST 2023 • VOLUME 7, NUMBER 15
being treated with a BTKi (n = 19, ibrutinib and n = 18, acalab-
rutinib); 19 received a BTKi as the first-line therapy. At the time of
sample collection, 10 patients had progressing disease while on
therapy. Patient characteristics are summarized in Table 1, and
details for patients with progressive disease are summarized in
supplemental Table 2.

PBMCs were incubated in vitro for up to 7 days with epcoritamab
or controls, including the nontargeting B12 IgG1 isotype and
bsAbs B12×CD20 and B12×CD3. We measured cell viability after
3 and 7 days using flow cytometry and observed a significant
decrease in the number of live CLL cells in the presence of
epcoritamab, compared with the number of controls (supplemental
Figure 1A). Because CLL cell viability was comparable for all 3
controls (supplemental Figure 1B), only the B12 isotype control
was used in most of the subsequent analysis. After 3 days
(Figure 1A), the median percentage (interquartile range) of live CLL
cells was 67% (range, 41%-82%) in the presence of epcoritamab
or B12 control, 80% (range, 53%-89%) in samples from patients
who were ibrutinib-treated (P = .009), 71% (range, 63%-77%) and
79% (range, 67%-89%) in those from patients who were
acalabrutinib-treated (P = .03), and 34% (range, 13%-64%) and
75% (range, 70%-76%) in samples from patients who had pro-
gressing disease while on BTKi (P = .05). In PBMCs from
treatment-naive patients, CLL cell viability was higher with epcor-
itamab, at 77% (range, 66%-82%) compared with 67% (range,
58%-81%) with B12 control (P = .01; Figure 1A). By day 7
(Figure 1B), CLL cell viability in PBMCs from treatment-naive
patients was significantly lower with epcoritamab, at 57% (range,
36%-72%), than with the control, at 74% (range, 56%-82%) (P =
.03). Overall, CLL cell viability on day 7 was significantly lower with
epcoritamab than with B12 control: for patients treated with
ibrutinib, it was 7% (range, 1%-61%) vs 80% (range, 63%-94%)
EPCORITAMAB BISPECIFIC ANTIBODY IN CLL 4091
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Figure 1. Epcoritamab induces a high degree of CLL cytotoxicity in vitro that

is enhanced by prior treatment with BTKis. CLL cell viability was assessed in

PBMCs from patients with CLL after culture with either epcoritamab or the B12

nontargeting control antibody (6.6nM): treatment-naive (TN); n = 13, triangles);

ibrutinib-treated (IBR; n = 12, circles); acalabrutinib-treated (ACA; n = 14, diamonds)

patients; and patients with progressing disease while receiving a BTKi (RES; n = 7).

CLL cell viability (A) after 3 and (B) after 7 days in culture with B12 or epcoritamab.

(C) Percentage of specific lysis of CLL cells by epcoritamab was calculated as

follows: ([%B12-treated CLL viability – %epcoritamab-treated CLL viability] ÷ [%

B12-treated CLL viability] × 100). Asterisks indicate statistical significance using
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(P = .0005); for acalabrutinib-treated patients, it was 62% (range,
18%-75%) vs 85% (range, 77%-95%) (P = .0001); and for
patients progressing on BTKi, it was 5% (range, 0.5%-35%) vs
72% (range, 66%-81%) (P = .02), respectively (Figure 1B).

To compare the effect of epcoritamab between the different
groups, we calculated CLL-specific lysis rates by normalizing the
frequency of CLL live cells after culturing with epcoritamab to cell
viability stage with the B12 control. After culturing CLL live cells for
3 days with epcoritamab, the median (interquartile range)
CLL-specific lysis rate was −10% (range, −15% to –3%) in
PBMCs from treatment-naive patients, compared with 7% (range,
4%-23%) for patients treated with ibrutinib (P = .0005) and 9%
(range, –1 to 29) for those treated with acalabrutinib (P = .001).
After 7 days, the median CLL-specific lysis rate was 29% (range,
–4 to 50) for patients who were treatment-naive, 90% (range,
27%-98%) for patients who were ibrutinib-treated (P = .01), and
41% (range, 17%-81%) for patients who were acalabrutinib-
treated (P = .1). There was no statistically significant difference
in CLL-specific lysis between patients treated with ibrutinib or
acalabrutinib (P ≥ .1) (Figure 1C). Interestingly, superior epcor-
itamab activity was observed in PBMCs from patients with pro-
gressing disease while on BTKis, with a CLL cell–specific lytic rate
of 41% (range, 15%-85%) after 3 days and 93% (range, 56%-
99%) after 7 days (P < .005 for comparison with treatment-naive
patients).

In summary, epcoritamab effectively induced autologous T cells to
lyse CLL cells in vitro. Compared with samples from treatment-
naive patients, epcoritamab-mediated cytotoxicity was higher in
PBMCs from patients being treated with a BTKi, including that for
patients who had progressive disease upon therapy.

Epcoritamab-induced CLL cell lysis correlated with

E:T ratio but not with CD20 expression

We evaluated the relationship between epcoritamab-induced CLL
cell lysis and CD20 target antigen expression or effector T-cell
frequencies in PBMCs at the start of the experiments. Baseline E:T
ratios ranged from 0.02 to 0.6, with higher ratios in samples from
patients treated with BTKi and patients with progressing disease
while on BTKi than in samples from treatment-naive patients
(Figure 2A). Baseline E:T ratios and CLL-specific lysis after 7 days
of epcoritamab highly correlated (r = 0.6; P < .0001; Figure 2B)
with comparable Spearman r values in samples from patients who
were treatment-naive, ibrutinib-, and acalabrutinib-treated
(supplemental Figure 1C). Consistently, we found a negative cor-
relation between patients’ absolute lymphocyte counts and CLL
cell lysis (r = −0.5; P < .0001; supplemental Figure 1D). Among
samples from patients treated with BTKi, baseline E:T ratios highly
correlated with the duration of BTKi therapy (r = 0.6; P < .0001;
supplemental Figure 1E).

