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CD19 is a B cell–specific antigen ex-
pressed on chronic lymphocytic leuke-
mia (CLL) cells but to date has not been
effectively targeted with therapeutic
monoclonal antibodies. XmAb5574 is a
novel engineered anti-CD19 monoclonal
antibody with a modified constant frag-
ment (Fc)–domain designed to enhance
binding of Fc�RIIIa. Herein, we demon-
strate that XmAb5574 mediates potent
antibody-dependent cellular cytotoxicity
(ADCC), modest direct cytotoxicity, and
antibody-dependent cellular phagocyto-
sis but not complement-mediated cytotox-

icity against CLL cells. Interestingly,
XmAb5574 mediates significantly higher
ADCC compared with both the human-
ized anti-CD19 nonengineered antibody
it is derived from and also rituximab,
a therapeutic antibody widely used in
the treatment of CLL. The XmAb5574-
dependent ADCC is mediated by natural
killer (NK) cells through a granzyme
B–dependent mechanism. The NK cell–
mediated cytolytic and secretory func-
tion with XmAb5574 compared with the
nonengineered antibody is associated
with enhanced NK-cell activation, inter-

feron production, extracellular signal-
regulated kinase phosphorylation down-
stream of Fc� receptor, and no increased
NK-cell apoptosis. Notably, enhanced
NK cell–mediated ADCC with XmAb5574
was enhanced further by lenalidomide.
These findings provide strong support
for further clinical development of
XmAb5574 as both a monotherapy and
in combination with lenalidomide for
the therapy of CLL and related CD19�

B-cell malignancies. (Blood. 2010;115:
1204-1213)

Introduction

Immunotherapy using monoclonal antibodies (MAbs) is an effec-
tive and safe method for the treatment of lymphoid malignancies.1

Rituximab is a chimeric anti-CD20 MAb that was approved for
marketing in 1997 and is widely used for the therapy of B-cell
lymphoma. Alemtuzumab is another antibody targeting CD52 that
is approved for use in relapsed chronic lymphocytic leukemia
(CLL) but is associated with significant toxicity because of the
ubiquitous expression of the target antigens on most normal
immune cells including T cells and natural killer (NK) cells. On the
basis of the success and limitations of rituximab and alemtuzumab,
identification of alternative antibodies targeting alternative anti-
gens on B cells represent an exciting strategy to pursue in B-cell
malignancies.

The CD19 antigen is one such potential antigen on the surface
of both normal and transformed B cells but has not been explored
as a potential therapeutic antibody target. CD19 is a 95-kDa
glycoprotein member of the immunoglobulin (Ig) superfamily and
is expressed on follicular dendritic cells and all B cells from their
early pre-B cell stage until the time of plasma cell differentiation.2,3

CD19 surface expression is tightly regulated during B-cell develop-
ment with higher levels seen in more mature cells and CD5�(B-1)
B cells.2,4 CD19 is expressed on the surface of B cells as a multiple
molecular complex with CD21, CD81, and CD2255 and is involved

in cosignaling with the B-cell receptor.6 CD19-deficient mice have
been shown to have normal B-cell maturation7 but decreased
proliferative capacity and impaired humoral responses.7-9 This
suggests that the effects of a CD19 targeting agent may result in the
depletion of both malignant, immature B cells from the lymph
nodes and the bone marrow and mature B cells from the circulation.

To date, clinical studies examining CD19 therapeutic antibodies
have been limited and directed at B-cell lymphoma.10 Hooijberg et
al11 have demonstrated inferior tumor engraftment protection,
growth inhibition, NK-cell antibody–dependent cellular cytotoxic-
ity (ADCC), and monocyte ADCC with several anti-CD19 murine
antibodies compared with anti-CD20 murine antibodies. Recent
developments in novel antibody engineering technologies have
allowed modification of antigen binding and effector domains of
therapeutic antibodies that render efficient target killing and innate
immune activation functions.12 XmAb5574 is an IgG1, humanized
MAb targeting the CD19 antigen that was developed by Xencor Inc
with the use of innovative antibody engineering technology.12

XmAb5574 contains a modified constant fragment (Fc)–domain
with 2 amino acid substitutions S239D and I332E that enhances its
cytotoxic potency by increased affinity for activatory Fc� receptor
IIIa on effector cells and diminished binding to Fc�RIIb.13 Herein,
we explore the preclinical activity of the novel engineered antibody
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XmAb5574 in CLL and demonstrate that, unlike earlier antibodies,
it has preclinical features, suggesting it to be an excellent candidate
for future clinical development in this disease.

Methods

Patient sample processing and cell culture

All patients enrolled in this study had immunophenotypically defined B-cell
CLL as outlined by criteria from the National Cancer Institute Working
Group in 1996.14 Blood was obtained from patients after written informed
consent in accordance with the Declaration of Helsinki under a protocol
approved by the institutional review board of The Ohio State University.
Enriched B-cell CLL fractions were negatively selected as previously
described.15 Isolated CLL cells were incubated in RPMI 1640 media
supplemented with 10% heat-inactivated fetal bovine serum (Hyclone
Laboratories), 2mM L-glutamine (Invitrogen), and penicillin/streptomycin
(56 U/mL/56 �g/mL; Invitrogen) at 37°C in an atmosphere of 5% CO2.
Freshly isolated CLL cells were used for all studies. Samples used were
greater than 90% B cells as determined by CD19 surface staining and
fluorescence-activated cell sorting (FACS) analysis. Human NK cells
(� 75%-80% CD56�, � 1% CD3�) derived from patients with CLL or
healthy donors were isolated directly from fresh whole blood by 30-minute
incubation with NK-cell enrichment RS cocktail before Ficoll Hypaque
density gradient centrifugation as described above for the B-cell CLL
fractions.