A wide range of CD20 expression levels in CLL cells was
observed, with patients treated with ibrutinib expressing the lowest
CD20 levels compared with the treatment-naive group (P = .02;
Figure 2C). There was no statistically significant difference in
Figure 1 (continued) Wilcoxon matched-pair signed rank test for comparison of

different treatments applied to individual patient samples and Mann-Whitney test for

the comparison of different patient groups. *P < .05; **P < .01; ***P < .001.
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Figure 2. Epcoritamab-induced cytotoxicity in CLL

PBMCs correlates with the E:T ratio but not with

CD20 expression levels. (A) Comparison of baseline E:T

ratio, calculated as follows: (% CD4+ and CD8+ T cells) ÷

% CLL cells, in indicated patient groups: TN (n = 13, red

triangles), IBR (n = 12, blue circles), ACA (n = 14, green

diamonds), and RES (n = 7). (B) Spearman correlation of

baseline E:T ratios and percentage of CLL cell–specific

lysis in samples from all 4 groups cultured with

epcoritamab for 7 days. (C) Comparison of baseline CD20

mean fluorescence intensity (MFI) in CLL cells between

different patient groups. (D) Spearman’s correlation of
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CD20 expression on CLL cells from patients treated with acalab-
rutinib, treatment-naive patients, and patients with disease pro-
gressing while receiving BTKi. Across all samples, baseline CD20
expression levels did not correlate with epcoritamab-induced
cytotoxicity on day 7 (Figure 2D). There was also no correlation
between CLL cell lysis and immunoglobulin heavy chain variable
(IGHV) region mutational status, Rai stage, cytogenetic charac-
teristics, or prior treatment status (data not shown).

Taken together, the E:T ratio emerged as a major determinant of
epcoritamab-mediated cytotoxicity. In contrast, cytotoxic activity
was comparable across the wide range of CD20 expression levels
observed in these samples.

Epcoritamab enhances autologous T-cell cytotoxic

effector function, activation, and proliferation

To determine the effect of epcoritamab on T-cell activation and
proliferation, we quantified the frequency of CD4+ and CD8+

T cells expressing immunophenotypic markers of activation and
cytotoxic potential at baseline and after 3 days of culture
(supplemental Figure 2A). Compared with B12 controls, the pro-
portion of CD4+ and CD8+ T cells expressing Ki-67, granzyme B,
8 AUGUST 2023 • VOLUME 7, NUMBER 15
HLA-DR, PD-1, CTLA-4, TIM-3, and LAG-3 increased significantly
after 3 days of culture with epcoritamab in all patient groups
(supplemental Figure 2B). No T-cell activation or proliferation was
observed with B12×CD3 (supplemental Figure 3) or B12×CD20
(not shown) control bsAbs.

To explore the relationship between epcoritamab-induced T-cell
response and cytotoxic activity, we performed hierarchical clus-
tering of patient samples based on the frequency of CD4+ or CD8+

T cells expressing these immunophenotypic markers on day 3.
Samples were divided into 2 major clusters: cluster A with relatively
lower expression and cluster B with higher expression of markers
indicative of activation, proliferation, and cytotoxic potential
(Figure 3A). The more activated samples in B clusters, compared
with those in A clusters, were associated with significantly higher
cytotoxic activity on day 3 for both CD4+ (P = .02; Figure 3B) and
CD8+ (P = .006; Figure 3C) T cells. On day 7, median CLL cell
lysis for the activated CD8+ cluster was 82% (range, 46%-96%)
compared with 25% (range, 8%-89%) for cluster A (P = .02;
Figure 3C), whereas there was no statistically significant difference
for the CD4+ cells. Notably, the B clusters were enriched for BTKi-
treated samples (supplemental Figure 4A) and had higher median
E:T ratios compared with cluster A: for CD4+, 0.29 and 0.05 and
EPCORITAMAB BISPECIFIC ANTIBODY IN CLL 4093
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Figure 3. Epcoritamab induces autologous T-cell activation and expansion. Markers of T-cell activation and cytotoxic potential were assessed via flow cytometry, in

PBMCs from patients who were TN (n = 7), IBR (n = 10), or ACA (n = 11) cultured with epcoritamab or B12 control for 3 days. Samples from RES (n = 7) were also included. (A)

Heatmap depicts the median centered frequencies of CD4+ and CD8+ T cells expressing the indicated markers; samples were grouped based on hierarchical clustering.

Comparison of CLL-specific killing after 3 and 7 days of treatment between grouping based on (B) CD4 activation and (C) CD8 activation state. Each symbol represents 1 patient

sample, and the median and interquartile range are indicated. (D) CD4+ and CD8+ T-cell counts were quantified via flow cytometry after 7 days of culture with epcoritamab (blue

symbols) or B12 control (red symbols). Each symbol represents 1 patient sample. Asterisks indicate statistical significance using Wilcoxon matched-pair signed rank test for

comparison of different treatments applied to individual patient samples and Mann-Whitney test for comparison of different patient groups. *P < .05; **P < .001; ***P< .001.
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for CD8+, 0.23 and 0.04, respectively (P < .01 for both compari-
sons; supplemental Figure 4B). Similarly, within cluster A, greater
CLL cell killing was associated with higher E:T ratios (supplemental
Figure 4C).

Epcoritamab induced both CD4 and CD8 T-cell expansion in vitro.
On day 7, the median increase in CD4+ T cells with epcoritamab
compared with the B12 control condition was 13-fold for the
treatment-naive group (P = .016), sixfold for ibrutinib and
acalabrutinib-treated group (P = .019 and P = .001; respectively),
and sevenfold for BTKi progressive disease group (P = .016).
The median increase of CD8+ T-cell counts with epcoritamab was
4094 MHIBIK et al
15-fold for the treatment-naive patients (P = .016), sevenfold and
fourfold for patients treated with ibrutinib and acalabrutinib,res-
pectively, (P = .009 and P = .003, respectively), and fourfold for
patients with progressing disease while on BTKi (P = .016;
Figure 3D).

Epcoritamab induces Th1 polarization and memory

T-cell differentiation

Th1, Th2, and Th17 T-helper subsets were identified via flow
cytometry and staining for CCR6 and CXCR3 (supplemental
Figure 5A). Ex vivo, Th1:Th2 ratios were biased toward Th2 in all
8 AUGUST 2023 • VOLUME 7, NUMBER 15
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patient samples (supplemental Figure 5B). In vitro, epcoritamab
promoted Th1 polarization as early as on day 3 (supplemental
Figure 5C).34 After 7 days, the median Th1:Th2 ratio in B12 and
epcoritamab-treated PBMCs increased from 0.2 to 0.6 (P = .03) for
treatment-naive, from 0.4 to 3 (P = .002) for ibrutinib-treated,
from 0.7 to 2 (P = .005) for acalabrutinib-treated, and from 0.4 to
2 (P = .16) for the progressive disease cohorts (Figure 4A). We
also found a significant increase in the concentration of Th1 cyto-
kines in cell culture supernatants on day 7 (Figure 4B). For example,
the median concentration of interferon-gamma was <50 pg/mL in
B12 control-treated samples but was >2000 pg/mL in
epcoritamab-treated samples (P ≤ .03). Likewise, concentrations of
tumor necrosis factor α (P ≤ .02) and granulocyte-macrophage
colony-stimulating factor (P = .008) significantly increased in
epcoritamab-treated samples compared with that in controls.
Although we detected increases in the concentration of the Th2
cytokines, such as IL-5, upon epcoritamab treatment, their con-
centrations remained very low (≤ 300 ρg/mL).

Using CCR7 and CD45RO expression, measured via flow
cytometry, we identified T-cell subsets as naive, central memory
(CM), effector memory (EM), and effector T cells (supplemental
Figure 5D). Ex vivo, no significant difference in the T-cell
compartment composition was observed between the patient
groups (supplemental Figure 5E). After 7 days, the median fre-
quency of T-EM among CD4+ T cells was higher in epcoritamab-
treated cultures than in controls: 39% vs 17% (P = .006) in
patients who were ibrutinib-treated, 37% vs 25% (P = .04) in those
who were acalabrutinib-treated, and 60% vs 18% (P = .016) in
those who were treatment-naive, respectively (Figure 4C). Like-
wise, among CD8+ T cells the median frequencies of T-EM in
epcoritamab-treated cultures vs in controls were 57% vs 42% (P =
.03) for ibrutinib-treated, 55% vs 35% (P = .04) for acalabrutinib-
treated, and 58% vs 32% (P = .07) in treatment-naive patients.
Numerically, the frequency of CM T cells increased in all
epcoritamab-treated cultures compared with that in controls, but
the change reached statistical significance only for CD8 T cells
from patients who were treatment-naive and those treated with
ibrutinib (Figure 4C). Conversely, the frequency of naive T cells
significantly decreased in all cultures. In samples from patients who
had progressing disease while on BTKi, the proportion of CM and
EM was very high in all conditions, and no statistically significant
shifts were observed (P > .1).

In summary, the addition of epcoritamab to CLL PBMCs in vitro
promoted Th1 polarization and differentiation in EM and CM T cells,
with a concurrent reduction in the frequency of naive T cells.

Epcoritamab mediates the CLL-directed cytotoxicity

by autologous T cells in vivo

Next, we tested epcoritamab in a PDX mouse model.35 PBMCs
from 7 patients were injected into 35 mice, with 5 mice per patient.
Three patients were treatment-naive and 4 patients had pro-
gressing disease while on BTKi therapy (supplemental Table 3).
We excluded 4 mice showing low engraftment on day 2. The 31
mice with acceptable human cell engraftment were stratified based
on the engraftment level (supplemental Figure 6) to receive
epcoritamab (n = 17) or B12 control (n = 14) on days 3 and 10
(Figure 5A). CLL cell burden in the blood and spleens was quan-
tified via flow cytometry (Figure 5B).
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Compared with mice that received B12 control, the median
leukemic cell burden in mice treated with epcoritamab was
reduced by 71% after 1 injection (day 10; P < .0001) and by 94%
after the second injection (day 17; P = .003; Figure 5C). In the
spleen, tumor infiltration was reduced by >99% in epcoritamab-
treated mice (P < .0001; Figure 5D). There was no apparent dif-
ference in the efficacy of epcoritamab against CLL cells obtained
from treatment-naive patients or patients who had progressing
disease while continuously recceiving BTKi treatment. We
attempted to engraft samples from patients in remission on BTKi
but were unable to achieve acceptable engraftment for in vivo
studies.

Epcoritamab effectively induced CLL-directed cytotoxicity in vivo,
which, in our PDX model, was dependent on autologous T cells.
We observed a high degree of activity against circulating as well as
splenic CLL cells in samples from treatment-naive patients and
patients who had progressing disease while receiving BTKi
therapy.