Reagents and antibodies

The modified XmAb5574 and XmAb5603 wild-type anti-CD19 antibodies
were provided by Xencor Inc. XmAb5603 is an IgG1 analog of XmAb5574
with an identical variable fragment with a wild-type IgG1 Fc. Phyco-
erythrin (PE)–labeled mouse anti–human CD19 antibody, PE-labeled
mouse anti–human CD56 antibody, fluorescein isothiocyanate (FITC)–
labeled mouse anti–human CD107a antibody, PE- and FITC-labeled
isotype control mouse IgG1, FITC-labeled annexin V, and propidium iodide
(PI) were all purchased from BD PharMingen. 7-AAD was obtained from
Beckman Coulter. Rabbit anti–human phospho- (no. 9101) and total p44/42
mitogen-activated protein kinase (extracellular signal-regulated kinases
1 and 2 [Erk1/2]; no. 4695) antibodies for Western blotting were purchased
from Cell Signaling Technology Inc. PD98059 was acquired from EMD
Biosciences. Anti-GAPDH antibody (no. SC-47 724) was from Santa Cruz
Biotechnology Inc. Alemtuzumab was produced by Genzyme Corporation
and purchased commercially. Rituximab and trastuzumab were produced by
Genentech and purchased commercially. Goat anti–human IgG antibody
(Fc� fragment–specific) was purchased from Jackson ImmunoResearch
Laboratories. 3,4-Dichloroisocoumarin (DCI) and concanamycin A were
purchased from Sigma-Aldrich. Lenalidomide was extracted, purified, and
confirmed to be the pure active compound as described previously.15

Preparation of Alexa Fluor 488–labeled antibodies for
internalization studies

XmAb5574, XmAb5603, rituximab, and control IgG1-isotype antibodies
were fluorescently conjugated by an amine-reactive compound, Alexa
Fluor 488 5-SDP ester (Invitrogen). Antibody solution (1.0 mg/mL) was
dialyzed with Slide-A-Lyzer Dialysis Unit against 0.1M sodium bicarbon-
ate buffer solution for 2 hours. Alexa Fluor 488 5-SDP ester (1.2 �L) in
DMSO solution of 10 mg/mL was added to the antibody solution in buffer
(NaHCO3, pH 8.3) for 1 hour at room temperature. The resultant solution
was placed into Slide-A-Lyzer dialysis tube and dialyzed against phosphate-
buffered saline (PBS; pH 7.4) overnight. The resultant Alexa Fluor 488–
conjugated antibodies were collected and diluted to specific concentration,
sterilized with 200nM polymer membrane filter, and stored at 4°C. Freshly
isolated patient CLL cells were incubated at a concentration of
1 � 106 cells/mL for different times with 1 �g of the respective
antibodies at 37°C. Cells were washed once with cold acidic glycine
buffer (50mM glycine, 150mM NaCl, pH 2.7) or twice with cold PBS.

FACS was used to analyze the mean fluorescence intensity (MFI) of
Alexa Fluor 488–positive cells. Percentage of internalization was calcu-
lated for each antibody relative to the isotype (0% control) and no-acidic
glycine wash (100% control) conditions by using the formula [MFI
experimental � MFI isotype (0% control)]/[MFI 100% control � MFI
isotype (0% control)] � 100, as described previously.16

In vitro treatment of cells with antibodies

Cells were cultured in media at a density of 106 cells/mL immediately after
isolation. All antibodies, including XmAb5574, XmAb5603, trastuzumab,
and rituximab, were used at 10 �g/mL except for the dose-response studies.
The cross-linker, goat anti–human IgG (anti-Fc) was added to the cell
suspension 5 minutes after adding the primary antibodies, at a concentra-
tion 5 times that of the primary antibodies (ie, 50 �g/mL for 10 �g/mL).
For all direct cytotoxicity experiments, a group of samples with the same
concentration of trastuzumab treatment was applied as isotype control. In
addition, a group of samples with no treatment was collected as media
control, and a group treated with fludarabine (10�M) was also set up as a
positive control for apoptosis.

Laser scanning confocal microscopy

Binding and internalization of CD19 antibodies (XmAb5574 and XmAb5603) in
B-CLL cells were examined by laser scanning confocal microscopy. B-CLL cells
were incubated with anti-CD19–Alexa Fluor 488 for 1 hour or 4 hours at 37°C.
The cells were then washed 3 times with PBS (pH 7.4), followed by fixation with
4% paraformaldehyde for 20 minutes at room temperature. Nuclei were stained
with 20�M DRAQ5TM (Biostatus Limited) for 5 minutes at room temperature.
The cells were cytospun on the glass slides, and the coverslips were mounted in
Prolong Antifade (Invitrogen) for confocal microscopy observation. Fluores-
cence of anti-CD19 (green) and DRAQ5 (blue) were analyzed by using Zeiss 510
META Laser Scanning Confocal Imaging Systems and LSM Image software
(Carl Zeiss MicroImaging Inc).

Assessment of apoptosis by flow cytometry

The apoptosis of cells after incubation with antibodies was measured using
annexin V/PI staining followed by FACS analysis. Cells cultured either in
12-well plates or culture flasks with indicated treatments were stained with
5 �L of annexin V–FITC and 5 �L of PI (106 cells in 200 �L of 1� binding
buffer; all BD PharMingen), and kept in dark, at room temperature, for
15 minutes before resuspension with 400 �L of 1� binding buffer and
analyzed by flow cytometry. Unstained cell sample and cells stained with
annexin V or PI only were also processed for compensation. Results were
represented as follows: the percentage of total positive cells over media
control � (percentage of annexin V– and/or PI-positive cells in the treated
sample) � (percentage of total annexin V– and/or PI-positive cells in the
media control). All flow cytometric analyses were performed with the use of
a Beckman-Coulter FC500 flow cytometer. Ten thousand events were
collected from each sample, and data were acquired in list mode and
analyzed with the CPX software package (Beckman-Coulter).

CDC and ADCC assays

For the complement-dependent cytotoxicity (CDC) assay, CLL cells
(106/mL) were suspended in RPMI 1640 media, media with 30% plasma
from healthy donor blood sample, or media with 30% heat-inactivated
(56°C, 30 minutes) plasma. Cells were then treated and analyzed as
previously described.15 Similarly, ADCC activity was determined as
described previously15 by standard 4-hour 51Cr-release assay. 51Cr-labeled
target cells (5 � 104 CLL cells) were placed in 96-well plates after
incubating them with 10 �g/mL of various antibodies for 30 minutes.
Effector cells (NK cells from healthy donors or patients with CLL) were
then added to the wells at indicated effector-to-target (E/T) ratios. Perforin,
granzyme B, and Erk-pathway inhibitors were added to the NK-cell
suspension 30 minutes before their incubation with target cells. After a
4-hour incubation, supernatants were removed and counted in a � counter.
The percentage of specific cell lysis was determined by the following
formula: percentage of lysis � 100 � (ER � SR)/(MR � SR), where ER,
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SR, and MR represent experimental, spontaneous, and maximum release,
respectively. NK-cell viability after both the perforin/granzyme B and
Erk1/2 inhibitor treatments was greater than 90% as assessed by annexin
V/PI staining.

Antibody-dependent cellular phagocytosis assays

Monocytes were isolated from healthy donor whole blood with the use of
CD14� selection and verified to be at least 98% pure by using flow
cytometry with PE-Cy7–conjugated anti-CD14. These were then plated
onto 10-cm2 dishes and treated with 20 ng/mL monocyte-colony stimulat-
ing factor (R&D Systems) every other day for 5 days to differentiate them
into monocyte-derived macrophages (MDMs). Nonadherent cells were
washed away with PBS, and the adherent macrophages were harvested and
labeled with PKH-26 fluorescent membrane dye (Sigma-Aldrich). CLL
cells were labeled with PKH-67 (Sigma-Aldrich) and incubated on ice for
1 hour with no antibody, trastuzumab, XmAb5603, XmAb5574, or ritux-
imab (10 �g/mL each). MDMs and CLL cells were then coincubated at a
1:2 ratio for 2.5 hours at 37°C. Colocalization of the CLL dye with MDM
dye was then measured with flow cytometry. The percentage of phagocytos-
ing macrophages was counted as the percentage of macrophages positive
for antibody-coated CLL cell dye � the percentage of macrophages posi-
tive for non–antibody-coated CLL cell dye.

NK cell in vitro stimulation and supernatant assays

For in vitro NK-cell stimulation experiments, wells of a 96-well flat-bottom
plate were coated with 20 �g/mL of respective antibody in PBS overnight
at 4°C to immobilize the antibodies, washed with cold PBS, and then plated
with freshly isolated NK cells at 2 � 105 cells/well. CD107a-FITC or
isotype control was added to the suspension at the start of the 4-hour
incubation at 37°C. NK cells were harvested at the end of the 4-hour
incubation period and stained with CD56-PE and analyzed by FACS for
CD107a surface expression. For supernatant experiments, cell-free culture
supernatants were harvested after 4 hour and analyzed for levels of
interferon-� (IFN-�) by enzyme-linked immunosorbent assay (R&D Sys-
tems) as described previously.17

For signaling characterization and inhibition experiments, wells of a 6-well
flat-bottom plate were coated with 10 to 20 �g/mL of respective antibody and
then plated with freshly isolated NK cells at 5 � 106 cells/well. NK cells were
harvested after 10-minute incubation and immediately subjected to lysis and
protein extraction. For Mek/Erk signaling cascade inhibition experiments,
PD98059 was added to the NK-cell suspension 30 minutes before plating and
stimulation by fixed antibody.18

Western blotting

Whole NK-cell lysates were prepared and kept in �80°C as described
elsewhere19 with the addition of the protease and phosphatase inhibitors
[2mM sodium orthovanadate, 0.004 �g/mL microcystin LR, 1mM phenyl
methane sulfonyl fluoride, 1mM benzamidine, and 1.04mM (4-2-
aminoethyl) benzene sulfonyl fluoride, 15�M pepstatin A, 14�M E-64,
40�M bestatin, 20�M leupeptin, and 0.8�M aprotinin; all from Sigma].
Protein concentration in the lysates was quantified by the bicinchoninic acid
method (Pierce). Lysates with 30 to 50 �g of total protein were loaded to
each lane in sodium dodecyl sulfate–polyacrylamide gels (10% for
phospho-Erk1/2) and transferred to 0.2-�m nitrocellulose membranes
(Bio-Rad) after electrophoresis. Horseradish peroxidase–conjugated goat
anti–rabbit IgG (no. 170-6515; Bio-Rad) for phospho-Erk1/2 and total
Erk1/2 was used as secondary antibodies. Detection was performed with
chemiluminescent substrate SuperSignal from Pierce.

Statistical analysis

All statistical analyses were performed by biostatisticians in the Center for
Biostatistics at The Ohio State University. Linear mixed models were used
for modeling treatment effects, and patient or healthy donor random effects.
Hypothesis testing used contrasts that directly answered primary questions,
for example, interaction contrasts were used to directly test inhibitory or
synergy hypotheses found in the experiments that test mechanism of action

and ADCC, respectively. Random effects associated with these contrasts
were included or subsumed in the random effects portion of the models to
avoid biased low estimates of the standard errors of the contrasts. Holm
method was applied to adjust for multiplicity and to control the overall
family wise type I error rate at 	 � 0.05. Confidence intervals are provided
to show the precision of the effect estimates. SAS software (Version 9.1;
SAS Institute Inc) was used for all statistical analyses.