The combination of epcoritamab with venetoclax is

more cytotoxic than either agent alone

The Bcl-2 inhibitor venetoclax, combined with anti-CD20 anti-
bodies, is effective in treating patients with progressing disease
while on BTKi.18-21 Here, we tested the addition of venetoclax to
epcoritamab in vitro. We titrated the dose of venetoclax to 5nM to
achieve half-maximal killing of CLL cells after 48 hours of culture
(data not shown). PBMCs were incubated for up to 7 days with
B12/dimethyl sulfoxide control vs epcoritamab, venetoclax, or both
agents combined. After 7 days of venetoclax, the median CLL cell
viability was 29% (range, 22%-55%) in treatment-naive patients
(P < .0001, vs control), 31% (range, 27%-61%) in patients treated
with BTKi (P = .001), and 21% (range, 15%-66%) in patients with
progressing disease while receiving a BTKi (P = .004). In PBMCs
treated with the combination of epcoritamab and venetoclax, the
CLL cell viability decreased significantly compared with that in
PBMCs treated with either agent alone (Figure 6A): it decreased to
14% (range, 6%-28%) for treatment-naive patients (P ≤ .006), to
2% (range, 0.6%-12%) for patients treated with BTKi (P ≤ .005),
and to 3% (range, 0.6%-5%) for patients with progressing disease
while receiving a BTKi (P ≤ .01). As seen with single-agent
epcoritamab, the E:T ratio and cytotoxicity activity were highly
correlated for the combination of epcoritamab with venetoclax (r =
0.6; P < .0001; Figure 6B). The addition of venetoclax did not
differentially reshape the T-cell compartment compared with single-
agent epcoritamab (supplemental Figure 7A-B).To account for
interpatient variations in T-cell frequency, we enriched CLL cells to
> 95% by depleting autologous T cells and adding healthy donor
PBMCs as the T-cell source at a fixed 1:3 E:T ratio. Within 48
hours, CLL cell viability had significantly decreased in the presence
of epcoritamab combined with venetoclax vs single agents in all 3
patient groups (P ≤ .05; supplemental Figure 7C-D). Taken
together, using autologous or allogeneic T cells as effectors, the
combination of epcoritamab and venetoclax was more active than
either agent alone.

Discussion

CLL cells are sensitive to T-cell attack, as demonstrated with donor
lymphocyte infusion after allogeneic stem cell transplantation43
EPCORITAMAB BISPECIFIC ANTIBODY IN CLL 4095
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and successes with chimeric antigen receptor (CAR) T-cell
therapy.44,45 bsAbs offer an off-the-shelf approach that depends
on the cytotoxic effector functions of autologous T cells.
The cellular immune dysfunction characteristic of CLL hampers
CAR T-cell efficacy46-48 and may also hamper the activity of bsAbs.
Here, we tested epcoritamab across a clinical spectrum of CLL
disease course by including samples from patients who were
treatment-naive, those treated with BTKi, and those with pro-
gressing disease while on BTKi therapy. In vitro, epcoritamab-
induced CLL cytotoxicity was readily demonstrable in PBMCs
from treatment-naive patients and was enhanced in samples
Figure 4. Epcoritamab shifts T-cell differentiation toward Th1 polarization and e

T cells was assessed based on CCR6 and CXCR3 expression. Th1:Th2 ratio (log2 transform

in PBMCs from patients who were TN (n = 7), IBR (n = 10), ACA (n = 11), and RES (n = 7)

Each symbol represents 1 patient sample. (B) Th1 (interferon-gamma, tumor necrosis factor

and IL-5) cytokine levels measured via Luminex cytokine assays in cell supernatants harvest

from patients who were TN (n = 8), IBR (n = 8), and ACA (n = 8). (C) T-cell differentiation in

T cells, EM T cells, and effector T cells, based on CCR7 and CD45RO expression for samp

after 7 days of culture with EPCO or B12. Pie charts represent the median proportion of

T-effector memory or T-central memory in cultures treated with EPCO compared with B12
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from patients with ongoing BTKi therapy, including patients with
progressive disease. Epcoritamab expanded CD4+ and CD8+ T
cells, induced memory T-cell differentiation, and promoted Th1
polarization. These attributes are associated with long-term pro-
tective responses to cancer immunotherapy,49,50 including in
patients with aggressive lymphoma treated with CD19-targeting
CAR T cells.51

Low CD20 expression is characteristic of CLL, as are low E:T
ratios, given the high number of circulating tumor cells. We found
that epcoritamab-mediated cytotoxicity did not correlate with
nhances its differentiation into EM T cells. (A) Th1 and Th2 polarization of CD4+

ed) was calculated using the percentage of Th1 and Th2 subsets within CD4+ T cells

after 7 days of culture with epcoritamab (blue symbols) or B12 control (red symbols).

α, and granulocyte-macrophage colony-stimulating factor) and Th2 (interleukin-6 [IL-6]

ed after 7 days of exposure to epcoritamab (EPCO) or B12 control (B12) for samples

CD4+ or CD8+ subsets was assessed via flow cytometry, separating naive T cells, CM

les from patients who were TN (n = 7), IBR (n = 10), ACA (n = 11), and RES (n = 7)

each subset. Asterisks indicate statistically significant expansion of CD4 and CD8

as determined using Wilcoxon matched-pair signed rank test. *P< .05; **P< .01.
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CD20 expression, consistent with observations on lymph node
biopsy specimen from patients with B-cell lymphomas.38 Efficacy of
epcoritamab in PDXs of lymphoma has also been reported in the
presence of rituximab,37 and although rituximab interfered with
epcoritamab binding to CD20-expressing cells in vitro, tumor-cell
cytotoxicity was minimally affected by clinically relevant concen-
trations of rituximab.52 Taken together, epcoritamab-mediated
cytotoxicity can be achieved despite low antigen density in tumor
cells. This contrasts with reported associations of low CD20
expression with reduced benefits of anti-CD20 antibodies in
CLL.53,54 Although anti-CD20 antibodies improve response rates
and survival in combinations with chemotherapy,55,56 BTKis can
interfere with Fc receptor–mediated effector functions,57-59 and
the benefit of combining anti-CD20 mAbs with BTKis remains ill-
defined.60-62 Therefore, anti-CD20 bsAbs that direct cytotoxic
T cells against tumor cells and are equally effective against cells
with low target antigen density represent an attractive new com-
bination partner to BTKi therapy.

In contrast to our data from earlier studies with the CD19/CD3
bsAb,34,35 epcoritamab-mediated cytotoxicity correlated with
E:T ratios. Samples from patients receiving BTKi therapy,
including those whose disease progressed, had higher E:T
ratios compared with samples from treatment-naive patients,
partly explaining the superior activity of the bsAb in patients
receiving BTKis. In addition, BTKis, by transcriptionally
downregulating immunosuppressive molecules in CLL cells,
create an environment favorable to cellular immunotherapy.34

Consistently, we found that epcoritamab induced a higher
degree of T-cell activation, proliferation, and expression of
cytotoxic effectors in T cells from patients receiving BTKis than
in treatment-naive patients, irrespective of which BTKi the
patients received.

Epcoritamab mediates potent in vivo cytotoxicity against CLL
cells in the PDX model. Reflecting the situation in patients, the
activity of the bsAb in this model depends on the effector func-
tions of autologous T cells. Limitations of the model include a lack
of survival end points because the CLL xenografts do not lead to
the death of the host.35,42 Furthermore, interpatient variability in
engraftment limits interpatient comparisons. Nevertheless, the
significant reduction in tumor burden after only 2 injections of
epcoritamab clearly demonstrates the potent activity of bsAbs
in vivo. Importantly, epcoritamab was also effective in mice xen-
ografted with samples from patients with progressing disease
while receiving BTKis, a high-risk group with a poor
prognosis.15,63
Figure 6. The combination of epcoritamab with venetoclax induced a higher

degree of CLL cytotoxicity in vitro than either agent alone. PBMCs from

patients who were TN (n = 15), patients treated with BTKi (BTKi, n = 11; IBR, 4; and

ACA, 7), and patients who were RES (n = 9) were cultured with either B12/dimethyl

sulfoxide control (CTRL), epcoritamab (EPCO), 5nM venetoclax (VEN), or the

combination of epcoritamab with venetoclax (EPCO + VEN). (A) CLL cell viability

after 7 days of culture. (B) Spearman correlation of baseline E:T ratios and

percentage of CLL cell–specific lysis in samples from all 3 groups cultured with

EPCO + VEN for 7 days. Asterisks indicate statistical significance using Wilcoxon

matched-pair signed rank test for the comparison of different treatments applied to

individual patient samples. *P < .05; **P < .01; ***P < .001; ****P < .0001.
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The BCL-2 inhibitor venetoclax, combined with anti-CD20 anti-
bodies, is a commonly used second-line therapy for patients
resistant or intolerant to BTKis. Venetoclax increased the cytotox-
icity of epcoritamab against CLL cells in vitro, including in PBMCs
from patients with progressing disease while on BTKis. These data
support investigations of epcoritamab in combination with ven-
etoclax in patients with progressing disease while on BTKis or
as consolidation for patients at an increased risk of failure with
single-agent BTKi therapy.64 Venetoclax has been reported to
reshape the T-cell compartment by reducing the number of follic-
ular helper and regulatory T cells and improving T-cell metabolic
function through the depletion of CLL cells.65,66 However, the
effects of venetoclax and its combination with epcoritamab on
immune function in patients with CLL need to be further
investigated.

In summary, our results assert the potential of epcoritamab as a
novel treatment option for patients with CLL and support clinical
investigations of epcoritamab in combination with BTKis or ven-
etoclax and as salvage therapy in patients with progressing disease
while receiving BTKi therapy.

Acknowledgments

The authors thank patients for participating and donating samples
to make this research possible, Susan Soto and Pia Nierman for
protocol support, and the NHLBI Flow Cytometry Cores and the
NHLBI Animal Facility. This work is supported by the Intramural
8 AUGUST 2023 • VOLUME 7, NUMBER 15

e

Research Program of the National Institutes of Health, The National
Heart, Lung, and Blood Institute, and Genmab.

Authorship

Contribution: M.M., E.G., C.C., M.W.-B., E.C.W.B., C.S., and A.W.
conceptualized the study; M.M., E.G., D.E., J.H., and J.L. performed
experiments; M.M., E.G., C.S., and A.W. analyzed data and figures;
M.M., C.S., and A.W. wrote the original draft; A.W. and C.S.
supervised and acquired funding; and all authors wrote, reviewed,
and edited the manuscript.

Conflict-of-interest disclosure: A.W. received research support
from Pharmacyclics LLC, an AbbVie Company, Acerta Pharma, a
member of the AstraZeneca group, Merck, Nurix, Verastem, and
Genmab. C.S. received research funding from Genmab. M.W.-B.,
I.H.H., E.B., J.C., and C.C. are currently Genmab employees and
holders of stock options. E.S.-G., E.B.R., and P.K.E.-B. are currently
AbbVie employees and holders of stock options. The remaining
authors declare no competing financial interests.

ORCID profiles: E.M.G., 0000-0003-4831-3105; C.C., 0000-
0001-9744-991X; C.S., 0000-0001-8498-4729; A.W., 0000-
0002-3533-2924.

Correspondence: Adrian Wiestner, Hematology Branch, The
National Heart, Lung, and Blood Institute, National Institutes of
Health, Bldg 10, CRC 3-5140, 10 Center Dr, Bethesda, MD
20892-1202; email: wiestnera@mail.nih.gov.
-pdf/7/15/4089/2069547/blooda_adv-2022-009517-m
ain.pdf by guest on 04 June 2024
References

1. Burger JA. Treatment of chronic lymphocytic leukemia. N Engl J Med. 2020;383(5):460-473.

2. Burger JA, Buggy JJ. Bruton tyrosine kinase inhibitor ibrutinib (PCI-32765). Leuk Lymphoma. 2013;54(11):2385-2391.

3. Herman SE, Mustafa RZ, Gyamfi JA, et al. Ibrutinib inhibits BCR and NF-kappaB signaling and reduces tumor proliferation in tissue-resident cells of
patients with CLL. Blood. 2014;123(21):3286-3295.

4. Landau DA, Sun C, Rosebrock D, et al. The evolutionary landscape of chronic lymphocytic leukemia treated with ibrutinib targeted therapy. Nat
Commun. 2017;8(1):2185.

5. Byrd JC, Harrington B, O’Brien S, et al. Acalabrutinib (ACP-196) in relapsed chronic lymphocytic leukemia. N Engl J Med. 2016;374(4):323-332.