Results

XmAb5574 modestly internalizes in primary CLL cells

CD19-directed antibodies have previously been shown to internal-
ize rapidly on binding to the target antigen in CD19� cell lines,
which could confound therapeutic application of XmAb5574.20,21

As part of our initial investigation we therefore sought to determine
whether the engineered antibody, XmAb5574, internalizes after
antigen binding to primary CLL cells. As shown in Figure 1A, after
binding to primary CLL cells, XmAb5574 internalized more than
did XmAb5603 or the anti-CD20 antibody rituximab (15.6%
higher compared with XmAb5603; 95% CI, 9.0%-26.6%; P � .001;
n � 5 and 22.1% higher compared with rituximab; 95% CI,
17.8%-35.5%; P � .001; n � 5). Examining higher concentrations
of XmAb5574 or for an extended time period beyond 30 minutes as
shown in Figure 1B shows that using a linear mixed model a linear
trends in CD19 antibody internalization for the dose (P � .001)
and time (P � .001) exposure is observed. Consideration of these
findings relative to target concentrations of XmAb5574 targeted in
clinical trials and also monitoring for antibody internalization as
part of the phase 1 study will be important. Confocal microscopy
analysis of uptake of Alexa Fluor 488–labeled CD19 antibodies
(XmAb5574 and XmAb5603) for 1 hour or 4 hours confirmed that
most of CD19 to be still expressed on the cell surface. (Figure 1C).

XmAb5574 induces modest direct cytotoxicity and no CDC
against primary CLL cells

Induction of apoptosis in B cells from patients with CLL has been
well characterized with commonly used therapeutic antibodies
such as rituximab,22,23 alemtuzumab,23-25 lumiliximab,26 milatu-
zumab,27 and human leukocyte antigen–DR antibodies.28 To deter-
mine the effect of XmAb5574 on B-cell survival, CD19� cells from
patients with CLL were treated with XmAb5574, XmAb5603,
trastuzumab, and rituximab in the presence or absence of Fc-
specific, goat anti–human IgG antibody (	-Fc) as a cross-linker for
24 and 48 hours. Given the potential of the Fc-specific crosslinking
antibody to influence CD19 expression, we evaluated this and
demonstrate no change in CLL cell expression of CD19 (P � .76;
data not shown). The cytotoxicity as detected by annexin V/PI
staining is shown in Figure 1D. Both XmAb5603 and XmAb5574
mediated moderate cytotoxicity on crosslinking. No increase in
apoptosis was observed with extended treatment to 48 hours (data
not shown). The cytotoxicity of XmAb5574 in the presence of 	-Fc
was modestly higher compared with trastuzumab (7.4% increase;
95% CI, 2.0%-12.7%; P � .02; n � 9) and was not significantly
different from rituximab (0.6% increase; 95% CI, �10.5% to
11.7%; P � .91; n � 9). XmAb5574 was not found to mediate
cytotoxicity in a dose-dependent manner (cytotoxicity increased
only 4.4% with doses ranging from 0.1 �g/mL to 25 �g/mL
XmAb5574 at 24 hours; P for trend � .71 for trend; data not
shown). Therefore, a dose of 10 �g/mL was selected for further
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experiments on the basis of studies showing that other antibodies
such as rituximab are saturated at 10 �g/mL and also to provide
equivalence of controls for the subsequently described effector cell
studies that all used CLL cells as targets.

We next investigated whether the modified Fc-domain on
XmAb5574 is efficient in mediating CDC against primary CD19�

CLL cells. Serum was obtained from healthy volunteers to perform
CDC assays that showed the inability of XmAb5574 to mediate

Figure 1. XmAb5574 and XmAb5603 internalization studies and kinetics of CD19 antibody internalization. (A) CLL cells from 5 patients were incubated with Alexa
Fluor 488–labeled XmAb5574, XmAb5603, rituximab, and isotype control IgG1 antibodies, respectively, for indicated times and washed with either acidic glycine buffer to
remove externally bound antibody or PBS. FACS was used to analyze the MFI of internalized antibody relative to the isotype (0% control) and no-acidic glycine wash (100%
control) conditions by using the formula [MFI experimental � MFI isotype (0% control)]/[MFI 100% control � MFI isotype (0% control)] � 100. The average maximum
internalization for XmAb5574 was 27.9% (95% CI, 14.5%-41.4%) at 30 minutes and for XmAb5603 12.2% (95% CI, 0.2%-24.3%) at 120 minutes of incubation. A plateau effect
was also observed for antibody internalization at around 30 minutes of incubation (P for trend � .05 for all antibodies tested). (B) Time and dose kinetics of CD19 antibody
internalization. B-CLL cells were incubated with Alexa Fluor 488–labeled XmAb5574 (0.2, 1.0, 3.0, or 10 �g/mL) for indicated time periods. The cells were washed with either
glycine buffer (100mM glycine, 50mM NaCl, pH 2.7) or PBS buffer (pH 7.4), and the percentage of internalization was determined as described in panel A. (C) Confocal
microscopy analysis of uptake of fluorescently labeled CD19 antibodies in B-CLL cells in vitro. B-CLL cells were treated with Alexa Fluor 488 CD19 (XmAb5574 or XmAb5603)
for 1 hour or 4 hours. After washing and fixation, the nucleus of cells were stained by DRAQ5. Images are shown in 1� and 4� magnifications. Fluorescence of anti-CD19
(green) and DRAQ5 (blue) were analyzed by using Zeiss 510 META Laser Scanning Confocal Imaging Systems and LSM Image software (Carl Zeiss MicroImaging Inc).
(D) XmAb5574 induces minimal direct cytotoxicity in primary patient CLL cells. CLL cells from 9 patients were independently treated with media, goat anti–human IgG (	-Fc)
and trastuzumab, XmAb5603, XmAb5574, or rituximab, all with and without 	-Fc, and 2-FaraA for 24 and 48 hours, and all at a concentration of 10 �g/mL. Minimal cytotoxicity
was observed at 24 or 48 hours (data not shown) after the addition of either XmAb5603 or XmAb5574. Even though XmAb5603 and XmAb5574 antibodies mediated direct
cytotoxicity 6.2% (95% CI, 0.1%-11.6%; P � .02) and 7.4% (95% CI, 2.0%-12.7%; P � .02) more than trastuzumab, respectively, this difference may be of limited clinical utility.
There was no difference in cytotoxicity mediated by XmAb5574 compared with rituximab in the presence of 	-Fc (0.6% increase with XmAb5574; 95% CI, �10.5% to 11.7%;
*P � .91). The addition of 	-Fc to XmAb5574 also failed to significantly increase its direct cytotoxicity (0.4% increase; 95% CI, �8.9% to 8.8%; P � .99; n � 9; data not shown).
The direct cell death at 24-hour points for all cells was assessed by annexin V/PI staining and analyzed by FACS. Percentages of dead cells were calculated as the sum of
annexin V� and/or PI� cells, and all values were normalized to media control. Error bars represent SEMs. (E) XmAb5574 does not induce CDC in primary CLL cells. CLL cells
at 106/mL were treated with media, rituximab, trastuzumab, XmAb5603, XmAb5574, or alemtuzumab, all at a concentration of 10 �g/mL, in the presence of media, media with
30% plasma from healthy donor blood sample, or media with 30% heat-inactivated (56°C, 30 minutes) plasma for 1 hour. The CDC function was evaluated by PI staining on
FACS analysis. Error bars represent SEMs. XmAb5574 does not mediate CDC against primary B-CLL cells (0.8% decrease; 95% CI, �4.5% to 2.9%; P � .99 compared with
trastuzumab; and 2.9% decrease; 95% CI, �7.9% to 2.1%; *P � .18 compared with rituximab; n � 3).
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CDC compared with rituximab (P � .36 with Holm adjusted for
2 comparisons) or trastuzumab (P � .58 unadjusted). Alemtu-
zumab as a relevant positive control resulted in significant CDC
against primary CLL cells (Figure 1E).29