6. Tam CS. Zanubrutinib: a novel BTK inhibitor in chronic lymphocytic leukemia and non-Hodgkin lymphoma. Clin Adv Hematol Oncol. 2019;17(1):32-34.

7. Lipsky A, Lamanna N. Managing toxicities of Bruton tyrosine kinase inhibitors. Hematology Am Soc Hematol Educ Program. 2020;2020(1):336-345.

8. Sun C, Nierman P, Kendall EK, et al. Clinical and biological implications of target occupancy in CLL treated with the BTK inhibitor acalabrutinib. Blood.
2020;136(1):93-105.

9. Byrd JC, Hillmen P, Ghia P, et al. Acalabrutinib versus ibrutinib in previously treated chronic lymphocytic leukemia: results of the first randomized phase
III trial. J Clin Oncol. 2021;39(31):3441-3452.

10. Tam CS, Trotman J, Opat S, et al. Phase 1 study of the selective BTK inhibitor zanubrutinib in B-cell malignancies and safety and efficacy evaluation in
CLL. Blood. 2019;134(11):851-859.

11. Ahn IE, Farooqui MZH, Tian X, et al. Depth and durability of response to ibrutinib in CLL: 5-year follow-up of a phase 2 study. Blood. 2018;131(21):
2357-2366.

12. Sharman JP, Banerji V, Fogliatto LM, et al. ELEVATE TN: phase 3 study of acalabrutinib combined with obinutuzumab (O) or alone Vs O plus
chlorambucil (Clb) in patients (Pts) with treatment-naive chronic lymphocytic leukemia (CLL). Blood. 2019;134(suppl 1):31-31.

13. Ahn IE, Tian X, Wiestner A. Ibrutinib for chronic lymphocytic leukemia with TP53 alterations. N Engl J Med. 2020;383(5):498-500.

14. Maddocks KJ, Ruppert AS, Lozanski G, et al. Etiology of ibrutinib therapy discontinuation and outcomes in patients with chronic lymphocytic leukemia.
JAMA Oncol. 2015;1(1):80-87.

15. Ahn IE, Underbayev C, Albitar A, et al. Clonal evolution leading to ibrutinib resistance in chronic lymphocytic leukemia. Blood. 2017;129(11):
1469-1479.
EPCORITAMAB BISPECIFIC ANTIBODY IN CLL 4099

https://orcid.org/0000-0003-4831-3105
https://orcid.org/0000-0001-9744-991X
https://orcid.org/0000-0001-9744-991X
https://orcid.org/0000-0001-8498-4729
https://orcid.org/0000-0002-3533-2924
https://orcid.org/0000-0002-3533-2924
mailto:wiestnera@mail.nih.gov
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref1
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref2
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref3
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref3
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref4
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref4
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref5
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref6
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref7
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref8
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref8
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref9
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref9
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref10
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref10
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref11
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref11
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref12
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref12
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref13
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref14
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref14
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref15
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref15


D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/15/4089/2069547/blooda_adv-2022-009517-m

ain.pdf by guest on 04 June 2024
16. Liu TM, Woyach JA, Zhong Y, et al. Hypermorphic mutation of phospholipase C, gamma2 acquired in ibrutinib-resistant CLL confers BTK independency
upon B-cell receptor activation. Blood. 2015;126(1):61-68.

17. Woyach JA, Ruppert AS, Guinn D, et al. BTK(C481S)-mediated resistance to ibrutinib in chronic lymphocytic leukemia. J Clin Oncol. 2017;35(13):
1437-1443.

18. Seymour JF, Kipps TJ, Eichhorst B, et al. Venetoclax-rituximab in relapsed or refractory chronic lymphocytic leukemia. N Engl J Med. 2018;378(12):
1107-1120.

19. Roberts AW, Ma S, Kipps TJ, et al. Efficacy of venetoclax in relapsed chronic lymphocytic leukemia is influenced by disease and response variables.
Blood. 2019;134(2):111-122.

20. Fischer K, Al-Sawaf O, Bahlo J, et al. Venetoclax and obinutuzumab in patients with CLL and coexisting conditions. N Engl J Med. 2019;380(23):
2225-2236.

21. Lew TE, Lin VS, Cliff ER, et al. Outcomes of patients with CLL sequentially resistant to both BCL2 and BTK inhibition. Blood Adv. 2021;5(20):
4054-4058.

22. Riches JC, Davies JK, McClanahan F, et al. T cells from CLL patients exhibit features of T-cell exhaustion but retain capacity for cytokine production.
Blood. 2013;121(9):1612-1621.

23. Forconi F, Moss P. Perturbation of the normal immune system in patients with CLL. Blood. 2015;126(5):573-581.

24. Niemann CU, Herman SE, Maric I, et al. Disruption of in vivo chronic lymphocytic leukemia tumor-microenvironment interactions by ibrutinib - findings
from an investigator-initiated phase II study. Clin Cancer Res. 2016;22(7):1572-1582.

25. Long M, Beckwith K, Do P, et al. Ibrutinib treatment improves T cell number and function in CLL patients. J Clin Invest. 2017;127(8):3052-3064.

26. Vardi A, Vlachonikola E, Papazoglou D, et al. T-Cell dynamics in chronic lymphocytic leukemia under different treatment modalities. Clin Cancer Res.
2020;26(18):4958-4969.

27. Solman IG, Blum LK, Hoh HY, et al. Ibrutinib restores immune cell numbers and function in first-line and relapsed/refractory chronic lymphocytic
leukemia. Leuk Res. 2020;97:106432.

28. Cadot S, Valle C, Tosolini M, et al. Longitudinal CITE-Seq profiling of chronic lymphocytic leukemia during ibrutinib treatment: evolution of leukemic and
immune cells at relapse. Biomark Res. 2020;8(1):72.

29. Solman IG, Blum LK, Burger JA, et al. Impact of long-term ibrutinib treatment on circulating immune cells in previously untreated chronic lymphocytic
leukemia. Leuk Res. 2021;102:106520.