XmAb5574 mediates modest MDM-mediated
antibody-dependent cellular phagocytosis against CLL cells

To evaluate the ability of XmAb5574 to enhance antibody-
dependent phagocytosis of tumor cells, MDMs were incubated
with CLL cells treated with no antibody, trastuzumab, XmAb5603,
XmAb5574, or rituximab. The percentage of colocalization was
not statistically different for XmAb5574 (12.37%; 95% CI, 7.78%-
19.67%) compared with XmAb5603 (10.51%; 95% CI, 6.61%-
16.7%; P � .58; n � 6) or rituximab (11.82%; 95% CI, 7.43%-
18.79%; P � .87; Figure 2A). All 3 antibodies showed significantly
more MDM-mediated antibody-dependent cellular phagocytosis
(ADCP) than did trastuzumab (adjusted P � .001 for all). These
results may be a reflection of the different isoforms of the Fc�
receptors expressed on MDMs30,31 and their role in mediating
effector functions toward CD19-bearing tumor targets.

XmAb5574 enhanced NK cell–mediated ADCC against primary
CLL cells

ADCC is efficiently mediated by binding and activation of
NK cells through Fc-domain/Fc�RIIIa interactions. To determine

whether the Fc-engineered XmAb5574 induced efficient ADCC
mediated by NK cells against patient CLL cells, we measured
ADCC by the 51Cr-release assay. Peripheral blood NK cells
obtained from healthy volunteers mediated ADCC against alloge-
neic CLL cells in the presence of XmAb5574 but not in the
presence of the negative control trastuzumab (Figure 2B). The
difference between XmAb5574 and XmAb5603 at E/T ratio of
25:1 was 26.9% (95% CI, 14.5%-39.2%), which was significantly
greater than the difference at E/T ratio 0:1 (difference was �3.0%;
95% CI, �15.4% to 9.3%). The P value for this synergistic
interaction test was less than .001. For the comparison with
rituximab at the highest E/T ratio used (25:1; n � 11), XmAb5574
showed greater ADCC (33.5% higher; 95% CI, 20.8%-46.2%;
P � .001; Figure 2B).

More physiologically relevant, but technically difficult, is evaluation
of antibody therapeutics with autologous-derived NK cells in conjunc-
tion with CLLtumor cells.We therefore studied the ability of XmAb5574
to induce ADCC by autologous NK cells against CLL cells. In this
autologous setting lacking MHC mismatching seen with the use of
allogeneic NK cells, we were able to demonstrate a similar, significantly
higher magnitude of difference between cytotoxicity mediated by
XmAb5574 compared with XmAb5603. The difference between
XmAb5574 and XmAb5603 at E/T ratio of 25:1 was 23.6% (95% CI,
6.0%-41.2%), which was significantly greater than the difference at E/T
ratio 0:1 (�7.9%; 95% CI, �25.5% to 9.7%). The P value for this
synergy interaction test was .004. For the comparison with rituximab,
we also found XmAb5574 to show greater ADCC (27.1% higher; 95%
CI, 9.9%-44.3%; P � .002; n � 5) at E/T of 25:1 (Figure 2C). In
addition, we confirmed a trend of increasing cytotoxicity mediated by

Figure 2. XmAb5574 induces modest MDM-mediated ADCP against CLL cells.
(A) CD14 selected monocytes isolated from healthy donor whole blood was used to
derive macrophages under monocyte-colony stimulating factor and used in ADCP
assays against primary patient CLL cells. Macrophages were harvested and labeled
with PKH-26 membrane dye, whereas CLL cells were labeled with PKH-67 and
incubated on ice for 1 hour with no antibody, trastuzumab, XmAb5603, or XmAb5574
(10 �g/mL each). Macrophages and CLL cells were subsequently coincubated for
2.5 hours at 37°C and analyzed by FACS. XmAb5574 was unable to significantly
enhance the MDM-induced ADCP against CLL cells compared with XmAb5603
(12.37% vs 10.51%; estimated ratio, 1.18; 95% CI, 0.61-2.27; *P � .58) or rituximab
(11.82% phagocytosis; estimated ratio, 1.05; 95% CI, 0.54-2.02; P � .87 compared
with XmAb5574). XmAb5574 did, however, show a statistically significant increase in
ADCP compared with our negative control trastuzumab (12.37% vs 1.18%; estimated
ratio, 10.47; 95% CI, 5.43-20.17; P � � .001; n � 6). An E/T ratio of 1:2 was used for
all experiments. Percentage of phagocytosis was calculated as events positive for
both PKH-67 and PKH-26 dyes. Error bars represent SEMs. (B-C) XmAb5574
induces potent ADCC by NK cells against both allogeneic and autologous B-CLL
cells. XmAb5574 induced NK cell–mediated ADCC against allogeneic (B) and
autologous (C) CLL cells. Ability of rituximab, trastuzumab, XmAb5603, or XmAb5574
to mediate ADCC was evaluated with the use of either fresh allogeneic or autologous
human NK cells as effector cells and B-CLL cells as target cells at the indicated E/T
ratios by standard 4-hour 51Cr-release assay. 51Cr-labeled target cells (5 � 104 CLL
cells) were placed in 96-well plates after incubating them with 10 �g/mL of various
antibodies for 30 minutes and subsequently coincubating them with NK cells (from
healthy donors or patients with CLL) at indicated ratios. Specific inhibitors were
added to NK cells 30 minutes before coincubation. After 4-hour incubation, superna-
tants were removed and counted in a � counter, and the percentage of specific cell
lysis was determined by the following formula: percentage of lysis � 100 � (ER � SR)/
(MR � SR), where ER, SR, and MR represent experimental, spontaneous, and
maximum release, respectively. (B) XmAb5574 induces progressively higher ADCC
by allogeneic NK cells derived from healthy donors with increasing E/T ratios (24.1%
increase; 95% CI, 12.9%-35.3%; P for trend � .001) and significantly higher ADCC
compared with XmAb5603 (26.9% increase; 95% CI, 14.5%-39.2%; *P � .001, at the
highest E/T ratio used of 25:1) or rituximab (33.5% increase; 95% CI, 20.8%-46.2%;
P � .001; at E/T of 25:1; n � 11). (C) Similarly, with the use of autologous NK cells
derived from the same patients with CLL there was a 23.9% progressive increase in
ADCC with increasing E/T ratios (95% CI, 9.4%-38.3%; P � .006). XmAb5574 was
also able to significantly increase ADCC mediated by autologous NK cells compared
with XmAb5603 (23.6% increase; 95% CI, 6.0%-41.2%; *P � .01; at E/T of 25:1) or
rituximab (27.1% increase; 95% CI, 9.9%-44.3%; P � .0026; at E/T of 25:1; n � 5).
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XmAb5574 with a higher E/T ratio (23.9% and 24.1% increase from
E/T � 6.25 to 25:1; 95% CI, 9.4%-38.3% and 12.9%-35.3%; P � .006
and P for trend � .001, in the autologous and allogeneic settings,
respectively).

XmAb5574-mediated NK-cell ADCC against CLL cells is
mediated predominantly by granzyme B

The mechanism by which NK cells mediate toxicity against
XmAb5574-bearing CLL cells has not been explored previously.
Direct and antibody-dependent NK-cell killing can occur by
release of IFN-�, direct cell membrane perforation by perforin, or
activation of caspases by granzyme B.32 The incubation of NK cells
with specific granzyme B inhibitor DCI before their coculture with
target CLL cells resulted in a significant reduction in the magnitude
of ADCC induced by XmAb5574 (18.0% decrease; 95% CI,
4.9%-31.2%; P � .008; n � 29, compared with DMSO at E/T of
25:1; Figure 3A). The suppression of ADCC supports that gran-
zyme B plays an important role in NK cell–mediated ADCC
induced by XmAb5574. In contrast, perforin inhibitor at the tested
concentration did not significantly alter XmAb5574 ADCC against
CLL cells. Interestingly, the suppression of ADCC mediated by
XmAb5603 was complete with granzyme B and perforin inhibitors
unlike that observed with XmAb5574, suggesting the improved
ability of XmAb5574 to overcome this inhibition at similar
concentrations.

XmAb5574 functionally activates NK-cell CD107a production,
IFN-� secretion, and Erk1/2 phosphorylation

XmAb5574 mediates improved ADCC through a granzyme B–
dependent killing process. We next sought to confirm that this

enhanced ADCC by XmAb5574 was a consequence of enhanced
NK-cell activation. Release of cytokines and cytolytic granzyme B
that promotes NK-cell cytotoxicity occurs by a process of degranu-
lation, during which time NK cells express lysosomal associated
membrane protein-1 (CD107a) on their membrane which can be
used as a surrogate for their cytotoxic potential.33 We used resting
NK cells from healthy donors and exposed them to fixed
XmAb5574, XmAb5603, rituximab, or trastuzumab and evaluated
the expression of CD107a on the surface of these NK cells to
provide a functional assessment of the ability of XmAb5574 to
activate NK cells. Fixed antibody conditions were used to perform
these experiments, and after a 4-hour incubation period NK cells
exposed to XmAb5574 had a much higher expression of CD107a
compared with XmAb5603 (19.4% increase; 95% CI, 9.6%-29.2%;
P � .005; n � 5), and compared with rituximab, the difference was
12.8% (95% CI, 0.2%-25.3%; P � .04; n � 5; Figure 4A). A repre-
sentative density plot of enhanced CD107a induction by XmAb5574
in CD56� NK cells is shown in Figure 4B.

IFN-� release from NK cells is a critically important cytokine
involved in innate immune-mediated tumor cell clearance and also
activation of macrophages.34 Production of IFN-� from NK cells
can be stimulated by the engagement of Fc�R on the surface of
NK cells and serves as a reliable marker of their activation.35,36 To
evaluate whether the differential ability of XmAb5574, XmAb5603,
trastuzumab, and rituximab to activate NK cells is reflected in
IFN-� secretion, we stimulated NK cells from healthy donors with
plate-immobilized antibody for 4 hours. The supernatants were
harvested and analyzed for the presence of soluble IFN-�. Consis-
tent with the potent activation of NK cells as reflected by CD107a
expression and ADCC function, Fc-modified XmAb5574 induced
an approximate 6-fold increased production of IFN-� compared
with the other nonengineered antibodies (XmAb5603, 6.4 times
higher; 95% CI, 2.1-19.2; P � .007; n � 4; and rituximab,
5.95 times higher; 95% CI, 2.3-15.41; P � .004; n � 4) as shown
in Figure 4C.