30. Mhibik M, Wiestner A, Sun C. Harnessing the effects of BTKi on T cells for effective immunotherapy against CLL. Int J Mol Sci. 2019;21(1):68.

31. Dubovsky JA, Beckwith KA, Natarajan G, et al. Ibrutinib is an irreversible molecular inhibitor of ITK driving a Th1-selective pressure in T lymphocytes.
Blood. 2013;122(15):2539-2549.

32. Kondo K, Shaim H, Thompson PA, et al. Ibrutinib modulates the immunosuppressive CLL microenvironment through STAT3-mediated suppression of
regulatory B-cell function and inhibition of the PD-1/PD-L1 pathway. Leukemia. 2018;32(4):960-970.

33. Pleyer C, Sun CC, Niermann P, et al. Partial reconstitution of humoral and cellular immunity in patients with chronic lymphocytic leukemia treated with
acalabrutinib. Blood. 2018;132(suppl 1):1874-1874.

34. Mhibik M, Gaglione EM, Eik D, et al. BTK inhibitors, irrespective of ITK inhibition, increase efficacy of a CD19/CD3-bispecific antibody in CLL. Blood.
2021;138(19):1843-1854.

35. Robinson HR, Qi J, Cook EM, et al. A CD19/CD3 bispecific antibody for effective immunotherapy of chronic lymphocytic leukemia in the ibrutinib era.
Blood. 2018;132(5):521-532.

36. Teeling JL, French RR, Cragg MS, et al. Characterization of new human CD20 monoclonal antibodies with potent cytolytic activity against non-Hodgkin
lymphomas. Blood. 2004;104(6):1793-1800.

37. Engelberts PJ, Hiemstra IH, de Jong B, et al. DuoBody-CD3xCD20 induces potent T-cell-mediated killing of malignant B cells in preclinical models and
provides opportunities for subcutaneous dosing. EBioMedicine. 2020;52:102625.

38. van der Horst HJ, de Jonge AV, Hiemstra IH, et al. Epcoritamab induces potent anti-tumor activity against malignant B-cells from patients with DLBCL,
FL and MCL, irrespective of prior CD20 monoclonal antibody treatment. Blood Cancer J. 2021;11(2):38.

39. Hutchings M, Mous R, Clausen MR, et al. Dose escalation of subcutaneous epcoritamab in patients with relapsed or refractory B-cell non-Hodgkin
lymphoma: an open-label, phase 1/2 study. Lancet. 2021;398(10306):1157-1169.

40. Thieblemont C, Phillips T, Ghesquieres H, et al. Epcoritamab, a novel, subcutaneous CD3xCD20 Bispecific T-cell-engaging antibody, in relapsed or
refractory large B-cell lymphoma: dose expansion in a phase I/II trial. J Clin Oncol. 2022;41(12):2238-2247.

41. Kater AP, Christensen JH, Bentzen HH, et al. Subcutaneous epcoritamab in patients with relapsed/refractory chronic lymphocytic leukemia: preliminary
results from the epcore CLL-1 Trial. Blood. 2021;138(suppl 1):2627-2627.

42. Herman SE, Sun X, McAuley EM, et al. Modeling tumor-host interactions of chronic lymphocytic leukemia in xenografted mice to study tumor biology and
evaluate targeted therapy. Leukemia. 2013;27(12):2311-2321.

43. Gribben JG. How and when I do allogeneic transplant in CLL. Blood. 2018;132(1):31-39.

44. Frey NV, Gill S, Hexner EO, et al. Long-term outcomes from a randomized dose optimization study of chimeric antigen receptor modified T cells in
relapsed chronic lymphocytic leukemia. J Clin Oncol. 2020;38(25):2862-2871.
4100 MHIBIK et al 8 AUGUST 2023 • VOLUME 7, NUMBER 15

http://refhub.elsevier.com/S2473-9529(23)00277-X/sref16
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref16
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref17
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref17
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref18
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref18
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref19
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref19
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref20
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref20
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref21
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref21
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref22
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref22
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref23
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref24
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref24
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref25
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref26
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref26
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref27
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref27
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref28
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref28
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref29
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref29
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref30
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref31
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref31
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref32
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref32
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref33
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref33
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref34
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref34
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref35
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref35
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref36
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref36
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref37
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref37
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref38
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref38
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref39
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref39
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref40
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref40
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref41
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref41
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref42
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref42
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref43
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref44
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref44


D
ow

nloaded from
 http://ashpublications.net/bloodadvances/article-pdf/7/15/4089/2069547/blooda_adv-2022-009517-m

ain.pdf by guest on 04 Jun
45. Turtle CJ, Hay KA, Hanafi LA, et al. Durable molecular remissions in chronic lymphocytic leukemia treated with CD19-specific chimeric antigen receptor-
modified T cells after failure of ibrutinib. J Clin Oncol. 2017;35(26):3010-3020.

46. Porter DL, Hwang WT, Frey NV, et al. Chimeric antigen receptor T cells persist and induce sustained remissions in relapsed refractory chronic
lymphocytic leukemia. Sci Transl Med. 2015;7(303):303ra139.

47. Gauthier J, Hirayama AV, Purushe J, et al. Feasibility and efficacy of CD19-targeted CAR T cells with concurrent ibrutinib for CLL after ibrutinib failure.
Blood. 2020;135(19):1650-1660.

48. Gill SI, Vides V, Frey NV, et al. Anti-CD19 CAR T cells in combination with ibrutinib for the treatment of chronic lymphocytic leukemia. Blood Adv. 2022;
6(21):5774-5785.

49. Basu A, Ramamoorthi G, Albert G, et al. Differentiation and regulation of T(H) cells: a balancing act for cancer immunotherapy. Front Immunol. 2021;12:
669474.