Erk1/2 of the mitogen-activated protein kinase family are
serine-threonine kinases whose activation on phosphorylation is
a prerequisite to Fc�RIIIa-induced granule exocytosis in
NK cells.37-39 To determine whether the increased NK-cell activa-
tion observed with XmAb5574 is reflected in Fc�RIIIa-induced
downstream signal transduction mechanisms in NK cells, we used
our immobilized antibody conditions described earlier to stimulate
healthy donor NK cells and assessed Erk1/2 phosphorylation by
immunoblot with the use of anti–phospho- and nonphospho-Erk1/2
antibodies. As shown in Figure 5A and B, compared with the
control XmAb5603, XmAb5574 increased Erk1/2 phosphorylation
that could be partially reversed by the addition of Erk1/2 inhibitor
PD9809. A similar effect was observed in the reduction of ADCC in
the presence of Erk1/2 inhibitor (Figure 5C). Collectively, these
data provide distinct biochemical evidence of XmAb5574 antibody
activation of NK cells compared with the parent antibody as
measured by enhanced CD107a surface expression, IFN-� produc-
tion, and Erk1/2 phosphorylation.

One preclinical concern that exists with Fc�R-engineered
antibodies such as XmAb5574 is that enhanced ligation of the
Fc�RIIIa on NK cells by either free or fixed antibody might
promote intracellular signaling, leading to NK-cell death. Indeed,
preclinical in vivo primate studies with XmAb5574 have shown
transient depletion of circulating blood NK and B cells that could
be a consequence of NK-cell death or such cells trafficking to
antibody-bound tumor cells.40 In Figure 5D we demonstrate that,
despite enhanced activation of NK cells and enhanced Fc�RIIIa

Figure 3. XmAb5574-induced ADCC by NK cells against B-CLL cells is medi-
ated through granzyme B and perforin–mediated pathways. NK cells (at 106cells/
mL) were treated with DMSO, granzyme B inhibitor DCI at 10�M (A), or a perforin
inhibitor concanamycin A (CMA) at 50nM (B) for 30 minutes before incubation with
allogeneic CLL cells. Ability of XmAb5574 to mediate ADCC against CLL cells through
NK cells was diminished significantly in the presence of (A) DCI (17.4% decrease
with DCI; 95% CI, 7.06-27.84; P � .007; n � 29, compared with DMSO*; at E/T of
25:1) but not with (B) CMA (9.15% decrease with CMA; 95% CI, 1.2% to �19.49%;
P � .23; n � 29, compared with DMSO*; at E/T of 25:1) at the tested concentration.
Error bars represent SEMs.
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binding by XmAb5574, no significant cytotoxicity was observed
compared with the parent antibody or rituximab. This finding
diminishes concern that XmAb5574 will be directly cytotoxic
toward NK cells in vivo.

XmAb5574-mediated NK-cell ADCC against CLL cells can be
enhanced further by lenalidomide

Recruitment of innate effector elements by therapeutic antibodies
can occur through both engineering Fc-receptor binding, as with
XmAb5574, but also by adding therapeutic agents to NK cells that
enhance their cytotoxic potential. We have recently demonstrated
that lenalidomide increases NK-cell expression of CD16 (Fc�RIII),15

the receptor with high-affinity binding to XmAb5574. We therefore
hypothesized that lenalidomide treatment might enhance
XmAb5574-mediated NK-cell activation and also ADCC (Figure
6). Consistent with this finding, lenalidomide significantly en-
hanced ADCC by XmAb5574 (20.6% increased compared with
XmAb5603; 95% CI, 2.0%-39.2%; P � .03; n � 21; at E/T of
25:1). These results establish the feasibility of dual targeting of the
innate immune system by agents such as lenalidomide that activate
NK cells and also Fc-domain–engineered antibodies as an exciting
concept for clinical trials in this disease.

Discussion

Herein, we have described preclinical data with the novel Fc-
domain–modified antibody XmAb5574 that supports it as a promis-
ing new therapy for the treatment of CLL. CD19 has been reported
to have an antigen density of 17 705 (
 8837) per cell compared
with the commonly targeted CD20 antigen whose antigen density

was reported as 8018 (
 9087) per cell.41 Although XmAb5574
mediates modest direct cytotoxicity and ADCP similar to ritux-
imab, the novel engineering of the Fc-domain promotes a signifi-
cantly increased amount of NK cell–mediated ADCC against CLL
cells compared with either the nonengineered humanized anti-
CD19 XmAb5603 antibody or rituximab. The modest enhance-
ment of ADCP may be due to the differential repertoire of Fc�R
expression on macrophages42,43 or to the relevance of this effector
cell to antibodies bound to the CD19 antigen. A previous study has
shown that anti-CD19 antibodies rely on NK cells40 to mediate
ADCC. These studies were extended further to show that
XmAb5574 activates NK cells greater than other wild-type thera-
peutic antibodies as shown through enhanced IFN-� production,
CD107a up-regulation, and intracellular Erk1/2 activation. NK cell–
mediated killing of CLL cells was shown to occur through a
granzyme B–dependent mechanism. Furthermore, enhanced
NK cell–mediated killing of CLL cells is observed with innate
immune-activating therapies for CLL such as lenalidomide. Collec-
tively, these studies provide justification for moving XmAb5574
forward to clinical development in CLL as a monotherapy and in
combination with other agents.

One question not addressed in previous preclinical studies with
Fc-domain–engineered antibodies is the ability of agents that
activate effector cells to further enhance NK cell–mediated cytotox-
icity. Although several innate immune–enhancing therapies are
available, we chose to focus on lenalidomide that has both
demonstrable clinical activity in CLL and also enhances NK cell–
mediated ADCC against primary CLL cells. The precise mecha-
nism of lenalidomide-induced enhancement in NK cell–mediated
ADCC is yet to be elucidated and may be either through granzyme
B or Fas-Fas ligand–mediated pathways. In addition, previous

Figure 4. XmAb5574 functionally activates NK cells. (A) XmAb5574-mediated NK-cell activation was determined by characterization of surface expression of CD107a by
FACS analysis on freshly isolated NK cells after 4-hour stimulation by 20 �g/mL of respective antibody coated on a 96-well flat-bottom plate. XmAb5574 was significantly more
effective in up-regulation of surface expression of CD107a than was XmAb5603 (19.4% higher; 95% CI, 9.6%-29.2%; *P � .005), trastuzumab (17.6% higher; 95% CI,
7.8%-27.4%; P � .006), or rituximab (12.8% higher; 95% CI, 0.2%-25.3%; P � .04; n � 5). (B) Representative FACS density plots showing expression of CD107a in CD56�

NK cells. Individual percentages of double-positive cells are shown in inserts. (C) NK-cell stimulation by fixed XmAb5574 resulted in a higher production of IFN-� in cell-free
culture supernatant that was harvested after 4 hours and analyzed for levels of IFN-� by an enzyme-linked immunosorbent assay, compared with XmAb5603 (6.4 times higher;
95% CI, 2.13-19.19; *P � .007) or trastuzumab (4.68 times higher; 95% CI, 0.24-2.20; P � .008) or rituximab (5.95 times higher; 95% CI, 2.3-15.41; P � .004; n � 4). Error
bars represent SEMs.
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work performed by our group has shown that lenalidomide does not
promote enhanced internalization of CD19 as shown by us to occur
with CD20.15 Herein, we have demonstrated that NK-cell activa-
tion and ADCC mediated by XmAb5574 can be further enhanced
by pretreating NK cells with lenalidomide, which have previously
been shown to enhance CD16 expression, and IFN-� secretion

through phosphorylation of Erk1/2 proteins.44 The addition of
immunomodulating agents such as lenalidomide and the enhanced
activation of NK cells that have been shown to be the primary
mediators of ADCC in vitro,44,45 by XmAb5574, is an exciting
option for the management of patients with CLL and provides
further rationale for the use of XmAb5574 in combination with
lenalidomide. However, it is quite possible that other mechanisms
of action, including stromal cell interactions, direct influence on
tumor cells, and angiogenesis, may also be involved in lenalido-
mide mechanism of action in vivo in CLL cells.

Although our preclinical data with XmAb5574 show potential
promise for clinical investigation in CLL, there are potential
pitfalls to be considered as this therapeutic antibody moves forward
to the clinic. XmAb5574 binds to CD19 but shows concentration-
and time-dependent internalization similar to other CD19 and CD5
antibodies that have been described.46,47 Although our studies in
Figure 1C show continued expression of CD19 on the external
portion of the CLL cells, it is possible that the internalization
observed with this antibody could compromise its efficacy com-
pared with clinically used antibodies such as alemtuzumab and
rituximab that internalize less. In vivo studies with XmAb5574 in
xenograft models suggest that it will maintain its efficacy.13,40

Ultimately, it will require performance of a clinical trial of this

Figure 5. XmAb5574 stimulation of NK cells results in up-regulation of Erk1/2 phosphorylation. (A) Up-regulation of Erk1/2 phosphorylation in NK cells after stimulation
by fixed XmAb5574 was detected by Western blot and compared with XmAb5603 and no antibody. Six-well flat-bottom plates were coated with 10 to 20 �g/mL of respective
antibody and then plated with freshly isolated NK cells at 5 � 106 cells/well. NK cells were harvested after 10-minute incubation and immediately subjected to lysis and protein
extraction. (B) Specific MEK kinase inhibitor PD98059 (100�M) added to NK cells 30 minutes before their incubation with fixed XmAb5603 and XmAb5574 abrogates the
enhancement of Erk1/2 phosphorylation by XmAb5574. Blots shown are representative of 3 individual experiments. Numbers denote densitometric ratios of p-Erk1/2 to total
Erk1/2. (C) Ability of XmAb5574 to mediate ADCC against CLL cells through healthy donor NK cells was diminished but not significantly in the presence of media or PD98059 at
100�M (10.65% decrease with PD98059; 95% CI, 0.09-21.39; *P � .15; n � 27; compared with DMSO at E/T of 25:1). (D) Fixed XmAb5574 mediates minimal direct
cytotoxicity against NK cells at 4 hours as shown by percentage of dead cells. Fixed antibody–mediated NK-cell cytotoxicity was determined by characterization of CD56� and
7-AAD� cells by FACS analysis on freshly isolated NK cells after 4-hour stimulation by 20 �g/mL of respective antibody coated on a 96-well flat-bottom plate. XmAb5574 did
not mediate significantly higher NK-cell cytotoxicity than XmAb5603 (1% higher; 95% CI, �1.7% to 3.6%; *P � .4456), trastuzumab (1% higher; 95% CI, �1.7% to 3.6%;
P � .446), or rituximab (0.8% higher; 95% CI, �1.8% to 3.5%; P � .518; n � 4). Percentage of dead cells was calculated as the number of 7-AAD� cells in the CD56� cell
population, and all values were normalized to media control. Error bars represent SEMs.

Figure 6. Lenalidomide enhances XmAb5574-induced NK cell–mediated ADCC.
Ability of XmAb5574 to mediate ADCC against CLL cells through healthy donor
NK cells was significantly enhanced by the pretreatment of NK cells with 0.5�M
lenalidomide for 24 hours (20.6% higher ADCC with lenalidomide compared with
vehicle control; 95% CI, 2.0%-39.2%; *P � .03; n � 21; at E/T of 25:1). Standard
4-hour 51Cr-release assay using patient CLL cells as target cells and healthy donor
NK cells as effector cells was used. Error bars represent SEMs.
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therapeutic in CLL to determine whetherXmAb5574 has therapeu-
tic efficacy in CLL.

In summary, we have demonstrated promising ex vivo activity
of XmAb5574 in effectively activating NK cells over other avail-
able B cell–specific therapeutic antibodies used for the treatment of
CLL. On the basis of the exciting preclinical data presented, further
clinical development of XmAb5574 in CLL and other lymphopro-
liferative disorders is warranted.
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