50. Liu Q, Sun Z, Chen L. Memory T cells: strategies for optimizing tumor immunotherapy. Protein Cell. 2020;11(8):549-564.

51. Lamure S, Van Laethem F, De Verbizier D, et al. Clinical and product features associated with outcome of DLBCL patients to CD19-targeted CAR T-cell
therapy. Cancers (Basel). 2021;13(17):4279.

52. Epling-Burnette P, Dandamudi DB, Konieczna IM, et al. Evaluation of epcoritamab and rituximab combination in preclinical models of B-cell non-
Hodgkin’s lymphoma (NHL). Blood. 2022;140(suppl 1):9283-9285.

53. Golay J, Lazzari M, Facchinetti V, et al. CD20 levels determine the in vitro susceptibility to rituximab and complement of B-cell chronic lymphocytic
leukemia: further regulation by CD55 and CD59. Blood. 2001;98(12):3383-3389.

54. McLaughlin P, Grillo-Lopez AJ, Link BK, et al. Rituximab chimeric anti-CD20 monoclonal antibody therapy for relapsed indolent lymphoma: half of
patients respond to a four-dose treatment program. J Clin Oncol. 1998;16(8):2825-2833.

55. Hallek M, Fischer K, Fingerle-Rowson G, et al. Addition of rituximab to fludarabine and cyclophosphamide in patients with chronic lymphocytic
leukaemia: a randomised, open-label, phase 3 trial. Lancet. 2010;376(9747):1164-1174.

56. Goede V, Fischer K, Busch R, et al. Obinutuzumab plus chlorambucil in patients with CLL and coexisting conditions. N Engl J Med. 2014;370(12):
1101-1110.

57. Bojarczuk K, Siernicka M, Dwojak M, et al. B-cell receptor pathway inhibitors affect CD20 levels and impair antitumor activity of anti-CD20 monoclonal
antibodies. Leukemia. 2014;28(5):1163-1167.

58. Da Roit F, Engelberts PJ, Taylor RP, et al. Ibrutinib interferes with the cell-mediated anti-tumor activities of therapeutic CD20 antibodies: implications for
combination therapy. Haematologica. 2015;100(1):77-86.

59. Skarzynski M, Niemann CU, Lee YS, et al. Interactions between ibrutinib and anti-CD20 antibodies: competing effects on the outcome of combination
therapy. Clin Cancer Res. 2016;22(1):86-95.

60. Sharman JP, Egyed M, Jurczak W, et al. Acalabrutinib with or without obinutuzumab versus chlorambucil and obinutuzmab for treatment-naive chronic
lymphocytic leukaemia (ELEVATE TN): a randomised, controlled, phase 3 trial. Lancet. 2020;395(10232):1278-1291.

61. Woyach JA, Blachly JS, Rogers KA, et al. Acalabrutinib plus obinutuzumab in treatment-naive and relapsed/refractory chronic lymphocytic leukemia.
Cancer Discov. 2020;10(3):394-405.

62. Burger JA, Keating MJ, Wierda WG, et al. Safety and activity of ibrutinib plus rituximab for patients with high-risk chronic lymphocytic leukaemia: a single-
arm, phase 2 study. Lancet Oncol. 2014;15(10):1090-1099.

63. Jain P, Keating M, Wierda W, et al. Outcomes of patients with chronic lymphocytic leukemia after discontinuing ibrutinib. Blood. 2015;125(13):
2062-2067.

64. Ahn IE, Tian X, Ipe D, et al. Prediction of outcome in patients with chronic lymphocytic leukemia treated with ibrutinib: development and validation of a
four-factor prognostic model. J Clin Oncol. 2021;39(6):576-585.

65. van Bruggen JAC, van der Windt GJW, Hoogendoorn M, Dubois J, Kater AP, Peters FS. Depletion of CLL cells by venetoclax treatment reverses
oxidative stress and impaired glycolysis in CD4 T cells. Blood Adv. 2022;6(14):4185-4195.

66. de Weerdt I, Hofland T, de Boer R, et al. Distinct immune composition in lymph node and peripheral blood of CLL patients is reshaped during venetoclax
treatment. Blood Adv. 2019;3(17):2642-2652.
8 AUGUST 2023 • VOLUME 7, NUMBER 15 EPCORITAMAB BISPECIFIC ANTIBODY IN CLL 4101

e 2024

http://refhub.elsevier.com/S2473-9529(23)00277-X/sref45
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref45
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref46
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref46
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref47
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref47
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref48
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref48
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref49
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref49
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref50
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref51
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref51
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref52
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref52
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref53
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref53
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref54
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref54
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref55
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref55
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref56
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref56
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref57
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref57
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref58
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref58
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref59
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref59
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref60
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref60
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref61
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref61
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref62
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref62
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref63
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref63
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref64
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref64
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref65
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref65
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref66
http://refhub.elsevier.com/S2473-9529(23)00277-X/sref66

	Cytotoxicity of the CD3×CD20 bispecific antibody epcoritamab in CLL is increased by concurrent BTK or BCL-2 targeting
	Introduction
	Patients, materials, and methods
	Patients and clinical samples
	Bispecific antibodies
	In vitro cell cultures
	In vivo murine studies
	Flow cytometry
	Luminex cytokine immunoassay
	Clustering of samples based on T-cell response to bsAb
	Statistical analysis

	Results
	Epcoritamab induced cytotoxicity in vitro in PBMCs from patients with CLL
	Epcoritamab-induced CLL cell lysis correlated with E:T ratio but not with CD20 expression
	Epcoritamab enhances autologous T-cell cytotoxic effector function, activation, and proliferation
	Epcoritamab induces Th1 polarization and memory T-cell differentiation
	Epcoritamab mediates the CLL-directed cytotoxicity by autologous T cells in vivo
	The combination of epcoritamab with venetoclax is more cytotoxic than either agent alone

	Discussion
	Authorship
	References


